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Lipids, a fundamental building block of cells, can spontaneously self-assemble into vesicles, which
are spherical shells consisting of a lipid bilayer. The structure of lipid bilayers determines their
biological function: membranes are elastic, selectively permeable, and fluid barriers that separate
the internal components of a cell from its external environment. Historically, the cell membrane
has been viewed as a passive medium in which biologically active proteins reside. In the past
several decades, investigation of the unique physical properties of multi-component lipid bilayers
has uncovered the active organizational role of lipids in the cell membrane. Through changes in
temperature or lipid composition, model ternary lipid bilayers can phase separate into coexisting
liquid phases. Similarly, the membrane of living unperturbed yeast vacuoles exhibits coexisting
liquid phases under stress conditions. Lipid membranes also have a role in the origins of cellular
life: prebiotically-feasible bilayers concentrate the building blocks of protein and RNA, catalyzing
the formation of biological polymers.

This text describes some physical properties of lipid membranes and their role in biological
organization and the origins of cellular life. The chapters of this thesis start with (1) an introduction
and then explore (2) the effect of general anesthetics on the phase behavior of synthetic and cell-
derived membranes, (3) periodic small domains in synthetic and cell-derived membranes, (4)
coexisting liquid phases on the submicron scale using cryo electron tomography, (5) miscibility
transition temperatures of living, unperturbed yeast vacuole membranes, and (6) binding and
stabilization of prebiotic fatty acid membranes by prebiotic amino acids. These examples
demonstrate the importance of lipid membranes across many aspects of biology and the power of
simple physical principles to explain complex phenomena.
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Membranes are a hallmark of cellular life: they separate the cell from its external environment,
compartmentalize functions within the cell, and facilitate cell-cell interactions. Each of the critical
functions of a cell, such as growth, replication, and tissue assembly, depend on the cell membrane.
To successfully perform these functions, the membrane must be 1) selectively permeable (e.g.
permeable to water but impermeable to larger molecules like sugars and charged molecules like
salts), 2) flexible (e.g. able to sustain large morphological changes during cell division), and 3)
fluid (e.g. shown to undergo rapid lateral diffusion and reorganization of component molecules).
Biological membranes exhibit these diverse material attributes because of the chemical properties
of the lipids that comprise them. Lipid membranes play a prominent role in many fields: from
biochemistry and biology, to soft matter physics and mathematics. Investigations of lipid systems
have deepened our understanding of cellular biology, interfacial physics, and the origins of life,
and it has ushered in developments in biomedicine and nanotechnology. It is difficult to
overestimate the importance of lipid membranes to science, life, and everything in between.

This text will describe the physical properties of lipid membranes and their role in biological
organization and the origins of life. This first chapter will provide a brief history of the study of
biomembranes, followed by a discussion of the chemical and physical properties of lipids and the
larger structures into which they self-assemble. The role of membranes in the origins of life will

also be discussed, punctuated by an overview of the chapters within this text.

When Robert Hooke first peered through his microscope in 1665 at material scraped beneath
the bark of a cork tree, he coined the term “cell” and jumpstarted the study of cell membranes (1).
Hooke theorized that cells were made of a colloidal-gel material called ‘protoplasm’. The outline
of cork cells, he postulated, was simply caused by a reaction between the colloidal protoplasm and
the external liquid surrounding the cell which caused the contact layer to harden through
aggregation (2). Until 1877, cells were thought to have stiff exteriors up until Wilhelm Pfeffer
proposed that the cellular protoplasm was sheathed in a flexible skin, or plasma membrane (3).

A decade later while investigating plant inheritance, Charles E. Overton was struck by the

peculiarity of the chemicals that could permeate the cell protoplasm barrier. With a major research
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pivot, Overton began a fastidious osmometric study of chemicals that could cross the cell barrier
(4). In 1899, he published a “suspicion” that the protoplasm barrier was impregnated with lipidic
substances, such as cholesterol and lecithin (4). Now, Overton is recognized for his discovery,
along with Hans Horst Meyer, that the propensity of general anesthetics to dissolve in oil is
correlated with their clinical efficacy (5, 6).

Others were fascinated in the physical properties of oil thin films. In the late 1700s, Benjamin
Franklin first described the behavior of an oil droplet spreading across the surface of water (1).
Close to a century later in 1890, Lord Rayleigh repeated Franklin’s experiment and estimated the
thickness of the oil film to be ~10-20 angstroms (7). Lord Rayleigh’s experiments sparked the
curiosity of Agnes Pockels, an 18-year-old woman with scientific aspirations. In her Kitchen,
Pockels developed a device to measure the surface tension of a thin oil film on water (8). Around
twenty years later, Irving Langmuir and Katharine Blodgett, refined Pockels’ design and
developed the Langmuir trough for high-resolution measurements of the surface tension of oil thin
films, establishing the study of monolayers (9).

These separate lines of inquiry culminated in 1925 when Evert Gorter and Francoise Grendel
extracted cell membranes from erythrocytes and determined that they were spherical thin films.
Gorter and Grendel measured the surface area of the extracted material and discovered a value that
was half of what they expected if the material assembled as a monolayer. They reported that cell
membranes were likely bilayers, formed by two layers of oil-like molecules (10). The scientific
community questioned this conclusion because the lipid extraction method and surface pressure
dependencies changed the outcome of their experiment. It was not until scientists could see the
bilayer that they began to believe it was the structural element of the cell membrane. In 1959, J.
David Robertson was imaging myelin sheaths stained with potassium permanganate in an electron
microscope when he discovered that every cell was surrounded by a tripartite structure: two dark
lines separated by a lighter center. Robertson concluded that the dark lines were dense protein
layers sandwiching a ‘lipoid’ core (11). In the early 1970s, researchers measured the ultrastructure
of cell membranes using x-ray diffraction and confirmed Robertson’s observations of a bilayer
(12, 13).

Finally, in 1972 Singer and Nicolson published their ‘fluid mosaic’ model of the cell
membrane. They postulated that the cell membrane is a “two-dimensional solution of globular

proteins and lipids” (14). This model still features prominently in modern biology textbooks, but
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it does not present a complete picture of the structure and organization of cell membranes. To
understand why the Singer-Nicolson fluid mosaic model is an over-simplification, the next two
sections will provide a general structure of lipids, the lipid bilayer, and the complex phenomena
that a lipid bilayer can undergo.

Lipids are surfactant molecules with a hydrophilic ‘head’ group and hydrophobic acyl ‘tail’.
In mammalian cells, phospholipids are the predominate lipid type (15, 16). Phospholipids consist
of a phosphate group and a variable head group, linked to (typically) two fatty acid chains through
a glycerol backbone. The phosphate group has a fixed negative charge at physiological pH, and
the chemical structure of the head group alters the physical properties of the lipid. For example,
some head groups have a neutral charge (e.g. phosphatidylserine; PS) which gives the lipid a net
negative charge, and some head groups have a positive charge (e.g. phosphatidylcholine; PC, and
phosphatidylethanolamine; PE) which balances the negative phosphate group, forming a
zwitterionic lipid.

The hydrocarbon chains that comprise the lipid ‘tail’ group vary in length and degree of
unsaturation (number of double bonds). Lipids are classified by their melting temperature (Tm),
also known as the “main chain transition temperature”. This temperature predominantly depends
on the length and unsaturation of the acyl chains. For example, long-chain saturated lipids have
higher T (e.g. butter) than short-chain unsaturated lipids (e.g. olive oil).

In the presence of water, lipids self-assemble into a variety of structures to protect the
hydrophobic tails from water, and the structures they make depends on the molecular structure of
the lipid constituents (Fig. 1.1). The area ratio of lipid head-to-tail determines the shape of the
space occupied by the lipid. Lipids with small head groups (e.g. PE) take on a conical shape that
is exaggerated if the lipid also has long, unsaturated acyl chains. These lipids tend to self-assemble
into structures with a high degree of curvature, such as reverse micelles and inverted hexagonal
phases (17). Lipids with a relatively equal head-to-tail ratio, such as PC lipids, take on a cylindrical
shape and tend to form lamellar bilayers. In a mixture of lipid types, a bilayer may form under the
appropriate thermodynamic conditions, but it may be less stable than a bilayer composed entirely

of cylindrical lipids (18).
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This thesis will treat all phases of lipid bilayers above Trm as belonging to a liquid-crystalline
phase (L), and all phases below Tm as belonging to a solid-ordered, or gel, (So) phase (19). Lipid
tails in the L, phase are randomly oriented and fluid, while the S, phase is characterized by lipid
tails that are fully extended and closely packed. A lipid bilayer will transition from the S, phase to
the L, phase when an intensive thermodynamic property is varied. For example, as the temperature

of the system exceeds the characteristic Tm for the lipid species, it will transition from S, t0 L.
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Figure 1.1. Lipids and self-assembled lipid structures. A. Glycerophospholipids have a basic
anatomy: a phosphate headgroup, glycerol linker, and two acyl chains. Lipids can be categorized by
their melting temperature (Tm). The degree of unsaturation and acyl chain length both contribute to
this temperature. B. The structure of the lipids determines the spontaneous curvature of a self-
assembled sheet of lipids. The shape of a lipid is characterized by the area of the headgroup relative
to the area taken up by the acyl chains. PC lipids typically have an equal headgroup-to-tail ratio and
are cylindrical in shape, forming bilayers when self-assembled in water. Lysolipids (i.e. lipids with
one acyl chain) make inverted cones and form micelles. PE lipids, with their small headgroups, have
a cone shape and form inverted micelles.

Sterols have a major effect on membrane lipids (20). Cholesterol, the most abundant lipid in
mammalian plasma membranes (replaced by ergosterol in the membrane of yeast), is an
amphiphilic molecule with a rigid, planar ring structure and a small hydroxyl ‘head’ group (21,
22). Below the phospholipid Tm the rigid planar ring of cholesterol disrupts the ordered packing of
the acyl chains, and above the phospholipid Tm cholesterol further condenses the acyl chains (23).

The number of possible phases for a bilayer is found with the Gibbs phase rule, which state
F=C —P + 2 where F is the number of intrinsic thermodynamic variables that can vary freely, C

is the number of components, and P is the number of phases (24). In a two-component (binary)
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system with a fixed composition, where both temperature and pressure can vary (F=2), the
maximum number of phases that can coexist is 2. Researchers have demonstrated the coexistence
of the L, phase with the So phase in binary systems of a high-Tm lipid with cholesterol, a low-Tn,
lipid with cholesterol, and a high- and low-Tm lipid (20, 25).
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Figure 1.2. Phase diagrams of two-component and three-component lipid systems. A. Binary phase
diagram of lipid “A” and lipid “B”. When the temperature is dropped for a membrane with a
composition represented by the open circle, it crosses the miscibility phase boundary and separates
into two liquid phases, one rich in “A” and one rich in “B”. The ratio of lipids in each of these phases
is determined by the tie-line and can be computed using the Lever rule. The star represents the
critical point. Adaptation of Fig. 3 from (25) B. Representative ternary phase diagram of a lipid with
a low melting temperature, a lipid with a high melting temperature, and a sterol. Each vertex
represents 100% of one of the components. At high ratios of sterol, the sterol is no longer soluble in
a membrane and crystallizes. The green bounded areas represent ratios of the three components
where phase coexistence is observed. The yellow star represents the empirically measured
isothermal critical point for the system. Adaptation of Fig. 18.4 from (26) C. The experimentally
measured phase diagram of DiPhyPC/DPPC/cholesterol, adapted from (27). The grayscale colorbar
represents the measured miscibility transition temperatures (Tmix) Of ratios (black circles) that fall in
the La/L, coexistence region.

The discussion above brings us to the system at the center of this work: ternary membranes
with a high-Tm lipid, a low-Tm lipid, and cholesterol. Ternary mixtures of these lipids can phase
separate into two coexisting liquid phases (Lo and Lq4) over a wide range of temperatures and
compositions (25, 28). These simple systems have garnered significant interest in biology and
biophysics as a model of a system that is thought to exhibit biological ‘lipid rafts’(29). One

possible definition of a lipid raft is as a liquid domain in a cell membrane (25). Many researchers
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consider rafts to be important signaling platforms, enriched in particular lipids and membrane
proteins (30). When micron-scale liquid domains were first observed in synthetic lipid membranes
in 2001 (31), there was an explosion in experiments and controversial theories drawing a
connection between these model membranes and lipid rafts. One major concern cropped up again
and again: most evidence suggests that cellular lipid rafts are submicron in size, while ternary
model membranes exhibit micron-scale domains.

Micron-scale domains have been observed at temperatures in ternary membranes close to
freezing (~0°C) and up to the melting temperature of the highest Trm lipid in the membrane (27,
32-34). To understand the phase behavior of a ternary lipid system, it is helpful to have a phase
diagram, or a map of the possible phase states observed at thermodynamic equilibrium. As the
number of components in the system increases, so too does the complexity of the phase diagram.
To begin, we will consider a phase diagram of a two-component lipid system, represented in
Fig. 1.2A. On the x-axis the mol % of component A is varied from 100% to 0%, and on the y-axis
an intensive thermodynamic variable (in this case, temperature), is varied. The curve represents
the miscibility coexistence boundary, below which the system is phase separated into two
coexisting phases and above which the system is mixed. Take for example a membrane of 30%
lipid A and 70% lipid B at a temperature represented by the open circle in Fig. 1.2A. If the
temperature is quenched below the phase boundary to the closed circle, the membrane will phase
separate into two coexisting phases with proportions of each phase represented by ends of the tie-
line. A tie-line follows the ‘lever rule’, which states that the distance from the quench point to the
end of the tie-line rich in component A (or B) is inversely related to the amount of phase rich in A
(or B) (26).

In a ternary membrane system, we can no longer represent the phase space of the system in
two-dimensions. Instead, we use a Gibbs phase triangle, a two-dimensional graphic that represents
all possible combinations of three lipid components (Fig. 1.2B). For example, a composition that
is 100% cholesterol is represented by the top vertex. A binary system is represented by the points
that fall along the edges of the triangle. Because this diagram is an equilateral triangle, the sum of
all perpendicular lines to the axes from any point in the triangle is equal to a constant. Therefore,
these perpendicular distances can be taken to be equal to the concentration of the components,
whose sum is also a constant. Researchers have mapped the phase states for many possible ratios

of a large variety of different ternary systems (28).
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A system commonly used in this work is diphytanoylphosphatidylcholine (DiPhyPC;
16 4ME PC, Tm =<120°C), dipalmityolphosphatidylcholine (DPPC; 16:0 PC, Tm = 41°C), and
cholesterol. Membranes composed of DiPhyPC, DPPC, and cholesterol are particularly convenient
to study: due to the chemical structure of DiPhyPC (16-carbon chains with 4 sets of methyl groups
that protrude perpendicular to the chain), its melting temperature is unusually low. This means that
there is a large compositional space in which ternary membranes containing DiPhyPC can exhibit
coexisting liquid phases. DiPhyPC is fully saturated and is less susceptible to photooxidation than
its unsaturated counterparts (35, 36). The experimentally-mapped region of coexisting liquid
phases for this system, adapted from (27), is shown in Fig. 1.2C. Here, the grayscale gradient
corresponds to the measured miscibility transition temperature for each ratio of lipids (Tmix).

Researchers identify lipid phases and map phase diagrams for ternary membrane mixtures
using a variety of experimental techniques. In this work, direct techniques for identifying
coexisting domains are defined as methods that directly image phase separation. These include
fluorescence microscopy, cryo electron microscopy (cryoEM) and tomography, and atomic force
microscopy (AFM). Examples of indirect measurements are those that probe the molecular scale
structure of phase-separated membranes, such as small-angle x-ray scattering (SAXS), small-angle
neutron scattering (SANS), Forster resonance energy transfer microscopy (FRET), and nuclear
magnetic resonance spectroscopy (NMR). Some researchers maintain a stricter definition of
‘direct’ and define a direct technique as one that measures the presence of lipid domains without a
probe. In this case, fluorescence microscopy is considered indirect because it requires a fluorescent
probe, which is typically a fluorophore conjugated to a lipid through the head group.

When a taut ternary lipid vesicle, poised at a composition that phase separates, is brought below
its miscibility transition temperature, small domains nucleate, laterally diffuse, and collide. Over
time, all of the domains will coalesce, and the equilibrated system will have one large domain of
each phase. The phase enriched in high-Tm lipids is the L, phase, and the phase enriched in low-
Tm lipids is the liquid-disordered phase (Lq). Cholesterol partitions to both phases but is slightly
enriched in the L, phase.
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Domain nucleation and growth is easily observed with a fluorescence microscope, but what
happens if domains are nanoscale? If domains nucleate in a membrane, but stay small, they would
be undetectable by an optical microscope. This conundrum was first introduced through indirect
evidence for coexisting liquid phases in a binary system of DMPC and cholesterol. Using electron
paramagnetic resonance (EPR) spectroscopy and spin-labeled lipids, researchers postulated the
existence of two immiscible liquid phases at temperatures above DMPC T and >20% cholesterol
(37). However, when these same compositions are viewed as vesicles under a fluorescence
microscope, there is no evidence of micron-scale coexisting liquid phases (25).

Lipid rafts are hypothesized to be on the order of about 100 nm and some researchers have
presented indirect evidence for the existence of submicron coexisting liquid phases in ternary (and
quaternary) systems. Using FRET microscopy, researchers postulated that ternary systems that
exhibit no discernable micron-scale phase separation (e.g. POPC/DPPC/cholesterol) have domains
that are smaller than the optical resolution limit, but larger than the Forster radius of the FRET
probe pair (approx. 8-10 nm) (38). In support of these results, researchers published small angle
neutron scattering (SANS) data consistent with an interpretation that the existence of lipid domains
in POPC/DPPC/cholesterol vesicles were 100nm (39). The idea that lipid rafts can arise from
membrane phase separation is a compelling idea, however; the FRET results and SANS results are
indirect and rely heavily on models to fit the data. In homage to the proverb “seeing is believing”,

all techniques in the work presented here are direct imaging methods.

Researchers have access to a rich complement of experimental and theoretical model systems
to investigate liquid immiscibility in lipid membranes. The discussion below is focused on
experimental model systems, and in particular, free-floating enclosed membrane vesicles. Free-
floating enclosed lipid membranes have an aqueous interior separated from an agqueous exterior by
a bilayer membrane. These systems have little-to-no contact with a surface and they are typically
unilamellar, although true unilamellarity can be experimentally challenging to achieve (40). The
free-floating vesicles outlined in this next section range from purely physicochemical (e.g. giant

unilamellar vesicles) to completely biological (e.g. yeast vacuoles).
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1.5.1 Giant Unilamellar Vesicles (GUVs)

Even before the Singer-Nicolson ‘fluid mosaic’ model of the lipid bilayer, researchers were
using synthetic giant unilamellar vesicles (GUVS) to investigate biological membranes. In the early
1960s, researchers compared the physical properties and transverse dimensions of these synthetic
GUVs to biological membranes and found that they were very similar (41). GUVs have remained
the workhorse experimental model system of cell membranes and they are instrumental to the
study of liquid immiscibility in lipid membranes.

GUVs can vary in composition and range in size from tens of microns to hundreds of microns.
Vesicles smaller than GUVs are called large unilamellar vesicles (LUVs; ~100-1000nm) and small
unilamellar vesicles (SUVs; ~10-100nm). Due to their size, GUVs are used in assays that require
optical microscopy, while LUVs (and in some cases, SUVs) are used for direct imaging by cryoEM
and for indirect spectroscopic methods like fluorescence spectroscopy (e.g. Laurdan generalized
polarization measurements, FRET-pair fusion assays, leakage assays, etc.).

In this work, GUVs are used primarily to observe and measure miscibility transitions of ternary
membrane mixtures. In Figure 1.3B(right) the GUV is at an elevated temperature at which all lipids
in the membrane are liquid and uniformly mixed. At high temperatures, entropy drives the
behavior of the system. As temperatures drop, lipid-lipid interactions start to dominate over
entropy, and at temperatures below Tmix, the membrane demixes into coexisting liquid domains:
the dark L, domain and the bright Lq domain (Fig. 1.3A and 1.3B(left)). As illustrated in the
membrane cross section, membrane phase separation is visualized by differential partitioning of a
dye-labeled lipid. Lipid probes typically partition to the Lq phase, regardless of the lipid species
attached to the dye (42-44). However, some dyes that label the Ly phase in GUVs will also label
the Lo phase in giant plasma membrane vesicles (GPMV5s) (45).
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Figure 1.3. Giant Unilamellar Vesicles (GUVSs). A. Schematic of a GUV in an aqueous solution
below its Tmix. The gray spots are the “liquid ordered” (Lo) phase, and they are enriched in high T,
lipids and cholesterol. The bright area is the “liquid disordered” (L4) phase, and it is enriched in low
Tm lipids. The cutout shows the lipids that populate the two phases. A dye-labeled lipid selectively
partitions to the Lq phase, which makes it the “bright” phase. Illustration adapted from Sarah L.
Keller. B. Fluorescence micrographs of a 35/35/30 DOPC/DPPC/cholesterol membrane below its
Tmix (left) and above its Tmix (right) (46). The membrane is labeled with 0.8 mol % TexasRed®-
DHPE lipid. The scale bar is 20 um.

Importantly, while each phase is enriched in particular lipid types, every lipid is in each phase.
If a phase diagram has been mapped for the specific lipid composition in question, the endpoints
of tie-lines can be used to identify the ratio of lipids in each phase and to calculate the partitioning
of each lipid species into the phases. Phase-separated membranes along a tie-line have the same
composition of the two coexisting liquid phases, regardless of the overall ratio of lipids in the
entire membrane. This is significant for two reasons: 1) The bulk properties of the two phases
(bending rigidity, line tension, thickness, etc.) do not change along the tie line and, 2) the mole
fraction of the two phases changes monotonically along a tie-line, from 100% of the vesicle area
in the Ly phase at one end to 100% of the vesicle area in the L, phase at the other, and 50% of the
area occupied by both phases at the midpoint (26).

GUVs can be produced by a variety of methods, including electroformation, which is discussed
in Appendix A.1 (47). Each method has its advantages and disadvantages, but they all produce

GUVs with compositional variation from vesicle to vesicle. Because of this, the Tmix values and
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area fractions measured for each individual vesicle are centered around an average value for the
population of vesicles. Researchers can measure Tmix for a lipid composition using fluorescence
microscopy and varying the temperature of the sample. The percentage of vesicles that are phase-
separated varies sigmoidally with temperature, and researchers define Tmix as the temperature at
which 50% of vesicles are phase separated (for an example, see Fig. 2.1B) (26, 48). Uncertainty is
quoted as 95% confidence intervals from bootstrap resampling of the sigmoid fit. The width of the
sigmoid is an indication of the uniformity of lipid composition of the vesicles: the more

compositional variation from vesicle to vesicle, the wider the sigmoid.

1.5.2 Giant Plasma Membrane Vesicles (GPMVs)

Synthetic membranes (e.g. GUVs) fail to recapitulate many of the core features of biological
membranes. Neither the lipid composition nor the protein content of synthetic membranes comes
close to matching the compositional diversity and complexity of biological membranes. In the
early 1960s, researchers discovered that cultured cells can shed large vesicles from their plasma
membrane upon treatment with chemical crosslinkers, like paraformaldehyde (49, 50). This
process is an exaggeration of the natural cellular process of apoptosis, or cell death. In 2007,
seminal observations of micron-scale phase separation in these cellular “blebs”, or giant plasma
membrane vesicles (GPMVs), reinvigorated the lipid raft hypothesis (51): could GPMVs be the
missing link between phase separation in model membranes and lipid rafts in cells?

It has become abundantly clear, including through advances in cellular lipidomics, that the
lipid composition of cell membranes is complex. Much of this complexity in mammalian
lipidomes arises from combinatorial lipid synthesis. Tens of thousands of distinct lipid species can
be created from several possible hydrophilic headgroups, backbones, and hydrophobic chains. In
most mammalian cells, hundreds of these species are produced with less than 100 species making
up greater than 90% of the cellular lipidome (22).

Membrane-associated proteins add more complexity, as 50%-75% w/w of a typical
mammalian cellular membrane preparation is protein content (52). In fact, polypeptides are
estimated to occupy ~20% of the area at the center of a membrane bilayer, and this has huge
implications for membrane physical properties, such as fluidity, bending rigidity, and phase
separation (52, 53).
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Interestingly, different membranes within a single cell display a huge diversity in lipid
composition. For example, the cholesterol content of the plasma membrane can be ~45 mol%,
whereas the endoplasmic reticulum membrane has ~5 mol% cholesterol (22, 54). Cholesterol is
not the only lipid to vary between organelles: glycosphingolipids are largely produced in the Golgi
and therefore, are not present in the endoplasmic reticulum (16). Cardiolipin is a lipid found only
in the inner membrane of mitochondria (16). Needless to say, this diversity likely has a significant

impact on cellular function.

Figure 1.4. Giant Plasma Membrane Vesicles (GPMVs). A. Schematic of a blebbing cell that is
producing a GPMV. This can occur after chemical vesiculation agents are added to a solution of
adherent mammalian cells. The GPMV contains most of the native lipids and proteins of the plasma
membrane but is missing all of the intracellular components of the native cell. B. A micrograph of
a field of GPMVs derived from Madine Darby Canine Kidney (MDCK) cells. The arrows point to
GPMVs that have phase separated and the arrowheads point to mixed GPMVs. The temperature of
the system is 8°C. Image taken by llya Levental and Sarah L. Keller.

The discovery of micron-scale liquid-liquid phase separation in GPMVs has arguably bridged
the gap between lipid rafts in cells and coexisting liquid phases in synthetic mimics. However,
coexisting liquid phases have not been observed in GPMVs at physiological temperature (37°C).
If membranes derived from cells exhibit micron-scale liquid domains when detached from the
cellular environment, could the cytoskeleton and extracellular matrix (ECM) of the cell keep lipid
rafts small? This question was first raised in conjunction with another conundrum: the diffusion
rate of lipids in the plasma membrane is 5- to 100-fold reduced over their counterparts in synthetic
membranes (55). Several possible solutions were proposed, including selective partitioning of
particular lipid species into lipid rafts, coupling with the extracellular matrix, and membrane
corrals formed by cytoskeletal pinning sites (56-60).
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One of the most interesting of these theories involves coupling of plasma membrane phase
behavior with cytoskeleton structural support. The theory, proposed by Machta et al., takes
advantage of the phase behavior observed in GPMVs (61). When GPMVs are isolated from living
cells, they appear homogeneous at physiological temperature (37°C). However, below a critical
temperature of ~22°C, the membrane breaks out into coexisting micron-scale domains (62). Near
this transition, GPMVs undergo fluctuations that are visible on the micron-scale, which are
quantitatively similar with fluctuations in synthetic membranes that have been tuned to a critical
point (62, 63). The correlation length for membrane fluctuations near a critical point diverges at
the critical temperature (T¢). Specifically, above T¢, one ensemble average correlation length can
describe the length scale of composition fluctuations, and as the temperature is decreased towards
Tc, this length increases. At Tc, the correlation length diverges. Below T¢, the system phase
separates into two coexisting liquid phases with a finite correlation length. One interesting
prediction falls out of this description for plasma membrane phase behavior: at 37°C, the
correlation length of the plasma membrane is estimated to be ~20 nm, which is in close agreement
to the measured size of lipid rafts (30, 61). This temperature limitation on domain size, coupled
with cytoskeleton corrals from membrane pinning sites, leads to a more complete picture of lipid
rafts in the plasma membrane (61).

How do GPMVs compare to GUVs? GPMVs are typically smaller than GUVs (<10 um), and
they contain the full complement of plasma membrane lipids and membrane-associated proteins
(64). The coexisting liquid phases in GPMVs are also termed Lo and Lq, but they differ significantly
from GUVs in their physical properties such as membrane packing order and miscibility transition
temperatures. For example, the difference in generalized polarization (GP) values (a proxy for
lipid packing order), gathered from Laurdan polarization microscopy, between the L4 and L, phase
in GPMVs is much smaller than in GUVs (65). GPMVs and GUVs have significant compositional
differences, especially in the makeup of the two liquid phases. For example, in GPMVs, the Lo
phase is composed mostly of singly-unsaturated lipids and sterol, with very little saturated lipids,
while the GUV L, phase is typically rich in sterol and a fully saturated lipid (66).

GPMVs are a tractable system to investigate the biophysical properties of cell membranes,
including phase partitioning of transmembrane proteins, diffusivity, and membrane packing order
(65-68). Researchers must contend with several caveats such as the loss of some membrane

asymmetry in GPMVs due to the increased activity of lipid scramblases during the vesiculation
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process (51, 64). The type of chemical vesiculate also has a dramatic effect on the physical
properties of GPMVs. For example, Tmix significantly decreases in GPMVs derived through NEM
treatment compared with vesicles collected after treatment with DTT+PFA (45). Despite these
significant caveats, GPMVs remain an excellent intermediate model system between fully

synthetic membranes and the cell plasma membrane.

1.5.3 Yeast Vacuoles

In the last decade, a new model system for membrane phase separation has come to the fore:
the yeast vacuole membrane. Vacuoles are lysosomal organelles in budding yeast such as
Saccharomyces cerevisiae (S. cerevisiae). Evidence of membrane heterogeneities in yeast
vacuoles has been recorded since the early 1960s. Using freeze fraction electron microscopy,
researchers found that the membrane of intact and unfixed yeast vacuoles exhibits domains
depleted of large proteins (69). These domains are physiologically regulated: proteins are
homogeneously distributed on vacuole membranes during the logarithmic stage of yeast growth,
and large, protein-depleted domains appear during the stationary phase of growth (69). In many
cases, these domains are about 200 nm, or larger, in diameter which makes them resolvable with
optical microscopy.

Yeast vacuoles are a fungal equivalent to mammalian lysosomes, and they also regulate
intracellular pH and osmotic pressure. When yeast become deprived of nutrients, the vacuole
assists in degrading lipid droplets (an energy rich organelle replete with triacyl glycerides and
sterol esters) and proteins in a process called autophagy. During active growth in the logarithmic
stage, yeast cells contain many small multi-lobed vacuoles. Late in the growth cycle when cells
are glucose-starved, vacuoles fuse into one large spherical vacuole (1-5 pm in diameter) that
occupies a large portion of the cell volume (Fig. 1.5C) (70).

Shape is not the only change that vacuoles endure during the yeast growth cycle: the stat-phase
vacuole membrane demixes into domains depleted in many integral membrane proteins and lipid
species (Fig. 1.5 B and Fig. 1.5C)(69-73). A striking example of this heterogeneous membrane
organization is seen in the partitioning of the vacuole-specific proton pump, Vphl. Vacuoles in
the stationary phase, imaged with endogenously labeled Vph1-GFP and a lipid-sensitive dye FM4-

64, clearly show that VVph1l selectively partitions to the putative Lq phase on a vacuole membrane
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(70, 74). Many other vacuolar proteins have shown similar domain preferences, including many

proteins involved in the TORC signaling pathway essential in yeast metabolism (75, 76).
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Figure 1.5. Yeast vacuoles. A. Schematic of a yeast cell. The vacuole is highlighted in green. B.
Fluorescence micrographs of phase-separated yeast vacuoles. The vacuoles are labeled with
endogenously labeled Vph1-GFP imaged via fluorescence microscopy (left; a) and fluorescence and
differential interference contrast (DIC) microscopy (right; b) to show the outline of the cell that
contains the vacuole. C. Growth curve for S. cerevisiae adapted from (74). Data points are
measurements of the yeast culture optical density at 600 nm taken from 0 hr to 80 hrs. In the early
logarithmic stage of growth, yeast cells have many small vacuoles. In the late logarithmic stage, the
vacuoles fuse into one large vacuole that spans a large volume of the cell. In the stationary stage of
growth, vacuole membranes break out into domains. A and B are adapted from (74).

Vacuolar domains exhibit a striking zoo of shapes and sizes: from hexagonally packed circles
and stripes, to fully separated ‘half-moons’. As such, vacuole membranes display the whole gamut
of domain morphologies observed in GUVs (70, 74). Other researchers have postulated that these
domain morphologies may be associated with compositional changes during different stages in the
growth cycle (70, 71); however, it is likely that the observed shifts in morphology are a result of
changes in osmotic pressure that increase the membrane tension, allowing domains to coalesce. In
fact, the geometric patterns on some vacuoles closely resemble a modulated phase, hinting at the
role membrane curvature may play in domain morphology and homeostasis (see Chapter 3 Section

3.1 for a detailed discussion of modulated phases).
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Domains readily appear on vacuoles in the glucose-starved stationary phase of growth, but
other cellular stresses can also induce domains. For instance, researchers have shown that
acidifying the media in which yeast are grown can cause vacuole membranes to break out in
domains (70). Similarly, nitrogen-starvation, osmotic stress, and translation inhibition can all lead
to domain formation (70). Domains are also dependent on several signaling pathways that control
lipid and sterol transport and synthesis, including the TORC signaling pathway and lipid droplet
microautophagy (70, 71, 76, 77).

The observation that vacuoles phase separate has been exciting for biologists and biophysicists
alike. Phase separation in yeast vacuoles appears to be an ATP-independent process that
effectively organizes cell membrane components, allowing valuable cellular energy currency to
be used elsewhere in the cell. The observation of phase separation in such a complex biological
environment highlights the broad applicability of elegant thermodynamic principles.

1.5.4 Fatty Acid Vesicles and “Protocells’

Fatty acid vesicles are lipid bilayers composed of fatty acids and their ionized species (e.g.
decanoic acid and decanoate soap) (78). Fatty acids are chemically and structurally distinct from
glycerophospholipid vesicles in that they have only one aliphatic chain, with no glycerol backbone
and no large headgroup. In this thesis, fatty acid vesicles are primarily used to investigate
protocells and the origins of cellular life. This membrane system differs from phospholipid
membranes: fatty acid membranes are dynamic while phospholipid membranes are quite stable.
For example, the concentration of free monomers in equilibrium with self-assembled vesicles is
considerably higher for single-chain fatty acids than for double-chain glycerophospholipids, and
as a result, the interchange of molecules between the two leaflets is expected to occur much more
rapidly than in phospholipid bilayers (78).

