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ABSTRACT OF THE DISSERTATION

Roles and regulation of nonbilayer lipids in biological membranes

Daniel Milshteyn

Doctor of Philosophy in Biochemistry and Molecular Biophysics with a Specialization in
Multiscale Biology
University of California San Diego, 2026

Professor Itay Budin, Chair

Beyond compartmentalization and protection, cellular membranes are highly dynamic and
specialized structures that perform molecular transport and serve as platforms for protein
localization and modulation of function. The lipid composition of membranes defines their

identity, material properties, interacting partners, and cellular functions. While bilayer lipids
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establish the dominant fluid lamellar topology, nonbilayer lipids destabilize uniform lipid packing
and introduce elastic curvature stress that enables morphological changes, membrane fission and
fusion, and protein interaction. Cells expend considerable energy to establish specific lipid
compositions for specialized membrane compartments, and a growing body of literature has
provided evidence for tight homeostatic regulation of lipid composition and biophysical properties.
Through combinations of headgroups, linkages, and acyl chain chemistry, eukaryotic cells produce
more than 2000 species of lipids, many of whose functional roles remain unknown. Thus, the
central goal of my thesis has been to identify nonbilayer lipids in cells, characterize their
biophysical contributions to membrane function, and identify lipidomic signatures of pathways by
which cells regulate intrinsic curvature.

In Chapter 1, I introduce fundamental concepts in lipid biophysics, focusing on lipid
intrinsic curvature and nonbilayer lipids, and provide a review of modern methods for studying
the biophysical properties of membranes and lipids. I highlight the diversity of nonbilayer lipids
in organelle and cell types, the roles of nonbilayer lipids in membrane fission and fusion, how
nonbilayer lipids modulate membrane protein localization and activity, and open questions in the
field pertaining to active regulation of nonbilayer lipid composition in cell membranes.

In Chapter 2, I identify nonbilayer lipids as an evolutionary adaptation of deep-sea
ctenophores to extreme hydrostatic pressure environments. SAXS analysis of polar lipid extracts
from shallow and deep sea ctenophores indicated that lipid adaptations preserve access between
lamellar and nonlamellar membrane topologies under compression. Using lipidomic profiling, I
find that these organisms selectively enrich plasmalogens, a nonbilayer lipid class.

Characterization of plasmalogens using small angle X-ray scattering (SAXS) showed that
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plasmalogens have high negative spontaneous curvature, and the heterologous expression of
plasmalogen biosynthesis in Escherichia coli improved their pressure tolerance.

In Chapter 3, I extend these observations to model eukaryotic organisms and show that
cells acclimate their lipidomes to curvature stress imposed by hydrostatic pressure incubation by
increasing production of negative curvature lipids. A human cancer cell line showed increases in
ether-linked lipids under pressure, while budding yeast increased production of
phosphatidylinositol, which I characterized to bear negative spontaneous curvature.

In Chapter 4, I utilize hydrostatic pressure as an experimental variable to interrogate
calcium-induced fusion of large unilamellar vesicles across a range of nonbilayer-to-bilayer lipid
ratios. Kinetic analysis reveals that lipid intrinsic curvature features an exponential relationship
with the rate of hemifusion stalk formation, demonstrating the biophysical link between lipid
composition and membrane fusion energetics.

In summary, this dissertation presents work demonstrating that the balance between bilayer
and nonbilayer lipids in biological membranes is important to cellular fitness. I present biophysical
and lipidomic evidence that lipid intrinsic curvature is actively regulated by eukaryotic cells in
ways similar to how deep-sea marine life has adapted to survive under extreme hydrostatic
pressure. Hydrostatic pressure is established as an experimental tool to induce lipid curvature stress
in both cells and synthetic membranes. These findings will motivate subsequent work linking the
biophysical properties of nonbilayer lipids to mechanisms governing specialized membrane

behavior, its regulation, and pathologies arising from their disruption.
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Chapter 1 Make room for dynamics: roles of nonbilayer lipids in the daily lives of cells

Abstract

Bilayer and nonbilayer lipids shape biological membranes to be compartments that are
protected from their external milieu while maintaining functional and structural flexibility that can
accommodate fission, fusion, and membrane-associated proteins. A growing body of literature
highlights the importance of nonbilayer lipids, but fundamental questions remain to understand
which lipid species cells use to establish optimal biophysical membrane properties. Studies have
shown whole cell lipidomic and biophysical evidence that indicate active regulation of intrinsic
lipid curvature in response to curvature stress, but the proteins and organelles involved in lipid
curvature sensing and regulation processes remain to be identified. Advances to answer these
questions have required a better understanding of the quantitative relationship between lateral
pressure profiles and conformational energetics of specific membrane proteins, which have been
made possible by computational simulations. While it has been technically challenging to
experimentally vary one membrane property at a time with lipid composition perturbation, recent
studies present hydrostatic pressure as a useful tool to specifically target lipid intrinsic curvature
with minimal effects on membrane fluidity. In this review, we discuss advances in our
understanding of roles of nonbilayer lipids in organismal physiology, membrane protein function,
fission or fusion, and organelle dynamics. We highlight developments in interdisciplinary methods
that can help to study these questions and nonbilayer lipid regulation by overcoming traditional
experimental barriers with far-reaching potential to answer questions in human health, disease, and

drug delivery.



Introduction

Although biological membranes exist predominantly as fluid bilayers, they are composed
of lipids that either stabilize or destabilize uniformly packed lamellar sheets. Bilayer-forming
lipids enable membranes to form robust barrier structures that compartmentalize specialized
cellular units. In isolation, nonbilayer lipids with non-zero intrinsic curvature self-assemble into
nonlamellar topologies, such as the cubic (Qu) or inverted hexagonal (Hi) phases, which are rarely
observed as stable structures in cells (1). Nevertheless, nonbilayer lipids can constitute half or
more of the lipid composition in organellar membranes, introducing packing frustration in the form
of elastic curvature stress that influences membrane protein function and enables membrane
dynamics (2, 3). Membrane fission and fusion require the formation of regions with high curvature
and transient nonlamellar intermediates to support essential physiological processes, including
synaptic transmission, fertilization, and intracellular trafficking (4). By storing potential energy
within the bilayer, elastic curvature stress modulates the localization, conformation, and activity
of both peripheral and integral membrane proteins, with downstream consequences for cellular
signaling and membrane homeostasis (5). In this review, we discuss the roles of nonbilayer lipids
in cellular function, highlighting recent methodological advances that can clarify their
contributions to membrane dynamics and protein activity. We propose that continued investigation
is warranted to fully understand how these lipids regulate membrane properties and how such

regulation translates to broader cellular physiology.

Form and function of nonbilayer lipids
Biological membranes are composed of thousands of lipid species that vary in headgroup
identity, acyl chain length and saturation, and linkage chemistry. Lipid compositions differ

between organelles, between the two leaflets of a single bilayer, and across cell types, each
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optimized to support unique and diverse physiological needs (6). Across all domains of life,
membranes comprise mixtures of lipids that promote either bilayer or nonbilayer topologies, a
duality exemplified by the two most abundant eukaryotic phospholipids phosphatidylcholine (PC)
and phosphatidylethanolamine (PE) (7). The packing of these lipids is dictated by their molecular
shape, holistically described by the effective areas that chemical moieties occupy, and is quantified
by intrinsic or spontaneous curvature (co) (Fig. 1A). PC has a bulky headgroup that occupies a
cross-sectional area nearly equal to its acyl chains, with a cylindrical geometry that results in co =
0 favoring assembly into flat, lamellar bilayers (8). In contrast, PE has a headgroup which occupies
a significantly smaller area than the acyl chains, resulting in an inverted-cone shape with negative
intrinsic curvature (co<0). Negative-curvature lipids like PE possess a mismatch between
headgroup and large chain cross-sectional areas, favoring nonlamellar phases such as Hy or Qn
which feature monolayer topologies characterized by negative curvature. Conversely,
lysophospholipids, which possess a single acyl chain, have positive intrinsic curvature (co>0) and
assemble into hexagonal (Hi) or micellar structures (Fig. 1B-C). Lipids non-zero intrinsic
curvature are known as nonbilayer lipids and destabilize bilayers to facilitate the formation of
membrane regions with high curvature in transient nonlamellar intermediates required for
membrane dynamics (Fig. 1D).

It is important to emphasize that the molecular shape of a lipid is not solely determined by
the steric bulk of its chemical groups. Lipid curvature is an emergent property, shaped by
hydration, counterions, intramolecular interactions, and the physical environment. The cross-
sectional area at any depth through the monolayer represents the area occupied by thermally
fluctuating headgroups or chains. For the headgroups, electrostatic repulsion between charged

species, hydration shell size, and hydrogen bonding networks contribute to the effective area and
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are sensitive to pH and divalent cation concentration (8, 9). Divalent cations are well known to
magnify the negative curvature of charged lipids including phosphatidic acid (PA) and
phosphatidylserine (PS) (10, 11). For the acyl chains, increasing length and unsaturation expand
the accessible conformational space, introducing widening at the membrane core through double
bond-induced kinks (12). Unlike headgroups, the compression and thermal fluctuation of acyl
chains is sensitive to both temperature and pressure, whereby the hydrocarbon chain volume is
more pressure sensitive than that of headgroups. Finally, the chemical linkage connecting the acyl
chains to the glycerophosphate backbone also modulates intrinsic curvature. While ester linkages
are the most common moiety in glycerophospholipids, substitution with alkyl or vinyl ether
linkages, as found in plasmalogens, can also promote more negative curvature (13).

In isolation under aqueous conditions, bilayer lipids assemble into gel-phase (Lg) or fluid
lamellar (Lo) sheets, while nonbilayer lipids organize into curved topologies including the Hi, Hi,
and Qu bicontinuous cubic phases (14). In contrast to eukaryotic membranes, where PC is typically
the most abundant lipid class, most bacterial membranes are dominated by PE, with lesser
proportions of the charged phospholipids phosphatidylglycerol (PG) and cardiolipin (15). Despite
the prevalence of nonbilayer prone lipids in both prokaryotic and eukaryotic membranes,
nonbilayer structures are rarely observed as stable phases in living cells. The vast majority of
biological membranes maintain a lamellar bilayer organization. Within these bilayers, however,
nonbilayer lipids introduce packing frustration in the form of elastic energy stored within
monolayer leaflets opposing uniform organization (3). This stored curvature elastic stress shifts
the membrane toward a state in which it is more susceptible to deformation, curvature, and
transition to a nonbilayer topology. The classical approach to defining the mean spontaneous

curvature of a lipid mixture is the weighted sum of its individual components. Summed over the
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many lipids in a membrane, this represents a substantial reservoir of stored mechanical energy that

can be coupled to biological functions.
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Figure 1.1 Lipid shape determines membrane topology.

(A) Phospholipids have molecular shapes that self-assemble into membranes with defined
curvature. Lipids with equal headgroup and acyl chain areas have spontaneous curvature co ~ 0,
relatively smaller headgroups give lipids negative spontaneous curvature co < 0, and larger
headgroups produce positive curvature. (B) Changes in headgroup, linkage, and acyl chain
chemistry determine lipid molecular shapes and intrinsic curvature. (C) Lipid intrinsic curvature
produces a wide array of membrane topologies characterized by extreme curvature. Neutral
curvature lipids produce flat lamellar sheets that can be fluid (L) or gel (Lg). Lipids with non-zero
curvature that do not assemble into lamellar sheets are called nonbilayer lipids. Negative curvature
lipids can form inverted hexagonal (Hi) or cubic (Qu) phases, and positive curvature lipids form
hexagonal (Hi) or micellar phases. (D) In cells, nonbilayer lipids in membrane regions of distinct
curvature adopt arranges that structurally resemble nonbilayer phases, facilitating the formation of
the hemifusion stalk and fusion pore.

Mismatch in lipid lateral pressure produces curvature elastic stress in membranes

The stored elastic energy in a bilayer represents competing forces and the distribution of
internal pressures across depth through a bilayer, known as the lateral pressure profile, and varies
with lipid chemistry. Repulsive and attractive forces along the bilayer normal can vary by hundred

bars of pressure (16). In the headgroup region, steric, electrostatic, and hydration forces create a
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repulsive positive pressure that pushes neighboring headgroups apart (17). At the hydrocarbon—
water interface, the hydrophobic effect generates a large attractive negative pressure to minimize
the nonpolar surface area exposed to water. In the acyl chain region, thermal fluctuations of
hydrocarbon chains produce positive pressure. These attractive and repulsive pressures balance
each other across monolayer depth producing no net lateral force at equilibrium. Substituting a
nonbilayer lipid like PE for a bilayer-forming lipid like PC redistributes the lateral pressures,
increasing repulsive pressure in the chain region relative to the headgroup region (18). Mixtures
of lipids form complex force fields in the bilayer normal that emerge from competing attractive
and repulsive pressures which can affect the energetics of membrane deformation and protein
insertion.

Lipid packing defects and hydrophobic mismatch emerge from differences in lateral
pressure profiles and mismatch in molecular geometry when nonbilayer lipids are forced into a flat
bilayer among bilayer lipids. These differences disrupt shielding of the hydrophobic core, creating
transient cavities at the bilayer—water surface where acyl chains are briefly exposed to the aqueous
environment. Conical lipids and acyl chain unsaturation increase the frequency and depth of
packing defects, which can be further exacerbated in membranes with positive curvature (19).
Bending a membrane enriched in PE generates substantially more defects than bending a pure PC
membrane to the same curvature (20). These defects serve as binding or insertion sites for
amphipathic helices found in many membrane proteins, establishing a connection between
nonbilayer lipid content and protein recruitment. Lipids with nonzero spontaneous curvature can
relieve elastic strain associated with protein insertion by accommodating changes in the local

monolayer curvature and protein conformation. This view of considering the local landscape of
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interactions between lipids and proteins in an elastic curvature stress field prone to deformation
has been presented as a new biomembrane model called the flexible surface model (FSM) (5).
The classical treatment of curvature stress assumes that the spontaneous curvature of a lipid
mixture is a linear, additive function of its components. This assumption has recently been shown
to deviate for physiologically important lipid combinations. It was recently demonstrated that
sphingomyelin and cholesterol exhibit nonadditive curvature where cholesterol stiffens and orders
the saturated chains of sphingomyelin, reducing their contribution to lateral pressure below the
neutral plane of bending in a concentration dependent and nonlinear manner that cannot be
predicted by averaging the co values of the individual species (21). Two distinct softening
mechanisms in multicomponent bilayers have recently been shown building on this. Lipids
dynamically redistribute in response to local curvature fluctuations, and interconversion between
different lipid dimer conformations with distinct curvature preferences provides additional
mechanical softening (22). These findings suggest that the elastic properties of complex biological
membranes are shaped not only by the stoichiometry of their constituent lipids, but also by specific
intermolecular interactions, hydrogen bonds, chain ordering effects, and electrostatic bridging that
emerge in the mixture. The complexity of the biophysical properties that emerge in membranes
comes from the diversity of lipid chemistry, enabling the dynamic topological states and

interactions with proteins that characterize biological membranes.

Diversity of nonbilayer lipids across organelles and cells

Organelles and cell types across eukaryotic biology can be distinguished by differences in
membrane lipid profiles, suggesting that specific membrane compartments are tuned with unique
biophysical properties, including curvature elastic stress, that support specialized functions. While

PC is the most abundant phospholipid in nearly all eukaryotic organelles (40-50% of total
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phospholipids), the relative proportions of other lipid classes vary along the secretory and
endocytic pathways (6). The predominant nonbilayer lipids in organelles are PE and sterols like
cholesterol. Cholesterol increases along the secretory pathway, serving pleiotropic roles in
establishing membrane properties like thickness and rigidity while retaining access to curved
topologies from its ability to rapidly flip-flop and fill packing defects. The endoplasmic reticulum
(ER) membrane is loosely packed from enrichment in unsaturated PC and PE with relatively low
cholesterol content. The Golgi apparatus has intermediate levels of cholesterol and sphingolipid
concentrations, increasing from the cis to the trans Golgi cisternae, while also being increasingly
enriched in the negative curvature lipid diacylglycerol (DAG) (23). The exoplasmic plasma
membrane leaflet is enriched in cholesterol (up to 30—40 mol%), sphingomyelin, and saturated
phospholipid species. This gradient has functional consequences by which proteins with short
transmembrane domains are retained in the thin, loosely packed early compartments, while those
with longer transmembrane domains are sorted forward to the plasma membrane, suggesting that
hydrophobic mismatch acts as a physical sorting mechanism along the secretory pathway (24).
Membrane asymmetry between bilayer leaflets increases along the secretory pathway,
ending at the exoplasmic leaflet of the plasma membrane, functioning as a barrier to a cell’s
external environment, while the cytoplasmic leaflet is optimized for signaling and transport (23).
The exoplasmic leaflet is characterized by more saturated PC, sphingomyelin, and cholesterol
producing a tightly packed, rigid barrier. On the other hand, the cytoplasmic leaflet is enriched in
lipids that can promote packing disorder, curvature, and nonbilayer topologies: PE, PS, plasmenyl
PE, PI, and a lesser amount of cholesterol, in addition to PC (25). Membrane asymmetry, and
differences in lateral pressure profiles between opposing leaflets, has recently been proposed to

increase differential stress that can affect membrane protein function (26, 27). Resolving
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asymmetry in organelles has been technologically inaccessible largely until recently with the
development of imaging techniques that provide insight on leaflet specific lipid compositions (28).
Filling this gap in knowledge will aid our understanding of the differential stress profiles that are
maintained in organelles that may play roles in dictating protein orientation during synthesis and
trafficking.

The mitochondrial inner membrane is one of the most highly nonbilayer lipid enriched
environments in the eukaryotic cell. PE constitutes 35-40% of inner membrane phospholipid and
cardiolipin (CL), a dimeric phospholipid with four acyl chains found exclusively in mitochondria,
accounts for approximately 15-20% of the total phospholipids (2). Both PE and CL are nonbilayer
lipids with strongly negative spontaneous curvature, and their combined abundance places the
mitochondrial inner membrane under high curvature elastic stress. This stress is essential for the
formation and maintenance of cristae, the highly curved membrane invaginations that house the
respiratory chain complexes and ATP synthase. CL is required for the assembly and stability of
respiratory supercomplexes, and its four acyl chains, predominantly linoleoyl (18:2) in mammalian
tissues, are actively remodeled by the transacylase tafazzin to achieve a specific molecular species
composition optimized for mitochondrial function. Defects in CL remodeling, as in Barth
syndrome, lead to the accumulation of monolysocardiolipin (MLCL) and depletion of mature
tetralinoleoyl-CL, disrupting cristae architecture, supercomplex assembly, and mitochondrial
dynamics (29). The roles of nonbilayer lipids in mitochondrial structure and function have been
discussed in a recent review (30).

Specialized cell types further exemplify how lipid composition is optimized to functional
demands. Neurons are highly enriched in plasmalogens, predominantly ethanolamine

plasmalogens, that can constitute up to 50% of total PE in brain tissue and even higher fractions
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in myelin (31, 32). The vinyl ether linkage at the sn-1 position of plasmalogens promotes stronger
negative spontaneous curvature than the ester-linked species and increases the propensity for
nonbilayer phase formation, properties thought to facilitate the rapid membrane fusion and fission
events required for synaptic vesicle cycling (33, 34). Sperm cell membranes are also enriched in
both plasmalogens and polyunsaturated PE species that lower the energetic barrier for the fusion
reaction required for fertilization (35). Dysregulation of plasmalogens has been associated with
many neurodegenerative and metabolic diseases including Alzheimer’s and Parkinson’s disease.
Along with diversity of nonbilayer lipids comes complexity in the physical effects they introduce
to membranes, often affecting more than one parameter and thus complicating experimental

studies.

Methods to study the biophysical properties of nonbilayer lipids

Untangling the roles of nonbilayer lipids and their biophysical contributions to membrane
material properties presents significant experimental challenges that emerge from combinatorial
chemistry. Classically, genetic manipulation of lipid biosynthesis pathways has been used to
perturb lipid composition and membrane properties. However, this approach is complicated by the
interconnection of several membrane properties to individual lipid chemistry. Furthermore,
elucidating lipid biology is challenged by cells’ tendency to compensate for changes in lipid
composition or membrane properties and feedback effects from downstream processes in cellular
physiology that may rely on or interact with lipid composition. For example, deletion of the
mitochondrial phosphatidylserine decarboxylase Psdl in yeast, the major route for PE production,
simultaneously impairs respiration, disrupts mitochondrial morphology, triggers ER stress, and
upregulates over 50 genes spanning unrelated cellular processes (36—38). Similarly, cardiolipin

deficiency in tafazzin mutants produces pleiotropic phenotypes affecting respiratory supercomplex
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assembly, cristae morphology, iron-sulfur cluster biogenesis, and apoptotic signaling (2, 29). In
mammalian systems, deleting Phosphatidylethanolamine N-methyltransferase (PEMT)
simultaneously raises PE, lowers PC, and alters flux through the Kennedy and Lands' pathways,
making it difficult to assign causation to any single physical parameter without additional controls
(39). These pleiotropic complications suggest that genetic approaches alone cannot cleanly
establish relationships between nonbilayer lipid content, curvature stress, and specific membrane

functions.

Environmental levers to uncouple curvature and fluidity

A common challenge in the field is that many experimental manipulations that alter
curvature stress simultaneously change membrane fluidity, making it difficult to attribute
observations to one property or the other. Temperature has long been used to modulate membrane
physical states, but it primarily affects acyl chain behavior and membrane viscosity (40, 41).
Hydrostatic pressure has emerged as a complementary and more curvature-specific probe by
targeting changes in molecular volume. This specificity arises because phospholipid shape is
anisotropic due to the hydrocarbon chain volume being compressible, thus pressure-sensitive,
while the polar headgroup region is largely incompressible (42). The temperature to pressure
equivalency of a phase transition (dT/dP) is determined by the ratio of volumetric (AV) and
enthalpic (AH) changes by the Clausius—Clapeyron relation. In model membranes, dT/dP of the
curvature-mediated L, to Hy transition is 0.05 K/bar, e.g. a pressure of 100 bar corresponds to a
temperature drop of ~5°C at 1 bar (43, 44). In contrast, the dT/dP for the L, to Lg transition is 3-
fold smaller, so fluidity is dominated by temperature and weakly affected by pressure. Moreover,
pressure is an attractive tool to target membrane properties due to lipids’ high sensitivity to it

compared with protein and nucleic acids which often require pressures over 1000 bar for structural
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perturbation (42). High hydrostatic pressure compresses the acyl chain cross-sectional area relative
to the headgroup, reducing the negative intrinsic curvature of negative curvature lipids and pushing
them toward a more cylindrical geometry, without significantly changing headgroup hydration,
electrostatics, or fluidity. This allows pressure to challenge a cell's ability to maintain curvature-
dependent processes while minimally perturbing fluidity, providing an experimental tool to

disentangle cellular responses to lipid curvature stress, with proper controls.

Characterizing biophysical parameters of synthetic and biological membranes

Understanding the biophysical properties of lipids in cell membranes often requires a
reductionist approach in which simplified synthetic membranes are used to understand the
contributions of individual lipid species from complex biological bilayers. Several key membrane
properties, including spontaneous curvature, bilayer thickness, and the topology of lipid
mesophases, can be determined by small-angle X-ray scattering (SAXS, Fig. 2A) (45). In a SAXS
experiment, X-rays scattered by hydrated lipid assemblies produce intensity profiles with a series
of peaks whose positions identify the mesophase geometry and reflect lattice dimensions (Fig. 2B).
SAXS has been generally used for determining the spontaneous curvature of individual lipid
species using a host-guest system, in which a well-characterized nonbilayer lipid that readily forms
the Hii phase, most commonly DOPE, serves as a majority host matrix, and the lipid of interest is
incorporated at defined mole fractions as a guest (Fig. 2C) (46). Because the spontaneous curvature
of a lipid mixture is a weighted sum of its components, the co of the guest lipid can be extracted
from its effect on the total curvature relative to pure DOPE (47, 48). A comprehensive compilation
of published co values covering PE, PC, anionic phospholipids, lysophospholipids, and other

species has been assembled by Dymond (2021), though the curvatures and phase behaviors of
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many biologically relevant lipids, particularly those with polyunsaturated acyl chains or under
physiological ionic conditions, remain to be characterized (Fig. 2D) (46).

High-pressure SAXS (HPSAXS) enables modulation of lipid curvature and
characterization of lipid phase behavior and transition points by performing analysis in a pressure
and temperature controlled sample cell (Fig. 2E) (49). Complementary phase identification by
NMR, which can also be performed under pressure, distinguishes lamellar, hexagonal, and cubic
phases (50). Polar lipid extracts from biological cell and organelle fractions can be subjected to
SAXS and NMR to determine how close native compositions are to a lamellar-nonlamellar phase
boundary, providing a measure of how much curvature elastic stress a given membrane stores.
Membranes whose lipid compositions place them near the lamellar to Hyi transition are optimized
for the nonbilayer lipidic rearrangements that underlie processes such as vesicle budding,
tubulation, and stalk-mediated fusion. Applying hydrostatic pressure to lipid extracts from
different organelles could reveal, for example, whether the inner mitochondrial membrane, which
is enriched in the nonbilayer lipids PE and cardiolipin, operates closer to a phase boundary than
the endoplasmic reticulum or plasma membrane. Furthermore, comparing lipid extracts from cells
grown under different metabolic or environmental conditions can test whether curvature
homeostasis, as predicted by the intrinsic curvature hypothesis (Gruner, 1985), is maintained at
the level of individual organelle membranes or only at the whole-cell level (3). HPSAXS is well
suited for this purpose because pressure provides continuous, reversible access to the phase
boundary without altering the lipid composition, temperature, or ionic environment of the sample.
Combined with lipidomic profiling, this approach could ultimately map the relationship between
lipidome composition, stored elastic energy, and the fusogenicity or fission competence of specific

biological membranes.
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Alongside biophysical characterization by SAXS and NMR, lipidomics has enabled
computational estimation of spontaneous curvature in biological membranes. One model assigned
individual lipid classes a numerical score based on how strongly their molecular geometry
promotes or opposes membrane curvature (51). This approach allows for the estimation of the
resting curvature elastic stress. The model was applied to over 500 mammalian cell lipidomes
under varying growth conditions to estimate curvature elastic stress, finding evidence that changes
in elastic stress may regulate membrane order. In a separate model, the phospholipid curvature
index (PLCI) calculates mean lipidome curvature as a weighted average of lipid abundance and
published co values for each lipid species (52). This approach has been implemented in the
computational tool "cOoperate" which assigns curvature contributions based on headgroup
identity, acyl chain length, and degree of unsaturation using multivariate regression fitted to
available ¢, measurements. Because co values do not exist for all acyl chain species of lipid classes,
and are particularly sparse for polyunsaturated species, PLCI estimation involves approximations
of chain structure effects. Applied to large-scale lipidomic datasets, these tools offer a path toward
understanding how disease states, dietary perturbations, or pharmacological interventions alter the
mechanical properties of specific cell and organelle membranes, potentially linking lipidome
remodeling to changes in membrane protein function, trafficking efficiency, or susceptibility to

fusion and fission.
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Figure 1.2 Biophysical methods and measurements of nonbilayer lipid properties

(A) Schematic of small angle X-ray scattering (SAXS). (B) Scattering profiles of lipid phases
distinguished by unique spacing of peaks. (C) The spontaneous curvature of a lipid can be
measured by determining its lipid contribution as a minority guest that is hosted with a H, forming
lipid, under a relaxed system including tricosene. The total curvature of this system is equal to a
weighted sum of its constituents’ intrinsic curvature and abundance. (D) A compilation of
spontaneous curvatures of different phospholipid classes as measured by SAXS. (E) An example
of a phase diagram showing how temperature and pressure can affect the curvature and fluidity of
lipid membranes. Increasing pressure compresses lipid acyl chain area and reduces lipid curvature,
with a less prominent effect on reducing fluidity. In comparison, decreasing temperature reduces
the thermal motion of acyl chains which affects fluidity more than curvature with an ordering
effect.

