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ABSTRACT
Lipid bilayers are essential for all forms of life and are comprised of hundreds of
structurally distinct lipids. One of the most important lipid bilayers in nature is the
plasma membrane (PM) that forms the external barrier of all living cells. Given the vast
diversity of lipid types and structures, a major challenge in membrane biophysics is
determining how specific lipid classes contribute to physical properties of the PM. One
understudied class of phospholipids consists of lipids where both chains are saturated but
differ in the number of carbons. These mixed chain lipids are thought to alter midplane
interactions as compared to their symmetric counterparts. Here, we developed novel
methodologies to investigate the fundamental biophysical properties of mixed chain
lipids both in vitro and in silico. All-atom molecular dynamics simulations were used to
explore the effect of acyl chain mismatch on bilayer properties at an atomic scale.
Complementary experimental techniques including FRET, confocal fluorescence
microscopy, and cryogenic electron microscopy were used to examine model membrane
systems exhibiting phase separation. Simulations reveal that chain mismatch and glycerol
backbone positioning significantly influence bilayer properties such as bending modulus,
interdigitation, and acyl chain backbending. The application of a phenomenological
model for FRET data enabled precise determination of the miscibility transition
temperature and phase behavior of mixed chain lipid systems composed of a high-melting
lipid, low melting lipid and cholesterol. Complementary experimental findings further
demonstrated that the positional transposition of acyl chains on the glycerol backbone
significantly impacts lateral lipid organization in the membrane and other bilayer
properties. These findings and methods enhanced our understanding of membrane
biophysics, establishing a strong foundation for future studies on the structure, dynamics,

and function of complex biomembranes.
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FigureA5.2) Full field-of-view cryo-EM images of ternary liposomes. The first row is an
overlay with thicknesses determined from the 1(w) profiles. The bottom row is the
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CHAPTER ONE
BACKGROUND AND INTRODUCTION



A portion of Section 1.4.4 and a version of Section 1.4.4 and 1.4.5 were originally
published as written below and is reused under the Creative Commons Attribution 4.0
license.

Emily H. Chaisson, Frederick A. Heberle, Milka Doktorova "Building asymmetric lipid
bilayers for molecular dynamics simulations: What methods exist and how to choose one?"
Membranes 2023, 13(7), 629

This section is from a review of “How to build compositionally asymmetric bilayers for
molecular dynamic simulations and how to choose the proper method”. The preparation of
the review was completed by Frederick A. Heberle, Milka Doktorova, and Emily H.

Chaisson.



1.1 Motivation

Lipid bilayers are crucial semi-permeable membranes found in numerous biological
contexts. These membranes are essential for the viability of both eukaryotes and
prokaryotes. Arguably, the most vital membrane for both domains is the plasma
membrane (PM). The PM is the specific membrane that encapsulates the cytoplasm. In
eukaryotes, the PM serves as a cell's first line of defense against the external environment
and plays a vital role in many biological processes.! One reason for the PM's high
functionality is its complexity. The PM is comprised of hundreds of structurally distinct
lipids and thousands of different proteins.? As the PM is primarily composed of
phospholipids®, understanding lipid-lipid interactions is crucial for deciphering its
complexity.

To begin, comprehending the fundamental biophysical properties of specific lipid
subclasses provides a foundation for more complex studies, such as membrane
asymmetry, protein function, and even drug delivery. One subclass of lipids hypothesized
to affect bilayer properties consists of lipids in which the number of carbons in one acyl
chain differs from that in the other, or mixed-chain lipids (MCL).*® In some cases, this
difference can be substantial, as seen in particular In some cases, this difference can be
substantial, as seen in particular sphingomyelins (SMs), where the sphingosine backbone
typically contains 18 carbon atoms, and the N-acyl chain can vary from as short as 14 to
as long as 40 carbons — leading to a carbon number difference of up to 26 between
different SM species.” Conversely, in other cases, the difference can be as minimal as one
carbon. Even when the number of carbons in both chains is the same, the lipid's backbone
tilt can result in a chain length mismatch. This mismatch is thought to impact bilayer
properties by altering the midplane interactions between the bilayer's two leaflets.* °
Since most biologically occurring lipids demonstrate a chain mismatch, elucidating the
dynamics of a simplified model focused solely on acyl chain interactions will enhance

our understanding of the highly complex PM.



1.2 Structural Basis of Membrane Heterogeneity
1.2.1 Lipid and Membrane Structure

Eukaryotic and prokaryotic cells both have a rich diversity of lipids, among which
phospholipids are the most abundant.® Phospholipids consist of a polar headgroup (which
includes a phosphate and a variable functional group that may carry a positive, negative,
or neutral charge), a glycerol backbone, and hydrophobic acyl chains. The different
headgroups vary in size, contributing to the distinct preferred molecular shapes seen in
Figure 1.1. For example, smaller headgroups (i.e., phosphatidic acid, PA,
phosphatidylserine, PS, and phosphatidylethanolamine, PE) prefer conical shapes, while
larger headgroups (i.e., phosphoinositide, PI) prefer an inverted conical shape. Some
lipids prefer cylindrical shapes (i.e., phosphatidylcholine, PC). Phospholipids are
amphipathic molecules that usually contain a polar headgroup and two fatty acid tails,
although some variants, such as lysophospholipids and cardiolipin, differ in tail number
and structure. These tails can either be saturated (no double bonds) or unsaturated (at
least one, typically cis, double bond). Because of their amphipathicity, most membrane
phospholipids spontaneously form bilayers in aqueous environments, with their
hydrophobic tails sandwiched between the hydrophilic headgroups. The specific
molecular shape of each lipid, dictated by the relative size of its headgroup and tails,
influences how these molecules pack together within membranes, ultimately determining
bilayer structure.

Sterol lipids like cholesterol interact with phospholipid membranes to influence
molecular packing and membrane remodeling.®1! Cholesterol is insoluble in water and
readily incorporates itself into a lipid bilayer. Adding cholesterol to a membrane affects
its packing density, alters fluidity, and decreases the area per lipid (APL) through the
umbrella effect.*>14 In this scenario, the bilayer must maintain a loose enough structure to
allow cholesterol to enter while being held together by electrostatic interactions. These
dynamic properties enable the membrane to function as a two-dimensional fluid,

facilitating molecular diffusion both through and within the membrane.® As a lipid
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Figure 1.1) Phospholipid structure and molecular shape. (a) Chemical structure of a
representative phospholipid containing one saturated and one unsaturated acyl tail.
The organic substituent group (X) attached to the phosphate determines the
headgroup identity. (b) Based on the size and shape of the headgroup and tails,
phospholipids adopt one of three general molecular shapes: cylindrical (top), conical
(middle), or inverted conical (bottom).



bilayer, the PM is highly advantageous due to its semi-permeable nature, which aids in
molecular diffusion.
1.2.2 Lateral Lipid Heterogeneity and the Lipid Raft Hypothesis

Cell membranes have been hypothesized to be composed of lipids since the late
1800s, first proposed by Ernest Overton.'® Since then, there has been a steady
development of theories and experiments revealing how the PM can serve as such a vital
barrier. In the early 1900s, several research groups demonstrated that the PM was not
composed of only one specific lipid, but rather a variety of lipids—including PE, PI, and
sphingolipids, along with some critical physical properties, such as deformability.16-8
The growing recognition of lipid diversity and membrane adaptability encouraged the
development of models that integrate both compositional complexity and dynamics, as
shown experimentally. In 1972, Singer and Nicolson proposed the fluid mosaic model
(FMM) to describe the overall organization of proteins and lipid types in biological
membranes.'® The FMM hypothesized that the PM is a complex and fluid lipid bilayer
with proteins embedded throughout.*®

Because the PM can be conceptualized as a two-dimensional fluid, regular
solution theory can be applied.? Hildebrand's principle states that in a mixture of two
distinct species, A and B, the interactions between A and B (i.e., A-B) are generally less
favorable than self-interactions (i.e., A-A and B-B).?!' 22 These unfavorable interactions
can lead to non-ideal mixing of A and B. In the context of lipid bilayers, this non-ideal
mixing was termed raft formation, which led to the Lipid Raft Hypothesis by Simons and
Ikonen in 1997.22 When considering Hildebrand's principle, it becomes clear that in a
mixture of hundreds of chemically distinct molecules, it is almost certain that similar
species will co-localize. In lipids, this can lead to first-order phase separation that results
in the segregation of lipids with highly unfavorable pairwise interactions (for example
saturated, ordered lipids from unsaturated, disordered lipids). (Figure 1.2)

The "lipid rafts™ Simons initially described were the ordered regions of the
membrane enriched in SM and cholesterol. These areas suggest that rigid, ordered areas

of the membrane, primarily composed of cholesterol and SM, are "floating in a sea™ of
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Figure 1.2) Lipid membrane phases. The Ld phase (left) forms when lipids are
above their melting temperature. Sterols increase acyl chain order, leading to the
Lo phase. Below the melting temperature, lipids form the L phase, which becomes
more fluid with the addition of sterol by disrupting chain packing. This figure is
adapted from [38] with the terms of a CC-BY-4.0 license.



disordered lipids. (Figure 1.3) These rigid rafts are thought to possess distinct behavior
and structure compared to membrane regions, such as being thicker and having increased
packing density.?-" Due to their rigidity and density, it is thought that these rafts are
ideal locations for cell signaling, protein and membrane sorting and trafficking, and viral
entry and exit.? 26.28

1.3 The PM Is Asymmetric

1.3.1 The PM Has Lateral Heterogeneity

Lipid bilayers can exhibit multiple phases depending on lipid composition, temperature,
and cholesterol concentration.? 293" In model membranes, unsaturated lipids generally
form a thin, highly diffusive fluid phase due to acyl chains that exhibit a high degree of
disorder, which is referred to as the liquid-disordered (Ld) phase.” *¥4! In contrast,
saturated lipids below their melting point (Twm) tend to form a gel phase (L), which is
tightly packed, thicker and has low diffusivity.*> The presence of cholesterol, which
preferentially associates with saturated lipids, transforms the L phase into the liquid-
ordered (Lo) phase.”* The Lo phase, like the L phase is thick and less diffusive when
compared to the Ld phase.?” #4344 (Figure 1.3) While these phase behaviors are most
clearly defined in simplified model membranes, they provide a useful framework for
interpreting lateral heterogeneity in biological membranes. The Lo phase is thought to
closely mimic raft-like regions of the plasma membrane, which are enriched in
cholesterol and saturated lipids, while the Ld phase resembles the more fluid, non-raft
regions composed primarily of unsaturated lipids.*®* A more detailed discussion of model
membrane systems and phase behavior is provided in Section 1.5.

The lipid raft hypothesis proposes that the PM exhibits chemically distinct regions
with distinctive properties. These properties differentiate more ordered, raft-like regions
from the surrounding, more fluid non-raft areas. Raft-like regions are more ordered and
rigid, whereas non-raft regions are relatively disordered and more fluid.*® In living cells,
these domains are generally nanoscopic in size 4 *¢ Although some skepticism persists in
the scientific community due to challenges in directly visualizing lipid rafts*®*°, lateral

heterogeneity has been seen in simulations®!, model membranes® 334 355255 'and even
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Figure 1.3) Schematic of lipid raft structure. Lipid rafts are rigid domains and
enriched in saturated lipids, sphingomyelin and cholesterol. These regions are
more ordered and rigid compared to the surrounding non-raft (liquid-
disordered) regions, which are enriched in unsaturated phospholipids, contain
lower levels of cholesterol, and are typically thinner than the raft domains. This
figure has been adapted from [46] under the terms of the Creative Commons
Attribution (CC BY 4.0) license



isolated PMs®°. These findings suggest that, despite visualization challenges, lateral
heterogeneity is biologically significant, particularly in processes such as membrane
trafficking and signal transduction.*®
1.3.2 The PM Leaflets Differ in Composition

The two leaflets of the PM differ in lipid composition, and this asymmetry is
crucial for cell survival.? 5" °8 This leaflet asymmetry defies entropy and must be actively
maintained. The cell requires significant amounts of energy, using enzymes to keep the
lipids in place against their concentration gradients, aided by proteins such as flippases
and floppases.®® ¢ This compositional asymmetry, while energetically costly, is essential
for cell viability and function.®* One study found that loss of membrane asymmetry can
lead to cell death®, which is relevant in the context of apoptotic signaling and immune
clearance, where scramblase activation, scrambles PS lipids which primarily reside in the
inner leaflet and marks the cell for phagocytosis.®? &3

Recent research has shown that headgroup charges are not the only structural
differences between the lipid compositions of the two leaflets.? The inner (cytoplasmic)
leaflet contains a significantly higher amount of charged lipids, while the outer
(exoplasmic) leaflet is predominantly composed of uncharged or zwitterionic lipids.
Additionally, the degree of unsaturation in the lipids also varies as shown in Figure 1.4.2
Lorent et al. conducted a detailed lipidomic study revealing that lipids in the outer leaflet
are more likely to have two or fewer double bonds in their acyl chains, while those in the
inner leaflet usually have two or more double bonds in their acyl chains.? SM in the outer
leaflet primarily has one or fewer double bonds in their acyl chains, suggesting even
higher packing with cholesterol.? %8 Determining the placement of cholesterol in the PM
is challenging due to the rapid rate of flip-flop it can undergo.®* Between 60% and 80%
of total cholesterol resides in the PM, and of that, almost 50% of the PM’s lipidome is

cholesterol 5567
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Figure 1.4) The outer leaflet of the PM is more saturated than the inner leaflet.
The outer leaflet is enriched in PC and SM, which contain predominantly
saturated acyl chains. In contrast, the inner leaflet is composed mainly of
charged, unsaturated lipids, resulting in a marked asymmetry in lipid saturation
across the bilayer. This figure is reused from [4] with permission from Springer.
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1.3.3 The PM Has Lipid Number Asymmetry

It has long been established that the outer and inner leaflets of red blood cells
(RBCs) possess distinctly different lipidomes.®® These varying lipids have unique
molecular shapes, indicating differing preferred curvature and packing between the two
leaflets.®® " Moreover, it has been hypothesized that cholesterol primarily resides in the
outer leaflet due to its strong affinity for saturated phospholipids and SM.” Given the
preferred molecular geometries and ideal APL for specific lipids, having an equal number
of lipids in both leaflets may create a non-zero leaflet tension, known as differential stress
which will be described later in Section 1.3.4, as a lipid may be compelled to assume a
less-than-ideal shape or APL.%% 7

Doktorova et al. examined the location of cholesterol in lipid bilayers both in vivo

and in vitro, finding that the majority of membrane cholesterol (~77%) resides in the
outer leaflet.%® This cholesterol imbalance arises because the cell needed to alleviate the
differential stress that occurs since the outer leaflet contains significantly fewer
phospholipids than the inner leaflet, as seen in Figure 1.5. This difference in the number
of phospholipids introduces unique functionality into the membrane, such as increased
permeability and resting tension in the cytosolic leaflet, which may aid in protein
localization.>® This cholesterol and phospholipid imbalance is another significant
contributor to the diversity and robustness of the PM as a protective barrier for cells.
1.4 Molecular Dynamics (MD) Simulations to Study Model Membranes
1.4.1 MD Simulations Are Advantageous in Membrane Studies

MD simulations are incredibly powerful tools that offer insights into length and
timescales that might be difficult to obtain through experiments. Since their inception in
1957, improvements in computational power and the development of force fields have
significantly enhanced the effectiveness and complexity of MD simulations. For instance,
all-atom MD (AA-MD) simulations represent every atom in a molecule, allowing
researchers to track the movement of individual atoms or molecules over time. (Figure
1.6). This tracking enables the extraction of various properties such as velocities,

positions, and dynamic behavior, all based on Newton’s equations of motion.
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Figure 1.5) The leaflets of the RBC PM have a lipid imbalance. (a) Lipidomic
analysis shows that the outer leaflet is enriched in PC and SM, but overall
contains significantly fewer lipids compared to the inner leaflet. (b)
Quantitatively, the outer leaflet has nearly half the total phospholipid content of
the inner leaflet. This figure is reused from [60] with permission from Springer.



Cooke Model Martini CG All-atom
(3 beads) (4:1 mapping, 12 beads) (130 atoms)

Figure 1.6) Structures of a DPPC molecule in the Cooke model, Martini CG
model, and AA representation. (Left) In the Cooke model, a lipid is represented
by three beads: one headgroup bead (green) and two tail beads (pink). (Middle)
In the Martini CG model, multiple atoms are mapped to a single bead. For
DPPC, a 4:1 mapping scheme results in 12 beads. (Right) In the AA model, each
atom in the DPPC molecule is explicitly represented, totaling 130 atoms.



functions. These interactions include both strong, bound interactions (i.e., bond stretching
and torsions) and weaker, unbound interactions such as van der Waals forces and
electrostatic interactions. This comprehensive methodology facilitates an in-depth
analysis of atomic-scale interactions, including phenomena like single lipid dynamics™
74 and hydrogen bonding in lipids.”

MD simulations have significantly advanced biological research, specifically by
validating experimental results and uncovering biophysical characteristics. However,
challenges arise in certain scenarios, such as phase separation, where the timescale and
size of the system may not be accurately depicted in AA-MD simulations, even though
they can extend to the microsecond timescale and average between 20,000 and 100,000
atoms.” In more complex biological systems, the size of the bilayer must be considerably
larger to accurately represent bilayer or protein behavior. This increase in size can make
simulations computationally expensive if every atom is modeled. To address this issue, a
coarse-grained (CG) approach can be employed, which simplifies the representation by
grouping atoms (usually 2 to 4) into a single bead. (Figure 1.6) This reduction in
molecular complexity enables longer timescales, facilitating the study of compositionally
asymmetric membranes and increasing the likelihood of adaptability to complex systems,
such as compositionally asymmetric bilayers with induced differential stress.”® Along
with this reduction, comes certain compromises. CG simulations lack detailed local
information and, as a result, are less likely to accurately capture the thermodynamic,
structural, and dynamic properties of the system compared to AA-MD simulations.”’

Applications of machine learning and artificial intelligence have introduced new
opportunities for combining the speed of CG simulations with the detail of AA-MD."®
The initial simulations are done in CG resolution, and when of interest, the portion of the
simulation is then translated into increased AA-MD detail by a process called
“backmapping”.’”® " This approach enables researchers to efficiently explore large
timescales and system sizes while still recovering atomistic resolution, offering
significant advancements in multiscale biomolecular simulations.”

Basic biophysical principles also need to be explained or theorized to align with
experimental observations. In some cases, an even more highly simplified model can be
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useful for initial studies on biophysical phenomena. Cooke and Deserno developed a
simplified MD model known as the Cooke model®, which omits explicit water, uses
simplified interactions, and represents a lipid as three beads. (Figure 1.6) Despite
itssimplicity, this model successfully captures spontaneous bilayer formation, vesicle
dynamics, and membrane remodeling.! This approach has proven to be particularly
impactful for investigating various bilayer phases that may exist in energetic membranes,
such as those found in mitochondria and thylakoid membranes.®! Ultimately, MD
simulations like these provide valuable insights into the fundamental aspects of
membrane biophysics.
1.4.2 Building Bilayers and Modifying Lipid Structures from CHARMM-GUI

There are multiple ways to generate symmetric bilayer structures for MD
simulations, the most common being CHARMM-GUI%? and INSANE.py (INSert
membrANE)® membrane builders. These methods are easy and user-friendly, including
bilayer equilibration protocols. CHARMM-GUI is a web-based tool that allows users to
construct biological systems for simulation, including simple membranes, all the way to
complex membrane systems, including those with embedded proteins. Furthermore,
CHARMM-GUI allows the user to set the boundary conditions including periodic
boundary conditions (PBCs). PBCs implement a mathematical technique that mimics
infinite box dimensions where the box is replicated in all directions (Figure 1.7a).
The standard PBCs used in lipid bilayer simulations are referred to as P1 boundary
conditions and are depicted in (Figure 1.7a). This treatment approximates an infinite
membrane where lipids diffuse freely within the lateral plane of their respective leaflets.
Transverse lipid diffusion (i.e., flip-flop) can occur spontaneously but is typically a rare
event on the current timescales of atomistic simulations, consistent with experimental
studies that report slow flip-flop rates (cholesterol is a notable exception)®. In contrast, a
different type of PBCs referred to as P2; boundary conditions, allows lipids to readily
exchange between leaflets as when they exit the unit cell from one side, they reappear not
only on a different side but also on the opposite leaflet (Figure 1.7).8° The P2; PBCs are
currently implemented only in the CHARMM software® and allow for a specialized
construction and simulation of asymmetric bilayers as discussed below in Section 1.4.5.
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Figure 1.7) Different periodic boundary conditions (PBCs) used in bilayer
simulations. (a) Standard P1 PBCs commonly used in MD simulations of lipid
bilayers. When a lipid exits the unit box from one side it reappears on the
opposite side in the same leaflet, prohibiting free exchange of lipids between
leaflets. (b) Modified P21 PBCs where the primary simulation cell is rotated and
translated to allow free passage of lipids between leaflets. When a lipid exits the
unit box from one side it reappears in the opposite leaflet via an orthogonal face
allowing sampling of both leaflet environments. Schematics on the left in (A,B)
were adapted with permission from [85] and illustrate the lipid headgroups on
the two leaflets. This figure is used from [91] under the terms of the Creative
Commons Attribution 4.0 license.
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The catalog of lipids readily available on CHARMM-GUI is not comprehensive
and does not cover the entire lipidome of every species. Some lipids, including the ever-
growing class of synthetic lipids, must be created from scratch or modified from other
lipids, as testing and parameterizing them takes time. For instance, specific mixed-chain
lipids were not readily available and were created for studies conducted between 20218
8 and 2025* by modifying lipid structures from CHARMM-GUI built membranes. An
example of a Tcl script to modify saturated chain symmetric lipids into saturated chain
asymmetric lipids can be found in section Appendix 1.1.

1.4.3 Calculating the Lateral Pressure Profile for Lipid Bilayers

Because lipids are amphiphilic molecules, they spontaneously self-assemble into
bilayers in aqueous environments. It is well-known that when species that are repulsive are
pushed together, the pressure within the system increases. In the case of a lipid bilayer, the
hydrophobic head groups are compressed. An individual lipid experiences compressive
forces from neighboring lipids, which it also pushes against, while trying to shield its
hydrophobic tails from the solvent.®® As a result, these hydrophobic tails can experience
some tension due to being confined between the hydrophilic head groups.