Fatty acid vesicles are so dynamic, in part, because they are composed of single- rather than
double-tailed lipids, and because the pH-range and concentration range in which they exist is
limited (Fig.1.6 D). Fatty acids self-assemble into vesicles in a very narrow range of pH values
and fatty acid concentrations (79-83). Below the critical vesicle concentration (CVC) or at low
pH, fatty acids exist as an oil; at high pH, fatty acids form micelles (78). This is because, in order

for fatty acids to form a bilayer, there must be a roughly equal ratio of neutral non-ionized
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molecules and their negatively charged soap counterparts (78). The chain length of the fatty acid
determines the concentration and pH range suitable for vesicles, with long-chain fatty acids

forming vesicles at higher pH values and lower CVCs (Fig. 1.6)(78).
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Figure 1.6. Fatty acid vesicles. A. Schematic of a fatty acid (e.g. decanoic acid) vesicle in an
aqueous solution. B. Fluorescence micrograph of a decanoic acid vesicle labeled with Rhodamine
6G and floating in a D20 solution. C. Chemical structure of decanoic acid. D. Titration curve for a
system of oleic acid/oleate. As the degree of protonation changes, the predominant self-assembled
structure shifts from micelles, to vesicles, and finally to oil. A, B, and C are adapted from (84) and
D is adapted from (78).

It is this chemical simplicity that has stimulated great interest in fatty acid vesicles as potential
protocellular membranes. Protocells are the simplest conception of a modern cell that could have
existed before biology. The essential components of a protocell are: 1) compartments and
separation of the inner components from the exterior environment, 2) heredity, and 3) entities that
drive catalysis (85). Fatty acid vesicles fulfill the compartmentalization requirement, and their
dynamism has proven useful for other biological requirements like self-reproduction and persistent
motion. Researchers have shown that oleic acid (18 carbons) undergoes autocatalytic formation of
vesicles, and generates a pH gradient across, and within, the vesicle that leads to persistent motion
(86, 87). Even more exciting is that fatty acids have been isolated from meteors and are easily

synthesized from prebiotic compounds (88, 89).
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Some observations bring into question the feasibility of the formation of fatty acid vesicles on
the early Earth. For example, fatty acid vesicles clump in the presence of high concentrations of
NaCl (such as is present in the Earth’s oceans), and they completely collapse when in solution with
divalent cations, like Mg?* (a cation essential for RNA catalysis) (82, 83, 90, 91). These facts alone
bring into question the feasibility of the formation of fatty acid vesicles on the early Earth.
However, as | will describe in Chapter 6, many of the molecular constituents of biological
polymers (e.g. amino acids, RNA bases, and sugars) can protect decanoic acid membranes from
salt-induced destabilization (92, 93).

This dissertation follows two themes: 1) membrane physical properties and phase separation
in synthetic, cell-derived, and living cell membranes, and 2) the role of amphiphiles in the origins
of life. The discussion will begin with simple membrane systems and evolve in complexity over
the course of the manuscript, describing the effect of alcohols on phase behavior in GUVs and
cell-derived membranes, investigating a modulated phase in GUVs and cell-derived membranes,
probing phase separation on the nanometer length-scale with GUVs using cryo electron
microscopy, and finally, investigating the relationship between growth temperature and mixing
temperature in yeast vacuoles. The text will finish with a discussion on the role of decanoic acid
membranes in the origins of life. Detailed methods and code to compute figures presented in the

manuscript can be found in the Appendix.

| have produced the following publications:

1. Cornell, C.E., Mileant, A., Thakkar, N., Lee, K.K., and Keller, S.L. Direct Imaging of Lipid
Domains in Nanoscale Vesicles by CryoEM. PNAS (2020) 117 (33), 19713-197109.

2. Xue, M., Black, R.A., Cornell, C.E., Drobny, G.P., and Keller, S.L. A step toward molecular
evolution of RNA: Ribose Binds to Prebiotic Fatty Acid Membranes, and Nucleosides Bind Better
than Individual Bases Do. ChemBioChem (2020) 21, 1-5.

3. Cornell, C.E., Black, R.A., Xue, M., Litz, H.E., Ramsay, A., Gordon, M., Mileant, A., Cohen,
Z.R., Williams, J.A., Lee, K.K., Drobny, G.P., Keller, S.L., Prebiotic Amino Acids Bind to and
Stabilize Prebiotic Fatty Acid Membranes. PNAS (2019) 116 (35), 17239-17244.

29



4. Blosser, M.C., Cornell, C.E., Rayermann, S.P., and Keller, S.L. Phase Diagrams and Tie
Lines in GUVs. In The Giant Vesicle Book; Dimova, R. and Marques, C. Taylor & Francis
(2019).

5. Cornell, C.E., Skinkle, A.D., He, S., Levental, I., Levental, K.R., and Keller, S.L. Tuning
Length-scales of Small Domains in Cell-derived Membranes and Synthetic Model Membranes.
Biophysical Journal (2018) 115 (4), 690-701.

6. Cornell, C.E., McCarthy, N.L.C., Levental, K.R., Levental, I., Brooks, N.J., and Keller, S.L.
n-alcohol Length Governs Shift in Lo-Lq Mixing Temperatures in Synthetic and Cell-Derived
Membranes. Biophysical Journal (2017) 113, 1200-1211.

7. Rayermann, S.P., Rayermann, G.E., Cornell, C.E., Merz, A.J., and Keller, S.L. Hallmarks of
Reversible Separation of Living, Unperturbed Cell Membranes into Two Liquid Phases.
Biophysical Journal (2017) 113, 2425-2432.

8. Bergeron-Sandoval, L.-P., Hossein, K.H., Chang, C., Cornell, C.E., Keller, S.L, Francois, P.,
Hendricks, A.G., Ehrlicher, A.J., Pappu, R.V., Michnick, S.W. Endocytosis caused by liquid-
liquid phase separation of proteins. BioRxiv (2017). DOI: https://doi.org/10.1101/145664

30


https://doi.org/10.1101/145664

*This chapter was first published in the Biophysical Journal in 2017. It was written in
collaboration with N.L.C McCarthy, K.R. Levental, I. Levental, N.J. Brooks, and S.L.
Keller. The full citation can be found at the end of Chapter 1 on pg. 29.

Scientists have invested decades of research in understanding how n-alcohols affect model
lipid membranes, largely with the goal of clarifying mechanisms by which ethanol consumption
perturbs mammalian cell membranes. The results tell a compelling story: n-alcohols partition into
membranes near lipid headgroups where they disorder carbon chains of neighboring lipids or
probes (94-96). Concomitantly, n-alcohols alter physical properties of liquid-phase membranes:
lipid lateral mobilities increase (97-99), ion channel cation permeabilities increase (100),
membrane areas increase (101), thicknesses decrease (102), bending moduli decrease (101), area
compressibilities decrease (101), interfacial tensions decrease (101), gel-liquid transition
temperatures decrease (103), L. — Hy transition temperatures shift (104), and lateral pressure
profiles shift (99, 105). However, the magnitudes of most of these effects are modest. For example,
relatively high concentrations of ethanol (120 mM) decrease membrane gel-liquid melting

temperatures by only 0.3°C (103).

One striking exception to the rule that n-alcohols tend to have a minimal effect on physical
properties of membranes was recently reported by Veatch and colleagues (48). Using cell-derived
giant plasma membrane vesicles (GPMVs), they found that short-chain n-alcohols dramatically
decreased miscibility transition temperatures (Tmix). The shift in Tmix (~4 °C for 120 mM ethanol)
is more than an order of magnitude larger than ethanol’s effect on membrane melting temperatures
(48, 103). Both studies used 120 mM ethanol because this concentration is reported by Pringle et
al. as the anesthetic concentration (AC50) at which 50% of tadpoles lose their righting reflex (106).
The ethanol concentration at which proteins begin to denature is at least an order of magnitude
higher (107). Strikingly, the result that short-chain n-alcohols decrease Tmix by ~4°C holds equally

well for ethanol, propanol, octanol, and decanol at the AC50 concentration (48).

Cell-derived GPMVs have several advantages as experimental systems. They are large enough

(~10 um) to image by conventional microscopy, they contain significant amounts of functioning,
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native proteins, they retain extraordinary complexity in their lipid and protein compositions
(similar to cell plasma membranes), and the spatial distribution of the lipids and proteins in their
membranes can by probed by fluorophores (45, 51, 62, 108-110). At high temperatures, GPMV
membranes appear uniform by epifluorescence microscopy. Below Tmix, GPMV lipids and proteins
demix into coexisting liquid-ordered (Lo) and liquid disordered (Lq4) phases (45, 51, 62, 110).

The result that n-alcohols dramatically shift miscibility transition temperatures in GPMVs
leads to the clear question of whether n-alcohols also shift Tmix in simpler membranes of giant
unilamellar vesicles (GUVs) composed of ternary lipid mixtures. We are motivated to ask this
question because the phenomenon of membranes demixing into Lo and Lq phases has been largely
understood in the context of GUVs composed of ternary mixtures of a lipid with a high melting
temperature, a lipid with a low melting temperature, and cholesterol. The relative amounts of each
lipid type can be quantitatively tuned in GUVs (111), making them an ideal system for mapping
phase diagrams. General features within phase diagrams of ternary membranes are relatively well
understood. For example, researchers know how to tune lipid ratios to achieve membranes that are
likely to exhibit gel phases, or coexisting Lo and Lq phases, or critical phenomena, and they have
used this information to provide a broader context to interpret results from specific cell-derived
membranes (62, 112, 113). However, an enduring challenge has been to quantitatively predict the

effect of substituting or adding new membrane components (45, 114), including n-alcohols.

Here, we find that the addition of short-chain n-alcohols to ternary GUVs significantly shifts
miscibility transition temperatures, and that the magnitude of the shift is large, as in cell-derived
GPMVs. However, to our surprise, we find that the direction of the shift is opposite in the two
systems. We describe experiments that explore this phenomenon, and we offer a plausible
speculation to explain why short-chain n-alcohols decrease miscibility transition temperatures in
GPMVs and increase them in GUVs.

Materials
Phosphocholine (PC) lipids including DOPC (dioleoyl-PC, or di-18:1-PC), DPPC

(dipalmitoyl-PC, or di-16:0-PC), POPC (palmitoyl-oleoyl-PC, or 16:0-18:1-PC), dil6:1-A9cis-
PC, dil8:1-A6cis-PC, dil4:1-A9cis-PC, lyso(18:0)-PC, and palmitoyl sphingomyelin (PSM or
18:1-16:0 SM) were from Avanti Polar Lipids (Alabaster, AL). Texas Red dihexadecanoyl-PE was
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from Life Technologies (DHPE; Grand Island, NY), and cholesterol was from Sigma Aldrich
(chol; St. Louis, MO). Lipid structures appear in Fig. 2S1. Stock solutions of laurdan (Invitrogen,
Carlsbad, CA) and C-laurdan (a gift from Dr. B. R. Cho, Seoul, Korea) were prepared in ethanol
and DMSO. Alcohols (ethanol, propanol, butanol, pentanol, hexanol, octanol, decanol,
tetradecanol, hexadecanol, propofol, and 2,6-di-tert-butylphenol), dimethyl sulfoxide (DMSO),
and all additional reagents were from Sigma Aldrich unless specified. All alcohols were purchased
at their highest available purity. All materials were used as from the manufacturer without further

purification.

Production of GUVs for Tmix Measurements
GUVs with diameters on the order of 10 — 10? pm were electroformed (115) in either pure (18

MQ-cm) water or in alcohol solutions (0.0025 — 480 mM alcohol in 18 MQ-cm water). At ethanol
concentrations above 1.2 M, PC-membranes are partially solubilized; above 7 M, mixed micelles
form (116). Alcohols with low water solubilities (tetradecanol, hexadecanol, and 2,6-di-tert-
butylphenol) were first dissolved in DMSO before being dissolved in water. For these alcohols,
the maximum final concentration of DMSO in aqueous solution was 210 mM, too small to
measurably affect miscibility transition temperatures. Control experiments were conducted to
verify that shifts in Tmix values due to producing GUVs of 35:35:30 DOPC/DPPC/cholesterol in
18 MQ-cm water (Tmix = 30.4 £0.29 °C) vs. in DMSO solutions approximately 7-fold more
concentrated (1.4M) than those used in n-alcohol experiments (Tmix = 31.1 + 0.04 °C) were smaller
than shifts in Tmix due to the type of n-alcohol used.

GUVs used in measurements of Tmix were electroformed as follows. An aliquot of 0.25 mg of
lipids in chloroform was spread evenly on an ITO-coated glass slide (Delta Technologies,
Loveland, CO). The lipid mixture contained 0.8 mol% Texas Red DHPE, a dye-labeled lipid that
selectively partitions to the Lg phase (117). The slide was placed under vacuum for >30 min to
evaporate the chloroform. A capacitor was created by separating two ITO-coated slides with two
rectangular Teflon bars (0.3 mm thick). The gap between the bars was filled with water or alcohol
solution, and all edges were sealed with vacuum grease. An AC voltage of 10 Hz and 1.5 V was
applied to the capacitor for 1 hr at 60 “C. Vesicles were then extracted from the capacitor and

diluted 5-10-fold in water or alcohol solution at 60 °C to make a stock solution.

33



Measurement of Tmix
Electroformation produces populations of vesicles with distributions of miscibility transition

temperatures, reflecting slight differences in lipid ratios from vesicle to vesicle. Uncertainties in
ratios of PC-lipids in electroformed vesicles have been estimated at <2 mol% (34). Techniques for

minimizing uncertainties in Tmix (25, 26) were followed.

To image vesicles, several drops of vesicle stock solution were deposited between glass
coverslips, and the edges were sealed with vacuum grease. This assembly was thermally coupled
to a home-built temperature stage for a Y-FL epifluorescence microscope (Nikon, Melville, NY)
via a layer of thermal grease (Omega Engineering, Stamford, CT). An Alpha-Omega (Lincoln, RI)
controller adjusted temperature via a thermoelectric heater/cooler using feedback from a thermistor
(0.2 °C accuracy, Sensor Scientific, Fairfield, NJ). Images were captured through an air objective
using a CoolSnapFX camera (Photometrics, Tucson, AZ) and processed using ImageJ (public
domain http://rsbweb.nih.giv/ij). The percent of vesicles that exhibited coexisting Lo, and Lq phases
was recorded over temperature steps between 10 °C and 50 °C. Typically, ~100 vesicles were
imaged at each step, over three fields of view. A nonlinear least squares fit to a sigmoidal curve of
% phase separated = 100 x (1 — (1/ (1 + e ~(TMX/BY)) yields Tmix, at which 50% of vesicles are
phase separated, and B, which relates to the width of the transition (48). The shift in miscibility
transition temperature, ATmix, IS defined as Tmix (with alcohol) — Tmix (without alcohol).
Uncertainties for each measurement correspond to 95% confidence intervals of the fit, as shown
in Fig. 2.1. For the data in Fig. 2.1, the dimensionless term ATmix/Tmix = 0.00626 + 0.00115 (for
temperatures expressed in Kelvin). Uncertainties for a set of measurements due to day-to-day
variation is typically <0.5 °C. For example, four experiments on different days using dilute
concentrations of (0.05 — 1 mM) butanol yielded ATmix of 0.43 = 0.14 °C.
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Figure 2.1. A. Left: Below Tmix, 35/35/30 DOPC/DPPC/chol vesicles exhibit domains of L, (dark)
and Lgq (bright) phases. In taut vesicles, domains merge until only one domain of each phase remains
(118). Right: Above Tnmix, all lipids mix uniformly. Scale bar is 20 um. B. Tmix is higher for 35/35/30
DOPC/DPPC/chol vesicles in 100 mM butanol (squares, Tmix = 32.3 £ 0.19 °C ) than in pure water
(circles, Tmix = 30.4 £ 0.29 °C). Each point records the percent of vesicles with coexisting L, and Lg
phases at a given temperature. Dashed lines are 95% confidence intervals (48). The arrow points to
Tmix for the left curve; the width of the arrow's base is the uncertainty.

AC50 Values
To compare results with Gray et al. (48), we used AC50 values from Pringle et al. (106): 120

+ 10 mM for ethanol, 54 + 6 mM for propanol, 12 £ 1 mM for butanol, 0.7 £ 0.1 mM for hexanol,
0.06 = 0.9 mM for octanol, and 0.013 + 0.2 mM for decanol. An exponential regression of these
values gives 2.96 mM for pentanol. More recent AC50 values by Alifimoff et al. are similar: 190
+ 16 mM for ethanol, 73 + 2.4 mM for propanol, 10.8 £ 0.77 mM for butanol, 2.9 £ 0.11 mM for
pentanol, 0.57 £ 0.37 mM for hexanol, 0.059 + 0.0031 mM for octanol, and 0.0126 + 0.00048 mM
for decanol (119). At the AC50, n-alcohols are several mol% of membranes (106).

Cell Culture and GPMV Isolation
Rat basophilic leukemia (RBL) cells were maintained at 37°C in humidified 5% CO2 in growth

medium containing 60% modified Eagle’s medium, 30% RPMI medium, 10% fetal calf serum, 2
mM glutamine, 100 units/mL penicillin, and 100 pg/mL streptomycin. GPMVs were isolated and
imaged as previously described (66). Briefly, cells were washed in GPMV-buffer (10 mM HEPES,
150 mM NaCl, 2 mM CaCly, pH 7.4) and incubated for 1 hr at 37°C in GPMV-buffer supplemented
with 25 mM paraformaldehyde and 2 mM dithiothreitol. Differences between results in GUVs and
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GPMVs are not due to paraformaldehyde and dithiothreitol; miscibility temperatures of GUVSs in
18 MQ-cm water (Tmix = 31.8 £ 0.15 °C, for GUVs of 35:35:30 DOPC/DPPC/cholesterol) are
indistinguishable from temperatures of GUVs in 25 mM paraformaldehyde and 2 mM
dithiothreitol (Tmix = 31.9 £ 0.09 °C), where uncertainties are determined as in Fig. 2.1 for single
experiments. We verified that our conditions sufficiently replicated the conditions of Gray et al.
(48): we found that a short chain n-alcohol (butanol) decreases Tmix in GPMVSs, whereas a long-

chain n-alcohol (butanol) increases Tmix (Fig. 2S6).

Laurdan and C-laurdan Microscopy
GUVs used for laurdan microscopy were electroformed by a method described previously (66)

that is functionally equivalent to the method used to produce GUVs for measurements of Tmix.
Specifically, 1 pL of a chloroform/methanol (2:1 v/v) solution containing 5 mg/mL of lipids was
spread on two platinum electrodes within a Teflon chamber. The lipid mixture contained 0.5 mol%
laurdan. The chamber was placed under vacuum for 1 h to dry the solvent and form a lipid film.
Next, 350 pL of an aqueous solution (0.2 M sucrose with or without alcohol) was added to the
chamber. GUVs were grown by applying an AC voltage of 10 Hz and 2.5 V across the electrodes
for 1 h at 52°C. GUVs were then collected and diluted in 1 mL of 0.2 M glucose with or without

alcohol.

GUVs and GPMVs were imaged at 20°C and 5°C, respectively, by confocal microscopy on a
Nikon A1R with spectral imaging at 60x and an excitation of 405 nm. The emission was collected
in two bands: 433-463 nm and 473-503 nm. MATLAB (The MathWorks, Natick, MA) was used
to calculate two-dimensional general polarization (2D GP) maps, where GP for each pixel was
calculated from a ratio of the two fluorescence channels as previously described (120). Briefly,
each image was background subtracted and thresholded to retain only pixels with intensities 3-5
standard deviations greater than the background in both channels (66). The difference in
generalized polarization (AGP) between Lo and Lq phases was determined for each vesicle, where

GP for each phase was derived from average pixel intensities (1) from large, representative areas
via: GP = [X3801 — X370 11/[24301 — 237611
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Area Fractions
Micrographs of vesicle equatorial sections yielded vesicle diameters, which were ~80 — 250

MM. Videos of the same vesicles were collected such that the top, spherical cap of the vesicle lay
within the <5 um depth of field of the microscope objective; the remainder of the vesicle appeared
as a bright ring. Centers of vesicles whose bright ring remained in the field of view were identified
by custom MATLAB code available by public license in the “Track Vesicle” program (118, 121).
Drift of free-floating vesicles in the x-y plane was corrected by stacking video frames on vesicle
centers. Areas out of focus were excluded, yielding squares with edges ~15 — 60 pm. Pixel
intensities were thresholded so the Lq phase was white and the L, phase was black. Images within
the 2D squares were projected onto 3D spherical surfaces using MATLAB code by Sarah Veatch
(122). The area fraction of the Lq phase was the 3D projected area of all white pixels divided by
the projected area of all pixels in the image.

High-Pressure Microscopy
GUVs were electroformed as in the production of GUVSs for Tmix measurements, except that a

0.5 mm PDMS O-ring was used instead of Teflon bars. After electroformation, GUVs were
transferred into a custom-built high pressure cell mounted on a Nikon Eclipse TE2000-E inverted
microscope equipped with a Zyla sSCMOS-based camera (Andor Technology, Belfast, UK) (123).
The body of the cell was constructed from high tensile strength stainless steel with openings for
0.5 mm thick, 5 mm? diamond optical windows, which can withstand < 2500 bar. 1 bar = 10° Pa
= 0.987 atm. Hydrostatic pressure was applied via a water-filled pressure generator (4000 bar,
SITEC-Sieber Engineering, Maur, Switzerland) and a hydraulic network similar to that described
previously (124). Temperature was set at 40 °C using a water bath, and images were collected over
3 fields of view. The pressure was increased from ambient pressure to a maximum of 450 bar, in
steps of 50 bar. After each step, the sample equilibrated for 30 seconds and images were collected

over 3 fields of view.

N-alcohols Increase Tmix in Model Membranes
When ternary GUVs are formed in aqueous solutions of short-chain n-alcohols, the

temperatures at which the vesicles demix into coexisting Lo and L4 phases increase relative to
GUVs in water. For example, in Fig. 2.1, Tmix increases by 1.9°C for vesicles of 35/35/30
DOPC/DPPC/chol in 100 mM butanol. This shift is in the opposite direction to that observed in
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cell-derived GPMVs (48). The difference between the GUV and GPMV results is not due to
proteins denaturing, which occurs at butanol concentrations that are roughly an order of magnitude
higher (107).

The increase in Tmix that we observe in model GUVs is robust across a range of short-chain n-
alcohols and is proportional to the concentration of alcohol in solution (Fig. 2.2a). When the
concentration of each n-alcohol is scaled by its AC50 value (106), the data within the shaded area
of Fig. 2.2a collapse (Fig. 2.2b). The same result holds when AC50 values from (119) are used
(Fig. 2S2). A similar scaling occurs in cell-derived GPMVs (48). Because the AC50 value of an
n-alcohol is proportional to its partition coefficient from water into PC bilayers (125), the
observation of scaling implies that the magnitude of ATmix is colligative for short-chain n-alcohols:

the value of ATmix depends only on the mole fraction of alcohol in the membrane.
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Figure 2.2. A. Increases in miscibility transition temperatures of 35/35/30 DOPC/DPPC/chol
vesicles scale with the concentration of n-alcohol in the aqueous solution. Lines are least square fits.
B. Data from the shaded region in Panel A are rescaled by AC50 values from (106). Because AC50
values are reported to be proportional to partition coefficients of n-alcohols from water into PC
bilayers (125), concentration/AC50 should be proportional to the concentration of n-alcohol in the
membrane. Each point represents a single experiment for which symbols are typically larger than
uncertainties, determined as in Fig. 2.1. Standard deviations for repeated experiments are typically
+0.5 °C.

Increase in Tmix is Robust Across Lipid Ratios and Lipid Types
The result that short-chain n-alcohols increase Tmix by several degrees in model GUV

membranes is robust. Fig. 2.3 shows that this result holds for membranes composed of different
ratios of DOPC, DPPC, and cholesterol. The Gibbs triangle in Fig. 2.3 plots Tmix values for control
GUVs (without butanol) with five different lipid ratios. When GUVs of these same ratios are
produced in butanol solutions, Tmix increases independent of whether the ratios are varied along a
vertical (Fig. 2.3a) or horizontal (Fig. 2.3b) path in the triangle. A corollary is that short-chain
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n-alcohols increase Tmix independent of whether the majority of the GUV area is covered by the
Lo phase or by the Lq phase. Similarly, Tmix increases independent of whether the GUV membrane

is close to or far from a miscibility critical point.

~ 35 ‘8 = H 300mMm T
O
S = O 200mm lncreasing
x O O 00mm concentration
€ 30 of butanol
b= © O omm in solution
2 1 1 1 1 L L

20 25 30 35 40 45
Mol% cholesterol

Control
(no butanol)

L o 300mm©

| S200mm

| [J100mM

|. @ omm

1 1 L 1 1 L L
DOPC- B DPPC 20 25 30 35 40 45 50
Mol% DPPC

10 15 20 25 30 35 40 45 S50
Temperature (°C)

Figure 2.3. Miscibility transition temperatures of GUVs of five different ratios of
DOPC/DPPC/chol increase with the concentration of butanol in solution. Colors within circles on
the Gibbs triangle record Tmix in the absence of butanol. The grey region denotes compositions over
which a transition from one uniform phase to coexisting L, and Ly phases is observed at a
temperature between 15°C and 40°C, from (34). GUVs in Panel A contain increasing cholesterol
fractions (following the vertical arrow on the triangle). GUVs in Panel B maintain a constant fraction
of cholesterol (following the horizontal arrow). Each point represents a single experiment for which
uncertainties are smaller than symbols.

The result that short-chain n-alcohols increase Tmix iS also robust for membranes composed of
lipids with different shapes. Lysolipids are cone-shaped lipids with a single acyl tail, which means
that lysolipid head groups have larger cross-sectional areas than lysolipid tails. One consequence
of this shape is that lysolipids are thought to shield membrane cholesterol, whereas alkanols
displace it (126). In Fig. 2.4, we replace half of the unsaturated DOPC lipids with lyso(18:0)-PC
lipids, and we find that butanol still increases Tmix; the change in lipid shape did not change the

sign of ATmix.
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Figure 2.4. Miscibility transition temperatures of GUVs composed of 17.5/17.5/35/30 lyso(18:0)-
PC/DOPC/DPPC/chol (green, top) and composed of 35/35/30 DOPC/DPPC/chol (grey, bottom)
increase with the concentration of butanol in solution (increasing darkness of the points). Each point
represents a single experiment for which uncertainties are smaller than symbols. ATmix iS with
respect to vesicles with no butanol.

The robustness of the result extends to membranes containing lipids with high biological
relevance. In Fig. 2.5, we alter two of the three GUV components. Specifically, we replace DOPC
with POPC, and we replace DPPC with PSM. POPC is a common substitute for DOPC because it
is ~18 mol% of PC-lipids in human red blood cells (127). Similarly, pSM constitutes ~25 mol%
of sphingomyelin lipids in red blood cells (127). Tmix values for control GUVs (without butanol)
agree with the previously mapped miscibility phase diagram of POPC/pSM/cholesterol (32, 128).
In Fig. 2.5a-b, the ratios of POPC, pSM, and cholesterol are varied in analogy to Fig. 2.3. For all

lipid ratios, Tmix of GUVs increases with the concentration of butanol in solution.
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Figure 2.5. Miscibility transition temperatures for GUVs composed of POPC/pSM/chol increase
with the concentration of butanol in solution. A. The molar ratio of POPC to pSM is held constant
at 1:1 while the fraction of cholesterol is increased. B. The fraction of cholesterol is held constant
at 30 mol% while the ratio of PSM to POPC is increased. Each point represents a single experiment
for which uncertainties are smaller than symbols.

Butanol Increases Lo-Lg Contrast in GUVs, but Not in GPMVs
Why does the addition of short chain n-alcohols increase Tmix in model GUV membranes (Figs.

1-5) and decrease Tmix in cell-derived GPMVs (48)? The simplest explanation is that short-chain
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n-alcohols in GUV partition much more strongly into one of the membrane phases than the other
(129-131). Given that short-chain alcohols lie directly below lipid headgroups in membranes (94),
we expect these alcohols to strongly partition to the Lq phase of GUVs instead of the L, phase.
GPMVs are more complex; it is difficult to predict how short-chain alcohols would partition
between the Lq and L, phases of a GPMV. If an alcohol were to instead partition roughly equally
between the two membrane phases as an "inert diluent”, Tmix would decrease over all lipid ratios
(131-133). At the very least, we can state that our results in Figs. 2.3 and 2.5 are not consistent
with the phase boundary merely translating within the plane of the Gibbs phase triangle, such that
Tmix would increase at some lipid ratios and decrease at others. To illustrate these concepts, Fig.

2.6a shows Tmix increasing over all lipid ratios, and Fig. 2.6b shows the phase boundary translating.

7_mix; new system

Temperature

R0 of WpWs

Tmix; new system

y
mix; control
—

R0 of Wds

Figure 2.6. Two scenarios of how miscibility transition temperatures (the curved surfaces) may shift
in response to changes in the composition of a membrane. The Gibbs phase triangle in the x-y plane
contains all possible ratios of the three components of the ternary membrane. Panel A shows an
increase in Tmix over all lipid ratios, moving from the control to the new system. Panel B shows an
increase in Tmix for some lipid ratios (upward arrow) and a decrease for others (downward arrow).

Leung and Thewalt (134) found that a particular probe (napthopyrene) partitions strongly to Ly phases
in GUVs, increases the difference in lipid chain order between the two phases, and increases Tmix. They
found that an alternate probe (laurdan) partitions weakly between the two membrane phases and does not
have these effects (134). If short chain n-alcohols partition strongly to Lq phases in GUVs and weakly
between the two membrane phases in GPMVs, then we would expect short chain n-alcohols to increase the
difference in lipid chain order between L, and Lq phases in GUVs and to not increase it substantially in
GPMVs. To test this idea, we used the generalized polarization (GP) of laurdan as a qualitative measure of
the difference between L, and Lq phases in GUVs and in GPMVs. Laurdan’s emission spectrum reflects its

exposure to aqueous solvent, which in turn reflects the packing of the lipid headgroups, determined in part
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by the conformational order of lipids in the membrane. Lipid order is a function of membrane composition,
and changes in GPMV lipid composition that increase the difference in GP between the L, and Lq phases
tend to increase Tmix of GPMV membranes (65, 66, 134-136).

Model membrane (GUV) Cell-derived (GPMV)

10 20 30 40 50 [¢] 10 20 30 40 50

Lo-Ld

0.2 | | | 1 0.2! | — | |

0 10 20 30 40 50 o 10 20 30 40 50
Concentration of butanol (mM) Concentration of butanol (mM)

Order difference

Figure 2.7. Differences between laurdan GP values in L, and Lq phases in GUVs increase with
butanol concentration in solution (panels A-B) and remain roughly constant in GPMVs (panels C-
D). GUVs were composed of 35/35/30 DOPC/ DPPC/chol, and GPMVs were derived from RBL
cells. Points represent average GP values for batches of 20-30 vesicles on different days. The slope
of each line arises from a linear regression with fixed intercepts to offset untreated batch differences
from day to day. Shaded areas are 95% confidence intervals of the fit. Slopes of the lines in Panels
B and D are 4.80 x 10 + 1.37 x 10° and -6.81 x 10* + 1.58 x 103, in normalized units of
AGP/[(butanol concentration)(butanol’s membrane-water partition coefficient from (106))]. Table
S1 and Fig. 2S5 contain corresponding data for GUVs and GPMVs with tetradecanol and
hexadecanol.

Figs. 2.7a-b show that the addition of butanol, a short-chain n-alcohol, does indeed increase
the difference in laurdan GP between L, and Lq phases in GUVs, consistent with our expectation
that these alcohols strongly partition to the Lq phase in GUVs. Because short-chain n-alcohols
generally decrease lipid acyl chain order in model membranes (95, 137-141), it may seem
surprising that incorporation of butanol into the membrane increases the laurdan GP of the L, phase
in Fig. 2.7a. However, given that short-chain n-alcohols have an antagonistic relationship with
cholesterol in membranes (126), n-alcohols that partition primarily to the Lg phase might be
expected to drive more cholesterol into the Lo phase (137, 142, 143), where cholesterol would
increase the order of saturated lipids (20, 25). Our results in Figs. 2.7a-b are less consistent with
butanol strongly partitioning to the L, phase. If most of the butanol partitioned to the L, phase, we

would expect its laurdan GP to decrease for two reasons: (a) short chain alcohols decrease lipid
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chain order (137) and (b) butanol would be expected to displace cholesterol to the Lg phase, where
it would increase the chain order of the lipids in the Lq phase (144). Instead, the opposite trends in

GP values are observed in Figs. 2.7a-b.

Figs. 2.7c-d tell a very different story for cell-derived GPMVs: butanol does not significantly
increase the difference in laurdan GP for GPMVs. This result implies that any differential
partitioning of butanol between the L, and L4 phases in GPMVs is modest. The contrast between
the GUV results in Figs. 2.7a-b and the GPMV results in Figs. 2.7c-d is reminiscent of the contrast
between probe partitioning results in GUVs vs. GPMVs: in several cases, the same probe partitions
strongly between L, and L4 phases in GUVs and weakly between the phases in GPMVs (45, 65,
67, 110).

Theoretically, differential partitioning of butanol between L, and Lg phases in GUVs is
measureable from area fractions of the two phases (48). Experimentally, this idea is challenging
to test. In control GUVs of 35/35/30 DOPC/ DPPC/chol in water, the Lq phase covers 35.5% of
the area (+ a standard deviation of 3.4% for n= 18 vesicles). For GUVs of the same lipid
composition in 50 mM butanol, the Lq phase covers 37.2 + 4.0% for n = 20 vesicles. Within
uncertainty, these two values are equivalent. The following estimate shows that even a scenario in
which all butanol partitions to one phase would be difficult to resolve within these uncertainties.
If we approximate the area per DOPC lipid in a bilayer with 30 mol% cholesterol to be 52.8 A2
(145) and the thickness of a bilayer to be ~5 nm (146), then every bilayer unit with 100 lipids in
each monolayer has a volume of ~2.6 x 102 L. If 50 mM butanol in solution partitions into the
bilayer with a coefficient of 1.52 as in erythrocytes (106), then each 200-lipid bilayer should harbor
~12 molecules of butanol, or 6 mol%. Butanol molecules are smaller than lipids. Therefore, with
an uncertainty of 4%, we cannot expect to optically resolve area fraction increases due to

differential partitioning of butanol.