Biophysical parameters accessible from computational modeling

Molecular dynamics simulations provide access to physical quantities that are central to
the curvature stress framework but remain experimentally inaccessible. All-atom simulations can
directly compute the lateral pressure profile for membranes of defined composition (17, 53). The
first moment of the computed pressure profile is equal to the negative product of the spontaneous
curvature and bending modulus, providing access to the elastic parameters in a manner not possible
with current experimental tools (54). Simulations can also quantify lipid packing defect
distributions at the membrane surface, providing a direct link between curvature stress and the

nanoscale features that mediate amphipathic helix binding (20). Recent studies have used coarse-
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grained simulations of mitochondrial inner membrane models to demonstrate curvature-dependent
partitioning of cardiolipin to negatively curved cristae regions, providing molecular-level insight
into how lipid sorting might contribute to cristae architecture (55). The spatial extent (SPEX)
method extracts the spontaneous curvature of individual lipids and lipid complexes from their
redistribution on dynamically fluctuating simulated bilayers (22, 56). This method reveals the
nonadditive aspects of curvature energetics that are invisible to experimental techniques that
reflect averaged lipidome compositions. Increasingly, these computational approaches are being
integrated with experimental lipidomics and reconstitution data to build predictive models of
curvature elastic properties for specific organellar membranes in yeast and mammalian cells, as
exemplified by the combined experimental-computational approach of Venkatraman et al. (2023),
who developed a model for cristae tubule formation that integrates both lipid- and protein-

mediated curvatures derived from coarse-grained simulations and lipidomic measurements (57).

Nonbilayer lipids in membrane fusion and fission

The concept that nonbilayer lipids directly participate in membrane fusion originated in the
early 1980s with the stalk model proposed by Kozlov and Markin (1983), who argued that two
opposing bilayers merge through a highly curved intermediate (58). In this model, contacting
monolayers of two membranes mix into an hourglass shaped connection called a stalk, which then
expands into a hemifusion diaphragm before a fusion pore opens to connect the enclosed
compartments (Fig. 3A). Soon after, experimental support emerged showing that the shape of lipid
molecules directly controls monolayer fusion rates (59). Lipids with negative spontaneous
curvature such as PE, DAG, and cholesterol, which match the geometry of the stalk rim, promoted
fusion when present in the proximal leaflets, whereas inverted-cone-shaped

lysophosphatidylcholine (LPC) inhibited it (60, 61). Recent experimental measurements of lipid
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mixing, content mixing and content leakage kinetics in osmotically driven fusion showed that
liposomes containing more than 10 mol% PE or 20 mol% cholesterol have enhanced hemifusion
formation rates, and more than 30 mol% PE permits a fusion mechanism that circumvents
hemifusion diaphragm formation between stalk and pore formation (Fig. 3B) (62, 63). In
reconstituted yeast vacuolar fusion, fusion requires the combined presence of three nonbilayer-
prone lipids (PE, DAG, and ergosterol) for lipid mixing under physiological SNARE
concentrations, while high SNARE levels bypass this requirement, potentially by mechanically
bending the membrane to substitute for the absent curvature-promoting lipids (64).

A parallel body of work established that membrane fission proceeds through a
topologically related nonbilayer intermediate called the hemifission state, in which the inner
leaflets of a constricted tubule merge to form a stalk before the outer leaflets rupture to complete
scission (65). As in fusion, nonbilayer lipids with negative spontaneous curvature lower the energy
barrier for reaching a highly curved intermediate. In the plasma membrane, cholesterol is essential
to lowering energy barriers in clathrin mediated endocytosis, with its absence resulting in stalled
fission (66). Comprehensive coarse-grained molecular dynamics screens have quantitatively
demonstrated that PE, DAG, and cholesterol each lower stalk formation free energies and revealed
that the cytoplasmic leaflet of the mammalian plasma membrane is intrinsically far more fusogenic
than the exoplasmic leaflet (67). Recent mechanical models calibrated by SAXS measurements
have further shown that cardiolipin enrichment enables dynamin-family proteins to constrict
mitochondrial necks into the hemifission range through a "snap-through" instability, providing a
model for understanding how protein machineries exploit nonbilayer lipid curvature (68).

Interactions between mitochondrial cardiolipin and dynamin related protein 1 (Drpl) show that
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the lipid helps recruit Drpl while reorganizing to promote local regions of high curvature and a
nonbilayer phase transition (69).

Ether lipids represent a biologically distinctive class of nonbilayer-prone
glycerophospholipids whose roles in fusion and fission are increasingly recognized in eukaryotic
cell membranes. Ethanolamine plasmalogens (PPE) in particular are conical-shaped lipids with a
strong tendency to form the inverted hexagonal phase at lower temperatures than their diacyl PE
counterparts, and are enriched in tissues and organelles with high fusion activity, including plasma
membranes, synaptic vesicles, and myelin (32). Early evidence linking ether lipid curvature to
fusogenicity came from Glaser and Gross (1994), who used stopped-flow kinetics to show that
vesicles containing PPE fused faster than compositionally matched vesicles containing diacyl PE
(34). Defects in ether lipid biosynthesis have been reported to delay and reduce endocytosis rates
(70). Furthermore, a recent study showed that when ceramide biosynthesis is inhibited,
plasmalogen levels increase and promote cell fusion in coordination with the fusogenic protein
Myomaker (71). Ceramide, a sphingolipid precursor generated from sphingomyelin hydrolysis by
sphingomyelinases or through de novo synthesis, is another negative-curvature lipid (72).
Enzymatic conversion of sphingomyelin to ceramide at the plasma membrane triggers vesicle
aggregation and promotes fusion of PC-containing vesicles at concentrations as low as 5—10 mol%
(73). Together, the diverse chemistries of these negative-curvature lipids illustrate how eukaryotic
cells have converged on a common biophysical strategy of exploiting lipid shape to overcome the
energetic barriers of membrane fusion and fission. Identifying additional nonbilayer lipid species
that tune fusion and fission in specific cellular contexts remains an active frontier enabled by

modern lipidomic and biophysical tools.
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Figure 1.3 Nonbilayer lipids in membrane fusion.

(A) Schematic of fusion pathways including the classical stalk model which transitions from
through the hemifusion diaphragm between stalk and pore formation. An alternate fusion pathway
bypassing the hemifusion diaphragm has been proposed in membranes containing more than 30%
PE, 20% cholesterol, or membrane binding peptides and protein. (B) Free energy landscapes of
both fusion pathways.

Nonbilayer lipids modulate membrane protein localization and function

The proposal that nonbilayer lipids actively modulate membrane protein function emerged
from observations that cellular membranes maintain abundant quantities of nonbilayer-prone lipids
(14). Gruner's intrinsic curvature hypothesis proposed that cells optimize lipid composition to
maintain a specific level of stored curvature elastic stress that in turn modulates the conformation
and activity of embedded proteins (3). Cantor formalized this principle through the lateral pressure
profile, in which the spontaneous curvature of lipid monolayers is expressed as an imbalance of
lateral stresses distributed across the bilayer thickness (17). A transmembrane protein that
undergoes a conformational change accompanied by a shift in its cross-sectional shape at different
depths through the bilayer will couple to this pressure profile, with the free energy difference
between conformations depending on the spontaneous curvature of the surrounding lipids (Fig.

4A-B).
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The channel-forming peptide alamethicin provided the first quantitative demonstration of
this principle. When alamethicin is inserted into planar bilayers of DOPC mixed with varying
proportions of DOPE, the probability of higher conductance states increases with the nonlamellar
character of the lipid composition, consistent with curvature elastic stress preferentially stabilizing
the larger cross-sectional conformations of the multi-helix alamethicin barrel (74). Spontaneous
curvature was shown to linearly affect the free energy of alamethicin partitioning from aqueous
solution into the bilayer, establishing a quantitative template for identifying curvature-dependent
behavior in other membrane proteins (75).

Since its discovery, several membrane proteins have been identified to exhibit sensitivity
to nonbilayer lipid content similar to alamethicin. CTP:phosphocholine cytidylyltransferase
(CCT), the rate-limiting enzyme of PC biosynthesis, is activated by membranes containing DOPE,
DAG, or other negative-curvature lipids, with enzymatic activity scaling quantitatively with
calculated curvature strain across chemically distinct lipid systems (76, 77). Because CCT's
product is PC, a bilayer-forming lipid, this coupling creates a homeostatic feedback loop in which
curvature elastic stress directly controls the rate of synthesis of a lipid that relieves that stress. The
sarco/endoplasmic reticulum Ca**-ATPase (SERCA) is also activated by PE and inhibited by LPC
in reconstituted membranes in a pattern consistent with modulation by the lateral pressure profile
rather than specific headgroup recognition or membrane fluidity (78, 79). More recently, the
mitochondrial proteins uncoupling protein 1 (UCP1) and adenine nucleotide translocase 1 (ANT1)
were shown to sense stored curvature elastic stress, with their activity increasing when oxidative
modification of PE reduces the membrane bending modulus and alters the lateral pressure profile,
suggesting nonbilayer lipid properties may be linked to mitochondrial function under oxidative

stress (80).
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G-protein signaling is also sensitive to nonbilayer lipid content, as associations of some
with the membrane are promoted by nonlamellar-prone lipids, suggesting that the lateral pressure
profile modulates peripheral protein recruitment and downstream signal transduction (81). The G
protein-coupled receptor rhodopsin shows an analogous dependence where the primary activation
step in transduction shifts toward its active state as the spontaneous curvature of the surrounding
lipids becomes more negative, with the free energy of the transition depending linearly on
curvature elastic stress (82, 83). Collectively, these examples demonstrate curvature-dependent
protein function as a general biophysical principle, making nonbilayer lipids essential regulators
of membrane protein activity. More work is needed to identify protein whose localization and
function are modulated by nonbilayer lipids and provide insight into diseases that may be

connected to their disruption when lipid composition is dysregulated.
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Figure 1.4 Protein localization, conformation and function determined by lateral stress
profiles.

(A) Conformational states of membrane protein can be determined by lipid composition and leaflet
asymmetry. (B) Membrane proteins are embedded in elastic stress fields determined by lipid
composition, determining differential pressure profiles along bilayer depth. Lipid chemistry of
headgroup, linkage, and acyl chain change lateral pressure profiles and can affect membrane
embedded protein.
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Regulation of nonlamellar lipids and lipid intrinsic curvature

Gruner first proposed that biological membranes maintain their lipid compositions near a
lamellar to nonlamellar transition point, balancing the functional benefits of curvature elastic stress
against the need for a permeability barrier (3). This intrinsic curvature hypothesis predicted that
cells actively regulate the spontaneous curvature of their lipid mixtures to establish distinct
biophysical properties. Studies have shown that wild-type E. coli maintain access to nonlamellar
phases in response to temperature induced stress by remodeling acyl chain composition (84).
Similarly in yeast, genetic depletion of PC caused cells to remodel their acyl chains toward shorter,
more saturated species, changes that reduce the intrinsic curvature of PE and shift the Hy transition
temperature upward (85). This combination of chain shortening and increased saturation is
inconsistent with a homeoviscous response maintaining fluidity, which would predict opposite
changes, and instead points to a distinct homeocurvature regulatory mechanism.

More recent work has provided experimental evidence that cells optimize membrane
curvature as a physical property independent of fluidity (Fig. 5A-B). In lipidomes of deep-sea
ctenophores, species evolutionarily adapted to high hydrostatic pressure were shown to be enriched
in phospholipids with strong negative spontaneous curvature, particularly plasmalogens, which
form nonbilayer phases at pressures under which the Hn phase is not normally stable (13).
Expression of plasmalogen biosynthetic genes in E. coli was sufficient to enhance pressure
tolerance, whereas incorporation of low-curvature lipids had the opposite effect. In complementary
work using yeast and human cancer K562 cells as model eukaryotes, hydrostatic pressure was used
to artificially reduce lipid curvature without changing temperature or composition, to which cells
responded by remodeling their lipidomes toward compositions with greater propensity for

nonlamellar phase formation, as confirmed by SAXS measurements on polar lipid extracts from
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yeast (86). Diverse signatures of increasing lipidome curvature were observed suggesting that
various homeostatic mechanisms may be employed by different organisms or cell types. Two
divergently evolved yeast species employed distinct metabolic strategies to restore curvature under
pressure, with S. cerevisiae increasing PI, which was identified as a negative-curvature lipid. In
contrast, the yeast Lachancea kluyveri reduced positively curved PS and increased production of
DAG. Both yeasts also made longer, unsaturated acyl chains in response to pressure indicating a
curvature driven response instead of fluidity which favors shorter acyl chains. K562 cells
acclimated with similar acyl chain remodeling but featured an increase in ether lipids, similar to
evolutionary adaptation in deep-sea comb jellies. Data-driven modeling across approximately 500
diverse mammalian cell lipidomes has further shown that curvature elastic stress correlates
strongly with membrane order, suggesting that curvature may be a property under homeostatic
control that is balanced alongside fluidity (51, 87).

The molecular identity of the proteins that sense and transduce membrane physical
properties into metabolic responses is an emerging area of investigation, with most characterized
examples to date responding to lipid packing or fluidity rather than curvature elastic stress
specifically. In yeast, the ER-resident paralogs Mga2/Spt23 sense the packing density of lipid acyl
chains through conformational changes in their transmembrane helices, and when membranes
become excessively saturated, ubiquitin-dependent proteolytic processing leads to an upregulation
transcription of the OLEI, which encodes the desaturase Olel, to restore fluidity (88, 89). In
mammalian cells, AdipoR1/2 could perform an analogous function, detecting membrane
rigidification caused by cold temperatures or dietary saturated fatty acids and promoting fatty acid
desaturation (90, 91). While these sensors primarily regulate acyl chain unsaturation in response

to fluidity perturbations, the eukaryotic enzyme PCYT1A (CCTa) represents a distinct class of
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sensor that responds specifically to stored curvature elastic stress. At the inner nuclear membrane
in yeast, fly, and mammalian cells, PCYT1A binds to membranes with high curvature frustration
and is released when stress is relieved, regulating its roles in PC biosynthesis that contributes to
balancing bilayer and nonbilayer lipids (92). The implication of negative curvature lipids including
PI and plasmalogens in buffering lipidome curvature suggests that other mechanisms for sensing
and regulating intrinsic lipid curvature remain to be identified. Identifying such proteins is an
important goal for understanding how eukaryotic cells coordinate the regulation of lipidomes as

observed in pressure acclimation, organelle biogenesis, and membrane trafficking.
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Figure 1.5 Metabolic regulation of membrane fluidity and lipid curvature in cells by
homeoviscosity and homeocurvature feedback processes.

(A) Pressure has a strong inhibiting effect on nonbilayer phase and lipid curvature formation while
temperature affects membrane fluidity more. (B) Homeoviscosity regulates membrane fluidity by
increasing shorter, more unsaturated lipids in response to cold or rigidifying stress. (C) Example
of homeoviscosity visualized by lipidomic analysis showing an increase in shorter, more
unsaturated lipids in cells grown in the cold (dark grey) compared to native temperature (light
grey). (D) Example of homeocurvature visualized by lipidomics and lipidome curvature
estimation. In response to pressure incubation, lipidomes are enriched in more negative curvature
lipids, compared to cells grown at ambient pressure.
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Open questions and future directions

The material properties of biological membranes are tuned to support dynamic processes
and interaction with specific proteins varying across organelle and cell type, developmental stages,
and in response to stress conditions. Organismal physiology and health are tied to the maintenance
of lipid composition and its dysregulation has been shown to be associated with a growing number
of diseases. Identifying the lipids that help define membrane properties and how cells regulate
them will be essential to developing therapies, something that is now possible with the
convergence of high-throughput lipidomics, biophysical characterization, and computational
modeling. Recent cryo-electron tomography measurements have confirmed that bilayer thickness
varies across organelles, with thinner membranes in the ER and progressively thicker bilayers
along the secretory pathway to the plasma membrane, consistent with the lipid compositional
gradients that have long been inferred from fractionation and lipidomics (93). The curvature elastic
stress stored in these membranes is expected to similarly vary, yet this quantity has never been
determined for individual organelle membranes. Characterizing the roles of nonbilayer lipids in
functionalizing local membrane regions, subcellular organelles, specific cell types, and emergent
effects in physiology combines biology, chemistry and physics from molecule to organism.

The translational relevance of nonbilayer lipid dysregulation is becoming increasingly
relevant across a range of human diseases. In the liver, the ratio of PC to PE has emerged as a key
determinant of hepatocyte membrane integrity, with PEMT-deficient mice developing
steatohepatitis and liver failure when the PC to PE ratio drops below approximately 1.0 (7, 39).
Patients with nonalcoholic steatohepatitis (NASH) similarly exhibit a diminished hepatic PC to PE
ratio compared to healthy controls, and the severity of liver disease correlates inversely with this

ratio (94). In Barth syndrome, defective remodeling of the mitochondrial nonbilayer lipid
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cardiolipin by Tafazzin leads to accumulation of MLCL, disrupted cristae architecture, and
impaired respiratory supercomplex assembly (2, 95). Oxidative stress itself may challenge
curvature homeostasis, as lipid oxidation products generated by reactive oxygen species reduce
the stored curvature elastic energy of membranes, requiring cells to actively compensate through
lipid remodeling to maintain membrane mechanical properties (96). This connection between
oxidative damage and curvature stress may suggest that age-related declines in antioxidant
capacity could progressively erode the curvature elastic stress that membranes require for normal
protein function and trafficking, linking the biophysics of nonbilayer lipids to broader mechanisms
of cellular aging.

Neurodegenerative diseases are another area where dysregulation of nonbilayer lipids may
play a mechanistic role. Ethanolamine plasmalogens, among the most negatively curved lipids in
mammalian membranes, are depleted in the brains of patients with Alzheimer's disease, and this
depletion occurs early in disease progression, correlating with severity of cognitive decline (97—
99). Because plasmalogens are enriched in synaptic vesicles and are required for rapid membrane
fusion during neurotransmission, their loss could impair synaptic vesicle cycling and contribute to
synaptic dysfunction (100). Consistent with a connection between plasmalogen levels and
membrane remodeling, aged Drosophila melanogaster oenocytes exhibit a decline in
mitochondrial plasmalogens that correlates with a failure to recruit Drpl and execute stress-
induced mitochondrial fission (101). The essential role of plasmalogen biosynthesis in
development and aging is further underscored by the recent identification of PEDS]1 variants that
cause microcephaly and global developmental delay in humans, indicating genetic links between

ether lipid metabolism and brain development (102, 103).
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Similarly, in Fragile X syndrome, loss of FMRP is associated with reduced expression of
diacylglycerol kinase (DGK) DGKxk and a consequent imbalance between DAG and PA that
disrupts dendritic spine morphology and synaptic plasticity (104). Another DGK isoform, DGKe
was shown to be recruited to membranes with negative Gaussian curvature which is dependent on
lipid composition, and if disrupted may lead to cellular dysfunction (105). Whether these lipid
imbalances represent primary drivers of disease pathology or secondary consequences of upstream
dysfunction remains unclear, but the availability of lipidomic tools to quantify nonbilayer lipid
composition, combined with biophysical characterization and modeling, now makes it feasible to
ask whether restoring the curvature elastic stress of neuronal membranes through dietary,
pharmacological, or genetic interventions can ameliorate disease phenotypes.

Identifying the molecular sensors that detect and regulate intrinsic lipid curvature remains
an important open goal. While CCT has been established as a curvature-responsive enzyme that
feeds back on PC synthesis, the diverse lipid remodeling profiles recently observed in response to
curvature stress suggest that additional sensors exist that can control metabolic pathways to adjust
intrinsic lipid curvature. Genetic and CRISPR-based screens in yeast and mammalian cells,
combined with pressure or lipid feeding perturbations that selectively challenge curvature
homeostasis, could identify genes whose loss abolishes compensatory lipidome remodeling
responses. The distinction between fluidity sensors such as Mga2/Spt23, which respond to lipid
packing density, and curvature sensors like PCYT1A, which respond to stored elastic energy,
highlights the need for experimental approaches that can cleanly separate these two modes of
membrane property sensing. Pressure, as a physical modulator of intrinsic curvature, represents an

attractive experimental tool to identify these points of regulation.
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The principles of nonbilayer lipid biophysics have direct applications to the rational design
of lipid nanoparticles (LNPs) for drug delivery. The ionizable lipids used in mRNA-LNP
formulations are designed to adopt a cone shape at endosomal pH, promoting the Hyi phase
transition and membrane destabilization required for cargo release into the cytoplasm (106, 107).
SAXS-based fusogenicity metrics have recently been introduced to rank individual ionizable lipid
species by their ability to promote nonbilayer transitions, providing a biophysical screening tool
that can accelerate formulation development (108). Complementing this biophysical approach,
genome-wide CRISPR screens have now been applied to identify host cell genetic determinants
of LNP uptake and delivery efficiency (109). More broadly, the same reasoning that explains how
nonbilayer lipids facilitate biological fusion and fission can be applied to understand and optimize
how synthetic lipid mixtures interact with cellular membranes. Recently, monoolein-plasmalogen
LNP were demonstrated to have neuroprotective properties, restoring ATP synthase activity,
reducing intracellular reactive oxygen species, and attenuating neuroinflammation in neuronal
stress models (110). As the field moves toward tissue-specific and organelle-targeted delivery,
understanding how the nonbilayer lipid composition of target membranes influences LNP
fusogenicity, and how disease states alter that composition, will be increasingly important for

designing effective therapeutics.
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Chapter 2 Homeocurvature adaptation of phospholipids underlies pressure-specialization of
deep-sea invertebrates
Abstract: Hydrostatic pressure increases with habitat depth in the ocean, but molecular bases of
biological pressure-tolerance, and their distinctness from those of cold-tolerance, are largely
unknown. Here we describe how deep-ocean comb jellies (ctenophores) maintain topological
plasticity in their lipid membranes at extreme pressures via an adaptation that also constrains their
depth range. Structural analysis of membrane lipids from depths up to 4 km showed that deep
samples retain access to non-lamellar phases at pressures >250 bar. Lipidomics identified non-
bilayer phospholipids with negative spontaneous curvature, including plasmalogens, as a hallmark
distinguishing deep-sea membranes from those found in comparably cold but shallow waters. An
additive model of curvature and a series of all-atom simulations both predicted that lipidomes from
deeper habitats more readily form non-lamellar topologies that are inhibited by pressure.
Escherichia coli engineered to synthesize higher-curvature lipids displayed enhanced pressure
tolerance, whereas incorporation of low-curvature lipids had the opposite effect. Deep-sea
lipidomes invert to form non-lamellar structures when brought to atmospheric pressure, and
imaging indicates that this could drive the disintegration of deep-sea animals when brought to the

surface.

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, specific mechanisms of pressure tolerance in animals

are unknown, with few exceptions (1). Pressure inhibits high-volume conformations of all
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biomolecules, but has an especially strong effect on lipids due to the high compressibility of their
hydrocarbon chains (2). When phospholipids in a fluid lamellar (Lo)-phase 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, 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 topologies, like the inverse hexagonal (Hy) phase, that occur
as intermediates in fusion and fission processes (6).

We investigated high-pressure adaptation using comb jellies (phylum Ctenophora): soft-
bodied, poikilothermic invertebrates that inhabit diverse ocean environments. Based on extensive
in situ observations (Fig. 1B), we have determined that multiple ctenophore lineages adapted
independently to various depths (7), making ctenophores a powerful 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 leading to
eventual shearing (Fig. S1A, S1B). Loss of motor control in ctenophores and other animals (8)
could implicate failure at synapses (9), which are enriched in cone-shaped lipids (10). 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).
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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 ROV dive. We asked
whether pressure effects on cell membranes could underlie ctenophores’ physiological tolerances

and depth ranges.
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Figure 2.1 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 pm.
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Deep-sea membrane lipids access non-lamellar phases, even under high pressure

We first probed structural signatures of pressure adaptation in deep-sea membranes using
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. Using reconstituted polar lipid extracts, we were able to map the predominance of the
lamellar fluid (Lo), 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 GP (Figs. 2D, S1F). Using these approaches, we analyzed
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 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 the lipidome.

We observed that 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 — Lp) were observed at moderate pressures (~200
bar) in lipids from shallow temperate animals and at much higher pressures (>1000 bar) in deep
species. However, shallow Arctic species, which are adapted to cold but not to high pressure,

showed a gel phase transition indistinguishable from deep species. In contrast, there was a
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consistent relationship between the animals’ native P-T and the non-lamellar phase transition (Lq
— Hu) of their lipids. In the deepest species, 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 Hn, 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 Ly — L transition (/4) compared to shallow,
cold-water animals, but did show enhanced access to the L, — Hi transition, which is modulated

by lipid shape.
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Figure 2.2 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 Hi 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.

Ctenophore lipidomes 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

43



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 relationships to high pressure and
low temperature (Fig. 3B). Depth was associated with a 5-fold increase in the abundance of
plasmenyl PE (PPE), which contains an sn-1 a-alkenyl ether linkage (/5). Based on a phylogeny
inferred from transcriptomes, depth-associated PPE accumulation 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 animals than cold-water ones. Shallow,
cold-water animals instead displayed high levels of phosphatidylcholine (PC), a cylindrical lipid
that increases membrane fluidity and has been previously observed in cold-adapted poikilotherms
(16). Outside of phospholipids, ctenophore lipidomes contained modest levels 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 deeper samples, in contrast to cold, shallow animals and 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 non-significant (Fig. S2A). Acyl chain analysis of lysophosphatidylethanolamine
(LPE) also indicated that variation in PPE levels between samples was not driven by oxidative
degradation (Fig. S2B). Taken together, these results indicate that ctenophore lipidomes contain

depth-specific adaptations that cannot be fully explained by a need to maintain membrane fluidity.
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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).
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Figure 2.3 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. (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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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 deepest samples (Fig. S2D). We observed that the
midpoint pressure for the inverted phase transition (L« — Hi) was higher for liposomes composed
of PPE, with either monounsaturated or polyunsaturated sn-2 chains, than those made of the
corresponding PE species. The pressure of the gel phase transition (Lo — Lg) also increased
modestly, 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 rescued by
substitution of PPE for PE (Fig. S4).

In light of the distinctive phase behavior of PPE, we asked 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 Hn phase, while 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 (18, 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
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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, co, incorporating contributions from headgroup classes (Fig. 4C),
lysolipids, and sn-1 acyl chain structure (Materials and Methods). Modeled cO 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
suggested that in shallow-warm animals, PPE negative curvature is offset by positively curved
lysolipids and lower chain unsaturation (Fig. S5A).

The formula for cO 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 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 then
constructed complex membranes containing representatives of the predominant (>5%) lipid
classes, including both phospholipids and cholesterol (Fig. S7A). 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 (D7). 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 (k») and spontaneous curvature (cp) —

displayed a large (~500 bar) pressure offset (Fig. 4E). Although simulations were constrained to a
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bilayer state, the high -kwco values of Platyctenida sp. T lipids at low pressures was consistent with
their tendency to form the non-lamellar Hyy 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 the other two cold species and a smaller
-kvco than that of B. infundibulum. Because all simulations were carried out at 20°C and L.
cruentiventer lives warmer than B. infundibulum and Platyctenida sp. T, this difference could
reflect the interplay between temperature- and depth-adaptation. Of the four species, the B. vitrea
simulations exhibited the lowest values for -kvco 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 warm, shallow animals.
At 1000 bar, B. vitrea bilayers exhibit regions of condensed, gel-like chains (Fig. S7D) that was
not observed in the three cold-water species, consistent with the behavior of the warmest, shallow
sample analyzed in HPSAXS (Fig. 2C).