In symmetric bilayers, lipids arrange themselves in a way that minimizes the
overall free energy of the system, resulting in no net tension in the plane of the bilayer.
This means that the tension in each of the two monolayers is equal and opposite,
effectively leading to zero net lateral tension in the bilayer.®® Furthermore, in the absence
of external forces, this balance extends even further: each individual leaflet in a
symmetric bilayer is predicted to have zero tension, maintaining mechanical equilibrium
across the membrane.®® °* However, there are still repulsive pressure components acting
between the lipids, along with an overall net hydrophobic tension that encourages the
lipids to segregate from the solvent. The amphipathic nature of lipid molecules results in
these pressure components being inhomogeneously distributed throughout the bilayer.®?

Certain molecules, such as proteins, may rely on the lateral pressure of lipid
bilayers for their stability and functioning.8® 92 % Determining the pressure contributions
within bilayers is challenging and only a few successful measurements have been
reported.®* Therefore, MD simulations serve as a useful tool for determining the lateral
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pressure profile of a lipid bilayer. In NAMD®, there is a built in algorithm designed to
calculate the lateral pressure profile of a bilayer. The pressure is determined using an
algorithm initially developed by Lindahl and Edholm® with modifications from Sonne et
al.%” that include a method for handling long-range electrostatic interactions (Ewald
sums) in systems with PBCs. NAMD first divides the simulation box into slabs normal to
the membrane. The pressure is then derived from the virial, which includes contributions
from Kkinetic energy, bonded interactions, nonbonded interactions and Ewald sum. The
pressure profile can be determined for constant volume or constant pressure conditions.
NAMD’s algorithm enables the pressure profile to be subdivided by interaction and atom
type, providing insights into how different lipid components and interactions contribute
to the overall pressure distribution of the bilayer. This partitioning offers information on
how lateral tension varies based on local membrane fluidity, curvature, and even protein
interactions.
1.4.4 Leaflet Asymmetry Can Drive Differential Stress

The non-zero leaflet tension in bilayers with either number or compositional
asymmetry (or both) has been termed differential stress.®® It is associated with differential
changes (expansion and compression) in the packing, as well as overall properties, of the
two leaflets as illustrated by the single-component membranes with mismatched numbers
of lipids.®® ° While both differential stress and any potential curvature stress in the
membrane (i.e., arising from differences in the spontaneous curvatures of the two
leaflets) may be alleviated if the bilayer adopts a non-zero curvature, the applied periodic
boundary conditions can effectively suppress such bending and result in the accumulation
of additional compensating differential stress.®°

While the presence and effects of differential stress can be clearly seen in the
compositionally symmetric systems just described, detecting differential stress in
compositionally asymmetric bilayers is non-trivial. In that case, depending on the
respective leaflet lipid compositions, equal numbers of lipids in the two leaflets can lead
to significant differential stress that can be alleviated by introducing a particular number
mismatch, resulting in a bilayer with zero leaflet tension.1%-1% This is due to the inherent
variability in the structure and properties of different lipid types, as well as to the effects
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of interleaflet coupling which may change those properties in ways that are not yet fully
understood. Molecules such as cholesterol are also capable of reducing the stress in the
bilayer, however, they may not always do so as we discuss below. Importantly, due to the
prohibitively slow exchange of phospholipids between leaflets in atomistic simulations
with the standard P1 boundary conditions, the lipids retain their leaflet residence for the
entirety of the simulation (one notable exception is the use of the P2; boundary
conditions shown in Figure 1.7 and discussed in Section 1.3.2). While this is precisely
what enables the simulation of asymmetric bilayers of defined lipid compositions, it also
makes the initial bilayer construction a critical determinant of the presence and related
effects of differential stress. In other words, the properties of a simulated asymmetric
bilayer depend not only on its composition but also (and to a large extent) on how it is
constructed.

1.4.5 Ways to Build Compositionally Asymmetric Bilayers, and How to Choose One
The protocol utilized to construct an asymmetric bilayer in silico significantly affects the
resulting bilayer properties and the conclusions that can be drawn from them. This is due
to both technical issues (e.g., applied PBCs, limited timescales) and physical-chemical
factors inherent to lipid bilayers (e.g., slow spontaneous lipid flip-flop). Different types of
methods exist to aid in this task, but which method is most appropriate depends strongly
on the scientific intent of the simulations. Each approach has advantages and
disadvantages, and each is uniquely suited to address specific types of questions (Table
1.1). Notably, the asymmetric bilayers generated with these methods are not expected to
be the same since they rely on different assumptions and indirect or direct constraints to
ensure asymmetric lipid distribution. However, the advantage of any model membrane
study is that parameters can be clearly defined and systematically varied, and

performing multiple simulations can, in principle, address the limitations of a given
model. For example, if experimental data exists for validation, one can vary the numbers
of lipids in one leaflet for the methods that maintain a constant lipid number asymmetry
(EgN), match the surface area (or packing densities) of each leaflet (SA), eliminate

differential stress (0-DS) or constrain different groups of lipids in the emulate biological
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Table 1.1) Summary of the advantages, disadvantages, and suitable applications of
the different methods discussed in [91]. This table is reproduced from [91] under the
form of CC-BY-4.0.

concentrations

Method Pros Cons Suitable Applications
EgN Does not Does not consider Biophysical properties of
require prior differences in lipid packing | asymmetric model membranes
information or preferences prepared from symmetric
simulations May produce membranes membranes via 1-to-1
with varying amounts of exchange of outer leaflet lipids
differential stress with new ones
SA Accounts for Requires prior simulations Biophysical properties of
relative leaflet or information about lipid asymmetric model membranes
packing packing densities in which the relative packing
preferences May produce membranes densities of the two leaflets
from with varying amounts of match those from their
symmetric differential stress respective symmetric
membranes counterparts
0-DS Produces May require multiple Effects of asymmetry on
membranes simulations and analysis bilayer biophysical properties
with no based on comparisons between
differential asymmetric and symmetric
stress membranes
EmBioAsym P2 PBC
Allows lipids Requires a simulation with Lipid distribution and
to sample both P2, PBCs currently possible | biophysical properties of
leaflets and only in CHARMM asymmetric membranes with
equilibrate Requires constraints on the | fixed overall lipid composition
their asymmetry of some lipids in which the asymmetric
respective distribution of some lipids is
leaflet actively maintained (i.e., stays

constant)

Semi-grand canonical ensemble

Allows leaflet
lipid
compositions
to change
dynamically
and
equilibrate
according to
chemical
potentials

Requires a simulation in the
semi-grand canonical
ensemble currently possible
only with coarse-grained
models in HOOMD-blue
Requires constraints on the
chemical potential
difference of some lipids

Leaflet lipid compositions and
biophysical properties of
asymmetric membranes in
which the asymmetric
distribution of some lipids is
actively maintained (i.e., stays
constant) while the overall
lipid composition can change
due to e.g., the activity of
lipid-modifying enzymes or
access to extra lipid pools
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asymmetry (EmBioAysm) approaches, to find the best match with experimentally
determined properties.

Unlike symmetric bilayers, asymmetric bilayers cannot be fully characterized by
their lipid composition alone, as differences in leaflet packing and interleaflet coupling
significantly influence their physical properties.®® Instead, two asymmetric bilayers with
the same leaflet lipid compositions can have very different properties depending on the
amount of differential stress.%% 192 Therefore, both the leaflet lipid compositions and the
relative numbers of lipids in the two leaflets (or equivalently, the resulting differential
stress) are needed to fully characterize an asymmetric membrane. Controlling for, or at
least reporting, the differential stress of an asymmetric membrane - be it in silico, in vitro,
or in vivo - is necessary for placing the results in the right context. Importantly, even
though the differential stress in biological membranes is presently unknown, much can
still be learned from simulations of asymmetric model membranes if the method for
constructing these models is chosen appropriately.

1.4.6 Simulated Lipid Bilayers with Leaflet Lipid Imbalance

Experimental evidence for a lipid imbalance was reported by the Van Deenen
group in 1974. However, they attributed the finding to a methodological artifact,
reasoning that phospholipase A: selectively targets specific phospholipids.1%* 1% In 2025,
Doktorova et al. validated that the two leaflets of the plasma membrane exhibit a
substantial asymmetry in both phospholipid and cholesterol content.'® While MD
simulations can model lipid number imbalance, experimentally quantifying the exact
lipid distribution between leaflets remains challenging due to limitations in current
methodologies. To maintain the integrity of the bilayer in simulations, pressure must be
applied to the system. By keeping the system under constant pressure, the number of
lipids in each bilayer can induce asymmetric lipid packing.%

Because both leaflets share the same lateral area, introducing a lipid imbalance
forces the leaflet with more lipids—referred to as the overpacked leaflet—to increase its
packing density, resulting in a smaller-than-ideal APL.%* % Conversely, the underpacked
leaflet, with fewer lipids, exhibits reduced packing density and a larger-than-ideal APL.%%
% This imbalance in APL alters the lateral tension in each leaflet and likely leads to
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differential stress across the bilayer.? If the resulting tension becomes too extreme, the
bilayer may destabilize, potentially exposing the hydrophobic tails to the aqueous
environment and compromising membrane integrity.5 %

Monolayer tension can influence the bending rigidity of bilayers. Theoretical
modeling from the Deserno group has found that number asymmetry significantly affects

bilayer rigidity®’

and may explain the experimentally observed stiffening of asymmetric
membranes in vitro.%°
1.4.6 Calculating the Bending Moduli from MD Simulations

Lipid bilayers can behave as thin, quasielastic sheets that can undergo both small
and large deformations.®® The bending modulus of a lipid bilayer quantifies the energy
needed to deform the membrane from its intrinsic curvature to an alternative curvature
state.’® The bending modulus is essential in many biological functions including
exocytosis and endocytosis, vesicle fusion and regulation of membrane protein
activity.1% Numerous techniques, in both simulations and experiments, are available for
measuring the bending modulus. Although bending is widely recognized as an important
physical property of biomembranes, there are ongoing controversies in the field.
Discrepancies have been observed among different methods used in experiments and

simulations.

1.4.6.1 Real Space Fluctuation (RSF) Method for Determining Bending Rigidity
The RSF method was developed by Khelashvili et al. in 2013.1° In this method,

lipid orientation is characterized by a lipid director vector. 1% 110-112The splay angle
between neighboring lipids is calculated throughout the trajectory. %8 119-112From the
distribution of these splay angles, a potential of mean force (PMF) is computed, and a
quadratic fit to the PMF provides the bending rigidity.'%® 119112 The coefficient of the
quadratic fit is the bending rigidity. 8 110-112

One advantage of this method is that it is localized, allowing for an examination of
the deformation of individual lipids and how the bilayer responds to forces that change
the shape of specific regions within the bilayer.1% 1° This analysis can be performed on
asymmetric, small bilayers, typically containing around 100 lipids per leaflet.1%

Additionally, a limitation of this method is its threshold for splay angles, which may
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exclude some potentially impactful lipid behaviors.!*® Furthermore, RSF has been shown
to overestimate some bending rigidity values in cholesterol rich and asymmetric
membranes because the RSF method examines the local fluctuations rather than bilayer
behavior pointing towards the use of a different method that accounts for large scale

fluctuations.t3

1.4.6.2 Transverse Curvature Bias (TCB) Method

The TCB method utilizes the correlation between the lipid director and the surface
curvature to quantify the curvature sampled by a lipid along the bilayer normal. The slope
of the best-fit line of the curvature sampling and depth along the bilayer normal yields the
bending rigidity.!*

One advantage of this method is how it accounts for a lipid’s local curvature
preferences relating to how it ultimately will orient itself in the bilayer based on the
bilayer’s total curvature.!** However, this method requires much larger simulations (~400
lipid minimum). Despite the increase in bilayer size, the computational cost is much
lower than the RSF method. !4 11
1.5 Model Membranes for Studying Phase Separation in the PM
1.5.1 Simplified Models of the PM

Identifying and isolating specific lipid-lipid interactions in the PM is challenging
due to its complexity, which includes proteins, receptors, and various structural elements
such as the glycocalyx and cytoskeleton. To advance the field of lipid biophysics,
researchers have developed alternative techniques to create simplified models of the PM
known as model membranes. These model membranes replicate biological membranes
and they are usually used to explore the influence of individual lipids and lipid
interactions on biomembrane physics and properties.

Model membranes often mimicking the outer leaflet of the PM usually consist of
three components and have exhibited phase separation, like the hypothesized lipid rafts of
the PM.2% 2% These ternary mixtures typically include a high-melting lipid (high-Tw), a
low-melting lipid (low-Twm) and cholesterol (Chol). High-Twm lipids are typically saturated
and can pack tightly, while low-Twm lipids are lipids that have kinks or branches that

prevent tight packing. Studies on the phase behavior of these ternary mixtures typically
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examine various ratios of high-Tm/low-Twm lipids and cholesterol at different temperatures
to construct ternary phase diagrams.® 32 34 52.55.116 These ternary phase diagrams can
provide valuable insights on how temperature and/or lipid composition can influence
membrane structure and miscibility. By utilizing model membranes, a physical chemistry
approach has been adopted to clarify specific molecular interactions, offering an
understanding of lipid-lipid interactions and domain formation in the PM.

1.5.2 Types of Model Membranes

The choice of technique and the specific experimental questions being addressed
should dictate the selection of the most suitable model membrane (Table 1.2). There are
several commonly used model membranes, including supported lipid bilayers (SLBs),
giant unilamellar vesicles (GUVs), multilamellar vesicles (MLVs), low lamellarity
vesicles (LLVs), large unilamellar vesicles (LUVs), and small unilamellar vesicles
(SUVs). These model membranes have been employed in various studies, particularly
those examining phase separation.*

This drives the question: Does the size of the vesicle affect the phase behavior of
the system? Typically, SUVs that are approximately 50 nm or larger—the minimum size
typically used in phase studies—exhibit phase behaviors that are similar to those of their
larger counterparts, such as GUVs.?® This similarity arises because the curvature-induced
bending stress in SUVs is relatively minor when compared to that in GUVs.?° As a result,
the ideal molecular shape of the lipids remains largely undistorted, which means that the
intrinsic lipid interactions necessary for driving phase separation remain unchanged.?® 118
1.5.3 Domain Structure and Formation in Model Membranes

As mentioned in Section 1.5.1, model membranes to study phase separation often
consist of high-Twm lipids, low-Tw lipids, and cholesterol. Raft formation is driven by the
favorable and unfavorable interactions of lipids in the PM, usually saturated and
unsaturated lipids. Thickness differences created by phase separation drive a
phenomenon known as hydrophobic mismatch, which incurs a significant energetic cost
referred to as line tension.!*® The greater the hydrophobic mismatch between phases, the
higher the line tension. High line tension typically promotes the formation of larger
domains to minimize domain perimeter, while low line tension facilitates smaller
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Table 1.2) Model membrane sizes with applications and methods from literature.

Protocols and
Vesicle Size Applications

(Reference Number)

SUVs <100 nm [119-122]
LUVs 100-1000 nm [40, 119, 123-126]
MLVs > 500 nm [29, 127-129]
GUVs 550 um [117, 130-135]
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domains.'®’ Dipole potential refers to the electrical potential difference that develops
across the lipid headgroup region of a bilayer, caused by the alignment of dipoles in lipid
molecules and interfacial water molecules.!® However, dipole potential acts against line
tension and encourages the formation of smaller domains.t3’

Despite fluid-fluid phase separation being observed in lipid-only model membranes®
31,34,35,52-55 the biological relevance of these domains remains controversial 2 27 5 139
Most low-Twm lipids are hybridized, featuring one saturated acyl chain and one unsaturated
acyl chain.? It has been demonstrated that some three component mixtures with a
hybridized low-Twm lipid do not macroscopically phase separate; instead, they exhibit
nanoscopic phase separation.?® %3 When macroscopic phase separation occurs, the
mixture is classified as a type-Il1 mixture. Conversely, if there is no macroscopic phase
separation and only nanoscopic separation is observed, the system is classified as type-
1.5% 116 This nanoscopic domain formation is thought to represent lipid rafts in living
cells!# and therefore has garnered interest, particularly with the development of
techniques that go beyond the resolution limit of traditional optical microscopy. These
include Forster resonance energy transfer (FRET)? 128141142 'small angle neutron
scattering (SANS)'43 144 and cryogenic electron microscopy (cryo-EM)® 3740 which
have been implemented to identify and even visualize nanoscopic heterogeneity in model
membranes.

1.6 Techniques for Examining Phase Behavior in Model Membranes
1.6.1 Confocal Fluorescence Microscopy (CFM)

Fluorescence microscopy is a highly effective tool for examining biological
systems at the cellular level. In studies of model membranes, particularly regarding phase
behavior, phase-preferring probes can be utilized to investigate these characteristics.
These probes are excited at specific wavelengths and emit photons at longer wavelengths,
enabling a diverse range of applications in both membranes and proteins, including the
use of multiple probes in a single sample.® 2% 31145146

Confocal fluorescence microscopy (CFM) is a widely used technique for
visualizing phase separation and domain formation in model membranes such as GUVs.
The relatively large size of GUVs—often exceeding that of typical cells—makes them
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particularly well-suited for spatially resolving lateral heterogeneity within the bilayer
with high optical contrast and molecular specificity. This technique utilizes lipophilic
dyes that exhibit phase preferences based on their structure. Pinhole CFM has the unique
capability to excite and collect light at different wavelengths, allowing for the
simultaneous visualization of both Ld and Lo domains when using probes with varying
excitation and emission wavelengths. CFM captures images from a single focal plane by
using a pinhole to reject out-of-focus light, resulting in improved optical sectioning. It
offers fast imaging and z-plane sectioning, making it highly applicable for imaging model
membranes due to its high resolution and contrast. However, it is important to note that
confocal fluorescence microscopy is limited by the diffraction of light, restricting its
spatial resolution to approximately 200 nanometers. The resolution limit, however, is
dependent on the wavelength of the excitation laser and the numerical aperture of the
objective lens. To study lateral heterogeneity at smaller length scales, other methods such
as FRET and cryo-EM are necessary.

1.6.2 FRET

FRET is a photophysical process that utilizes a donor fluorophore and an acceptor
fluorophore.** In this case, the donor fluorophore is excited and transfers its energy non-
radiatively to an acceptor fluorophore.**” The probability of energy transfer depends on
the distance between the donor emission dipole and acceptor excitation dipole. Due to
this distance dependence, FRET is highly sensitive to molecular length scales. The range
at which FRET is effective depends on the specific FRET pairs used.4?

This methodology has numerous applications in biological systems, including the
study of membrane phase behavior.*? Because FRET is sensitive to distance and can
measure at the nanoscopic length scale, it enables the detection of nanodomains, as the
probes can detect changes in lipid distribution within membranes.?® 12 These FRET
measurements for membranes are cuvette-based and are amenable to both unilamellar
and multilamellar vesicles of various size and polydispersity, including LLVs prepared
by rapid solvent exchange (RSE).*?7 14

A typical FRET experiment to probe membrane phase behavior uses two probe
pairs with complementary partitioning behavior: one pair consists of probes that prefer
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the same phase, while the other pair prefers different phases.'*® At a phase transition, the
pair that shares the same phase preference shows an increase in FRET efficiency,
whereas the pair with opposing preferences demonstrates a decrease in FRET efficiency
(Figure 1.8).2*! Due to the high resolution of FRET, this technique can detect domains as
small as the Forster distance, which is ~5 nanometers.'4? The Forster distance is specific
to each donor—acceptor fluorophore pair and is defined as the distance at which 50% of
the excitation energy is transferred from the donor to the acceptor.4’
1.6.3 Cryo-EM

Cryo-EM has become a valuable tool in science with angstrom-level resolution.
Cryo-EM has played a fundamental role in determining the structures of multiple
biomacromolecules, including proteins and membranes. Cryo-EM was first used to study
membranes in the 1980s.24 In cryo-EM an electron beam passes through the vitrified
sample, and the transmitted or scattered electrons are captured by a detector to generate
high-resolution images of the sample’s native structure.**® One of the most advantageous
features of cryo-EM is that it is a probe-free technique relying on differences in the
intrinsic electron density of biomolecules rather than external probes.® This characteristic,
along with its high spatial resolution, allows for direct imaging of nanodomains in
LUVs.%° The identification of these nanodomains has been achieved by measuring the
local thickness of the bilayer.*® Membranes appear as two dark parallel lines in the
images because of the contrast between the electron-rich headgroups and electron-poor
hydrocarbon chains. Although the precise distance between the two lines depends on
instrument settings like defocus length, it is proportional to the bilayer thickness. 4°Since
the Lo phase is typically 5-10 A thicker than the Ld phase, this information can be used
to determine the presence of domains in Cryo-EM images.*°
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SP-FRET >
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Probes prefer Probes prefer

different phases same phase

Figure 1.8) Dual probe method for SP-FRET in lipid membranes. Starting with a
uniformly mixed (b), if the two probes prefer different phases they separate and
FRET signal intensity decreases (a). If the two probes prefer the same phase,
decreasing the temperature increases FRET signal intensity. This figure is from
[140] and reused with permission from the American Physical Society
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CHAPTER 2
QUANTIFYING ACYL CHAIN INTERDIGITATION IN SIMULATED
BILAYERS VIA DIRECT TRANSBILAYER INTERACTIONS
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A version of this chapter was originally published as listed below and is reproduced with
under the therms CC-BY 4.0 .