Nonmonotonic Shifts in Tmix for Long N-alcohols
To review, short chain n-alcohols increase membrane Tmix in GUVS. One of these alcohols,

butanol, increases the difference in laurdan GP between the Lo and Lq4 phases of GUVs, presumably
as a result of strong preferential partitioning of the butanol to the L4 phase. As the length of n-
alcohols increases, we expect a crossover in behavior. Specifically, we expect n-alcohols of

medium lengths to partition more equally between the Ly and L, phases, resulting in a decrease in
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Tmix and no significant increase in AGP. Once the number of carbons in n-alcohols exceeds a
second threshold, we expect the alcohols to again strongly partition to only one of the membrane
phases, this time to the Lo phase. This expectation is reasonable given that a recent calculation
predicts that short, saturated alkyl chains partition preferentially to an Lq phase, that medium chains

partition equally, and that long chains partition preferentially to an Lo, phase (147).
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Figure 2.8. Increasing the number of carbons in n-alcohol solutions results in nonmonotonic shifts
in Tmix for GUVs composed of 35/35/30 DOPC/DPPC/chol. ATmix is with respect to GUVs in water.
Concentrations of n-alcohol solutions correspond to three times the AC50 in (106). AC50 values for
tetradecanol and hexadecanol were estimated at 5 UM. Each point represents a single experiment
with uncertainties as in Fig. 2.1. Fig. 2S3 contains corresponding data at lower n-alcohol
concentrations.

Fig. 2.8 supports the notion that a crossover does indeed occur. Fig. 2.8 shows that Tmix
increases when GUVs of 35/35/30 DOPC/DPPC/chol are produced in solutions containing
n-alcohols with short alkyl chains (< 8 carbons). In contrast, for medium chains (10-14 carbons),
Tmix decreases. For long chains (> 16 carbons), Tmix increases again. The data in Fig. 2S5c are
consistent with this view: as a medium chain n-alcohol (tetradecanol) is introduced to a GUV
solution there is no significant increase in the difference in laurdan GP between the Lo, and Lg
phases. Recent theory suggests that the greatest decrease in Tmix Should occur when the n-alcohol

slightly prefers the Lq phase (133).

The designation of n-alcohols as “short”, “medium”, and “long” invokes relative terms that
depend upon characteristics of the membrane in which the alcohol is embedded. Upon switching
from GUVs to GPMVs, n-alcohols with 2-10 carbons behave as alcohols in our “medium”
category: they decrease Tmix in GPMVs (11). A length of 16 carbons qualifies as “long” in both
types of membranes: in GPMVs, hexadecanol increases Tmix (130). A switch from “medium” to
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“long” behavior in GPMVs, where ATmix = 0, occurs at an alkanol length of 14 carbons (48), as
seen in Fig. 254. Addition of tetradecanol to GPMVs results in no significant increase in the
difference in laurdan GP values (Fig. 2S5D). Gray et al. discuss this switch in behavior as an
analogy of the “cutoff effect” (48), the decrease in efficacy of alcohols as general anesthetics when
n-alcohols exceed a cutoff length (125, 148).

Three natural length scales arise in Fig. 2.8: the length of the alcohol’s alkyl chain, the length
of the lipid’s acyl chain, and the length from the lipid’s glycerol backbone to its double bond.
These lengths are shown in Fig. 2S1. In Fig. 2.9, we decrease the length of n-alcohols that qualify
as “short” by replacing DOPC with two types of analogous lipids. The first type of replacement
uses a lipid with the same length of carbon chain as DOPC and a double bond at a new position
(the A6 position rather than the A9 position). With this substitution, the crossover in behavior
occurs at 6 carbons (i.e. only n-alcohols with 2, 4, or 6 carbons result in a significant increase Tmix
whereas n-alcohols with 8 or 10 carbons do not). The second type of replacement uses lipids with
shorter acyl chains, retaining the double bond at the A9 position. These new substitutions push the
crossover length of the n-alcohol down to 4 carbons (for 16:1A9PC lipids) and down to 2 carbons
(for 14:1A9PC lipids).

These results imply that the length of the lipids and the position of each lipid’s double bond
determine how an n-alcohol partitions into Lq versus Lo phases. One of the primary differences
between GUV and GPMV membranes is in the length and unsaturation of the lipids. Given the
high occurrence of polyunsaturated lipids in GPMVs (66), and that n-alcohol partition coefficients
are highly sensitive to lipid polyunsaturation (149), it is plausible that different n-alcohols qualify
as "short", "medium"”, and "long" in GPMV membranes than in GUV membranes. It is also
plausible that the significant protein content of GPMVs contributes to differences in partitioning
of n-alcohols between Lqg and Lo phases of GUVs vs. GPMVs. Generalizing from n-alcohols to
other types of amphiphiles, a long list of molecules are known to partition differently into Lqg vs.
Lo phases in GUVs than in GPMVs (e.g. 18). To highlight the magnitude of this differential
partitioning, at least one probe’s preference for the Lq versus the Lo phase is reversed in the two
types of membranes (45). In summary, differences in how n-alcohols partition between the two
phases in GUVs and GPMVs may explain why short-chain alcohols increase Tmix in GUVs and
decrease Tmix in GPMVs.
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Figure 2.9. Shift in miscibility transition temperatures for GUVs composed of 35/35/30 mol%
mixtures of an unsaturated lipid, DPPC, and cholesterol. Four types of unsaturated lipids were used.
For all four, incorporation of an n-alcohol with 2 carbons into the membrane produces a positive
ATmix. A significant decrease in Tmix (> 1°C, shown by arrows) occurs at a crossover alkanol length
characteristic of each unsaturated lipid. Labeled right to left in the figure, with symbols from darkest
to lightest, the unsaturated lipid is either DOPC (18:1 cisA9 PC), a DOPC analog with the double
bond in a different position (18:1 cisA6 PC), or DOPC analogs with shorter acyl chains (16:1 cisA9
PC or 14:1 cisA9 PC). All GUVs were in n-alcohol solutions at three times the AC50 concentrations
in (106). ATmix is with respect to vesicles in water. Each point represents a single experiment.
Symbols are larger than uncertainties determined as in Fig. 2.1.

Alcohol Anti-intoxicants Increase Tmix in GUVs
If we consider shifts in Tmix as a consequence of how impurities partition into L, and Lq phases

of membranes, we gain a method of predicting whether small molecules will increase or decrease
Tmix. Here we focus on dihydromyricetin (DHM) and R015-4513. Both are expected to partition
to membranes: Ro15-4513 is roughly twice as hydrophobic as butanol. DHM and Ro15-4513 are
termed "anti-intoxicants" because they reverse the effects of ethanol in cultured neurons as well as
whole organisms, at least at concentrations of 3 um and 100 nM, respectively (150, 151). These
two compounds are also anti-intoxicants in terms of reversing the effect of ethanol on Tmix in cell-
derived GPMVs (130). Namely, ethanol decreases Tmix in GPMVs, whereas DHM and Ro15-4513
increase it (130). The increase in Tmix implies that DHM and R015-4513 partition strongly to only
one of the membrane phases in GPMVs. Given that DHM and Ro015-4513 both feature polar
groups and bulky ring structures, they are expected to strongly partition near lipid headgroups in
the Lg phase of GUVs and to thereby increase Tmix in GUVS. Fig. 2.10 shows that Tmix of GUVs
incubated in 3 uM DHM is indeed higher (by ~0.5°C) than for GUVs in water. Likewise, Fig. 2.10
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shows that Tmix for GUVs incubated in 100 nM R015-4513 is ~1.3 °C higher than for GUVs in

water.
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Figure 2.10. 35/35/30 DOPC/DPPC/chol GUVs produced in 3 uM DHM or 100 nM R015-4513
alone (white bars) have elevated miscibility transition temperatures with respect to control GUVs in
water (ATmix). Similarly, GUVs produced in 120 mM ethanol (EtOH, black bars) have higher
miscibility temperatures under all conditions in the figure. Each bar represents a single experiment
for which uncertainties are calculated as in Fig. 2.1.

Minor Structural Changes in Alcohols Result in Large Shifts in Membrane Tmix
In Fig. 2.10, a cursory description of the bulky, amphiphilic structures of DHM and R015-4513

led to a prediction that the compounds would partition strongly into the Lq phase and increase Tmix.
However, partition coefficients are not always straightforward to predict, as for propofol and its
membrane-soluble structural analog 2,6-di-tert-butylphenol (Fig. 2.11). This pair is particularly
interesting because propofol is a general anesthetic, whereas 2,6-di-tert-butylphenol is not (152).
Gray et al. previously found that propofol decreases Tmix in cell-derived GPMVs, whereas 2,6-di-
tert-butylphenol does not shift Tmix (48). In other words, propofol behaves as a short-chain alcohol
does in GPMVs.

In Fig. 2.11, we find that propofol also behaves as a short-chain alcohol in GUVs: ternary
vesicles in propofol have higher values of Tmix than vesicles in water. No significant shift in Tmix
occurs for the non-anesthetic analog at identical concentrations. We are unaware of any current
models that would predict the partitioning of propofol and 2,6-di-tert-butylphenol into Lqg vs. Lo
phases. Future models to predict partitioning might incorporate area-to-volume ratios of
molecules, as in (68).
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Figure 2.11. Propofol, a general anesthetic, increases Tmix in 35/35/30 DOPC/DPPC/chol GUVs. In
contrast, 2,6-di-tert-butylphenol, which is structurally similar but anesthetically inactive, does not
increase Tmix. Each point represents a single experiment. In all cases, symbols are larger than
uncertainties determined as in Fig. 2.1.

Hydrostatic Pressure Increases Tmix in GUVs
Because Tmix of a GUV membrane is an equilibrium property, it can be tuned by adjusting

thermodynamic parameters. For example, Tmix increases as model vesicles are subjected to
increasing hydrostatic pressure (153), indicating that a demixed membrane fills less volume than
a uniformly mixed membrane. This result, that Tmix increases with pressure, holds whether the
membrane originates from a model GUV or from a cell-derived GPMV (130).

Although GUVs and GPMVs are alike in that Tmix increases with pressure, we have seen in
Figs. 2.1-2.5 that the two systems are dissimilar in their response to short-chain n-alcohols.
Fig. 2.12 provides an equivalent illustration of this point. Increasing concentrations of butanol
decrease the miscibility transition pressure, Pmix, in model GUVs at constant temperature. These
GUV data are consistent with the hypothesis that butanol strongly partitions into only one
membrane phase in GUV membranes, such that membranes spontaneously demix over a wider
range of conditions. In contrast, in GPMVSs, increasing concentrations of butanol increase Pmix in
cell-derived GPMVs (130). Specifically, 12 mM butanol increases Pmix by 240 £ 30 bar (130).
These GPMV data are consistent with the hypothesis that butanol partitions roughly equally into
both membrane phases in GPMV membranes, such that membranes spontaneously demix over a

narrower range of conditions.
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Figure 2.12. Miscibility transition pressures for GUVs of 35/35/30 DOPC/DPPC/chol decrease with
increasing concentration of butanol in solution. Values of APnix are relative to control vesicles in
water. Each point represents a single experiment for which uncertainties derive from fits to
sigmoidal curves of % vesicles separated vs. hydrostatic pressure, in analogy to Fig. 2.1.

In Figs. 2.1-2.9, we observe shifts in Tmix and AGP that are consistent with (1) short-chain
n-alcohols partitioning strongly to L4 phases in ternary GUVs, (2) medium-chain alcohols
partitioning roughly equally between Lq and L, phases, and (3) long-chain alcohols partitioning
strongly to Lo phases. In this model, the magnitude of the shift in Tmix depends on the concentration
of n-alcohol in a membrane. The experimental question of whether n-alcohol concentrations are
roughly equivalent in model and cell membranes is not well resolved (125, 154). Our focus on
differential partitioning of n-alcohols between L, and Lq phases does not exclude other possible
modes of action that may differ between GUV and GPMV systems, e.g. n-alcohols behaving as
lineactants, interacting with proteins, distributing at different distances from the membrane

midplane, or competing with cholesterol for phospholipid association.

We speculate that the tendency of an n-alcohol to partition differentially between L, and Lg
phases depends on characteristic length scales of membrane lipids, set by the location of double
bonds and by the length of lipid chains. If this speculation is valid, then GPMVs with different
lipid compositions (perhaps due to cell cycle, state, or growth conditions (67, 155)) would be have
different crossover lengths of n-alcohols (c.f. Fig. 2.9). Similarly, we speculate that any compound
that partitions strongly to only the L, or Lq phase will prove to raise Tmix in membranes. Predicting
how subtle structural differences between compounds (e.g. between propofol and 2,6-di-tert-

butylphenol) are manifested in their partitioning between L, and L4 phases within an all-atom
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simulation would be expensive given current capabilities. However, the tendency of a compound
to strongly preferentially partition to one membrane phase over another may prove to map onto
other membrane physical parameters, such as changes in lateral pressure profiles (149) that may

be easier to calculate or simulate.

Models that invoke differential partitioning of molecules between L, and Lq phases predict a
variety of results. Dilute concentrations of an impurity cause critical temperatures (and hence Tmix)
to increase in models that consider differential solubilities (131)(133). or differential partitioning
within an Ising model (129). Experiments in which dilute impurities were added to two-component
bulk mixtures found that critical temperatures increased when the impurity had a low solubility in
one of the components and decreased when the impurity was likely to be soluble in both
components (156). In another model, Schick (157) used the well-known result (158) that for a one-
component membrane undergoing a phase transition, an impurity that preferentially partitions into
the membrane phase with higher entropy decreases the transition temperature. He showed that a
term that relates partitioning of the impurity to the change in transition temperature would also
appear in equations describing multi-component membranes. This term, combined with a predicted
differential partitioning of alkyl chains (147) could explain why short-chain alcohols decrease Tmix
in GPMVs, but not why they increase Tmix in GUVSs.

Here we show that n-alcohols with <8 carbons increase Tmix for membranes of ternary GUV
membranes over a range of n-alcohol concentrations. This increase is robust for membranes of
several lipid types and ratios. As chain lengths of alcohols increase, their effect on membranes is
non-monotonic: n-alcohols with 10-14 carbons decrease Tmix in the GUVs in this study; for n=16,
Tmix increases. Previous experiments using cell-derived GPMVs also found that as chain lengths
of alcohols increase, their effect on membranes evolves: n-alcohols with <10 carbons decrease Tmix
in GPMVs; for n=16, Tmix increases (48, 130). A full summary of how the GUV data in Figs. 2.1-
2.12 compare with previous GPMV data appears in Table S1 of the Supporting Material.

Results from GUVs and GPMVs are equally consistent with a scenario in which the
partitioning of n-alcohols into Lq vs. Lo phases changes as the length of the alcohol increases. In
this scenario, alcohols that are shorter than a characteristic length scale set by the membrane would

strongly preferentially partition to the Lqg phase, increasing Tmix. One piece of evidence in support
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of this scenario is that for GUVs in butanol solutions, laurdan AGP values increase with the butanol
concentration, as shown in Figure 7. In contrast, n-alcohols of medium length (e.g. tetradecanol, n

= 14) decrease Tmix with no significant effect on laurdan AGP (Fig. 2S5).
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Table S1. Comparison of GUV and GPMV results.

GUVs from ternary lipid mixtures GPMVs derived from RBL cells Figurein
This work References (1) and (2 main text
1. Short-chain n-alcohols cause large shifts in Tmix at the AC50 concentration. Fig. 2
2. Shifts in Tmix Scale with anesthetic dose of short-chain n-alcohols. Fig. 2
3. Shifts in Tmix diminish when the length of n-alcohols reaches a cutoff. Fig. 8-9
4. Long-chain n-alcohols (n = 16) increase Tmix. Fig. 8
5. Anti-intoxicant compounds (DHM and R015-4513) increase Tmix. Fig. 10
6. Propofol, a general anesthetic, shifts Tmix; itS nonanesthetic analog does not. Fig. 11
Differences

la. Short n-alcohols increase Tmix. la. Short n-alcohols decrease Tmix. Fig. 2
2a. Short n-alcohols increase order 2a. Short n-alcohols do not affect order | Fig. 7
differences between L, and Lq phases | differences between L, and Lq phases

(by laurdan generalized polarization) (by laurdan generalized polarization)
3a. With increasing concentrations of | 3a. With increasing concentrations of Fig. 12
butanol, Pnix decreases. butanol, Pnix increases.
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Figure S1. Names and structures of lipids used in this study. Structures are from (159).
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Figure S2. Increases in miscibility transition temperatures of 35/35/30 DOPC/DPPC/chol vesicles scale
with n-alcohol concentrations up to several times each n-alcohol’s AC50 value. In Panels A and B, data
from Fig. 2a in the main text are rescaled by each n-alcohol’s AC50 value from reference (106) (Panel A)
and from (119) (Panel B). Data diverge at n-alcohol concentrations greater than 5 x AC50 (which far exceed
physiologically relevant values). Panel C shows data from panel B below 5 x AC50. Symbols are identified

in Fig. 2a.
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Figure S3. The data in this figure reproduce the data in Figure 8 at two additional AC50 values. In this
figure, concentrations of n-alcohol solutions are a factor of one (Panel A) and two (Panel B) times the
AC50, whereas in Figure 8, concentrations are three times the AC50. For n-alcohols of lengths 2-10
carbons, AC50 values were from (106). AC50 values for tetradecanol and hexadecanol were estimated at
5 UM. Increasing the number of carbons in n-alcohol solutions results in nonmonotonic shifts in Tmix for
GUVs composed of 35/35/30 DOPC/DPPC/chol. ATmix is calculated with respect to control GUVs in water.
Each bar represents a single experiment with uncertainties as in Fig. 1.
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Figure S4. Data from Gray et al. (48) and Machta et al. (130). Increasing the number of carbons
in n-alcohol solutions results in a crossover in the sign of ATmix for GPMVs derived from RBL
cells. ATmix is calculated with respect to control GPMVs in water. Concentrations of n-alcohol
solutions are a factor of two times the AC50 for ethanol, octanol, decanol, and hexadecanol and a
factor of one times the AC50 for tetradecanol. The value of ATmix for hexadecanol was found by
assuming additive effects of ethanol and hexadecanol in a GPMV solution containing two times
the AC50 of each n-alcohol. Data points for ethanol, octanol, decanol, and tetradecanol are
extracted from (48) and the data point for hexadecanol is extracted from (130). Each bar
represents a single experiment with uncertainties as in Fig. 1.
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Figure S5. Differences between laurdan GP values in Lo and Lg phases in GUVs and GPMVs
remain roughly constant with 1-tetradecanol concentration in solution (panels A-D). Differences
between laurdan GP values in Lo and Lqg phases in GUVs and GPMVs slightly increase with

1-hexadecanol concentration in solution (panels E-H). GUVs were composed of 35/35/30
DOPC/ DPPC/chol, and GPMVs were derived from RBL cells. Points in the GUV plots
represent average GP values for batches of 20-30 vesicles. The slope of each line arises from a
linear regression. Points in the GPMV plots represent average GP values for batches of 20-30
vesicles on different days. The slope of each line arises from a linear regression with fixed
intercepts to offset untreated batch differences from day to day. Shaded areas are 95%
confidence intervals of the fit. Slopes of the lines in Panels C, D, G, and H are 8.94 x 10 + 2.29
x 108 -1.77 x 10% +2.80 x 10, 4.46 x 107 £ 5.82 x 107, and 4.06 x 107" £ 5.76 x 10”7 in units
of AGP/(butanol concentration x partition coefficient from (106)).
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Figure S6. Changes in miscibility transition temperature of GPMVs isolated from RBL cells. A. GPMVs
incubated in a solution of butanol have a decreased miscibility transition temperature compared to
GPMVs incubated in buffer. B. GPMVs incubated in a solution of hexadecanol have an increased
miscibility transition temperature compared to GPMVs incubated in buffer. Points represent average
ATmix Values over three trials and error bars represent the standard deviation.
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*This chapter was first published in the Biophysical Journal in 2018. It was written in
collaboration with A.D. Skinkle, S. He, I. Levental, K.R. Levental, and S.L. Keller. The
full citation can be found at the end of Chapter 1 on pg. 29.

Coexisting liquid phases are found within membrane systems that are as simple as three-
component lipid vesicles and as complex as protein-rich vacuole membranes within living yeast
cells (31, 33, 34, 74). These phases, named liquid ordered (Lo) and liquid disordered (L4 (23)),
are enriched in lipids with high and low melting temperatures, respectively (34, 122, 128). When
phase separation occurs in a vesicle, liquid domains nucleate, diffuse, collide, and coalesce until
only one domain of each phase persists (Fig. 3.1A-C, (34, 118, 160)). In this case, the size of the
domain is limited only by the size of the vesicle.
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Figure 3.1. Schematic of ternary GUVs. Above Tnix, all lipids mix uniformly within the membrane
(panels A and E). (B) In a membrane with no significant excess area, a decrease in temperature
below Tmix causes domains of L, and Lq phases to nucleate on the surface of the GUV. (C) Domains
diffuse and coarsen until only one domain of each type remains, (D) even after subsequent deflation.
(F-G) In a membrane with significant excess area, small domains can appear either due to hindered
coarsening or due to a transition to a single phase of a microemulsion or modulated phase. (H) When

excess area of the flaccid membrane is removed, domains of L, and Ly phases may coarsen (160).

However, under some conditions, domains are much smaller than the size of the vesicle.
Here, we explore how membrane physical parameters can be tuned to adjust the characteristic
length scales of micron-scale domains in lipid membranes. The length scales that define rafts,
which are described as sub-micrometer clusters of distinct lipids and proteins within cell

membranes (29), may be determined by some of these same parameters.
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Micron-scale domains are typically classified in three ways, depending on their spatial
autocorrelation, G(r). An excellent recent review of the topic is by Schmid (161). Membranes near
a miscibility critical point are characterized by a G(r) that behaves as (X/r)m e where £is the

correlation length, as in Fig. 3.2B. Mechanisms of adjusting length scales in model and cell-
derived membranes near a critical point (e.g. adjusting temperature and pinning sites) are
extensively discussed elsewhere (61, 162, 163). Here, our focus is on mechanisms leading to

modulated phases and microemulsions.
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Figure 3.2. Schematic of four types of membrane behavior. A. Domains in a GUV
exhibiting two liquid phases eventually merge into one large domain. B. GUVs exhibiting

-rix

critical fluctuations produce a G(r) that behaves as ()(/r)]j2 e”™ . C. A modulated phase

yields an oscillating G(;) bounded by a slow decay, e.g. a power law. D. A microemulsion

yields an oscillating G(;) bounded by a fast decay, e.g. an exponential.

A modulated phase is characterized by an oscillating G(r) bounded by a slow decay, for example

a power law decay due to fluctuations (164), as in Fig. 3.2C. A microemulsion’s G(r) also
oscillates, but is bounded by a fast (e.g. exponential) decay as in Fig. 3.2D (165-167). Both a

modulated phase and a microemulsion yield a peak at non-zero wavevector in the structure factor,
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obtained by Fourier transform of G(r). The designation of modulated phase versus microemulsion
does not determine the mechanism by which the phase forms. Similarly, the designation does not
determine if domains are rounded (which we will call dots) or elongated (which we will call
stripes). In the experimental literature, the term “modulated phase” has sometimes been used to
describe all micron-scale domains in vesicles, even if those domains may arise from a
microemulsion.

Here, we observe small domains in membranes of GUVs and GPMVs. The GUVs are made
from synthetic mixtures of lipids, and we establish a slight excess area and asymmetry in the
vesicle membrane by delivering lipids to the outer leaflet of GUVs via cyclodextrin. GPMVs are
derived directly from the plasma membranes of live cells and are composed of a rich complement
of cellular lipids and proteins. We then evaluate characteristic length scales and fluorescence levels
in both systems to test proposed mechanisms of modulated phases and microemulsions. Two
characteristic length scales can be assessed: the width of domains and the distance from the center
of one domain to the center of the nearest neighbor.

GUV Electroformation
Phosphocholine (PC) lipids (Avanti Polar Lipids, Alabaster, AL), cholesterol (chol; Sigma

Aldrich, St. Louis, MO), and Texas Red dihexadecanoyl-PE (DHPE; Life Technologies, Grand
Island, NY) were used as purchased without further purification. GUVs 10-100 pm in diameter
were electroformed in 200-300 mM sucrose (168). Specifically, 0.25 mg of lipids in stock solutions
were spread evenly on ITO-coated slides. Lipid stock solutions in chloroform typically contained
diphytanoylphosphatidylcholine (DiPhyPC; 4 ME 16:0 PC), dipalmitoylphosphatidylcholine
(DPPC; 16:0 PC), cholesterol, and 0.8 mol% Texas Red DHPE, a dye that selectively partitions to
the Lqg phase. One set of experiments used PC lipids in which the typical ester-linkages were
replaced by ether linkages (4 ME 16:0 Diether PC and 16:0 Diether PC). In all cases, lipid-coated
slides were placed under vacuum for >30 min to evaporate the chloroform. A capacitor was created
by sandwiching 0.3 mm Teflon spacers between two lipid-coated slides, filling the gap with
sucrose solution, and sealing the edges with vacuum grease. An AC voltage of 10 Hz and 1.5 V
was applied across the capacitor for 1 hr at 60°C. The resulting GUV's were diluted 10-fold in 200-

300 mM glucose solution and stored at 60°C for < 2 hrs before use. Immediately before imaging
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using a TE-2000-s inverted epifluorescence microscope (Nikon, Melville, NY), GUV solutions
were further diluted 2-fold in glucose solution in a glass-bottomed chamber on the microscope
stage. Images were captured through an air objective using a Photometrics CoolSnapFX camera
(Photometrics, Tucson, AZ) at a resolution of 0.17 pm/pixel and manipulated using ImageJ

(https://imagej.nih.gov/ij/). To preserve the fidelity of the data, manipulation of images was limited

to adjusting overall brightness or implementing linear (jamma = 1) contrast enhancements.

DPPC-loaded HPaCD
Vesicles of DPPC lipids were produced by hydration in 200-300 mM glucose. Specifically, a

mass of 10.3 mg of DPPC in chloroform was dried evenly on the walls of glass test tubes. The
tubes were placed under vacuum for >30 min to evaporate the chloroform. A solution of 1 mL of
200-300 mM glucose was introduced to the tubes at 60°C and allowed to sit for ~20 min so that
DPPC vesicles formed. Solid hydroxypropyl-a-cyclodextrin (HPaCD; Sigma Aldrich) was added
to the resulting vesicle solution to a concentration of 70 mM. The solution was stirred at 60°C for

2 hrs before use.

GUVs with Small Length Scales
Control images were collected of GUVs that had settled to the bottom of the imaging chamber.

The Lq phase is enriched in the dye, and appears bright; the L, phase appears dark. Next, 30 ul of
DPPC-loaded HPaCD solution was added to the GUV solution and equilibrated for ~5 min. The
HPaCD presumably inserts its cargo of DPPC into the outer leaflet of the GUVs, establishing a
difference in area between the outer and inner leaflets. The resulting change in lipid composition
appears to be minimal. We tracked the fraction of membrane area that appears dark in three GUVs
of 35/35/30 DiPhyPC/DPPC/cholesterol; this fraction increased by only 4.3 + 0.9% after treatment
with DPPC-loaded HPaCD. To estimate the corresponding maximum change in mole fraction of
any one of the lipids, we scaled the percent change in area fraction by the length of the longest
possible tie-line for membranes of DiPhyPC/DPPC/cholesterol at 22°C (169), propagating the
largest standard deviations in all cases. This process yields an upper bound of 3.9 mole %.
Propagation of the smallest standard deviations yields 2.0 mole %. Area fractions were determined

as described in the Supplemental Methods.
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to the outer leaflet the outer leaflet

Figure 3.3. Insertion of DPPC into the outer leaflet of a GUV with large domains of
coexisting Lo and Lq phases induces the formation of dots and meandering stripes with
smaller widths. Micrographs are vesicles of 35/35/30 DiPhyPC/DPPC/cholesterol at room
temperature before and after addition of 70 mM DPPC-loaded HPaCD. The miscibility
transition temperature of this lipid composition is ~46°C. Scale bars are 20 um.

Within 5 min of introduction of the DPPC-loaded HPaCD, vesicle membranes that had
previously exhibited Lo-Lg phase separation acquired features with smaller length scales. These
features persisted throughout the duration of experiments (<1 hr). For example, Fig. 3.3 illustrates
that round domains in a GUV of 35/35/30 DiPhyPC/DPPC/cholesterol evolve into dots and
meandering stripes with widths <10 um. A similar technique was employed previously by
researchers who introduced glycolipid micelles to vesicle solutions and observed stripes nucleating

from L, and Lq domains, followed by scission of the stripes into dots (170).

GUV Temperature
For experiments in which temperature was adjusted, GUV solutions were placed between

coverslips, and coverslip edges were sealed with vacuum grease. Heat sink grease (Omega,
Stamford, CT) thermally coupled the coverslip assembly to a home-built temperature stage on an
upright Y-FL Nikon microscope. An Alpha-Omega (Cumberland, RI) temperature controller
drove a thermoelectric heater/cooler. Temperature was sensed by a thermistor probe (0.2°C
accuracy, Sensor Scientific, Fairfield, NJ). Unless otherwise noted, temperature was adjusted

stepwise, and thermal equilibrium was reached after each step.

GUV Osmotic Pressure
For experiments in which osmotic pressure was adjusted, GUVs were formed in 300 mM

sucrose solutions and diluted in 300 mM glucose solutions. To increase membrane tension (and

decrease excess area), water was added to dilute the outside solution to 250 mM glucose. To
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decrease membrane tension (and increase excess area), a solution of 1 M glucose was added to
increase the concentration of the outside solution to 350 mM glucose. To minimize movement of
vesicles, solutions were not stirred. Hence, solution concentrations likely vary through space and

time.

A: dots

B: stripe

C: 2 phases

Figure 3.4. A field of GPMVs derived from MDCK cells in an isotonic buffer solution. This
micrograph contains examples of dots (panel A), stripes (panel B), and coexisting L, and Ly phases
(panel C). Scale bar is 10 um.

Cell Culture and GPMV Isolation
Madin Darby canine kidney (MDCK) cells were maintained in Dulbecco's modified Eagle’s

medium (DMEM) supplemented with 10% fetal calf serum, 2 mM glutamine, 100 units/mL
penicillin, and 100 pg/mL streptomycin at 37°C in humidified CO.. Before isolation, cell
membranes were labeled with 5 pg/mL of the fluorescent disordered phase marker FAST DiO
(Life Technologies, Carlsbad, CA) for 10 min on ice. GPMVs were isolated and imaged as
previously described (66). Briefly, cells were washed in GPMV buffer (10 mM HEPES, 150 mM
NaCl, 2 mM CaCly, pH 7.4) and then incubated with GPMV buffer supplemented with 25 mM
paraformaldehyde and 2 mM dithiothreitol for 1 h at 37°C. A fraction of GPMVs derived from
MDCK cells exhibit stripes and dots without any addition of lipids to the outer leaflet, as shown
in Fig. 3.4. A similar diversity of morphologies has been reported in GPMVs derived from
zebrafish cells (171).

GPMV Temperature
For experiments in which temperature was adjusted, GPMVs were imaged as previously

described in detail (110). Briefly, a small chamber was created using silicon grease between two
coverslips. The bottom coverslip was BSA-coated, and 5 pL of GPMV solution were placed into
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this chamber and allowed to deposit onto the BSA-coated coverslip. This chamber was then
attached to the stage of a Warner (Hamden, CT) temperature regulator and cooled to 8°C for ~510
min until most vesicles had undergone phase separation. Temperature was then raised in
increments and images were collected ~1 min after the desired temperature was reached (unless

otherwise noted), in order to allow the sample to reach thermal equilibrium.

GPMYV Osmotic Pressure
For experiments in which osmotic pressure was adjusted, a chamber was created by attaching

a small, hollow plastic cylinder (specifically, a cloning ring) to a coverslip-bottom cell culture dish
(MatTek, Ashland, MA) leaving the top open. 100 uL of GPMV solution was placed into this
chamber and GPMVs were allowed to settle to the surface of the coverslip for 20 min at 8°C, with
the temperature controlled as in the previous section. To lower the osmolarity of the exterior
solution, cold water was added to the chamber in 5 uL increments. To increase the osmolarity, a
solution of 1 M NaCl was added to achieve a final concentration of 300 mM NaCl. GPMVs were
imaged after each addition. In order to minimize movement of GPMVSs, solutions were not stirred.

Hence, solution concentrations likely vary with space and time.

Image Analysis
The method of measuring area fractions, the analysis of 1-dimensional autocorrelation

functions (1D G(;)), and the fast Fourier transform of G(r) to yield the structure function, S(IE)

(including Python scripts used to calculate G(r) and S(IE)) appear in the Supplementary

Information.

The Characteristic Length Scale is Inversely Related to Temperature
To put our results in context, we will review a few aspects of phase-separated membranes.

As temperature increases in a GUV in which L, and Lq phases coexist, the ratios of the lipids in
the two phases become more similar (169). Consequently, the line tension between the L, and Lg
phases decreases. In other words, the energetic cost of forming an interface between the two phases
decreases as temperature approaches the miscibility transition.

Now we consider a vesicle with significant excess area, which means that the vesicle has more

membrane than is needed to cover a sphere with the same volume. As shown in Figs. 3.3 and 3.4,
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dots and stripes appear in both GUVs exposed to DPPC-loaded cyclodextrin (which inserts DPPC
lipids into the outer leaflet) and GPMVs derived from MDCK cells. Figs. 3.5 and 3.6 illustrate that
as temperature increases in GUV and GPMV membranes with excess area, large domains
transform into smaller domains. When these small domains are stripes, their wavelengths decrease
with increasing temperature. In other words, the total length of the interface increases. In Fig. 3.5,
the apparent hysteresis of the GUV at 21°C and 24°C is a result of rapid temperature cycling. When
temperature is held for several minutes, no hysteresis is observed (Fig. 3S1). For a closed vesicle,
an increase in temperature is accompanied by an increase in the surface to volume ratio, decreasing

membrane tension (172).
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Figure 3.5. The characteristic wavelength of stripes decreases as a function of temperature
in GUVs composed of 35/35/30 DiPhyPC/DPPC/cholesterol treated with DPPC-loaded
HPaCD. A. The same GUV is shown in all panels. The scale bar is 20 um. B. Enlargement

of the dashed box at 28°C in A. C. 1D G(r) of the image in B, performed in the x-direction,
perpendicular to the stripes. Five maxima (squares) are fit to an exponential curve (dot-
dashed line) and a power law (light line), yielding R? coefficients of 0.999 and 0.998,
respectively. The camera resolution is 0.17 um/pixel. Images with asterisks were analyzed
by 1D Fourier transforms as in Fig. 3.6 and used in Fig. 3.7.