Based on these analyses, we propose a homeocurvature adaptation model for depth
specialization (Fig. 4F). In this model, lipidomes with more negative curvature (as measured at 1
bar) are required to maintain membrane plasticity at increasing pressures. For very deep animals,
such compositions are incapable of forming stable bilayers when depressurized. Consistent with
this tradeoff, we found that the increasing C-Laurdan GP of disintegrating Bathocyroe (co=-0.013
+/- 1.9x10% Ay cell membranes in Fig. 1 resembles that of synthetic (Fig. S3B) and animal-
derived (Fig. 2D, Fig. S1F) liposomes inverting to form Hy. In contrast, the shallow-constrained

species Bolinopsis microptera (co = -0.0058 +/- 6.0x10™* A1), which does not disintegrate, showed
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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).
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Figure 2.4 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 Hy-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 (co) for all measured lipidomes. (D) The robust correlation of c0
with habitat depth among all animals sampled; deeper lipidomes feature a higher degree of
lipidome curvature. Habitat temperature does not predict c0. 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 -kuvco,
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 both shallow and deep lipidomes, 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 shallow membranes are compressed,
lipidome curvature is lost, potentially disrupting membrane dynamics and plasticity. When deep
membranes are decompressed, negative lipidome curvature increases, destabilizing membrane
structure.
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Modulating lipid curvature can enhance and 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 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 BL21 (Fig. 5A), then exposed the cultures to high pressure for 48 hours. Upon induction of
pIsAR expression, 25% of total BL21 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 also promoted the Hii phase compared to control cells,
consistent with an increase in negative lipidome curvature (Fig. 5B, S9C). When the BL21 strains
were grown 500 bar, we found that both the doubling rate and survival of PPE-synthesizing cells
were significantly less pressure-sensitive than those of the empty-vector control (Fig. 5C, D).

To test the effects of reduced negative lipidome curvature on high-pressure fitness, we used
a Pr4p-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 had less ability to access the Hyi 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), suggesting that loss of lipidome curvature is deleterious

to high-pressure fitness even when fluidity is increased. Both PC- and PPE-synthesizing strains
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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.
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Figure 2.5 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 Hyi. (F) Pressure-extrapolated phase diagrams of
E. coli polar lipids in PC- (AAL9256 with an integrated Peap-pssA cassette, gray) and PE-, PC+
(AL9S5 + 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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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 unique biophysical challenge
to maintaining the latter. We found that reconstituted deep-sea lipids show a remarkable ability to
access non-lamellar topologies like the Hy 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 due to its highly negative spontaneous curvature. We also observed elevated PPE in
tropical surface animals, where it could fulfill previously proposed roles as an antioxidant (26) and
as a driver of local heterogeneity in cholesterol-rich membranes (27). Exclusive to deep samples
is 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 find 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
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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 (Fig. S1A, B) is
consistent with membrane-associated defects in the nervous system, for example in synaptic
vesicle trafficking or ion channel function. Deep-specialized animals 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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Supplementary Text and Materials

Testing the use of CHARMMS36 all-atom MD with varying hydrostatic pressure

Models and methods for MD simulations of lipid bilayers have been established under
mesophilic conditions but have rarely been applied to understanding extreme life — particularly
the effects of hydrostatic pressure on membranes. However, extensive modeling has been
performed on soluble proteins at pressure (reviewed in (1), where there has been agreement with
experimental observations on protein denaturation (2), compressibility (3), conformational states
(4), and overall dynamics (5). In one biological example, MD using an earlier CHARMM force
field was used to define the mechanism by which conserved mutations in a-Actin of deep sea fish
contribute to stability and ATP binding at pressure (6). Thus, force fields developed for ambient
conditions can be useful for analyzing systems under varying pressures. Because lipids are more
compressible than proteins, the pressures needed to modulate their mesophases are lower than
those often considered for proteins, alleviating some of the discrepancies between hydrogen bond
lengths (7) and water structure (8) between very high-pressure simulations and experiments.
Pressures that alter membrane structure and phase properties, 100 to 1000 bar, are an order of
magnitude lower than those used to study protein denaturation. They also correspond to the range
of ocean depths of interest for understanding pressure adaptation in marine life.

To establish the feasibility of using MD to understand pressure effects on membranes, we
first ran simulations of several model lipid bilayers at pressures of 1 and 1000 bar (Table S3).
Lipids were selected based on published experimental P/T phase diagrams (reviewed in Chapter
16 of (9) so that a range of pressure-dependent behaviors was expected. In general, high pressure
favors more ordered chains because they occupy a lower molar volume. Beginning in the L, phase

(T > Tw), unsaturated DOPC remains fluid at 1000 bar but with a reduced area per lipid (APL),
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while saturated DPPC at 50 °C shows a much larger reduction in APL (Fig. S6A). This is because
DPPC has been compressed into an ordered gel phase, which experimentally occurs starting at 500
bar at 50 °C (10). Simulation snapshots reveal that DPPC at 1000 bar specifically forms an
interdigitated gel phase (Lgl), where the ordered acyl chains span almost entirely across each leaflet
(Fig. S6B). The observation of an Lgl phase is highly significant because it is a pressure-dependent
phase that has been observed experimentally for DPPC at 1000 bar (11) but has not been observed
under 1 bar pressure at any temperature.

We next asked if simulations quantitatively predict the increase in lipid packing of L
phases as hydrostatic pressure increases (Fig. S6C). We simulated DOPE bilayers at 20 °C and in
the L, phase at pressures from 500 to 1000 bar and computed the change in area per lipid (APL)

as a measure of lipid packing strain:

APL(P) — APL(1000 bar)

APL strain (P) = APL(1000 bar)

We compared these values to HP-SAXS measurements of DOPE multi-lamellar vesicles, using
the d-spacing of the L, phase Bragg peaks to estimate lipid packing strain (Fig. S6D). In this case,
we assumed a constant water layer, so changes to d-spacing reflected changes in bilayer thickness,

which are then inversely proportional to APL strain:

d(P) — d(1000 bar)\~*
d(1000 bar) )

APL strain (P) = (
These simulation and experimental methods obtained excellent agreement for pressures covering
the L, range of DOPE (Fig. S6C), with identical slopes that read out how much the area per
molecule is reduced per bar of pressure (~4% reduction per 1000 bar).

Third, we considered the pressure-dependence of monolayer spontaneous curvature. For a

lipid like PE — which prefers to bend with the headgroups on the inside of the curve, by
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convention a negative spontaneous curvature — pressure reduces the volume of the chains relative
to the headgroup, driving the monolayer from a curved to a flat state (Fig. S6E). Experimentally
this can be assessed by the scattering profile obtained by SAXS, which is sensitive to phase
transitions; curved monolayers form non-lamellar phases like Hii, which is the case for pure PE at
low pressures (12). In our simulations, lipids are constrained by boundary conditions to bilayer
phases, so these phase transitions cannot be observed. If unconstrained, their long equilibration
times and the small size of bilayer patches in all-atom simulations would still be limiting. However,
the tendency to form non-lamellar phases can be assessed through analysis of curvature stress,
which is obtained from the lateral stress or pressure profile of the bilayer. Within the context of
Canham-Evans-Helfrich theory (13—15). A more positive value of F”(0) indicates more negative
spontaneous curvature, corresponding to an Hy phase in experimental data (Fig. S6E). At 1 bar
and 72 °C, POPE - a lipid with a large negative spontaneous curvature of -0.03 A (16) —is in an
Hi phase, reflected by its comparatively large and positive first moment value (Fig. S6F). When
pressure is increased to 1000 bar, POPE is driven toward L, experimentally, and F”(0) decreases
~25%. The trend is similar for DOPC, except that the values are 5x to 10x smaller, because DOPC
has only a small, negative spontaneous curvature of -0.004 A™! at 1 bar (17) and is thus in L, phase
at both pressures. The change in -kgco for both systems is similar, as it reflects the similar
compressibility of their hydrocarbon chains. The change in F”(0) corresponds to an increase in ¢
of 0.005 A"l (assuming kg remains constant at 9.5 kcal/mol for POPE (18). Experimentally, the
change of ¢y per 1000 bar in a similar PE lipid (SOPE) is 0.0045 A™! (Fig. 4B), so there is a
reasonable agreement.

Taken together, these proof-of-concept simulations indicate that MD simulations using

CHARMM36 all-atom force fields capture pressure dependent changes in membrane elastic and
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structural properties. We do note two limitations to this approach we have observed. First, our
simulations did not precisely predict phase transition pressures. For example, in DOPE at 20 °C,
we have measured the gel phase transition (Lp) occurring at 1850 bar. In simulations, we see
signatures of an Lp phase at 1500 bar. It is already well established that lipid phase transitions are
very difficult to model quantitatively with MD simulations, due to limitations of sampling and
finite size of the systems, as well as equilibration times. Prior work has considered the gel phase
transition upon cooling of well studied lipid systems such as saturated PC (19), finding transition
temperatures that differ by 2-10 °C from experiments, or saturated PE (20), 7-17 °C from
experiments. Our error of 350 bar for DOPE L, — Lg corresponds to roughly equivalent to 7 °C,
given a previously measured P/T equivalency of 480 bar/10 °C for DPPC (11), and is thus within
the error range observed for temperature. Nonetheless, the structure and properties of the cold-
induced phases match experiments quite well (21, 22), and our data above indicates that this is
also true for pressure-induced transition.

The second limitation involves the extrapolation from lateral stress profile analysis, which
yields values for -kgco, as described above. Determining ¢y from this approach requires an
independent measurement of the bending modulus kz. Here, we do not attempt a rigorous
measurement of the pressure-dependent bending modulus, since this would require many very
large systems that are not compatible with all-atom simulations of complex membranes. Bending
modulus should increase with pressure — as the chains are ordered and the area per molecule
decreases, the hydrocarbon region becomes thicker. However, within the polymer brush of Evans
(23), changes in kg scale with the cube of hydrocarbon thickness. The thickness of fluid L,

membranes we have simulated increases only modestly with pressure, in line with the ~4% change
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in APL from 1-1000 bar in DOPE as described above. Thus, changes in -kgco within systems as a

function of pressure should predominantly reflect effective changes to c.

Materials and Methods

Ctenophore collection and culture

Ctenophores used for biochemical and biophysical analysis were collected between 2018
and 2023 using bluewater SCUBA techniques (0—25 m depth), a plankton net (0-48 m), and
MBARI remotely operated vehicles (ROVs) Ventana and Doc Ricketts (2004000 m depth).
Arctic samples were collected during June and July 2018 and May 2021. One specimen of
Leucothea pulchra (#158; see Table S1) was cultured at the Monterey Bay Aquarium in spring
2019. The arctic samples from 2018 were protected against oxidation with approximately 0.01%
w/v butylated hydroxytoluene (MP Biomedicals) and frozen at —20°C. All other samples were
flash-frozen whole in liquid nitrogen. All frozen material was brought back to the laboratory within

1 month and stored long-term at —80°C.

Depth and Temperature Measurements and Distributions

Collection coordinates for all specimens were recorded by GPS to a resolution of 1 km or
finer. For specimens collected on SCUBA, depth and temperature were recorded using a dive
computer. For specimens collected by ROV, the depth and temperature were recorded at time of
collection using the vehicle’s main conductivity-temperature-depth (CTD) sensor package (Sea-
Bird Electronics). ROV CTD data were also incorporated into MBARI’s Video Annotation and
Reference System (VARS) database along with species-level identifications (24). VARS was used

to generate the depth distributions in Fig. 1 by querying over ROV dive data between 1989 and
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2020. Sightings of each species within a 50 m depth bin were normalized by total time spent diving

within that bin.

Ctenophore high-pressure incubations

To observe the effects of elevated pressure on shallow-adapted ctenophores in real time,
Cubette was adapted as follows. The internal quartz cuvette was replaced by a 1.2 mL glass
autosampler vial. Short sections of silicone tubing were lodged in the bottom of the vial as a barrier
to keep the subject animal within the field of view. The vial was filled with seawater and an
individual Hormiphora californensis <5 mm in size was added, then a soft silicone internal plug
was used to seal the opening. Each individual (n=3) was allowed 10 min to equilibrate in Cubette,
which was held at a constant 12°C. Imaging was performed using a Sony A7SIII camera fitted
with a Laowa 24mm macro probe lens via an E- to F-mount adapter. The lens was mounted at
Cubette’s excitation window and an LED fiber optic illuminator was mounted at the emission
window to provide side lighting. Video was recorded at 4K resolution and 60 frames/s. Recording
was initiated following the equilibration period for each individual ctenophore. The specimen was
then held at 1 bar for 60 s, ramped linearly to 500 bar over the course of 50 s, held at 500 bar for

180 s, ramped back down at the same rate, then held again at 1 bar for 60 s.

Imaging of membrane inversion in ctenophore tissues and in synthetic liposomes

We have observed that certain depth-generalist species remain alive for several days in
containers left on ice (~0°C, below native temperatures for mid-water species), allowing for their
transport to the lab for imaging. We took advantage of this by collecting deep- and shallow-

constrained generalists (Bathocyroe fosteri and Bolinopsis microptera, respectively) from similar
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depths in Monterey Bay. After transport, we tested whether they showed tissue melting signatures
when brought to or above their native temperatures on a Peltier-controlled microscope stage
(TSAT121, Instec). This allowed melting at atmospheric pressure to be assayed without a pressure-
controlled microscope stage, of which there exists no suitable design for imaging tissue mounts at
high resolution. Auricle appendages were dissected from live ctenophores and were stained with
C-Laurdan (5 uM in seawater) in microcentrifuge tubes on ice for 30 min. Laurdan dyes stain lipid
membranes and other lipid structures and have no observable fluorescence in aqueous solutions.
However, emission is sensitive to local lipid packing, so they are commonly used to image
membrane fluidity. In the same way, they also detect changes in lipid phases (25), as we show for
the Hi phase transition in Fig. S3C.

Cell monolayers isolated from the ctenophore auricles were mounted using 8-well cell trays
coated with concanavalin A on ice. This lectin coating served to immobilize the auricle on the
bottom glass of the tray. Imaging was then performed on an LSM 880 confocal microscope (Zeiss)
using a 34-channel QUASAR detection unit to select emission wavelength. Images were acquired
in two emission windows (418 — 464 nm and 481 — 517 nm) upon excitation with a 405 nm laser
line and at 3 temperature steps (2°C, 10°C, 20°C). Following each temperature increase, samples
were allowed to equilibrate for 10 min. At the elevated temperatures, tissue melting was confirmed
by transmitted light. That observable melting corresponded with the loss of membrane structures
imaged by C-Laurdan. The sudden shift in C-Laurdan GP indicated that this corresponded with a
lipid phase transition.

A similar protocol was used for testing PPE-containing liposomes in Fig. S8D. Briefly,
synthetic lipid mixtures were prepared in chloroform as described below to yield a 10 mM final

concentration of liposomes. The chloroform was evaporated under N> and held under vacuum for
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> 1 h to form a lipid film. The film was rehydrated by tumbling with ice-cold 20 mM HEPES, pH
7.4 for 1 h and stained with C-Laurdan (5 uM) for 30 min prior to imaging. All hydrated lipid
films containing PPE were kept on ice or in a 4°C cold room until imaging to prevent phase
transitions at room temperature. Analysis of C-Laurdan GP and generation of GP heat maps were

performed as previously described (26).

Preparation of ctenophore lipids

Whole ctenophores were homogenized in a Dounce grinder on ice, then total lipids were
extracted as previously described (27). Total lipids were concentrated by rotary evaporation at
<30°C, then dried under a stream of nitrogen followed by high vacuum for >30 min. Dry lipids
were weighed and resuspended to a concentration of 1 mg/mL in CHCls. 200 pL of this total lipid
stock, or as much as was available, was used for lipidomic analysis. The headspace over all stocks
was purged with N> prior to storage at -80°C. Lipid intactness and absence of major peroxidation
products was routinely assayed by thin-layer chromatography on silica with a 65:25:4 v:viv

CHCI3:MeOH:H20 mobile phase. Lipid spots were visualized using phosphomolybdic acid.

Preparation of synthetic lipid mixtures

Pure phospholipids were purchased from Avanti Polar Lipids as chloroform solutions of
known concentrations. All plasmalogens and polyunsaturated phospholipids were used within 1
day of unsealing the manufacturer’s packaging. Plasmalogens were shipped in anaerobically
sealed amber glass bottles inside heat-sealed mylar bags filled with inert gas. Constituents of lipid

mixtures were measured using Wiretrol glass pipette tubes (Drummond) attached to micropipettes.
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SAXS sample preparation

Polar lipids and neutral lipids were separated on 500 mg prepacked silica columns (Thermo
Scientific) using a previously validated method (28). Polar lipids eluted in approximately 20 mL
CHCI;s were dried and weighed in the same way as total lipids. For SAXS analysis, 10 mg polar
lipids were dissolved in 100 puL cyclohexane (C¢Hi2, Fisher Chemical). 50 uL aliquots were
transferred to 1.4 mm ID capillary melting point tubes (Kimble Chase), frozen at -80°C, and
lyophilized for 1 h. Samples were rehydrated by the addition of 10 pL vacuum-degassed MilliQ
water, then five rounds of freeze-thaw in an isopropanol-dry ice bath and homogenization with a
20 uL Wiretrol Il microdispenser (Drummond Scientific) inside the melting point tube. The bottom
of the tube was then scored, cut, and carefully wiped, and the suspension inside transferred to a
1.0 mm ID special glass X-ray capillary (Charles Supper). This thick suspension (50% w/v lipid)
was settled to the bottom of the X-ray capillary by centrifugation (500 RCF, 5 min at 4°C) and
topped with another 5 pL degassed water to ensure full hydration. A 22G x 100 mm needle (Air-
Tite) was then used to add a pressure-transmitting cap of high vacuum grease (Dow Corning) to
the top of the water. The X-ray capillary was cut near the top of the grease cap, attached to an
acrylic sample cartridge using household epoxy, and stored in the dark at 4°C until use.

Pure water was used in these lipid dispersions because all salts introduce a risk of
osmotically driven membrane tension, which alters phase properties (29), and because divalent
cations only affect the curvature of anionic lipids (30), which were a minor component of these
samples. The concentrations of major salts in seawater do not change dramatically with depth (31)
and most marine invertebrates are osmoconformers, implying that the inorganic salt environment
of their membranes is not strongly affected by depth; we thus deemed it reasonable to use water

as a common background.

71


https://paperpile.com/c/vNnhFb/oNHZQ
https://paperpile.com/c/vNnhFb/ZVBs2
https://paperpile.com/c/vNnhFb/9nR7j
https://paperpile.com/c/vNnhFb/XyjBg

SAXS data acquisition and analysis

HP-SAXS data were collected on beamline 7A at the Cornell High Energy Synchrotron
Source using a custom-built temperature-controlled pressure cell (32). Photon energy was 14 keV,
spot size was 200 x 250 um (W x H), and scattering data were collected for 0.005 A!' <¢<0.7 A
using an EIGER 4M detector (Dectris) within the beamline vacuum. 1 s exposures were taken at
a flux of 1.8-3.6x10!" photons/s. Five initial exposures were used to test each sample for radiation
sensitivity, then pressure up- and down-sweeps were made starting at the lowest temperature and
proceeding to the highest. The sample was equilibrated for at least 60 s at each pressure stop and
for 30 min following each change in temperature. Because photon scattering by the lipid
dispersions was strong and background was low (as assessed by shooting a sealed capillary
containing the same degassed water used to hydrate the lipids), no background subtraction was
used. SAXS images were azimuthally integrated using BIOXTAS RAW software (33), and the
resultant scattering profiles cropped to ¢ > 0.05 A™! to eliminate beamstop artifacts.

For the three ctenophore samples presented in Fig. 2B, SAXS data were acquired across P-
T space in order to estimate phase diagrams. Interpolation was performed between the measured
profiles as an aid to visual analysis. This was done by modeling /(g) as a function of pressure and
temperature across all profiles, using a separate bivariate LOESS spline for each g value. Phase
changes were identified by traversing along pressure and temperature gradients between the
measured and interpolated scattering profiles. An interactive interface for these data is available at
https://octopode.shinyapps.io/PTX ctenos_overlay/.

Minimal systems composed of synthetic phospholipids displayed more distinct Bragg

scattering peaks and could generally be observed as pure phases, so a more quantitative analysis
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was used. For each sample at a fixed temperature, groups of SAXS profiles displaying only a single
phase (with visible peaks indexing to [1, 2, 3, 4...] or [1, V3, 2, \7...]) were averaged to create
representative profiles for the Lo, Lp, and Hy phases. Each SAXS profile obtained was modeled as
a linear combination of the two most proximate pure phases, the coefficients for which correspond
to data points in Fig. 3A. Univariate logistic regressions were fitted to these data in order to

estimate phase transition midpoints.

Automated high-pressure fluorescence spectroscopy

To prepare each lipid sample for high-pressure fluorescence spectroscopy, 1 mg of material
dissolved in CHCI3 was dried to a film under N2, then by vacuum for 30 min. The film was
rehydrated by tumbling with 500 pL 20 mM HEPES, pH 7.4 for 2 h. This low-ionic strength buffer
is standard for liposome experiments, in which high divalent cation concentrations can cause
aggregation. Biological samples were rehydrated at the native temperature of the source animal.
For synthetic samples, it was done at a temperature expected to facilitate a stable Lq phase. After
tumbling, each sample was frozen at -80°C and thawed at 37°C 3 times in succession, then
extruded using a handheld device (Avanti Polar Lipids) incorporating a 100 nm polycarbonate
track-etch filter (Whatman). Extrusion was carried out at the same temperature as tumbling.
Resultant Small Unilamellar Vesicles (SUVs) were dispensed into a cuvette for analysis.

Fluorescence of SUV samples was measured using a custom pressure cell dubbed Cubette,
which was built in-house at MBARI (Fig. S9). Cubette was fabricated from 6Al4V titanium alloy,
allowing a small 60 x 60 mm footprint for mounting versatility. The cell features 3 quartz windows
(ISS) of 10 mm clear diameter and accommodates a standard 1 cm path length cuvette (Hellma)

with a sample volume of 0.4-2 mL, sealed with a soft silicone plug (Smooth-On). The internal
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cuvette and its contents can be brought to pressures of 1-650 bar and temperatures of 0-80°C.
Cubette was mounted in an RF-5301PC spectrofluorometer (Shimadzu), connected to a 100DM
supercritical fluid syringe pump (Teledyne ISCO) for pressure control, and to a RTE10 heater-
chiller bath for temperature control (Thermo NESLAB). Pressure was measured using the syringe
pump’s internal transducer and temperature was read out using a Pt100 thermistor (Omega
Engineering) in contact with Cubette’s exterior. This external probe was calibrated to internal
cuvette temperature using a NIST-traceable reference probe (QTI) at atmospheric pressure. To
improve optical performance at low temperatures, small brass nozzles were incorporated into the
baseplate supporting Cubette, and these were used to blow dry air on the windows when the cell
was operating below ambient dew point.

Fluorescence data were collected across P-T grids using fully automated P-T control and
data acquisition. This was accomplished using Python drivers and scripts, also developed in-house.
Each experimental protocol was input as a delimited text file with each line specifying pressure,
temperature, excitation and emission wavelengths, and equilibration time. Data streams were
continuously written to another text file, which was then analyzed using R scripts. All above-

mentioned software is available at https://github.com/octopode/spectackler.

Lipidomic analysis

Lipid extracts were brought to dryness and reconstituted in 18:1:1 wviviv
IPrOH:CH2Cl:MeOH containing deuterated internal standard (Avanti) for each of the 15 lipid
classes analyzed (Table S2), which include the major classes of phospholipids and sphingomyelin.

These allow for semi-quantification of species within these classes. Other potential lipid species,
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including ceramide derivatives, glycosylated lipids, and non-sterol terpenes, were not quantified
using this method.

All polar lipids were measured according to the method described previously with slight
modifications (34). The Vanquish UHPLC (Thermo Fisher Scientific) was interfaced with a Q-
Exactive mass spectrometer (Thermo Fisher Scientific). A Waters T3 1.6 uM 2.1 mm x 150 mm
column was used for chromatographic separation using a step gradient from 25% buffer A (10 mM
ammonium formate and 0.1% formic acid in water) to 100% buffer B (70/30
isopropanol/acetonitrile with 10 mM ammonium formate and 0.1% formic acid) over 35
min. Flow rate was set at 0.3 mL/min. This LC gradient minimizes ion suppression.

Lipid analytes were analyzed using a data-dependent acquisition (DDA) with an NCE of
30 in negative mode and an NCE of 25 in positive mode. lon source parameters were: Sheath Gas
48 AU; Aux Gas 11 AU; Sweet Gas 1 AU; Spray Voltage 3.5 kV for positive mode and 2.5 kV
for negative mode; Capillary Temp. 250°C; S-lens RF level 60 AU; Aux Gas Heater Temp.
413°C. All ions in the mass range of 200-1200 m/z were monitored. MS1 resolution was set at
70,000 (FWHM at m/z 200) with an automatic gain control (AGC) target of 1e6 and Maximum IT
of 200 ms. MS2 resolution was set to 17,500 with an AGC target of 5e4, fixed first mass of 80
m/z, and Maximum IT of 50 ms. The isolation width was set at 1.2; Dynamic Exclusion was set
at 3 s. Lipid Identification and Quantification was done with Lipidomic Data Analyzer Software
(35). Precision of this analysis was tested by running 4 replicate injections of a Leucothea pulchra
sample: the average standard error across all 1716 phospholipid species detected was <0.01 mole
%, while the maximum SEM among all phospholipids in this sample was 0.47 mole %. Raw data

for the technical replicates can be found in Data S1.
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For analysis of sterols, an aliquot of the polar lipid samples were dried down and
resuspended in pyridine with ergosterol (Sigma-Aldrich, 10 pg/mL) added as an internal standard.
100 puL of N,O-bis(Trimethylsilyl)trifluoroacetamide with Trimethylchlorosilane (BSTFA +
TMCS) was added (70°C, 1 hr) to derivatize sterols into trimethylsilyl esters. Samples were run
on an Agilent 8890 GC coupled to a 5977B mass spectrometer. The GC was programmed to ramp
from 40 to 300°C over 20 min, then held for 6 min. Identified sterols included cholesterol and trace
amounts of desmosterol; these were quantified with external standards containing both sterols
(Sigma-Alrich) derivatized in parallel with the samples.

Phylogenetically generalized regressions of headgroup and acyl chain composition to depth

and temperature were fitted using a previously described method and phylogeny (36).