Emily H. Chaisson, Frederick A. Heberle, Milka Doktorova. "Quantifying Acyl Chain
Interdigitaiton in simulated bilayers via direct transbilayer interactions™ JCIM 2025; 65 (8),
3879-3885

This chapter describes algorithms designed by E.H.C., F.A. H., and M.D. Data analysis

was performed by E.H.C and F.A.H. The manuscript was prepared by myself, F.A. H., and
M.D.
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2.1 Abstract

In a lipid bilayer, the interactions between lipid hydrocarbon chains from opposing
leaflets can influence membrane properties. These interactions include the phenomenon
of interdigitation, in which an acyl chain of one leaflet extends past the bilayer midplane
and into the opposing leaflet. While static interdigitation is well understood in gel-phase
bilayers from X-ray diffraction measurements, much less is known about dynamic
interdigitation in fluid phases. In this regard, atomistic molecular dynamics simulations
can provide mechanistic information on interleaflet interactions that can be used to
generate experimentally testable hypotheses. To address limitations of existing
computational methodologies, which provide results that are either indirect or averaged
over time and space, here we introduce three novel ways of quantifying the extent of
chain interdigitation. Our protocols include the analysis of instantaneous interactions at
the level of individual carbon atoms, thus providing temporal and spatial resolution for a
more nuanced picture of dynamic interdigitation. We compare the methods on bilayers
composed of lipids with equal total number of carbon atoms but different mismatches
between the sn-1 and sn-2 chain lengths. We find that these metrics, which use freely
available software packages and are easy to implement, provide complementary details
that help characterize various features of lipid-lipid contacts at the bilayer midplane. The
new frameworks thus allow for a deeper look at fundamental molecular mechanisms
underlying bilayer structure and dynamics and present a valuable expansion of the
membrane biophysics toolkit.
2.2 Introduction
Biological membranes are chemically complex, consisting of a lipid bilayer with
hundreds of chemically distinct lipids and various types of proteins that interact with
them. The structure and physical behavior of the bilayer are determined in part by the
structure and thermodynamic properties of its constituent lipids. As one example, lipids
with two chains of varying lengths (i.e. asymmetric chain lipids), have been hypothesized
to affect the fluidity of the membrane in both prokaryotic and eukaryotic cells? 48 151153,
Asymmetry in the effective chain lengths of the lipids can arise both from unequal
numbers of carbons as well as from the tilt of the glycerol backbone, which naturally
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allows the sn-1 chain to reach deeper into the hydrophobic core of the bilayer than the sn-
2 chain. Thus, the resulting length mismatch within a lipid molecule can range from
negligible (for some lipids with chains differing by 0 or 2 carbons®*) to extreme, as in
the case of some sphingomyelin species!®.

A large mismatch in effective chain length increases the probability of
interdigitation, a phenomenon where an acyl chain in one leaflet penetrates past the
bilayer midplane into the opposing leaflet. In principle, enhanced interactions between
the two leaflets in an interdigitated state could effectively ‘zip’ the leaflets together and
thereby affect interleaflet friction. These interactions may also impact the overall
flexibility of the bilayer and its mechanical properties although further studies and robust
interdigitation metrics are needed to elucidate the exact relationship. Being an internal
property of the lipid bilayer, interdigitation likely incurs an energy cost similar to those of
lipid tilt and splay*®5-*® but the detailed form of the energy functional has yet to be
determined.

Interdigitation in vitro has been studied with techniques such as X-ray and neutron
diffraction®®® 158160 differential scanning calorimetry®® 18 vibrational spectroscopy®>®
18 nuclear magnetic resonance, electron microscopy and electron spin resonance®®®,
scattering techniques® 158 159.161. 162 ‘and fluorescence® 158 159.161. 162 Rather than directly
quantifying interdigitation, these methods reveal its effects on membrane properties such
as thickness, order, lateral lipid diffusion, and transition temperature. Though such
indirect information is useful, many of these techniques suffer from poor spatial and/or
temporal resolution, and may require extrinsic probes that can locally perturb the bilayer
environment, potentially interfering with the measurement. %3

Molecular dynamics (MD) simulations offer a complementary approach for
characterizing membrane structure and dynamics by tracking the positions of individual
lipid atoms over time. Interdigitation in simulated bilayers has previously been quantified
in two ways: (1) by calculating the overlap of mass density distributions for atoms in
opposing leaflets or specific atom groups, such as the terminal methyl and its
hydrogens®”: 159 164-167. (2) hy measuring the distance along the bilayer normal between
terminal methyl carbons of lipids in opposing leaflets3® %, or (3) by measuring changes
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in the position of individual atoms along the bilayer normal.**® For the latter, the
underlying assumption is that transverse movement of these atoms brings the entire chain
closer to, or further away from, the bilayer midplane and thus correlates with the extent
of interdigitation. While these measurements constitute a reasonable starting point for
interrogating interleaflet interactions, to our knowledge a detailed examination of
pairwise contacts between lipid atoms from opposing leaflets has not yet been
demonstrated.

Here, we develop three alternative ways of analyzing interdigitation in MD
simulations to complement and expand on previous methods. Each new metric provides
unique insight into different aspects of acyl chain interdigitation, such as specific trans-
leaflet carbon—carbon interactions and the shape and evolution of the leaflet—leaflet
interaction region. The three methods are: (1) nISA (normalized Interfacial Surface
Area), which utilizes 3D Voronoi tessellations to define and quantify the interleaflet
contact surface; (2) ccMat (carbon contact Matrix), which fills a matrix with counts of
the average number of direct interactions between carbon atom pairs in opposing leaflets;
and (3) doMat (density overlap Matrix), which computes the overlap area of number
density distributions for pairs of carbons in opposing leaflets. We benchmark these tools
using two symmetric bilayers, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (16:0-16:0
PC, DPPC) and 1-myristoyl-2-stearoyl-sn-glycero-3-phosphocholine (14:0-18:0 PC,
MSPC), that are expected to differ substantially in the extent of chain interdigitation.>3
2.3 Methods

2.3.1 Simulation details.

When we started this work, 14:0-18:0 PC (MSPC) was not available in the
CHARMM-GUI web server.®2 To build this lipid, we first used CHARMM-GUI to
construct a bilayer of 18:0-18:0-PC with 100 lipids per leaflet (200 lipids total) and
hydrated with 45 waters per lipid without any salt ions. Following the protocol described
in ref.8”, 14:0-18:0 PC was then built by removing the terminal methyl and two adjoining
methylene segments of the sn-1 chain (C316-C318 in CHARMM notation) as well as the
two hydrogens on C315. A new terminal methyl, C314, was then created by converting
C315 to hydrogen (H14Z) by changing its atom name, type, and partial charge. The two
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hydrogens on the C314 atom were also changed to match the atom name, type, and
partial charge to reflect the characteristics of hydrogens in a terminal methyl group.
All simulations were run using the NAMD software!®® and the CHARMM36
force field 8¢ 17 for lipids. The MSPC bilayer was energy minimized for 1200 steps, then
simulated for a total of 1 ns with an integration time-step of 1 fs before the production
run, which used a 2 fs time-step. The DPPC bilayer was equilibrated using the
CHARMM-GUI 6-step equilibration protocol. Simulations were run at a constant
temperature of 50°C (323.15 K) and a constant pressure of 1 atm using NAMD’s
Langevin thermostat and Nose-Hoover barostat, respectively. Long-range interactions
were modeled with a 10-12 A Lennard-Jones potential using NAMD’s
vdwForceSwitching option. Hydrogen bonds were constrained with the rigidbonds

parameter set to “all.” The Particle Mesh Ewald (PME) method was used and grid
spacing was set to 1 A to model the electrostatic interactions. An autocorrelation function
from ref. "twas used to evaluate the equilibration of bilayer area; after convergence, each
system was simulated for an additional ~ 1 ps. The length of the analyzed trajectory was
0.991 s for MSPC and 1.02 s for DPPC. We also ran an additional NP yT simulation
starting from the end of the DPPC trajectory and applying a tension of y = =5 mN/m in
the xy plane which effectively compressed the bilayer area.'’? (Appendix 2.1) This
simulation was run for a total of 0.4 us with the last 0.36 ps used for analysis. Prior to
analysis, the systems were centered in Visual Molecular Dynamics (VMD)!" by moving
the center of mass of the lipid terminal methyl groups to z = 0. The top leaflet was then
defined as the leaflet in which the headgroup phosphorus atom had an average z > 0.

2.3.2 3D Voronoi tessellation

Voronoi tessellations (VT) of simulated bilayers have previously been used to
estimate areas and volumes of individual lipids.1”* " Here, we used the atomic
coordinates of lipid and water atoms as generators (i.e., the points used to construct
Voronoi cells) to perform a 3D VT in each simulation frame using the software
voro++.17® The Voronoi cells generated by the tessellation - each composed of a set of

vertices, edges, and faces -represent the physical space occupied by individual atoms and

36



enable various calculations as described below. We used a custom Python script to
reformat the voro++ output for subsequent analyses in MATLAB 12,

2.3.3 Normalized Interfacial Surface Area (nISA)

The midplane interfacial surface area is expected to directly correlate with the
extent of interdigitation, as shown in Figure 2.1. When this quantity is normalized by the
bilayer area projected onto the xy plane, the resulting dimensionless quantity - which we
term nISA - represents the fractional increase in the interfacial surface area due to
interdigitation. We calculated the interfacial surface area between top and bottom leaflet
lipids for each frame as follows. All pairs of neighboring atoms (defined as those whose
Voronoi cells share a face) in which the two atoms also belonged to different leaflets
were identified, and the areas of their shared faces summed to give the total interfacial
surface area. This area was then divided by the cross-sectional area of the box in the

frame to yield nISA, i.e.,

(2.1)

a..
mm:z"
Ary

In Eq. 2.1, a;; is the area of the face f;; common to the Voronoi cells for atom i in the top
leaflet and atom j in the bottom leaflet, and A, is the lateral area of the simulation box.
The interleaflet contact surface can be visualized in 3D by plotting a mesh grid of the
vertex coordinates of the common faces (Figure 2.2a), or in 2D by projecting
thecoordinates onto the xy plane and using grayscale to represent the height in the z-
dimension (Figure 2.2b).

2.3.4 Carbon Contact Matrix (ccMat).

In addition to the interfacial surface area, interdigitation in a bilayer can also be
quantified by the number of direct interactions between acyl chain carbons of lipids in
opposing leaflets. We counted these interactions by using a cutoff distance of 4 A to
define atomic contact!’’. A matrix was constructed in which each row and column
represent distinct chain carbons of the top and bottom leaflet lipids, respectively, and

each matrix element represents the time averaged number of contacts between these
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Figure 2.1) Figure 1. Schematic illustration of interdigitation quantified by the
normalized interfacial surface area (nISA) and the Interdigitation tool in
MEMBPLUGIN (memlIT, see Appendix A2.1). (a) nISA is calculated as the
midplane surface area (in red) divided by the lateral bilayer area. In the absence
of interdigitation, the interfacial surface area per lipid is equal to the average
area per lipid and nISA = 1. memIT, quantified by the overlap of the total mass
density profiles of the top (orange) and bottom (blue) leaflets, is also shown as a
gray shaded area. (b) Increased interdigitation in a mixed-chain bilayer results in
a greater mass density overlap and a more dimpled midplane surface, leading to

an increase in both memIT (larger mass density overlap) and nISA (larger
interfacial surface).
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Figure 2.2) Interdigitation quantified with nISA. (a) 3D visualization of the
interleaflet contact surface of DPPC from a representative trajectory frame. The
surface is defined as the set of VVoronoi cell faces shared by neighboring interleaflet
atom pairs as described in Methods. (b) Contact surfaces shown as 2D intensity maps
of |z| where darker shades correspond to greater interdigitation of acyl chains for
DPPC and MSPC. (c) Interfacial surface area per lipid is correlated with the average
area per lipid across all bilayers (correlation of 0.75). (d) Time autocorrelation
function of nISA calculated for MSPC (solid line) and its best fit to a double
exponential function (dashed line). Inset shows the raw data as a function of time. (e)
Slow correlation times for nISA and ccMat for the three bilayers. Data and fits are
shown in Appendix 2.1 and Appendix 2.3
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carbon atoms. The data is visualized as a heatmap in which the color intensity of the pixel
represents the average number of opposing leaflet carbon pair interactions.
2.3.5 Density Overlap Matrix (doMat)

Interactions between lipid carbon atoms from opposing leaflets can also be
quantified from the overlap of the carbons’ number density profiles (NDPs). We used
VMD’s Density Profile tool to calculate the NDP for each carbon of the top and bottom
leaflet lipid chains. The overlap area, €;;, was then calculated as:

'Qij = fmin[pi,top(z);Pj’bot(Z)]dZ. (22)

In EqQ. 2.2, p; ¢0p(2) is the NDP for carbon i in the top leaflet, p; ,,¢(2) is the NDP for
carbon j in the bottom leaflet, and the integral is computed over all z (in practice, the
lower and upper bounds of the simulation box in the z-dimension). A matrix similar to
that calculated for the ccMat method was then constructed, with each entry corresponding
to the overlap for one carbon pair. The sum of intensities in the four quadrants and the
whole matrix provide alternative metrics for the extent of interdigitation.

Additional methodological details are described in Appendix 2.4.
2.4 Results and Discussion

To investigate interdigitation, we simulated two bilayers made of lipids with either
matching (DPPC) or mismatched (MSPC) chain lengths and shown recently in scattering
experiments to have substantially different extents of interdigitation.®” As an additional
control, we simulated DPPC under a constant negative surface tension (DPPCrt), which
compresses the bilayer area (Appendix 2.1) and should decrease interdigitation. We first
used the standard method for quantifying interdigitation by calculating the overlap of the
mass densities of all atoms in the two leaflets (memIT, see Appendix 2.4 and Table 2.1).
This calculation confirmed that MSPC chains have the highest degree of interdigitation,
followed by DPPC and DPPCr, as expected (Appendix 2.5). The trend is consistent with
results obtained from analysis of small-angle scattering data, which showed a 28%
increase in the overlap of terminal methyl carbons for MSPC compared to DPPC.%’

Next, we used 3D Voronoi tessellation to examine the interface that separates the

two leaflets. A representative snapshot of the interfacial surface reveals that MSPC lipid
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chains penetrate deeper into the opposing leaflet compared to the chains of

DPPC (Figure 2.2a, b). We also calculated a dimensionless normalized interfacial
surface area, nISA, from the 3D Voronoi analysis (Eqg. 2.1, Table 2.1). In the DPPC
bilayer, nISA was 4.03 + 0.010, indicating that the interfacial surface area per lipid is
four times larger than the average area per lipid projected onto the xy plane, consistent
with the three-dimensional nature of the true interleaflet contact surface compared to
idealized interactions at a flat bilayer midplane. In the MSPC bilayer, nISA was 4.26 +
0.010, indicating a greater extent of interdigitation compared to DPPC in agreement with
the trend seen in memIT values (Table 2.1, Appendix 2.5). Similarly, the compressed
DPPCr bilayer had the smallest nISA of 3.94 + 0.011, as expected. The data also allows
for extraction of the specific contributions of the sn-1 and sn-2 chains to the nISA
surface, revealing their relative abundance in cross-leaflet interactions (Appendix 2.6).
Furthermore, the high temporal resolution of the simulations enables an examination of
interdigitation dynamics. For example, we find that the interfacial surface area is
dynamically correlated with the projected box area (Figure 2.2c), confirming that
increased interdigitation leads to a decrease in thickness and increase in bilayer area (with
area and thickness being strongly correlated across all bilayers, Appendix 2.7) Analysis
of the nISA time autocorrelation function (Figure 2.2d) reveals the presence of slow- and
fast-decaying processes that are 2 to 4 times longer for MSPC compared to DPPC and
DPPCr, indicating longer-lived interleaflet contacts for the more interdigitated MSPC
membrane (Appendix 2.2, Figure 2e, and Appendix 2.3)

Applying a conceptually different approach, we then compared the number of
pairwise contacts between acyl chain carbon atoms of lipids in opposing leaflets by
calculating a carbon-contact matrix, ccMat (Figure 2.3). The MSPC bilayer had on
average ~27% more cross-leaflet carbon—carbon contacts per frame than DPPC and
~33% more contacts than DPPC+ (Table 2.1, Appendix 2.5). For DPPC, interleaflet
contacts were greatest for the terminal methyl carbons and decreased systematically with
increasing distance from the terminal methyls, with only minor differences in sn-1/sn-

1, sn-2/sn-2, and sn-1/sn-2 interactions. The asymmetry in the MSPC matrix is consistent

with the longer chain extending deeper into the opposing leaflet and engaging in a greater
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Table 2.1) Interdigitation Quantified by Various Methods! reused from[4] by the
terms of CC-BY-4.0.

system | memIT nISA ccMat doMat (A-?)
(dimensionless) | (dimensionless) (contacts/frame)

DPPC |0.282 +0.0013 | 4.03 £0.010 2/0+11 0.750 + 0.009

MSPC | 0.324 +0.0014 | 4.26 +£0.010 342+ 15 0.88 £ 0.011

DPPCr | 0.270 +£0.0019 | 3.94+0.011 257+15 0.69 = 0.024

'memIT was calculated using all leaflet atoms; nISA is the fractional increase of the lateral bilayer area at
the interfacial surface; ccMat corresponds to the average number of total trans-leaflet carbon—carbon
contacts per frame; and doMat is the sum of the overlap number density integrals of all trans-leaflet
carbon—carbon pairs (see Section 2.3 and Appendix 2.4). Errors were calculated with block averaging, as
detailed in Appendix 2.4.
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total number of contacts with the longer chain of the lipids therein chains (i.e., sn-1/sn-2),
followed by the terminal methyl carbons of the longer chain (sn-2/sn-2). The asymmetry
in the MSPC matrix is consistent with the longer chain extending deeper into the
opposing leaflet and engaging in a greater total number of contacts with the longer chain
of the lipids therein (Figure 2.3a, bottom right quadrant), as also observed in the nISA
analysis of specific chain interactions (Appendix 2.6). Comparison of the interdigitation
dynamics quantified with ccMat across all bilayers shows the same trend as that of

nISA (Appendix 2.2, Figure 2.2e, Appendix 3.3d-f)

The ccMat analysis uses an arbitrary cutoff distance for interatomic contacts. To
circumvent this requirement, we also quantified interdigitation from the overlap of the
number density profiles of individual cross-leaflet carbon pairs, an approach that we
termed doMat. Figure 2.3b shows doMat for MSPC and DPPC, again revealing a
relatively symmetric matrix for DPPC and an asymmetric matrix for MSPC, consistent
with the differences in chain mismatch for these lipids. Qualitatively, doMat features are
similar to ccMat, with the overlap of cross-leaflet carbon atoms systematically decreasing
with distance from the tail ends (Figure 2.3b). While sn-1/sn-2 interactions are similar in
the two bilayers, DPPC has a more than 3-fold larger overlap of sn-1/sn-1 number
densities compared to MSPC (and more than 4-fold increase in close contacts from the
ccMat analysis, Figure 2.3a), indicating that cross-leaflet interactions between two
shorter chains in the sn-1 positions are infrequent for chain-asymmetric lipids.
Furthermore, consistent with ccMat, doMat for MSPC shows extensive overlap between
carbons in the sn-2 chains of opposing leaflet lipids (Figure 2.3b, lower right quadrant).
Interestingly, the sn-2/sn-2 terminal carbon interactions are more pronounced than the sn-
1/sn-2 interactions in doMat, in contrast to the trend in ccMat. This can be explained by
the larger conformational space sampled by the longer stearoyl chains, which results in
atomic number densities extending further into the opposing leaflet and a concomitant
increase in interleaflet carbon overlap. The sum of the doMat matrix elements showed
17% and 27% more carbon—carbon overlap in the MSPC bilayer compared to DPPC and
DPPCr, respectively (Table 2.1, Appendix 2.5 and Appendix 2.8b).
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Figure 2.3) Matrix-form quantification of lipid interdigitation in DPPC (left) and
MSPC (right) bilayers. Quadrants correspond to interactions between carbon atoms
in the sn-1 and sn-2 chains of opposing leaflets as indicated in the cartoons on the left.
(a) Carbon contact matrices (ccMat) where each matrix element represents the time-
averaged number of close contacts for the specific interleaflet carbon pair. (b) Atomic
density overlap matrices (doMat) where each matrix element represents the overlap
of time-averaged atomic number density profiles for the interleaflet carbon pair
calculated from Eq 2.2. The mean quadrant sums are indicated in the corresponding
four corners of each matrix and their errors are listed in Appendix 2.1.



The code for the three methods, as well as detailed instructions and examples, have
been deposited on Zenodo (doi.org/10.5281/zenodo.14605924) and should be
straightforward to implement. The provided implementation uses a structure PSF file and
a simulation trajectory in DCD format and is based on mostly freely available software
packages (the only exception is the analysis in MATLAB which can be easily ported to,
e.g., python). Appendix 2.9 lists the required software and libraries. Of the three
methods, nISA takes the longest to compute (~1 min/frame for bilayers with 200 lipids);
however, the trajectory can be analyzed in multiple blocks in parallel for more efficient
performance.

2.5 Conclusion

The modes of interleaflet interaction in a lipid bilayer are tightly coupled to
properties such as membrane thickness and local leaflet elasticity®’® 1", Here, we present
three methods for quantitatively characterizing the physical contact between the leaflets
as manifested by the degree of lipid interdigitation. While some of them, as for instance
the number of cross-leaflet contacts and overlap of number densities, can be calculated
with existing tools for specific atom selections (as in memIT), analysis of the trends
along the entire lipid chains (as in ccMat and doMat) provides additional details and
allows for a more comprehensive representation of lipid interdigitation. Furthermore,
quantification of the entire spatially resolved midplane surface and its time evolution
enables in-depth analysis of the dynamics of all direct leaflet—leaflet interactions,
something that existing methods do not provide.

While the three methods can in principle be applied to bilayers of varying sizes, it
is important to consider their limitations. One advantage of ccMat is that it is based on
local analysis of interleaflet carbon contacts and therefore should not be affected by
membrane undulations that are often observed in larger bilayers. In contrast, doMat relies
on number densities calculated in flat slabs along the bilayer normal making the results
sensitive to membrane curvature. As currently implemented, nISA will also be affected
by undulations since the quantity is normalized by the instantaneous (projected) bilayer
area (Eq 2.1). Normalizing the interfacial surface area by the number of lipids instead can
help alleviate this problem.
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The computational results obtained from these methods can be validated by
ensuring consistency with experimental measurements when available; for example, lipid
volumes calculated from the 3D Voronoi tessellation protocol can be compared to those
obtained from densitometry measurements'8® 181, Reliable simulation findings can be
used to investigate the energetics of leaflet—leaflet interactions and their contribution to
bilayer mechanics, examine the relationship between interdigitation and other local lipid
dynamics like lipid protrusion, and generate testable hypotheses for the mechanisms of
interleaflet coupling. The methods and results can thus provide valuable insights for

general structure - property relations in lipid bilayers.
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CHAPTER THREE
STRUCTURAL CONSEQUENCES OF CHAIN-LENGTH MISMATCH IN
SIMULATED PC LIPID BILAYERS
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A version of this chapter is in preparation to be submitted. Some of this data is
represented in Chapter 2 and is reused under the terms of the Creative Commons
Attribution CC BY 4.0 license.