We quantify the characteristic wavelength of stripes by computing G(r) and S(IE) of images.

The characteristic wavevector (k) of the image appears as a peak in S (IE) For example, the image

at 16°C in Fig. 3.6Ayields the S(IE) in Fig. 3.6C, which has a peak corresponding to a characteristic
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wavelength of 0.89 + 0.08 um. Fig. 3.7A-B show that wavelengths decrease with temperature for
both GUVs and GPMVs. Each wavelength corresponds to the summed widths of one dark stripe
and one white stripe, where the width of a dark stripe corresponds to wavelength minus the width
of the bright stripe. The width of the bright stripe corresponds to the half-width of the first peak in

the G(r). The widths of both the dark and bright stripes decrease with temperature for both GUVs
and GPMVs (Fig. 3.7C-D).
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Figure 3.6. The characteristic wavelength of stripes decreases as a function of temperature
for GPMVs derived from MDCK cells. A. Micrographs of a single GPMV from 8°C to

16°C. Scale bar is 10 um. B. 1D G(;) of the area in the dashed box at 16°C, performed in
the y-direction, perpendicular to the stripes. Five maxima (squares) are fit to an exponential

curve and a power law, both yielding R? coefficients of 0.998. C. S(IE) of the G() in B.
The peakin S(IE) corresponds to the characteristic wavelength, which is 0.89 + 0.08 um at

16°C, where the uncertainty is half the length of a pixel. The camera resolution is 0.16
pum/pixel.

Fig. 3.5C and Fig. 3.6B illustrate that when micron-scale domains are wrapped on a sphere
with diameter ~10 pum, the distinction between a modulated phase and microemulsion is difficult
to assess from a single image. Visually, the small-scale stripes in Fig. 3.5A and 3.6A are more
reminiscent of stripes produced by simulations of a modulated phase than of a microemulsion (see
Fig. 3.3 of (167)). However, within uncertainty, the autocorrelation functions in Fig. 3.5C and
3.6B are equally well bounded by a function that decays with a power law, as a modulated phase

would, and with an exponential, as a microemulsion would. Although it is beyond the scope of this
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paper, researchers could plausibly differentiate between modulated phases and microemulsions by
collecting a series of images over time of a stationary vesicle exhibiting small domains and then
computing the average of the Fourier-transformed images for each wave vector. If the domains
were due to a microemulsion, then the averaged Fourier coefficients would approach zero even for
those wave vectors at which the structure factor exhibits a peak. If the average of those Fourier
coefficients were non-zero, then the domains would be due to a modulated phase (167, 173).
Alternatively, researchers who specialize in tethering membranes to flat surfaces may be able to
observe small-scale domains if the tethers allow undulations in the membrane. By imaging large
areas approaching infinite sheets, stripes could be narrowly defined as uniform lines with a
common director, and deviations from this ideal morphology could be characterized by the density
of branching points or the persistence length of the director. Independent of whether the vesicles
that we investigate exhibit a modulated phase or a microemulsion, we test how the length scales
in the system vary with physical parameters to evaluate theoretical predictions associated with

mechanisms of the formation of small domains.
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Figure 3.7. Characteristic wavelengths and stripe widths decrease with increasing
temperature. Panels A and C correspond to the single GUV in Fig. 3.5 (using only images
marked with asterisks). Panels B and D correspond to the single GPMV in Fig. 3.6
(excluding the out-of-focus image at 10°C). Wavelengths and uncertainties were found as
described in Fig. 3.6 and an uncertainty corresponding to half a pixel is shown. The
decrease in stripe width is not necessarily expected to be linear with temperature, but if it
were then slopes of -0.08 £ 0.01 um/°C in Panel A and -0.14 +0.18 um/°C in Panel B
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would emerge. G(;) and S(IE) for each point in A and B are shown in Figs. 3S2 and 3S3,

respectively.

The Characteristic Length Scale Increases with Membrane Tension
Small-scale domains appear in vesicle membranes with excess area. Fig. 3S1 shows that

increasing membrane excess area in a population of GPMVs through changes in osmotic pressure
increases the fraction of GPMVs displaying features with small domains. Here we test how
changes in membrane tension affect the characteristic length scale of domains. We increase the
osmotic pressure of the solution on the exterior of GUVs and GPMVs (which should decrease
membrane tension (174)), and we observe a decrease in the size of domains in both GUVs (Fig.
3.8A) and GPMVs (Fig. 3.9A). Reversing the osmotic pressure difference reverses the effect (Fig.
3.8B and 3.9B). The same trend has been observed via micropipette aspiration of GUVs (personal

communication, P. Cicuta and L. Parolini, Univ. of Cambridge, 8 March 2018).

Figure 3.8. Widths of domains increase with membrane tension for GUVs of 35/35/30
DiPhyPC/DPPC/cholesterol treated with DPPC-loaded HPaCD. A. Over time, the osmotic
pressure of the exterior glucose solution is increased by 50 mM such that the membrane
tension presumably decreases. B. Over time, the osmotic pressure of the exterior solution
is decreased by 50 mM such that the membrane tension presumably increases. Scale bars
are 20 um.

Figs. 3.8A and 3.9A show the evolution of vesicles from Lo and Lq phases to elongated stripes,
and then from stripes to dots. The same sequence occurs in vesicles in contact with surfaces (175).
Separately, the first image in Fig. 3.8B shows that stripes can appear on surfaces of vesicles that
are > 100 pum in diameter; other researchers have suggested that modulated phases appear only in

vesicles with a diameter smaller than ~50 um, albeit in a simulation (176).
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Figure 3.9. Widths of domains increase with membrane tension for GPMV:s derived from MDCK
cells. A. Over time, the osmatic pressure of the exterior solution is increased by raising the
concentration of NaCl by 150 mM such that the membrane tension should decrease. B. Over time,
the osmotic pressure of the exterior solution is decreased by adding water. Scale bars are 10 pm.

Domain Morphology Varies with GUV Composition
The morphology of a modulated phase or microemulsion (e.g. the arrangement of dark and

bright areas into stripes or dots) is dependent on the membrane’s curvature and lipid composition
(170, 177, 178). Here, we investigate a series of GUVs that initially exhibit coexisting Lo and Lg
phases. Their overall lipid compositions lie at the numbered points on the arrow in Fig. 3.10. To
induce the formation of stripes and dots, we introduce additional DPPC molecules to the GUV
outer leaflet via cyclodextrin. As described in the methods, treatment of vesicles with DPPC-
loaded HPaCD results in a change of area fraction of only 4.3 + 0.9%, so we expect perturbations

in overall lipid composition to be minor.

A e

DPPC w=b 100% |

Figure 3.10. The ratio of lipids in DiPhyPC/DPPC/cholesterol vesicles influences the morphology
of small-scale membrane domains. A. Gibbs phase triangle for DiPhyPC/DPPC/cholesterol vesicles
with no excess area. The shaded area corresponds to compositions that exhibit Ls-Lg coexistence at
22°C, reproduced from (169). The black line connecting the circles denotes a tie-line at 22°C. B.
Micrographs of GUVs with initial lipid compaositions corresponding to the numbers along the arrow
in A. The GUVs were treated with DPPC-loaded HPaCD. The resulting morphologies include
stripes (at compositions 1, 2, and 3) and dots (4, 5, and 6). Scale bars are 20 um.
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The arrow in Fig. 3.10 is roughly perpendicular to the tie-line that passes through 40%
DiPhyPC, 40% DPPC, and 30% cholesterol at 22°C (169). The length of a tie-line reflects the
difference in compositions of the Lo and Lg phases within a membrane. When a vesicle’s overall
lipid composition falls on a short tie-line, differences in the physical properties of the Lq and Lo
phases (e.g. the bending rigidities and the thicknesses) are minor, and the line tension between the
Lo and Lq phases is small (51, 63, 114). For example, in Fig. 3.10A, point 1 lies near a miscibility
critical point. Vesicles made from the lipid composition at point 1 demix along a short tie-line into
Lo and Lg phases of similar compositions. When DPPC is inserted into the outer leaflet of these
vesicles, stripes appear (Fig. 3.10B). On the other hand, when a vesicle’s overall lipid composition
falls on a long tie-line, differences in the lipid compositions and physical properties of the L, and
L4 phases become significant and the line tension is large. Examples appear at points 4, 5, and 6 in
Fig. 3.10A. When DPPC is inserted into the outer leaflet of these vesicles, dots appear (Fig. 3.10B).
In our experiments, we achieve low line tension between L, and L4 phases by adjusting the ratio
of the three membrane components; other researchers have achieved this effect by gradually

replacing one of the three components with a fourth component (177, 179-181).

If we instead produce a series of initial GUVs with lipid compositions that lie along a single
tie-line (rather than perpendicular to it), then we expect the compositions of the L4 and L, phases
to remain constant and the area fraction of the phases to vary, assuming that area fractions are
approximately linearly related to mole fractions. For example, as the overall lipid composition
changes from points 1 through 4 in Fig. 3.11A, the membrane's area fraction of the dark, L, phase
should linearly increase. When DPPC is inserted into the outer leaflet of this series of vesicles,
small dots and stripes appear. In this new morphology, the fraction of the membrane area that

appears dark still increases monotonically across the series of GUVs (Fig. 3.11B, C).
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Figure 3.11. A. Gibbs phase triangle for DiPhyPC/DPPC/cholesterol vesicles without excess area.
The shaded area highlights lipid ratios that exhibit Lo-Lg coexistence at 22°C (169). The black line
connecting the circles denotes a tie-line at 22°C (169). B. GUVs with L, and Ly phases were made
from the four lipid ratios along the tie-line in Panel A. After the GUVs were treated with DPPC-
loaded HPaCD to have excess area, the GUVs exhibited small dots and stripes, as shown in the
micrographs. Scale bars are 20 um. The area fraction of dark membrane increases monotonically
for the four vesicles in the micrographs. C. Likewise, the area fraction of dark membrane increases
monotonically for a population of vesicles (data from Fig. 354). The lipid ratio on the x-axis is the
fractional length along a tie-line. The tie-line and its uncertainty are described in (24). D. If a
constant wavelength of membrane fluctuation is assumed within the Schick model (165), then the

area fraction of membrane that appears dark would be expected to vary with the sawtooth pattern in
Panel E.

Our results create an opportunity to evaluate proposed mechanisms of how stable, small (albeit
micrometer-scale) domains arise in vesicle membranes. These mechanisms were recently reviewed
by Schmid (161). Several mechanisms do not apply to our experiments. For example, our GUV

system is not consistently close to a miscibility critical point (63, 162, 169). Similarly, our GUVs
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lack hybrid lipids that might act as lineactants (182, 183), and small length scales arise equally in
vesicles with and without hybrid lipids (180). Because GUVs are synthetic vesicles rather than
plasma membranes of living cells, our systems are not subject to membrane recycling (184, 185),
cytoskeletal coupling (61, 163, 186, 187), or mismatch between monolayer curvature and the
curvature imposed by a rigid cell wall (188). Moreover, because our vesicles initially exhibit large-
scale coexisting Lo and Lq phases before we introduce DPPC to the outer leaflet, the small-scale
features we observe are not due to trapped coarsening (160, 172, 189-191), which is depicted in
Fig. 3.1E-G. They are also not due to the kinetic effect of viscous fingering (34).

Remaining proposed mechanisms include coupling of local lipid composition to either
monolayer or bilayer spontaneous curvature (165-167, 170, 178, 191-200), and balancing the
energetic cost of forming an interface with a repulsion term arising from lipid dipoles (180, 198,
199). These mechanisms are not mutually exclusive, and some predict similar behavior. To our
knowledge, all of these mechanisms predict that an increase in temperature results in a decrease in
the characteristic size of domains, as we observe in Figs. 3.5A and 3.6A. A similar qualitative
result has been reported for vesicles near their mixing temperature (172). In order to evaluate the
mechanisms, we discuss membrane asymmetry, tension, and lipid dipoles in the three sections

below.

Evaluation of Membrane Asymmetry
One class of theories and simulations posits that small-scale features arise in membranes when

the local lipid composition couples to the local monolayer or bilayer curvature (165-167, 170, 178,
191-200). An experimental basis for these theories lies in the observation that monolayer
spontaneous curvatures of different lipids vary widely (201, 202). Recent theory by Schick and
coworkers (165-167, 192) proposes that lipid composition couples to membrane height
fluctuations. This theory predicts that over a range of temperatures and tensions, lipid compositions
spatially vary as in a microemulsion. Characteristic sizes of domains are predicted to be > 100 nm
(166), and the largest features are expected when the differences in spontaneous curvatures of all
the lipids is small (165), as in our system in which all phospholipids are PC lipids. Schick notes
that in membranes that contain a mixture of lipids with a wide range of spontaneous curvatures,
such as "membranes with ternary mixtures of cholesterol, PC, and PE ... one would expect ... the

characteristic wavelengths to be appreciably smaller" (165). Membranes of GPMVs satisfy this

71



criterion because they contain a significant fraction of lipids that produce high monolayer
curvatures (e.g. lipids with phosphatidylethanolamine headgroups and/or polyunsaturated tails,
(66)). However, micron-scale domains are readily observable in both types of membranes that we
use: GUVs with PC lipids and GPMVs with a wide complement of lipids.

A. Evolution of small-scale features B. Line scan
1 Ly
=
k%)
=
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=1 [N
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Distance

C. Line scan is inconsistent with monolayer anti-registry

Option 1 Option 2
- RS r

Lo ALd
-\/ Distance Distance

Intensity
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Figure 3.12. Fluorescence levels in GUVs with excess area imply that stripe and dot domains are
registered across both monolayer leaflets of the bilayer. As DPPC is delivered to the surface of a
vesicle composed of 35:35:30 DiPhyPC/DPPC/cholesterol, stripes and dots appear at the boundary
of the Lo and Lq phases and evolve through time. Scale bars are 20 um. B. A line scan (10 pixels
wide) across the boundary yields only two fluorescence levels. To preserve image fidelity, no
correction was made for the slight brightness gradient across the image, which likely arises from
objects out of the plane of focus. C. In contrast, anti-registration of domains as in the Schick theory
(165) predicts three fluorescence levels, either as in Option 1 or Option 2.

The Schick theory posits that monolayer regions with different spontaneous curvatures will be
enriched (or depleted) in lipids with non-cylindrical shapes, (e.g. PE-lipids or lysolipids) such that
monolayer domains are anti-registered across the bilayer. For example, a lipid for which the cross-
sectional area of the head group is smaller than that of the tails will be enriched within the bright
monolayer regions in Fig. 3.12. As a comparison, in flat bilayers containing domains of L, and Lg
phases, the penalty incurred for domains in one leaflet misaligning with domains in the opposite
leaflet is large (0.016 ks T/nm?) (203).

Two lines of evidence are inconsistent with anti-registration of domains in vesicles of
DiphyPC/DPPC/cholesterol with excess area. The first is found in Fig. 3.12A, which shows a time
series shortly after HPaCD has inserted DPPC into the outer leaflet of a membrane that had
previously demixed into Lo and Lg phases. In the time series, small-scale structure arises from
fingering and scission events at the boundary of the L, and L4 phases, as previously observed (170,

204). Anti-registration of domains would result in the observation of three fluorescence levels
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across the boundary (Fig. 3.12C): instead, only two fluorescence levels are experimentally
observed (Fig. 12B).

The second line of evidence is in Fig. 3.11. GUVs electroformed with initial compositions at
the four numbered points along the tie-line in Fig. 3.11A exhibit Lo and Lq phases. In these 2-phase
vesicles, domains in one monolayer of the membrane are in registration with domains of the same
phase in the opposing monolayer. Excess area was introduced to these membranes through the
addition of DPPC to the outer leaflet by cyclodextrin and fluorescence micrographs were collected.
Contrast between domains arises from a dye-labeled lipid that preferentially partitions with one
domain type. Standard fluorescence microscopy techniques record fluorescence levels of bilayers
(the sum of the monolayers) and excel at distinguishing fractions of areas that appear relatively
bright and dark rather than absolute fluorescence levels. Because the Schick model posits that
domains are anti-registered, we can test a prediction. If a constant wavelength of membrane
fluctuation is assumed within the Schick model, then the area fraction of the bilayer that appears
dark (relative to the rest of the membrane) should vary in a sawtooth pattern for vesicles of the
four compositions (Fig. 3.11D, E). The experimental data in Fig. 3.11B, C contradict this scenario.
Specifically, the area fraction that appears dark increases monotonically rather than in a sawtooth
pattern. A related monotonic increase in area fraction of synthetic GUVs is reported by Goh et al.
77).
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Figure 3.13. To distinguish whether small domains in cell derived GPMV membranes result from
registration or antiregistration of monolayer domains, GPMVs were followed through shifts in the
osmatic pressure of the exterior solution, which increased (squares) or decreased (circles) membrane
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tension. Throughout the transition, A. the fractional area that appeared dark was roughly constant
(such that the data lie along a line with slope = 1 as in Fig. 3.11E), and B. the ratio of fluorescence
intensities of bright and dark domains was roughly constant (normalized by a ratiometric
measurement to account for photobleaching). Both results are consistent with registration of
domains (and inconsistent with anti-registration of domains). Data points in panel A report single
measurements for single vesicles. Data points in panel B result intensities averaged over three
different 2x2 pixel areas for each bright and dark region. Scale bars are 10 um.

Two related lines of evidence show that domains are in registration with cell-derived GPMVs
with excess area. The first appears in Fig. 3.13A. The osmotic pressure of the exterior solution was
shifted to vary membrane tension such that GPMV membranes transitioned from coexisting Lo and
Lq phases to small-scale domains (or the reverse). The area fractions of dark membrane regions of
six GPMVs were evaluated before and after the transition. All pairs of area fractions lie close to a
line with a slope of 1. Because monolayer domains are assumed to be in registration across the
membranes of GUVs exhibiting Lo, and Lq phases, this result implies that the monolayer domains
are also in registration in GPMVs exhibiting small-scale domains. As in Fig. 3.11E, if a constant
wavelength of membrane fluctuation is assumed within the Schick model (165), which posits that
dark regions in one monolayer leaflet are in anti-registration with dark regions in the opposite
leaflet, then the area fraction of membrane that appears dark would be expected to vary with a
sawtooth pattern.

The second line of evidence for registration of domains in GPMVs appears in Fig. 3.13B.
Within a single field of view, some GPMVs (which have excess area) exhibit stripes or dots,
whereas others (which lack significant excess area) contain coexisting Lo and Ld phases. In Fig.
3.13B, these two types of vesicles are named "test" and "control”. After application of osmotic
pressure to remove excess area, the test vesicles contain coexisting Lo and Ld phases, in which
domains in each lipid monolayer are presumed to always be in registration across the membrane.
This system can be used to assess whether stripe or dot domains in the test vesicle are in
registration. If the ratio of fluorescence levels in the test vesicle to the control vesicle is unchanged
by the application of osmotic pressure, then the stripe or dot domains represent regions in which
dark domains are in registration across both monolayer leaflets of the membrane. If the ratio differs
by a factor of 2, then stripe or dot domains are in antiregistration. A ratiometric measurement
eliminates any artifacts due to photobleaching; the measurement leverages the fact that bleaching
occurs at the same rate in all vesicles. In total, the data in Fig. 3.13 are consistent with registration

and inconsistent with anti-registration.
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Evaluation of Membrane Tension
Figs. 3.8 and 3.9 show how the characteristic length scale of domains can be tuned via

membrane tension: as membrane tension increases, stripe widths increase (Fig. 3.8B and Fig.3.
9B). The Schick theory considers membrane tension in two regimes. Only one of these regimes is
considered in (165) in which "the theory predicts that... if one increases the surface tension of the
membrane, making it more taut, then ... characteristic length decreases." This is the opposite of
what we observe. Equation 6 in (166) gives a fuller story. When membrane tension is initially low,
increases in tension decrease the characteristic length, as in the Schick statement above. However,
it is reasonable to expect that the membrane tension in our GUVs is initially high because the
vesicles appear taut and exhibit coexisting Lo and Lq phases before the addition of DPPC to the
outer monolayer. When membrane tension is initially high, the Schick theory predicts that
increases in tension increase the characteristic length.

An earlier theory, which should be equivalent to the Schick theory in the limit of a flat
membrane, yields similar re-entrant behavior (205)(206). Although Equations 2.8b and 2.12 in
(205) predict that an increase in surface tension should result in a decrease in domain size, Fig.
3.6ain (206) shows two trends. For a vesicle with two domains, a configuration with three domains
can be reached either by increasing the exterior pressure or by decreasing it, depending on the
initial conditions.

A separate theory by Harden et al. considers domains in a modulated phase that arises due to
a spontaneous bilayer curvature of the membrane within the domain (196). This scenario is
relevant to our system in the plausible case that the DPPC added to the outer monolayer
preferentially partitions to one phase, likely the Lo phase. The theory predicts that the characteristic
length of dots and stripes increases with membrane tension, assuming that energetic cost of
forming an interface is held constant (196). Our results in Figs. 3.8 and 3.9 are consistent with this

prediction.

Evaluation of Phase Diagrams
In Fig. 3.12, As DPPC is delivered to the outer membrane of a GUV, small domains appear at

the boundary of the L, and Lq phases. This observation is consistent with the Schick theory for
modulated phases and microemulsions (167) and the theory of Harden et al. for modulated phases
(196). Specifically, the Schick theory allows for a first-order transition from a 2-phase region of

Lo and Lq coexistence to a region of a modulated phase over a wide range of parameters and, when
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evaluated in a way that accounts for fluctuations in the system, a first-order transition from a 2-
phase region to a microemulsion over a narrower range of parameters, as shown in Fig. 3.2 of
(167). Similarly, in the theory of Harden et al., a direct transition is allowed from a 2-phase "flat"
region to a modulated phase of stripes or dots if membrane tension is decreased, as occurs when
we introduce DPPC molecules to GUV membranes. Knowledge that the transition is first-order
does not distinguish between a modulated phase and a microemulsion (207).

Next, we evaluate whether stripes or dots are favored as we vary membrane tension or line
tension in the initial GUVs. A decrease in membrane tension in Figs. 3.8A and 3.9A result in a
sequence from 2-phases to stripes, and then to dots, as predicted by Harden et al. (196). The topic
of line tension is tackled in Fig. 3.10. When DPPC is delivered to a GUV with a lipid composition
that lies near the Lo-Lg miscibility critical point, where line tension is low, stripes tend to be
observed. When the GUV is initially far from the critical point, where line tension is high, dots are
observed. This observation contradicts the prediction of Harden et al., which asserts that as line
tension increases, stripes should be favored over dots (196). The prediction holds for a set of GUVs
with constant membrane tension and constant area fraction of each phase. Because we apply the
same protocol to all GUVs, we assume that membrane tensions are, on average, constant.
Similarly, because the path of the arrow in Fig. 3.10 bisects a series of tie-lines, the area fraction
of dark and white regions in all GUVs should be, on average, 50:50, although there is a distribution

of values within each population of GUVs.

Evaluation of Dipole Repulsion Contribution
The simplest models that produce a discrete length scale in 2-dimensional systems like

membranes consider only two energy terms: a local attractive term and a long-range repulsion term
(208). The attractive term arises from a cost per unit length of an interface, which favors
coalescence of domains and domain budding (209). In monolayers at an air-water interface, the
repulsion arises from a difference in dipole density between two lipid phases (197, 210-213). The
magnitude of the dipolar term in lipid bilayers is contentious for two reasons. First, electrostatic
interactions are diminished by the aqueous solution surrounding a bilayer; nevertheless, small-
scale membrane structures are observed in solutions of high ionic strength (204). Second, the

dipoles may largely cancel, depending on their location within the bilayer.

76



Before 16:0 After 16:0
DietherPC added DietherPC added
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Figure 3.14. Insertion of 16:0 Diether PC into the outer leaflet of a GUV with coexisting L, and Lq
phases induces the formation of meandering stripes with smaller widths. Micrographs are
representative images of four vesicles of 35/35/30 4ME 16:0 DietherPC/16:0 DietherPC/cholesterol,
two at room temperature before the addition of 70 mM 16:0 DietherPC-loaded HPaCD, and two
after the addition. Scale bars are 20 pm.

Several models that describe small-scale features in membranes incorporate a dipolar repulsion
term in the free energy (176, 180, 199, 214). The predicted length scales depend on the magnitude
of the dipolar term, which in turn depends on the location of dipoles within the bilayer. Here, we
directly test an assumption by Usery et al. (180) that the dipolar repulsion term arises from
carbonyl groups at the ester-linkage between lipid headgroups and chains. If this assumption were
true, then replacing all ester-linked lipids with ether-linked lipids (which lack carbonyl groups)
should result in a lack of small-scale patterns on vesicle surfaces. The data in Fig. 3.14 contradict
the assumption. In this experiment, DPPC and DiPhyPC were replaced with their ether-linked

counterparts to produce vesicles analogous to Fig. 3.3.

Here, we have evaluated how characteristic lengths of small-scale features in membranes of
GUVs and GPMVs vary with temperature, tension, and lipid composition. We find that length
scales increase as temperature decreases and as tension increases, that area fractions and
fluorescence levels imply that domains are registered across both monolayer leaflets, and that
stripes are favored for lipid compositions that are expected to have a low energetic cost of forming

an interface.
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Our results are consistent with most predictions of an early theory on vesicle shape
deformations (205)(206) and with the Schick theory of microemulsions (165-167, 192), with the
caveat that the initial membrane tension cannot be low. However, the Schick theory posits that
monolayer domains are anti-registered across the bilayer, whereas we find evidence that domains
are registered, both in model GUVs and in cell-derived GPMVs. Ways in which the Schick theory
could become more complete would be to include the effect of fluctuations and the energetic cost
of thickness variations that would accompany domain registration (personal communication, M.
Schick, University of Washington, 2 May 2018). Similarly, our results are consistent with some
predictions of the theory of Harden et al. for modulated phases (196) but do not agree with the
prediction that dots should be favored over stripes when the energetic cost of forming an interface
is low; we observe the opposite. Our results are consistent with general theories that balance a
local attractive term and a long-range repulsion term, with the caveat that the source of the
repulsion does not appear to originate with carbonyl group dipoles of ester-linked lipids, as
proposed by Usery et al. (180). This leaves the question of how domain repulsion arises, which is
challenging to address in lipid bilayers (as opposed to monolayers).

In several theories, the mean bilayer spontaneous curvature is integral to the description of a
modulated phase (170, 198, 199, 215). In our GUV experiments, we established a mean bilayer
spontaneous curvature by introducing excess lipid to the outer leaflet of vesicles that had
previously phase separated into Lo and Lq phases. The addition of outer leaflet lipids is not strictly
necessary: other researchers have noted that a bilayer spontaneous curvature could arise from
slowly decreasing the temperature of GUVs (personal communication, P. Cicuta and L. Parolini,
Univ. of Cambridge, 8 March 2018). Small-scale features have been previously reported in a wide
range of membranes, including vacuoles in living yeast cells (74), zebrafish GPMVs (171), and
synthetic GUVs, both with (170) and without (177, 179, 180) the explicit addition of lipids to the
outer leaflet, illustrating the robustness of the result and its applicability to a broad class of

membranes.
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Figure 3S1. Small domains in a GUV do not exhibit hysteresis when temperature is cycled. The same
35/35/30 DiPhyPC/DPPC/cholesterol vesicle treated with DPPC-loaded HPaCD is shown in all panels. The
scale bar is 20 pm.

Figure 3S2. The fraction of GPMVs exhibiting small domains increases in hypertonic solution. A. A field
of GPMVs derived from MDCK cells in an isotonic solution. B. The same field of GPMVs after addition
of 250 mM NacCl to the outer solution. Images were collected ~1 min after the addition of NaCl solution.
Scale bars are 20 pum.
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Table 3S1. Lipid compositions of the ratios in Fig. 3.11A-C and Fig. 354.

Ratio

DiPhyPC/DPPC/cholesterol

60/20/20

49/26/25

28/40/32

AW

15/47/38

Figure 3S3. G(r) and S(k) for the points in Fig. 3.7A. In panels A-D, the grey curves are fits to a power
law and the dot-dashed curves are fits to an exponential.

A.8°C

E.8°C

10 characteristic wavelength
(R exponential = 0.977 75 =1.96£0,08 ym
R? power = 0.970
o8
08
O o4
0z
00
s 1 2 3 a 3§ & 1 8 oo o5 10 1s 20 25 30
R Length (um) o Wavenumber (um=1)
B.12°C F.12°C
s
10 characteristic wavelength
=1.0240.08 ym
150
08
125
- 100
= g
© os @ s
50
02
2
00
0
6 1 2 3 4 35 & 71 8 o0 o5 10 15 20 25 30
Length (um) Wavenumber (um~?)
° °
C.14°C G.14°C
12
s characteristic wavelengtn
=0.86 £ 0,08 um
10
150
08
125
06
< W
3 os 3
75
02
50
00
2
-02
0
o ] 4 s 8 o0 05 10 15 20 25 30
Length (um) Wavenumber (um=1)
° °
D.16°C H.16°C
10 200 characteristic wavelength
R? exponential = 0,998 =0.89 £ 0.08 ym
R? power = 0,995
o8
08
O oa
02
o0

13 00 05 10 15 20 25 30

] 3 4 5
Length (um) Wavenumber (um~1)

80



Figure 3S4. G(r) and S(k) for the points in Fig. 3.7B.

and the dot-dashed curves are fits to an exponential.
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Figure 3S5. The fraction of area that appears dark increases monotonically from lipid ratio 1 to 4 (Fig.
3.11A) for a population of vesicles. The bars represent the average area fraction for each lipid ratio. The
numbers of vesicles analyzed for lipid ratios 1-4 were 6, 10, 9, and 6, respectively. The error bars represent
the standard deviation.
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Supplemental Methods

For membranes exhibiting small-scale domains, images of vesicles were collected such that
the top, spherical cap of the vesicle lay within the < 5um depth of field of the microscope objective;
the remainder of the vesicle appeared as a bright ring. Square areas were drawn (edge length 15-
60 um) that included only areas in focus. Pixel intensities were thresholded to yield only white
and black areas. Images within the 2D squares were projected onto 3D spherical surfaces using
MATLAB code by Sarah Veatch (122). The area fraction of the dark regions was the 3D projected

area of all black pixels divided by the projected area of all pixels in the image.

For vesicles exhibiting large-scale coexisting Lo-Lg coexistence, images were collected when
domains aligned roughly perpendicular to the field of view. Area fractions were then assessed
geometrically by evaluating the surface area of spherical caps relative to the surface area of an
entire sphere.

Radial Distribution Function and Structure Factor
We define the two-dimensional radial distribution function (RDF) for the image as:

_ Bp(’ +1)8p ("))
(6p(r))?

where §p(r) is the contrast between the two-dimensional image grey value vector and the image

g(r)

average grey value:
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Sp(r) = p(r)— p
and
Jdrp(r)
[adr

To implement the above definition for our pixelated image, we put the grey value vector into

p=

matrix representation:
p(r) = pij

where r is the position vector represented by a matrix element as a pixel at the i-th row and j-th
column. The average density can be calculated as:

X

g i=1 j=1 n
and the contrast:

Sp(r) = 8pij = pij—P

Thus, the 2-D g(r) becomes:

) _ (kaj& o '5.0k+i,l+j)
Ykizy 6Pk,

forall i € (1,m) and j € (1,n). The one-dimensional RDF, g(r), is the two-dimensional function

g() = g(r;

that reports modulation in the direction perpendicular to the stripes and is averaged over the

direction parallel to the stripes in the image, assuming translational invariance:
n
9(;)
9 = gty = Y e
j=1

Due to the finite size of the image, the calculation yields fewer data points as the separation
between two correlated pixels increases and approaches the image size, thus the quality of g(r)
degrades as r increases.

We can also calculate the one-dimensional structure factor as a Fourier transform of the 1-D

g(r) of the image using the generic definition (216):

Stk)=1+ ,EJ Jap (1) e kTdr

The actual Fourier transform is carried out using the fast Fourier transform function provided in
the NumPy v 1.14 Python software package (217, 218).
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*This chapter was first published in the PNAS in 2020. It was written in collaboration with
A. Mileant, N. Thakkar, K.K. Lee and S.L. Keller. The full citation can be found at the end
of Chapter 1 on pg. 29.

Seeing is believing, which makes images powerful. Current advances in microscopy have
revolutionized our understanding of cellular components, macromolecular assemblies, protein
structure, and membrane organization. For example, images of micron-scale synapses in
stimulated immune cells have successfully led to the development of quantitative models of
membrane protein interactions (219). Similarly, direct imaging has demonstrated that vacuole
membranes in living yeast cells phase separate (69, 74) and that model and cell-derived membranes
exhibit critical phenomena (63, 162). However, in all of these examples, the membrane features
span micrometer length scales. Challenges persist in observing membrane features that are far
smaller than the diffraction limit of light, especially in model lipid vesicles under native solution
conditions (a phrase that describes vitrified vesicles captured in a fully hydrated state). As a result,
a wide range of quantitative questions has remained impossible to answer. For example, if a vesicle
membrane contains nanodomains, what are the sizes and distributions of those domains across the
vesicle surfaces? Similarly, do submicron domains fit quantitative predictions of modulated phases

or of microemulsions (165, 220)?

New approaches are needed in order to overcome current limitations and to complement
current methods. Transmission electron microscopy (TEM) can achieve near-atomic resolution,
and freeze-fracture TEM has successfully been used to identify coexisting solid and liquid phases
in simple, lipid membranes (221-224). However, freeze-fracture is an unwieldy technique that
images a metal-shadowed surface of a membrane. To date, freeze-fracture has achieved contrast
between liquid domains and the rest of the membrane only when membranes contain large protein
complexes (69). A more common way of identifying submicron liquid domains by TEM is gold-
labeling of proteins and lipids (e.g. (225, 226)). This method results in over-counting (which can

be misinterpreted as self-clustering proteins) if labeling uses both primary and secondary
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antibodies or if multiple labels are conjugated to a single antibody (227). Other methods of imaging
submicron liquid domains have their own limitations. Atomic force microscopy (AFM) requires
deposition of membranes on solid substrates (114, 228-234). Near-field scanning optical
microscopy (NSOM) places cantilevers in contact with membranes, which may alter membrane
structures (235). Standard super-resolution optical techniques cannot image small enough features,
and expansion microscopy relies on cross-linked proteins (236).