Identification of Phosphatidylethanolamine Plasmalogens (PPE)

Lipidomic Data Analyzer Software identified PPE molecular species in negative mode.
The PE headgroup is identified by two fragments of [CoH704NP]” at m/z 196.036 and
[CsH110sNP] at m/z 140.011 The fragments used for the sn-2 chain identification are the carboxy,
neutral loss of the ketene, and neutral loss of the carboxy. The fragment used to identify the sn-1
is the alkenyl. For example, PPE-18:0/22:6 would give a fragmentation pattern of: Precursor
[C4sH7707NP]" at m/z 774.543, Neutral Loss of Ketene at [C23H4706NP]” 464.318, Neutral Loss
of Carboxy [C23H4505NP] at m/z 446.309, Carboxy 22:6 [C22H3102] at m/z 327.236, Alkenyl P-
18:0 [C1sH350] at m/z 267.269, and PE head fragments of [CsH11OsNP] at m/z 196.036 and
[C2H704NP] at m/z 140.011. Noise filtering and fragmentation intensity rules were established in

order to prevent false positive identification.
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Assay of Ca*'-induced membrane fusion under pressure

We tested the effects of pressure and PPE on membrane fusion by using the interaction
between phosphoserine and Ca®" to fuse liposomes in vitro. In this assay, two populations of
liposomes are mixed; one of which contains both the FRET donor and FRET acceptor and the
other contains no fluorophores; fusion causes dilution of the FRET pair, reducing quenching.
Liposomes contained 1 mol di-oleoyl phosphoserine (DOPS): 3 mol either PE or PPE with
18:0/20:4 acyl chains. NBD-PE and rhodamine-DHPE (Invitrogen) were added to one vesicle
population during film preparation at 2 mole percent each. The lipid mixtures were used to prepare
SUVs using thin-film rehydration at 1 mg lipid/mL buffer, followed by two rounds of freeze-thaw
and extrusion to 100 nm. Rehydration and subsequent assays were performed in 2 mM HEPES,
pH 7.4 at 20°C, with 2 mM histidine, 0.1 mM EDTA, and 50 mM NaCl. Both populations of
liposomes were added to Cubette at a concentration of 0.04 mg/mL each in a 396 pL total volume.
Fluorescent emission intensity was measured at ex/em 460/538 nm with 3/5 nm ex/em slits. A
baseline was collected for 60 s, then 4 uL. 100 mM CaCl, was added for a final concentration of 1
mM. Cubette was sealed and the pressure generator activated immediately. Fusion rates were
calculated for the 10-minute period starting 5 min after CaCl> addition. Normalized intensity
values were calculated after sample solubilization by Triton X-100 using the approach described

in (30, 31). n=2 assays were performed on PE and PPE-containing liposomes at 1 and 100 bar.

Measurement of PPE monolayer spontaneous curvature

For co analysis, pure lipids were prepared as “hosted” mixtures in DOPE at a molar ratio
of 1:4 guest:host for HPSAXS, as described above. 10.7% w/v 9-(Z)-tricosene was added in order

to relax the Hn phase by filling the hydrophobic spaces between phospholipid tubules (37).
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Intrinsic curvature values were estimated by global fitting of Hu scattering profiles using the
GloboHex program (16). Independent fits were used to determine the pressure-dependent co of the
DOPE host lipid, and the resultant values were fixed in subsequent joint fits of the hosted mixtures.
Separate joint fits were run for the pressure up- and down-sweeps of each hosted mixture (prepared
as described above), and the results were averaged within each pair of pressure sweeps.
Convergence of each Bayesian fit was verified using 10000 samples (including 2000 burn-in) on

each of 15 independent chains.

Estimation of mean phospholipid curvature

Phospholipid co values for 18:1/18:1 PE, 18:0/18:1 PE, and 18:0/18:1 PPE were measured
as described above. Intrinsic curvature values for PE, LPE, PC, LPC, PS, and PG were compiled
from literature (38). Published values were selected based on the following considerations: that
the measurement was taken in pure water for consistency, that the Hy phase was “relaxed” with a
filler compound (tricosene or tetradecane), that co was measured at the neutral plane, that co was
measured at 20°C or that the dependency of co on temperature was reported. For each headgroup
class, prior measurements that fulfilled the greatest number of these criteria were used. Where
possible, the reported dco/dT value was used to adjust co to 20°C. This yielded multiple co values
for PE and PC species with sxn-1 chains 16:0, 18:0, 18:1; single co values for 12:0, 18:0, 18:1 LPC;
and co lower bounds for 12:0, 18:0, 18:1 LPE. Due to the sparsity of lysolipid data, the mean of
the three available co values for LPEs and LPCs was assigned to all species in each of those classes.
All 4 selected values available for PG were likewise averaged. Only one value was used for PS.
For PE and PC, a multiple regression was fitted using the formula:

o = (W + )| + jg + k,
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where [ is sn-1 chain length, u is sn-1 unsaturation (either O or 1), and g is headgroup class (either
PC or PE, coded as 0 or 1). 4, i, j, and k are fitted coefficients. The fitted regression was used to
predict ¢o for each PE and PC species based on its headgroup and sn-1 chain. For PPE, a constant
offset of -0.00516 A!, based on our own measurements, was applied to the regression predictions
for PE. This was necessary because PPE was only available with an 18:0 sn-1 chain. Once co values

had been assigned to each lipid species in the 6 major headgroup classes, ¢, was calculated as a
weighted mean. Phylogenetically generalized regressions of ¢y to depth and temperature were

fitted using a previously described method and phylogeny (36).

Molecular dynamics simulations

Lipids were modeled with the CHARMM36 force-field and water (39, 40) with the tip3p
model (41). For membranes containing a single lipid, initial configurations containing 128 lipids
per leaflet were generated using the CHARMMGUI web server (42). Four additional systems were
assembled that contained a mixture of lipid types representative of four ctenophore species:
Bolinopsis infundibulum, B. vitrea, Lampocteis cruentiventer, and Platyctenida sp. T. These
systems contained approximately 200 lipids (including cholesterol) per leaflet. Several types of
headgroup/acyl chain combinations were added to the CHARMMGUI by the Im group to facilitate
system building.

All simulations were performed using NAMD v2.14. Each system in Table S2 was
prepared individually for production simulation through a series of 6 minimization and heating
steps: (1) steepest descent to minimize the initial configuration; (ii) 125,000 steps of Langevin
dynamics with a 1 fsec timestep and velocities reassigned every 500 steps; (iii) 125,000 steps of

Langevin dynamics with a 1 fsec timestep, pressure controlled by the Langevin piston method (43,
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44), and velocities reassigned every 500 steps; then a total of 750,000 steps of Langevin dynamics
with a 2 fsec timestep and hydrogen positions constrained by SHAKE (45), pressure controlled by
the Langevin piston method, and velocities reassigned every 500 steps. During equilibration,
double bonds were restrained in the cis configuration to prevent isomerization; these restraints are
gradually reduced during the final three stages of the equilibration protocol. Production
simulations were performed in the NPT ensemble using the Langevin piston to control pressure
(period of 50 fsec; damping timescale 25 fsec; coupled anisotropically to allow independent
fluctuation of the in-plane and normal directions) and integrating the Langevin equation of motion
to control temperature (damping coefficient = 1.0 psec’'). Hydrogens were constrained with
SHAKE (tolerance 107), a 2 fsec timestep was used, and long-range electrostatics were computed
every timestep using particle mesh Ewald (46) with a maximum grid spacing of 1 A and
interpolation order 6. Long-range dispersion was smoothly truncated over 10-12 nm using a force-
switch cutoff scheme. Each system was run for at least 250 nsec of production simulation; actual
simulation times are listed in Table S2. At least the initial 50 nsec of all simulation trajectories
were discarded before any analysis.

Under increasing isotropic pressure the area per molecule decreases and the membrane
increases in thickness. Each system was therefore checked to determine at what point the area had
equilibrated by monitoring the area per lipid as a function of simulation time. In most cases, the
system area relaxed during the equilibration phase, even at elevated pressures. There were three
exceptions, however, indicated by an * in Table S3. Each case corresponds to a system that
transitions to a gel phase at high pressures. In these cases, only the last 50 nsec of the production

simulation were analyzed.
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Simulation analyses

Errors on simple averages (area per lipid and average phosphate-phosphate distance) were
obtained by computing the standard error among nonoverlapping blocks of simulation data for
each trajectory. Block lengths corresponding to independent samples were determined from the
autocorrelation of each observable, yielding at least 600 independent samples for the area per lipid
(APL) and the P-P distances. The area compressibility modulus K, was obtained from the

fluctuations in system area via the fluctuation-response theorem:

_kgT <A>
47 <42 >

where AA is the deviation from the average area, indicates a thermodynamic average, and the
errors were computed from 15 non-overlapping blocks. 2H NMR order parameters (Scp) were

computed for each position of each hydrocarbon chain:
1 2
Sep = E(3cos 0; —1)

where i labels the carbon position and 6; is the angle between the membrane normal and the C-H
bond vector.

Lateral stress profiles n(z) were computed using the Harasima contour (47), including
electrostatic interactions computed via PME (48). The system was discretized into 250 slabs along
the membrane normal, and n(z) computed in each slab by postprocessing the simulation trajectory
in NAMD. Starting from evenly spaced configurations (sampled once every 200 psec) during the
production simulations (Table S2), 1 psec simulations were launched, during which the normal
and transverse components of the pressure were obtained for each slab, and their difference
averaged over the sampled configurations to obtain n(z). A version of NAMD with bug fixes

related to pressure profile calculations was used in this work and is available at:
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https://github.com/alexsodt/namd profile patch.git. The discretized profile is splined into a
smooth function using cubic splines (examples are shown in Fig. S7C), which is then integrated
numerically to obtain the first moment. Diffusion constants were obtained by first “unwrapping”
the lipid displacements to obtain continuous trajectories, removing overall center of mass motion,
then calculating the in-plane mean squared displacements (MSDs) of the phosphates, averaged

over both lag time and the ensemble of lipids. The obtained MSD was then fit to MSD = 4Dr.

E. coli model systems for biological pressure tolerance

To model the increased negative curvature of deep-sea membranes achieved by PPE, we
used previously described strains of BL21(DE3) E. coli (49) containing the pPlScp (PPE-
producing) and pET28 (empty control) plasmids. Starter cultures were grown in LB + 50 mg/L
kanamycin (Kn) while shaking at 250 RPM, overnight at 37°C. Each starter was diluted 1:100 v/v
into LB + 100 mM HEPES pH 7.4 + Kn and incubated micro-aerobically while shaking at 250
RPM, 24 h at 37°C. Culture tubes were connected to a water airlock and the headspaces flushed
with N prior to culturing. At ODgoo = 0.2, IPTG was added to 0.1 mM final concentration,
headspaces were flushed again, and microaerobic culture was continued for another 24 h.
Following this period, all cultures were normalized to ODsoo = 0.2 using the same medium and 3
mL aliquots were loaded into 5 mL polypropylene syringes. Each strain (pP1Scp and pET28) was
loaded into 9 syringes. Each syringe also contained three 3-mm glass beads for agitation. Gas was
manually purged from the syringes and each was sealed with a Luer-lock cap.

Three syringes containing each strain were loaded into each of three blind stainless pressure
vessels (50) filled with distilled water and pre-warmed to 37°C. A manual rotary pump (High

Pressure Equipment Co.) was used to bring one vessel to 500 bar and another to 250 bar; the third
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was left at ambient pressure as a 1 bar control. All three pressure vessels were clamped horizontally
to an orbital shaker and shaken at 250 RPM for 48 h at 37°C. Following high-pressure incubation,
vessels were decompressed over the course of ~30 s. ODgoo was measured for all three replicate
cultures of each strain at each pressure and a qualitative survival screen was performed as follows.
Each culture was serially diluted tenfold, yielding aliquots that were 10'- to 10°-fold dilutions of
the decompressed culture. Six sets of these were transferred to an LB agar plate with Kn using a
48-pin tool (V&P Scientific) and each plate was incubated at 25°C for approximately 24 hours,
then photographed. Resultant photographs were used in Fig. 4. The remainder of each
decompressed culture was pelleted at 500 RCF, 5 min at 25°C and frozen at -80°C. Total lipids
were later extracted from the frozen pellets by the Bligh-Dyer method and samples incubated at 1
and 500 bar were analyzed as described above.

To model a decrease in negative lipid curvature, we used previously described strains of
PE-knockout (pss4-) AL95 E. coli containing arabinose-inducible cassettes for either PE rescue
(strain pDD72) or for PC production from phosphoserine (AL95 + pAC-PCSlp) (17, 29). Induction
of these cassettes was reported to achieve a wild-type lipidome in pDD72 and a PC mole fraction
of approximately 0.7 in AL95 + pAC-PCSlp. This represents roughly 1:1 replacement of wild-
type PE with PC. A supplemented medium was used for this experiment, consisting of LB + 50
mM MgCl, + 0.2% w/v arabinose (for induction) + 2 mM choline (for PC synthesis). Strain pDD72
was grown with 25 mg/L Kn and AL95 + pAC-PCSlIp with 12.5 mg/L streptomycin (St). Starter
cultures were grown while shaking at 250 RPM overnight at 37°C. Each starter was diluted 1:100
v/v into the same medium and grown under the same conditions to an ODggo of 0.2-0.6. These
cultures were normalized to ODgoo = 0.2 for loading into pressure vessels, and high-pressure

incubation, ODsoo measurements, and survival screening were carried out as described above.
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Since PG decreases in both PPE and PC producing E. coli, we directly tested whether
changes in PG levels have an effect on pressure tolerance using a previously described strain
HDL11 (23) in which negatively charged phospholipids PG and CL are produced at low levels
(2%) in the absence of IPTG. HDLI11 contains a pgsA gene, encoding phosphatidylglycerol
phosphate synthetase, under control of a lac promoter and a deletion of the /pp2 gene allowing for
viability in both the presence and absence of IPTG (51). In the presence of IPTG, PG is present at
normal levels (15-20%). The HDL11 strain was maintained by streaking on LB plates with 1 mM
IPTG. Single colonies were used to inoculate LB with or without 200 pM IPTG and grown to
ODsoo of 1-1.5 overnight at 250 RPM and 37°C. Cultures were then diluted to an ODsoo of 0.2 in
LB with 100 mM HEPES with or without 200 uM IPTG. These cultures were loaded into pressure
vessels, and high-pressure incubation, ODgoo measurements, and survival screening were carried

out as described above.
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Supplemental Figure 2.1 Additional examples of habitat-dependent physiological responses
and lipid phase properties
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(A) Hormiphora californensis, a shallow-adapted ctenophore species, exposed to high pressure.
Both individuals were collected on SCUBA at <30 m depth. One individual was incubated at 1
bar (control) while the other was held at an elevated pressure 400 bar for 2 h; both were at 4°C.
The pressure-treated specimens were decompressed over ~30 s and photographed next to the
control. Arrow indicates comb plates that have frayed due to sustained hyperactivity at high
pressure (as in Movie S1, which shows a shorter, and thus reversible, incubation). (B) A pair of
Beroe aff- abyssicola, a species very distantly related to H. californensis, following the same
procedure as in panel A, but pressurized to 600 bar. (C) Disintegration of Mertensiidae sp. K. at
surface pressure. (D) SAXS profiles for polar lipids from Mertensiidae sp. T, a shallow-living
ctenophore. The profile taken nearest this individual’s native pressure-temperature conditions is
shown with a shaded background. Color-coded callouts identify scattering peaks associated with
the pictured phase. Pressurization of this shallow sample to 400 bar initiated the formation of a
gel phase, as did cooling the sample about 5°C below its native temperature. Warming the
sample to 30°C caused an inverted phase to form. (E) Analogous SAXS profiles from the closely
related (Fig. 3B), but deep-living Mertensiidae sp. K. At 4°C, gelling occurs only at
physiologically implausible pressures of >1000 bar, but signatures of inversion begin to appear
when the sample is brought to 1 bar pressure. Heating to 20° causes pronounced inversion,
enabling the identification of ¢ values associated with the H, phase. (F) P-T grid of C-Laurdan
GP values for polar lipids from the same Mertensiidae sp. K. specimen represented in E. Non-
monotonic GP behavior in the low-pressure, high-temperature area of the plot resembles that of
inverting PPE liposomes (Fig. S3B) and of Platyctenida sp. T liposomes (Fig. 2D).
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Supplemental Figure 2.2 Ctenophore lipid composition across habitats.

(A) Analysis of acyl chain lengths and unsaturation (number of double bonds) trends at the sn-1
and sn-2 position of all phospholipids. ‘Subset’ panels refer to temperature (<250 m, 41 samples,
10 species) or depth (T <10°C, 36 samples, 11 species) comparisons, as indicated in Fig. 3A.
Ordinary least-squares regressions (OLS, solid lines) and phylogenetic generalized ones (GLS,
dashed lines) are shown in each plot and those with trends significant by the more conservative
GLS analysis (Pgrs < 0.05) are shaded gray. (B) Acyl chain composition of LPE is consistent with
metabolic production, not oxidative degradation of PPE. The latter would be expected to produce
LPE containing a polyunsaturated fatty acid (PUFA), since those comprise the vast majority of
PPE sn-2 chains. However, the amount of PUFA-containing LPE is low (top plot) and is a minor
fraction of the total LPE pool (bottom plot). Neither the total nor relative abundance of PUFA-
containing LPE correlates with the total amount of PPE in samples, suggesting limited oxidation
of the latter. (C) Analysis of lipid class trends across temperature or depth subsets (left) and all
samples (right). Sample subsets and visualization of the regressions are the same as in panel A.
Phospholipid mole fractions are normalized to all phospholipids; sphingomyelin (SM) and
cholesterol fractions were not measured for all samples and are thus normalized to phospholipids
+ SM or + cholesterol. Outside of PPE, the only significant trends for depth or temperature are for
LPS vs. temperature for all samples and PG vs. depth for shallow samples. However, both of these
classes are minor components of the lipidomes. (D) The extreme PPE abundances — up to 73
mol% of all phospholipids — in a deep-sea species (Platyctenida sp. T) are maintained in isolated
tentacles, which consist primarily of muscle and colloblast cells. Shown are all polar lipid species
colored by headgroup measured in 4 individual animals collected at 3972.5 m, whose tentacles
(Tent.) were dissected from whole bodies (Body) and their lipidomes profiled. (E) The overall
lipid composition of two polar, shallow species used for HPSAXS analysis (Beroe cucumis) and
MD simulations (Bolinopsis infundibulum) are both enriched in PC lipids and depleted in PPE and
PE.
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Supplemental Figure 2.3 Analysis of pressure effects on inversion and fluidity in model
membranes.

(A) Scattering profiles as a function of pressure for PUFA-containing PE and PPE supplemented
with 5% POPG at 4°C. The inversion-prone nature of the PPE sample is apparent from its
characteristic Hi peak spacing at 0 bar, which transitions to Lq at 500-1000 bar. PE samples
remain in Ly or Lg within this P-T regime. Phase is indicated by colored vertical lines to the right
of the profiles. For this analysis, as well as Fig. 4A, 18:0/20:4 PE/PPE was used as the only
commercially-available combination with a PUFA sn-2 chain, the dominant type in the
lipidomes. (B) C-Laurdan GP landscapes for PUFA-containing PE and PPE, supplemented with
5% POPG. In cold conditions (< 10°C), pressure drives increasing GP in both systems but the
PPE bilayers remain more fluid (lower GP). Under high-temperature conditions, the GP of both
samples increases with temperature, indicating a change in phase. The increase in GP is
mitigated by pressure and is more pronounced in PPE, suggesting it could reflect the L, — Hu
transition. (C) An increase in Laurdan GP occurs alongside the L, — Hi transition in PPE
bilayers. Shown are constant-pressure temperature sections of GP for the same PE and PPE
preparations as in A. Roman numeral callouts reference GP data points to SAXS profiles
obtained under the same P-T conditions, showing that the high-temperature rise in GP is
associated with inverted phase formation. This increase in GP is also observed in ctenophore-
derived liposomes (Fig. 2D, Fig. S1F) and tissue (Fig. 1C). (D) PC resists pressure-induced
gelling. Scattering profiles for DOPC and DOPE are shown side-by-side at 4°C and a range of
pressures; phase is indicated by colored vertical lines to the right of the profiles. DOPE forms a
gel phase around 900 bar, but DOPC remains largely fluid to 2500 bar.

88



0.0100

0.00751

Fraction fused

0.0000

1 bar

100 bar

0.0050 1

0.0025 1

200

400

600 0
Time (s)

200

400

600

B 1 bar | | 100 bar
1.0e-051

@

=

£ 7.5e-061

(6]

g

@ 5.0e-061

o

c

2 2 5e-06

2]

=

L
0.0e+001__ : : :

PE PPE PE PPE

Supplemental Figure 2.4 PPE enhances vesicle fusion at high pressure.

(A) Kinetics of Ca*"-induced liposome fusion measured using a FRET-based readout. Liposomes
contained 3:1 mol:mol 18:0/20:4 PE or PPE : 18:1/18:1 PS. Representative traces shown span
the period from 300-900 s post-addition of 1 mM CaCl and are normalized to the difference
between the Ca?’-free fluorescence baseline and maximum fluorescence measured after the
addition of detergent. (B) Fusion rates derived by linear regression of n=2 assays per treatment.
At 100 bar, PPE-containing liposomes fuse about as fast as their PE-containing counterparts do

at 1 bar.
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Supplemental Figure 2.5 Additional lipidome curvature analysis.

(A) Contributions of each phospholipid headgroup to Co in 6 species that span temperature and
depth ranges, calculated as described in the Materials and Methods. The contributions of lipids
with positive co are represented in the left-hand bar for each species, while those with negative co
are in the right-hand bar. The lower end of the right-hand bar represents the complete Co. Colder
temperatures are not associated with lower Co values, as the two warmer water species exhibit a
more negative Co than the cold, shallow species. In contrast, increasing depth correlated with a
monotonic trend of more negative ¢o. This analysis does not account for non-ideal mixing nor the
contributions of non-phospholipids (e.g. cholesterol). (B) Relationships between ¢oand depth (left)
or temperature (right) in all 66 samples in the dataset. (C) The same analysis in the depth data
subset (T <10°C, 36 samples) subsets, as indicated in Fig. 3A. (D) The same analysis in the
temperature data subset (<250 m, 41 samples). In panels (B-D), ordinary least-squares regressions
(OLS, solid lines) and phylogenetic generalized ones (GLS, dashed lines) are shown in each plot.
Regressions with the deepest species (Platyctenida sp. T) removed from the depth analyses in
panels (B) and (C) are shown in gray; significance of the relationship between ¢o and depth is
maintained in each case.
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Supplemental Figure 2.6 Assaying the validity of all-atom MD simulations to model pressure
effects on lipid bilayers.

(A) Area per lipid (APL) of di-oleoyl phosphatidylcholine (DOPC) and di-palmitoyl
phosphatidylcholine (DPPC) bilayers simulated at 1 bar and 1000 bar. The saturated DPPC
shows a larger change in APL. (B) Simulation snapshots of the system in (A). The DOPC bilayer
stays fluid at 1000 bar, while the DPPC forms an interdigitated gel phase (Lgl), explaining the
large drop in APL for that system in panel (A). (C) Autocorrelation traces for DOPC simulations
at 1 bar (left) and 1000 bar (right). The time axis contains a break at 50 nsec to give a detailed
view of the initial convergence phase. Convergence is slower at 1000 bar than at 1 bar, but both
simulations reach zero autocorrelation before 10% of the total time has elapsed. (D) Comparison
of extrapolated APL strain (change in APL vs. 1000 bar) for DOPE bilayers that are simulated
(MD) and tested experimentally (SAXS). (E) Braggs peaks for DOPE bilayers used to
extrapolate APL strain in panel (C). Red lines indicate the position of the 1st, 2nd, 3rd, and 4th
order L, peaks at 1000 bar to highlight the shifts used to calculate changes to bilayer thickness.
(F) Schematic on how pressure-induced changes to lipid curvature, which manifest as phase
changes in SAXS experiments, are measured by changes to the lateral stress profile of bilayer-
constrained simulations. (G) The first moment of the lateral stress profile (#”(0)), which is equal
to the negative product of the bending modulus (kg) and the monolayer spontaneous curvature
(co), for 1-palmitoyl-2-oleoyl PE (POPE) and DOPC bilayers at 1 and 1000 bar. The PE system
features are a larger first moment value because it is made of lipids with large, negative co. In
contrast, DOPC features a small, negative co. Pressure acts similarly on both systems, increasing
co and thus decreasing -kgco.
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Supplemental Figure 2.7 MD simulations of bilayers composed of representative ctenophore
lipids.

(A) Composition of the lipidomes (left bar) and their MD models (right bar) for four ctenophore
species analyzed. MD compositions were generated as described in the Methods, by filtering the
lipidomes to include only headgroup classes >5%, then scaling the result to 95% (90% for
Bolinopsis vitrea) and filling the remaining 5 or 10% with cholesterol. The acyl chains selected
for each lipid were the most common combination for that headgroup class in each species. Lipid
classes with abundances <5% were excluded to avoid sampling issues associated with low number
of molecules in a specific simulation. (B) Structural and dynamic parameters for the four systems
as a function of pressure. For Platyctenida sp. T- and B. infundibulum-based systems, bilayers were
simulated at five pressures, while B. vitrea and L. cruentiventer were simulated at two pressures.
(C) Lateral stress profiles for the four systems at 1 and 1000 bar. Stress along the bilayer normal
is shown as a function of distance (z) above and below the bilayer center. The irregular profile of
B. vitrea at 1000 bar is due to a partial transition into a gel-like phase. (D) Simulation snapshots at
1 and 1000 bar for B. vitrea and L. cruentiventer. The horizontal bracket dictates a region of gel-
like chain ordering in the former at the high pressure.
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Supplemental Figure 2.8 Spectroscopic signatures of inversion in disintegrating tissues and
liposomes.

(A) C-Laurdan GP false-colored micrographs corresponding to those in Fig. 1C; GP is calculated
from pixel intensities from the two emission windows (418464 nm and 481-517 nm). GP
increases with temperature in dissolving ectodermal monolayers isolated from the deep-
constrained species Bathocyroe aff. fosteri, which is not found shallower than 200 m depth. An
increase in GP is consistent with a Lo — Hu transition of lipids, which C-Laurdan exclusively
stains (Fig. S3C). In contrast, the shallow-constrained Bolinopsis microptera, which often lives at
surface pressure, retains its cellular structures during an identical experiment and does not show
an increase in GP. Right: the distribution of mean GP from replicate micrographs for those shown
in panel A, reflecting an increase in GP for Bathocyroe fosteri between 2 and 10°C that is not
observed for Bolinopsis microptera. Further experimental details are in the Materials and Methods
text. Scale bars are 10 um. (B) Like other deep-constrained ctenophores, Bathocyroe has a highly
negative Co. Mean Co values for Bathocyroe and Bolinopsis microptera are highlighted in the
context of all other species in this study (corresponding to Fig. 4D). Error bars indicate SEM for
n=3 individuals. (C) (D) When shifted from 2 and 10°C, multilamellar vesicles composed of
PUFA-containing PPE (18:0/20:4) supplemented with 5% POPG collapse into aggregates with
high C-Laurdan GP. This temperature change corresponds to the measured L, — Hy transition
temperature (Fig. S3B-C). Scale bars, 25 pm. (D) Proposed model for the cellular disintegration
in panel A and surface melting. Left: Increasing temperature surrounding above the native range
of Bathocyroe aff. fosteri (4-5 °C) at atmospheric pressure causes inversion of predominantly Lq
membranes into Hyphase, which drives the melting of the animal as shown in Fig. 1A. The lower
PPE content of the Bolinopsis microptera collected at the same depth and temperature allows its
membranes to stay mostly lamellar across the same temperature range. Right: analogous process
when animals are isothermally brought to surface, where the lower pressure causes the deep-
constrained membranes to similarly invert. The mean native P-T for each species is shown via
icons on the schematic phase diagrams and the native depth ranges are indicated by dashed lines
in the right-hand panels.
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Supplemental Figure 2.9 Controllable lipid curvature in E. coli strains.