This chapter describes research designed by Emily H. Chaisson, Milka Doktorova, and
Frederick A. Heberle. The simulations and data analysis was performed by E.H.C.. The
manuscript was written and edited by F.A.H., M.D., and E.H.C..
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3.1 Abstract
Phospholipid structure drives distinct bilayer properties and interleaflet coupling. A
central challenge in membrane biophysics is deconvoluting contributions of specific lipid
species given the complexity of the native lipidomes. To address this, simplified model
membranes are often used to elucidate fundamental biophysical mechanisms. One
interesting subclass of lipids shown to have biological significance is mixed chain lipids,
where the two saturated acyl chains differ in the number of carbons. Recent neutron spin
echo experiments revealed that bilayers composed of mixed-chain lipids with the greatest
disparity in acyl chain length exhibit the lowest bending moduli, despite a presumed
increase in interdigitation and interleaflet friction.! However, direct quantification of
interdigitation or interleaflet coupling in these systems is lacking. In this study, we used
all-atom molecular dynamics simulations to investigate lipid bilayers composed of
asymmetric lipids with a total of 32 acyl chain carbons, using symmetric DPPC as a
reference. By systematically increasing the sn-1 chain length while decreasing the sn-2
chain length, we examined how acyl chain asymmetry modulates interleaflet coupling
and lipid and bilayer properties including acyl chain conformational flexibility (i.e.,
backbending), area compressibility and bending rigidity. Our simulations reveal that
lipids with greater chain length asymmetry exhibit enhanced interdigitation, yet
interleaflet mechanical coupling remained unchanged. This apparent contradiction arises
from the increased propensity of these asymmetric lipids to adopt backbent
conformations, which effectively decouple interleaflet motions despite deeper and more
frequent chain penetration into the opposing leaflet. These findings establish a
mechanistic basis for how chain asymmetry alters mechanical interleaflet coupling and
provide a quantitative framework for interpreting the biophysical behavior of mixed-
chain lipids in both synthetic and biological membranes.
3.2 Introduction

Lipid bilayers are ubiquitous in biology and are functionally important for a variety
of biological phenomena.” 22 Over time, these membranes have also adapted to be more
efficient in helping to maintain homeostasis.'®* 182 One predicted way this is achieved in
nature is by having hundreds of structurally distinct lipids.? These structurally distinct
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lipids can differ in headgroups, backbone, acyl tail length, and unsaturation.? ° These
slight structural changes in lipids have been shown to drive differences in membrane
properties such as thickness, compressibility, and bending.'8318 For example, increasing
the chain length in a saturated lipid increases the bilayer thickness, and this change in
thickness can significantly increase the energy needed to bend the membrane. 18

An underexplored class of lipids consists of fully saturated glycerophospholipids
with two acyl chains of differing lengths. Although these species are present at low
abundance in eukaryotic membranes, highly abundant sphingomyelins can exhibit even
greater acyl chain length asymmetry of up to 10 carbons in extreme cases.*®’” Notably,
these lipids are upregulated in some organisms during environmental or physiological
stress, with average acyl chain length differences ranging from 6 to 8 carbons. % 1%3
These chain asymmetric lipids have been shown to alter acyl chain packing, which can
lead to changes in membrane melting temperature, temperature sensitivity, oxygen
adaptability, and fluidity.> 8" 18191 To accommodate the mismatch in chain length,
membranes typically adopt two main structural responses: interdigitation, in which longer
chains penetrate into the opposing leaflet, and backbending or snorkeling, where chains
fold back toward the aqueous interface, 88 160, 164,188, 189,192 162 These dynamic structural
adaptations influence a wide range of biophysical membrane properties and have been
observed in both molecular dynamics simulations and experimental systems. 8 193
Understanding how these asymmetric lipids affect membrane structure and mechanics is
crucial for clarifying their role in influencing membrane properties biologically.

The two modes of chain packing (i.e., interdigitation and backbending) can have a
significant influence on membrane behavior. In one case, it was shown that increasing the
difference in chain length between the acyl chains promotes interdigitation.88 164 188, 190
This increased interdigitation increases van deer Waals interactions between the two
leaflets resulting in greater the interleaflet friction.® 1%+ 1% Additionally, another study
demonstrated that the acyl chains in chain asymmetric lipids are highly dynamic.*®® This
dynamic behavior can generate voids within the membrane, and acyl tails must
continually adjust to fill these spaces, as unfilled voids can introduce local stress and
destabilize membrane structure.”® As a result, acyl chains are more likely to interact with
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carbons in their own leaflet, reducing interactions between two leaflets and leading to the
formation of softer bilayers. While it has already been shown that asymmetric lipids form
more compressible, softer membranes® 1% 197 to our knowledge, quantification of these
acyl chain dynamics — including interdigitation and backbending — has not yet been
done.

Here, we employed all-atom molecular dynamics simulations to quantify the
propensity of acyl chains to interdigitate and backbend, in order to determine whether the
positional arrangement of acyl chains on the glycerol backbone differentially influences
interleaflet mechanical coupling, or if all forms of acyl chain asymmetry exert equivalent
effects on bilayer mechanics. We examine a series of lipids that each contain a total of 32
carbon atoms across their two acyl chains but vary in the degree of chain length
asymmetry. We then quantify the extent of interdigitation in the bilayers and implement a
modified methodology from ref'®® to assess acyl chain backbending. These simulations
enable a direct comparison of how the positional arrangement of acyl chains on the
glycerol backbone in chain-asymmetric lipids influences bilayer structural and
mechanical properties.

3.3 Methods

3.3.1 Simulation Protocol

For this work, we followed a similar protocol to that decribed ref.8” When we
started this project, all mixed-chain lipids (MSPC, 15:0-17:0PC, 17:0-15:0PC, and
SMPC) were unavailable in the CHARMM-GUI web server. To build these lipids, we
first constructed bilayers using 100 lipids per leaflet (200 lipids total) of 18:0-18:0 PC.
Each bilayer was solvated with 45 waters per lipid and no salt ions. The mixed-chain
lipids were generated by removing the terminal methyl group and the appropriate number
of methylene segments from the sn-1 and/or sn-2 chains, along with all their associated
hydrogens, to achieve the desired chain length. For example, for 15:0-17:0 PC,
modifications were made on the sn-1 chain, (C317-C318 in CHARMM Notation), while
on the sn-2 chain, only the hydrogens from the C218 chain were altered. A new terminal
methyl group was formed by converting the final two carbons (C316 and C218) to
hydrogens by updating their atom names, types and partial charges accordingly. The two
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hydrogens on the new terminal methyl carbon were also adjusted to match the atom
name, type, and partial charge characteristic of terminal methyl group hydrogens.

All simulations were run with NAMD software!®® using the CHARMM36 force
field®: 70 for lipids. The mixed-chain bilayer systems (MSPC, 15:0-17:0PC, 17:0-
15:0PC, and SMPC) were energy minimized for 1200 steps, then simulated for a total of
1 ns with an integration time-step of 1 fs before the production run, which used a 2 fs
time-step. The DPPC bilayer was equilibrated following the CHARMM-GUI 6-step
equilibration protocol. All simulations were run at a constant temperature of 50°C
(323.15 K) and a constant pressure of 1 atm using NAMD’s Langevin thermostat and
Nose-Hoover barostat, respectively. Long-range interactions were modeled with a 10-12
A Lennard-Jones potential using NAMD’s vdwForceSwitch-rigidbonds parameter set to
“all”. The Particle Mesh Ewald (PME) method with grid spacing set to 1 A was used to
model electrostatic interactions. An autocorrelation function from ref!’* was used to
confirm bilayer area convergence. Once equilibration was confirmed, each system was
simulated for an additional ~ 1 ps. The length of the trajectories were: MSPC, 0.991 ps;
15:0-17:0 PC, 1.01 ps; DPPC, 1.02 ps; 17:0-15:0 PC, 1.04 ps, and SMPC, 0.983 ps. For
the MSPC and DPPC simulations, the data has previously been published in ref®. Prior to
analysis all systems were centered with Visual Molecular Dynamics (VMD)"® by using
the center of mass (COM) of the terminal methyl groups to z = 0. We define the top
leaflet as that in which the average z-position of the headgroup phosphorus atoms has a
positive value.

3.3.2 Analysis Methods

To determine the biophysical properties of each of the membranes, we evaluated
eight key properties: (1) area per lipid, APL; (2) bilayer thickness; (3) area
compressibility modulus, K,; (4) bending rigidity, «; (5) polymer brush mechanical
coupling constant, B; (6) sn-1 and sn-2 order parameters, S¢p; (7) acyl chain
interdigitation; and (8) acyl chain backbending. All reported values represent time-
average measurements over the production trajectories. Unless otherwise stated, errors

were calculated using a blocking method described in ref.2%°
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In each system, when chain length difference is referenced, it corresponds to the
length asymmetry between the two acyl chains adjusted for the tilt of the glycerol
backbone. This is quantified using the following equation from ref?%,
ny —ny + 0.5 (3.1)

CL
where n; and n, are the number of carbons in the sn-1 and sn-2 chains, respectively, and

Chain Inequivalence =

CL is the length of the longer acyl chain. The quantity +0.5 in the numerator accounts for
the ability of the sn-1 chain to extend deeper into the bilayer due to the inherent tilt of the
glycerol backbone as described in ref?%,

3.3.2.1 Area per lipid, bilayer thickness, and chain order parameters.

To calculate the APL, the x- and y-dimensions of the simulation box were
multiplied to obtain the total bilayer surface area, which was then divided by 100 (the
number of lipids per leaflet). The area per chain (APC) is typically defined as the APL
divided by the number of acyl chains per lipid. Although the relationship between APC
and bending rigidity has been shown to follow a power law in symmetric bilayers,® 202
these studies have largely focused on lipids where the chains have similar length.1% For
lipids where the two acyl chains differ substantially in length, it cannot be assumed that
each chain occupies an equal area. Therefore, we computed the area per chain using a
two-dimensional VVoronoi tessellation implemented via an in-house MATLAB?® script.

Bilayer thickness was determined by calculating the distance between the center
of mass of the phosphorus atoms in the top leaflet and that of the bottom leaflet.

Chain order parameters were calculated using Eq (3.2)%%*:

1
Scp = E(3cos249 - 1) (3.2)

where 8 is the instantaneous angle between a given C-H bond vector and the bilayer
normal. To characterize the overall acyl chain order, we averaged S, over the entire
length of each acyl chain. This approach allows for comparisons of chain order between
lipid species that differ only in how their asymmetric chains are positioned, while having

the same acyl chain composition and/or total number of carbons.
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3.3.2.2 Bending rigidity and area compressibility

The area compressibility, K,, was calculated using the per-leaflet method
described by Doktorova et al.?% This approach allows compressibility to be determined
independently for each leaflet rather than as a bulk bilayer property. This method uses
MEMBPLUGIN!"" heightmap in VMD tool to determine the local thickness fluctuations
per leaflet. Although our bilayers are symmetric in both composition and lipid number,
we used the per-leaflet method because it reduces noise from global bilayer undulations
and provides more precise, localized measurements of membrane mechanics.?®® This
method has also been validated against the polymer brush model (PBM)?%, which we
applied later in our analysis. The error in this method is calculated by a 2D bootstrapping
method described in ref?%,

Multiple approaches exist for determining the bending rigidity of simulated lipid
bilayers.?%® Here, we implemented the real space fluctuation (RSF) method from refl%,
This method builds on the theoretical foundation of the Helfrich Hamiltonian connecting
local real-space fluctuations, such as lipid tilt moduli and thickness variations, to
macroscopic mechanical properties. In the RSF method, each lipid is assigned a director
vector from its hydrocarbon tail to its head. The splay angle between a lipid’s director
vector and those of its neighbors within a 10 A radius is computed over time. A potential
of mean force (PMF) is then constructed from the probability distribution of these splay
angles. In the regime of small splay angles (< 20°), the PMF is fit with a quadratic
function, which yields the splay modulus as the coefficient. The splay modulus can be

related to the bending rigidity of the bilayer through elastic theory.*0 207

3.3.2.3 The polymer brush model

The polymer brush model describes the behavior of polymer chains that are
tethered to a surface.?®® At high grafting densities, steric repulsions between chains drives
chain extension to minimize overlap.?% If the chains are unable to sufficiently cover the
surface area, the chains adopt a more disordered conformation to maximize area
coverage. This theory has been applied to lipid bilayers to describe interleaflet
mechanical coupling and its effect on membrane elasticity. The mechanical coupling of

the two leaflets is defined by Eq (3.3).20% 20
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K

K, Bd? (3.3)

where d is bilayer thickness and g is the dimensionless mechanical coupling constant. In

the context of lipid bilayers, it has been theorized that if the two leaflets can slide freely

past each other, then g will approach a value of 1/48. Conversely, if the two leaflets are

strongly coupled, then 8 will approach a value 1/12. 2!'This theory suggests that the 8

that most accurately describes lipid bilayers is 1/24.20 211

3.3.2.4 Interdigitation

Interdigitation refers to the phenomenon where one acyl chain extends past the

bilayer midplane and interacts with atoms from the opposing leaflet.%¢ To quantify this

behavior, we implemented four methods for quantifying interdigitation as described in
ref®®: the MEMBPLUGIN Lipid Interdigitation tool (memIT), carbon contact matrix

(ccMat), density overlap matrix (doMat), and normalized interfacial surface area (nISA).

Briefly:

1.

3.

memIT has three approaches for quantifying interdigitation for user-selected
atoms: (1) calculates the width of the mass density overlap (w,), (2) the fraction
of interleaflet atomic contacts within 4 A (I.), (3) the fraction of the mass overlap
(I,) between acyl chain carbons of the two leaflets. In this study, we employed the
third metric, I,,, to quantify the degree of interdigitation.

Additionally, interdigitation can be quantified by the number of direct carbon—
carbon interactions between the two leaflets. A matrix is populated where each
cell represents a specific carbon—carbon interaction between carbons in opposing
leaflets. The sum of this matrix quantifies the average number of carbon contacts
between leaflets and is referred to as the ccMat.®

The doMat method uses number density profiles of individual carbon atoms from
each leaflet. The overlap area between density distributions of opposing leaflet
carbons is calculated and stored in a matrix, similar to ccMat, where each cell
represents the area of density overlap for a specific carbon—carbon pair.

Our previous work has shown that the midplane surface area per lipid is

correlated with the extent of interdigitation.® This effect is quantified by nISA
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calculated from a 3D Voronoi tessellation. Atoms from opposite leaflets are

considered neighbors if their respective VVoronoi cells share a face. The sum of

these shared face areas defines the total interfacial surface area. This value is then

normalized by the average area per lipid (APL) to obtain the interfacial surface

area per lipid.

All methods employed a cutoff distance of 4 A to define interleaflet interactions
except nISA where cutoff distances are inapplicable.®

3.3.2.5 Acyl chain backbending
In fluid-phase bilayers, acyl chains exhibit flexibility, and their terminal methyl groups
may transiently bend back toward the headgroup region - a phenomenon known as lipid
snorkeling or backbending.*® 212 While inherently difficult to define due to the absence
of a strict spatial threshold, backbending is further complicated by the need to identify
interactions occurring within the same acyl chain and with other molecules in the same
leaflet. This contrasts with interdigitation, which can easily be defined by molecular
interactions of atoms in opposing leaflets.

A previous study attempted to quantify backbending by measuring the distance
between a headgroup carbon and the center of mass of the terminal methyl group.t®
However, applying this method directly to our chain-asymmetric systems is challenging,
as the inherent chain length differences (i.e., between 14:0 and 18:0 chains) affect the
spatial interpretation of snorkeling. To account for this, we calculated the maximum
extension length of each acyl chain, defined as the distance between each sn carbonyl
carbon and the center of mass of the terminal methyl group. We then defined snorkeling
events using threshold values ranging from 90% to 10% of this maximum length, in 10%
intervals. We observed that thresholds between 70% and 40% of the maximum chain
length most reliably captured backbending behavior, minimizing over- and under
sampling artifacts. An example of what the histograms and threshold values look like are
shown in (Appendix 3.1) These thresholds better identified meaningful backbending
events, whereas more permissive or restrictive thresholds disproportionately captured

noise or missed significant interactions.
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3.4 Results and Discussion

Our primary goal was to investigate how fully saturated mixed-chain lipids influence
bilayer properties by comparing single-component bilayers composed of lipids with the
same total number of acyl chain carbons, but with those carbons distributed unequally
between the two chains. Specifically, we examined four mixed-chain
phosphatidylcholines—MSPC, 15:0-17:0 PC, 17:0-15:0 PC, and SMPC—in which the
total acyl chain length remains constant at 32 carbons (Figure 3.1). Although some of
these lipids differ only in the positional arrangement of the acyl chains on the glycerol
backbone, the intrinsic tilt of the glycerol backbone causes a vertical offset in which the
sn-1 chain extends deeper into the bilayer. To isolate the effects of glycerol backbone tilt
in the absence of chain asymmetry, we also examined DPPC, which has identical
saturated chains in both sn-1 and sn-2 positions.

3.3.4 Chain Length Mismatch Drives Changes in Bilayer Structure

In this study, all examined lipids possess identical total numbers of carbon atoms
distributed between their two acyl chains and share the same headgroup. Consequently,
we hypothesized that the APL would remain approximately constant given all lipids have
the same number of acyl chain carbons. This hypothesis is consistent with previous
small-angle neutron scattering data for SMPC, MSPC, and DPPC.8” However, our
findings show that the APL differs slightly across all five lipid species studied and are
within error from previously determined values for MSPC, SMPC and DPPC?®’ (Figure
3.2a). This trend persists when considering both the chain length difference and the
carbon number disparity between the two acyl chains. Notably, an increase in chain
mismatch correlates with an increase in APL.

Changes in acyl chain length typically influence bilayer thickness.?!3 Since one
chain is being lengthened while the other is shortened, the change in bilayer thickness
will depend on the midplane acyl chain interactions such as interdigitation and
backbending. Greater interdigitation promotes tighter leaflet packing, which manifests as
a thinner bilayer (discussed further in Section 3.3).24 215 Accordingly, we observe a

reduction in bilayer thickness that scales with increasing chain mismatch. (Figure 3.2b)
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MSPC 15:0-17:0PC DPPC 17:0-15:0PC SMPC

\/ \/_

Figure 3.1) Lipids in this study. From left to right, the sn-1 chain increases in carbon
number while the sn-2 chain decreases to maintain a total of 32 acyl chain carbons.
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Figure 3.2) APL and bilayer thickness of mixed chain lipid bilayers. (a) APL for
lipid bilayers with increasing chain mismatch. The lipid with the highest chain
length difference has the highest APL. Knowing that the higher APLs form

thinner bilayers, the trend agrees in (b) where the APL and bilayer thickness are
inversely proportional.
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Chain order also plays a critical role in modulating bilayer thickness and APL.*
157,186 Although longer acyl chains have more conformational degrees of freedom, they
tend to adopt more ordered configurations in fluid-phase bilayers due to increased van
der Waals interactions and tighter packing.3® 213 This increase in flexibility is typically
attributed to either an increase in acyl chain length or the introduction of unsaturation. In
our analysis of chain order parameters, the shorter 14:0 chains exhibit higher order
compared to the longer 18:0 chains. (Appendix 3.2) Moreover, the positional
dependence of chain order becomes more pronounced with increasing chain length,
supporting the notion that sn-2 chains display greater disorder than sn-1 chains. (Figure
3.3). This disparity intensifies as chain length increases suggesting that the backbone tilt
IS a contributor to acyl chain dynamics.

3.4.2 Chain Mismatch Drives Changes in Mechanical Properties.

Lipid bilayers can be imagined as a hydrophobic region sandwiched between two
headgroup layers. Depending on how tightly the acyl chains are packed, this can
influence K, and therefore change its compressibility, or how easy the bilayer can be
compressed. It has been previously reported that chain asymmetric bilayers are more
compressible than their symmetric bilayer counterparts.® 1% 197 The bilayers that had the
longer chain on the sn-1 position had lower K, values than that the lipids that have the
chains transposed (Figure 3.4a). This further suggests that the positioning of the acyl
chains on the glycerol backbone is highly influential in bilayer properties.

K, quantifies a bilayer’s resistance to lateral expansion or compression, while k
describes its resistance to bending. These moduli are often correlated as both are strongly
influenced by the degree of acyl chain packing.'®* 21® This correlation remains true in the
case of mixed-chain lipid bilayers (Figure 3.4a). All lipids examined adhere to the
previously established power-law relationship between APC and « described in
ref.202 (Appendix 3.3) Furthermore, increasing chain length mismatch is associated with
a decrease in K, a trend also observed in earlier work®.

Some simulations have shown that K, may exhibit size-dependent behavior which
can result in an artificial correlation of «x, particularly in systems with structural or

compositional complexity.2% 21218 Tg account for these complexities, researchers have
60



340 — . . . : 36 340 . : :
. AMSPC 1
320 320/ <]15:0-17:0PC .
34 ! ODPPC e
=00 3001 > 47:0-15:0PC 1,7
280 32 280 VSMPC —g
£ - £ -
Z 260 . 1 2 Z 260
E S % E P
3 240 5 240 :
220 28 220
% ,+
200 1 200 al
26 1 v
180 180 ,7
v
160 : 24 : . 160 ' : .
?0 ?Q ?0 ?0 ?O QO QO ?O ?O ?O 20 25 30 35 40
W o e oV W off e oV
,\59’ \1-9’ ,\69’ \1-9’ K | kgT

Figure 3.3) Mechanical properties of mixed chain lipid bilayers. (a) is the bilayer
K 4 for each of the mixed chain bilayers. (b) is k for each of the mixed chain bilayers.
K 4 and k are positively correlated. Mixed-chain lipid bilayers maintain this trend (c).
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function of acyl chain length and backbone position. Increasing chain length
reveals differences in backbone positioning associated with disorder.
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implemented the PBM to quantify the mechanical coupling of two leaflets in a bilayer.?!!