Here, we introduce and test two new methods for identifying submicron domains in
membranes from direct cryo-electron tomography (cryo-ET) images. To our knowledge, we (and
the jointly submitted manuscript by Heberle et al.) are the first to collect cryo-ET images of ternary
model membranes under native solution conditions. Of the two new methods, the first is entirely
label-free and leverages differences in thicknesses of the domains versus the rest of the membrane
(Fig. 4.1). We benchmark this label-free approach against known phase diagrams to demonstrate
that it accurately quantifies the area fractions of coexisting liquid-ordered (Lo) and liquid-
disordered (Lq) phases in membranes. The second method employs a probe that is fluorescent,
electron-dense, and labels the membrane through a single binding site. Our goal is for the probe to
enable direct, model-free comparisons for a single vesicle sample analyzed by both fluorescence
microscopy and electron microscopy. We test a panel of probes and find that a trimeric mCherry

label performs best in this role.
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Figure 4.1. Two methods for direct identification of lipid domains in vesicles using cryo-ET. A.
The label-free method identifies the difference in thickness between the L, phase and Lq4 phase. B.
The labeling method deploys a linear trimer of mCherry that is both fluorescent and electron-dense.
A his6-tag on the terminal mCherry protein binds to a nickel-chelated lipid that preferentially
partitions to the Lq phase. C. The mCherry label enables imaging a single starting solution of giant
unilamellar vesicles (GUVSs) by both fluorescence microscopy and cryo-ET.

Lipids

i Phosphocholine (PC) lipids (Avanti Polar Lipids, Alabaster, AL), cholesterol (chol; Sigma
Aldrich, St. Louis, MO), and Texas Red dihexadecanoyl-PE (DHPE; Life Technologies, Grand
Island, NY) were used as purchased without further purification. Lipid stock solutions in
chloroform contained, at minimum, a ternary mixture of diphytanoyl-PC (DiPhyPC; 4 ME 16:0
PC), dipalmitoyl-PC (DPPC; 16:0 PC), and cholesterol. DiPhyPC and DPPC are zwitterionic;
cholesterol is uncharged. Features of this ternary mixture is that its miscibility phase diagram has
been mapped in detail (27), and the saturated carbon chains of DiPhyPC resist oxidation (63).
Stock solutions for cryo-ET experiments with mCherry labels, which were limited to lipid Ratios

2 and 5, also contained 2 mol% of a nickel-chelating lipid of dioleoylglycerosuccinylimino-
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diacetic acid (18:1 DGS-NTA(Ni), which replaced 2 mol% DiPhyPC), whereas stocks for

fluorescence microscopy controls of GUVs contained 0.8 mol% Texas Red DHPE.

GUV Electroformation
Solutions containing 2 x 10 moles (~0.76 mg) of lipids were spread evenly on slides coated

with indium tin oxide. The slides were placed under vacuum for >30 min to evaporate the
chloroform. A capacitor was created by sandwiching 0.3 mm Teflon spaces between two lipid-
coated slides. The gap was filled with 335 mM sucrose, and the edges were sealed with vacuum
grease. Sucrose has been previously shown to not shift the miscibility transition temperature of
electroformed vesicles of DiPhyPC/DPPC/cholesterol (111). GUVs 10-100 um in diameter were
electroformed (47) by application of an AC voltage of 1.5V at 10 Hz across the capacitor for 1 hr
at 60°C.

Extrusion
Two solutions were produced: a "thickness mismatch buffer" of 150 mM NaCl and 25 mM

HEPES and an "mCherry buffer* of 150 mM NaCl, 25 mM HEPES, and 1 mM tris(2-
carboxyethyl)phosphine (TCEP). GUVs were diluted 5-fold in one of the buffers and then
concentrated by centrifugation at approximately 10,000 rcf for 10 min. Supernatant was removed.
Approximately 10-20 pl of centrifuged and concentrated GUVs were re-diluted in 100 pl of buffer
and stored at 60°C for <15 minutes before extrusion in order to ensure that vesicles were well
above their mixing temperatures, which ranged from 25°C to 48°C. A mini-extruder (Avanti Polar
Lipids) with a heat block and two 1 ml gas-tight syringes were maintained in an oven at 75°C
before use. Most GUVs were extruded 29 times at 75°C in polycarbonate membranes with 50 nm
pores (to be maximize consistency with the jointly-submitted manuscript by Heberle et al., which
used 50 nm pores). The only exception was that GUVs of lipid Ratios 4, 5, and 6 for thickness
mismatch experiments were extruded through membranes with 100 nm pores. The resulting small

vesicles were stored at room temperature for < 1 hr before vitrification.
Despite initial electroformation, extruded vesicles were often not unilamellar. This is
surprising because electroformation typically yields unilamellar vesicles. We found that vesicles

electroformed and extruded in pure water were always multilamellar, with at least two lamellae
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per vesicle. When we increased the ionic strength of the buffer with NaCl, we produced more

unilamellar vesicles. Interestingly this result is the opposite to that reported in (40).

Introduction of Trimeric mCherry
Extruded vesicles containing 2 mol% DGS-NTA(NI) lipids were diluted in "mCherry buffer”,

lightly vortexed with 2 mM trimeric mCherry (237) and allowed to incubate for >25 min at room
temperature. The DSG-NTA(NI) concentration that we used is an order of magnitude lower than
the concentration of DPIDA determined by Scheve et al. to shift a membrane's miscibility
transition temperature. Specifically, to induce steric crowding, Scheve et al. used 25 mol%
DPIDA, a similar lipid that is similar to DSG-NTA(NI) and that binds a histidine-tagged protein
roughly the same size as mCherry, his-GFP (238). To ensure that the mCherry trimer was not
aggregated in solution, we performed dynamic light scattering and found an average particle radius
of 3.04 + 0.3 nm, which is close to the measured radius for GFP (~2 nm; PDB:1GFL), a protein
almost identical to mCherry (Fig. 4S9 & Text 4S4). The mCherry trimer presents a larger volume
of electron-dense material than a single mCherry molecule. The first mCherry in the trimer is
fluorescent, and the last mCherry binds monovalently through a his6-tag to the nickel atom on a
DGS-NTA(NI) lipid (Fig. 4.1). At pH 7.4 (the pH of our “mCherry buffer”), the free carboxyl
group on DGS-NTA(NI) is negatively charged. By cryoET, we did not observe a difference in
shape or lamellarity of vesicles with or without DGS-NTA(NI).

Fluorescence Imaging
Immediately before imaging, GUV solutions were further diluted 10-fold in one of the buffers

and sandwiched between two coverslips. The edges of the coverslips were sealed with vacuum
grease. Both DGS-NTA(Ni) and Texas Red DHPE preferentially partition to the Lq phase, which
appears bright by fluorescence microscopy; the Lo phase appears dark. GUV images were viewed
through an air objective on a Nikon Y-FL upright epifluorescence microscope (Nikon, Melville,
NY), captured on a Photometrics CoolSnapFX camera (Photometrics, Tucson, AZ), and
manipulated using ImageJ (http://imagej.nih.gov/ij/). To preserve the fidelity of the data, image
manipulation was limited to adjusting overall brightness or implementing linear (y=1) contrast

enhancements.
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Cryo Electron Tomography
Solutions of extruded vesicles were mixed with 6 nm colloidal gold fiducial markers (Aurion,

Wageningen, Netherlands) and applied to glow-discharged C-flat holey carbon grids (Electron
Microscopy Science, Hatfield, PA) or QUANTIFOIL R 2/2 holey carbon grids (Quantifoil Micro
Tools GmbH, GroRlébichau, Germany) and plunge-frozen into liquid ethane using a Vitrobot
Mark IV (FEI, Hillsboro, OR) at 100% humidity and temperatures of either 25°C (for height

mismatch) or 4°C (for trimeric mCherry).

The thinness of the water film on the grid can perturb larger vesicles by flattening them and by
introducing interactions with the air-water interface. We estimated the thickness of the water film
as follows. The average thickness of each tomogram is 126.7 nm (499 unbinned pixels). The
thinnest region of vitreous ice containing a vesicle is 244 pixels in the reconstructed tomogram.
Due to resolution anisotropy of tomographic reconstructions from limited angular sampling, the z-
dimension is stretched relative to the x- and y-dimensions. To account for this, the gold fiducial
markers were measured perpendicular to the tilt axis and were found to be an average diameter of
28.2 pixels (7.1 nm). Measurement of the gold markers in the z-dimension indicates that the data
is elongated by factors ranging from 1.2 — 1.7. Incorporating the most extreme elongation factor,
the minimum observed ice thickness is ~36 nm. Given that membrane domains were observed in
vesicles over the entire range of sizes, with expected area fractions, this perturbation is minor at

the 0° plane where vesicles were evaluated.

Data were collected on a TF20 TEM (FEI, Hillsboro, OR) or a Glacios cryo-TEM
(ThermoFisher Scientific, Waltham, MA) operated at 200 kV with a K2 Summit direct electron
detector (Gatan, Pleasanton, CA) collecting 200 ms frames in counting mode. Frames were aligned
using UCSF MotionCor2 (239) through the Appion web interface (240). Tilt-series were collected
on the TF20 TEM with a bidirectional tilt-scheme of -48° to 48° in 3-degree steps at a nominal
magnification of 14,500x (pixel size 2.54 A/pixel) with a total dose of ~100 e”/A2. Tilt-series on
the Glacios TEM were collected in a dose-symmetric tilt-scheme (241) between -63° and 66° in
3-degree steps at 22,000x (pixel size 1.91 A/pixel) with a total dose of 74 e /A2,
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The IMOD software suite (242, 243) was used to align each tilt series and to generate
tomograms with contrast transfer function correction by ctfphaseflip in Etomo with defocus
estimates from CTFFINDA4 (244). Resulting tomograms were binned by two to a pixel size of 5.04
A or 3.82 A and then median filtered. Measurements were confined to central slices of the resulting
stack due to resolution anisotropy and missing-wedge effects from limited angular sampling. These
slices were projected in the z-direction in groups of 10 (analysis with groups of 20 can be found
in Fig. 454), for a composite stack 5.04 nm or 3.82 nm thick, and Gaussian filtered (¢ = 0.75) for
display in ImageJ (245). To preserve fidelity of image stacks, the only contrast enhancement was
linear (y = 1). Projection images of vesicles were also collected (SI Appendix, Fig. 4S5), but it was
challenging to achieve sufficient contrast between the leaflets of the bilayer and the background

to perform thickness measurements.

Analysis of Thickness Mismatches
Cryo-electron tomograms were analyzed to yield the fraction of bilayer corresponding to the

Lo and Lq phases. A detailed schematic of the analysis process can be found in Fig. 4S1. We
cropped fields of tomograms to retain only the areas in which the membrane was resolvable in the
central tomographic slice as two bands of lipid headgroups with high electron density (Fig. 4.2C).
In some cases, different lipids may give rise to different apparent electron densities due to the mass
and charge of their headgroups. In Fig. 4.2C and Fig. 4.4, there is no clear evidence of two
distinguishable electron densities within the bilayer regions that can be resolved as two distinct
leaflets. In theory, all vesicles are spherical (or cylindrical), and the central slices of tomograms
always cut perpendicularly through the equator of each vesicle, leading to sharp, distinct electron
densities for each leaflet of the membrane. However, if vesicles are not spherical, then a tomogram
slice can cut obliquely through part of the membrane, such that the leaflets are not resolvable at
that location. An extreme example would be a vesicle in the shape of a right triangle; a thick
tomographic slice that cut horizontally through the triangle could potentially resolve some features

in the vertical wall of the triangle and not in the hypotenuse.

Images were Canny filtered (246) to detect the inner and outer edges of the bilayer using the
original Python program “BilayerHeightMeasurements.py” that the authors have made available

by public license at https://github.com/caitlin-cornell23/cryoEMIiposomes. The apparent bilayer
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thickness was defined to be the minimum distance between each pixel on the inner leaflet and all
possible pixels on the outer leaflet; this distance is not necessarily the same as the absolute bilayer
thickness. It is not necessary to know the absolute thickness — the analysis identifies a difference
in thicknesses between two membrane phases. A rolling average over two distance values was
applied to smooth the pixel-to-pixel variation. As our study demonstrates, this method consistently

resolves differences in membrane thickness on the order of ~1 nm.

Observed minimum distances, d, in a given sample were assigned to Lo, or Lq phases using
Bayesian inference. First, 20-30 images per control sample at or near the ends of tie-lines (i.e.
Ratios 1, 3, 4, and 6) were used to construct Gaussian kernel density estimates (218) of the
probability of observing a particular value of the distance in each membrane phase, p(d|L.) and
p(d|Lq), respectively. Then, for intermediate ratios of lipids (Ratios 2 and 5), the likelihood of
observing a particular distance is p(d) = p(d, Lo) + p(d, La). Incorporating the fact that the phases
are mutually exclusive and defining p(Lo) as a mixing coefficient parameter vyields
p(d) = p(Lo) p(d|Lo) + [1 - p(Lo)] p(d|L4). The fraction of the membrane that corresponds to the L,
phase, p(Lo), was constrained from 0 to 1 with the otherwise uninformative prior of
p(Lo) ~ Uniform(0,1). This prior, in combination with the likelihood above, gives the mixing
coefficient's posterior distribution, up to a normalization constant that we determined by numerical
integration. This Bayesian inference procedure is in the original Python 3.6 program
“MixtureModel.py” that the authors have made available through public license at

https://github.com/caitlin-cornell23/cryoEMIliposomes. The mixture coefficient's posterior

distribution is described throughout the text using the mean and two standard deviations.

In Fig. 4.4, domains were mapped onto individual tomograms of Ratio 2 and Ratio 5 vesicles
by calculating the probability that each observed distance corresponds to the L, phase. More
specifically, we used Bayes' theorem to calculate

d|L) p(L
p(Lold): p( | o)p( 0)
p(L,)pl|L,) +[1-p(L,)]p(d|L,)

where probabilities on the right-hand side come from the calculation described above and p(Lo) is

approximated by its posterior mean. This procedure is implemented in the original Python 3.6
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program “ColorMapMask V2.py” that the authors have made available through public license at
https://github.com/caitlin-cornell23/cryoEMIliposomes.

Figure 4.1 summarizes the two methods we developed for identifying coexisting liquid disordered
(Lq) and liquid ordered (Lo) phases in vesicles by cryo-ET (Fig. 4.1). The first method exploits the
difference in bilayer thicknesses of the phases. The second method employs a label that
preferentially partitions to the Lg phase. We tested these methods on systems that represent the
broad class of membranes known to separate into macroscopic Lq and Lo phases in GUVSs.
Specifically, we imaged uncharged membranes composed of ternary mixtures, consisting of a lipid
with a low melting temperature (diphytanoyl-phosphocholine, DiPhyPC)), a lipid with a high
melting temperature (dipalmitoyl-phosphocholine, DPPC), and a sterol (cholesterol) (27). Cryo-
ET resolves submicron features of intact vesicles in aqueous environments. Therefore, to our
knowledge, we (and the jointly submitted manuscript by Heberle et al.) are the first to image

submicron domains in membranes with coexisting liquid phases under native solvent conditions.

To maximize differences between the Lq and L, phases so they are distinguishable, we mixed
the lipids in ratios that fall along an unusually long tie-line (Fig. 4.2A and Table 4.1) (27). The
endpoints of tie-lines represent the lipid compositions of the two phases. As a result, when we use
cryo-ET to image submicron vesicles, we expect to observe L, domains that are significantly
(~1 nm) thicker than membranes of the surrounding L4 phase (233). The same concept applies
when we use fluorescence microscopy to image GUVs labeled with Texas Red DHPE; L, domains
are significantly darker than the surrounding L4 phase (Fig. 4.2B and (27)).

mole% mole% mole% mole%
DiPhyPC DPPC Chol Lo phase

Ratio 1 68 17 15 0%

Ratio2 35 35 30 50%
Ratio 3 6 52 42 100%
Ratio4 66 21 13 10%
Ratio5 48 32 20 20%
Ratio 6 5 58 37 90%

Table 4.1: Vesicles were produced from six lipid ratios. Ratios 1, 2, and 3 fall on a tie-line measured
at 22°C from (27). Ratios 4, 5, and 6 fall on a parallel line. DGS-NTA(NI) lipids were included in
each mixture only when trimeric mCherry probes were used and only in Ratios 2 and 5, replacing,
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2 mol% of DiPhyPC. Values of the mole % of all lipids that are expected to be in the L, phase are
derived from two methods: fluorescence microscopy of GUVs and nuclear magnetic resonance
(NMR) of multilamellar vesicles (27). Uncertainties in the mole % of L, phase are + 6%, propagated
from uncertainties < 3% for each tie-line endpoint, as measured by NMR (27).

One of our central goals was to quantitatively benchmark cryo-ET results for 10-100 nm
vesicles against fluorescence microscopy results for vesicles roughly a thousand times larger. To
ensure that the lipid composition of vesicles did not vary with their size, we made careful choices
about how we produced vesicles. Because different techniques incorporate different ratios of lipids
into vesicles (247-249), we produced all vesicles by the same technique: electroformation
(Fig. 4.1C). We maintained some of these vesicles as giant unilamellar vesicles (GUVSs) to image
by fluorescence microscopy, and we extruded others through 50- or 100-nm pores to image by
cryo-ET (Fig. 4.2 and SI Appendix, Fig. 4S1, 4S2, 4S5). All vesicle solutions (whether GUVSs or
extruded vesicles) were diluted into buffer solutions. The dark areas in the representative images
of Fig.4.2B are consistent with the fraction of L, phase in Table 1, within measurement
uncertainty, which strongly suggests that the buffer does not shift the tie-line in Fig. 4.2A.
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Figure 4.2. The fraction of membrane area in the L, phase increases monotonically along tie-lines.
A. All possible ternary mixtures of DiPhyPC, DPPC, and cholesterol fall within the triangle. Ratios
1, 2, and 3 lie on a tie-line at 22°C (27). Ratios 4, 5, and 6 lie on an extrapolated line parallel to the
known tie-line. B. Representative fluorescence micrographs of GUVs made from Ratios 1-6. The
GUVs contain 0.8 mol% of the dye Texas Red DHPE, which preferentially partitions to the Ly phase.
To facilitate visualization of area fractions, images were captured shortly after domains nucleated,
before all domains completely coalesced. Scale bar is 20 um. C. Slice at 0° through a cryoET
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tomogram of a field of vesicles made from Ratio 4. Bilayer regions are resolvable as two distinct
monolayer leaflets. Scale bar is 50 nm. The field of vesicles containing Panel C is reproduced in
Fig. 4S2. D. Enlarged image of the area in the white box in Panel C. Scale bar is 10 nm. E. A
linescan reveals two troughs, which correspond to the clearly resolved dark bands of the inner and
outer leaflets of the membrane in Panel D. The linescan was 10 pixels wide and taken across the
area in Panel D outlined in the white dashed line.
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Figure 4.3. Quantitative agreement between ratios of L, and Ly phases measured by cryo-ET and
ratios expected from GUV phase diagrams. A, B. Approximately 5000 apparent bilayer thickness
values are plotted for each lipid ratio (derived from measurements of the central slice of 20-30
vesicles, representing 10 tomograms of vesicle fields per lipid ratio, from one preparation session
and one imaging session for Ratios 1, 2, and 3, and another for Ratios 4, 5, and 6.). For all six ratios,
Gaussian kernel density estimates (which plot the probability of measuring each distance, similar to
a histogram) were calculated for all three ratios. C, D. The ratio of the membrane area in the L,
phase vs. the Ly phase can be estimated directly from images using a mixture of kernel density
estimates, calculated using Ratios 1 and 3 for panel C and Ratios 4 and 6 for panel D. For Ratio 2
and Ratio 5, this procedure yields area ratios of 43:57 £ 3 Lq:L, and 83:17 £ 2 Lg:L,, respectively.

To identify Lq and Lo domains by the first cryo-ET method, we took a probabilistic approach,
separating distributions of bilayer thicknesses into component parts associated with each phase.
Critically, this approach sets no thickness cutoff and makes no assumptions about the size, spatial
arrangement, or absolute thicknesses of domains. First, we collected cryo-electron tomograms for

two types of control vesicles, which we made from lipid ratios that lay at the two ends of a tie-line
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(Ratios 1 and 3). To identify the two leaflets of vesicle membranes, we performed a Canny edge
filter to the central slice of each tomogram. We established an objective procedure to determine
apparent bilayer thicknesses; specifically, we evaluated the minimum distance from every pixel
on the inner leaflet of vesicles to all possible pixels on the outer leaflet (Fig. 4.3A and Fig. 4.4).
Because this procedure identifies differences in thicknesses rather than absolute thicknesses, it is
robust to subtle changes in how different research groups might defocus tomograms, apply contrast

transfer functions, or create edge filter algorithms.
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Figure 4.4. Apparent membrane thicknesses identify regions consistent with L, vs Lq phases. Panels
A, B, and C are from a single vesicle made from the lipids in Ratio 2. Similarly, Panels D, E, and F
are from a single vesicle of Ratio 4. A1, A2, D1 & D2. Label-free tomogram slices showing bilayer
regions resolved as two distinct monolayer leaflets. Scale bars are 10 nm. B1, B2, E1 & E2. Each
slice after detection of the two edges of the bilayer (white pixels). C1, C2, F1 & F2. The location
of each pixel on the inner edge of the bilayer vs. the minimum distance from that pixel to the outer
edge. Colors represent the likelihood (from 0% to 100%) that each distance corresponds to the
thicker, L, phase instead of the thinner, Ly phase. A horizontal dashed line shows the apparent bilayer
thickness for which there is a 50% likelihood of being in the L, phase. More examples of colormap
images are found in Fig. 4S3.

For the two control samples, distributions of thicknesses formed two distinguishable peaks
corresponding to a thinner Lg membrane (Ratio 1) and a thicker L, membrane (Ratio 3). We
repeated this procedure for vesicles made from Ratio 2, which lies between Ratios 1 and 3. This
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intermediate composition falls in a region of the phase diagram in which membranes exhibit
coexisting Lq and Lo membrane phases. Because this composition is far from a miscibility critical
point, domains of Lq and Lo, always coarsen into micron-scale regions in taut GUVs (118).
Therefore, the area fraction of Ly and L, phases that has been previously measured in taut GUVs

(27) should be equivalent to the area fraction in submicron domains imaged by cryo-ET.

In Fig. 4.3A, it is clear that cryo-ET of submicron vesicles of Ratio 2 indeed yields a
distribution of bilayer thicknesses that corresponds to a mixture of thin and thick membranes. In
Fig. 4.4, itis clear that this probe-free method can resolve submicron domains. Domains in Fig. 4.4
are constrained to submicron sizes for the obvious reason that the vesicle themselves are
submicron, and perhaps also for the more subtle reason that excess area in nonspherical membranes
allows submicron domain configurations (220). Next, we quantitatively evaluated the probability
that each thickness corresponds to the Lqg versus the Lo phase, using the mixture model described
in the methods. This analysis led to the conclusion that vesicles made from Ratio 2 contain domains

and that 43 = 3% of the membrane area is in the Lq phase.

This area fraction of 43 £ 3% Lg4 phase, measured by cryo-ET in submicron vesicles, is in
statistical agreement with values measured in vesicles that are hundreds to thousands of times
larger. Quantitative tie-lines have been previously measured by NMR of multilamellar vesicles of
the same lipid composition (35/35/30 DiPhyPC/DPPC/cholesterol), and edges of liquid-liquid
coexistence regions have been previously measured by fluorescence microscopy of GUVs (27).
These previous experiments have firmly established that micron-scale GUVs made from lipids
mixed in Ratio 2 contain 50% + 6 mole % Lq4 phase, which agrees with our cryo-ET values within
the experimental uncertainty of the two methods.

Next, we tuned the lipid composition (and area fraction) of vesicles to show that thickness
mismatches quantitatively identify domains in membranes that do not lie exactly on tie-lines, with
controls that do not lie exactly at endpoints. For example, Ratios 4, 5, and 6 lie on a line that is
parallel and near the tie-line of Ratios 1, 2, and 3. The two new controls (Ratios 4 and 6) are near
endpoints, but are not purely Lq or Lo phases. Applying the cryo-ET imaging and analysis above

leads to the conclusion that for vesicles made from Ratio 5, 83 £ 2% of the area is Lq phase
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(Fig. 4.3D). This value is in excellent agreement with two independent measurements for micron-
scale vesicles. A value of 80 + 6 mole % of Lq phase is expected for intact vesicles (27), and 76 + 6
area % of Lq phase was determined by atomic force microscopy of GUVs ruptured on mica surfaces
(233). In summary, a label-free approach of identifying domains by membrane thicknesses

accurately quantifies the amount of Lg and Lo phases.

Switching our focus to identify Lq or Lo domains by the second method, namely by partitioning
of a probe, we surveyed labels that are both fluorescent and electron-dense. Our goal was to find
a single probe to serve two purposes: to image micron-scale GUVs by fluorescence microscopy
and to image submicron domains in ~100 nm vesicles by cryo-ET. This requirement of a dual use
imposed several challenging criteria. The probe: 1: must be highly electron dense so that it is
visible by cryo-ET, 2: must be fluorescent, and 3: must partition strongly with membrane domains.
Moreover, for the probe to be non-perturbing, it must meet additional criteria. 4. Any fluorescent
or electron-dense moiety must be attached to the probe through a single binding site in order to
avoid over-counting (227) or crosslinking (250). 5: The probe must partition strongly to the
membrane so that it can be used at low concentrations (136). 6: The probe must not severely
perturb the membrane’s shape (as, for example, a BAR domain protein would (251)). 7: The probe

must not aggregate or induce membranes to stick to each other.

We tested a panel of 7 probes (SI Appendix, Table 4S1 and Fig. 4S6) and found that our criteria
were best met by an mCherry trimer that binds through a single site to DGS-NTA(NI) lipids
incorporated into electroformed vesicles. Other probes fell short by aggregating (A206K GFP),
causing vesicles to aggregate (A206K GFP), and/or producing no discernable contrast between
membrane phases (14:0 PE-DTPA(Gd), GML1 lipids with Cholera Toxin B, monomeric mCherry,
and 18:1 DGS-NTA(Ni) without mCherry).

In Fig. 4.5, we establish proof of principle that membranes labeled by a single probe can be
imaged by both fluorescence microscopy and cryo-ET. To image micron-scale GUVs with our
dual-use mCherry trimer, we added the probe directly to GUV solutions. Fluorescence
micrographs in Fig. 4.5A-B show that the probe strongly preferentially partitions to the Lq phase.
To image smaller vesicles with our dual-use probe, we extruded unlabeled GUVs and then added
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mCherry trimer to the resulting solution (Fig. 4.1C). In many cryo-ET tomograms, clusters of
mCherry trimers appear in a single layer on membrane surfaces (Fig. 4.5C-F), consistent with the
bright labeling of domains we observed in GUVs. Trimers in the clusters are evenly spaced ~3 nm
apart (SI Appendix, Fig. 4S7), consistent with monovalent binding to DGS-NTA(Ni) lipids in Lg

domains.

Fluorescence CryoEM Tomography Slice

A.

Figure 4.5. Trimeric his6-mCherry as a dual-use probe to image GUVSs by fluorescence microscopy
and to image submicron vesicles by cryo-ET. Lipids were mixed in Ratios 2 (top row) and 4 (bottom
row). A-B. Fluorescence micrographs in which trimeric his6-mCherry labels the Lq phase of GUVs.
Scale bars are 20 um. C-H. Cryo-ET tomographic central slices of extruded vesicles. On the exterior
of vesicles, regions that are densely covered by a brush of trimeric his6-mCherry (yellow arc) are
clearly distinguishable from areas that are devoid of his6-mCherry (magenta arc). Scale bars are
100 nm. A larger version of this figure appears in SI Appendix, Fig. 4S7-4S8.

The utility of any probe, including the mCherry trimer, to image domains by cryo-ET or to
determine areas of Lo vs. Lq phases is mitigated by four observations, all of which are illustrated
in Fig. 4.5. 1: When vesicles touch, it is unclear if an absence of probe denotes an L, domain or
simply inaccessibility of the probe to the membrane surface. For applications in which the addition
of charged lipids is acceptable, their presence can help maintain separation between membranes.
2: When membrane regions are sparsely labeled, it is unclear whether they should be assigned to
the Lo phase or to the Lq phase. 3: Uniform mixing of the probe is challenging to achieve — some
vesicles appear unlabeled (Fig. 4.5G-H). 4: Two regions of the sample are unusable: the interior
vesicles of multilamellar structures, which are inaccessible to the probe, and the air-water
interfaces, which trap unbound probes (SI Appendix, Movie 4S1). An advantage of tomography
is that the air-water interface can be computationally sliced away.
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Here, we leveraged cryo-ET imaging to develop two methods of identifying liquid domains in
membranes. Both methods present strengths and limitations.

The main advantage of using membrane thickness to identify liquid domains in unstained
vesicles is that the technique is probe-free. The method is non-specific to the type of lipids, as
long as there is a measureable thickness mismatch between phases. For example, membranes
containing sphingomyelins (and which more closely mimic eukaryotic plasma membranes) have

significant thickness mismatches between Lo and Lg phases (229).

In addition, using membrane thickness to identify liquid domains avoids all concern that labels
may shift transition temperatures (136) or lead to oxidation (252). Because the analysis is
statistical, it works well when distributions are built from a large number of thickness
measurements. For example, the distributions of Ratios 1 and 3 in Fig. 4.3A reflect ~5000 points.
Conversely, the method will fail if images are not representative. For example, in isolation, the
micrograph in Fig. 4.4A2 could be misinterpreted as signifying that all membranes in Ratio 2 are
nearly entirely in the Lq phase. Another feature of the technique is that it does not require vesicles
to be unilamellar or spherical, so it can be applied to uncharged vesicles extruded through 100 nm
pores, which are typically neither unilamellar (40) nor spherical (Fig. 4.2 and Fig. 4.5). Membrane
thickness differences can also be used to qualitatively identify domains in membranes derived

from cells, as in the companion article by Heberle et al.

However, a quantitative version of this approach is limited to membranes in which the
difference in thicknesses between the Lq and Lo phases is resolvable. Luckily, many membranes
fulfill this criterion (114, 229-233). Thickness differences can be maximized through savvy
choices for the types of lipids in the system and the ratios at which they are mixed. For example,
mixing long, saturated lipids with short, unsaturated or methylated lipids typically results in thick
Lq phases and thin L, phases (229-233). Existing phase diagrams and tie-lines, which are reviewed
in (20, 26) and discussed further in the Supplementary Information, can be leveraged to

quantitatively and accurately measure the relative amounts of Lq and L, phases.
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The main advantage of using an mCherry probe to identify liquid domains is that the label is
both fluorescent and electron-dense, enabling similarly prepared vesicles (made from the same
batch of lipids, on the same day, using the same methods up to the final extrusion step) to be
directly imaged by both fluorescence microscopy and cryo-ET. A potential biological application
of dual-use probes is in identifying lipid domains in yeast vacuole membranes. Briefly, vacuole
membranes of S. cerevisiae demix into coexisting liquid phases after the cells experience nutrient
depletion (74). A probe could be used to facilitate correlation of fluorescence images with cryo-
EM micrographs in order to identify when liquid domains first appear in the membranes.

Dual-use probes of this type are also necessary for some types of controls. For example,
domain sizes in membranes of 13.65/25.35/39/22 DOPC/POPC/DSPC/cholesterol are reported to
be different in GUVs and in ~60 nm vesicles (39); a dual-purpose probe could be used to
distinguish if the discrepancy is due to different vesicle sizes or merely due to sample-to-sample
variations in lipid composition. This point is powerful because lipid ratios in electroformed giant
unilamellar vesicles can differ from ratios in hydrated, multilamellar vesicles (the basis of most
protocols for imaging submicron domains) (47). An additional advantage of the mCherry probe is

that it attached to a lipid through a single binding site, which avoids over-counting.

With all probes, it can be difficult to achieve uniform labeling, especially when vesicles are
near an air-water interface or are in contact with each other, as is common when vesicles are
composed of only zwitterionic lipids. Likewise, for all probes, it is difficult to determine whether
clusters of probes originally nucleated on the membrane or in solution. An advantage of the
mCherry probe is that it has been shown to aggregate only at relatively high concentrations
(>25 pM (253)). A remaining challenge is that the mCherry probe appears to strongly partition to
the air-water interface of cryo-ET grids, and any protein at this location has the potential to
denature. Looking to the future, productive approaches could include synthesis of quantum dots

that label membranes via a single linker.

In conclusion, we have developed two new methods to identify submicron domains in
membranes. One method employs thickness differences, and the other employs dual-use probes.

We generate the first direct cryo-ET images of <100 nm liquid domains in protein-free, model

100



membranes under native solvent conditions. We use these images to quantitatively correlate the
area fractions of Lq (and Lo) phase in small vesicles on length scales smaller than 100 nm and in

giant vesicles on length scales greater than micrometers.

Our approach complements existing methods for imaging <100 nm liquid domains in
membranes, including freeze-fracture TEM (221-224), TEM of gold-labeled membranes (225,
226), AFM (114, 228-233), and NSOM (235). All of these methods suffer from low throughput.
Nevertheless, they are valuable because they circumvent limitations of spectroscopic methods (e.g.
NMR, electron paramagnetic resonance, and fluorescence resonance energy transfer) and
scattering methods (e.g. X-ray and neutron scattering) (39, 128, 254-256). These indirect methods
typically measure only average properties of domains and typically generate data that must be
analyzed in the context of models. Direct imaging of 10-100 nm liquid domains is valuable
because it can potentially allay concerns that submicron domains are artifacts (257). Direct
imaging is vital for testing domain nucleation theories (258), evaluating microemulsion
mechanisms (165), assessing simulations (259), and probing discrepancies between results in GUV
and in ~60 nm vesicles (39).
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Text 4S1. Details of using tie-lines to quantify relative amounts of Lq and L, phases.