(A) Average phospholipid compositions of strains/induction conditions used. Each bar represents
a specific lipid species, with headgroup class indicated by color and acyl chains >1.5% specified
in the text label. Mole fractions are averaged over n=3 biological replicates. BL21 + pPIScp and
BL21 + pET28a are the PPE-producing strain and its corresponding control, respectively; AL95 +
pPCSlp and AAL9256 are the PC-producing strain and its corresponding control, respectively;
HDLI11 is a strain with where PG synthesis is controlled by induction with Isopropyl B-D-1-
thiogalactopyranoside (IPTG). (B) Number of acyl chain carbons, accounting for both length and
cyclopropanation, and acyl chain unsaturation (number of double bonds) plus number of
cyclopropane moieties, totaled across all headgroups, show similar profiles among the strains. (C)
SAXS analysis of polar lipids from the PPE- and PC-producing strains and their corresponding
controls. These data were used to generate the extrapolated phase diagrams in Figs. 5B and SF.
Here, temperature is used in lieu of pressure to probe the propensity of extracted lipids to form L,
Hi, and Lg phases. (D) Analysis of pressure effects on growth of HDL11 in the presence (yellow,
high PG) or absence (white, low PG) of IPTG. Cells were grown for 24 hours at the given pressure
and ODsoo was measured after depressurization, as in Fig. 5. The difference in growth between the
two conditions is not significant (P = 0.44, multiple regression with F-test). (E) Analysis of
pressure effects on survival of HDL11 in the presence (yellow, high PG) or absence (white, low
PG) of IPTG. Cells were grown as for (D) and survival was assayed by colony forming units upon
serial dilution. The low-PG condition (white) does not show enhanced survival, so this aspect of
the lipidome is unlikely to contribute to the fitness effects observed for PPE- and PC-producing
strains, both of which have reduced PG levels.
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Supplemental Figure 2.10 Schematic of Cubette high pressure optical cell and C-Laurdan
profile generation.

(A) Isometric and cutaway technical drawings of the home-built high pressure fluorescence
cuvette chamber. Fused quartz optical windows are shown in light blue; all machined parts are
6Al4V titanium alloy, and fasteners are 316 stainless steel. O-rings are Buna-N durometer 90A
and the pressure-transmitting cuvette plug is durometer 40 silicone (Smooth-On). External brass
nozzles are used to direct dry air at the windows when Cubette is operating below the dewpoint in
the sample chamber of the spectrofluorometer. This construction allows experimentation up to 650
bar and 80°C. (B) Pressure-temperature sweep scheme for a typical C-Laurdan experiment in
Cubette. Pressure and temperature control are automated using a water pump and circulating water
bath controlled by a Python script.
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Supplemental Table 2.1 Taxonomic and environmental metadata for all ctenophores used in
lipidomic and biophysical analyses.

For samples collected at <20 m depth whose encounter depth was not recorded in situ, a depth of
10 m was used in analyses, as this represents the mean depth of our bluewater diving effort.
Samples are grouped by species and sorted warm — cold, shallow — deep. Figures in which these
samples appear are indicated.

Project sample Specics Depth ‘ Temperature Latitude ‘ Longitude Appears in
0 m | co | o | o fles:
336 10‘ 27.6‘ 19.423 -156.405| 3,4,82,85
337 10‘ 27.6‘ 19.638‘ -156.162‘ 3,4,82,S5
338 Beroe ovata 10‘ 27.6‘ 19.638‘ -156.162‘ 3,4,82,S5
334 10‘ 26.1‘ 19.662| -156.130| 3,4,82,S5
335 10‘ 26.1‘ 19.275| -156.100| 3,4,82,S5
42 10‘ 27.6‘ 19.775| -156.114| 3,4,82,85,87
43 10‘ 27.6‘ 19.775‘ -156.114‘ 3,4,82,85,87
44 10‘ 27.6‘ 19.775‘ -156.114‘ 3,4,82,85,87
189 Bolinopsis vitrea 10‘ 26.0‘ 19.600| -156.262| 3,4,82,85,87
190 10‘ 26.0‘ 19.600| -156.262| 3,4,82,85,87
320 10‘ 25.0‘ 19.614| -156.057| 3,4,82,85,87
321 10‘ 25,0‘ 19.650‘ -156.104‘ 3,4,82,85,87
322 10‘ 25,0‘ 19.650‘ -156.104‘ 3,4,82,85,87
323 10‘ 25.0‘ 19.622| -156.086| 3,4,82,S5
324 Cestum veneris 10‘ 25.0‘ 19.650| -156.104| 3,4,82,S5
325 10‘ 25.0‘ 19.650‘ -156.104‘ 3,4,82,S5
326 30‘ 23,9‘ 19.670‘ -156.030‘ 3,4,82,S5
327 Coeloplana sp. 30‘ 23,9‘ 19.670| -156.030‘ 3,4,82,S5
328 30‘ 23.9‘ 19.670| -156.030| 3,4,82,S5
329 30‘ 23.9‘ 19.670| -156.030| 3,4,82,S5
158 1 ‘ 18.0 ‘ (captive-reared) | 2
363 Leucothea pulchra 10‘ 17.2‘ 35.500 —124.003| 3,4,82,S5
364 10‘ 17.2‘ 35.500| —124.003| 3,4,82,S5
365 10‘ 17.2‘ 35.500| -124.003| 3,4,82,S5
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Supplemental Table 2.2 Taxonomic and environmental metadata for all ctenophores used in
lipidomic and biophysical analyses.

For samples collected at <20 m depth whose encounter depth was not recorded in situ, a depth of
10 m was used in analyses, as this represents the mean depth of our bluewater diving effort.
Samples are grouped by species and sorted warm — cold, shallow — deep. Figures in which these
samples appear are indicated.

Project sample . . . Appears in
ID # Species Depth ‘ Temperature Latitude ‘ Longitude figs:
366 10‘ 17.2‘ 35.500‘ -124.003 3,4,82,S5
166 10‘ 12.0‘ 33.847‘ -1 19.440‘ 3,4,82,S5
167 Leucothea pulchra 10‘ 12.0‘ 35.500‘ -124.003‘ 3,4,82,S5
339 10‘ 13.4‘ 36.392| -122.666| 3,4,82,85
340 10‘ 13.4‘ 36.392| -122.666| 3,4,82,85
341 10‘ 13.4‘ 36.392‘ -122.666‘ 3,4,82,S5
342 Beroe pseudocucumis 10‘ 13.4‘ 36.392‘ -122.666‘ 3,4,82,S5
Mertensiidae sp. T
157 203 8.7 36.703 -122.043| 3, 4, S1,S2, S5
159 206‘ 8.6‘ 36.703| -122.043| 3,4,82,85
346 249‘ 8.5‘ 36.689| -122.070| 3,4,82,85
Mertensiidae sp. T
191 Beroe cucumis 10 2.0 64.658 -13.787 3,4,82,85
161 10‘ 1.5‘ 64.653‘ -14.193‘ 2
317 10‘ 1.0‘ 78.608| 5.068| 3,4,82,85
318 10‘ 1.0‘ 78.608| 5.068| 3,4,82,85
Beroe cucumis
319 Bolinopsis 10‘ 1.0‘ 78.608| 5.068| 3,4,82,85
infundibulum
39 9‘ 3.3‘ 64.658‘ -13.787‘ 3,4,S82,85,87
28 9‘ 0.6‘ 79.150‘ 11.750‘ 3,4,82,85,87
34 9‘ -3.3‘ 70.481| -20‘057| 3,4,82,85,87
Bolinopsis
58 infundibulum 97‘ 8.8‘ 36.704| -122.04o| 3,4,52,S5
Bolinopsis microptera
21 375‘ 7.0‘ 36.784| -122.023| 3,4,82,85
25 999‘ 3.9‘ 36.697| —122.046| 3,4,S82,S5
Bolinopsis microptera
244 Lampocteis 506‘ 5.8‘ 36.709| -122.051 | 3,4,82,85,87
cruentiventer
245 507‘ 5.8‘ 36.709| -122.051| 3,4,82,85,87
243 Lampo.“"is 508‘ 5.8‘ 36.709| -122.051| 3,4,82,85,87
cruentiventer
62 Beroe abyssicola 708‘ 5.0‘ 36.705| -122.054| 3,4,82,85,87
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Supplemental Table 2.3 Taxonomic and environmental metadata for all ctenophores used in
lipidomic and biophysical analyses.

For samples collected at <20 m depth whose encounter depth was not recorded in situ, a depth of
10 m was used in analyses, as this represents the mean depth of our bluewater diving effort.
Samples are grouped by species and sorted warm — cold, shallow — deep. Figures in which these
samples appear are indicated.

Project sample . . . Appears in
ID # Species Depth ‘ Temperature Latitude ‘ Longitude figs:
148 736‘ 4.9‘ 36.415‘ -122.284| 3,4, S2,S5,S7
131 Lampocteis 824‘ 4.7‘ 36.415‘ -122.284‘ 3,4,82,S5,87
cruentiventer
344 Beroe abyssicola 580‘ 5.0‘ 35.499‘ -123.983‘ 3,4,82,S5
345 626‘ 4.7‘ 35.950| -123.949| 3,4,82,S5
343 885‘ 4.1‘ 36.688| -122.070| 3,4,82,S5
Beroe abyssicola
173 Bathocyroe aff. fosteri 1342 3.0 36.558 -122252|  3,4,82,S5
171 1645‘ 2.4‘ 35.950‘ -123.949‘ 3,4,S2,S5
172 3871 ‘ 1.5‘ 35.500| -124.003| 3,4,S2,S5
Bathocyroe aff. fosteri ‘ ‘ | |
175 Mertensiidac sp. K 2300 1.9 35.950 -123.949|  3,4,82,S5
174 2335‘ 1.8‘ 35.737| -122.749| 3,4,8S1,8S2,S5
170 Lobata sp. L2 2813‘ 1.7‘ 35.496‘ -123.988‘ 3,4,82,S5
Lobata sp. L1
168 3761 1.5 34.574 -122.563 3,4,82,S5
177 ‘Platyctenida sp.- T ‘ 3963‘ 1.5‘ 35.496| -123.988| 3,4,82,85,87
70 ‘Lobata sp. L1 ‘ 3964‘ 1.5‘ 35.497| -123.998| 3,4,82,85,87
164 3964‘ 1.5‘ 35.497| -123.998| 2
176 3973‘ 1.5‘ 35.496‘ -123.988‘ 3,4,82,85,87
178 3976‘ 1.5‘ 35.496‘ -123.988‘ 3,4,82,85,87
188 ) 3976‘ 1.5‘ 35.496| -123.988| 3,4,82,85,87
Platyctenida sp. T
99 3978‘ 1.5‘ 35.500| -124.000| 3,4,82,85,87
100 3978‘ 1.5‘ 35.500| -124.000| 3,4,82,S5,87
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Supplemental Table 2.4 Deuterated phospholipids used as internal standards for polar
lipid analysis.

Analyte Molecular Weight Molecular Formula
15:0-18:1(d7) PC 753.11 C41H73D7NOsP
18:1(d7) Lyso PC 528.72 C26HasD7NO7P
15:0-18:1(d7) PE 711.03 C38He7D7NOsP
18:1(d7) Lyso PE 486.64 C23H39D7NO7P
15:0-18:1(d7) PG 764.02 C39He7D7NaO10P
15:0-18:1(d7) PI 847.13 C42H75sD7NO13P
15:0-18:1(d7) PS 777.02 C39HesD7NNaO10P

15:0-18:1(d7)-15:0 TAG 812.37 Cs1HsoD70s
15:0-18:1(d7) DAG 587.98 C36He1D70s
18:1(d7) Chol Ester 658.16 CssH71D702
d18:1-18:1(d9) SM 738.12 C41H72D9N206P
C15 Ceramide-d7 530.92 C33HssD7NO3
C18(plasm)-18:1(d9) PC 781.19 C44H77D9NO7P
C18(plasm)-18:1(d9) PE 739.11 C41H71D9NO7P
18:0-CN-d3 430.1 C25H47D3NO4
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Supplemental Table 2.5 Summary of all simulated lipid bilayer systems.

* denotes a system with gel-like properties that may not have converged on a steady state. In
these cases, area per lipid, K4, and Dr represent upper bounds. N/A = Not Analyzed.

Temp | Press. [ Duration| Area per . Ku 5 P-P dist. | F'(0) =-ksco
Wm0y | an | @) | Lipia (& | AT @ywemy | P74y geatimona)
1 444| 64.06(0.17) 0| 266.9(53.8)| 5.16(0.21)| 41.67(0.36)| 0.248(0.004)
250 432 63.67(0.20) 0.006| 319.132.2)| 3.30(0.14)| 41.53(0.40)| 0.166(0.032)
Platyctenida sp. K
model ipidome 20 500 435 62.96(0.17) 0.017)| 212.534.0)| 2.46(0.10)| 41.5(0.38)| 0.161(0.030)
1000 435 61.58(0.19) 0.039] 307.2094.3)| 1.64(0.07)| 41.63(0.38)| 0.139(0.026)
1500 434 60.75(0.15) 0.052| 269.333.9)| 1.19(0.06)| 41.590.37)| 0.132(0.025)
I 429| 58.81(0.26) 0)| 174.0(15.7)| 4.580.21)| 37.99(0.41)| 0.158(0.006)
250 459| 57.96(0.22) 0.014)| 252.126.8) 3.21(0.15)] 37.890.37)| 0.131(0.003)
Bolinopsis
infundibulum 20| 500 460 57.25(0.25) 0.027| 258.9(56.1)| 2.94(0.12)| 37.97(0.43)| 0.110(0.005)
model lipidome
1000 464 56.27(0.15) 0.043)| 2942(81.8)] 1.99(0.08)| 37.96(0.37)| 0.110(0.002)
1500 461 55.38(0.22) 0.058] 160.5(124.0)| 1.19(0.05)| 38.01(0.52)| 0.087(0.007)
Bolinopsis vitrea . I 446| 53.55(0.15) 0| 382.7(23.9)| 3.98(0.16)| 42.23(0.42)| 0.046(0.006)
model lipidome %1000 438] 50.09(0.08) 0.064| 194.1(116.9)| 1.07(0.05)| 43.1(0.48)| -0.025(0.005)
Lampocteis 1 452 62.90(0.19) 0| 289.733.6)| 5.07(0.22)| 41.81(0.37)| 0.106(0.003)
cruentiventer 20
model lipidome 1000 448 59.84(0.16) 0.049| 259.2(23.5)| 1.79(0.09)| 42.00(0.39)| 0.076(0.008)
1 308 60.73(0.17) 0 286(19)| 4.12(0.21)| 41.30(0.46)| 0.224(0.006)
250 308 59.96(0.15) 0.013]  262(19)| 2.40(0.11)| 41.81(0.44)| 0.199(0.007)
18:1/18:1 PE 500 330| 58.27(0.20) 0.041]  285(10)| 2.55(0.13)| 41.81(0.44)| 0.215(0.006)
DOPE) 20
( 750 354 57.75(0.21) 0.049|  284(81)| 1.78(0.07)| 41.740.52)| 0.213(0.010)
1000 364| 57.12(0.4) 0.06]  17215)| 1.21(0.06)| 41.79(0.49)| 0.178(0.009)
%1500 316 49.11(0.91) 0.191]  19023)| 0.40(0.02)| 44.96(1.0)| 0.061(0.020)
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Supplemental Table 2.6 Summary of all simulated lipid bilayer systems.

* denotes a system with gel-like properties that may not have converged on a steady state. In
these cases, area per lipid, K4, and Dr represent upper bounds. N/A = Not Analyzed.

Temp | Press. [ Duration| Area per . K4 9 P-P dist. | F'(0) =-ksco

System .c0)| ar) | ms) | Lipia A2 | ATLSTAN | ey [PTEM 4 | (keal/mol/A)

1 312] 67.65(0.14) 0 267(8)| 4.79(0.24)| 38.57(0.40)| 0.047(0.005)

250 331/ 66.83(0.14) 0.012 254(5)| 2.96(0.14)| 38.48(0.45)| 0.031(0.007)

18:1/18:1 PC . 500 355 65.83(0.17) 0.027 264(5)| 2.17(0.12)| 38.52(0.42)| 0.032(0.004)

(DOPC) 750 322 65.37(0.27) 0.034|  260(10)| 1.98(0.09)| 38.42(0.36)| 0.034(0.008)

1000 303| 64.61(0.18 0.045|  340(11)| 1.50(0.08)| 38.46(0.36)| 0.022(0.005)

1500 312 63.07(0.18) 0.068]  327(12)|N/A 38.69(0.36)| -0.001(0.006)

16:0/18:0 PE . 1 129 63509 0| 349.732.9)| 26.9(13)]  3.96(5) 0.24

(POPE) 1000 129]  57.8(9) 0.09| 375745.0]  6903)| 40705 0.19
16:0/16:0 PC 1 74| 61.409) 0| 444.7(39.8)| 12.600.6)|  3.95(4)|N/A

DPPC 50

(DPPC) %1000 70| 50.44) 0.18|N/A 090.1)|  43502)|N/A
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Chapter 3 Active regulation of intrinsic curvature by eukaryotic phospholipid metabolism

Abstract
Membranes contain thousands of different lipids, but it is poorly understood why their

compositions vary across cell types and environments. We report that lipid metabolism balances
the molecular curvature of phospholipids, a parameter that describes their shape and propensity to
destabilize flat sheets. We utilized extreme hydrostatic pressures, similar to those found in the deep
ocean, to change the shape (reduce the curvature) of phospholipids in growing cells. Yeast and
human cells respond to this stress by increasing synthesis of distinct high-curvature lipid species.
The results support a model in which eukaryotic cells actively regulate lipid composition to
maintain their membranes in a frustrated state, a dynamic that could be important for maintaining
core functions in membrane trafficking.
Introduction

The chemistry of cellular lipids determines their shape and propensity to pack into both
bilayer and non-bilayer structures. Phospholipids that are cylindrical in shape, like
phosphatidylcholine (PC), pack readily into lamellar phases (bilayers). Since they form leaflets
that are mechanically unstressed with little tendency to curve, such lipids are considered to have
intrinsic lipid curvature (co) near zero. Other abundant lipids, like phosphatidylethanolamine (PE),
have a smaller cross-section at the headgroup than in the hydrocarbon region, giving them a conical
shape. In isolation, such phospholipids form non-bilayer structures, like the inverse hexagonal
(Hm) or bicontinuous cubic (Qm) phases, in which lipid monolayers curve towards the head
groups(1). This is defined by convention as negative curvature, so such lipids have co < 0. They
are referred to herein as high-curvature lipids, since we primarily consider species with ¢o < 0.
When incorporated into flat membranes, high-curvature lipids impose packing frustration also

known as curvature elastic stress(2). In some compartments, like the inner mitochondrial
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membrane, non-bilayer phospholipids make up the majority of membrane building blocks(3). The
observation that cells synthesize diverse phospholipids that destabilize bilayer structure seems
antithetical to the classical model of cell membranes as robust barrier structures. High-curvature
lipids appear to balance this barrier function with a requirement for membrane dynamics: they
modulate membrane protein conformations through changes in the bilayer’s internal stresses(4, 5),
generate packing defects for interactions with soluble proteins(6), and facilitate structural
intermediates in membrane fission and fusion processes(7, 8). The relative amount of lipids that
stabilize versus frustrate membranes has been proposed as a metabolic lever for keeping these
structures robust yet dynamic(9).

Metabolism has long been known to maintain key properties of membranes by altering
lipid stoichiometry in response to environmental changes. Classically, this homeostasis has been
understood through the capacity of a wide range of organisms to maintain the fluidity of their
membranes in response to temperature. Membranes contain mixtures of low- and high-melting
temperature (Tm) lipids, which control membrane fluidity and are required for mechanisms of
lateral organization. Low temperatures or increases in high-Tm lipids can drive fluid lamellar-phase
(Lo) bilayers to a solid or gel-like phase (Lg)(10, 11). Cells control the fluidity of their bilayers and
avoid Lg by modulating the unsaturation of phospholipid acyl chains(12, 13), the hydrogen
bonding capacity of their head groups through changes in the PE/PC ratio(14), or the relative
amount of other lipid classes, like sterols(15). In some systems, sensors for fluidity-related
properties have been identified, which respond to changes in bilayer packing or thickness and
transcriptionally regulate unsaturated fatty acid metabolism(16, 17). While these responses —

generally termed homeoviscous adaptation or acclimation — are activated during changes in growth
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temperature, they are also required for general optimization of fluidity-mediated processes like
respiration(18).

Several lines of evidence have suggested that cells utilize homeostatic mechanisms for
maintaining curvature stress analogous to those that maintain fluidity(2, 9, 19-21). However, a
consistent challenge is that the experimental levers observed to cause changes in non-bilayer lipids
— which include temperature or mutations in phospholipid metabolism — have pleiotropic effects
on lipid properties. For example, while low temperatures reduce curvature by restricting the
volume of phospholipid chains(19), they more strongly reduce membrane fluidity and promote gel
phases, as described below. Similarly, restriction of PC synthesis promotes negative curvature and
drives changes in PE metabolism(22), but loss of PC also inhibits membrane fluidity due to its low
Tm(14). Thus, it is unclear whether previously observed lipid changes were truly serving to maintain
lipid curvature or were instead secondary effects of responses to membrane fluidity and associated
properties. While important progress has been made, the complexity of the mechanisms involved
in metabolic balancing of membrane properties deserve further investigation.

Recent work highlights hydrostatic pressure as an environmental variable that acts
disproportionately on lipid intrinsic curvature. Among ctenophores (comb jellies), animals
specialized for high pressure exhibit phospholipid chemistry that defends negative lipid curvature
and access to non-bilayer phases (homeocurvature adaptation)(23). Pressure drives biomolecules
into lower-volume conformations and has an especially large effect on lipids due to the high
compressibility of their hydrocarbon chains. Pressure has a stronger effect on membrane curvature
than on fluidity because phospholipid compressibility is anisotropic: the hydrocarbon chain

volume is more pressure-sensitive than that of head groups. The temperature to pressure
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equivalency of a phase transition (dT/dP) is determined by the ratio of volumetric (AV) and
enthalpic (AH) changes by the Clausius—Clapeyron relation:
dT/dP = TAV/AH

In model membranes, dT/dP of the curvature-mediated L, — Hi transition is 0.05 K/bar(24, 25),
e.g. a pressure of 400 bar corresponds to a temperature drop of ~20 °C at 1 bar. In contrast, the
dT/dP for the L, — Lg transition is 3-fold smaller, so fluidity is dominated by temperature and
weakly affected by pressure. In deep-sea ctenophores, adaptation to high-pressure evolved with
increased synthesis of the high-curvature plasmenyl PE (P-PE), as well as incorporation of longer
chains across all phospholipids(23, 26). In vitro, pressure inhibits processes like membrane fusion
(23) that are dependent on lipid intrinsic curvature(27).

We hypothesized that if cells sense and regulate intrinsic curvature directly, then they
would alter their lipid chemistry in response to high-pressure treatment that directly reduces it.
Since terrestrial organisms are unlikely to have evolved bona fide hydrostatic pressure sensors,
such acclimation would be driven by changes in membrane packing. In this way, high pressure
could be utilized to delineate mechanisms of homeocurvature acclimation from other modes of
membrane homeostasis in non-pressure adapted cells. Here we use this approach to identify an
endogenous capacity of phospholipid metabolism to actively modulate lipidome curvature in both

yeast and a human cancer cell line.

Results
Lower PE content reduces stability of non-lamellar phases and hydrostatic pressure tolerance
High pressures decrease the curvature of non-bilayer lipids(24), challenging cells’ ability

to access non-lamellar membrane topologies. As PC and PE are the most abundant lamellar and
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non-lamellar lipids, respectively, in eukaryotic lipidomes, we chose to screen the effects of varying
PE/PC ratios on fitness of yeast grown at pressure. The PSD1 and PEM1/2 genes in Saccharomyces
cerevisiae (W303) are predominantly responsible for PE and PC biosynthesis in the CDP-DAG
pathway, respectively(28). Alternative pathways for PE and PC synthesis channel through the
CDP-choline or -ethanolamine branches of the Kennedy pathway and require choline or
ethanolamine supplementation, offering an opportunity for rescue controls in defined growth
media. Phospholipid profiles of wild-type (WT), pem2A, psd1A, and supplementation of 2 mM
choline to psdIA (psdi4 + CHO) were characterized by liquid chromatography-tandem mass
spectrometry (LC-MS?) (Fig. 1A). Due to the lipidomics platform used, PE quantification was
confounded as it was not possible to distinguish between PE, monomethylethanolamine-PE
(MMPE), and dimethylethanolamine-PE (DMPE). Disruption of PE methylation in pem2A
resulted in an almost complete loss of PC, with an apparent increase of odd-numbered acyl chain
PE lipids likely representing MMPE, which has an increased propensity to form nonlamellar
phases than PC (MMPE; Supp. Fig. 1A)(29, 30). In the psd/A mutant, PE was depleted by >75%
and partially rescued when supplemented with choline. Along with reduced PE or PC in the
respective knockout strains, an increase in PS was observed in strains with lower PE levels, as PS
is the substrate for PE-generating Psd1. A notable increase in PI was also observed in pem2A and
psdIA cells, likely a consequence of UASino element deregulation involved in PE and PC
synthesis (31).

We next asked how changes in PE and PC affect the biophysical properties of yeast lipids.
To characterize access to non-lamellar lipid phases, we measured small angle X-ray scattering
(HPSAXS) behavior across 1-3000 bar of rehydrated polar lipid extracts from cultures grown at 1

bar. Samples were equilibrated to 85°C(30), which we determined through temperature sweeps to
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ensure the formation of non-lamellar phases (unpublished data), before isothermally increasing
pressure (Supp. Fig 1B). At 1 bar, scattering profiles for all strains except psd/A displayed a sharp
primary peak near 0.05 A™! whose intensity decreased with pressure; we interpreted this as a non-
lamellar Qu phase with repeat spacing of 21/0.05 A' = 125 A (Supp. Fig. 1B). As pressure
increased, peaks with uniform spacing emerged (q:2q:3q:4q...), representing the diffraction
signature of fluid (L) or gel (Lg) lamellar membranes. The sensitivity of the Qn peak to pressure
differed between strains: in pem?2A it was detectable up to 3000 bar, while in WT and psdiA +
CHO at 1 bar, it dissipated by 500 bar. The midpoints of barotropic phase transitions were used to
construct phase diagrams (Fig. 1B). In parallel with phase analysis, we measured lipid packing in
the same samples across a P/T grid using high-pressure fluorescence spectroscopy (HPFS).
Liposomes were stained with C-Laurdan, a solvatochromic dye whose fluorescence changes with
lipid packing and water penetration(32). Using the fluorescence intensities of C-Laurdan at two
wavelength windows, General Polarization (GP) values can be ratiometrically calculated to
quantify an emission shift that corresponds to membrane order. While we observed some
differences in C-Laurdan GP values between the strains (Fig. 1C), they were modest and did not
correspond to changes in L, — L transition temperatures (Fig. 1C, Supp. Fig. 1C).

Our biophysical analyses suggested that changes in PE vs. PC headgroup metabolism
primarily affected curvature-driven phase behavior, and not membrane fluidity, thus allowing us
to ask whether lipid curvature dictates pressure tolerance as previously observed in bacterial
cells(23). We assessed the pressure tolerance of each strain by measuring growth during and
survival following hydrostatic pressure incubation. For the former, relative pressure effects were
calculated via changes in cell density (AODgoo) compared to identical 1 bar incubations (AAODsoo)

(Fig. 1D). Cells lacking Psdl, with strongly reduced PE levels, showed a growth defect through
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this analysis. Survival, measured by spotting culture aliquots after pressure incubation, was also
strongly reduced in psdIA, as well as in psd1A + CHO, which exhibited a moderate PE reduction.
Thus, loss of PE synthesis, which reduces accessibility to non-lamellar phases, renders cells

sensitive to high pressure that further reduces lipid curvature.
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Figure 3.1 Restricted access to non-lamellar phases decreases high-pressure fitness.