In principle, increased interdigitation should enhance the mechanical coupling of the two
leaflets, and should be reflected by an increase in k. However, this assumption does not
hold in all cases: both experiments® and simulation results indicate mixed chain lipids
deviate from this assumption, forming bilayers significantly less coupled than their
symmetric counterpart (here, DPPC) with the exception of 15:0-17:0 PC which has a
similar chain length difference comparable to DPPC. To describe the mechanical coupling
of the two leaflets we calculated g from the PBM and found that increasing the chain length
mismatch did not significantly change the mechanical coupling of the two leaflets. (Figure
3.5)

3.4.4 Chain asymmetric lipids have a higher propensity to interdigitate and backbend.

It has been shown that other chain asymmetric lipids prefer to adopt two
predominant conformations: interdigitated, or back-bent.!*® Nevertheless, lipid acyl chains
are highly dynamic in the fluid phase™ and are capable of rapidly sampling multiple
conformations on short timescales®® and should also occur transiently and dynamically
within fluid bilayers. While interdigitation is often conceptualized as a complete
“zippering” of the leaflets into a specific phase?'4, we instead focus on instantaneous
interdigitation recognizing it as a transient, dynamic phenomenon in fluid phases.

To quantify the extent of interdigitation in each of these systems, we applied the
four methods described in ref®®, The values for each of these methods are presented in
Figure 3.6 and in Appendix 3.4. All four methods consistently indicate that increasing
the chain length disparity between the two acyl chains enhances the extent of
interdigitation between the leaflets. When normalized, these metrics exhibit the same
overall trend that is best fit with a second order polynomial (Appendix 3.5 and 3.6),
confirming that greater chain length mismatch leads to increased interdigitation. This
finding challenges the traditional view that enhanced interleaflet interactions, such as
those arising from interdigitation, should result in stiffer bilayers.?!® As seen in Figure
3.4b, and in an experimental study®, increasing the chain mismatch decreases the bending
modulus of the bilayer. However, it has been seen that highly chain asymmetric lipids

like to adopt two main conformations: interdigitated and backbent configurations.'*
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Figure 3.6) Quantification of interdigitation using four methods: ccMat, doMat,
memlIT, and nISA. All methods consistently show that increasing ACL results in
greater interdigitation. Panels show (a) ccMat sums, (b) doMat sums, (¢c) memIT
values, and (d) nISA values. While the absolute values differ across methods,
normalization reveals highly similar trends (Appendix 3.5).
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chains to backbend. At 80 ps intervals, we computed the distance between the carbonyl
carbon and the terminal methyl group for each acyl chain and evaluated whether this
distance fell below a series of incrementally adjusted thresholds, thereby classifying
chains as backbent or not. The use of the carbonyl carbon as a reference point accounts
for intrinsic chain offset caused by the tilt of the glycerol backbone, ensuring that
differences observed are attributable to chain disorder rather than chain positioning. This
distinction is important, as it was determined that the sn-1 position on the glycerol
backbone is intrinsically more ordered than the sn-2 position (Figure 3.3). As shown in
Figure 3.7, the relative ranking of backbending behavior across systems remains
consistent regardless of the specific threshold applied (expressed as a percentage of the
maximum chain length). This supports the notion that systems with a higher degree of
interdigitation also exhibit an increased propensity for backbending. Moreover,
increasing the chain length mismatch appears to follow a second-order polynomial with
both interdigitation and backbending (Appendix 3.5, 3.6, and 3.7), suggesting a shared
underlying mechanism related to chain asymmetry and packing disorder previously
established.®’

Although the trends between interdigitation and backbending are similar, it is not
necessarily accurate to conclude that increasing chain length mismatch directly induces
the same second order polynomial increase in backbending propensity. Importantly, our
data suggest that the propensity to backbend correlates more strongly with acyl chain
mismatch in all threshold levels than with interdigitation. This distinction is critical, as
interdigitation is not solely a monolayer property. For an acyl chain to interdigitate, two
conditions must be met: (1) the packing density within its own leaflet must be sufficiently
high to drive the chain into the opposing leaflet, and (2) the opposing leaflet must contain
a void large enough to accommodate the intruding chain. In contrast, backbending is
governed primarily by intraleaflet physical properties, such as chain flexibility and local
packing. This difference is particularly evident under the strictest classification threshold
(40% of the maximum chain length), where the correlation between chain mismatch and
backbending is strongest, with an R2 value of 0.993. The R? values for all other threshold
models are listed in Appendix 3.7.
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Figure 3.7) Average number of backbending acyl chains as a function of
increasing fractional chain length threshold. Reducing the threshold from 70% to
60% of the maximum chain length (panel a) results in over a 50% decrease in the
number of identified backbending chains. Despite changes in threshold criteria
(down to 50% and 40%), SMPC consistently exhibits the highest number of
upward-snorkeling chains. Fitting the data with a second-order polynomial
reveals a strong correlation between backbending and carbon chain-length
difference
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3.5 Summary and Conclusions

One leaflet of a lipid bilayer is mechanically coupled to the opposing leaflet, and the
strength of this coupling depends on both the structural features of the constituent lipids
and additional properties such as lipid composition and asymmetry.* 1% We investigated
how a difference in acyl chain length of chains on the same backbone affects the physical
properties of the bilayers that they form. Specifically, we examined lipids with saturated
acyl chains ranging from 14:0 to 18:0, varying the carbon number on one chain while
decreasing it on the other, to assess whether chain positioning on the glycerol backbone
influences bilayer behavior.

We observed modest variations in structural properties, such as an increase in APL
with greater chain length mismatch. This may be attributed to enhanced chain dynamics
in systems like SMPC, where the more disordered chain resides in the inherently more
dynamic sn-2 position. This configuration appears to promote a softer bilayer, increased
backbending, and higher APL, consistent with the idea that more dynamic chains reduce
frictional interactions between the leaflets. This reduction in interleaflet friction could
help explain the observed softening of bilayers in both simulations and experimental
measurements®. Furthermore, these findings may clarify why SMPC and MSPC—despite
differing only by the positional swap of the two acyl chains—exhibit distinct physical
and mechanical bilayer properties.

Biologically, many naturally occurring lipids are asymmetric, possessing chains of
differing lengths and degrees of unsaturation.? This basic biophysical analysis
demonstrates how minor structural variations can lead to significant differences in bilayer
properties, potentially offering insight into why such lipidomic diversity is essential for
cellular function. In some organisms such as yeast, shifts in mixed-chain lipid
composition are observed under stress, possibly as a protective or adaptive mechanism.®°
Future studies are needed to explore how these hybrid lipids behave in more complex,
biologically relevant systems (for example, compositionally and numerically asymmetric
bilayers) to determine whether chain mismatch continues to dominate leaflet coupling

dynamics under such conditions.
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CHAPTER FOUR
PHENOMENOLOGICAL MODELS FOR DETERMINING PHASE BEHAVIOR
OF LIPOSOMES FROM SP-FRET
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A version of this chapter is being prepared for submission as a manuscript.

Emily H. Chaisson, Deeksha Mehta, and Frederick A. Heberle "Phenomenological models
for determining phase behavior of liposomes from SP-FRET"

This chapter describes experiments and method development. D.M., and E.H.C,,
performed the FRET experiments. E.H.C performed the analysis. D.M., E.H.C., and F.A.H.
designed the research, analyzed the data, and wrote the manuscript. D.M., E.H.C., and

F.A.H. edited the manuscript.
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4.1 Abstract

Steady-state probe partitioning Forster Resonance Energy Transfer (SP-FRET) has been a
widely used technique for identifying nanoscopic heterogeneity in model membranes.
The use of two-probe-pair acceptor fluorescence measurement systems has enabled
detailed characterization of phase behavior in phase-separated systems on a nanoscopic
scale.?® Historically, this method has relied on one or two probe pairs to qualitatively
estimate the miscibility transition temperature of lipid mixtures. More recently,
quantitative models incorporating up to five fitting parameters have been developed.® In
this work, we introduce an algorithm to assess whether a given system undergoes a
miscibility transition over a defined temperature range. Our approach compares the
reduced chi-square x2,, from each model to determine if it is statistically just to use the
more complex model values from 3-, 4-, and 5-parameter model fits and establishes
empirical thresholds to determine when the added complexity of a higher-order model is
statistically justified. We validated this method using well-characterized homogeneous
and phase-separated lipid mixtures and demonstrated that it reliably detects phase
separation, including in nanoscopically heterogeneous systems. We have provided an
open-source, user-friendly, implementation of this analysis framework for application in
SP-FRET in biomembrane studies.

4.2 Significance

FRET can determine phase behavior in lipid membranes using two probe pairs: one in
which both probes prefer the same phase and another in which both probes prefer
different phases. Despite FRET being used to resolve nanoscopic heterogeneity,
determining whether an increased signal is an artifact of the method, or the result of the
sample being a non-ideal mixture is still challenging. Here, we implement 3-, 4-, and 5-
parameter models to assess if a system has domain formation. This method has been used
to determine the miscibility transition temperature in phase separated samples for two
well-studied mixtures, DPPC/DOPC/Chol and DPPC/POPC/Chol, and to fit a single
component system (DOPC). Additionally, we determine the phase boundary ina 1:1
(DPPC/DOPC) + various amounts of cholesterol trajectory using the xZ,, of the model

fits.
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4.2 Introduction

Forster resonance energy transfer (FRET) is a photophysical process where a
fluorophore (donor) is electronically excited and transfers its excitation energy to another
fluorophore (acceptor). For FRET to occur, the emission spectra of the donor fluorophore
(D) must overlap with the excitation spectra of the acceptor fluorophore (A). The transfer
of energy is distance-dependent and can yield measurements on the nanoscopic scale,
making FRET highly applicable for many biological applications!#? 47, One specific
application utilizes steady-state probe-partitioning fluorescence resonance energy transfer
(SP-FRET), which exploits the tendency of phase-preferring probes to partition
selectively into distinct membrane domains.'** SP-FRET has been used to determine the
phase behavior®, miscibility transition temperatures® 22, and even domain size in lipid
bilayers'?8, SP-FRET is used to assess these properties by quantifying subtle changes in
the FRET efficiency. An increase or decrease the FRET efficiency is governed by the
distance between the D and A. In these studies, D and A are fluorescent lipid probes, and
because the FRET mechanism is distance-dependent, FRET between donor and acceptor
lipids depends on their average separation. Since D and A are themselves lipids capable
of freely diffusing within the membrane plane, their separation follows a distribution of
separation distances rather than a single fixed value. As a result, the FRET efficiency for
any individual excited D is unique and depends on its instantaneous local environment,
with the observed FRET representing an average over all such D molecules in the system.
Any change that causes spatial reorganization of D and A lipids will alter the distribution
of separation distances, and thus, the observed FRET efficiency.

One example of a change that induces spatial reorganization is temperature
change in a phase-separated system. Qualitatively, there are two possibilities when a
uniform mixture (Figure 4.1c) phase separates: (a) D and A prefer the same phase and
become concentrated in the same domains, therefore FRET increases (co-localization)
(Figure 4.1a); (b) D and A prefer different phases and therefore, FRET decreases because
D and A are concentrating in different domains (segregation) (Figure 4.1b)
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Figure 4.1) Dual probe partitioning in SP-FRET. (a) For two probes that prefer the
same phase, at lower temperature regimes, the FRET intensity is going to be higher.
Conversely, if two probes prefer different phases, in lower temperature regimes, then
FRET intensity will be lower. (b) In temperatures above the miscibility temperature,
then the sample and probes are uniformly mixed. (c) This figure is an adaptation from
[140] with permission from American Physical Society.
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induces a local change in environment, where the probe pair that exhibits the same phase
preference has an increase in FRET intensity because of probe co-localization, while the
probe pair that exhibits contrasting phase preference has a decrease in FRET intensity
because of probe segregation?. However, in cases where there is no phase separation,
there is no abrupt change in FRET efficiency. In each of these cases, the FRET intensity
curves should be fit with a model to determine the phase behavior and, when applicable,
the miscibility transition temperature. Here, we present a previously established
methodology® 22 alongside a novel algorithm designed to determine whether a sample
exhibits a miscibility transition over a given temperature range, and when applicable, to
quantify the transition temperature. We have implemented these methods into an open-
source, user-friendly tool that enables other researchers to adapt the approach for their
own studies. Difficulties arise in selecting the best model when the phase behavior of the
sample is unknown, leading to the main question: What model is best suited for the data,
and can it be used to determine phase behavior?
4.4 Materials and Methods
4.4.1 Chemicals
Phospholipids, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) were purchased from Avanti Polar Lipids (Alabaster, AL). Cholesterol was
purchased from Nu-Chek Prep (Elysian, MN). 1-palmitoyl-2-(dipyrromethene boron
difluoride)undecanoyl-sn-glycero-3-phosphocholine (TFPC) was obtained from Avanti
Polar Lipids, 1,1’-dioctadecyl-3,3,3’,3'-tetramethylindodicarbocyanine, 4-chlorobenzene
sulfonate salt (DiD) was obtained from ThermoFisher Scientific (Waltham, MA), and
naphtho[2,3-a]pyrene] (naphthopyrene, Naph) was obtained from TCI America
(Portland, OR). All phospholipids, dyes, and cholesterol were dissolved in HPLC-grade
chloroform and stored at -20 °C until use. The concentration of cholesterol (Chol) was
determined gravimetrically, and the concentration of phospholipids was determined using
an inorganic phosphate assay.??! The concentration of the fluorescent dyes was
determined from absorbance measurements using the following extinction
coefficients: 23,800 M cm (Naph), 96,900 M cm™ (TFPC), 249,000 M cm~
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! (DID). Ultrapure water was obtained from a Milli-Q 1C 7000 purification system
(Millipore Sigma, Burlington, MA).
4.4.2 Sample preparation

Vesicles of low average lamellarity (LLVS) were prepared as previously described
in [127] using the rapid solvent exchange (RSE) method. First, the desired lipid and
probe mixtures were prepared by dispensing stock solutions into 13 x 100 mm glass
screw-cap test tubes containing 25 pL of chloroform. 500 pL of ultrapure water was
added to each test tube, which was then immediately mounted on the RSE device, placed
under vacuum, and subjected to vigorous vortexing for 90 s. During RSE, Ar was slowly
introduced into the test tube to facilitate the removal of chloroform. After 90 s, the
sample was vented to Ar and transferred to a plastic centrifuge tube.
4.4.4 FRET measurements

Following the protocol from Mehta and Crumley et al.8, FRET samples were
prepared by adding 100 pL aliquot of LLVs consisting of 0.625 pL (total lipid) and 1900
ML of ultrapure water into a plastic centrifuge tube and vortexed before adding it to
fluorometer cuvette with a flea stir bar.8 FRET from these samples was measured using a
HORIBA FluoroLog 3 spectrophotometer (HORIBA USA, Irvine, CA) equipped with a
temperature-controlled cuvette holder (Quantum Northwest, Liberty Lake, WA). Each
sample contained three probes comprising two D/A FRET pairs: Naph/DiD and
TFPC/DiD. The probe-to-lipid ratios were as follows: 1/200 Naph, 1/1500 TFPC, 1/1000
DiD. Fluorescence intensity was measured in five channels (excitation/emission A in nm):
Naph direct signal (427/545), Naph/DiD FRET (427/664), TFPC direct signal (499/551),
TFPC/DIiD FRET (499/664), DiD direct signal (646/664). Excitation and emission
channels were selected based on the spectral overlap between each donor probe's
emission and the acceptor's excitation, as shown in Appendix 4.1. Proper spectral
overlap is essential for efficient FRET; if the donor emission and acceptor excitation
spectra do not overlap, energy transfer cannot occur. We chose excitation wavelengths to
maximize donor excitation while minimizing excitation of other probes. Likewise,
emission channels were selected to capture the peak emission of each probe while

avoiding signal overlap between channels. These considerations were critical to
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accurately quantifying FRET and avoiding misinterpretation due to spectral cross-talk. In
Appendix 4.1, excitation and emission wavelengths for each channel are shown as
superimposed vertical lines, color-coded by channel, to illustrate the rationale for their
selection. Excitation and emission slit widths were between 2-3 nm, and the signal
integration time was 0.1 s. To establish the temperature dependence of FRET, data were
collected from 60 to 10 °C in -1°C increments with an equilibration time of 2 min at each
temperature, with a minimum initial equilibration time of 15 min. We refer to the
Naph/DiD intensity as FRET1 and TFPC/DiD intensity as FRET2. For this application,
FRET is measured by monitoring changes in acceptor fluorescence intensity, rather than
the conventional approach of tracking changes in donor fluorescence.
4.3.3 FRET fitting with 3-,4- and 5-parameter models

FRET was calculated from the intensity measured in the FRET channel. The

FRET (FAD ™) channel contains direct measurements from both the D (FDD em)and A

(IilAem) fluorophores. First, we must normalize the FRET intensity using the geometric
mean of the D and A shown in Eq (4.1)% %°.

Dem
FRET = —4

Dem , pAem
Fy™™ - F,

(4.1)

As discussed previously, same-phase probes exhibit increased FRET intensity (FRET2)
when the temperature is below the miscibility transition temperature (T < Typisc, Where T
is the current temperature and T,,;4. iS the miscibility temperature). In contrast, opposing-
phase probes show a decrease in FRET intensity (FRET1) under the same conditions.
While these individual changes in FRET can be subtle, taking the ratio of FRET2 to FRET1
- hereafter referred to as Fg,¢;o - amplifies the sensitivity to probe co-localization and more
clearly reveals the T,,;s.. 222 Previously, the Fr,:i, Was fit with a 4-parameter model (or
two intersecting linear regimes)??® Eq (4.2) for both modes of the curve, with T,,;. being

the breakpoint of the piecewise function.
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a; (T - Tmisc) + Fmisc T < Tmisc

FRET (T; Tisc) Fisc) = {
miscr I'misc a,(T — Tpyise) + Fise T 2 Tisc

(4.2)

This model identifies regions of low miscibility, where T < Ty,;s.. In this region, a;
describes the slope and b, is the y-intercept. However, in regions of high miscibility,
where T = Tpise, @z 1S the slope and b, = a1 Thise + b1 — a3 Tmise- This model neglects
one aspect of dual probe FRET measurements; these probes show a gradual change in
intensity throughout the experiment in a uniformly mixed bilayer with an increase in
temperature or composition.® 14! Therefore, the 4-parameter model truncates the data to
two linear regimes. Including this parabolic behavior, a more robust 5-parameter model

can determine the T,,;. by the Eq (4.3) shown below.? 22

(TZ - Tmiscz) + b(T - Tmisc) + Fmisc T < Tmisc

(4.3)
C(T - Tmisc) + Fmisc T = Tmisc

FRET(T; Thise) = {

This model identifies regions of high miscibility, where T > T,,;,.. In this region in Eq
(4.3), parameter ¢ describes the slope. The fitting regime of phase separation is more
complex, where parameters a and b control the shape of the curve. In both regions, F,;s.
represents the FRET value when these two regions intersect. However, some systems,
particularly uniform systems, are better fit with a 3-parameter model Eq (4.4) that will
account for this gradual increase in probe signal coming from the change in temperature
effect on the quantum yield rather than a change in the environment caused by
preferential probe partitioning into specific phases shown by single component DOPC

(Appendix 4.2). Parameters a, b, c all describe the fit for a simple quadratic.

FRET(T) = aT? + bT + ¢ (4.4)

In cases where the system is known to be phase-separated, such as DPPC/DOPC/Chol®?,
determining which model best fits the data can appear arbitrary, as a phase-separated
model (with 4- or 5-parameters) will always fit significantly better than a uniform (3-
parameter) model. However, the 5-parameter model is often preferred over the 4-
parameter model because it enables direct comparison with the 3-parameter model
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without reducing the dataset size, thereby maintaining sample size consistency across
model comparisons.

Many metrics can be used to evaluate the goodness-of-fit and determine the most
appropriate model for a given dataset. Commonly employed criteria include the sum of
squared residuals, root mean square error, and the reduced chi-squared statistic (y2,4)

2

X
sz'ed = 7 (4'4)

Among these, yZ statistic is particularly informative because it incorporates the
degrees of freedom as shown in Eq (4.4) where v is the degrees of freedom, calculated by
v = k — n, where k being the number of data points and n is the number of fit
parameters. To determine whether a given y2,, supports a miscibility transition (i.e.,
phase separation), we compare the fits of a uniform model (3 parameters) against phase-
separated models (4- or 5-parameter). While increasing the number of parameters often
improves fit, the principle of parsimony cautions against overfitting and promotes
choosing the simpler model unless the improvement in fit is statistically significant. y2,,
statistic enables a fair comparison by penalizing excessive model complexity. Therefore,
comparing the x2,, values -specifically, the ratio of a uniform model to the phase
separated model - provides a quantitative measure of whether the improved fit from a
phase-separated model justifies its added complexity.
4.5 Results and Discussion

To establish an empirical guideline for determining miscibility transitions, we
examined a sample set with well-characterized phase behavior: uniform (DOPC),
nanoscopic (DPPC/POPC/Chol, 40/40/20 mol%), and macroscopic (DPPC/DOPC/Chol)
phase separation. We use data from Mehta & Crumley et al.® for mixtures spanning the
known phase transition space along the 1:1 DPPC/DOPC/Chol line as cholesterol
concentration varies. For each mixture, we fit the data using 3-, 4-, and 5-parameter
models and report the corresponding y2,, values. The primary objective is to establish
empirical criteria grounded in a set of reference samples with well-characterized

miscibility behavior. This is achieved by quantifying and comparing the ratios of x2,;
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values obtained from fits to DOPC, which remains homogeneous across the entire
temperature range, against those derived from ternary mixtures exhibiting miscibility
transitions.