When quantifying relative amounts of Lq and Lo phases, microscopists tend to report the area
fraction of each phase, whereas spectroscopists tend to report mole fractions. For precise
conversions of area fractions into mole fractions, cholesterol's "area condensation™ of the
surrounding lipids must be considered (26). Unfortunately, area condensation values have been
measured for only a small number of binary mixtures of cholesterol and PC-lipids (145, 260-265)
, and the area per lipid has been measured in an even smaller number of ternary mixtures (256).

Text 4S2. Details of dynamic light scattering measurement (DLS) of trimeric mCherry in buffer.
Stocks of trimeric mCherry (100 pM) were thawed and diluted into ‘mCherry buffer’ to 10 uM
(a protein concentration of approximately 1 mg/ml). 10 L of this diluted solution was added to a
quartz cuvette and placed in a Dynapro dynamic light scattering instrument (Wyatt Technologies,
Santa Barbara CA). Measurements were recorded at room temperature and were made in three

technical trials of 25 runs each.
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TABLE 4S1:
Probes unsuitable for distinguishing Lo and Ld phases by cryo ET

Probe: 18:1 DSG-NTA(NI) lipid

Composition of vesicle: 30/30/40 mol% diphytanoyl-PC/dipalmitoyl-PC/cholesterol
Method of vesicle formation: Hydration and extrusion

How probe was incorporated: 1 or 5 mole % in stock lipid mixture

Problem(s): There is no significant contrast between the Lo and Ld phases.

Image location: Fig.4 S1, Panel A

Probe: his-tagged A206K GFP bound to DSG-NTA(NI) lipid

Composition of vesicle: 1/19/40/40 DSG-NTA(Ni)/DiPhyPC/DPPC/cholesterol

Method of vesicle formation: Electroformation and extrusion through 100-nm pores
How probe was incorporated: A206K GFP was added to vesicles after extrusion
Problem(s): Vesicles stick to each other, not all vesicles are labeled, and contrast is poor.
Image location: Fig. 4S1, Panel B

Probe: his-tagged monomeric mCherry

Composition of vesicle: 3/17/40/40 DSG-NTA(Ni)/DiPhyPC/DPPC/cholesterol
Method of vesicle formation: Electroformation and extrusion through 100-nm pores
How probe was incorporated: mCherry was added to vesicles after extrusion
Problem(s): Vesicles are successfully labeled, but contrast is poor.

Image location: Fig. 4S1, Panel C

Probe: Aurora™Gold-DSG Nanoparticles

Composition of vesicle: 5/25/30/40 Aurora™Gold-DSG/DiPhyPC/DPPC/cholesterol
Method of vesicle formation: Electroformation and extrusion or hydration and extrusion
How probe was incorporated: In vesicle formation

Problem(s): The nanoprobes do not remain associated with the membrane after extrusion.
Image location: Fig. 451, Panel D

Probe: Nanogold® labeled his-tag mCherry

Composition of vesicle: 1/19/40/40 DSG-NTA(Ni)/DiPhyPC/DPPC/cholesterol

Method of vesicle formation: Electroformation and extrusion

How probe was incorporated: Labeled mCherry with Nanogold, added labeled protein to extruded
vesicles

Problem(s): Gold labeling was unsuccessful.

Probe: Gadolinium salt of DSPE (14:0 PE-DTPA(Gd))

Composition of vesicle: 1/29/30/40 14:0 PE-DTPA(Gd)/DiPhyPC/DPPC/cholesterol
Method of vesicle formation: Electroformation and extrusion or hydration and extrusion
How probe was incorporated: During vesicle formation

Problem(s): The salt dissociates in solution

Image location: Fig. 4S1, Panel E

Probe: GM1 and Cholera Toxin B-FITC

Composition of vesicle: 2/28/30/40 GM1/DiPhyPC/DPPC/cholesterol

Method of vesicle formation: Electroformation and extrusion

How probe was incorporated: Cholera Toxin B was added to extruded vesicles
Problem(s): The molar mass of 12 kDa is too small, and contrast was poor.
Image location: Fig. 4S1, Panel F
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Figure 4S1. Schematic of post-tomographic reconstruction image processing protocol

Schematic of protocol for image processing of reconstructed tomograms. A. (1) Tomograms are
collected. (2) A slice of the tomogram at 0° is cropped to exclude bilayer regions that are not in
focus. (3) A Canny edge detection algorithm is run to identify edges of the bilayer. (4) A pixel on
the inner edge is chosen and the distance from that pixel to every pixel on the outer edge is
computed. The minimum distance is recorded as the “apparent bilayer thickness”. This process is
repeated for every pixel on the inner edge. Apparent bilayer thicknesses are acquired as in Steps
1-4 for ~10-20 cropped images of vesicle membranes composed of each ratio of lipids. (5) A
distribution of apparent thicknesses is built for each lipid ratio. The distributions are computed as
kernel density estimates, which determine the probability that a certain apparent thickness will be
measured for vesicle membranes composed of each ratio. (6) The distributions of Ratio 2 (and
Ratio 5) are modeled as linear combinations of the distributions of Ratios 1 and 3 (and of Ratios 4
and 6), respectively. The percent of Ratio 2 and Ratio 5 that correspond to the Lo phase is
determined from this linear model. B. Each measurement of apparent thickness from an image has
a likelihood (from 0% to 100%) that it comes from the L, distribution (instead of the Lg
distribution). Colors are used to map this likelihood directly onto images. The ratio of the
membrane area in the Lo, phase vs. the Lq phase can be estimated directly from images using a
mixture of kernel density estimates, calculated using Ratios 1 and 3 for Ratio 2 and Ratios 4 and
6 for Ratio 5. We measure 57 + 3% for the Lo phase in Ratio 2, which agrees, in measurement
uncertainty, with values measured by ?H-NMR (50 * 6%) (27) and from AFM (40 * 15%) (114).
For Ratio 5, we measure 17 * 2% for the Lo phase, which agrees, in measurement uncertainty, with
20 + 6% from 2H-NMR (27) and 24 + 6% from AFM (114).
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Figure 4S2. Cryo-electron tomograms of vesicles from lipid ratios 1, 2, 3, and 4.

Slices at 0° through cryoET tomograms, showing fields of vesicles. As is typical throughout our
study, most of the vesicle slices in this figure (including all examples in Panel D) are not circular.
A. Vesicles composed of lipid Ratio 1. B. Vesicles of Ratio 2. C. Vesicles of Ratio 3. D. Vesicles
of Ratio 4. The angular range of the tilt series in panels A-C is ~122°. Decreased bilayer resolution
at positions corresponding to 12 o'clock and 6 o'clock on each vesicle are due to missing-wedge
effects (266) from limited angular sampling. Decreasing these angular ranges results in larger areas
of low resolution. For example, the tomogram in panel D was collected under conditions of very
limited angular range (-24° to 40°) and shows large areas of low resolution (asterisks). For
comparison, arrows point to several areas in which the two leaflets of bilayers are well resolved.
The dark spot at the bottom of panel D is a gold bead used to align the tomogram. Figure 2C of
the main text is a cropped version of panel D in this figure. Scale bars are 50 nm.
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Figure 4S3. Colormaps of probability that each membrane pixel corresponds to the L, phase

Apparent membrane thicknesses identify regions of membranes that are consistent with Lo vs Lg
phases, as described in Fig. S1. Panels A, B, and C correspond to four different vesicles composed
of lipids in Ratio 2. Panels D, E, and F correspond to four additional vesicles of Ratio 5. A1-4 and
D1-4. Slices of label-free tomograms at 0° showing bilayer regions resolved as two distinct
monolayer leaflets. B1-4 and E1-4. Each slice after detection of the two edges of the bilayer
(small, white pixels). C1-4 and F1-4. For each pixel on the inner edge of the bilayer, its location
on the y-axis is plotted against the minimum distance from that pixel to the outer edge (the apparent
membrane thickness). Colors represent the likelihood (from 0% to 100%) that each distance

corresponds to the thicker, Lo phase instead of the thinner, Lq phase.

Different Vesicles from Ratio 2

o
o

Cl
35 Lo-like

[ Y

3ole B

h2d
o

el
o

Ld-like

aseyd 07 Jo pooyad %

pixel position in y-direction
apparent bilayer thickness (nm)
pixel position in y-direction

o

=)

50 100 150 200
pixel position in y-direction

20 40 0 20

40
. £ C3.
-
g 5 8 LEE. | T
X = £30|F 5 ° RO =
= 3 < & WY & -1 °
£ o £ >
& = c
S o 22'5 c
= ] 2
Q o 3 £
= s 2% g
o D o =
a 8 ©15 e
g X
=3 o 100 1500
10 5500 750 200 ) o o
pixel position in y-direction pixel position in x-direction
Different Vesicles from Ratio 5
0 4.0
80 —
) e [F1.
S ol Sas =
8 F 3 2
5 Ofle €39 8
> so |8 B [sanee e 2
= g I slelwieE @ 2
= s L0 S
7] o = -4
o o 20 =
S 10 i ]
o] D 9] a
X 173 = o
Z 1o 200 ¢ § 15 s
10 @ =

Y A}
0 20 40 60 O 20 40 60
pixel position in x-direction

.0
20 40 60 80 100 120 140
pixel position in y-direction

0 1020 30 40 50 60 0 10 20 30 40 50 60
pixel position in x-direction

140

4.0 0
§ 2 F3. .
8 = <35 . g By
£ £ 2 P ] .
S = o = 5008
5 2 ful b M, | I B
£ © A - 62 e
c 8 £ s 4 £ SRS
S o 525 c
K3 S 2 s 9° Y ] 5100
8 5 K] ° K7
el o
© - = Z 2125
3 2 5 ]
Q
4 g 15 £ 150
Q
S g 175 %

- AP | /
0 20 40 60 0 20 40 60
pixel position in x-direction

50 100 150 200 250 300 350
pixel position in y-direction

pixel position in x-direction

40

pixel position in x-direction

aseyd 07 Jo pooyes| %

aseyd 07 Jo pooyiail %

aseyd 07 Jo pooyldM| %
apparent bilayer thickness (nm)
~
o

B
=
®
=
9]
<]
a
=3
=
o
o
>
]
@
o

>
o

o
5

o,
=)

¥y Y
?5%; %

N
(=)

apparent bilayer thickness (nm)
& P

=)

0 100
pixel position in y-direction

.
=)

et
o

bt
=)

g
=)

o

=3

50 100 150
pixel position in y-direction

»
=)

Lrd
o

.
o

Dl
5

hd
=)

o

apparent bilayer thickness (nm)

'0. 0 40 60 80 100120740160
pixel position in y-direction

P
o

£ F4.
<35
?
ol °
£ 30 ¥ 3
L ) o
£ O &0 G
© Gen g

5 25 S5 bl PRI
N i |
220
c
o
815
Q
©

1.0

i 50 100 150
pixel position in y-direction

106



Figure 454. Cryo-ET quantitatively identifies Lo membrane, even when thicker slices used.
When thicker tomogram slices are analyzed, good quantitative agreement persists between results
from cryo-ET and results from 2H-NMR and AFM. For this figure, tomograms were projected in
the z-direction in groups of 20 (rather than in groups of 10 as in all other figures), resulting in
thicker tomogram slices. A. Approximately 5000 apparent bilayer thickness values are plotted for
each lipid ratio (derived from measurements of the central slice of 20-30 vesicles, representing 10
tomograms of vesicle fields per lipid ratio). Gaussian kernel density estimates (which plot the
probability of measuring each distance, similar to a histogram) were calculated for all three ratios.
B. The ratio of the membrane area in the L, phase vs. the Lq phase can be estimated directly from
images using a mixture of kernel density estimates, calculated using Ratios 4 and 6. For Ratio 5
this procedure yields an area ratio of 73:27 + 8 Lq:Lo. These data agree, within measurement
uncertainty, with results from 2H-NMR that vesicles composed of lipid Ratio 5 contain 20 + 6%
Lo phase (27) and with results from AFM of 24 + 6% L, phase (114).
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Figure 4S5. CryoEM projection images of Ratios 1, 2, and 3 from Table 1.

Typically, cryoEM projection images did not produce sufficient contrast between the leaflets of
the bilayer and the background. The three projection images below show unusual exceptions in
which both leaflets of bilayer membranes are resolvable. Dark spots in panels A and C are gold
beads. Mottled, dark grey regions at the upper-left corner of panel A and the lower-right corner of
panel B are the carbon substrate. Scale bars are 100 nm.

A. Ratio 1 B. Ratio 2 C. Ratio 3
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Figure 4S6. CryoEM tomograms and projection images of probes in Table S1.

Images in A, B, and D-F are typical representative examples, and the image in C is a “best case”
example. Dark spots in panel D are gold beads that are used to align tomograms. Dark grey regions
in the upper-left corners of panels D-F are the carbon substrate. Scale bars are 100 nm.
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Figure S7. Intensity line scan of trimeric mCherry from Figure 5D.

The arrow points to a region encompassing two proteins (bounded by red lines). A line scan with
a width of 5 pixels was conducted over this region, yielding the intensity profile on the right. The
distance between the centers of the proteins is ~3.5 nm, the distance between the centers of the
two peaks. Scale bar is 100 nm.
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Figure S9. Dynamic light scattering of trimeric mCherry in buffer.

Trimeric mCherry is not significantly aggregated in ‘mCherry buffer’. The highest average percent
intensity measured by dynamic light scattering corresponds to small particles. Specifically, at
intensities greater than 90%, the average particle radius is 3.04 £ 0.3 nm, is close to the measured
radius for GFP (~2 nm; PDB:1GFL), a protein that is almost identical in structure to mCherry. The
average polydispersity index is ~15-20%, which is reasonable for a small protein composed of
three domains connected by flexible linkers. All data were collected from 3 technical replicates of
25 readings each.
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*This chapter contains unpublished preliminary results collected in collaboration with C.L.
Leveille, J. Reinhardt, R. Ernst, A. Merz, and S.L. Keller. The text was written in
collaboration with C.L. Leveille.

Compartmentalization and spatial organization are key factors in biological emergent behavior.
The distinct functions of each cellular organelle arise from the highly regulated spatial arrangement
of molecules. For most cellular structures, this organization requires an immense energetic input;
cells must consume ATP at a rate of ~10° ATP/s/mammalian cell 3000pum? volume (267). A
growing body of research has implicated thermodynamic phase separation as an organizational
mechanism in cells. For example, membrane-less organelles, like stress granules and nucleoli,
form through liquid-liquid phase separation and require little-to-no ATP to form and dissolve
(268-270). Another striking example of phase separation in biology comes from the membrane of
yeast vacuoles: in nutrient-depleted growth conditions, vacuole membranes break out into

compositionally distinct domains (69, 70, 271).

Membranes of S. cerevisiae vacuoles exhibit the hallmarks of liquid-liquid phase separation:
1) domains disappear above a characteristic temperature (Tmix) and reappear below that
temperature and, 2) domains diffuse in the plane of the membrane and merge on the time scales of
liquids (74). Domains are also tightly regulated by the cell, appearing only when cells have entered
the stationary (or nutrient-depleted) stage of growth. Specifically, the lipids in yeast vacuole
membranes are uniformly mixed during the logarithmic stage of growth. In the stationary stage,
the membrane demixes into compositionally distinct domains (Fig. 6.1B) (70, 271).

A growing body of evidence implies that vacuole membrane domains are important in yeast
homeostasis and environmental adaptation. For example, proteins responsible for the regulation of
the cellular stress response and sterol homeostasis (e.g. Itcl and VY1 in the TORC signaling
pathway) selectively partition to vacuole domains under stress conditions (75-77), and energy-
rich lipid droplets tend to co-localize with domains before they are engulfed by the vacuole (72).

If domains are functionally important, how does the cell regulate membrane phase separation?
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Researchers have shown that the lipid composition of membranes from a related cellular
system depends on their growth temperature. Specifically, the Tmix of giant plasma membrane
vesicles (GPMVs) derived from ZF4 zebrafish cells scales with the growth temperature of the cells
(171). The lipid composition also changes: cholesterol increases by about 4 mol% for cells grown
at 28°C vs 20°C, and cells grown at 20°C have 4.5 = 2 % more lipids with one highly unsaturated
chain (> 4 double bonds) than cells grown at 28°C (171). This relationship between lipid
composition and Tmix has been well established in model systems. For example, cholesterol is
essential for the formation of coexisting liquid phases in model giant unilamellar vesicles (GUV),

and its depletion destroys liquid-liquid domain coexistence (33).

Here, we investigate the phase behavior and lipid compositional adaptation in the vacuole
membranes of S. cerevisiae. Specifically, we quantify the characteristic Tmix for yeast at their
optimal growth temperature (30°C) and for yeast grown below this temperature (25°C). We
demonstrate that the predominant sterol in yeast, ergosterol, is important in the regulation of
vacuolar membrane phase separation. We also present preliminary results showing that the lipid
composition of the vacuole changes from the logarithmic to the stationary growth stage. We
hypothesize that vacuoles exhibit domains in the stationary growth stage due to dramatic changes
in the lipid composition. In the future, we will perform quantitative lipidomics on pure isolates of

logarithmic and stationary stage vacuoles, grown at both 25°C and 30°C.

Yeast Cell Culture
The yeast strain, Saccharomyces cerevisiae contained the following genetic mutations: MATa,

his3D1, lys2D0, ura3DO0, leu2D0, VPH1-GFP::HIS3M. Cultures were grown in synthetic
complete media containing 0.4% glucose. For log stage experiments, cultures (1 L) were grown in
a shaking incubator at 225 rpm to an optical density of 1.0 using 600 nm wavelength light (ODeoo),
for ~17 hrs at 30°C. For stationary stage experiments, cultures (200 mL) were incubated at 25°C
and 30°C at 225 rpm. Yeast were harvested after ~3 days of growth and the optical density was
between ODsoo ~6-8 (for yeast grown under these conditions, the growth curve plateaus at this

optical density).

Temperature Experiments
To dilute cells for imaging, an isosmotic solution of conditioned media was made from the

grown culture. Specifically, 1 mL of culture was centrifuged at 1100 rpm and the supernatant was
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collected and spun again at 1100 rpm to remove remaining cells. To enhance contrast for imaging,
a 20% OptiPrep solution in conditioned media was prepared. Briefly, 200 uL of OptiPrep (60%
OptiPrep Density Gradient Medium Sigma Cat#D1556) was added to 800 pL media and vortexed.
Coverslips were coated with 3 pL of 1 mg/mL Concavilin-A (ConA; EPC Elastin Products Co.
no. C2131) in coat buffer (50 nM HEPES, 20 mM calcium acetate, 1 mM MnSO4 pH 7.5).
Immediately prior to use, salt was rinsed off of coverslips using MilliQ water and dried with N2
gas. Samples of 5 pL of cells were diluted into 5 pL of conditioned media containing 20% OptiPrep
and placed onto a ConA-coated cover slip. Cells were sandwiched between two coverslips and

allowed to settle and adhere to the coated surface for 10 minutes.

Images were acquired on a Nikon upright microscope (Nikon; Melville, NY) using a Blackfly
2.3 MP Mono USB3 Vision camera (FLIR; Wilsonville, OR). Samples were illuminated with an
X-Cite 110 LED light source (Excelitas; Waltham, MA) and filtered through an IR cut filter
(Chroma Technology; Bellows Falls, VT) to prevent aberrant heating of the sample from the
optics. A temperature cuff (Harvard Biosciences Inc.; Holliston, MA) on a 100x oil immersion
objective was used to maintain the temperature of the objective in contact with the sample. Thermal
grease (Omega Bio-tek; Norcross, GA) kept the sample in thermal contact with a home-built,
temperature-controlled stage (Omega Engineering; Norwalk CT). Temperature was sensed by a
thermistor probe (0.2°C accuracy, Advanced Thermoelectric; Nashua, NH). Temperature was
adjusted stepwise in increments of 2°C, starting at 5°C below the growth temperature, and
increasing until domains were no longer observed. Temperature sweeps were completed within 3-
5 minutes to prevent genome transcription alteration of the cells in response to a temperature
change. Micrographs were acquired at 2°C interval. Images were analyzed later to determine the
fraction of vacuole membranes that contained two coexisting liquid phases at each temperature.

Images were post-processed using ImageJ (http://imagej.nih.gov/ij). To preserve the fidelity

of the data, image manipulation was limited to adjusting overall brightness or implementing linear

(y=1) contrast enhancements.

Analysis of Tmix
To compute miscibility transition temperatures, images were analyzed using the original

python programs Miscibility Temp.py, MiscibilityAnalysis.py, and CombinedPlotter_V2.py which
can be found in Appendix B. Briefly, images at each temperature are loaded and the user selects
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vacuoles that are phase separated and vacuoles that are mixed. The percent of phase separated

vacuoles is computed for each temperature and fit with the following equation from (48):

1
(x—c)

1+e d

% Phase Separated = 100 * 1 —

Where x is the temperature of the system for each image and c is Tmix, Which represent the
temperature where 50% of the vacuoles are phase separated. D is a constant that describes the

slope of the curve at the transition temperature.

Vacuole Isolation
A 1 L culture was grown to an ODsoo 1.0. Cells were harvested in a swinging-bucket rotor

(3200 x g) for 10 min at room temperature, resuspended in 0.1 M Tris (pH 9.4) and 10 mM
dithiothreitol, and incubated for 10 min at 30°C. The cells were again sedimented in a swinging-
bucket rotor (3200 x g) for 5 min at room temperature and then resuspended in spheroplasting
buffer (600 mM sorbitol, 50 mM potassium phosphate pH 7.5, and 8 % growth media). Lytic
enzyme (Zymolase 20T, Seikigakui; further purified by ion exchange chromatography) was added,
and the cells were incubated for 25 min. The spheroplasted cells were sedimented in a swinging-
bucket rotor (3200 x g) for 5 min at 4°C. For hypoosmotic lysis, spheroplasts were resuspended in
15% Ficoll buffer (10 mM PIPES-KOH pH 6.8, 200 mM sorbitol, and 15% w/v Ficoll), and
diethylaminoethyl-dextran was added to a final concentration of 0.005-0.01% w/v. Spheroplasts
were incubated for 2 min on ice, then 3 min at 30°C. The resulting spheroplast lysates were added
to a SW-41 ultracentrifuge tube and overlaid with a step gradient of 8%, 4%, and 0% Ficoll and
10 mM PIPES-KOH pH 6.8. Ultracentrifugation at 30,000 x g for 90 min at 4°C resulted in pure
vacuoles at the 4%-0% Ficoll interface.

To image cell-free vacuoles, 5 pL of the isolated vacuole prep was diluted in 45 puL 0.8%
agarose and mounted between a microscope slide and coverslip. Images were collected on an
Olympus 1X71 fluorescence microscope (Olympus Corporation; Waltham, MA) with an electron-

multiplying charge-coupled device camera using a 63x oil immersion objective.

Cyclodextrin:Ergosterol Complex
To make a methyl-B-cyclodextrin (MBCD; Sigma-Aldrich; St. Louis, MO) and ergosterol

(Sigma-Aldrich, St. Louis, MO) complex at 10:1 MBCD:ergosterol, ergosterol was dissolved for

a 0.2 mM final solution in a glass test tube. The solute chloroform was evaporated using a gentle
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stream of N2 to create a thin film. The film was rehydrated in 2.5 mM MBCD in 10 mM PIPES-
KOH pH 6.8. The tube was vortexed and then sonicated in a bath sonicator for 1-3 min. To

encourage complexes to form, the solution was incubated in a 37°C water bath overnight.

Microsome Preparation for Immuno-isolation of Vacuoles
For log stage experiments, one 1 L growth (4000 ODego units) was inoculated and diluted to

0.1 ODeoo from a starter culture and grown for 8 hrs, shaking continuously at 220 rpm and 30°C.
For stationary stage experiments, 4 1 L growths were inoculated and diluted to 0.1 ODegoo from a
starter culture and grown for 48 hrs at 220 rpm and 30°C and harvested at an ODgoo 0f 7.5-8,
yielding 7500-8000 ODsoo units total. Samples were sedimented in a swinging-bucket rotor (3000
x g) for 5 min at room temperature and resuspended in 25 mL of pre-cooled PBS buffer. Pellets
were kept on ice for the duration of the isolation procedure to prevent chemical changes to the
lipids. Samples were sedimented again in a swinging-bucket rotor (3000 x g) for 5 min at 4°C. The
supernatant was discarded, and the pellet was snap frozen in liquid N2 and stored at 80°C until

needed.

To start the prep, pellets were thawed on ice and then resuspended in 10 mL lysis buffer
(prepared fresh before the procedure; 25 mM HEPES pH 7.0, 1 mM EDTA, 0.6 M mannitol,
Protease Inhibitor Cocktail [PIC; (CLAP w/o L) 25 mg chymostatin (C7268-25MG Sigma
Aldrich), 25 mg antipain (A6191-25MG Sigma Aldrich), 25 mg pepstatin (P5318-25MG Sigma
Aldrich)], and 1:40,000 benzonase). 1000 ODegoo units of cells were placed onto pre-cooled
zirconia glass beads (13 g of 0.5 mm diameter beads) in a 15 mL falcon tube and filled to the top
with lysis buffer. Tubes were sealed with parafilm and medical tape, and then placed on ice. To
break apart cells, tubes of cells and beads were placed in a FastPrep-24™ 5G bead beating grinder
and lysis system (MP Biomedicals; Burlingame, CA). Samples were shaken at 5 m/s for 15 s
intervals 10x with 45 s rest intervals. Lysate was transferred (without the beads) to fresh 15 mL
tubes. Beads were washed with 6 mL of lysis buffer to extract all of the lysate and combined with
the rest of the lysate. Cellular material was sedimented in a swinging-bucket rotor (3,234 x g) for
5 min at 4°C twice. Supernatant was transferred to fresh 15 mL tubes and centrifuged again (3,234
x g) for 5 min at 4°C. Samples were transferred and pooled (2 samples per tube) and sedimented
in a swinging-bucket rotor (10,800 rpm) at 4°C for 20 min. Samples were then ultracentrifuged at
31,200 rpm at 4°C for 1 hr.
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After ultracentrifugation, the supernatant was removed (carefully, as the supernatant contains
contaminates like lipid droplets). The pellet was washed with 15 mL of lysis buffer and then
resuspended in 1 mL of lysis buffer. The sample was then snap frozen in liquid N2 and stored at
80°C prior to the immuno-isolation protocol.

Immuno-isolation
Previously prepared microsomes were thawed on ice and DynaBeads® (Sigma-Aldrich, St.

Louis, MO) were washed and then suspended in 1 mL IP buffer (1 M HEPES pH 7.0, 4 M NaCl,
0.5 M EDTA) and placed in a magnetic tube holder. Microsome samples were then sonicated using
a tip sonicator equipped with a MS72 tip for 10 s and a duty cyle of 0.7 at 50% amplitude. Sample
was sedimented by swinging-bucket rotor (3000 x g) at 4°C for 3 min. 800 pL of sonicated
supernatant was added to 800 pL of IP buffer on DynaBeads® for a total volume of 1600 pL. The
sample was allowed to bind to the beads by rotating overhead for 2 hrs at 4°C and 2 rpm. Samples
were then placed on the magnetic bead holder and supernatant was removed. The bound sample
was collected after washing 2x with wash buffer (1 M HEPES pH 7.0, 4 M NaCl, 0.5 M EDTA, 8
M urea) and then 2x with IP buffer. Supernatant was then replaced with elution buffer (3 mL of
buffer; 2,634 pL water, 0.3 mL 10x PBS pH 7.4, 3 uL EDTA, 3 pL DTT and 60 pL 2 mg/mL
GST-3C) and rotated overhead at 2 rpm for 2 hrs at 4°C. The supernatant was collected and then
re-sedimented to get rid of residual DTT and protease at 70,000 rpm for 2 hrs at 4°C. The
supernatant was discarded, and pellets were resuspended in residual supernatant and snap frozen
in liquid N2 before lipidomics analysis.

Vacuoles of S. cerevisiae have a Characteristic Tmix
Vacuoles of the yeast Saccharomyces cerevisiae are similar to mammalian lysosomes in that

they regulate the pH and osmolarity of the cell. There are many proteins that are exclusive to the
vacuolar membrane, including the highly abundant proton-pump, Vphl (272). Vacuoles can be
visualized through an endogenous GFP label on VVphl (70). During the early logarithmic stage of
growth, there are many small, multilobed vesicles in each cell. As the cells grow, the vacuoles fuse
until one large vacuole fills most of the volume of the cell, and Vph1 is uniformly distributed on
the membrane. A remarkable change occurs when yeast reach the stationary stage of growth: Vphl

becomes heterogeneously distributed on the vacuole membrane into distinct domains (Fig. 5.1 B).
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Previously, Rayermann et al. demonstrated that these domains exhibit two hallmarks of liquid-
liquid phase separation: 1) domains diffuse and coalesce in the plane of the membrane, and 2)

domains disappear and reappear at a characteristic Tmix When temperature is cycled (74).
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Figure 5.1 Vacuoles of Saccharomyces cerevisiae exhibit coexisting liquid phases in the
stationary stage of growth. A. Schematic of a yeast cell from Fig. 1C in (74). B. Growth
curve of yeast used in this study and adapted from (74), where ODsqo is the optical density
at 600 nm. C-F. Micrographs of vacuoles labeled with GFP-Vphl taken at 24°C, 28°C,
32°C, and 36°C, respectively. Green arrows point to vacuoles with coexisting liquid
phases. Scale bar is 10 um.

Quantitative knowledge of Tmix is powerful; a membrane’s Tmix IS acutely sensitive to its
composition and highly correlated with physical properties of the membrane such as lipid packing
order and membrane thickness (46, 65, 229, 233). To quantify the characteristic Tmix Of yeast
vacuoles, we used a strain of yeast with endogenously labeled GFP-Vphl and cycled the
temperature of the sample on a home-built microscopy stage. For yeast grown at their optimal
growth temperature of 30°C, most vacuoles are phase separated at low temperatures (24°C; Fig
5.1 C), and the fraction of vesicles with domains decreases as the temperature increases (Fig. 5.1
D-F). We imaged vacuoles at increasing temperatures in 2°C increments and computed the percent
of phase separated vacuoles for each temperature using a custom counting program (Appendix B.

XX). Tmix is defined as the temperature at which 50% of vesicles (or vacuoles) are phase separated.
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We performed temperature sweeps from 5°C below the growth temperature to a temperature in
which >90% of vacuoles were mixed for 8 separate samples (Fig. 5.2 A). The preliminary results
in the inset in Fig. 5.2B shows that Tmix IS dependent on the optical density of the yeast culture (the

stage of growth of the yeast).
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Figure 5.2 Preliminary results for Tmix of membranes of yeast vacuoles inside living yeast
cells grown to stationary stage. A. Plot of the percent of phase separated vacuoles at each
temperature for vacuoles grown at their optimal growth temperature (30°C). Each line isa
sigmoid (described in the Methods) fit to points from individual temperature sweeps. Lines
are bounded by 95% confidence intervals from bootstrap resampling of the sigmoid fit.
The black point is the average Tmix for all sweeps, and horizontal, black error bars represent
the standard deviation in Tmix. B. Plot of the percent of phase separated vacuoles at each
temperature for vacuoles grown at a suboptimal growth temperature (25°C). Data are fit
and represented as described in Panel A. The inset is a plot of the ODggo When vacuoles
were harvested for imaging versus the measured Trmix for the population of vacuoles. Data
form two clusters, with higher Tmix values corresponding to lower ODgoo.

Vacuoles Grown at Low Temperature have a Similar Tmix to Those Grown at 30°C
The lipidome of yeast vacuoles is highly regulated throughout the growth cycle and the

composition of each organelle is tuned to optimize the physical properties of its membrane (e.g.
the endoplasmic reticulum, which has regions of high curvature, has a higher fraction of cone-
shaped PE lipids than the plasma membrane) (273-276). This is not unique to yeast: in zebrafish,

the growth temperature has a striking effect on the composition of the plasma membrane (171).
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GPMVs derived from zebrafish cells exhibit Tmix values that scale with the growth temperature of

the original cells, which hints at the possibility that a similar phenomenon may occur in yeast cells.

In Fig. 5.2 B, the average Tmix for yeast grown at the sub-optimal temperature 25°C is
31.8 £ 1.8°C. At first glance, this is significantly lower than the average Tmix for yeast grown at
30°C; however, within uncertainty, the Tmix for both growth temperatures is the same. There are
many possible explanations for this surprising result, the most compelling of which is made evident
when we examine the relationship between the ODgoo Of the yeast at harvest and their Tmix. From
the inset of Fig. 5.2 B, it is clear that there are two populations of Tmix values: one population,
harvested at lower ODeoo, exhibits higher Tmix and the other population has both a lower Tmix and
higher ODsoo. The optical density of a yeast culture is correlated with the stage of growth of the
cells, which indicates that the Tmix may be more closely tuned to growth stage than initial growth

temperature.

Ergosterol is Important for Vacuole Membrane Phase Separation
The composition of the vacuole membrane, specifically the sterol composition, presumably

changes in response to growth and environmental stress. In model lipid membranes, the presence
of a sterol is essential for liquid-liquid phase coexistence. Similarly, there are many tantalizing
hints that ergosterol is important in the formation of domains in yeast. For example, genetic
knockout experiments demonstrated that a sterol transporter located at vacuole-ER contact sites is
essential for domain formation (77). In their seminal paper, Toulmay & Prinz demonstrated that
when the sterol-exchanger, methyl-B-cyclodextrin (MBCD), was added to solutions of vacuoles in
cell lysate, membrane domains disappeared (70). This showed, they argued, that the removal of
ergosterol from stationary stage vacuoles shifts their composition away from a 2-phase region and
into a 1-phase region. However, experiments with MBCD come with several caveats, namely that
the molecule is an exchanger; if there were sterol in the cell lysate, MBCD could easily deliver
from the lysate to vacuole membranes. A similar uncertainty surrounds the genetic knockdown

experiments because the direction of sterol transport is unknown (77).

We directly investigated the importance of ergosterol in domain formation by treating fully
isolated log stage vacuoles (which do not exhibit domains) with MBCD. To add ergosterol, we
complexed ergosterol and MBCD in a 1:10 ratio and added this solution to isolated log stage
vacuoles. Surprisingly, we found that the addition of ergosterol had no effect; vacuole membranes
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were completely mixed. When we treated isolated log stage vacuoles with empty MBCD, domains

appeared on ~70-80% of vacuole membranes (Fig. 5.3 B).
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Figure 5.3 Removing ergosterol from log stage vacuoles induces phase separation. A.
Schematic of experimental procedure to add ergosterol to isolated vacuoles and to remove
it. Ergosterol is added to vacuoles using complexed MBCD:ergosterol in a ratio of 10:1.
Ergosterol is removed from vacuoles with empty MBCD. B. Micrographs of isolated log
stage yeast vacuoles labeled with GFP-Vphl. Under wild-type conditions, log stage
vacuoles do not exhibit domains. When ergosterol is removed, vacuole membranes demix

into coexisting liquid phases. When ergosterol is added, the vacuole membranes stay
mixed. Scale bar is 2 um.