(A) Phospholipid levels of W303 and mutants with knockouts in PC biosynthesis (pem2A), PE
biosynthesis (psdiA4), and psdi4 with supplementation of 2 mM choline as a partial rescue (psdA
+ CHO). Error bars indicate SEM from N = 3 cultures. (B) Pressure-dependent phases of extracted
polar lipids as determined by HPSAXS. Cells were grown at 1 bar and 30°C; measurements were
performed at 85°C. Scattering profiles shown in Supp. Fig. 1. Cells lacking Psd1 show reduced
prevalence of the non-bilayer cubic phase (Qu), while those lacking Pem?2 show a stabler Q1. (C)
C-Laurdan GP values from polar lipid extracts of strains in HPFS experiments across a temperature
(5-80 °C at 1 bar) and pressure (1-1000 bar at 30°C) range. Strains showed similar GP values. Full
P/T profiles are shown in Supp. Fig. 1C. (D) Growth (top) and survival (bottom) of PE/PC variant
strains after 1 or 250 bar pressure incubation. Strains, like psdIA, show growth defects at 1 bar,
but these can be exacerbated at 250 bar. Cells with reduced PE show reduced comparative growth
(psdIA) and survival (psdIA, psdIA + CHO) at 250 bar. For psdIA + CHO, 2mM choline
supplementation was applied during the growth incubation, but not on the YPD plates that were
used to assess survival. One row from the original survival plate images was omitted, indicated as
a space, to omit a strain which was not used in this work. Error bars indicate SEM from N=3
cultures. *** P <(0.001, 1-way ANOVA with Dunnet's test of psd/A compared against W303.

Cells under pressure compensate by increasing lipidome curvature, not membrane fluidity
While psdiA cells with reduced access to non-lamellar phases showed a growth defect at

high pressure, we did not observe the corresponding growth enhancement for pem2A cells that
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showed increased access to non-lamellar phases from PC depletion and MMPE enrichment.
Importantly, our biophysical analyses were carried out in cells grown at 1 bar, so they did not
account for any changes that pressure could cause to yeast lipid metabolism during extended
incubations. We thus considered whether cells might acclimate their lipidomes to pressure, thereby
preserving their fitness. Because HPSAXS analysis requires large amounts of biomass, we focused
this analysis on WT cells grown in identical, large pressure vessels incubated either at 1 or 250 bar
for 16 h, from which extracted polar lipids were used for both HPSAXS and HPFS to measure
lipid phase properties membrane fluidity, respectively (Fig. 2A).

In HPSAXS experiments, reconstituted extracts formed non-lamellar phases at elevated
temperatures 85°C (Fig. 2B): 1 bar-grown extracts showed a mixture of Hy; and lamellar signatures,
while the 250 bar-grown extracts showed a predominantly nonlamellar mixture of Qu and Hp
signatures. Taking advantage of the presence of a clear Hyi phase in both samples, we were able to
extract curvature values which correspond to differences in lipid composition in each extract (Fig.
2C). The 250 bar-grown Hy phase displayed larger peak spacing corresponding to a curvature ¢ of
-0.038 +/- 0.00025 A™! compared to ¢ = -0.030 +/- 0.00014 A" in the 1 bar-grown sample. Here,
unrelaxed curvature c is expected to be modestly more negative than intrinsic curvature co, due to
the absence of tricosene void filling relaxation and resulting chain stretching stress in the Hn
lattice(33). In parallel, we tested whether pressure elicits a fluidity response in the same samples
by measuring C-Laurdan GP across 10-80°C and 1-1000 bar (Fig. 2D). These experiments showed
that the 250 bar extracts exhibited reduced fluidity compared to those from cells grown at 1 bar,
which is clear at single-temperature or experimental pressure references (Fig. 2E). This difference

was in contrast to what would be expected for a homeoviscous acclimation to pressure. Yeast cells
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thus respond to pressure through a response that maintains lipidome curvature, not membrane

fluidity.
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Figure 3.2 Signatures of homeocurvature acclimation in yeast grown under pressure.

(A) Schematic of workflow for high-pressure acclimation experiments. (B) Representative
HPSAXS profiles from W303 grown at 1 and 250 bar. Profiles are shown for extracts at 1 and 200
bar SAXS cell pressure conditions at 85°C, with baselines offset for clarity. Characteristic Hu
phase peak spacing (1, V3, 2) are labelled in each 1 bar profile along with schematics showing the
corresponding difference in Hy size. (C) Differences in un-relaxed curvatures extracted from the
Hu phase measured at 85°C. Lipidome adjustment more than offsets the effect of pressure on
curvature. Error bars indicate SEM from a linear regression fit of curvatures determined at
pressures from 1-400 bar. (D) C-Laurdan GP values of liposomes from the same samples measured
across a P-T grid with HPFS. Lower GP corresponds to more fluid membranes. Non-linear
behavior at higher temperatures is a result of the non-lamellar phase transition, which occurs at a
higher pressure for the 250 bar extract. The color key at the top indicates GP values. (E) C-Laurdan
GP across a single reference pressure (1 bar, left) and temperature (30°C, right). High-pressure
extracts show a higher GP, reflecting reduced membrane fluidity.
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Yeast promote negative curvature by increasing the abundance Pl

We hypothesized that the propensity of high-pressure extracts to form nonlamellar
topologies could be explained by upregulation of high-curvature lipids. We anticipated increased
levels in PE and a reduction of PC as the canonical non-bilayer and bilayer-forming phospholipids,
respectively. While the PE/PC ratio (0.31 +/- 0.05) did increase in cells grown at 250 bar (0.39 +/-
0.05), there was an overall decrease in both PC and PE (Fig. 3A). Instead, levels of PI increased
more than 2-fold compared to cells grown at atmospheric pressure. Along with this, the abundance
of lyso-PI (LPI) increased which is consistent with increased PI metabolism, similar decreases in
LPC and LPE alongside their parent phospholipids. We also observed changes in the acyl chains
across all phospholipids. High-pressure growth caused an increase in monounsaturated
phospholipids at the expense of saturated and diunsaturated species (Fig. 3B). There was also an
increase in long-chain phospholipids, a pattern previously observed in pressure-adapted
ctenophore lipids(26). Lengthening of lipid chains without corresponding unsaturation promotes
negative curvature while reducing membrane fluidity; it is thus clearly a curvature-specific
response(34). Pressure-grown cells also showed a small decrease in ergosterol levels (Supp. Fig.
3G).

The dominance of PI in pressure-treated yeast cells motivated further investigation of its
biophysical properties. Although PI is a ubiquitous eukaryotic phospholipid and is especially
abundant in yeast, its phase and curvature properties have been less well characterized than those
of its phosphorylated derivatives(35). However, one previous study observed that PI promoted
cubic phases in mixtures with PC(36). We first tested the phase properties of Soy PI, which features
a mixture of acyl chains but is available in bulk. Soy PI in water (50% w/v) displayed a complex

mixture of cubic and lamellar signatures that were stable from 10°C and 80°C and from 1-1000
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bar pressure (Supp. Fig. 2A). C-Laurdan measurements reflected an intermediate fluidity between
PC and PE but were more challenging to interpret due to the phase coexistence (Supp. Fig. 2B).
To measure PI’s curvature directly, we extrapolated ¢y from hosted mixtures of 10 mol % PI in
DOPE Hu-phase tubules (Fig. 3C). For these, the Hii phase was relaxed with the hydrocarbon (97)-
tricosene. Both Soy PI and di-oleoyl PI (DOPI), with defined 18:1 chains in both positions,
featured similar co values of -0.015 A™! at 1 bar and 35°C (Fig. 3D). This value was between
DOPE’s larger negative curvature and DOPC’s near-zero curvature under these conditions. PI thus
exhibits a negative intrinsic curvature that is intermediate to the other main yeast phospholipids
PC and PE. These experiments were carried out in water with Na* counterions equimolar to PI;
like other anionic lipids, properties of PI are likely to be additionally sensitive to changing salt
concentrations, especially divalent cations.

Negative-curvature lipids facilitate membrane fusion by stabilizing non-bilayer
intermediates. To test whether the negative curvature of PI could permit membrane fusion, we
performed a FRET-based, Ca’'-induced lipid mixing assay of liposomes containing
phosphatidylserine (PS), PC, and either PE or PI (Fig. 3E). Unlike control liposomes with only PC
and PS, those including either Soy PI or PE were fusogenic. Fusion rates with Soy PI were lower
than those with PE, consistent with its more moderate negative curvature. It is known that many
factors can affect fusion of PS containing liposomes induced by Ca**, including high surface
charge and negative intrinsic curvature(37). As an additional control to account for changes in
surface charge, we replaced Soy PI with POPG, an anionic lipid that has a curvature near zero(38).
Unlike PI, POPG did not support membrane fusion. While the surface charge of PI may contribute
to its fusion capacity, these results suggest that PI’s negative spontaneous curvature is relevant for

the dynamics of bilayer membranes.
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Figure 3.3 Identification of PI as a curvature-promoting phospholipid.

(A) Abundances of phospholipid classes in W303 grown at 1 or 250 bar, with structures of the
representative headgroups above each. Error bars indicate SEM from N = 3 cultures. * P < 0.05
unpaired two-tailed t-test. (B) Corresponding total length (left, summed over both chains) and
number of double bonds (right, summed over both chains) of all phospholipids. Error bars indicate
SEM from N = 3 cultures. * P < 0.05, ** P <0.01, *** P < 0.001 unpaired two-tailed t-test. (C)
Representative SAXS profiles of the Hi phase of 100% DOPE and hosted (10%) DOPI, Soy PI,
or POPC samples in DOPE (90%) relaxed with 12% (w/w) tricosene at 1 bar, 35 °C. The leftward
shift in spacing of the first peak between each is denoted and represents a reduction in negative
curvature. (D) Values of ¢o determined for DOPE, DOPI, Soy PI, and DOPC at 1 bar, 35 °C. Error
bars indicate SEM from a linear regression fit determined from 1-1000 bar. (E) Lipid mixing assay
comparing the fusion of liposomes with POPE/POPC/POPS (1:1:1), Soy PI/POPC/POPS (1:1:1),
POPG/POPC/POPS (1:1:1), or POPC/POPS (2:1). FRET dequenching occurs when labeled
liposomes (2 mol % Rh-PE, 2 mol % NBD-PE) fuse with unlabeled ones after addition of 10mM
CaCl; at 37°C. Intensities are normalized to values for mixed liposomes.

Multiple mechanisms of homeocurvature acclimation across yeast and mammalian cells
Alongside an increase in PI levels, pressure induced multiple lipidome changes in yeast

cells, affecting both the distribution of phospholipid head groups (Fig. 3B), chains (Supp. Fig. 3),

and abundance of lysolipids, which contribute positive intrinsic curvature(39). To globally account

for these changes, we applied a mathematical model (cOoperate, (34)) for estimating a
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phospholipid curvature index (PLCI) that assumes ideal mixing between phospholipid species and
accounts for differences in their head groups and acyl chains. Analyzing the S. cerevisiae data
(Fig. 4A), PLCI becomes more negative (higher curvature elastic stress) in 250 bar-grown cells
and this change is primarily driven by substitution of PI for PC (Fig. 4B). We then performed a
similar analysis on a different budding yeast, Lachancea kluyveri (FM628), that diverged from S.
cerevisae at least 100 million years ago(40). Unlike S. cerevisae which can only produce
monounsaturated acyl chains, L. kluyveri encodes desaturases that enable it to produce di- and tri-
unsaturated acyl chains, offering an opportunity to assess the effect of PUFAs on pressure
tolerance(41). L. kluyveri also responded to pressure by increasing PI levels, but featured a more
prominent reduction in positively-curved PS(42), greater PE unsaturation, and an increase in very
high-curvature diacylglycerol(43) (DAG) (Supp. Fig. 3H, I). In general, acyl chains of pressure-
grown L. kluyveri increased in length and unsaturation, employing its ability to produce
polyunsaturated fatty acids (PUFAs) (Supp. Fig. 3). Overall, both yeasts displayed a similar
response of PLCI to 250 bar through overlapping but distinct modes (Fig. 4B).

Though PI is abundant in yeast, it is a smaller component in mammalian cells and is absent
in most bacteria. We thus asked whether curvature maintenance is a general biophysical
phenomenon in these systems. We subjected K562, a human leukemia suspension cell line, to
incubations at 1 or 250 bar in the same chambers used in the yeast experiments, albeit for shorter
6 h incubations. While pressure-induced toxicity prevented longer treatments, staining membranes
of cells incubated at these conditions with C-Laurdan showed no defects in cell morphology after
6 h (Supp. Fig. 4). We did observe enlargement of cells, which was also observed in yeast, and
could be related to changes in membrane trafficking(44). Lipidomic analysis showed extensive

changes due to pressure (Fig. 4C), including an increase in ether phospholipids, which include
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monoalkyl PC (O-PC) and P-PE, and a corresponding reduction in PC (Fig. 4D). Ether linkages
contribute directly to negative curvature and are an adaptive feature of ctenophores specialized for
high-pressure(23, 34). K562 cells grown at 250 bar also showed an increase in phospholipid chain
length, a signature of a curvature response(34), and unsaturation, which is shared by both curvature
and fluidity responses (Fig. 4E). These changes were concentrated in the sn-2 chain position and
were observed in almost all phospholipid classes (Supp. Fig. 5). Globally, when accounting for
these changes, the PLCI became more negative in pressure-treated K562 cells (Fig. 4F) — a similar
effect as in yeast but through different lipidic levers. The extent of curvature acclimation in K562
could be underestimated due to a paucity of reference ¢y values for phospholipids containing long-
chain PUFAs.

As a model bacterium, Escherichia coli cannot produce the curvature-associated lipid
classes PI or ether lipids but has been previously shown to maintain access to non-lamellar phases
in response to temperature through acyl chain remodeling (19). However, when grown at 250 bar,
we did not detect an increase to mean phospholipidome curvature in E. coli K12 (MG1655) cells
(Supp. Fig. 6A-B). Pressure-grown MG1655 featured reduction in high-curvature PE and increases
in low-curvature PG, along with no change in cardiolipin (CL), while the number of double bonds
in acyl chains showed decreased unsaturation and length (Supp. Fig. 6C-D). These results suggest
that curvature responses in E. coli are likely a side-effect of thermal acclimation. They are also
consistent with work showing that fatty acid unsaturation is regulated by temperature sensitivities
of enzymes in E. coli’s type Il fatty acid synthesis(12), and so would not respond directly to loss

of curvature frustration induced by high-pressure incubations.
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Figure 3.4 Homeocurvature acclimation across cell types.

(A) Phospholipid abundances of S. cerevisiae W303 and L. kluyveri FM628 from N = 3 cultures
grown at 1 and 250 bar pressure. (B) PLCI of W303 and FM628 after growth at 1 or 250 bar. The
y-axis is inverted to emphasize increases in negative co. Individual lipid contributions to positive
co are plotted to the left, and those contributing to negative curvature on the right. The latter are
offset by the contribution of the former to show the change in net PLCI. Error bars indicate SEM,
N =3. P =0.013 (W303, top), P = 0.027 (FM628, bottom); unpaired one-tailed t-test. (C)
Phospholipid classes of K562 incubated at 1 or 250 bar. Ether-linked lipids (P-PE, O-PE, O-PC,
and P-PC) increase in abundance. (D) Structures of ester (PX), alkyl ether (O-PX), and vinyl ether
(P-PX) phospholipids, whose abundance compared to ester-linked lipids increases with pressure
(right). Error bars indicate SEM from N = 3 cultures. P = 0.047, unpaired two-tailed t-test. (E)
Heatmaps showing increases (red) in K562 phospholipids with longer (right) and more unsaturated
(left) sn-2 chains in cells grown at 250 bar. These correspond to decreases in shorter and more
saturated chains (blue). The dashed box highlights longer-chain species that specifically promote
negative curvature. (F) PLCI analysis for K562 shows higher negative lipidome curvature at 250
bar. Error bars indicate SEM from N = 3 cultures. P = 0.054, unpaired one-tailed t-test.

Discussion

Non-bilayer phospholipids are regulated during the cell cycle(2, 22, 45) and in response to
metabolic perturbations(20). However, it has not been shown whether their regulation is in
response to curvature stress itself and if cells directly sense the shape of their phospholipids. To
address this, we employed hydrostatic pressure as a tool to directly perturb phospholipid intrinsic
curvature. We find that cells can respond by increasing curvature-promoting chemical features

across the phospholipidome. Acclimation of phospholipids showed a tendency to overshoot with
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respect to curvature: the estimated compensatory change of PLCI was between 1.5- (K562) to 3-
(W303) fold higher than the change of ¢y we previously observed in model lipids like DOPE at
250 bar(23). Such an overcompensation was previously observed in native lipidome adaptation
across deep-sea ctenophores(23) and transiently during cold acclimation in bacteria(12).
Overshoot could result from a need for phospholipids to compensate for other membrane
components — including transmembrane protein domains and sphingolipids — that inhibit non-
lamellar topologies but are not amenable to metabolic acclimation. While we were not able to
incorporate the curvature contribution of LPI into PLCI calculations, as its curvature has not yet
been determined, the observed LPI increase in S. cerevisiae may act to buffer overshoot through
PI metabolism. Importantly, our analyses did not account for subcellular compositions,
asymmetric distributions across bilayer leaflets, or changes to membrane proteins. It is likely that
maintenance of curvature stress at such specific sites within cells drives a global lipidome
response. Our calculations also do not account for the effects of monovalent and divalent cations,
the latter of which can have strong effects on anionic phospholipids. Nonetheless, whole cell
lipidomes assessed under single solvent conditions yield general acclimatory trends that are likely
to be relevant across different compartments.

Cells analyzed here show a range of responses that underlie curvature regulation. In
yeast, high pressure increases levels of P, a lipid that has been observed to promote the Qu
phase in mixtures with PC(36), but whose curvature had not been previously determined leading
to disagreement over its classification as a non-bilayer lipid(3, 46). We found that PI features a
negative curvature and promotes membrane fusion similar to non-bilayer lipids. It is important to
note that our measurements of PI curvature were conducted only with Na* counterions, but

additional monovalent and divalent cations can further enhance the negative curvature of anionic
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lipids(47). The anionic nature of PI and its bulky headgroup would argue against a negative
intrinsic curvature. However, NMR and neutron diffraction measurements show that PI’s inositol
takes on extended conformations from the bilayer plane that maximize intra- and inter-molecular
hydrogen bonding and reduce bulk proximal to the bilayer(48—51). Hydrogen bonding between
lipids contributes to negative curvature(52) and is a feature of sugar-containing lipids that form
non-lamellar phases(53—55). Although PI has only a moderate negative curvature, it does not
show the high ordering and melting temperature of PE(14, 56), suggesting a rationale for why its
abundance is modulated more widely by S. cerevisiae. Consistent with this model, PI substitutes
for PE in yeast engineered to have highly saturated acyl chains(57). In both L. kluyveri and
mammalian cells, PUFA chains could help to mitigate the high Tm of PE, potentially allowing it
to serve as a more dominant curvature modulator. Mammalian lipidomes additionally feature
ether linkages as structural features that contribute to curvature(23), membrane fusion(8), and
plasma membrane invaginations(58), roles that could be relevant to their dysregulation in
metabolic disorders and neurodegenerative diseases(59, 60).

In addition to the eukaryotic lipidome changes reported here, acclimatory responses to
maintain lipid curvatures were previously proposed from measurements of the Hp transition
temperatures in bacterial lipids(19). Even though synthetic manipulation of lipidome curvature
modulates E. coli high-pressure fitness(23), we find that its lipidome does not show a curvature
response to high-pressure, suggesting that it is not regulated intrinsic curvature itself. Given that
the pressure-regulated lipid classes we observed are features of eukaryotic lipidomes, it is possible
that curvature-based regulation is found only in some bacteria(34, 61). Eukaryotic cells rely on

membrane trafficking networks that depend on the ability of membranes to undergo fission and
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fusion, processes strongly dependent on lipid curvature. Maintaining membrane properties to
support these dynamics could have driven the evolution of eukaryotic phospholipid metabolism.
Since terrestrial organisms are unlikely to have evolved bona fide hydrostatic pressure
sensors, acclimation reported here is likely to be driven by changes in the curvature frustration of
cell membranes. An outstanding question includes the mechanisms by which these changes are
sensed and regulate lipid metabolism. Choline cytidylyltransferase (CCT), which catalyzes the
committed step in PC synthesis is inhibited by LPC but stimulated by PE or DAG, suggesting that
it is regulated by curvature stress(62—64), and may explain the reduction in PC of pressure-treated
cells. Low PC synthesis derepresses expression of /NOI(65), which encodes for inositol-3-
phosphate synthase (Inol) that catalyzes the first step of PI synthesis. Earlier studies showed a
stimulation of /NOI expression in pressure-treated yeast cells(66), consistent with this model for
its regulation. Other mechanisms for the curvature regulation observed here are less clear. The
Lands cycle generates tissue-specific acyl chain compositions in mammals(67), but few studies
have investigated if its enzymes are regulated by the membrane’s physical state. Similarly,
regulation of ether lipid metabolism — a complex pathway occurring across both the peroxisome
and the ER — has yet to be elucidated. Pressure, as a physical modulator of intrinsic curvature,

represents an attractive experimental tool to identify these points of regulation.

Methods

Yeast strains and growth conditions

All §. cerevisiae strains used in this study are described in Supplementary Table 1. Cells
were grown in complete supplement mixture (CSM) (0.5% Ammonium Sulfate, 0.17% yeast

nitrogen base without amino acids and 2% glucose) lacking amino acids as appropriate for
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selection. Amino acid concentrations in CSM-his (Sunrise Science Products) media consisted of
50 mg/L L-Arginine, 80 mg/L L-Aspartic Acid, 50 mg/L L-Isoleucine, 100 mg/L L-Leucine, 50
mg/L L-Lysine hydrochloride, 20 mg/L L-methionine, 50 mg/L L-Phenylalinine, 100 mg/L L-
Threonine, 50 mg/L Tryptophan, 50 mg/LL L-Tyrosine, and 140 mg/L L-Valine. 20 mg/L L-
Histidine hydrochloride monohydrate was added when necessary to make complete CSM media.
Yeast mutants were generated by PCR-based homologous recombination, ORFs (PSD1, PEM?2)
were replaced by HIS3. For standard incubations, cells were grown overnight at 30°C in a
temperature-controlled shaker (200 RPM) in yeast extract-peptone-dextrose (YPD) medium using
14 mL culture tubes (18 mm diameter) with a snap/vent cap (Greiner). Cells were then back-diluted
into 5 mL fresh CSM and grown until late-exponential phase (OD 1-1.5) prior to analysis. To

partially rescue PE deficiency in the psd A strain, 2 mM choline was supplemented in CSM media.

For high-pressure cell fitness and lipidomics analyses (Figures 1, 3, and 4A-B), cultures
were pre-incubated in YPD in a shaker overnight at 30°C. Samples were then back-diluted to OD
0.1 in CSM containing 2% glucose and loaded into sterile polyethylene 4.5 mL transfer pipettes
(Thermo Scientific), the bulbs of which were subsequently heat-sealed with a manual impulse
sealer (YXQ)(68). The bulbs containing cultures were then loaded into each of two stainless steel
pressure vessels (69) filled with distilled water and pre-warmed to 30°C. A manual rotary pump
(High Pressure Equipment Co.) was used to bring one vessel to 250 bar, and a second was left at
ambient pressure as a 1 bar control. All pressure vessels were clamped horizontally to an orbital
shaker and shaken at 250 RPM overnight at 30°C. Following high-pressure incubation, vessels
were decompressed over the course of ~30s. ODgoo was measured for all replicate cultures of each
strain at each pressure and a qualitative survival screen was performed as follows. Each culture

was serially diluted fivefold, yielding aliquots that were 5°- to 5°-fold dilutions of the
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decompressed culture. Six sets of these were transferred to a YPD agar plate using a 48-pin tool
(V&P Scientific) and each plate was incubated at 30°C for approximately 24 h, then photographed.
The remainder of each decompressed culture was pelleted at 3000 RCF, 5 min at 25°C and frozen
at -80°C. Total lipids were later extracted from the frozen pellets by the Bligh-Dyer method(70)

and samples incubated at 1 and 250 bar were analyzed as described below.

For high-pressure biophysical analyses (Fig. 2), single colony cultures were pre-incubated
in YPD in a shaker overnight at 30°C. Samples were then back-diluted 1:100 into 2.5 L YPD in
bleach-sterilized bags made from Mylar tube stock containing a magnetic stir bar. The bags were
heat-sealed with a manual impulse sealer, leaving zero headspace. The cultures were loaded into
custom-built 4 L titanium pressure vessels filled with distilled water and prewarmed to 30°C using
water jackets. One of the pressure vessels was brought to 250 bar hydrostatic pressure using a
manual hydraulic hand pump (Enerpac). Cultures were incubated overnight at 30°C with stirring
at ~200 RPM. Following high-pressure incubation, the 250-bar vessel was decompressed and the
bag contents of the culture bag were pelleted at 3000 RCF and 25°C. Pellets were flash frozen,
total lipids were extracted by the Bligh-Dyer method and samples incubated at 1 and 250 bar were

analyzed as described below.

Mammalian cell culture and pressure incubation

K562 cells (ATCC) were grown and maintained in Iscove's Modified Dulbecco's Medium
(IMDM; Gibco) supplemented with 1% penicillin-streptomycin (Gibco) and 10% fetal bovine
serum (Gibco). For pressure incubation, N=3 sterile transfer pipette bulbs were filled with 4 mL
of K562 cells at ~7.5 x 10° cells/mL. After eliminating air bubbles, the bulbs were heat-sealed as
described above and loaded into pressure vessels filled with water and pre-warmed to 37°C. A

manual rotary pump (High Pressure Equipment Co.) was used to pressurize one vessel to 250 bar;
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the other was left at ambient pressure as a 1 bar control. Both pressure vessels were incubated at
37°C for 6 h, after which the 250-bar vessel was decompressed over ~30 s. ODgoo was measured
for all three replicates at each pressure. Each decompressed culture was pelleted at 3000 RCF for
5 min at 25°C and frozen at -80°C. Total lipids were later extracted from the frozen pellets and

analyzed as described below.

Bacterial cell culture and pressure incubation

Starter cultures of MG1655 (K12) E. coli were grown in LB + 50 mg/L kanamycin (Kn)
while shaking at 250 RPM, overnight at 37°C. Following this period, all cultures were normalized
to ODeoo = 0.2 using the same medium and 3 mL aliquots were loaded into 5 mL polypropylene
syringes each containing three 3 mm glass beads for agitation. Gas was manually purged from the
syringes and each was sealed with a Luer-lock cap. Three syringes containing each strain were
loaded into pressure vessels filled with distilled water and pre-warmed to 37°C. A manual rotary
pump (High Pressure Equipment Co.) was used to pressurize one vessel to 250 bar and the other
was left at ambient pressure as a 1 bar control. The pressure vessels were clamped horizontally to
an orbital shaker and shaken at 250 RPM for 48 h at 37°C. Following high-pressure incubation,
vessels were decompressed over the course of ~30 s. ODgoo was measured for all three replicate
cultures each pressure. Each decompressed culture was pelleted at 3000 RCF for 5 min at 25°C
and frozen at -80°C. Total lipids were later extracted from the frozen pellets by the Bligh-Dyer

method and samples incubated at 1 and 250 bar were analyzed as described below.