4.5.1 Determining the best model in sample replicates

We examine DOPC with 10 sample replicates. This mixture is uniform, as shown
in Figure 4.2A. Each of the 10 replicates was fit independently, and the resulting y2,, for
each model and sample replicate is shown in Appendix 4.3a. Taking the ratio of the
Xredy: Xredy Xreds: Xreagr @A Xfeq, * Xfea, TOr DOPC all ratios are ~1 indicating no
model is a statistically better fit than the others. However, in DPPC/POPC/Chol
(40/40/20mol%), the x2,, ratios increase, while the largest ratios come from the
macroscopically phase-separated model of DPPC/DOPC/Chol (40/40/20mol%) as seen in
Appendix 4.3c. The increase in the y2,, ratios suggests that the y?2,, ratios have the
sensitivity to resolve better fits in both nanoscopically and macroscopically phase-
separated systems.

4.5.2 Determining phase behavior with different cholesterol concentrations
The 1:1 line of DPPC/DOPC/Chol has been well established to exhibit phase-separated
cholesterol concentrations in some cases and uniform concentrations in others.® 5 Using
the data from Mehta and Crumley et al.8 for the 1:1 line of DPPC/DOPC/Chol, we fit the
data with the 3-, 4-, and 5-parameter models. Figure 4.3 shows the Fg,, (T) for
DPPC/DOPC/Chol for increasing Chol concentrations. For each, the best model is shown
in Figure 4.3. All curves were fit with a 3-, 4-, and 5-parameter model (Appendix 4.4).
The best curve fit for each Fgq:i, (T) Was determined by the x?2,, ratios (Appendix 4.5)
and are shown in Figure 4.2. The analysis indicates that the system remains phase
separated up to approximately 35 mol% cholesterol, consistent with previous findings
reported by ref®%2. However, the T,,;s. Values reported in GUV studies were slightly
higher, likely due to the resolution limits imposed by the diffraction of light inherent to

optical microscopy.
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Figure 4.2) Model Fits for a uniform, nanoscopic, and macroscopically phase-
separated system. (a) 100% DOPC fit with all three models. Interpreting
differences between the 4- and 5-parameter model fits is not phenomenologically
justified in this case, as the system is compositionally uniform and lacks detectable
phase heterogeneity. However, in both (b) DPPC/POPC/Chol and (c)
DPPC/DOPC/Chol the T,,;s. determined by the 4-parameter model is shown with
an orange vertical line and the T,,,;5. determined by the 5-parameter model is
shown with a green vertical line. Each sample had 10 replicates, and the error
bars are standard error of the mean. The error is determined from the error of
the parameter in a weighted fit model.
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Figure 4.3) Model Fits for ternary DOPC/DPPC/Cholesterol system
at a fixed 1:1 DPPC:DOPC ratio and varying cholesterol
concentration. Each Fpg,,,(T) curve was fit with all three models
and the best fit model was determined by x?2,4ratio. The black
vertical lines are the determined T,,,;,. values.
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4.5.3 Determining the T,,,;s. Using a single probe pair

Previous studies have only used one probe pair to determine the T,,;s. of a sample.?® 14
In this method, we independently determined the T,,,;s. values from each probe pair and
compared them to the Frutio (T) Thnise, Using weighted sample replicates of
DPPC/POPC/Chol (40/40/20mol%), and DPPC/DOPC/Chol (40/40/20mol%). In Figure
4.4, each row shows the FRET1 curve, FRET2 curve, and Fgrg;i0 (T) fit with all three
models. The T,,;s. value from each is reported in Appendix 4.6. This method can be used
to fit each replicate curve for FRETL, FRET2, and Fgrg;i0 (T).

4.6 Conclusion

FRET is a valuable tool for determining phase behavior in model membranes. However,
there are few protocols for fitting SP-FRET data and mathematically determining the
Tmisc- Here, we present a user-friendly code that implements both previously established
algorithms and novel methodologies to assess the phase behavior of a sample based on
the y2,, metric. The code also reports the T,,;sc; however, this parameter is physically
meaningful only when the system exhibits phase separation, despite it being reported in
all cases. Within this method, we explored previously known samples such as 100%
DOPC, DPPC/POPC/Chol (40/40/20mol%), and DPPC/DOPC/Chol (40/40/20mol%).
For these samples, we demonstrated the sensitivity of this method and showed that it can
resolve domain size, even in nanoscopically phase separated systems such as
DPPC/POPC/Chol. Furthermore, we extended our study to see if this method can
determine the phase boundary in the well-studied 1:1 + Cholesterol trajectory of
DPPC/DOPC/Chol. The methodology was able to confirm that 35 mol% Chol is uniform,
as previously determined by Mehta and Crumley et al. Methods for determining phase

behavior in a mixture are crucial in phase behavior studies using SP-FRET.
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Figure 4.4) Weighted curves for 100% DOPC, DPPC/POPC/Chol
(40/40/20mol%) and DPPC/DOPC/Chol (40/40/20mol%0). Column (A) is 100%
DOPC weighted curve for FRET 1 (row 1), FRET 2 (row 2) and FRET Ratio
(row 3). Each curve is fit with the 3 (blue dash), 4 (orange dash), and 5 parameter
(green solid) model. Column (B) is DPPC/POPC/Chol (40/40/20mol%) and
column (C) is DPPC/DOPC/Chol (40/40/20mol%0). The error bars are standard
error of the mean. Each composition had 10 sample replicates.



CHAPTER FIVE
THE INFLUENCE OF MIXED CHAIN LIPIDS ON MEMBRANE PHASE
BEHAVIOR AND NANODOMAIN FORMATION
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5.1 Abstract

Membranes, predominantly composed of lipids, are a fundamental feature of all
biological systems found in nature. In particular, the eukaryotic plasma membrane is
asymmetric and chemically diverse. A subclass of lipids in eukaryotic membranes is
those where the two acyl chains are different in structure, referred to as hybrid lipids.
Previous studies have focused on the hybridization of the low-melting lipid. However, it
has been shown that yeast enhances the biosynthesis of the hybridized high-melting lipids
or ordered hybrid lipids (OHL) under stressful conditions. This increase in OHL
synthesis was hypothesized to occur due to OHLSs' ability to alter membrane properties.
The phase behavior of these hybridized high-melting lipids has yet to be explored. Here,
we investigate how chain mismatch and acyl-chain position on the glycerol backbone
influence the phase behavior of ternary mixtures of cholesterol, DOPC, and either MSPC
(14:0-18:0 PC) or SMPC (18:0-14:0 PC) as the high-melting lipid. To eliminate any
effect of lipid-dependent melting point, we also included 15:0-PC, which has a Tm
between the two hybridized lipids. Our confocal fluorescence microscopy data suggest
that transposing the sn-1 and sn-2 chains of MSPC and SMPC results in dramatically
different phase behavior. Specifically, liquid-ordered (Lo) + liquid-disordered (Ld) phase
coexistence was observed over various compositions and temperatures in the
MSPC/DOPC/Chol system, but not in the SMPC/DOPC/Chol system. We have recently
shown that cryo-EM can directly image and distinguish between Lo and Ld phases at
nanoscopic length scales based on the intrinsic differences in the thickness and electron
density of the two phases. Here, we use cryo-EM along with FRET to investigate the
presence of nanoscopic domains in SMPC/DOPC/Chol mixture. Our cryo-EM and FRET
results show that SMPC/DOPC/Chol shows nanoscopic lateral heterogeneity at 22°C. We
also compare our results to a mixture containing 15:0-PC as the high-Twm lipid with sn-1
and sn-2 chains of equal length. We saw that the phase behavior of 15:0-PC/DOPC/Chol
is similar to that of MSPC/DOPC/Chol.
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5.2 Introduction

It is now widely established that lateral heterogeneity is a fundamental defining
property of eukaryotic cell membranes.??4 22 Despite continued uncertainty regarding the
structural and functional nature of the domains, their presence is well supported by
experimental evidence.??® Given the presence of hundreds of distinct lipid species in the
plasma membrane, it is likely that specific lipids, based on their structural features, will
exhibit preferential interactions with some lipids while interacting unfavorably with
others.??”- 228 Sych differential affinities contribute to lipid clustering and phase separation
within the membrane.??° Compartmentalization is a key feature of the plasma membrane,
which is crucial for cells to perform specialized functions such as intercellular and
intracellular signaling #¢-23° One such mechanism of compartmentalization is the
formation of lipid rafts.?3! Raft formation is the result of unfavorable interactions
between sphingolipids and phospholipids combined with favorable interactions between
sphingolipids and cholesterol, leading to phase separation within the membranes.?*?
Ordered raft domains contain more cholesterol due to the favorable interactions between
cholesterol and saturated lipids, which are thicker and more rigid than those found in
non-raft regions.?* 2** These rafts organize membrane-resident proteins based on their
affinity for either raft or non-raft domains, contributing to essential cellular processes
such as protein trafficking, signaling, and pathogen-host interactions.?®> %3¢ Despite
substantial biochemical and spectroscopic evidence supporting the existence of lipid
rafts, their direct visualization remains challenging due to their small size and transient
lifetimes, making them difficult to characterize experimentally.??® Therefore, studies
using simplified model membrane mixtures have been crucial in defining the
physicochemical principles underlying raft formation.®

Ternary mixtures consisting of a high-Tw lipid, a low-Twm lipid, and cholesterol
serve as well-established models for the outer leaflet of the plasma membrane.3%*® The
compositional phase behavior of such three-component systems is broadly classified into
type-1 and type-I1, based on the size and visibility of the coexisting domains. In mixtures
where the low-Twm lipid contains unsaturation in both acyl chains, such as DOPC, micron-
scale domain formation is observed at room temperature using confocal fluorescence
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microscopy (CFM), indicative of type-I1 behavior.''® 2" These mixtures typically exhibit
Ld + Lo or Ld+ Lp + Lo phase coexistence.® In contrast, most biologically relevant
glycerophospholipids, such as POPC, contain a saturated sn-1 chain and a cis-unsaturated
sn-2 chain.?*® Substituting DOPC with POPC in otherwise identical ternary systems
results in GUVs that appear optically uniform.?*° Nonetheless, nanoscale liquid-liquid
phase separation persists and can be detected using techniques with sub-diffraction
resolution, such as Forster resonance energy transfer (FRET), electron spin resonance
(ESR), small-angle neutron scattering (SANS), and cryogenic electron microscopy (cryo-
EM).240 148,241-243 This nanoscale domain behavior is characteristic of type-1 mixtures.®
116

This distinction between type-1 and type-11 phase behavior highlights the
sensitivity of domain formation to lipid structure. Previous studies have extensively
characterized specific ternary systems, such as DPPC/DOPC/Chol, DSPC/DOPC/Chol,
and DMPC/DOPC/Chol across a wide temperature range of 15-45 °C.%° Notably,
DPPC/DOPC/Chol and DSPC/DOPC/Chol display type-11 behavior, with macroscopic
Lo + Ld phase separation observed across multiple lipid ratios.®* *> 237 In contrast, type-I
mixtures like DPPC/POPC/Chol, DPPC/SOPC/Chol, DPPC/DLPC/Chol exhibit
nanoscopic heterogeneity that cannot be resolved by phase-preferring fluorescent probes,
highlighting the challenge in visualizing domains.?’ This concept of type-I and type-II
promotion has traditionally been considered in the context of the low-melting lipid within
the ternary mixture. Similarly, changes in the acyl chain length of the high-Twm lipid can
also affect phase behavior.3% % 2% For example, increasing chain length from DMPC to
15:0-PC alters the mixture’s behavior at 22 °C with 20% Chol and changes the system
from type-1 to type-11.33 However, hybridization of the low-Tw lipid has resulted in
nanoscopic rather than macroscopic heterogeneity.>? In this study, we investigated ternary
mixtures where the low-melting lipid DOPC, which is typically associated with type-II
phase behavior, was kept constant. Simultaneously, the high-melting component was
systematically varied by utilizing different ordered hybrid lipids (OHLSs).

While most biological lipids typically have acyl chains of similar lengths?*, there
exists a lesser-studied class of lipids in which the two chains differ in length. In some
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cases, this chain length difference can be extreme, like sphingomyelin, where the shortest
possible chain can be two carbons and the longest possible chain can be 28 carbons.?>
246 1n some yeast systems, these mixed-chain lipids are found in high concentrations and
are upregulated under stress, suggesting a biological role.?*” Furthermore, this chain
mismatch is known to alter the melting point compared to its chain symmetric
counterparts, potentially leading to differences in phase behavior.'%!

While previous studies have explored the effects of hybridizing the low-Twm lipid
(i.e., DOPC with POPC)®, little is known about hybridizing the high- Twm lipid in ternary
mixtures. Nevertheless, single-component systems simply transposing the 14:0 and 18:0
chains in MSPC to SMPC, leads to significant differences in physical behavior, such as
interdigitation®*® and bending moduli.®” These results highlight the importance of
understanding chain mismatch and its effects on biomembranes properties, particularly in
biologically relevant model membranes.

Here, we investigated the effect of substituting the high-Twm lipid with an OHL
that contains one acyl chain from a high-Twm lipid that is known to form a type-I mixture
at 22°C with DOPC and Chol and another from a lipid that forms type-1l1 mixtures with
DOPC and Chol. We focused on two OHLs -SMPC and MSPC- differing only in the
position of the two acyl chains on the glycerol backbone. To assess whether differences
in phase behavior are due to melting point variations, we also included a chain-symmetric
lipid with an intermediate Tr.. Our study explores how structural differences in saturated
OHL influence phase behavior in ternary systems, using di15:0 PC as a reference point.
5.2 Materials and Methods
5.2.1 Materials

Phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipentadecanoyl-sn-glycero-3-
phosphocholine (15:0-PC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), 1-myristoyl-2-stearoyl-sn-glycero-3-
phosphocholine (MSPC), and 1-stearoyl-2-myristoyl-sn-glycero-3-phosphocholine
(SMPC) were purchased from Avanti Polar Lipids (Alabaster, AL). Cholesterol was
purchased from Nu-Chek Prep (Elysian, MN). Fluorescent dyes 1,2-dioleoyl-sn-glycero-
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3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (LRPE),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
(ammonium salt) (NBD-DSPE, NBD), and 1-palmitoyl-2-(dipyrrometheneboron
difluoride)undecanoyl-sn-glycero-3-phosphocholine (TopFluor-PC, TFPC) were
purchased from Avanti Polar Lipids. The fluorescent dye 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD) was purchased from
ThermoFisher Scientific (Eugene, OR) and naphtho[2,3-a]pyrene (naphthopyrene, Nap)
was purchased from TCI America (Portland, OR). All lipids and dyes were suspended in
HPLC-grade chloroform and stored at -20°C until use. The concentration of the
phospholipid stocks was determined using a colorimetric inorganic phosphate assay?*°,
and the concentration of the cholesterol stock was determined gravimetrically. Dye
concentrations were determined from absorbance measurements using the following
extinction coefficients in units of M~tcm: 95,000 (LRPE); 23,800 (Nap); 96,904
(TFPC); and 249,000 (DiD). Ultrapure water was obtained from a Milli-Q IC 7000
purification system (Millipore Sigma, Burlington, MA).

5.2.2 Confocal Fluorescence Microscopy

Giant unilamellar vesicles (GUVs) were prepared using a modified
electroformation procedure.'® Briefly, a mixture of lipids and probes was prepared in the
desired ratio by dispensing stock solutions into a 13 x 100 mm glass culture tube
containing 100 pL of chloroform. The solution was then spread onto two indium tin
oxide (ITO)-coated glass slides on a hot plate set at 55 °C (Delta Technologies,
Stillwater, MN) and placed under a vacuum for 2 h. A chamber was formed from the two
slides using an O-ring spacer filled with 600 pL of 100 mM sucrose solution and then
placed into an aluminum holder heated to 55 °C. GUVs were formed by applying a 2.0 V
peak-to-peak, 10 Hz AC waveform to the chamber for 2 h while the holder was
maintained at 55 °C, followed by cooling to 22 °C at a rate of 2.66 °C per hour. GUVs

were harvested from the chamber and stored in a plastic microfuge tube.

Prior to imaging, 50 pL of freshly harvested GUVs in 100 mM sucrose was
suspended in 1.5 mL of 100 mM glucose in a glass culture tube. After ~ 30 min, a 5 uL
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aliquot was taken from the bottom of the tube and sandwiched between a glass slide and a
cover slip for microscopy observations. Imaging was performed with a Nikon C2+ point
scanning system attached to a Nikon Eclipse Ti2-E microscope (Nikon Instruments,
Melville, NY) equipped with a Plan Apo Lambda 60%/1.4 NA oil immersion objective.
An objective cooling collar maintained a sample temperature of 22°C (Bioptechs, Butler,
PA). NBD-DSPE and LRPE were excited with 488 nm and 561 nm laser lines,
respectively, with quarter-wave plates (ThorLabs, Newton, NJ) inserted into the
excitation path to correct for polarization artifacts.

To determine the miscibility transition temperature (7,,,;s.) of GUVs composed of
ternary mixtures, the sample temperature was controlled using a VaHeat heating stage
(Interherence, Erlangen, Germany), with the objective cooling collar used to access
temperatures below 22 °C for some mixtures. For each composition, a field of view with
at least 10 phase-separated vesicles was selected. The temperature was then incrementally
increased by 1°C and, after waiting 30 s for equilibration, the number of uniform and
phase-separated vesicles was counted. This process was repeated until all vesicles
appeared uniform. The fraction of phase-separated vesicles vs. temperature was fit to a

sigmodal function to determine T,,,;s. as described in the Supporting Information.

5.2.3 Fluorescence Spectroscopy

Vesicles of low average lamellarity (LLVs) for FRET measurements were
prepared using the method of rapid solvent exchange (RSE) as previously described.#!
Stock solutions of lipids and probes in the desired ratios were dispensed into 13 x 100
mm glass screw-cap culture tubes containing 25 uL of chloroform. After adding 500 pL
of ultrapure water, the tube was immediately mounted on the RSE device and exposed to
vacuum while undergoing vigorous vortexing. During RSE, a slow leak of Ar was
introduced into the tube to facilitate chloroform removal. After 1.5 min under vacuum,

the sample was vented to Ar and transferred to a plastic centrifuge tube.

FRET was measured using a HORIBA FluoroLog 3 spectrophotometer (HORIBA
USA, Irvine, CA) equipped with a temperature-controlled cuvette holder (Quantum

Northwest, Liberty Lake, WA). Samples contained three probes comprising two
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donor/acceptor FRET pairs: Nap/DiD and TFPC/DID. Probe/lipid ratios were 1/200 for
Nap, 1/1500 for TFPC, and 1/1000 for DiD. For fluorescence measurements, a 0.100 mL
aliquot of a 0.625 mM (total lipid) sample was added to 1.90 mL of water in a
fluorescence cuvette while stirring at 1000 rpm using a flea stir bar. Fluorescence
intensity was measured in five channels (excitation/emission wavelengths in nm): Nap
direct signal (427/545); Nap/DiD FRET (427/664); TFPC direct signal (499/551);
TFPC/DIiD FRET (499/664); and DiD direct signal (646/664). Excitation and emission
slit widths were 2-3 nm, and the signal integration time was 0.1 s. Data were collected
from 60 to 10°C in -1°C decrements with an equilibration time of 2 min at each
temperature. The number of sample replicates was 10 for SMPC/DOPC/Chol,
DPPC/DOPC/Chol, and DOPC, and 3 for MSPC/DOPC/Chol, 15:0-PC/DOPC/Chol, and
DMPC/DOPC/Chol.

Sensitized acceptor emission was calculated from the intensity measured in the
FRET channel after correcting for direct fluorescence contributions from donor and
acceptor, as described previously.?*! Following Mehta et al.8, T,,;5. was determined by
fitting the ratio of the FRET signals from the two probe pairs (i.e., TFPC/DiD FRET
divided by Nap/TFPC FRET) to a phenomenological piecewise model consisting of a
linear function at T > T,,,;s. and a quadratic function at T < T,,;,.. Each dataset was also
fit to a simpler quadratic function over the entire temperature range to serve as a null

model (i.e., the absence of a miscibility transition).

5.2.4 Cryo-EM Imaging

Large unilamellar vesicles (LUVs) were prepared as previously described.?*®
Briefly, aqueous lipid dispersions with a total lipid concentration of 3 mg/mL were made
by first mixing the required volumes of lipid stocks in chloroform using a glass Hamilton
syringe. The solvent was then evaporated using an inert gas stream, and the sample was
kept under vacuum overnight. Dried lipid films were hydrated with ultrapure water
preheated to 55 °C and incubated for ~1 h with vortex mixing every 15 min, followed by
five freeze/thaw cycles between liquid nitrogen and a 55 °C water bath. This suspension

was then extruded 31 times through a 100 nm polycarbonate filter using a handheld mini-
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extruder (Avanti Polar Lipids) maintained at 55 °C. The size and polydispersity of the
LUVs were determined using dynamic light scattering (LiteSizer 100, Anton Paar U.S.A.,
Vernon Hills, IL) immediately after preparation and again before cryo-preservation,
which was typically performed 1 day after LUV preparation.

Cryo-preservation was performed by adding 4 uLL of LUVs to a Quantifoil 2/2
carbon-coated 200 mesh copper grid (Electron Microscopy Sciences, Hatfield, PA) that
was glow-discharged for 30 sec at 20 mA in a Pelco Easi-Glow discharge device (Ted
Pella, Inc., Redding, CA). This was followed by manual blotting at room temperature, in
which the grids were plunged into liquid ethane cooled with liquid nitrogen. The cryo-

preserved grids were subsequently stored in liquid nitrogen.

Cryo-EM image collection was performed at ~ 2 um under focus on a Titan Krios
operated at 300 keV equipped with a Gatan K2 Summit direct electron detector operated
in counting mode. Data collection was conducted in a semi-automated fashion using
Serial EM software operated in low-dose mode. Briefly, areas of interest were identified
visually, and 8x8 montages were collected at low magnification (2400x) at various
positions across the grid, with desired areas marked for automated data collection. Data
was collected at 2.7 A/pixel. Movies of 30 dose-fractionated frames were collected at
each target site with the total electron dose being kept to < 20 e /A? to avoid beam-
induced damage.?! Dose-fractionated movies were drift-corrected with MotionCor2.
Defocus and astigmatism were assessed with CTFFind4.22 Finally, a high-pass filter was
applied along with phase flipping using the ‘mtffilter’ and ‘ctfphaseflip’ routines in the
IMOD v4.11 software package.