The composition of the vacuole membrane is complex, harboring hundreds of lipid species,
proteins, and organellar contact sites. The clear role for ergosterol in vacuole membrane phase
separation implies that yeast actively control the sterol composition of vacuole membranes in order
to achieve domain formation.

Lipidomics of Yeast Vacuole Membranes at Different Growth Stages and Growth Temperatures
Lipidomics is a powerful tool to uncover the molecular players responsible for cell membrane

structure and behavior. In collaboration with R. Ernst and J. Reinhardt in Saarland, Germany, we
are investigating the total lipid composition of ultra-pure preps of yeast vacuoles in the log stage
and stationary stages of growth, as well as vacuoles grown at 30°C and 25°C.
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Figure 5.4 Preliminary lipidomics of isolated yeast vacuoles reveal changes in the lipidome
from log stage to stationary stage. A. Mole percent of each lipid headgroup type for whole
yeast cell isolates and vacuole isolates in the log stage of growth. Vacuoles are isolated
using Vphl as a tag as specified in the Methods. B. Mole percent of each lipid headgroup
type for vacuoles isolated in the log stage and stationary stage of growth. Strikingly,
ergosterol is depleted in stationary stage vacuoles. These results have significant caveats
as the isolation protocol has not yet been optimized for stationary stage yeast. C. Western
blot of products from the isolation protocol described in the Methods. The start column
shows the presence of the vacuole (vac8), the bait tag (myc), the ER (Dpml), and
mitochondria (Porl). The end column shows that only the vacuole is isolated. D. One
challenge to optimizing the isolation protocol for stationary stage yeast is that Vphl is
significantly downregulated in the stationary stage, even under different buffer conditions.

Figure 5.4 shows our preliminary lipidomics data. In Fig. 5.4 A, it is clear that the lipid
composition of the vacuole is significantly different than the lipid composition of the whole cell,
and in Fig. 5.4 B, we see that the lipid composition changes drastically from log stage to stationary
stage. In particular, ergosterol is substantially decreased in log stage vacuoles. However, there is
a significant caveat with these preliminary results: the immuno-isolation protocol has not been

optimized for stationary stage vacuoles.

The immuno-isolation protocol, developed by R. Ernst and J. Reinhard, utilizes a tag-and-bait

system where an organelle-specific protein is engineered with a specific tag. This protein is then
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immuno-precipitated from the cell lysate, which yields a pure prep of the organellar membrane. In
log stage vacuoles, tagged Vph1 is abundant and results in an excellent yield of vacuolar membrane
(Fig. 5.4 C). As shown in Fig. 5.4 D, the relative expression of VVphl drastically decreases with
growth time and as a result, the yield from stationary stage isolation is poor. This makes
comparison of log stage preps and stationary stage preps difficult. Currently, we are exploring

other bait proteins with much higher abundance in stationary stage vacuole membranes.
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*This chapter was first published in PNAS in 2019. It was written in collaboration with
R.A. Black, M. Xue, H.E. Litz, A. Ramsay, M. Gordon, A. Mileant, Z.R. Cohen, J.A.
Williams, K.K. Lee, G.P Drobny, and S.L. Keller. The full citation can be found at the end
of Chapter 1 on pg. 29.

In a minimal cell, a membrane sequesters proteins and RNA components from the surrounding
aqueous solution. Prebiotic membranes would have spontaneously self-assembled from fatty acids
(78, 277), which are known to be generated by abiotic reactions and delivered to Earth by
meteorites (88, 89). However, fatty acid membranes are unstable in solutions containing salt at
concentrations > 200 mM or divalent cations at low millimolar concentrations (80). This presents
a significant challenge in establishing the plausibility that the first protocell membranes were
comprised of fatty acids because salt would have been prevalent in early oceans (278) and pools
and because Mg?* (or Fe?*) is essential for RNA catalysis (279, 280). Although glycerol monoester
(281, 282), long-chain alcohols (81, 283), decylamine (284, 285), and citrate (91) increase the
stability of fatty acid vesicles (cell-like structures that separate an interior volume from the bulk
solution), the prebiotic availability of these agents in sufficient quantities is uncertain (286). These
observations lead to the question: what molecules that were likely found in prebiotic pools and
oceans might interact with and stabilize fatty acid membranes? Amino acids are the building
blocks of proteins, and ten amino acids are deemed prebiotic (287-290). These molecules are

excellent candidates for stabilizing agents of fatty acid membranes.

An additional challenge in explaining the origin of protocells is accounting for the co-
localization of proteins, RNA, and membranes as a single unit. A prevalent view is that these three
structures were formed through separate and independent processes, followed by a random event
that led to their co-localization. We have proposed an alternate, auto-amplification scenario in
which fatty acid vesicles bound and concentrated the building blocks of proteins and RNA, which
in turn stabilized fatty acid vesicles, leading to further binding of the building blocks (83, 92). If
the resulting conformational constraints and increased local concentration of the building blocks

facilitated formation of proteins and RNA, then the co-localization of these macromolecules with
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fatty acid membranes would be explained. We previously reported results with RNA bases and
ribose that support part of this scenario (92). Here we seek to complete the picture by investigating
interactions between amino acids and fatty acid membranes to show that all of the major
components of protocells could have self-assembled into a single unit.

Our focus is on molecules that are prebiotically plausible. Previous studies have shown
evidence for interactions between fatty acid vesicles and non-prebiotic amino acids and peptides
(291-295). Here, we use decanoic acid as our fatty acid rather than longer-tailed versions that
produce more stable membranes but are less prebiotically plausible. We choose unmodified
prebiotic amino acids rather than versions altered to optimize specific reactions. We interrogate
interactions between the decanoic acid membranes and the amino acids with multiple techniques:
cryo electron microscopy (cryo TEM), fluorescence microscopy, nuclear magnetic resonance

spectroscopy, centrifuge filtration assays, and turbidity measurements.

We find that several amino acids bind to fatty acid membranes and that a subset stabilize fatty
acid membranes in the presence of salt and Mg?*. Moreover, we find that an amino acid’s
stabilization of the membrane persists after mixing and dilution to lower overall concentrations,
alleviating the need for consistently high concentrations. Together, these results explain how
protocells could have endured in the presence of salt and Mg?* and provide a plausible mechanism

by which the building blocks of proteins could have co-localized with early membranes.

Materials
Sodium chloride was purchased from Thermo Fisher Scientific (Waltham, MA), centrifugal

filters from MilliporeSigma (Burlington, MA), and decanoic acid from Nu-Chek Prep (Elysian,
MN). L-leucine (*3Cs), decanoic-10,10,10-*Hs acid and D.O were from Cambridge Isotope
Laboratories (Andover, MA). Decanoic-2,2-?H, acid was from C/D/N Isotopes (Quebec, CA). All
other chemicals were from Sigma. Except for NMR experiments, all solutions were prepared in 18

MQ-cm water.

Decanoic Acid Solution
Decanoic acid was dissolved, with heating, in 190 mM NaOH to yield a 180 mM stock

solution. This stock, 0.5 M monosodium phosphate, and 4 M NaCl were diluted into water to yield

a solution of 50 mM decanoic acid, 30 mM sodium phosphate, and 100 mM NaCl. The pH was
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then adjusted to 6.83 by adding a small volume of 1 M HCI. This resulting solution is referred to
as “the decanoic acid solution” and was used in all experiments except where indicated otherwise.

Generally, "decanoic acid" in the text refers to mixtures of the protonated and unprotonated forms.

Diffusion NMR
Pulsed field gradient nuclear magnetic resonance (PFG-NMR) experiments were performed

on a Bruker Avance I11 700 MHz NMR instrument with a 5 mm Broadband Observe (BBO) probe
at 25 °C. The “stebpgpls” pulse sequence was applied to probe each amino acid's translational
diffusivity (D), which was found via In(I/lo) = —y?G252D(A-8/3). In this equation, G is the gradient
strength, which varied from 10% to 95% of the maximum strength (53.5 Gauss/cm) for samples
in which amino acids were in the presence of decanoic acid, and from 10% to 75% of the maximum
strength for samples in the absence of decanoic acid. The variable I is the observed 'H NMR peak
intensity corresponding to each G, where lo is the intensity at the initial G value. y is the
gyromagnetic ratio of *H (4257.64 Hz/G), § is the length of the gradient pulse (set to 0.002 s), and
A is the diffusion time (set to 0.3 s). PFG-NMR experiments detected a series of 1D *H spectra
and the diffusion coefficients were extracted by fitting the signal intensity decay at increasing
gradient strengths to the equation above. Data were analyzed by extracting NMR peak intensities
using the TopSpin 3.5 software package (Bruker) and exporting peak intensities to OriginPro
(OriginLab, Northampton, MA), which fit the equation above and generated uncertainties of the
fit. For PFG-NMR experiments, samples contained 50 mM of the amino acids leucine, glycine and
serine or 10 mM lysine in the presence or absence of 50 mM deuterated decanoic acid, and were
prepared in a solution of 50 mM sodium phosphate and 50 mM NaCl in D,O at pH7 and room

temperature.

REDOR
10 mM leucine uniformly labeled with 3C was mixed with 72 mM decanoic acid labeled with

2H at either the 2- or 10-carbon, and H-free water, at pH 7.6. Samples were then lyophilized and
analyzed in a 11.74 T Bruker Avance Il 500 MHz, narrow-bore spectrometer using a Bruker
TriGamma probe tuned for *H-13C-2H triple resonance. The REDOR (xy-8) pulse sequence was
used (296). Samples were spun at 10 kHz magic-angle spinning frequency. SO and S1 were
collected for dephasing times of 0.8, 3.2, 5.6, 8.0 and 10.4 ms and required 1024, 2048, 2048, 2048
and 4096 scans, respectively. The CP time was 1.5 ms. During this time, the *H power was ramped
from 70% to 100%. Field strengths were: 83 kHz *H n/2 pulse, 56 kHz 3C & pulses, and 66 kHz
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?H 7 pulses. During dephasing and acquisition, 100 kHz SPINAL-64 decoupling was applied on
the *H channel. Data were processed with 20 Hz Gaussian line broadening and baseline correction.
Chemical shift referencing was achieved externally using adamantane. The methylene 3C shift
was set to 38.5 ppm.

Filtration Assay
The decanoic acid solution was added to solid base or amino acid such that the final

concentration of the compound was 10 mM. The compound was ground with the end of a stirring
rod to facilitate dissolution and vortexed for ~6 sec. After 30 min, 1.5 ml of solution was
transferred to an Amicon Ultra-4 3K filter and centrifuged in a Beckman Allegra X-30R swinging
bucket centrifuge at 3,000 g for 10 min at 21 °C. To assay bases (adenine and thiouracil) in the
starting material and filtrate, absorbance at 260 nm was measured using an Agilent 8453
spectrophotometer, with uncertainties reported as standard error of the mean of 3 trials. To assay
amino acids, (a) samples were diluted 225-fold in 0.2 M bicine at pH 9.1, (b) 750 uL of 1.5 mg/mi
fluorescamine dissolved in dimethylsulfoxide was added to 315 pL of each diluted sample, and
(c) after > 20 min, fluorescence was measured with excitation at 400 nm and emission at 460 nm

using a Perkin Elmer LS-50B fluorimeter. The assay had a standard error of ~1%.

NaCl and MgCl, Effects
Methods for evaluating the flocculation of decanoic acid by NaCl are described in (92). MgCl;

was added to the decanoic acid solution from a 50 mM stock solution, prior to adjusting the pH to
6.83. The resulting solution was then added to a test tube containing a solid amino acid (or to an

empty test tube for the control) and vortexed briefly.

Fluorescence Microscopy
This procedure was conducted as in (92); decanoic acid vesicles were labeled with the dye

rhodamine 6G.

Cryo Transmission Electron Microscopy
The decanoic acid solution was added to enough solid amino acid (or nothing for a control) to

yield a 10 mM solution. After 1 min, samples were vortexed for ~6 sec. Samples were then
applied to glow-discharged c-flat Holey Carbon grids (Electron Microscopy Science, Hatfield, PA)
and plunge-frozen into liquid ethane using a Vitrobot Mark 1V (FEI, Hillsboro, OR) at 4 °C and
100% humidity. The images were collected on a FEI T12 Spirit TEM (FEI, Hillsboro, OR) under-

focused by 1.9 um at a nominal magnification of 52,000x. Linear contrast enhancement was
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applied in ImageJ, a public domain program available for free download at
https://imagej.nih.gov/ij/.
Turbidity

For most experiments, the decanoic acid solution was added to a test tube containing solid
amino acid (or to an empty tube as control); for Fig. 6S7 and parts of Fig. 6.4B, 10 uL ofa1 M
solution of amino acid in 50 mM sodium phosphate, pH 6.83 (or the buffer alone) was layered on
990 pL of the decanoic acid solution. Samples were mixed with a vortexer about one min after the
addition of the solution to solid amino acid for the experiment reported in Fig. 6.3C. The timing
of mixing in the other turbidity experiments is described in the figure legends. Turbidity values for
individual samples were found as follows: each sample was plated in triplicate, and absorbance at
490 nm was measured three times with a Multiskan Spectrum microplate reader. The turbidity of
that sample was taken to be the average of the nine readings, less the value of a water blank. The
figures report the average of the sample values from multiple independent experiments, or, for Fig.
6.4B, from multiple replicate samples in one experiment. The reported standard deviations are

based on these sets of values.

Critical Vesicle Concentration
This method is described in the legend of Fig. 6S10.

Critical Aggregate Concentration
Solutions of various decanoic acid concentrations, containing 30 mM sodium phosphate and

100 mM NaCl at pH 6.83, were added to solid amino acid such that the final amino acid
concentration was 10 mM. Controls contained no amino acid. After ~30 sec, the solution was
vortexed for ~6 sec. 30 min later, 8 uL of a 1 mg/mL solution of merocyanine 540 in 1:1
ethanol:water was added to 2.5 mL of the sample. Absorbance was measured with an Agilent 8453
Diode Array UV-Vis spectrophotometer from 400 nm to 700 nm, and the background at 650 nm
was subtracted. The normalized intensity is reported as the intensity at 564 nm divided by the
intensity at 530 nm, as detailed in (82).

Rehydration
Samples were dried in a 60 °C oven. Water was added to restore the original volume. After 30

min, samples were agitated gently by hand. After another 30 min, samples were heated for ~3 sec
in an 80 °C water bath and then vortexed for ~2 sec. Absorbance at 490 nm was measured one

day later with a Multiskan Spectrum microplate reader.

127



Size Exclusion Chromatography (SEC)
Vesicles were prepared as described in the "Decanoic acid solutions” section above, with or

without amino acids, except that 5 mM calcein was added prior to decanoic acid. Free calcein was
separated from vesicles by size exclusion chromatography over a column of Sepharose
4B equilibrated with a solution of 20 mM decanoic acid, 30 mM sodium phosphate, and 100 mM
NaCl, at pH 6.83. Specifically, 0.5 ml of each sample was applied to a column containing 5 ml of
Sepharose 4B, and 0.5 ml fractions were collected. Vesicles elute from the columns in the first few
fractions. In each experiment, one of the first four fractions was imaged by fluorescence

microscopy.

Dynamic Light Scattering
Decanoic acid solutions were prepared with 25 mM decanoic acid (rather than 50 mM) in order

to avoid multiple scattering effects. Solutions were analyzed at 25 °C on a Zetasizer Nano ZS
(Malvern, Worcestershire, United Kingdom) with a 633 nm helium-neon laser using back-
scattering detection (at an angle of 173° to the incident light). The average diameter and
polydispersity index from the cumulant method were determined using Zetasizer software
(Dispersion Technology Software version 5.00). The reported data are the averages of three runs
with a single sample for each condition; variation among runs was negligible. A strong indication
that the comparison is valid is that both samples had a polydispersity index of 0.3, which meets
Malvern's criteria for acceptable data (43). Dynamic light scattering has been previously used as
an indicator of fatty acid vesicle size (44, 45); here we used it to compare two samples rather than

to determine absolute values.

Amino Acids Bind to Decanoic Acid Vesicles
Evidence that amino acids bind to decanoic acid vesicles emerges from two types of

experiments: diffusion NMR spectroscopy and filtration assays. Diffusion NMR exploits the fact
that when molecules in solution bind to surfaces, even transiently, the apparent rate at which they
diffuse decreases. Of the ten amino acids that are widely regarded as prebiotically plausible (287—
290), we chose three characteristic structures to investigate with this technique: glycine has no side
chain, leucine has a hydrophobic side chain, and serine has a hydrophilic side chain. The structures
of the fatty acid and amino acids we used appear in SI Appendix, Fig. 6S1, and the experiments

are summarized in Table S1. As a positive control, we chose a positively charged amino acid,
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lysine, which is not considered prebiotic (287-290). Lysine should bind to negatively charged
decanoic acid headgroups. We attempted to include aspartic acid (to represent amino acids with

acidic side chains), but it was insoluble under our experimental conditions.

On their own in solution, amino acids move freely with single, fast diffusion coefficients, as
shown in Fig. 6.1A and Table 1. When the amino acids are in the presence of decanoic acid
vesicles, separate fast and slow sets of coefficients appear, which arise from the bi-exponential
curves in Fig. 6.1B. The reason the fast coefficients in Fig. 6.1B (with decanoic acid) are slightly
lower than in Fig. 6.1A (without decanoic acid) is likely that decanoic acid solutions have a higher
bulk viscosity than water (297). The slow set of coefficients is due to binding of amino acids to
decanoic acid surfaces, in accordance with other NMR diffusion results (298). This binding could
be due to amino acids associating with the outer surface of vesicles and micelles (whose structures
appear in SI Appendix, Fig. 6S1), traversing the vesicle membrane, or associating with the inner
surface of vesicles. Within Fig. 6.1B, stronger binding is reflected in a higher y-intercept (the
intensity) for the second slope; hence, leucine (which is hydrophobic) and lysine (which is
positively charged) bind more strongly to decanoic acid vesicles than serine and glycine do.
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Figure 6.1. Amino acids bind to fatty acid vesicles. A. Lysine, leucine, glycine, and serine diffuse
freely in solution with one characteristic diffusion coefficient indicated by a straight line on a plot
of the square of the NMR magnetic field gradient strength (G2, where G is dB/dz in units of
Gauss/cm and B is the magnetic field) vs. normalized peak intensity (In I/lg). The slope of the line
yields the first coefficient in Table 1. B. When the amino acids are in decanoic acid solutions
containing micelles and vesicles, two slopes (and two diffusion coefficients) are distinguishable.
Water, which is a negative control because it is not expected to bind to vesicles, shows only one
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slope. C. Amino acids are retained with decanoic acid vesicles in a centrifugal filtration assay (dark
bars). Controls (light bars) were performed in the absence of decanoic acid; given that decanoic acid
is a surfactant, controls may represent an overestimate of the binding to the filtration unit that occurs
in the presence of decanoic acid. Error bars represent standard errors of the mean for independent
experiments conducted 7 (Ser), 10 (Thr), 5 (Gly), 17 (Ala), 5 (Val), 7 (Leu), 5 (lle), 3 (thiouracil),
3 (adenine), and 4 (controls) times. The P values for the differences between Ser, Thr, Gly, Ala, Val,
Leu, and lle and their respective controls without decanoic acid are 0.15, 0.65, 0.25, 0.15, 0.04, 0.10,
and 0.04 (Student's two-tailed t test). The P values for Ser, Thr, Gly and Ala compared to leucine
are 0.01, 0.02, 0.06 and 0.03. Thiouracil (S2U) and adenine (A) were insufficiently soluble in the
absence of decanoic acid to run controls. The hydrophobicity ranking is from (299). D. Leucine and
the headgroups of decanoic acid molecules interact within a distance < 5 A in Iyophilized samples.
13C{?H} REDOR dephasing occurs when decanoic acid is labeled near its carboxyl group (filled
symbols) and not when labeled at the terminal methyl group (open symbols).

Diffusion Coefficient (m?/s)

No vesicles With vesicles (fast) With vesicles (slow)

(fast)
Water 1.692 x 1010 1.563 x 1010 Not applicable.
Serine 6.373 x 1010 6.132 x 1010 1.8 x 1012
Glycine 7.645 x 1010 7.397 x 1010 1.0x 1012
Leucine 5.210 x 1010 4,951 x 1010 3.0x 1012
Lysine 4.888 x 1010 4.580 x 10°1° 1.0x 10

Table 6.1. Translational diffusion coefficients for water and for amino acids in solutions with and
without decanoic acid vesicles. Maximum uncertainties are + 0.63% for water, + 2.4% for fast
coefficients of amino acids, and + 61% for slow coefficients. The corresponding Table 6S2 lists
values for each experiment and describes how experimental uncertainties were calculated. If
uncertainties are neglected, the percent of each amino acid that binds to vesicles is calculated to be
3% for Gly, 3% for Ser, 5% for Leu, and 6% for Lys, in agreement with values in Fig. 6.1C.

The diffusion coefficients in Table 1 tell us that the new set of (slow) coefficients is not merely
due to encapsulation of amino acids within vesicles. In samples without vesicles, leucine's
diffusion coefficient corresponds to a length scale of 18 um within the NMR time scale of 0.3
seconds (via the 1-dimensional diffusion equation r? = 2Dt, where r is the length, D is the diffusion
coefficient, and t is the time). Limiting the length to 10 um, the approximate size of a decanoic

acid vesicle, would yield a diffusion coefficient of 1.7 x 10™° m?/s, which is two orders of

130



magnitude greater than for leucine in the presence of vesicles. Additional support that the slow
diffusion coefficient is due to binding is that diffusion coefficients for highly mobile (e.g.
unsaturated) phospholipids across the surface of bilayers have comparable values within
uncertainty, on the order of 1012 to 10"t m?/s (299).

Using an independent test of binding based on centrifugal filtration, we find that the three most
hydrophobic amino acids (valine, leucine, and isoleucine) are retained to a greater extent when
they are in the presence of decanoic acid vesicles and micelles (Fig. 6.1C). Retention of the four
least hydrophobic amino acids (serine, threonine, glycine, and alanine) is insignificant relative to
controls and is significantly less than the retention of leucine. These results support our conclusion
that association of amino acids with vesicles is indeed due to binding rather than a nonspecific
effect such as encapsulation within vesicles, because encapsulation would yield the same retention
in all cases. To quantify the maximum signal that we would expect from nonbinding effects, we
repeated the experiment with thiouracil (which differs from the nucleobase uracil by the
substitution of a sulfur for an oxygen atom). We chose thiouracil because it is negligibly retained
with decanoate micelles, which suggests that its binding to vesicles should be low as well (92).
The result, depletion in the filtrate of 0.8 £ 0.2%, indicates that no more than ~1% of the thiouracil
is depleted from the filtrate due to encapsulation in vesicles. If some or all of the ~1% is due to
binding, the amount encapsulated and unbound is even lower (Fig. 6.1C). Our positive control,
using the same assay for detection, was the nucleobase adenine, which interacts strongly with

micelles and vesicles (92). As expected, adenine is strongly retained (Fig. 6.1C).

Our results in Fig. 6.1B-C, namely that hydrophobic and positively charged amino acids bind
most strongly to fatty acid vesicles, imply that the amino acids' side chains contribute to the
binding. We interrogated leucine's mode of interaction with decanoic acid by testing if it interacts
with hydrogen atoms close to the headgroup of decanoic acid, with hydrogens at the end of
decanoic acid's carbon chain, or both. To conduct this test, we employed rotational-echo double-
resonance (REDOR) NMR spectroscopy, which measures the dipolar coupling between *C and
?H nuclei. *C{?H} REDOR is commonly used to probe protein-membrane interactions (300-303).
We found that leucine interacts with a hydrogen near the headgroup of decanoic acid, but not at
the end of the tail (Fig. 6.1D, SI Appendix, Fig. 6S2). Specifically, we lyophilized solutions
containing labeled leucine and decanoic acid vesicles. We measured the dephasing of **C-labeled
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leucine by two versions of decanoic acid: one ?H-labeled at the 2-carbon that adjoins the carboxyl
group and one ?H-labeled at the 10-carbon at the end of the carbon chain. We find significant
dephasing in the former case (indicating that the moieties interact over distances <5 A) and not in
the latter.

Amino Acids Increase Vesicle Stability Against Mg?* and/or NaCl
What significance does the binding of amino acids to fatty acid membranes hold for the origins

of life on Earth? As described in the introduction, a challenge in constructing a plausible scenario
in which the first protocells incorporated fatty acid membranes is that individual, ~10 pm vesicles
are unstable in the presence of divalent and monovalent ions (80) that would have been present in
early oceans (278) and pools and, in the case of Mg?* or Fe*2, would have been required for RNA
catalysis (279, 280). Here we show cases in which amino acids stabilize individual, large fatty acid

vesicles against such cations.

Fig. 6.2E shows that 10 mM Mg?* converts individual, ~10 um vesicles into punctate
structures (compare with Fig. 6.2A). The addition of serine or glycine, amino acids that lack
hydrophobic side chains, to decanoic acid solutions with Mg?* has an enormous positive effect:
these amino acids convert the punctate structures back to intensely bright ~10 um vesicles
(compare Fig. 6.2B-C with 6.2F-G). In contrast, the addition of leucine, which has a hydrophobic
side chain, provides no protection against the Mg?* (Fig. 6.2H).

We conducted three tests to verify that the ~10 um vesicles observed in solutions with serine
are indeed vesicles rather than oil droplets. First, we showed that with or without Mg?*, the vesicles
can encapsulate calcein and retain it through the process of size exclusion chromatography (Sl
Appendix, Fig. 6S3 C-D and 6S4 C-D). In contrast, oil droplets of decanoic acid exclude calcein,
so are visually distinct from vesicles (SI Appendix, Fig. 6S3 G-H). Second, we showed that the
size of individual, free-floating vesicles in the presence of serine and Mg?* does not visibly
increase over 24 hours (SI Appendix, Fig. 6S5 K-L), whereas oil droplets coalesce unless they are
on glass surfaces (304). Third, we showed that bulk solutions containing Mg?* (with or without
serine) do not separate with a clear layer on the bottom and an oil layer on top, as a solution of oil
droplets does (SI Appendix, Fig. 6S5).
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Figure 6.2. Amino acids can stabilize decanoic acid vesicles against Mg?* and NaCl. A. Micron-
scale vesicles self-assemble in the decanoic acid solution described in the Methods. B-C. In the
presence of 10 mM serine or glycine, vesicles appear brighter, consistent with multilamellar
structures. Vesicle lumens are aqueous; they can be labeled with calcein, a soluble dye (Fig. S4).
D. In contrast, in the presence of 10 mM leucine, vesicles are indistinguishable from those in panel
A. E-H. When the decanoic acid solutions include 10 mM Mg?*, bright vesicles are retained if the
solutions also contain serine or glycine. In contrast, in solutions without amino acid or in the
presence of leucine, micron-scale vesicles are replaced by punctate aggregates. I-L. When 300 mM
NaCl is added at room temperature to 80 mM decanoic acid at pH 7.65, vesicles flocculate. After
heating the solution to 60 °C to disaggregate the flocs and then cooling to 30°C, individual vesicles
re-form in solutions containing 30 mM serine, glycine, or leucine. In contrast, in solutions without
amino acid, flocs re-form. All panels are fluorescence micrographs; scale bars are 10 um.

The mechanism by which Mg?* eliminates individual, ~10 pm vesicles presumably involves
binding of this cation to the carboxylate headgroups of the membrane. This mechanism forms the
basis of three speculations: serine may block the binding of Mg?* through interaction of its side
chain hydroxyl group and decanoic acid headgroups; glycine may block it through interaction of
its amine with the headgroups (because its amine can rotate relatively freely around the [1-carbon);
and leucine may fail to block the binding of Mg?* because its side chain orients in the bilayer such
that leucine's amine and/or carboxyl group is less accessible to fatty acid headgroups. Although
our micrographs clearly show that Mg?* eliminates ~10 um decanoic acid vesicles, it is difficult
to characterize the structures that replace them. At least some of the puncta are consistent with
vesicles, but a few approach 1 um in size, and poor correspondence between puncta labeled with
rhodamine 6G and calcein implies that the membranes allow leakage of vesicle contents.
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Individual, ~10 pum decanoic acid vesicles are also unstable in the presence of high NaCl
concentrations (80). Vesicles flocculate immediately when 300 mM NaCl is added to decanoic
acid solutions at room temperature, whether or not the solutions contain amino acids. However,
when these solutions contain serine, glycine, or leucine (amino acids that span a wide range of
hydrophobicities) and are temperature cycled, a striking, beneficial change occurs. Heating the
flocs to 60 °C causes them to disaggregate, and as the solutions cool to 30-32 °C, flocs re-form in
solutions without amino acids (Fig. 6.2 1), whereas serine, glycine, and leucine reduce flocculation
(SI Appendix, Fig. 6S5 G-J), retaining many discrete, bright vesicles (Fig. 6.2 J-L). To confirm
that these structures are vesicles rather than oil droplets, we verified that they do not behave as oil
droplets: they do not float to the top of a solution in a separate layer, and they do not visibly grow
over 24 hours (SI Appendix, Fig. 6S5). Our results are important because they imply that amino
acids could have enabled large, individual decanoic acid vesicles to form in early oceans or drying

pools, in which salt levels may have been high (278).

Vesicle Stability Against Mg?* Correlates with an Increase in Lamellarity
Two lines of direct evidence imply that an amino acid's success in stabilizing individual,

~10 pum vesicles in the presence of Mg?* correlates with an increase in the number of lamellae in
each vesicle. The first evidence follows from the fluorescence micrographs in Fig. 6.2A-C and
6.3A-B, which show that individual vesicles are brighter in the presence of serine and glycine,
suggesting that more decanoic acid membranes are present in each vesicle. As noted above, we
know that the bright structures are not oil droplets because they have lumens that encapsulate

calcein, whereas oil droplets exclude calcein (SI Appendix, Fig. 6S3).
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Figure 6.3. Serine increases vesicle lamellarity. A-B. Vesicles in the decanoic acid solution were
imaged by fluorescence microscopy without (A) and with (B) 10 mM serine. Panels A and B are
cropped sections of Fig. 2A-B, with linear contrast enhancement. Arrows indicate paucilamellar
vesicles; wedges indicate multilamellar vesicles. Scale bars are 10 um. C. Amino acids were
dissolved in the decanoic acid solution to yield 10 mM solutions. Turbidity was measured by
absorbance 30 minutes later. pH was constant. The graph shows the change in turbidity relative to
a control without amino acid. D-E. Vesicle structure in decanoic acid solutions without (D) and with
(E) 10 mM serine was imaged by cryo TEM. Scale bars are 100 nm. Cryo TEM records images of
vesicles that are two orders of magnitude smaller than fluorescence microscopy does because
vesicles >300 nm are not retained on TEM grids. F. The fraction of vesicles with >3 lamellae is
higher in decanoic acid solutions containing serine.

Additional evidence that serine increases lamellarity comes from cryo TEM, which
interrogates submicron structures. Without amino acids, >80% of submicron vesicles are
paucilamellar, with <3 nested vesicles (Fig. 6.3D and 6.3F). Only ~10% of vesicles have >4
lamellae. When vesicle solutions include serine, which stabilizes vesicles against Mg?*, the
percentage of vesicles with >4 lamellae jumps to > 30% (Fig. 6.3E and 6.3F). The increase in
lamellarity induced by serine persists following the addition of Mg?* (SI Appendix, Fig. 6S6).

An increase in lamellarity is also beneficial in the context of protocell growth and division. As
Joyce and Szostak have noted: "In contrast to the behavior of multilamellar vesicles, large
unilamellar vesicles are fragile and tend to rupture with extensive loss of contents under shear
stress. These features combine to make multilamellar vesicles ... attractive as a means of simple,
environmentally driven cycles of growth and division, requiring only episodic delivery of

additional amphiphiles and a moderately turbulent environment" (286).
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The amino acid leucine presents an interesting counterpoint. Leucine does not protect large,
~10 um vesicles against Mg?* (Fig. 6.2). However, leucine does protect against flocculation of
vesicles in the presence of NaCl. Therefore, stabilization against flocculation by NaCl does not

appear to rely upon an increase in the number of lamellae.

Serine, Glycine and the Other Relatively Hydrophilic Amino Acids Increase Turbidity
Above, we showed that an increase in the number of lamellae of decanoic acid vesicles

correlates with an increase in vesicle brightness when solutions contain serine (Fig. 6.3). To
establish a correlation that can be measured with a higher-throughput technique, we also evaluated
solution turbidity, specifically, solution absorbance at 490 nm. As summarized in Table S1, vesicle
brightness (which we measured for solutions containing serine, glycine, and leucine) correlates
with turbidity: the highest turbidities are observed when the four most hydrophilic amino acids
(serine, threonine, glycine, and alanine) are mixed with the decanoic acid solution (Fig. 6.3C).

In these turbidity experiments, the decanoic acid solution was added to solid amino acids.
Mineral surfaces (305) and ionic strength (82) are known to affect vesicle formation. To test
whether the high turbidity of solutions containing the more hydrophilic amino acids results from
interactions of the decanoic acid with the surfaces of the solid amino acid or from altered
conditions (pH or ionic strength) in the vicinity of the dissolving amino acid, we repeated our
experiments by adding amino acids as concentrated solutions rather than solids. We found that
amino acids added as solutions produce the same results as when amino acids are added as solids:

turbidity increases and the most hydrophilic amino acid produces the highest increase (Fig. 6S7).