Lipidomic analyses

Mass spectrometry-based analysis of yeast phospholipids (Figures 1, 3, 4A-B; Supp. Fig.
3) was performed by Lipotype GmbH (Dresden, Germany) as described(71). Lipids were extracted

using a chloroform/methanol procedure(72). Samples were spiked with internal lipid standard
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mixture containing: diacylglycerol 17:0/17:0 (DAG), ergosterol ester 13:0 (EE), phosphatidate
17:0/14:1 (PA), phosphatidylcholine 17:0/14:1 (PC), phosphatidylethanolamine 17:0/14:1 (PE),
phosphatidylglycerol 17:0/14:1 (PG), phosphatidylinositol 17:0/14:1 (PI), phosphatidylserine
17:0/14:1 (PS) and triacylglycerol 17:0/17:0/17:0 (TAG). After extraction, the organic phase was
transferred to an infusion plate and dried in a speed vacuum concentrator. The dry extract was re-
suspended in 7.5 mM ammonium formate in chloroform/methanol/propanol (1:2:4; v:v:v). All
liquid handling steps were performed using the Hamilton Robotics STARIet robotic platform with
the Anti Droplet Control feature for organic solvent pipetting. Samples were analyzed by direct
infusion on a Q Exactive mass spectrometer (Thermo Scientific) equipped with a TriVersa
NanoMate ion source (Advion Biosciences). Samples were analyzed in both positive and negative
ion modes with a resolution of Ru=200=280,000 for MS' and Ruz-200=17,500 for MS?
experiments, in a single acquisition. MS? was triggered by an inclusion list encompassing
corresponding MS mass ranges scanned in 1 Da increments(73). Both MS! and MS? data were
combined to monitor EE, DAG and TAG ions as ammonium adducts; PC as formate adducts and
PA, PE, PG, PI and PS as deprotonated anions. Data were analyzed using LipotypeXplorer, a
proprietary software developed by Lipotype GmbH, which is based on LipidXplorer(74, 75). Data
post-processing and normalization were performed using an in-house developed data management
system. Only lipid identifications with a signal-to-noise ratio >5, and a signal intensity 5-fold
higher than in corresponding blank samples were considered for further data analysis.

Mass spectrometry-based analysis of MG1655 and K562 phospholipids was performed as
previously described(23). Lipid extracts were brought to dryness and reconstituted in 18:1:1 v:v:v
IPrOH:CH>Cl:MeOH containing deuterated internal standard (Avanti) for each of the 11 lipid

classes analyzed, which include the major classes of phospholipids. These allow for semi-
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quantification of species within these classes. Other potentially present lipid species, such as
ceramide derivatives, glycosylated lipids, and non-sterol terpenes, were not quantified using this
method. Polar lipids were measured according to a previously described method(76), with slight
modifications. The Vanquish UHPLC (Thermo Fisher Scientific) was interfaced with a Q Exactive
mass spectrometer (Thermo Fisher Scientific). A Waters T3 1.6 uM 2.1 mm x 150 mm column
was used for chromatographic separation using a step gradient from 25% buffer A (10 mM
ammonium formate and 0.1% formic acid in water) to 100% buffer B (70/30 v/v
isopropanol/acetonitrile with 10 mM ammonium formate and 0.1% formic acid) over 35 min. Flow
rate was set at 0.3 mL/min. Lipid samples were analyzed using data-dependent acquisition (DDA)
with an NCE of 30 in negative mode and an NCE of 25 in positive mode. lon source parameters
were: Sheath Gas 48 AU; Aux Gas 11 AU; Sweet Gas 1 AU; Spray Voltage 3.5 kV for positive
mode and 2.5 kV for negative mode; Capillary Temp. 250°C; S-lens RF level 60 AU; Aux Gas
Heater Temp. 413°C. All ions in the mass range of 200-1200 m/z were monitored. MS' resolution
was set at Rm/z—200=70,000 with an automatic gain control (AGC) target of 1e6 and Maximum IT
of 200 ms. For MS?, Rum/z=200=17,500 with an AGC target of 5e4, fixed first mass of 80 m/z, and
Maximum IT of 50 ms. The isolation width was set at 1.2; Dynamic Exclusion was set at 3 s.
Lipids were identified and quantified with Lipid Data Analyzer Software(77). All data were
analyzed from normalized intensities relative to exactly measured internal deuterated standards
(SPLASH LIPIDOMIX, Avanti Polar Lipids).

Due to identical fragmentation patterns, plasmanyl phosphatidylethanolamine (O-PE) and
plasmenyl phosphatidylethanolamine (P-PE) species were manually separated by retention time
after Lipid Data Analyzer identification of P-PE species based on MS? fragmentation products: PE

head group (m/z = 196.038), carboxy fragment (m/z dependent on chain length), and alkenyl sn-1
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chain fragment (m/z =239.235, 265.253; dependent on chain length). It was possible to distinguish
O-PE based on retention time following the principle that alkyl ether species elute sooner than
their corresponding vinyl ether counterparts, putatively due to differences in H-bonding imparted
by the cis-alkene bond.

To calculate PLCI from lipidomic data on phospholipids, cOoperate scripts(78) were used
based on inputted lipidomic data and literature values of phospholipid intrinsic curvatures(79) as

previously described(23, 34).

Sterol extraction and analysis

Measurement of sterol abundances from cells was carried out as previously described (80).
Briefly, cells following pressure incubation were washed with PBS, resuspended in 1 mL Milli-Q
water, and spiked with internal standard (cholesterol for yeast or ergosterol for K562 cells). Glass
beads (1 mL) were added to lyse cells, and the resulting cell lysate was then transferred to a 15 mL
conical glass with a Teflon cap. Methanolic KOH (3 mL) was added and the mixture was incubated
at 70°C for 2 h. Following cooling, 3 mL of n-hexane was added, vortexed for 10 s, and then
centrifuged at room temperature for 5 min at 800 rpm. The upper organic phase was then
transferred to a clean conical glass tube. A second extraction of the aqueous phase was performed,
and the resulting organic phase was combined. The n-hexane was evaporated under a stream of
nitrogen at 60°. The resulting film was dissolved in a 1:1 solution of pyridine and
trimethylchlorosilane and incubated at 70°C for 1 h for derivatization. Extracts were analyzed by
gas chromatography—mass spectrometry (GC-MS) as follows. Samples were injected into a 30 -m
DB-5 column in an Agilent 8890 GC coupled to a 5977B mass analyzer. The GC oven was

operated with the following temperature program: initial temperature of 120°C held for 1 min,
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ramped at 20°C per min to 270°C, followed by an additional ramp at 2°C per min to 290°C, and
then a final ramp at 20°C per min to 300°C and held for 2 min. The identities of target compounds
were initially checked against the NIST17 mass spectral library using NIST MS Search software.
For quantification, sterol levels were calculated relative to a calibration curve of a cholesterol or
ergosterol external standard and adjusted according to the extraction efficiency for each sample.

Extraction efficiency was determined on a percent recovery basis of internal standard per sample.

SAXS sample preparation

For preparation of SAXS samples using pure or synthetic lipids including DOPE, Soy PI,
and DOPI (Avanti Polar Lipids). Total lipid extracts from yeast were separated into polar lipids
and neutral fractions on 500 mg prepacked silica columns (Thermo Scientific) using a previously
validated method(81). Polar lipids eluted in approximately 20 mL CHCIl; were dried and weighed
in tared 2 mL vials. For SAXS analysis, 5 mg polar lipids were dissolved in 100 uL cyclohexane
(CeHi2, Fisher Chemical). Alternatively, for preparation of SAXS samples using pure or synthetic
lipids including DOPE, Soy PI (sodium salt), and DOPI (sodium Salt) (Avanti Polar Lipids), 5 mg
of total lipid in chloroform was similarly evaporated under nitrogen gas and dissolved in 100 pL
cyclohexane. 50 puL aliquots were transferred to 1.5 mm ID capillary melting point tubes (Kimble
Chase 34505-99), frozen at -80°C, and lyophilized for 1h. Samples were rehydrated by the addition
of 10 pL vacuum-degassed MilliQ water, then subjected to five rounds of freeze-thaw in an
isopropanol-dry ice bath and homogenization with a 20 uL Wiretrol I microdispenser (Drummond
Scientific) inside the melting point tube. The bottom of the tube was then scored, cut, and carefully
wiped, and the suspension inside transferred to a disposable sample holder(82). This thick

suspension (50% w/v lipid) was settled to the bottom of the holder centrifugation (500 RCF, 5 min
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at 4°C) and topped with another 5 pLL degassed water to ensure full hydration. A 22G x 100 mm
needle (Air-Tite) was then used to add a pressure-transmitting cap of high vacuum grease (Dow
Corning) to the top of the water. Final samples were composed of 250mg/ml lipids and samples
containing Soy PI or DOPI contained 33 mM Na" as a result of the anionic lipids being utilized as

sodium salts.

SAXS data acquisition and analysis

HPSAXS data were collected on beamline 7A at the Cornell High Energy Synchrotron
Source using a custom-built temperature-controlled pressure cell(82). Photon energy was 14 keV,
spot size was 200 x 250 um (W x H), and scattering data were collected for 0.005 A1 <q<0.7 A-
!using an EIGER 4M detector (Dectris) within the beamline vacuum. 1 s exposures were taken at
a flux of 1.8-3.6x10'! photons/s. Five initial exposures were used to test each sample for radiation
sensitivity, then pressure or temperature up- and down-sweeps were made starting at the lowest
temperature or pressure and proceeding to the highest. The sample was equilibrated for at least 60
s per 100 bar of pressure change and for 30 min following each 5°C change in temperature.
Because photon scattering by the lipid dispersions was strong and background was low (as
assessed by shooting a sealed capillary containing the same degassed water used to hydrate the
lipids), no background subtraction was used. SAXS images were azimuthally integrated using
BIOXTAS RAW software(83). To determine midpoints of barotrophic phase diagrams, presence
of phase signatures of Ly, Lg, Qnu, was identified. Midpoints of phases represent '4 of the maximum

pressure under which the phase could be identified and the ratio of all phases identified at the

midpoint.
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Measurement of phospholipid monolaver curvature

For co measurements, pure lipids were prepared as hosted mixtures in DOPE at a molar
ratio of 10 mo1%:90 mol% guest:host for HPSAXS, as described above. 10 mol% Soy PI or DOPI
samples contained 33 mM Na" as a result of the anionic lipids being utilized as sodium salts. 12%
w/w 9(Z)-tricosene was added to relax the Hi phase and ¢p was calculated from peak spacing as
previously described(84). Neutral-plane co was estimated by using a constant distance correction
of 3.94 A, derived from global fitting of the Hy scattering profile of DOPE(85). For yeast polar
lipid samples, tricosene was not added and the Hy peak spacing was used to calculate unrelaxed
curvature ¢ in the same way as cyg. The curvature of guest lipids was determined from a weighted

average of the total curvature of the guest in the hosted system.

C-Laurdan GP determination and analysis

The same polar lipid extracts used for HPSAXS analysis were used to analyze lipid packing
via the general polarization (GP) of the C-Laurdan solvatochromic probe. HPFS was used to
measure general polarization (GP) across a temperature-pressure grid. Polar lipid dispersions were
made by drying lipid films under N> and high vacuum for 30 min, then resuspending them in buffer
(20 mM HEPES, 2 mM EDTA, pH 7.4) to concentrations of approximately 1 mM lipid. Samples
were then subjected to 4X freeze-thaw cycles and subsequently extruded using a hand-held device
(Avanti Polar Lipids) incorporating a 200 nm polycarbonate track-etch filter (Whatman) at room
temperature. The resultant unilamellar vesicles were stained with 2.5 uM C-Laurdan and tumbled
for 30 min at room temperature. Vesicles were then loaded into a quartz cuvette and analyzed in a
high-pressure optical cell (ISS Inc.) connected to a 65x SyriXus syringe pressure pump (Teledyne

ISCO) and a water bath (NESLAB) for automated pressure and temperature control coordinated
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by a PC running a Python script(86). The pressure cell was mounted in a Cary Eclipse
fluorospectrometer (Agilent Cary). An excitation wavelength of 340 nm was used with the
multiwavelength setting acquiring dual emission wavelengths of 440 nm and 490 nm with a 2.5
nm excitation slit and a 5 nm emission slit. Fluorescence data were collected in Kinetics mode
concurrent with automated traversal of the temperature-pressure grid. Timestamps were used to
co-register temperature and pressure with fluorescence data, which were then analyzed using R

scripts.

Live cell imaging

After pressure incubation, as described above, yeast and K562 cells were washed with PBS
and stained with 5 uM C-Laurdan in PBS for 20 minutes at 30°C for yeast or 37°C for K562 cells.
C-Laurdan stains lipid membranes and has no fluorescence in aqueous solution. After staining,
cells were put on 8-well cell slides and imaged on an LSM 880 confocal microscope (Zeiss) with
a 63x/1.4 Plan-Apochromat oil objective. Images were acquired in two emission windows (418 —
464 nm and 481 — 517 nm) upon excitation with a 405 nm laser line. Cells incubated at 250 bar

were imaged first to minimize recovery time following depressurization.

Lipid mixing fusion assay

A FRET-based lipid mixing assay was performed to compare fusion rates by fluorescence
dequenching of liposomes with equimolar POPC, POPS, and Soy PI, POPE, or POPG (Avanti
Polar Lipids). As a negative control, a condition with only equimolar POPS and POPC was tested.
Lipid stocks in chloroform were mixed in equimolar amounts. The chloroform was evaporated to

form thin lipid films using N2 for 10 min and subsequently kept under high vacuum for >1 h to
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remove residual organic solvent. The lipid film was hydrated with Buffer A (100 mM NaCl, 5 mM
Na" HEPES, 0.1 mM EDTA, pH 7.4) and tumbled for 1 h. To form unilamellar 200 nm vesicles,
the lipid dispersions were subjected to 4 freeze-thaw cycles and extrusion through a 200 nm
membrane 21 times. One population of fluorescence-quenched liposomes, containing Rh-DOPE
(2 mol %) and NBD-DOPE (2 mol %) with POPE/POPC/POPS (32:32:32), Soy PI/POPC/POPS
(32:32:32), POPG/POPC/POPS (32:32:32), or POPC/POPS (64:32) (Avanti Polar Lipids), were
mixed with a population of liposomes lacking fluorophores with (33:33:33), Soy PI/POPC/POPS
(33:33:33), POPG/POPC/POPS (33:33:33), or POPC/POPS (68:32). The emission of NBD-PE
dequenching was measured following the addition of 10 mM CaCl> using a Cary Eclipse
spectrofluorometer set to 463/536 nm excitation/emission at 37°C. Fluorescence intensity was
recorded in Kinetics mode for 5 min to allow reactions to reach equilibrium. Fluorescence of a
fully dequenched control, with 1 mol% NBD-DOPE and 1 mM Rh-DOPE in POPE/POPC/POPS
(32.65: 32.65: 32.65), Soy PI/POPC/POPS (32.65: 32.65: 32.65), POPG/POPC/POPS (32.65:
32.65: 32.65), or POPC/POPS (66:32), was recorded to permit normalization and determination

of total % fused vesicles.
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Supplemental Figure 3.1 Features of yeast with altered PE/PC ratio.

(A) Distribution of odd and even length acyl chains in PE in different backgrounds. The pemA
strain shows an accumulation of odd chain PE which likely represents MMPE. (B) SAXS profiles
of polar lipid extracts from yeast strains varying in PE/PC ratio under pressures at 85°C and 1-
3000 bar; a subset of the data used to construct Fig. 1B. Reference SAXS profiles of pure Qu, Hu,
Lq, and Lg, are shown. Arrows indicate peaks corresponding to mesophase signatures: orange (Qn),
tan (L), blue (Lg). (C) Pressure-temperature phase diagrams of C-Laurdan GP values of polar
lipid extracts from PE/PC mutant yeast strains. GP was determined for temperatures and pressures
between 0-80°C and 1-1000 bar. Lines show fitted contours of constant GP values across
temperature and pressure, while the scale key represents the coding of GP value for color. Lipid
extracts show similar fluidity values. The horseshoe trend lines of GP at high temperatures
observed in all systems except for psd/A reflects a non-lamellar phase transition.
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Supplemental Figure 3.2 Biophysical properties of Soy PI.

(A) Representative SAXS profiles taken from suspensions of Soy PI in water at 1 and 80 °C and
1 and 1000 bar, with labels indicating peaks representing the Qn and L, phases. Baselines are offset
for clarity. (B) Pressure-temperature phase diagrams of C-Laurdan GP values of pure POPC, Soy
PI, or POPE. GP was determined for temperatures and pressures between 0-80°C and 1-1000 bar.
Lines show fitted contours of constant GP values across temperature and pressure, while the scale
key represents the coding of GP value for color.
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Supplemental Figure 3.3 Additional lipidic changes in pressure-grown yeast cells.

(A) Growth of W303 and FM628 at 1 and 250 bar pressure. Error bars indicate SEM from N =4
independent cultures. **** P < (0.0001, unpaired two-tailed test. (B) Change in phospholipid
chains of FM628 in total length (left) and total double bonds (right). Error bars indicate SEM from
N =3 independent cultures. ** P <0.01, unpaired two-tailed test. (C) and (D): Distribution of total
double bonds (DB) by phospholipid class from W303 (C) and FM628 (D) grown at 1 and 250 bar.
(E) and (F): Distribution of total chain length by phospholipid class from W303 (C) and FM628
(D) grown at 1 and 250 bar. (G) Mean ergosterol abundance of W303 and FM628 grown at 1 and
250 bar from individual culture replicates. W303: P = 0.052, FM628: P = 0.171, unpaired two-
tailed t-test. (H) Change of diacylglycerol (DAG) abundance in W303 and FM628 grown at 1 and
250 bar pressure from individual culture replicates. (I) Mean abundance of phospholipid classes
from FM628. Error bars indicate SEM from N = 3 cultures. * P < (.05, unpaired two-tailed test.
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Supplemental Figure 3.4 Imaging of cell membranes after pressure incubation.

(A) C-Laurdan fluorescence microscopy of yeast (W303 and FM628, 16 h) and K562 cells (6 h)
incubated under 1 (top) and 250 (bottom) bar pressure. The lipid staining shows cells remain intact
after pressure incubations, with some changes in morphology and size. Composite images are
shown of the two C-Laurdan emission channels; the ordered channel is presented as cyan, and
disordered as magenta. Scale bars are 5 um for W303 and FM628 or 10um for K562. (B)
Histograms of C-Laurdan GP for yeast (W303, left; FM628, middle) and K562 cells (right)
incubated under 1 and 250 bar pressure. Each histogram shows the distribution of GP values from
a representative field of cells. No difference is the mean GP is noted, suggesting membrane
integrity and ordering is not dramatically altered by responses to the pressure incubation.
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Supplemental Figure 3.5 Changes in chain composition of K562 cells grown at 1 and 250 bar
pressure.

(A) Mean total lengths of phospholipid chains in K562 cells incubated at 1 and 250 bar pressure
from individual culture triplicates. The mean length of all phospholipids for each pressure is
shown with a dashed line. * P < 0.05, unpaired two-tailed t-test. (B) Mean sn-1 double bonds and
length of phospholipid chains in K562 cells incubated at 1 and 250 bar pressure from individual
culture triplicates. * P < (.05, unpaired two-tailed t-test. (C) Mean sn-2 double bonds and length
of phospholipid acyl chains in K562 cells incubated at 1 and 250 bar pressure from individual
culture triplicates. * P <0.05, *** P <(.001, unpaired two-tailed t-test. (D) Mean sn-2 chain
length within each phospholipid class of K562 growth at 1 and 250 bar pressure from individual
culture replicates. (E) Mean sn-2 chain double bonds within each phospholipid class of K562
growth at 1 and 250 bar pressure from individual culture replicates. (F) Mean cholesterol
abundance from K562 cells grown at 1 and 250 bar pressure from individual culture replicates. P
=0.108, unpaired two-tailed t-test.
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Supplemental Figure 3.6 Lipidomes and mean curvature changes from E. coli K12 cells
growth at 1 and 250 bar.

(A) Class composition of phospholipids in MG1655 grown at 1 and 250 bar pressure. Data is
mean mole fraction from individual culture triplicates. Cells grown under 250 bar show an
increase in PG, decrease in PG, and no change in CL. (B) Mean curvature of phospholipids in E.
coli grown at 1 and 250 bar pressure from individual culture triplicates. P = 0.997, unpaired one-
tailed t-test. (C) Mean total lengths of phospholipid acyl chain composition in E. coli grown at 1
and 250 bar pressure from individual culture triplicates. * P < 0.05, ** P < 0.01, unpaired two-
tailed t-test. (D) Mean total double bonds of phospholipid chain composition in E. coli grown at
1 and 250 bar pressure from individual culture triplicates. * P < 0.05, *** P <0.001, unpaired

two-tailed t-test.
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Supplemental Table 3.1 Strains used in this study.

50 rph-1

Name Genotype Parental strain Reference
FM628 ura3 Lachancea kluyveri Maitreya Dunham
W303a MATa ura3-52 Saccharomyces ATCC

trpIA2 leu2-3 112 cerevisiae

his3-11 ade2-1 canl-

100
pem2A W303a, pem2A::HIS3 | W303a This study
psdiA W303a, psdIA::HIS3 | W303a This study
MG1655 F- lambda- ilvG- rfb- | Escherichia coli K12 | CGSC
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Chapter 4 Energetics of stalk intermediates elucidated from hydrostatic pressure effects on
membrane fusion

Abstract

Membrane fusion is an essential process in cells that requires a balance of lipid composition
to establish biophysical properties conducive to topological rearrangements. During fusion, lipids
of opposing membranes must invert and overcome energy barriers associated with forming highly
curved stalk and pore intermediates. While theoretical work has modelled the effect of lipid
intrinsic curvature on stalk formation, quantifying the relationship experimentally has posed to be
a challenge due to the inability to vary lipid curvature without concomitantly changing other
properties that affect fusion. Here we overcome this hurdle by utilizing hydrostatic pressure as a
thermodynamic variable that modulates lipid intrinsic curvature independently of chemical
composition. Using a high pressure stopped-flow fluorometry, we measured rates of calcium-
mediated lipid mixing between populations of vesicles, a process that is strongly inhibited by
pressure. We correlated mean lipid intrinsic curvature across with lipid mixing rates by
incorporating complementary small angle x-ray scattering measurements for each individual lipid
component. This analysis showed that lipid mixing rates, a proxy for hemifusion, across
compositional and pressure regimes are determined entirely by changes in lipid spontaneous
curvature. Consistent with previous theoretical models, we demonstrate a linear relation between
lipid intrinsic curvature and the hemifusion stalk formation energy, offering direct experimental
support for the stalk hypothesis. Extrapolated stalk energies were several fold lower than those
estimated by continuum modeling, suggesting additional unidentified factors are relevant for

fusion energetics.
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Introduction

Membrane fusion is a universal biological process that underlies intracellular trafficking,
neurotransmitter release, and viral infection (1-3). While the goal of fusion is to merge two
membranes together, the lipids and proteins involved in this process vary widely between cells and
organelles. This diversity could optimize the kinetics of fusion to occur across physical
environments, lengthscales, and timescales that meet cellular demands to support specialized
physiological functions. Both computational modeling and experimental evidence support a
common pathway for all fusion events, the stalk hypothesis, with universal intermediate states that
involve initial lipid mixing in the formation of a hemifusion stalk (Fig. 1 A) and subsequent content
mixing through pore formation (1, 4, 5). The main energy barriers in this pathway are hydration
and curvature barriers for lipids to rearrange from a lamellar to nonlamellar topology in stalk
formation, and the barrier to fusion pore opening as the hemifusion diaphragm accumulates
membrane stress. While protein machinery such as soluble N-ethylmaleimide-sensitive factor
attachment protein receptors (SNARESs), and viral fusion proteins supply the energy and specificity
for fusion in vivo, the lipid bilayer itself is the substrate that must be deformed, and the energetic
cost of that deformation sets the fundamental barriers that these proteins must overcome.

In both intermediate steps, lipids transition through highly curved membrane intermediates
in transient nonlamellar topologies. The stalk resembles the inverted hexagonal (Hu) phase while
the pore rim is positively curved . The formation of the stalk requires nonbilayer lipids with an
inverted cone geometric shape, or negative intrinsic curvature (co < 0), which have a smaller cross-
section at the headgroup than in the hydrocarbon region. Lipids with high negative curvature, such
as phosphatidylethanolamine (PE), cardiolipin (CL), cholesterol, and diacylglycerol (DAG), have

been shown to promote stalk formation and increase lipid mixing rates, while lipids with positive
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intrinsic curvature (co > 0), such as lysophosphatidylcholine (LPC), inhibit stalk formation but
promote pore formation (1-3, 5). Negatively curved lipids better accommodate the extreme
bending required at the stalk, reducing the energy cost of forming this intermediate. Quantitatively,
the tilt-splay elastic model describes the energy required to form a hemifusion stalk depending on
how much the lipid monolayer must bend away from its preferred curvature (6, 7). Across a
biologically relevant curvature range, the relationship between stalk energy and co is predicted to
be linear (7, 8). When combined with Kramers' rate theory (9), which relates energy barriers to
reaction rates, this dependence predicts an exponential dependence of the hemifusion rate with co.
Theoretical modeling supports this relationship (7, 8, 10, 11) but more comprehensive
experimental evidence is needed to better quantify and support the energetics of stalk energy that
theory and simulations predict.

Experimental approaches have classically used varying lipid compositions to indirectly
study the roles of membrane properties in fusion (12—-14). However, individual lipid species often
affect more than one physical parameter, complicating attempts to distinguish energetic
contributions of independent mechanical forces in each intermediate state. For example, negatively
curved cholesterol increases bending rigidity, while adding positively curved LPC softens it (15—
17). Because of this entanglement, estimations from composition-based experiments may not
reflect the true contribution of intrinsic curvature to the hemifusion energy barrier. Whether the
order of magnitude difference between experiments and theory reflects a genuine departure of the
molecular transition state from the continuum elastic picture remains an open question.

In addition to lipid composition, physical parameters such as temperature, osmolarity, and
hydrostatic pressure can be used to manipulate membrane properties. Pressure drives lipids into

lower-volume conformations and has a particularly large effect on membrane curvature because

155


https://paperpile.com/c/hTfLKB/6sw6+emlW+Eo4g+Wrnn
https://paperpile.com/c/hTfLKB/ruGZ+p0J7
https://paperpile.com/c/hTfLKB/p0J7+qevq
https://paperpile.com/c/hTfLKB/fgbi
https://paperpile.com/c/hTfLKB/p0J7+qevq+KE2f+TcvE
https://paperpile.com/c/hTfLKB/jbnD+3Uti+iiU8
https://paperpile.com/c/hTfLKB/ZLZr+zBKI+UWXF
https://paperpile.com/c/hTfLKB/ZLZr+zBKI+UWXF

phospholipid compressibility is anisotropic (18). The acyl chain volume is more pressure sensitive
than the headgroup region, so pressure preferentially compresses the hydrocarbon tails and shifts
co toward less negative values without changing the chemical identity of the lipid. This effect is
reflected in the pressure sensitivity of curvature-mediated phase transitions. The dT/dP of the Ly
to Hp transition is ~0.05 K/bar, whereas the dT/dP for the chain-ordering L, to Lg transition is
roughly 3-fold smaller (19-21). Pressure therefore has a disproportionately large effect on
curvature relative to membrane fluidity, making it a single-variable perturbation of co that
overcomes experimental challenges that come with composition changes alone.