Projection images of vesicles were analyzed in Wolfram Mathematica v. 13
(Wolfram Research Inc., Champaign, IL) as previously described?* to obtain spatially
resolved intensity profiles (IPs) in the direction normal to the bilayer. Briefly, vesicle
contours (i.e., the set of points corresponding to the midplane of the projected bilayer as
defined by a relatively bright central peak) were first generated using a neural network-
based algorithm (MEMNET) that is part of the TARDIS software package.> The

MEMNET contour was resampled at arc length intervals of ~ 5 nm, resulting in a
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polygonal representation of the 2D contour. For each polygon face, all pixels within a
5x%20 nm rectangular region of interest centered at the face were selected, and their
intensities binned at 1 A intervals in the long dimension (i.e., normal to the face) and
subsequently averaged in the short dimension to produce a local segment IP. To
determine the phase state of each bilayer segment, we subjected the local IP vectors to 2-
means clustering using Mathematica’s FindClusters algorithm with the distance function
set to Euclidean and all other parameters set to their default values. We also calculated
the local bilayer thickness, Dy, as the distance between the two minima of the local IP.
Two methods were used to locate the minima: (1) a ‘model-free’ method, in which a local
5-point Gaussian smoothing was first performed, and the distance between the two
absolute minimum intensity values on either side of the central peak was determined; (2)
a ‘model-fit’ method that fits the profile as a sum of four Gaussians and a quadratic
background, with the troughs corresponding to the two absolute minimum intensity
values on either side of the central peak. The two methods typically agree to within 1 A,

and the values we report are the average of the two measurements.

5.3 Results and Discussion

Our primary goal was to determine how high-melting saturated lipids with
mismatched acyl chains (i.e., having different length) influence the phase behavior of
ternary mixtures that are models for the composition of the eukaryotic plasma membrane
outer leaflet. We examined two such mismatched lipids, MSPC and SMPC. Each of these
lipids possesses fully saturated 14-carbon and 18-carbon chains, but the position of the
chains on the glycerol backbone is different as shown in Figure 5.1: the shorter chain is
in the sn-1 position for MSPC and in the sn-2 position for SMPC. The natural tilt of the
glycerol backbone results in a vertical offset of ~ 0.5 A between the sn-1 and sn-2 chains
of fluid-phase PC bilayers, with the sn-2 chain residing at the higher position®’; this
backbone tilt slightly lessens the effective chain length mismatch of MSPC and slightly

enhances it for
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Figure 5.1) High-Twm lipids in this study. From left to right: DMPC (14:0-14:0 PC); 15:0-
PC (15:0-15:0PC); DPPC (16:0-16:0PC); DSPC (18:0-18:0PC); SMPC (18:0-14:0PC);
and MSPC (14:0-18:0 PC).
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SMPC. In addition to the high-Twm lipid, each of the studied mixtures included cholesterol
and the low-melting lipid DOPC. As a baseline for comparison, we

also examined mixtures that contained 15:0-PC as the high-Twm species, as this lipid has
two identical chains and a main chain transition temperature between that of MSPC and
SMPC.

5.3.1 Macroscopic phase behavior from fluorescence imaging

We used confocal fluorescence microscopy (CFM) to examine the macroscopic
phase behavior of GUVs composed of ternary mixtures of cholesterol, the low-Tw lipid
DOPC, and a high-Twm lipid: MSPC, SMPC, or 15:0-PC. Figure 5.2 shows confocal slices
near the GUV cap for representative GUVs composed of a 1:1 ratio of MSPC:DOPC (top
row), 15:0-PC: DOPC (middle row), and SMPC: DOPC (bottom row) with varying
cholesterol concentration as indicated at 22°C. In the mixtures containing MSPC (top
row) or 15:0-PC (middle row), Ld+Lp coexistence was observed at low cholesterol
concentrations (< 10 mol%) as indicated by the irregularly shaped, dark domains with
rigid boundaries. At 20 mol% cholesterol, the boundaries appear to be smoother, and
domains showed an increased tendency for rounded shapes, behaviors that are consistent
with coexisting liquids (i.e., Ld+Lo). At 40 mol% cholesterol, uniform mixing was
observed for both compositions. In contrast to the behavior for MSPC and 15:0-PC,
mixtures containing SMPC (Figure 5.2, bottom row) showed no evidence of phase
separation except at the lowest cholesterol concentration of 5 mol%, where GUVs had a
distinctive patchy appearance.
Figure 5.3 summarizes the macroscopic phase behavior of MSPC/DOPC/Chol, 15:0-
PC/DOPC/Chol, and SMPC/DOPC/Chol as assessed from GUVs. The diagrams for
MSPC/DOPC/Chol and 15:0-PC/DOPC/Chol (Figure 5.3a and 5.3b, respectively) are
similar and broadly consistent with other type-11 mixtures® 323 revealing regions of
coexisting Ld+Lp (blue triangles) and Ld+Lo (green circles) at 22°C. Although we did
not observe conclusive visual evidence of Ld+Lp+Lo coexistence, we can infer from the
Gibbs phase rule that a three-phase coexistence region must be present between the

Ld+Lp and Ld+Lo regions due to the absence of an intervening single-phase region. A

96



Cholesterol 5mol% 10mol% 20mol% 30mol% 40mol%

MSPC

Figure 5.2) Confocal fluorescence images of GUVs at 22°C. Shown are slices near the GUV
cap for three-component mixtures containing 1:1 high-Tm/DOPC with increasing Chol mol%
and different high-Twm lipid as indicated: MSPC (top row); 15:0-PC (middle row); and SMPC
(bottom row). GUVs were labeled with fluorescent dyes LRPE (red) and NBD (green). Each
image shows the composite of the red and green channels. Scale bar is 5 um.
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Figure 5.3) Phase behavior of GUVs at 22°C. Shown are ternary plots of GUV phase
behavior for: MSPC/DOPC/Chol (a); 15:0-PC/DOPC/Chol (b); and SMPC/DOPC/Chol (c).
Each point in the diagram shows the predominant phase behavior at a specific composition:
blue triangles indicate Ld+LR phase coexistence, green circles indicate Ld+Lo phase
coexistence, red circles indicate uniform mixing, and black asterisks indicate compositions
that showed approximately equal populations of phase-separated and uniformly mixed

vesicles.
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qualitatively different diagram was found for SMPC/DOPC/Chol (Figure 5.3c), which
shows only a narrow region of Ld+Lf below 5 mol% cholesterol and no evidence of
Ld+Lo coexistence, consistent with type-1 behavior at 22°C. These results highlight the
substantial impact of acyl chain positioning within the high-Twm lipid on the macroscopic
phase behavior of ternary mixtures.
5.3.2 Miscibility transition temperature from fluorescence imaging

We next determined the T,,;sc using CFM by controlling the temperature on the
substrate as described in Section 5.2.2. We started at 17°C, where all systems were phase
separated, and we continued the experiment until the sample exhibited uniform behavior.
The temperature was increased in 1 °C increments with a 30 sec equilibration time, and
three sample replicates were performed for each system. We counted the number of phase-
separated vesicles at each temperature reading, as shown in tAppendix 5.1). We then fit
the data to a sigmoidal function (Appendix 5.2) as shown in Figure 5.4 to calculate Ty,
5.3.3 Nanoscopic phase behavior from cryo-EM imaging

It is well established that some type-l1 mixtures exhibit nanoscopic lateral
heterogeneity at physiologically relevant cholesterol concentrations.?® Although these
heterogeneities are smaller than the resolution limit of conventional optical microscopy (~
200 nm), their presence can often be inferred from spectroscopic and scattering
experiments. In principle, nanoscopic domains can be directly visualized using cryo-EM.3"
2% Unlike fluorescence microscopy, which requires strong partitioning of a probe molecule
between the coexisting phases to distinguish them, the analogous contrast in cryo-EM
images arises from intrinsic differences in the bilayer thickness and electron density of
ordered and disordered phases.
We used cryo-EM to image LUVs at a composition, high-Tw lipid/DOPC/Chol 40/40/20
mol%, that exhibits Ld+Lo phase separation in type-II mixtures.®® Representative images
are shown in Figure 5.5, and full field of view images are shown in (Appendix 5.2).
Consistent with the macroscopic behavior in GUVs, LUVs in which the high-Tw lipid
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Figure 5.4) Representative sigmoidal fits for ternary mixtures used to determine T ;5¢
from CFM data. Each plot displays the fraction of phase-separated vesicles as a
function of temperature, fitted with a sigmoidal curve to extract T,,,;s.. Shown are data
from one of the three experimental replicates.
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Figure 5.5) Cryo-EM images of ternary LUVs. All compositions are 40/40/20 mol%:
DPPC/DOPC/Chol (a); MSPC/DOPC/Chol (b); 15:0-PC/DOPC/Chol (c); and
SMPC/DOPC/Chol (d). Shown is a representative vesicle for each composition without
(top row) and with (middle row) an overlay of the local bilayer thickness, Dtr, as
indicated by the color scale bar. Black image scale bars are 50 nm. Plotted in the bottom
row are histograms of local bilayer thickness calculated as described in Methods, with
the total number of vesicles contributing to each histogram denoted by n.
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was DPPC, MSPC, or 15:0-PC (Figure 5.5a, 5.5b, and 5.5c, respectively) showed two
coexisting environments with average thicknesses of ~ 31 A and 37 A. These values are
similar to the thicknesses of Ld and Lo phases measured with X-ray and neutron
scattering.?33 2% Remarkably, similar thickness variability was also observed for LUVS
that contained SMPC (Figure 5.5c) despite the uniform appearance of GUVs with this
composition (Figure 5.2).

Further insight can be gained from histograms of the local bilayer thickness
obtained from the full population of vesicles (Figure 5.6, bottom row). For each of the four
mixtures, these histograms show a bimodal thickness distribution consistent with the visual
appearance of the LUVs. Fitting the distributions as a sum of two gaussians yields values
for the mean thickness and area fraction of each phase as shown in Table 5.1. Notably, for
all mixtures except SMPC/DOPC/Chol, the probability density peak is larger for the
thinner Ld phase compared to the thicker Lo phase. In contrast, SMPC/DOPC/Chol
exhibits a smaller Ld peak and a greater probability of thicknesses between that of pure Ld
or Lo. Intermediate thickness values correspond to domain boundaries where density from
both phases contributes to the projected image. Because the frequency of boundary
segments should increase with increasing domain perimeter in the vesicle, we speculate
that SMPC (and to a lesser extent, MSPC) promotes smaller domains with a concomitant
increase in domain interface..

5.3.4. Miscibility transition temperature from FRET spectroscopy

To more fully characterize the phase behavior of the 40/40/20 mol% samples, we
used FRET to determine their miscibility transition temperatures, T,,,;s.. This technique is
sensitive to changes in the spatial organization of donor and acceptor lipid probes that occur
when the bilayer undergoes a miscibility transition. Provided these probes partition non-
uniformly between the coexisting phases, the FRET signal changes abruptly upon
formation of domains whose size exceeds the Forster distance, Ro, of the donor-acceptor
pair. As Ro is typically in the range of 2-6 nm, FRET can inform on nanoscopic phase

separation that cannot be detected by optical microscopy. Our experiments utilized three
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Table 5.1) Analysis of cryo-EM images of LUVs

System Doy / A Phase 1 area fraction | Chi square
(40/40/20 mol%) Phase 1 Phase 2
DPPC/DOPC/Chol 37.0+£2.2 [30.7+2.3 0.28 2.77
MSPC/DOPC/Chol 36.9+£22 [302+1.9 0.36 10.03
15:0-PC/DOPC/Chol 354+£1.9 [29.9+2.6 0.36 6.82
SMPC/DOPC/Chol 357+2.1 [294+24 0.43 25.43
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fluorescent lipid probes comprising two donor-acceptor pairs: (1) Nap donor to DiD
acceptor; and (2) TFPC donor to DiD acceptor. Co-localization of TFPC and DiD within
the Ld phase results in enhanced FRET efficiency at temperatures below T,,;.. However,
because Nap preferentially partitions to the Lo phase, FRET between Nap and DiD
decreases upon Ld+Lo phase separation (Appendix 5.3). The use of two probe pairs with
complementary partitioning behaviors in the same sample allows us to distinguish
between changes in probe spatial organization due to phase separation and other,
confounding factors that can also influence FRET efficiency, such as temperature-
dependent variation in molecular packing density that would be expected to change the
two FRET signals in a similar way. For quantitative analysis, we fit the ratio of the two
FRET signals (i.e., TFPC:DiD / Nap:DiD) to a phenomenological piecewise model that
captures the different behavior of the regimes above and below T,,;.. We find that taking
the ratio of the FRET signals reduces noise and provides a more robust determination of
Tmisc-Figure 5.6 plots the FRET ratio for the various mixtures as a function of
temperature. We included two additional symmetric high-Twm lipids, DMPC and DSPC, as
well as a single-component control sample, DOPC. As expected, the FRET ratio for
DOPC is featureless, consistent with the absence of a phase transition in the temperature
range of 10-60 °C. In contrast, each of the other mixtures shows a more complicated
behavior as temperature is lowered from 60°C; for these datasets, the best fit curve
corresponding to the piecewise model is shownas a solid line, and the best fit . T},
value is indicated by a short vertical bar. In every case, a flat regime at high temperature
(where the bilayer is in a uniformly mixed, Ld phase) is interrupted by a relatively abrupt
increase in signal that marks the formation of Lo domains at T,,;s.. For the mixtures with
the highest miscibility transition temperatures, the signal plateaus and eventually
decreases as temperature is quenched deeper into the Ld+Lo region.
5.3.4. Nanoscopic T,,;s. IS higher than macroscopic Tpisc

Not all systems require a transitional state from uniformity to microdomains,
however a transitional state of nanodomains is highly likely.* Therefore, to further
investigate the miscibility behavior we examined the T,,;;. of systems with a 40/40/20

mol% ratio of high-Twm /low-Twm /Chol. Each system was fitted with a uniform or phase-
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Figure 5.6) Average FRET ratio data for DOPC and ternary mixtures with model fits. (a)
FRET ratio vs temperatures for DOPC (black circles) and high-Tm/DOPC/Chol 40/40/20
mol% for the high- Twm lipids: DMPC (blue diamonds), SMPC (orange triangles), 15:0-PC
(green upside-down triangles), MSPC (red squares), DPPC (purple stars) and DSPC
(brown right-pointing triangles). The solid lines represent the best fit to the uniform model
for DOPC and the phase-separated model for ternary mixtures as described in Methods.
Vertical lines indicate the best-fit value of T,,,;s. determined from the model fits. Error
bars are standard deviations determined from 10 sample replicates for DOPC,
SMPC/DOPC/Chol, and DPPC/DOPC/Chol and 3 sample replicates for all other
compositions.
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separated model as described earlier. Within all systems except DOPC, the phase-separated
model was a better fit, as shown in (Appendix 5.5). The T,,;s. of each of the ternary

mixtures follows the same trend as when calculated using CFM (Figure 5.7).

Together, the CFM and FRET results reveal a clear distinction between micro- and
nanodomain miscibility behavior. Since CFM cannot resolve nanodomains due to the
diffraction limit of light, it captures transitions associated with larger microdomains,
resulting in lower apparent T,,;;. values. In contrast, FRET is sensitive to nanoscopic
organization and consistently reported higher T,,;s. values across all five ternary mixtures
(Figure 5.7). The discrepancy between the two techniques was especially pronounced in
the SMPC/DOPC/Chol system, where T,,;s. Values differed by nearly 12 °C.

5.4. Summary and Conclusion

We investigated the influence of backbone position in OHL on the phase behavior
of model lipid membranes. We studied the ternary mixtures of MSPC/DOPC/Chol,
SMPC/DOPC/Chol, where high-Twm lipid is an OHL. We compared these findings with a
ternary mixture of 15:0-PC/DOPC/Chol, in which high-Twm lipid is not an OHL but has a
Twm between the two OHLSs of interest. We found that 15:0-PC/DOPC/Chol and
MSPC/DOPC/Chol exhibit type-Il phase behavior characterized by a wide region of
Lo+Ld phase coexistence (Figures 5.3 and 5.4). In contrast, when MSPC is replaced
with SMPC in a ternary mixture, we observe a complete elimination of the macroscopic
Lo+Ld coexistence at 22 °C (Figures 5.2 and 5.3). These findings indicate that both the
number of carbons in the acyl chains and their specific placement at the sn-1 and sn-2
positions significantly influence the phase behavior of the ternary mixture at 22 °C. To
further investigate the SMPC/DOPC/Chol, we used cryo-EM and FRET. Cryo-EM
images reveal the nanoscopic lateral heterogeneity in this mixture (Figure 5.4). We
observe notable variability in T,,;s. calculated for SMPC/DOPC/Chol supporting the
findings from cryo-EM where SMPC promotes the formation of smaller domains.
Collectively, FRET and cryo-EM suggest the presence of nanoscopic domains, although
the precise domain structure and size remain challenging to resolve in
SMPC/DOPC/Chol.
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Figure 5.7) Comparing miscibility transition temperatures determined fluorescence
microscopy and spectroscopy. Panel a shows T,,;s. Values determined from FRET
(vertical axis) and CFM (horizontal axis) for each mixture. The dashed line shows a
linear fit (R? = 0.96) to the data points for mixtures with symmetric-chain high-Tw
lipids (i.e., DMPC, 15:0-PC, DPPC, and DSPC) differing from the solid line that
represents a 1:1 relationship between FRET and CFM T,,;s.. Panel b plots T ;s
determined from FRET (filled symbols) and CFM (open symbols) for the ternary
mixtures vs. the main chain transition temperature, Twm, of the high-Twm lipid.
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CONCLUSIONS AND FUTURE DIRECTIONS
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6.1 Conclusions

Lipid bilayers are ubiquitous in biology, and their properties are functionally
important. Although originally considered to be relatively simple, non-functional
structures, the complexity both in composition and in number asymmetry has become
increasingly evident, along with the importance of understanding this semi-permeable
barrier that is essential for a multitude of cellular processes. However, understanding
specific lipid interactions remains challenging in complex mixtures, even though
elucidation of these interactions can provide insight into basic biophysical principles and
explanations for more complex species. This dissertation focused on one subclass of
lipids, aiming to fill in some foundational knowledge on acyl chain asymmetry and its
potential biological relevance.

In Chapter 2, we discussed three novel methods to quantify interdigitation
between two leaflets. We provided frameworks for quantifying and visualizing
interdigitation on an atomistic scale, leveraging one of the most desirable characteristics
of AA-MD simulations. The first is the brute force method, which describes specific
carbon-carbon interactions on a frame-step timescale, along with matrix population,
allowing for the visualization of trends in carbon-carbon interactions. Using the same
matrix structure, the second method utilizes the number density profile to quantify the
probability of specific carbon-carbon interactions throughout a trajectory. In contrast,
nISA enables the direct visualization of the bilayer midplane surface, as well as specific
chain-wise interactions between leaflets.

We then implemented these techniques from Chapter 2 in AA-MD mixed chain
lipid bilayers where the total sum of carbons was maintained at 32 carbons. In Chapter 3,
we found that the acyl chain positioning is just as important as chain length in altering
membrane properties. Furthermore, we concluded that in mixed chain lipid bilayers,
those that sample an interdigitated state more often have a higher propensity to backbend,
being a potential reason for mixed chain lipids forming softer bilayers.

We then introduced greater complexity by incorporating these mixed-chain lipids
into ternary model membranes as the high-Twm lipid. In Chapter 4, we developed a new,
user-friendly resource to determine the T,,;s. values in SP-FRET experiments of model
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membrane. The models used included a uniform (3-parameter) model and two phase-
separated models (4- and 5-parameter). The 3-parameter model captures the gradual
increase in probe intensity with temperature. The 4-parameter model has previously been
shown to effectively determine the T,,;s., While the 5-parameter model accounts for both
the parabolic intensity behavior and accurate determination of the T,,;s.. By comparing
the y2,, for these models and applying the principle of parsimony, our methodology
allows us to predict the phase behavior and determine the T,,;,. of the system using well-
studied mixtures as proof of its application.

Chapter 5 implemented these models for fitting FRET data of ternary model
membranes using mixed-chain lipids as the high-Twv lipid. CFM studies showed that
replacing DPPC in DPPC/DOPC/Chol with MSPC maintained a large range of
macroscopic phase separation, indicative of type-1 behavior, while substitution of DPPC
with SMPC, exhibits complete elimination of macroscopic phase separation. Because
CFM is a diffraction-limited technique, we implemented cryo-EM, which revealed
nanoscopic heterogeneity in SMPC/DOPC/Chol (40/40/20 mol %). This finding was
validated using FRET data fit with our new methodologies from Chapter 4. We also
found that, although T,,;s. reported from CFM and FRET share the same trend, the
FRET value was consistently higher because of its sensitivity to nanoscopic
heterogeneity.

Although we implemented a wide range of techniques and samples, model
membranes and MD simulations simplify the complexity of the PM. Neither simulations
nor model membranes provide a comprehensive framework of understanding of the
complete PM membrane, as they lack bilayer asymmetries, and external structural
components such as the cytoskeleton, as well as proteins. To accomplish this, future work
should investigate the number and compositional differences in the leaflets of MD
simulated bilayers to determine how this complexity affects the biophysical properties of
mixed-chain lipids. Meanwhile, in experimental studies, this leaflet asymmetry should
also be examined by determining phase behavior and leaflet phase coupling in
asymmetric GUVs. Extending beyond model membranes, introducing peptides, such as

gramicidin A (gA), that are known to affect membrane properites®®-2%, to mixed-chain
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lipids, would provide important biological frameworks for understanding the mechanical
properties of these species when coupled together, especially considering the dynamic
nature of SMPC. Including species like gA that alter membrane thickness would help
better understand how well mixed chain lipids maintain bilayer properties with the
presence of external modifications or molecules.