The biological significance of pressure acting on lipid curvature is evident in observations
that organisms can adjust lipid composition to counteract the curvature-reducing effects of
hydrostatic pressure (22). Deep-adapted ctenophores increase their abundance of plasmalogen PE,
a lipid with strongly negative co, in proportion to their habitat depth (23). In yeast, decreasing the
PE/PC ratio impairs growth and viability at high pressure independently of membrane fluidity (24)
Both yeast and mammalian cells also respond to growth under high-pressure by increasing
synthesis of high-curvature lipid species (24). In these cases, high pressure diminished the access
to nonlamellar lipid phases, and this was reasoned to impair membrane fusion and, in turn, cellular
fitness (24). However, the effects of pressure on membrane fusion have not been comprehensively
demonstrated.

Here we use a FRET-based hemifusion assay under a range of hydrostatic pressure
conditions to experimentally test the relationship between lipid intrinsic curvature and hemifusion
rate. We combine this approach with variations in the PE/PC ratio of vesicle populations and
estimates of mean intrinsic curvature using pressure-dependent corrections of individual lipid co

values determined by high-pressure small-angle X-ray scattering (HPSAXS). Together, we find
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that hemifusion stalk formation energy is linearly dependent on the mean intrinsic curvature across
lipid components, supporting the stalk hypothesis. In addition, simulations of stalk structures
across a range of parameters show that the experimental results are consistent with theoretical

calculations when relatively soft membrane bending moduli are assumed.

Methods

SAXS sample preparation

Lipid stocks of di-oleoyl phosphatidylethanolamine (DOPE), 1-palmitoyl-2-oleoyl
phosphatidylcholine (POPC), or 1-palmitoyl-2-oleoyl phosphatidylserine (POPS) (Avanti
Research) in chloroform were used to prepare lipid mixtures for a total mass of 5 mg lipid. Solvent
was dried under a stream of nitrogen for 5 minutes and a vacuum chamber for 1 hour. Lipids were
resuspended in 100 pL cyclohexane and 50 pL aliquots were dispensed into 1.5 mm inner diameter
capillary melting point tubes (Kimble Chase 34505-99), flash-frozen at -80°C, and lyophilized for
1 hour to yield a lyophilized powder. Rehydration was carried out by adding 10 puL of vacuum-
degassed MilliQ water, mixing with a 20 pL. Wiretrol II microdispenser (Drummond Scientific),
followed by five freeze-thaw cycles using an ethanol/dry ice bath. Between cycles, the suspension
was homogenized by repeated pipetting with a 20 pL. Wiretrol II microdispenser within the
capillary tube. The resulting lipid suspension (50% w/v) was consolidated to the tube bottom by
centrifugation at 500 RCF for 5 minutes at 4°C before being scored and cut to fit a sample holder.
An additional 5 pL of degassed water was added on top of the suspension to ensure complete
hydration of the sample. The capillary was then sealed with a plug of high vacuum grease (Dow
Corning) introduced through a 22G x 100 mm needle (Air-Tite), which also served as a pressure-

transmitting cap. The final lipid concentration was 250 mg/mL.
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SAXS data acquisition and analysis

Collection of HPSAXS data was performed at beamline 7A in the Cornell High Energy
Synchrotron Source (CHESS) using a custom-built temperature-controlled pressure cell (25). Data
was acquired using a photon energy of 14 keV, ls exposures using a flux of 1.8-3.6x10'!
photons/s, a spot size of 200 x 250 um (W x H), with a collection range of 0.005 A1 <q<0.7 A-
! using an EIGER 4M detector (Dectris) within the beamline vacuum. After testing each sample
for radiation sensitivity with five initial exposures, pressure sweeps were performed from lowest
to highest and back with triplicate exposures for each pressure condition and 60s of equilibration
per 100 bar of pressure change. No background subtraction was used following assessment of low

background of a glass capillary with degassed water. SAXS images were azimuthally integrated

using BIOXTAS RAW software (26).

Measurement of phospholipid monolayer curvature

Hosted mixtures at molar ratios of 10 mol%:90 mol% or 20 mol%:80 mol% guest:host
with 12% w/w 9(Z)-tricosene for HPSAXS were prepared using DOPE as the host lipid, as
described above. Neutral-plane co was estimated by using a constant distance correction of 3.94
A, derived from global fitting of the DOPE Hy scattering profile of (27). Total ¢y was calculated
from peak spacing as previously described (28), and the guest lipid co was extracted from a

weighted average of the total curvature of the hosted system.
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Lipid mixing fusion assay

Membrane fusion kinetics were assessed using a FRET-based lipid mixing assay, in which
fusion is reported by fluorescence dequenching upon dilution of a self-quenching donor-acceptor
pair. Chloroform stocks of POPC, POPS, and DOPE (Avanti Research) were combined at the
desired molar ratios, and the solvent was removed by drying under nitrogen for 10 minutes
followed by exposure to high vacuum for at least 1 hour. Resulting lipid films were hydrated with
Buffer A (100 mM NaCl, 5 mM Na" HEPES, 0.1 mM EDTA, pH 7.4) to obtain 400 pM lipid (2X)
and tumbled for 1 h. Unilamellar vesicles of approximately 100 nm diameter were produced by
four freeze-thaw cycles followed by extrusion through a 100 nm polycarbonate membrane 21
times. One population of fluorescence-quenched liposomes, containing Rh-DOPE (2 mol%) and
NBD-DOPE (2 mol%) with DOPE/POPC/POPS (32:32:32 mol%), DOPE/POPC/POPS
(42.6:21.4:32 mol%), or DOPE/POPC/POPS (21.4:42.6:32 mol%), were mixed with a population
of liposomes lacking fluorophores with DOPE/POPC/POPS (33.3:33.3:33.3 mol%),
DOPE/POPC/POPS (44.6:23.4:32 mol%), or DOPE/POPC/POPS (23.4:44.6:32 mol%).

The emission of NBD-PE dequenching was measured following the addition of 20 mM
CaCl (2X) in Buffer A, for a final reaction concentration of 200 uM lipid and 10 mM CaCly, using
a High-Pressure Stopped Flow System (TgK Scientific) at the Rensselaer CBIS Analytical
Biochemistry Core Facility. The excitation was set with a 400 nm excitation filter and temperature
was maintained 37°C using an integral thermostated jacket. Individual runs were carried out with
hydrostatic pressures set from 1-1000 bar, fluorescence intensity was recorded for 5 min to allow
reactions to reach equilibrium. Fluorescence of a fully dequenched control, with 1 mol% NBD-

DOPE and Rh-DOPE in DOPE/POPC/POPS (32.65: 32.65: 32.65), DOPE/POPC/POPS (43.6:
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22.4: 32), or DOPE/POPC/POPS (22.4: 43.6: 32) was recorded to permit normalization and
determination of total % fused vesicles.

Hemifusion stalk calculations

The elastic energy of the hemifusion stalk was calculated using the continuum elastic
theory of lipid monolayers as described previously (8, 29, 30). In this framework, membrane
deformations are described in terms of lipid splay, saddle splay, and tilt degrees of freedom, and
the equilibrium stalk structure is obtained by numerical minimization of the total membrane elastic
energy. Full details of the theoretical formalism, elastic energy functional, numerical
implementation, and minimization procedures are provided in these previous works. Briefly, the
membrane is modeled as two coupled lipid monolayers connected by a membrane mid-plane. Each
monolayer is characterized by a local lipid director field and elastic contributions associated with
splay, saddle-splay, and lipid tilt deformations. The elastic energy is evaluated over the monolayer
surfaces and minimized numerically with respect to both membrane shape and lipid director
configuration.

For the calculations presented here, the fusion site was assumed to be axially symmetric
and initially flat, and the two membranes were taken to be compositionally and mechanically
symmetric. The stalk configuration corresponds to the merger of the two proximal monolayers
while the distal monolayers remain separated. Similar to previous continuum descriptions of
membrane fusion stalks, the lipids near the stalk undergo strong tilt and splay deformations in
order to avoid hydrophobic void formation at the fusion center. In contrast to previous calculations,
where the angle between the membrane mid-planes at the stalk center was fixed to 90°, here this
angle was allowed to vary freely during the minimization procedure. This additional degree of

freedom reduced the magnitude of lipid splay in the stalk region and resulted in lower stalk elastic
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energies compared to earlier calculations with a fixed-angle constraint. The equilibrium stalk
structure and corresponding stalk formation energy were obtained by minimizing the total elastic
energy relative to the undeformed membrane state using an open-source code available at

https://github.com/GonenGolani/Fusion Solver.

Results
Hydrostatic pressure inhibits hemifusion

To characterize the effects of hydrostatic pressure on fusion, we employed a model fusion
reaction mediated by the interactions between Ca*" and phosphatidylserine (PS) lipids on opposing
membranes (31). Ca?" and PS form a 1:2 complex (32), which has been proposed to specifically
mediate membrane fusion reactions by bringing together opposing lamellae. While simplified
compared to those employing protein-mediated fusogens, the assay relies solely on lipid
components and thus prevents complications from any potential pressure effects on protein
conformations and dynamics. It also is compatible with the large sample volumes required for
high-pressure stopped flow fluorometry.

We measured calcium-mediated lipid mixing of large unilamellar vesicles (LUVs)
composed of equimolar DOPE:POPC:POPS (33:33:33). We read out lipid mixing using a FRET-
based assay with a high-pressure stopped flow system (Fig. 1B), in which two solutions are
pressurized and mixed isobarically. In our assays, vesicles labeled with 2 mol% NBD-PE and 2
mol% Rh-PE were rapidly mixed with a solution of unlabeled vesicles and 10 mM CaCl: (final
concentration)at 37°C. The increase in NBD fluorescence upon FRET dequenching reported on
lipid mixing, or hemifusion, between the two vesicle populations. Fluorescence intensities were

normalized to a fully dequenched control to determine the total percentage of fused vesicles. At
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ambient pressure (1 bar), mixing of equimolar vesicles led to rapid lipid mixing, reaching
approximately 20% lipid mixing within 75s (Fig. 1C). Increasing hydrostatic pressure
progressively reduced both the rate and extent of lipid mixing. At 250 bar, the same vesicles
reached roughly 15% lipid mixing, while at 750 bar the signal plateaued below 5%. Rate constants
extracted from first-order exponential fits decreased from 0.186 + 0.009 s™! at 1 bar to 0.047 +
0.001 s™! at 500 bar (Fig. 1D). On a semilogarithmic scale, In(k) decreased linearly with pressure,
consistent with an Arrhenius-like process. Thus, increasing pressures dramatically reduce rates of
calcium-mediated fusion.
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Figure 4.1 Hydrostatic pressure inhibits lipid mixing during calcium-mediated vesicle fusion.

(A) Schematic of the classical hemifusion pathway. Two bilayers in apposition start at a point-like
protrusion evolves into a hemifusion stalk which can be initiated by fusion proteins, the presence
of calcium, or osmotic pressure. Stalk formation is supported by the presence of negative curvature
lipids, labelled with green headgroups while bilayer-supporting lipids are labelled blue. The
hemifusion stalk is a membrane topology characterized by high negative curvature which
resembles nonbilayer Hi mesophases. (B) Schematic of high-pressure stopped-flow fluorometry
to monitor hemifusion rates at varying pressure. FRET dequenching occurs when liposomes,
labelled with 2 mol% NBD-PE and Rh-PE, fuse with unlabeled ones upon rapid mixing. Calcium
is included in the buffer of the latter. (C) Lipid mixing assay comparing the hemifusion of
liposomes with DOPE/POPC/POPS (33:33:33) in the presence of 10 mM CaCl, at 37°C under
pressures of 1-750 bar pressure. Averaged intensities are normalized to values for mixed
liposomes. Error bars indicate SEM from n=3 replicate runs. (D) Rate constants from first order
exponential fits for lipid mixing of liposomes with DOPE/POPC/POPS (33:33:33 mol%) under
pressures of 1-700 bar pressure. Rates decrease with increases in pressure in an
exponential relationship. Error bars indicate SEM from n=3 replicate runs.
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Nonbilayer lipid content buffers against pressure inhibition of hemifusion

We hypothesized that the strong inhibition of hemifusion by pressure could result from its
effect on lipid intrinsic curvature (co). To examine how lipid composition modulates the pressure
sensitivity of fusion, we measured lipid mixing kinetics at two additional DOPE:POPC:POPS
ratios: 44:23:32 (high PE) and 23:44:32 (low PE), alongside the equimolar composition, across
pressures from 1 to 1000 bar (Fig. 2A). Because DOPE has a strongly negative co while POPC is
approximately cylindrical, increasing the PE:PC ratio makes the mean membrane curvature more
negative, which is expected to lower the hemifusion barrier. Consistent with this hypothesis, higher
PE content increased fusion rates and capacity across all pressures. At ambient pressure, the high
PE vesicles showed fast lipid mixing approaching 60% hemifusion, while the low PE vesicles
plateaued at roughly 20%. At elevated pressure, the high PE composition maintained efficient lipid
mixing even at 1000 bar, whereas the low PE composition showed near-complete inhibition of
fusion by 750 bar. The equimolar composition showed intermediate behavior. Rate constants from
first-order exponential fits (Fig. 2B) spanned nearly two orders of magnitude across compositions
and pressures, from 0.72 s™! (high PE, 1 bar) to 0.006 s! (low PE, 750 bar). On a semilogarithmic
scale, In(k) decreased linearly with pressure at each composition, with similar slopes across the
three PE:PC ratios, suggesting that the effect of pressure on the hemifusion barrier is comparable
regardless of starting composition. These results indicate that PE content effectively buffers the

membrane against pressure induced inhibition.
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Figure 4.2 Increasing pressure inhibits vesicle hemifusion stalk formation.

(A) Lipid mixing assay of liposomes with different DOPE:POPC:POPS ratios at 1-1000 bar
pressure and 37°C. High PE (44:23:32 mol% DOPE:POPC:POPS) results in increased lipid
mixing rates and capacity, while low PE (23:44:32 mol% DOPE:POPC:POPS) results in inhibited
lipid mixing failing by 750 bar pressure. Equimolar (33:23:33 mol% DOPE:POPC:POPS)
mixtures showed intermediate lipid mixing to the high and low PE compositions. Averaged
intensities are normalized to values for mixed liposomes. Error bars indicate SEM from n=3
replicate runs. (B) Rate constants from first order exponential fits for lipid mixing of liposomes
with 44:23:32 mol%, 33:33:33 mol%, or 23:44:32 mol% DOPE/POPC/POPS under pressures of
1-500 bar pressure. Error bars indicate SEM from n=3 replicate runs.
Hydrostatic pressure reduces phospholipid intrinsic curvature

To quantitatively assess the role of co in measured hemifusion rates, we performed
HPSAXS on hydrated lipid films of DOPE, POPC, and POPS (the latter two hosted at 20 mol%
in 80 mol% DOPE) at 35°C across pressures from 1 to 800 bar (Fig. 3A). In each case, the lipids
adopted the Hi phase, and the spontaneous curvature was extracted from the first-order Bragg peak
position. Addition of POPC or POPS to the DOPE host system shifted the first-order peak to lower
q values (Fig. 3B), reflecting their less negative curvature contributions that increase the Hy lattice
spacing. With increasing pressure, the first-order peak of all samples shifted progressively to lower
q, indicating a decrease in the magnitude of negative curvature (Fig. 3C).

Quantification of co across the pressure range revealed that all three lipid species became

less negatively curved with increasing pressure (Fig. 2D). DOPE maintained strongly negative
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curvature throughout, decreasing from —0.0385 A™! at 1 bar to —0.0366 A™! at 800 bar. POPC
shifted from —0.0075 A™! toward near-zero values with a cylindrical geometry. POPS exhibited a
positive co that increased further under pressure, moving from 0.0043 A~! at 1 bar to 0.0079 A

at 800 bar. All three lipids showed linear pressure dependencies with similar slopes (dco/dP).
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Figure 4.3 Hydrostatic pressure increases phospholipid intrinsic curvature.

(A) A schematic of an X-ray scattering setup where the scattering pattern on the detector can be
used to determine the structural properties of lipid phases, including spontaneous curvature (co),
from their corresponding scattering intensity profiles. Hydrostatic pressure can be applied to
hydrated lipid films in a specialized sample cell to study the effects of pressure on lipids. (B) Bragg
peak profiles of DOPE or 20 mol% POPS or POPC hosted in 80 mol% and 12% w/w tricosene.
The g-spacing of the peaks reflect the inverted hexagonal phase (Hi) and the position of the first
order peak is related to the lattice d-spacing and total spontaneous curvature. Addition of POPS
and POPS results in leftward shifting of the first order peak in g-space. (C) Bragg peak profiles of
DOPE under 1-800 bar hydrostatic pressure. As pressure increases, the first order peak of the Hi
phase shifts leftward in g-space, representing a decrease in negative curvature. (D) Spontaneous
curvature values of co for DOPE, POPC, and POPS measured by HPSAXS across 1-800 bar
hydrostatic pressure at 35°C. As pressure increases, lipid negative curvature decreases by a similar
slope in all 3 lipid classes.
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Lipid intrinsic curvature predicts hemifusion rates across variations in PE/PC and pressure

The above results suggest that both pressure and PE content affect fusion through their
common influence on lipid intrinsic curvature. To test this directly, we calculated the corrected
mean spontaneous curvature Co for each of the 12 experimental conditions (3 compositions x 4
pressures) using the independently measured phospholipid curvatures at different pressures with
HPSAXS (Fig. 1D). The mean curvature, Co, was computed as a weighted sum of the mole fraction
and pressure-corrected spontaneous curvature of each lipid species. The resulting mean curvatures
ranged from —0.0175 A™! (high PE at 1 bar) to —0.0060 A~! (low PE at 750 bar) (Fig. 4A). When
rate constants from all 12 conditions were plotted against the corrected mean spontaneous
curvature, the data collapsed in a semilogarithmic plot of In(k) versus Co spanning nearly two
orders of magnitude in rate with a linear relationship (Fig. 4B). Data points from different
compositions and different pressures fell along the same relationship, indicating that mean intrinsic
curvature governs the hemifusion rate regardless of whether it was varied by changing the PE:PC
ratio or by applying hydrostatic pressure.

This relationship reflects changes in co due to pressure alone with negligible change in
elastic moduli. However, the collapse of all data onto a single linear relationship provides
experimental evidence for the linear dependence of the hemifusion barrier energy on lipid intrinsic

curvature predicted by the stalk hypothesis.
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Figure 4.4 Hemifusion rate has an exponential dependence on mean lipid intrinsic curvature
of liposome mixtures.

(A) Estimations of mean lipid intrinsic curvatures for 44:23:32 mol%, 33:33:33 mol%, or 23:44:32
mol% DOPE/POPC/POPS liposome compositions across 1-800 bar pressure. Mean curvature is
calculated as a weighted sum of products of the mol% lipid and its co measured over a range of
pressures by HPSAXS. SEM for the fit is shown in grey. (B) The effect of corrected mean
curvature on lipid mixing rate from 44:23:32 mol%, 33:33:33 mol%, or 23:44:32 mol%
DOPE/POPC/POPS liposome compositions under 1-750 bar pressure shown on semilog axes.
Error bars indicate SEM from n=3 replicate runs.
Quantifying the curvature-energy relationship for hemifusion

To understand the relationship between curvature and hemifusion rate in energetic terms,
we applied Kramers' rate principle, which states that the rate of crossing an energy barrier
decreases exponentially with the height of that barrier. By this principle, the ratio of hemifusion

rates at two different curvature conditions reports the change in barrier energy between them,

without requiring knowledge of the barrier height or the molecular attempt frequency. The energy

167



of the hemifusion stalk can be described using the tilt-splay elastic model (7, 33), which expresses

the monolayer energy density as:

fin =Y Ksm(Aa/ao)? + Y5 km(V-n)[(V-1) — 280] + KK + V5 i

where the terms represent area stretch, lipid splay, saddle splay, and lipid tilt, respectively. Here,
the first term is the energetic cost of stretching or compressing the area per lipid (Ksm). The second
term is the cost of splaying lipid directors away from the monolayer's preferred curvature co,
governed by the bending rigidity km. The third term accounts for Gaussian curvature deformations
through the saddle-splay modulus Kn. The fourth term penalizes tilting of lipid molecules relative
to the membrane normal, with tilt modulus . The overall stalk formation energy is obtained by
integrating this energy density over both monolayers of the stalk geometry and subtracting the
energy of the pre-fusion planar bilayers: Esiaix = min[Em] — Epre. The change in fusion time, t1/7o,
is proportional to the energy and change in Co. The lipid intrinsic curvature co appears only in the
splay term, when the barrier energy is evaluated at two different values of co, all terms except the

splay cross-term V-n cancel, and the change in barrier energy simplifies to (8):

ABbarrier = kaT * In(t1/10) = —A&o [km(V 1) dA

The slope of AEparier versus Aco, in units of kT-nm, quantifies the sensitivity of the fusion

barrier to lipid curvature and is predicted to be a property of the transition-state geometry,

independent of the starting curvature itself (8).
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Converting our measured rate constant ratios into barrier energy changes AE and plotting
against ACo (Fig. 5), the energy barrier for hemifusion increased across the full range of curvatures
sampled. The pooled slope corresponds to a relationship between curvature and hemifusion energy
of 32.6 = 2.4 kT-nm. Between compositions, which separate pressure induced changes in co from
confounding variations in elastic moduli, slopes ranged from 20.8 kT-nm to 31.5 kT-nm. The
smaller values corresponded to the low-PE mixtures, suggesting a modest effect of lipid

composition on stalk energy independent of co.

A B
5| ©44:23:32 PEPCPS
W 33:33:33 PE-PC:PS sy
20l 4234432 PEPCPS o 4.
s >
o 15 Y - ~
g //If - ';m
< <
< 1.0 e e * LIQJ 24
x
05 s
27
00{ & 0
0.000 0.025 0.050 0.075 0.00 0.05 0.10 015
A, (nm) AGC, (nm)

Figure 4.5 Extrapolation of stalk activation energies.

(A) Change 1n the stalk energy barrier with change in mean intrinsic curvature for 44:23:32 mol%,
33:33:33 mol%, or 23:44:32 mol% DOPE/POPC/POPS liposome compositions. Error bars
indicate SEM from n=3 replicates. (B) Pooled change in the stalk energy barrier with change in
mean intrinsic curvature for 44:23:32 mol%, 33:33:33 mol%, or 23:44:32 mol%
DOPE/POPC/POPS liposome compositions. Change in Acy is calculated using high PE, 1 bar as a
reference. Error bars indicate SEM from n=3 replicates.

Discussion
The linear relationship between lipid intrinsic curvature and hemifusion stalk formation

energy has been a central prediction of the stalk hypothesis, yet has not previously been tested in
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a system where ¢y is varied independently of lipid chemistry. By combining hydrostatic pressure
with independent HPSAXS calibration of each lipid species, we isolated co as a single variable and
found that all 12 experimental conditions, spanning three lipid compositions and four pressures,
collapse onto a single linear In(k) versus Co relationship (Fig. 4C). The corrected mean spontaneous
curvature appears to be the primary variable governing the hemifusion rate regardless of whether
it was varied by changing the PE:PC ratio or by applying pressure. To our knowledge, this
represents the first experimental evidence of a linear relation between lipid intrinsic curvature and
the hemifusion stalk formation energy, offering direct support for the stalk hypothesis.

The curvature-energy coupling slope we measure, 20-30 kT-nm from composition fits, is
5-10 fold lower than predictions from continuum elastic theory (200400 kT-nm) (7, 8, 10), self-
consistent field theory (~300 kT-nm) (10), and values inferred from coarse-grained molecular
dynamics simulations (~200-300 kT-nm) (11). Notably, our pressure-derived slope falls at the
upper end of the range reported from previous measurements, including ~25 kT-nm from SNARE-
mediated fusion assays varying cholesterol (12), ~10 kT-nm from hemagglutinin-mediated fusion
with cholesterol depletion (13), and ~6—20 kT -nm from single-vesicle optical tweezers hemifusion
measurements using cholesterol and LPC perturbations (14). The convergence of measurements
from independent systems, spanning protein-free, SNARE-mediated, and HA-mediated fusion
across different experimental platforms, suggests that the curvature-energy coupling is in the range
of 10-30 kT-nm, well below theoretical predictions.

The measured slope provides quantitative insight for understanding how lipid composition
tunes fusion kinetics in living cells. Eukaryotic membranes maintain approximately 30-40%
negatively curved lipids including PE, cardiolipin, and DAG, positioning the average membrane

curvature in a narrow window of ¢o = —0.05 to —0.15 nm ™! (6, 34). At a slope of ~32 kT-nm,
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shifting co by 0.01 nm™!, equivalent to replacing roughly 5-10 mol% PC with PE, would alter the
fusion rate by approximately 1.5-fold. These effects are biologically meaningful, particularly in
contexts where fusion is precisely timed such as synaptic exocytosis, yet moderate enough to
buffer against stochastic lipid composition fluctuations. Cells appear to exploit this sensitivity
through enzymatic pathways that locally remodel lipid curvature at sites of membrane trafficking,
including phospholipase D generating phosphatidic acid (PA) at exocytic sites (35), diacylglycerol
(DAG) kinases interconverting DAG and PA (36), and PE methyltransferases converting PE to PC
(37). The localization of these enzymes to membranes where fusion or fission occurs suggests that
local curvature remodeling serves to tune the kinetic competence of membranes for topological
rearrangement. Studies have shown that mammalian cells actively maintain intrinsic curvature
stress on the lipidome level (24, 38), analogous to homeoviscous adaptation for membrane fluidity
(39).

Our results also provide direct evidence that hydrostatic pressure inhibits membrane
hemifusion through its effect on lipid intrinsic curvature, connecting in vitro biophysics to
emerging observations of pressure adaptation in living organisms. Deep-sea ctenophores increase
their abundance of plasmalogen PE, a lipid with strongly negative co, in proportion to their habitat
depth (23), and yeast with reduced PE/PC ratios show impaired viability at elevated pressure
independently of membrane fluidity (24). In both cases, high pressure was found to diminish the
accessibility of nonlamellar lipid phases, and this was reasoned to compromise membrane fusion
and cellular fitness. Our data provide the mechanistic basis for these observations by showing that
the pressure induced shift in co slows hemifusion stalk formation. The approximately 10-fold
reduction in rate constant across 750 bar of pressure at equimolar PE:PC:PS composition (Fig.

2D), and the ability of elevated PE content to buffer against this inhibition (Fig. 3), are consistent
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with the organismal strategies observed in pressure-adapted species. These findings suggest that
the evolutionary pressure to maintain negatively curved lipids in biological membranes may reflect
a requirement to keep the hemifusion barrier within a range accessible to the cell’s fusion
machinery.

In summary, by exploiting the unique ability of hydrostatic pressure to tune lipid intrinsic
curvature without significantly altering elastic moduli or lipid chemistry, we have provided
experimental support for the predicted linear relationship between co and the hemifusion stalk
formation energy. The collapse of data from multiple compositions and pressures onto a single
master curve suggests that the corrected mean spontaneous curvature is the dominant
thermodynamic variable controlling hemifusion rate in this system. The measured slope 20-30
kT-nm, supports qualitative predictions of the stalk hypothesis, but emphasizes a persistent
quantitative discrepancy with continuum elastic theory that reflects features of the fusion transition
state not captured by theoretical models. More broadly, the approach demonstrated here, utilizing
hydrostatic pressure to manipulate lipid geometry, provides a general strategy for dissecting the

individual contributions of biophysical properties to membrane remodeling processes.
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