Overall, the work presented in this thesis underscores the importance of studying
subclasses of lipids in simplified models to gain a comprehensive understanding of the
biophysical mechanisms by which these lipids function. Furthermore, this research shows
the value in integrating both computational and experimental approaches to allow for

innovative science and method development outside project-specific goals.
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APPENDICES

Appendix 1)Supplemental Information for Chapter 1

Appendix 1.1) Tcl script for modifying chain symmetric lipids into mixed chain

lipids.
Below is an annotated sample script of how to modify lipid structure using CHARMM
formatting from saturated chain symmetric lipids into MCL. In this case, a DSPC bilayer
was generated and is being modified into a SMPC bilayer.
Select the atoms that are going to be kept.

1. set sel [atomselect top "not (resname DSPC and name C218 C216 H18S H18R
C217 H17R H18T H17S H16S H16R H15R H15S)"]

Write only the selected atoms to a pdb and psf.

2. $sel writepsf noC16down.psf
3. $sel writepdb noC16down.pdb

Unload the file.

>

4. mol delete all

Load the new psf and pdb that were created in lines 2 and 3

5. mol load psf noC16down.psf pdb noCl6down.pdb

Select the parent lipid that will be modified, in this example it is DSPC.

6. setsel [atomselect top "resname DSPC"]

Change the resname from DSPC to the final lipid resname (SMPC).

7. $sel set resname SMPC

Select the n carbon and change it type to be a terminal methyl carbon

8. set sel [atomselect top "name C214"]
9. $sel set type CTL3

Change the charge to be a terminal methyl carbon

10. $sel set charge -0.27

Select the n+1 carbon.
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11. set sel [atomselect top "name C215"]

Change the carbon name and type to be a terminal methyl hydrogen and

12. $sel set name H14T
13. $sel set type HAL3

Change the charge to be a terminal methyl hydrogen from an methylene carbon.

14. $sel set charge 0.09

Change the previous n carbon methylene hydrogens to methyl hydrogens.

15. set sel [atomselect top “name H14S H14R"]
16. $sel set type HAL3

Updated the charge to be terminal methyl hydrogens.

17. $sel set charge 0.09

Select all molecules and write it to a pdb and psf.

18. set sel [atomselect top "all"]
19. $sel writepsf NewPSF.psf
20. $sel writepdb NewPDB.pdb

U

>

load all molecules and reload the new psf, pdb, and validate the changes.

21. mol delete all
22. mol load psf NewPSF.psf pdb NewPDB.pdb
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Appendix 2) Supplemental Information for Chapter 2

These figures and tables from Chapter 2 were originally published as listed below in the
Supplemetal Information from the following paper and is reproduced with under the terms
CC-BY 4.0.

Emily H. Chaisson, Frederick A. Heberle, Milka Doktorova. "Quantifying Acyl Chain
Interdigitaiton in simulated bilayers via direct transbilayer interactions™ JCIM 2025; 65 (8),
3879-3885

This chapter describes algorithms designed by E.H.C., F.A. H., and M.D. Data analysis
was performed by E.H.C and F.A.H. Preparation of the manuscript was prepared by
myself, F.A. H., and M.D.

Appendix 2.1) Interdigitation and structural parameters of simulated bilayers.

Table A2.1) Interdigitation and structural parameters of simulated bilayers. Listed
are the results from memlIT, nISA, ccMat and doMat (both the total matrix sums
and individual quadrant sums), the average area per lipid and average phosphate-
to-phosphate distance (PP-dist). Errors are calculated from block averaging as
described in Appendix 2.4. This table is reused from [88] by the terms of CC-BY-
4.0.

DPPCt DPPC MSPC
memlIT / dimensionless | 0.270 + 0.0019 0.282 + 0.0013 0.324 + 0.0014
nISA / dimensionless 3.94 + 0.011 4.03 £ 0.010 4.26 £ 0.010
ccMat / contacts per 257+ 15 270 + 1.1 342+ 15
ccMat quadrant 1 64.1+04 67.2+0.4 734+ 0.6
ccMat quadrant 2 80.6 £ 0.7 83.8+04 19.7 £ 0.6
ccMat quadrant 3 63+1 67.1+0.3 7531+ 0.7
ccMat quadrant 4 48.7 + 0.6 523 +04 171.7+ 0.7
doMat / A=2 0.69 + 0.024 0.75 £ 0.009 0.88 + 0.011
doMat quadrant 1 0.165 + 0.007 0.185 + 0.002 0.196 + 0.003
doMat quadrant 2 0.230 £ 0.007 0.248 £ 0.003 0.085 + 0.002
doMat quadrant 3 0.172 £ 0.006 0.185 £ 0.002 0.196 + 0.003
doMat quadrant 4 0.124 + 0.005 0.135 £ 0.002 0.404 £ 0.004
APL / A? 60.1 +£0.11 61.42 +£ 0.071 62.04 £+ 0.073
PP-dist/ A 40.14 + 0.058 39.50 £+ 0.036 39.20 £+ 0.039

142



https://creativecommons.org/licenses/by/4.0/

Appendix 2.2) Correlation times of interdigitation dynamics. Fluctuations in

nISA and ccMat were fit with a double exponential decay

TableA2.2) Correlation times of interdigitation dynamics. Fluctuations in nISA and
ccMat were fit with a double exponential decay (Figure A2.3). Shown are the
respective correlation times and errors calculated from the fits (using
Mathematica’s NonlinearLeastSquares®>® function).

. nISA / ns ccMat / ns
bilayer
Tast Tslow Tfast Tslow
MSPC 0.481 + 0.008 593+ 0.11 0.082 + 0.003 48+0.1
DPPC 0.141 + 0.007 2.90 + 0.03 0.036 + 0.003 3.08 £+ 0.065
DPPCt 0.121 + 0.007 2.55+ 0.04 0.039 + 0.003 3.2+0.1
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Appendix 2.3) Autocorrelation functions for nISA and ccMat.

a) m DPPC b) MSPC c) m DPPC,
1.0\ 1.0 1.0
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Figure A2.1) Autocorrelation functions of nISA (top) and ccMat (bottom) for each
simulated bilayer (gray). Shown on each plot are the corresponding best fits with a
single exponential (dashed color line) vs double exponential (solid color line) decay.
The resulting correlation times from the double exponential fits are listed in
Appendix 2.2.
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Appendix 2.4) Additional methods and error analysis

Interdigitation Tool (memIT). The MEMBPLUGIN" package for VMD has a

Lipid Interdigitation tool that provides three measures of interdigitation: I,,, wy,
and I.. ''I, and w,, are the fraction and width (respectively) of the mass density
overlap calculated for a user-specified selection of atoms from the two bilayer
leaflets. I, is the fraction of inter-leaflet atomic contacts calculated from all lipid
atoms with a cutoff distance of 4 A. For comparison with the new methods, we used
I, and performed the analysis on all atoms in the leaflets, including hydrogens.

Error analysis. For all measured quantities, reported uncertainties are standard
errors of the mean calculated by block averaging to properly account for time
correlations; an excellent description of this procedure can be found in a recent
methods paper from Foley and Deserno?®. Briefly, consecutive measurements in
the time series were iteratively blocked into groups of two and averaged, with the
standard error calculated at each blocking iteration. A plot of the standard error vs.
blocking iteration shows an initial increase and eventual plateau once the block size
is large enough for successive values to be uncorrelated; the uncertainties we report
are the standard error at the plateau region. Since the doMat analysis already
requires frame averaging, uncertainty was estimated as the standard error of doMat
values calculated separately for consecutive blocks of ~1000 frames (a total of 5-
10 blocks depending on the trajectory length). For comparing differences in the
means of two distributions, p-values were calculated from the Student’s t
distribution with an effective number of degrees of freedom implied by the block

averaging procedure.
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Appendix 2.5) Interdigitation in simulated bilayers quantified with different

methods.
i DPPC; M DPPC MSPC
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Figure A2.2) Interdigitation in simulated bilayers quantified with different methods.
Shown for each method are: the spread in the values from individual frames (for
memIT, nISA and ccMat) or consecutive blocks of ~1000 frames (for doMat); their
mean and effective standard error of the mean calculated from block averaging as
detailed in Supplemental Methods; and the p-values for comparisons of the results
for DPPCt and MSPC against those for the DPPC bilayer.
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Appendix 2.6) Maps of shared Voronoi faces between atoms in opposing
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Figure A2.3) Maps of shared Voronoi faces between
atoms in opposing leaflets in DPPC (a) and MSPC (b)
from the same trajectory frames as in Figure 2.2.
Different maps correspond to (from top to bottom):
all atom pairs, sn-1/sn-1 pairs, sn-2/sn-2 pairs, and
sn-1/sn-2 pairs. Each map is 80 x 80 A.
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Appendix 2.7) Correlation between bilayer thickness (phosphate-to-phosphate
distance, PP-dist) and area per lipid (APL)
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Figure A2.4) Correlation between bilayer thickness (phosphate-to-phosphate
distance, PP-dist) and area per lipid (APL) in the three simulated bilayers. Each
data point represents a single frame from the corresponding trajectory
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Appendix 2.8) Interdigitation in the DPPCr bilayer quantified with (ccMat) and

doMat.
a)

C3 :
sn-1top/ | sn-1top/ &
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68 7

[ gl N —— ]
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Figure A2.5) Interdigitation in the DPPCr bilayer quantified with ccMat (A) and
doMat (B). Shown are the average results from each method as matrices following
the format of Figure 2.3 in the main text. Errors for the quadrant sums are listed in
Appendix 2.1.
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Appendix 3) Supplemental Figures for Chapter 3
Appendix 3.1) Backbending cutoff distances for acyl chain lengths.
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Figure A3.6) Backbending cutoff distances for chain length distances. (a) DPPC is shown
with the maximum chain length highlighted in black. The thresholds in this study are
defined by a percentage of this maximum distance from the carbonyl carbon and the
center of mass of the terminal methyl group. (b) Histogram of sn-1 and sn-2 chain length
distances. The superimposed vertical lines represent the respective thresholds of the study
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Appendix 3.2) Acyl chain order parameters for mixed chain lipids.
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Figure A3.7) Acyl chain order parameters for mixed chain lipids. The deuterium
order parameters were calculated for each lipid. The average order parameter for
each carbon is shown with the sn-1 and sn-2 plotted separately. The legend applies
for both panels. Overall, the sn-2 chains are more disordered.
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Appendix 3.3) Bending rigidity and APC from this study and Doktorova et

al..108
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Figure A3.8) Bending rigidity and APC from this study and Doktorova et al..1® The
relationship of APC and k is well known. These mixed chain lipids follow the trend.
Shown in gray are lipids from a previous method application in ref'® both saturated
and unsaturated systems. SMPC behaves similarly to some unsaturated species,
while the rest of the mixed chain lipids behavior mimics other saturated lipid
systems.
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Appendix 3.4) Interdigitation values for mixed-chain lipids

Table A3.3) Interdigitation values for mixed-chain lipids

Lipid doMat / A” dimrelrlliﬁéless dirrrlréflrgligll/ess C"fl%;t;er
frame
MSPC 0.88+£0.026 | 426+ 0.010 |0.324% 0.0019| 340+ 1.5
15:0-17:0PC | 0.79+£0.020 | 4.04+0.012 | 027+ 0.0018 270+1.2
DPPC 0.75+ 0.035 | 4.02£0.011 | 0.26%0.022 270+ 1.1
17:0-15:0 PC | 0.94+0.028 | 431£0.009 | 0.29%0.012 300+1.5
SMPC .18+ 0.016 | 476+0.011 | 0330£0012 | 340+1.3
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Appendix 3.5) Second-order polynomial fits for interdigitation and backbending

as a function of acyl chain length mismatch
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Figure A3.9) Second-order polynomial fits for interdigitation and backbending as a
function of acyl chain length mismatch. (Left): Interdigitation shows a quadratic
correlation with the difference in carbon numbers between the two acyl tails in
mixed-chain lipids. Each interdigitation method was fit with a second-order
polynomial; corresponding R2 values are provided in Appendix Figure 3.5. (Right):
Counts per frame of backbending acyl chains also exhibit a second-degree
polynomial relationship with the difference in carbon number between the sn-1 and
sn-2 chains. Each maximum chain length threshold was independently fit, with R?
values reported in Appendix 3.6
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Appendix 3.6) R? of second degree polynomial fits for interdigitation values:

Table A3.4) R? of second degree polynomial fits for interdigitation values-

Interdigitation R of
Analysis second order
Method polynomial fit
doMat 0.984
nISA 0.997
memlT 0.951
ccMat 0.955
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Appendix 3.7) R? values for normalized backbending versus normalized

interdigitation

Table A3.5) R? values for normalized backbending versus normalized
interdigitation

Backbending Chain Length Threshold

Interdigitation Method 70% 60% | 50% | 40%
doMat 0.594 0.66 | 0.985 | 0.997

nISA 0.627 0.701 | 0.943 | 0.963

memlIT 0.644 0.716 | 0.950 | 0.965

ccMat 0.735 0.798 | 0.946 | 0.943

Appendix 3.8) R? of second degree polynomial fits for backbending counts.

Table A3.6) R? of second degree polynomial fits for backbending counts.

Max Chain R® of
Length second order
Threshold polynomial fit
70% 0.959
60% 0.978
50% 0.983
40% 0.993
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Appendix 4)
Appendix 4.1) Probe excitation and emission spectra and collection channels.

Spectra of Naph and DiD probes.
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Figure A4.1) Probe excitation and emission spectra and collection channels. Spectra of
Naph and DiD probes. Dashed vertical lines indicate the emission wavelength collection
channels for Naph (545 nm) and DiD (664 nm), while solid vertical lines mark the
excitation wavelengths (Naph: 427 nm; DiD: 646 nm). (bottom) Spectra of TFPC and
DiD probes. Dashed vertical lines represent the emission collection channels for TFPC
(551 nm) and DiD (664 nm), and solid vertical lines indicate the excitation wavelengths
(TFPC: 499 nm; DiD: 646 nm). In both panels, the red shaded regions highlight the
spectral overlap between the donor emission and acceptor excitation—an essential
condition for FRET. However, excessive overlap can lead to spectral cross-talk. The
collection channels for FRET excitation and emission are shown with solid black lines.



Appendix 4.2) FRET1 and FRET2 data for single-component DOPC.
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Figure A4.2) FRET1 and FRET2 data for single-component DOPC. The plot shows
weighted FRET intensity values for 10 sample replicates for 100% DOPC system. The
error bars on the plots are found by the standard error of the mean. The gradual
increase in intensity is because of quantum yield and not the phase behavior.

158



Appendix 4.3) y2,,for all sample replicates for 100% DOPC,
DPPC/POPC/Chol (40/40/20mol%), and DPPC/DOPC/Chol (40/40/20mol%).
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Figure A4.3) x2,,for all sample replicates for 100% DOPC, DPPC/POPC/Chol
(40/40/20mol%), and DPPC/DOPC/Chol (40/40/20mol%b). (a) shows that for
uniform samples show no significant different in the between models. In the phase-
separated systems, (b) (DPPC/POPC/Chol) and (c) (DPPC/DOPC/Chol) there is a
distinct difference in the x2,,. The differences in (b) are smaller than in (c)
suggesting the nanoscopic mixture has increase fitting noise compared to
macroscopic heterogeneity.
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Appendix 4.4) Ratios of y2,, for all sample replicates for 100% DOPC,
DPPC/POPC/Chol (40/40/20mol%), and DPPC/DOPC/Chol (40/40/20mol%).
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Figure A4.4) Ratios of y2,, for all sample replicates for 100% DOPC,
DPPC/POPC/Chol (40/40/20mol%), and DPPC/DOPC/Chol (40/40/20mol%). Both
ratios show that for uniform samples the ratio of is ~1. In the phase-separated
systems, (DPPC/POPC/Chol) and (DPPC/DOPC/Chol) there is a distinct increase in
the ratios when compared to uniform DOPC. In the phase-separated systems
(DPPC/POPC/Chol) and (DPPC/DOPC/Chol), there is a distinct increase in the >
ratios compared to the DOPC control. The p-values and x?,, ratios indicate that
both ternary mixtures exhibit phase separation. Furthermore, the 5-parameter
model (A) provides a statistically improved fit over the 4-parameter model (B),
supporting its utility in capturing nanoscopic heterogeneity.
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Appendix 4.5) Fratio(T) for the 1:1 line of DPPC/DOPC/Chol with increasing

cholesterol concentration.
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Figure A4.5) Fgatio(T) for the 1:1 line of DPPC/DOPC/Chol with increasing cholesterol
concentration. Each line is an independent FRET experiment with a distinct amount of
cholesterol. All experiments were fit with the 3(dark gray dashed),4 (black dashed), and 5
(light gray solid) parameter models.
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Appendix 4.6) T ,isc determined by FRET Curves

Table A4.1) T,,isc determined by FRET Curves

FRET 1 FRET 2 FRET Ratio
Tmisc (OC) Tmisc (OC) Tmisc (OC)
Parameter Model 4 5 4 5 4 5
DPPC/POPC/Chol
(40/40/20mol%) 38+4 36+7 35+2 34+£2 35+1 34+£2
DPPC/DOPC/Chol 37.7+ 375+ 39+ 36.1+ 355+ 36.0 £
(40/40/20mol%) 0.69 0.95 2 0.95 0.48 0.68
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Appendix 5)
Appendix 5.1) GUV T,,isc experiment for SMPC/DOPC/Chol. Images of GUVs
for a three-component system SMPC/DOPC/Chol (40/40/20mol%) starting from
17<Cto 23<C.

Figure A5.1) Figure A5.1) GUV T,,;s. experiment for SMPC/DOPC/Chol. Images of
GUVs for a three-component system SMPC/DOPC/Chol (40/40/20mol%b) starting
from 17°C to 23°C. GUVs were labelled with fluorescent dyes LRPE (red) and 18:0
NBD (green). GUVs were prepared by electro-formation method and imaged on VA
Heat substrate. Arrows indicate a representative vesicle, with dashed arrows
marking its phase-separated state and a solid arrow indicating the transition to a
uniform state. Each image presented is the fluorescence collected from both green
and red channel using Image J. The data is then fitted in a sigmoidal fit shown in
[Eq 1] to precisely calculate T,,;s.. Scale bars are 10um
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Appendix 5.2) Full field-of-view cryo-EM images of ternary liposomes. The first

row is an overlay with thicknesses determined from the I(w) profiles.

Figure A5.2) Full field-of-view cryo-EM images of ternary liposomes. The first row
is an overlay with thicknesses determined from the I(w) profiles. The bottom row is
the full field of view with no overlay. Column (A) is DPPC/DOPC/Chol (40/40/20),
(B) MSPC/DOPC/Chol (40/40/20), (C) is 15:0-PC/DOPC/Chol (40/40/20), (D) is
SMPC/DOPC/Chol.
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Appendix 5.3) Representative FRET data for 40/40/20 mol%

DOPC/DPPC/Cholesterol.
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Figure A5.3) Representative FRET data for 40/40/20 mol%o
DOPC/DPPC/Cholesterol. The top panel shows FRET intensity for Pair 1 (Nap to
DiD), which decreases with decreasing temperature due to the probes preferring
different phases. The middle panel displays FRET intensity for Pair 2 (TF-PC to
DiD), which increases with decreasing temperature as both probes partition into the
same phase. The bottom panel presents the FRET ratio (Pair 1/Pair 2), which
enables accurate determination of T,
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Appendix 5.4) Model fits and ;{fed ratios for FRET samples. Panel a shows

FRET ratio data for DOPC and ternary mixtures with uniform and phase-

separated model fits.
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Figure A5.4) Model fits and xfed ratios for FRET samples. Panel a shows FRET
ratio data for DOPC and ternary mixtures with uniform and phase-separated model
fits. Average FRET ratio for DOPC, and 40/40/20 mol% ternary mixtures fit with
uniform model fits (dashed lines) and phase-separated model fits (solid lines). Each
plot is a minimum of 3 replicates. In each of the ternary mixtures, the best fits came
from the phase-separated models. The best fitting models are shown in (a). (b) and
(c) shows the reduced chi-squared (xfed) for 10 sample replicates of uniform
(DOPC) and phase-separated (40/40/20 mol % DPPC/DOPC/Chol) model fits
respectively. The DOPC replicates have no significant difference in the value
between the phase-separated and uniform model. However, in (c) the phase-
separated model fits significantly better than the uniform model for all 10 replicates.
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Appendix 5.4) Sigmoidal model fitting
A5.4.1. Sigmoidal model for determining the miscibility transition temperature of GUVs

In addition to characterizing macroscopic phase behavior at 22 °C), we utilized
precise temperature control by balancing the cooling collar with the temperature sensing
VA Heat to report the miscibility transition temperature from GUVs. For mixtures that
exhibited phase separation at 22°C, such as DPPC/DOPC/Chol, MSPC/DOPC/Chol,
DSPC/DOPC/Chol, and 15:0-PC/DOPC/Chol, we initiated the temperature ramping at
22°C and increased the temperature in 1 °C increments with 30 seconds equilibration
time until the vesicles appeared uniform. We suspected that T,,,;;. was below 22°C for
samples that appeared uniform in our initial studies; therefore, we began measurements at
17 °C, increasing the temperature similarly in 1 °C increments with 30 seconds
equilibration time until all vesicles were uniform. Temperatures below 17 °C were
avoided to prevent condensation on the objective lens, which introduces imaging

artifacts.

For each composition, we selected a field of view containing a minimum of 9
clearly phase-separated vesicles. These same vesicles were monitored across the
temperature range, with images collected at each temperature point. During image
processing in ImageJ, vesicles were individually numbered, allowing us to track the
fraction of phase-separated vesicles at each temperature. An example for one of our
systems is shown in Figure S6. The resulting data were fit using a sigmoidal function

based on the general form of the error function,

T3 T ) = g {r (F52) = oy (F22)), s

where E7f is the general error function, T is the temperature, and T,,;s. and o are

parameters describing the center and width of the transition, respectively. o and T, ;q¢
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was treated as a free parameter to obtain best fit to the data. Error bars for T,,,;5. were

calculated as the pooled standard error of the mean obtained from three sample replicates.
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