Increases in solution turbidity due to amino acids can be long-lived and can arise at low
concentrations. For example, when decanoic acid solutions are prepared with 10 mM serine,
elevated turbidity persists at least four days (SI Appendix, Fig. 6S8), and a significant increase
occurs with serine concentrations as low as 1.25 mM (SI Appendix, Fig. 6S9). The cryo TEM
images in Fig. 6.3D-E suggest that the serine-induced increase in turbidity is due to an increase in
vesicle lamellarity. This interpretation is consistent with a recent theoretical analysis predicting a
strong effect of lamellarity on turbidity (306). We rule out that the increased turbidity is due to oil
drops forming (SI Appendix, Fig. 6S3) or a decrease in the minimum concentration at which
decanoic acid forms vesicles (SI Appendix, Fig. 6S10). In addition, we do not observe a significant
increase in the size of individual vesicles, either by fluorescence microscopy (Fig. 6.2 and Sl
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Appendix, Fig. 6S3), or by dynamic light scattering analysis of the apparent hydrodynamic
diameter (which was 206 nm for decanoic acid vesicles without amino acid, 205 nm with 10 mM
serine). We know that the mechanism by which serine (or any other amino acid that we tested)
increases lamellarity and turbidity is not through a change in solution pH because the pH values

were the same before and after the addition of amino acid.

Amino Acids Plausibly Increase Vesicle Lamellarity in Pools Undergoing Wet-Dry Cycles
Damer and Deamer propose that protocells arose in pools undergoing cycles of drying and

wetting (307). Concentrations of amino acids and decanoic acid in these pools could have changed
in at least two scenarios. In the first scenario, all solutes in a pool could have fully dried together
and then have been rehydrated simultaneously. Fig. 6.4A shows that under these conditions, the
three relatively hydrophilic amino acids increase turbidity (and, presumably, the number of
lamellae in each vesicle), just as in solutions that are not subjected to drying (Fig. 6.3C). Therefore,

the amino acids' beneficial effects on vesicles persist through periods of drying and wetting.
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Figure 6.4. Amino acids increase turbidity of vesicle solutions in two scenarios that recapitulate
pools undergoing cycles of drying and wetting. A. Drying and rehydration of the decanoic acid
solution containing amino acids results in elevated turbidity (absorbance at 490 nm) relative to a
solution without amino acids. Error bars show standard error of the mean for four experiments with
glycine, alanine, and serine and show average error for two leucine experiments. B. Delayed mixing
of decanoic acid solutions and amino acid results in higher turbidity, even when final concentrations
are constant. The result holds equally well when the amino acid is a solid and when it is in solution.
In "solid" samples, the decanoic acid solution was added to a test tube containing solid amino acid
such that the final amino acid concentration was 10 mM. In "solution" samples, 10 pL of 1 M amino
acid in 50 mM sodium phosphate at pH 6.83 (or the buffer alone) was placed on top of 990 pL of
the decanoic acid solution. For both types of samples, mixing by vortexing occurred either
immediately or after a delay of 30 seconds. Error bars show average error for duplicate samples.
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In the second scenario, the concentration of amino acid relative to decanoic acid could have
been transiently elevated. For example, a pool containing amino acids could have partially or
completely dried and then fluid containing decanoic acid vesicles could have flowed in. Complete
mixing would not have occurred immediately, so the concentration of amino acid would have been
high within a boundary layer in contact with the dried or partially dehydrated material. The
turbidity experiments in Fig. 6.3C and SI Appendix, Fig. 6S7 reproduce this scenario in vitro
through the addition of vesicle solutions to solid amino acids or by the deposition of a concentrated

amino acid solution on a vesicle solution, with a brief delay before mixing.

To determine whether the delay is required for the increased turbidity in the second scenario,
we repeated the experiments in parallel with samples that were mixed immediately. The solutions
mixed after a delay were indeed more turbid (and presumably contained more multilamellar
vesicles) than solutions that were mixed immediately (Fig. 6.4B), whether the amino acid was
serine or glycine. It is important to note that all final concentrations were equivalent, whether the
solutions were mixed immediately or after a delay. These results imply that vesicle structures that
form during a period of transiently high amino acid concentration, established either as the amino
acid dissolves from a solid or as it diffuses from a concentrated solution, persist after dilution
caused by mixing. In other words, systems of amino acids and fatty acid vesicles require a long
time to reach equilibrium, even when the vesicles are composed of dynamic molecules like

decanoic acid and even when solutions are mixed by vortexing.

Overall, the implication of the results in this section is that amino acids could plausibly have
had large effects on protocell structure even if they were at low abundance; amino acids merely
needed to be transiently held at higher concentrations, as could have occurred in pools undergoing

dehydration and rehydration.

We used multiple techniques to find that a set of unmodified, prebiotic amino acids binds to
decanoic acid membranes and stabilizes large, ~10 pm vesicles in the presence of Mg?* or NaCl.
These results are important for two reasons: (1) they help explain how simple prebiotic vesicles
could have survived in the presence of divalent cations and salt, and (2) they help explain how the

building blocks of biological polymers co-localized with early membranes. In a prebiotic scenario,
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several types of small molecules likely bound to fatty acid membranes, with varying affinities and
different contributions toward stabilizing the large vesicles. Because we found dramatic
differences in the consequences of binding (e.g. serine and glycine preserved ~10 um vesicles in
the presence of Mg?* whereas leucine did not), large vesicles with a distinct repertoire of bound

amino acids could have emerged even if most amino acids had equal binding affinities.

Our fluorescence microscopy, cryo TEM and turbidity data suggest that serine and glycine
(amino acids that lack hydrophobic sidechains) stabilize individual large, ~10 um fatty acid
vesicles against Mg?* by increasing the number of lamellae. In contrast, an amino acid that has a
hydrophobic side chain (leucine) does not protect the membranes from Mg?* and does not increase
vesicle lamellarity (based on fluorescence microscopy and turbidity).

To our knowledge, no other researchers have previously addressed the question of whether
prebiotic compounds that stabilize prebiotic fatty acid membranes also increase lamellarity.
Monoacyl glycerols and long-chain alcohols probably increase membrane stability by hydrogen
bonding with fatty acid headgroups (81, 282). Membrane stabilization by amino acids may also
entail hydrogen bonding, particularly in the cases of serine and threonine since the sidechain of
each bears a hydroxyl group. However, serine does not lower the critical vesicle concentration
whereas monoacyl glycerols and long-chain alcohols do (80, 81, 282). Several other mechanisms
of membrane stabilization have been proposed, but none explain our results in full. Citrate
increases membrane stability by chelating Mg?* (91); the structures of the amino acids we tested
do not suggest chelation as a likely mechanism. Decylamine presumably stabilizes membranes via
an electrostatic interaction with fatty acid headgroups (284). This mechanism may also be relevant
to amino acids given that the amine group should be positively charged under conditions typically
employed for formation of fatty acid vesicles. Since membranes that contain a mixture of
amphiphiles are more stable than pure membranes (80, 81, 281-283), it will be interesting to
determine whether amino acids stabilize large, ~10 um vesicles of mixed composition in addition

to vesicles of decanoic acid alone.

Our results (summarized in Table S1) are particularly compelling in the context of the
hypothesis that protocells arose in pools undergoing cycles of drying and rehydration (307). Such
cycles would have produced transiently high concentrations of amino acids. We find that

transiently high serine and glycine concentrations cause increases in the turbidity of a decanoic
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acid solution (a correlate of lamellarity) that persist following dilution. Our results open up exciting
research questions about chemical reactions that would enable the next stage of protocell evolution
— does self-assembly of vesicles and amino acids increase synthesis of peptides, and is the system
sufficiently robust to support divalent cation-dependent ribozyme activity? Moreover, these
discoveries reinforce our previous report that RNA bases bind to and stabilize fatty acid
membranes (92). Taken together, those findings and the results reported here support a coherent
scenario in which aggregates of fatty acids, which would have spontaneously self-assembled,
bound the building blocks of RNA and proteins (nucleobases, ribose, and amino acids), generating
the concentration and conformational constraints required for abiotic synthesis of RNA and

protein.

The Keller and Drobny laboratories were supported by NASA grant NNX17AK86G
(Exobiology). K.K.L. and J.A.W. were supported by NIH grant R01-GM099989. C.E.C. and A.M.
were funded by the National Institutes of General Medical Sciences of the National Institutes of
Health under award T32GM008268 (to C.E.C.) and T32-GM007750 (to A.M.). M.G. and A.R.
were supported as undergraduate researchers by National Science Foundation grant MCB-
1402059 to S.L.K. We thank our anonymous reviewers for their particularly careful reading of our

manuscript and for their in-depth comments.

140



Figure 6S1. Structures of amino acids, the nucleobase uracil and its related base thiouracil,
decanoic acid, a micelle, and a vesicle.
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Figure 6S2. Dephasing as a function of time of leucine uniformly labeled with 13C. Dephasing is
due to (A) decanoic acid 2H-labeled at the terminal methyl group of the carbon chain (decanoic-
10,10,10-2H3 acid) and (B) decanoic acid 2H-labeled near the carbonyl group (decanoic-2,2-2H2
acid). The spectrum without dephasing (SO0) is shown in black and the spectrum with dephasing
(ST) is shown in red. AS is shown in blue, with a vertical offset for clarity. Note that the broad
peak does not uniformly diphase. The two distinct peaks likely represent leucine molecules in two
different environments: one at 177 ppm in which leucine interacts with the decanoic acid and one
at 176 ppm in which it does not.
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Figure 6S3. Solutions of decanoic acid (with or without serine or glycine) contain individual, ~10
pum vesicles with aqueous interiors that can be labeled with calcein. Top panels show structures
labeled by rhodamine 6G, a probe that labels fatty acid membranes. Bottom panels show
fluorescence from calcein, a negatively-charged hydrophilic probe that does not label membranes.
Calcein that was not encapsulated in vesicles was removed by running solutions through size
exclusion chromatography (SEC) column(s), as described in the Methods. All scale bars are 10
pm. A-B. In the absence of amino acid, the decanoic acid solution contains individual, ~10 um
vesicles with membranes labeled by rhodamine 6G. After only one purification step by SEC,
calcein is seen both inside and outside the vesicles. C F. When 10 mM serine or glycine is included
in the decanoic acid solution, bright structures are observed in both the rhodamine 6G and calcein
channels, with little calcein fluorescence outside the vesicles, consistent with multilamellar
vesicles that retain calcein in their interiors.

(Figure caption is continued on the next page.)
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We carried out three controls to validate our SEC procedure:

1: We verified that the structures in Panels A-F are inconsistent with oil droplets.

2: We confirmed that the interiors of the vesicles in Panels A-B are aqueous.

3: We verified that our size-exclusion chromatography separates vesicles from calcein.

G-H. Control 1: We lowered the pH of the calcein-containing decanoic acid solution to 6.3 to
induce the formation of oil droplets. Panel G shows that oil droplets are labeled by rhodamine 6G,
and Panel H shows that calcein is excluded from oil droplets.

I J. Control 2: We ran a calcein-containing decanoic acid solution over a SEC column, merged
fractions 3 and 4, ran 0.5 mL of this pool over a second SEC column to further remove excess free
calcein, and then analyzed early-eluting fractions from the second run by fluorescence microscopy.
As observed after only one run (Panels A-B), vesicle membranes were labeled by rhodamine 6G
and the lumen was labeled by calcein. As expected, the second SEC run removed more
unencapsulated calcein such that the calcein fluorescence inside the vesicles became clearly
greater than outside the vesicles (unlike in panel B). The vesicles that emerged from the second
SEC run were consistently smaller than after the first run.

K-L. Control 3: We measured the fluorescence intensity due to calcein (at 520 nm) for each
fraction eluted from the first (Panel K) and second (Panel L) SEC runs described within Control
2. To eliminate any vesicles that might affect calcein fluorescence, the data in Panels K-L were
collected after adding NaOH to each sample (to a final concentration of 1 M), which converts
decanoic acid vesicles to decanoate micelles. After the first SEC run, total fluorescence from free
calcein in solution appeared higher than the fluorescence associated with vesicles. After the second
SEC run, the level of free calcein in solution was much lower than the level in vesicles.

1 run of Size Exclusion Chromatography (SEC) Control (oil drop) 2 runs of SEC

no amino acid no amino add

no amino add 10 mM serine 10 mM glycine

rhodamine (hydrophobic)

calcein (aqueous)

500

large structures

40t free

calcein

€ large
structures

3004

200+

1004

Fluorescence intensity
at 520 nm

2 a4 &6 8 10
Elution fraction

12

Fluorescence intensity

free
calcein

2 4 [ 8 10
Elution fraction

12

143



Figure 6S4. Individual, ~10 um decanoic acid vesicles with serine are not disrupted by 10 mM
Mg2+; they retain calcein in their lumens. Vesicle solutions were prepared as described in the
Methods, except that 5 mM calcein was added before the decanoic acid. The pH of the solutions
was then adjusted to 6.83 and serine was either added (to a final concentration of 10 mM) or not.
Next, MgCI2 was added to a concentration of 10 mM, the solutions were briefly vortexed, and the
pH was re-adjusted to 6.83.

Free calcein was separated from vesicles by size exclusion chromatography as described in the
Methods, and early eluting fractions were used for fluorescence microscopy. Top panels show
structures labeled by rhodamine 6G, a probe that labels decanoic acid membranes, and bottom
panels show fluorescence due to calcein, a negatively charged, hydrophilic probe. A-B. In the
absence of serine, only small structures are observed. In some cases, these structures are labeled
by both rhodamine 6G and calcein, which suggests that at least some of the structures are vesicles.
However, few of the vesicles approach 1 um in size, and the poor correspondence between
structures labeled with rhodamine 6G and calcein implies that the membranes allow significant
leakage of vesicle contents. C-D. In the presence of both serine and Mg2+, ~10 um structures are
observed that are labeled by both rhodamine 6G and calcein. These structures are indistinguishable
from those prepared in the absence of Mg2+ (compare to SI Appendix, Fig. 6S3 C-D). Scale bars
are 10 pum.

no amino acid 10 mM serine
+ 10 mM Mg@?* + 10 mM Mg?*

Membrane
(rhodamine-6G)

Agueous lumen
(calcein)

Figure 6S5. No millimeter-scale or micron-scale evidence of oil droplets appears in solutions of
decanoic acid at pH 6.83, whether or not the solutions contain amino acids (serine, glycine, or
leucine). All samples containing NaCl were prepared with 80 mM decanoic acid at pH 7.65, as in
reference 2. NaCl was added at room temperature, and then the samples were brought to 32 °C,
where they remained for the duration of the experiment. In the images, all test tubes are 13 mm
wide and were photographed with an iPhone camera under ambient light.

(Figure caption is continued on the next page.)
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Millimeter-scale Behavior: A. Decanoic acid solutions at pH 6.83 appear uniformly cloudy
because they contain paucilamellar micron-scale vesicles. B. Shifting the pH to 6.1 causes oil
droplets of decanoic acid to form. When solutions with oil droplets are allowed to sit for 24 h, the
bottom half of the solutions becomes relatively clear because oil droplets have floated to the top
of the test tube. C-F. The appearance of solutions containing 10 mM Mg2+ is inconsistent with the
formation of oil droplets: the solution at the bottom of the test tubes is not more clear than at the
top. Mg2+ destabilizes individual, ~10 pm vesicles (Fig. 2). Mg2+ also appears to cause some
precipitate to form at the bottom of the test tubes. G-J. The appearance of solutions containing
300 mM NacCl is also inconsistent with the formation of oil droplets: the solution at the bottom of
the test tubes is not more clear than at the top. In Panel G, millimeter-scale flocs are observed, and
reduced flocculation is seen in Panel J.

Micrometer-scale Behavior: All samples contain rhodamine 6G, a fluorophore that labels
decanoic acid membranes and oil droplets. All scale bars on fluorescence micrographs are 10 pm.
K-N, Q-V. In solutions containing serine, glycine, or leucine, with Mg2+ or NaCl as indicated,
micron-scale structures persist after 24 h without significantly increasing in size. The lumens of at
least some of the structures are not labeled by rhodamine 6G, in contrast to oil droplets, which
have interiors labeled by this dye (SI Appendix, Fig. S3, Panel G) and should coalesce over time.
O-P. In solutions containing Mg2+ and leucine, vesicles with distinct lumens appear after 24 h.

Controls with no amino acid, 24 h

Uniform vesicle Qil drops above
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room temperature room temperature
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Figure 6S6. Cryo TEM shows that with serine present, multilamellar vesicles persist in the
presence of 10 mM Mg2+. A. No amino acid added. B. 10 mM serine added. Cryo TEM records
images of vesicles that are smaller than vesicles seen in fluorescence micrographs because vesicles
larger than 300 nm are not retained on TEM grids. Vesicles less than 50 nm in diameter persist in
the presence of 10 mM Mg2+ even without addition of any amino acid; these vesicles would be
unresolvable by fluorescence microscopy. Scale bars are 100 nm.

A. No amino acid B. 10 mM serine
+ 10 mM Mg?* + 10 mM Mg?*

Figure 6S7. Amino acids increase the turbidity (the absorbance at 490 nm) of the decanoic acid
solution when added as concentrated solutions. 10 pL of a 1 M solution of each amino acid in 50
mM sodium phosphate at pH 6.83 = 0.03 was overlaid on 990 pL of a solution that contained 50
mM decanoic acid, 30 mM sodium phosphate, and 100 mM NaCl at pH 6.83. Twenty seconds
later, the sample was vortexed for ~6 seconds. For a control, 10 pl of the same phosphate buffer
(with no amino acid) was added. The relative effectiveness of the amino acids, with diminished
turbidity for more hydrophobic amino acids, is similar to that seen when the amino acids are
added as solids (c.f. Fig 6.3C in the main text).
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Figure 6S8. The increase in turbidity in decanoic acid solutions caused by the addition of serine
and glycine decays over a period of days. The decanoic acid solution was added to solid amino
acid such that the resulting solution contained 10 mM amino acid, or to an empty tube as a control.
One minute later, samples were vortexed for ~6 seconds. Turbidity (absorbance at 490 nm) of the
samples was determined 30 minutes later and then daily. The figure records the percentage change
of the test with respect to the control. Three experiments were conducted: one extended through
Day 2 and two extended through Day 4. Standard errors of the mean are shown for Days 0, 1, and
2, and average errors are shown for Days 3 and 4, unless the errors are smaller than the symbols.
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Figure 6S9. At concentrations of 1.25 mM and higher, amino acids serine and glycine significantly
increase turbidity of solutions containing decanoic acid vesicles, and the effect increases with
concentration of the amino acid. The decanoic acid solution was added to a test tube containing
solid amino acid such that the final amino acid concentration was 0, 1.25, 2.5, 5 or 10 mM. One
minute after each addition, samples were vortexed for ~6 seconds. Turbidity, measured by
absorbance at 490 nm, was determined 30 minutes later. The graph shows the percent increase in
turbidity relative to the control with no amino acid. Each point is the average of at least three
experiments. Error bars denote standard deviations, including when the error is smaller than the
symbol size.
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Figure 6S10. Serine does not affect the critical vesicle concentration of decanoic acid solutions,
as determined by two methods. A. Solutions containing 25 mM decanoic acid, 30 mM sodium
phosphate, and 100 mM NaCl at pH 6.83, with and without 10 mM serine, were diluted until the
concentration of decanoic acid was as low as 10 mM. The diluting solution contained all of the
same compounds except decanoic acid. The critical vesicle concentration was identified as a sharp
change in the absorbance of the sample at 490 nm. B. The critical vesicle concentration was
measured via an assay that employs merocyanine 540, a dye. The absorption spectrum of this dye
shifts in hydrophobic environments, including surfactant aggregates (7). Solutions containing 10-
25 mM decanoic acid with or without 10 mM serine were prepared as in the Methods. At least 30
min later, 8 pL of 1 mg/mL merocyanine 540 that had been dissolved in 1:1 water:ethanol was
added to 2.5 mL of each decanoic acid solution. The critical aggregate concentration was measured
as in (3). Briefly, each sample's absorbance was measured at 530, 564, and 630 nm (denoted Aszo,
Ases, and Aeso). The critical aggregate concentration was identified by a sharp change in the
quantity: (Ases — As30)/(Aszo — As30).

>

1.8
O control @ B. QO control O

. @ vith serine 16 @ with serine
o g
S 40 1 c
S 3 141
= 8
E -
< 30 : 1527 8
o =
2 ¢ |z
~ g
© c
@ 20 o
5] e]
S @ R 09
2 [ 8
S £ !
2 10+ O £ 06
m : ®

8 . 0.4 1

oo
10 20 30 10 20 30
concentration of decanoic acid (mM) concentration of decanoic acid (mM)

148



Table 6S1. Summary of Results.

Lys Ser Thr Gly Ala Val Leu lle
(These seven amino acids are considered prebiotic.)
Diffusion Yes Yes - Yes - - Yes -
NMR
Strength of Strong | Strong - Strong - - Strong -
evidence
Retention w/ - Maybe | Maybe | Maybe Yes Yes Yes Yes
vesicles
Strength of —  |Error bars|Error bars|Error bars | Clearly | Clearly | Clearly | Clearly
evidence overlap | overlap | overlap |exceeds | exceeds |exceeds | exceeds
control | control | control control | control | control | control
Cryo TEM w/ - Yes - - - - - -
more layers
Strength of - Strong - - - - - -
evidence
Increase in - Yes - Yes - - No -
brightness
Strength of - Strong - Strong - - Strong -
evidence
Protects vs. - Yes - Yes - - No -
10mM Mg2+
Strength of - Strong - Strong - - Strong -
evidence
Protects vs. - Yes - Yes - - Some -
300mM NacCl
Strength of - Strong - Strong - - Strong -
evidence
Increase in - Yes Yes Yes Yes No No No
turbidity
Strength of - Strong | Strong Strong Strong | Strong | Strong | Strong
evidence data. data. data. data. data. data. data.
Indirect | Indirect | Indirect | Indirect | Indirect | Indirect | Indirect
result result result result result result result
likely duellikely due|likely due [likely due |likely due|likely due |likely due
to more | to more | to more | to more | to more | to more | to more
lamellae | lamellae | lamellae | lamellae | lamellae | lamellae | lamellae
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Table 6S2. Diffusion coefficients of amino acids and water in solutions without and with decanoic

acid.

Samples
with

decanoic
acid
vesicles

T

usion Coefficient (m?/s)

fast slow water
Glycine 7.6445x10 0% 1.6x10° none 1.69715%x10°+ 3.7x10™"
Leucine Trial 1 5.20932x10"°+ 8.4x10™" none 1.67917x10°+ 2.8x10™"
Leucine Trial 2 521152x10"+ 7.4x10™ none 1.68409%10%+ 3.1x10™"
Serine 6.3733x10 0+ 3.86%10° none 1.69553%x10%+ 5.7x10™"
Lysine 4.8876x10"%+ 5.8x10™" none 1.70501%10%+ 2.0x10™"
Glycine 7.3974x10"%+ 2.4x10" 1.04x10"+ 3.1x10™ 1.59499x10%+ 3.3x10™"

Leucine Trial 1

4.9420x10"% £ 1.5%x10"

2.98x10"? +1.9x10™

1.52258x107 + 2.8x10"

Leucine Trial 2

4.9601x10" £ 1.33x10™"

2.98x10"% £ 1.8x10™

1.53912x10% + 1.9x10™

Serine

6.1322x10"°+ 6.3x10™

1.76x10"?+ 1.07x10"

1.5932x109+ 510"

Lysine

4.580%10"+ 1.7x10"

1.03x10"+2.1x10"

1.56629%10°+ 2.0x10™
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1. All lipid stocks are stored at -20°C in glass scintillation vials, stopped with a Teflon coated
septum. Lipid stocks are typically 10 mg/mL dissolved in chloroform (CHCI3) or a solvent mix
with CHClI3, methanol, and/or DMSO. Dye is typically 1 mg/mL.

2. For every set of samples grab two small test tubes: one for the sample mix and one for waste.

3. Rinse a glass Hamilton 10 pL syringe with CHCIs, first by using a glass pipet to rinse the outside
of the needle. Then, clean the interior by filling the syringe with 10 uL CHCI3 and transferring it
to the waste tube 10x.

4. Rinse the sample test tube by adding a small amount (about 3 cm of the vial should be sufficient)
of CHClg, spinning the solvent in the tube using a vortexer, followed by discarding the solvent.
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5. Measure out lipid solution components using the Hamilton syringe into the rinsed test tube. Be
sure to rinse the syringe, as described in step 3, between different lipid components to prevent
contamination of the stock solutions.

6. Add a small amount (one tip-full of a Pasteur pipet) to rinse down the sides of the sample test
tube.

7. Place the sample test tube into a pre-heated heat block set to 60°C (at least 10°C above the
highest Tm of the lipids in the sample).

8. While lipid solutions heat, re-seal stock solutions with 1) Teflon tape, and 2) parafilm. Lipid
stocks should be returned to the -20°C freezer.

9. For each sample, slice an indium-tin-oxide (ITO) slide in half using a glasscutter. Use a
multimeter to locate the coated (resistive) side of each slide. Label the non-resistive side with a
permanent marker.

10. Clean the resistive side of each ITO slide with ethanol and a lint-free wipe to remove all dirt
and dust. Anything left on the slide can hinder the formation of a smooth lipid film.

11. Heat the ITO slides on the 60°C heat block with the resistive sides face-up.

12. Rinse one Pasteur pipet per sample 1-3x with CHCls. After rinsing the pipettes, place them on
the 60°C heating block.

13. Clean Teflon strips (~3 mm thick and ~1.25 inches long) with ethanol. There should be two
Teflon strips per sample.

14. To spread a lipid film on the ITO slides, use a pre-heated Pasteur pipet (1 per sample) and suck
up ~half of the lipid solution and deposit drops on the conductive side of the ITO slide. Evenly
move the tip of the pipet across the slide surface until all of the solvent has evaporated and a film
remains that has a rainbow sheen. The thinner and smoother the lipid film, the higher quality the
GUVs produced by electroformation.

15. Using a Pasteur pipet, run a thin line of vacuum grease along the longer edges of the ITO slides
(~the length of a Teflon strip).

16. Place Teflon strips down on top of the vacuum grease on the ITO slide, specifically on the side
with the lipid film.

17. Complete each electroformation chamber by placing the slide without the Teflon strips grease-
side down on the strips of the other slide so that the edges are offset (Fig. A.A.1).

18. Secure the chamber with binder clips.

19. Place the chambers in a vacuum desiccation chamber and keep chambers under vacuum for at
least 30 min. The chamber should be impenetrable to light to keep lipids from photo oxidizing.

20. After solvent is sufficiently evaporated from chambers, seal one open edge of the chamber
with vacuum grease.
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21. Fill the chamber with MilliQ water, buffer, or a sucrose solution. Add solution slowly to avoid
air bubbles. If air bubbles form, gently tap the chamber.

22. Seal the open edge of the chamber with more vacuum grease. Remove any air bubbles.
23. Clean excess vacuum grease with ethanol.

24. Clip chambers to two conductive metal rails with strong binder clips. One side will be above
the metal rail, the other below. See Fig. A.A.1 for details.

Figure Appendix A 1: Diagram of electroformation procedure. Figure from Joan Bleecker.
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25. Test the electrical connections with a multimeter. The meter should read 100-200 QQ when one
lead is in contact with the ITO slide and the other with the rail connected to the opposite side of
the chamber. Test both sides of the chamber.

26. Place the rails and chambers in a 60°C oven (again, at least 10°C above the highest T, of the
lipids in the sample) and attach to a function generator. The sample should have an AC current
continuously run through it at 10 Hz and 1.5 V for 1 hour.

27. After an hour, turn off the function generator and detach the leads from the rails. Detach the
chambers from the rails. Gently crack open the chambers (or use a syringe to suck up the materials)
and deposit the solution into an Eppendorf tube.

28. Dilute the vesicles with an appropriate amount of either MilliQ water, buffer, or glucose
solution. This amount will depend on the experimental context. If vesicles are to be used for Tmix
quantification via fluorescence microscopy, dilute the vesicles ~10fold with glucose solution that
is osmotically matched with the internal sucrose solution of the vesicles. Allow vesicles to settle
to the bottom of the Eppendorf tube for at least 2-3 min.
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1. Electroformed and diluted vesicles should be kept in Eppendorf tubes in a 60°C oven throughout
the duration of the experiment. Vesicles should be kept at high temperature until they are at the
microscope.

2. For microscopy experiments, it is ideal to make vesicles in a 200-300 mM sucrose solution and
subsequently dilute them in a 200-300 mM glucose solution (the inner and outer sugar solutions
must be osmotically matched to ensure that vesicles are taut). To ensure that vesicles are
completely taut, an internal sucrose solution of ~10 mM higher than the outer glucose solution
may be used.

3. Allow vesicles to sediment to the bottom of the Eppendorf tube for at least 2-3 min.

4. Prepare imaging chambers by adding a thin layer of vacuum grease to all four edges of a square
25 x 25 mm coverslip. Place greased coverslips in the 60°C.

5. While working in the oven, pipette 10 puL of sedimented vesicles onto a pre-heated coverslip.
Add 90 pL of the dilution solution and seal the imaging chamber with another square coverslip.

6. Transfer the sample over to a pre-heated (~60°C) microscope stage. The coverslip should be in
thermal contact with the stage and the best way to achieve this is to coat the microscope stage in
thermal grease.

7. For an initial temperature sweep to locate the approximate Tmix, decrease the temperature of the
stage from 60°C in 2°C increments, turning on the light source and the camera at each increment
(but not for long, keep the time light is on the sample to a minimum to prevent photo oxidation).
Record the temperature that vesicles begin to phase separate and the temperature at which all
vesicles are phase separated.

8. For the quantitative temperature sweep, lower the temperature of the stage to 1-2°C above the
temperature at which phase separated vesicles began to appear in the initial sweep.

9. Decrease the temperature of the stage in 0.5°C increments, imaging vesicles at each temperature
and counting the number of phase-separated vesicles and fully mixed vesicles. Try to minimize
the time spent with the light source on the sample. At each temperature increment, at least 20
vesicles should be counted (and ideally, far more than 20) to ensure decent counting statistics.

10. Keep decreasing the temperature until at least 90% of vesicles in the field of view are phase
separated.

11. To compute the Tmix, fit the following equation to the percent of phase separated vesicles at
each temperature:

1

_(x-0)

1+e d

% Phase Separated = 100 * 1 —
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Where x is the value of Tmix and represents the temperature at which 50% of the vacuoles are phase
separated.

12. Confidence intervals come from bootstrap resampling of the fit. Scripts to count vesicles, fit
the data, and compute confidence intervals can be found in Appendix B.

1. Create GUVs via electroformation as described in A.A.1. Multilamellar LUVs can be created
via simple hydration (see https://avantilipids.com/tech-support/liposome-preparation/Imv for
detailed instructions).

2. Unscrew the extrusion apparatus, exposing the Teflon internal components. Clean all the Teflon
and o-ring components in ethanol, followed by MilliQ water.

3. Pre-wet the surface inside the O-ring of the Teflon cylinder with a drop of MilliQ water or the
buffer that vesicles are suspended within.

4. Place one or two filter supports in the middle of each of the two o-rings on the pre-wet surface.
Using more than one filter support allows for faster extrusion.

5. Place a filter membrane on top of one of the filter supports on one of the Teflon cylinders. Make
sure that the filer membrane has been wet by the filter support and lies flat on the surface. Two
filters can be placed inside if it is very important to have uniform vesicles. Membranes and spacers
are made by Whatman Nucleopore and can be purchased from Avanti Polar Lipids.

6. Place the Teflon cylinder with the filter membrane on it into the larger metal sheath.

7. Place the other Teflon cylinder into the larger metal sheath so that the spacers maintain their
position in the center of the O-ring, and that the O-ring makes contact with the filter membrane.

8. Assemble the remaining elements of the stainless-steel apparatus. Tighten the apparatus until
the threads are snug, but do not crank down on it as the Teflon is soft and will flow under plastic
deformation. The hexagonal outer grips on both pieces should be aligned.

9. Place the stainless-steel apparatus in the extruder holder. If using a ternary composition of lipids,
make sure that the entire apparatus has been pre-heated in an oven at a temperature at least 10°C
above the Tmix.

10. Clean the two vacuum syringes by flushing them with CHCI3z and then plenty of MilliQ to
ensure that the CHCl3 is completely flushed from the syringes.

11. Wet everything inside the extruder by drawing ~500 pL of sample buffer in one syringe and
pushing it through the extruder into the other syringe. Push the solution back and forth through the
extruder ~11x. Expel this solution and draw up the sample, which will likely be a cloudy solution.
Keep solution and extruder in the oven for temperature-sensitive samples.

12. Secure the syringes into the apparatus with the securing latches on the sides of the apparatus.
13. Gently push in the plunger of the syringe containing the lipid mixture and the syringe on the
opposite side of the apparatus should draw up the liquid without any assistance. The first pass of
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the vesicles through the filter is always the most difficult. The smaller the membrane pores, the
more difficult the sample will be to extrude.

14. Push the sample back from the second syringe into the first syringe. Repeat this 19-29x. A
higher number of passes through the extruder correlates with a narrower distribution of vesicle
sizes.

15. Put the extruded vesicles into a plastic or glass vial for immediate use.

* This protocol is written for use with a Vitrobot™ Mark IV (FEI; Hillsboro, OR)

1. Apply Vitrobot™ 50 mm filter paper to the two pads of the Vitrobot™.

2. Attach the humidifier to the Vitrobot™ and fill it with 60 mL of MilliQ water

3. Turn on the Vitrobot™ and set the internal temperature to 25°C with 100% humidity.
4. Set the blotting parameters:

- For liposomes on 2x2 QUANTIFOIL® holey-carbon grids (Electron Microscopy
Sciences; Hatfield, PA), use a single blot for 2.5 or 3 s.

- For liposomes on 2x2x2 C-flat™ holey-carbon grids (Electron Microscopy Sciences;
Hatfield, PA), use a single blot for 7 or 8 s.

- For fatty acid vesicles on 2x2x2 C-flat™ holey-carbon grids (Electron Microscopy
Sciences; Hatfield, PA), use a 4s/4s double blot.

5. Cool down the Vitrobot™ dewar with liquid N2. The heat transfer topper should be placed in
the dewar so that the copper cup (later filled with liquid ethane) is cooled to liquid N2 temperature.
Cover the entire apparatus with a plastic beaker to ensure that no liquid water gets in.

6. While the dewar is cooling, prepare the grids.

7. Grids are stored in a desiccator. Remove the necessary grids and place them carbon-side-up on
a petri dish. Place the petri dish into a glow discharger and plasma treat them for 15 s. at 25 mA.

8. Fill the copper cup in the Vitrobot™ dewar with liquid ethane. Briefly, deposit gaseous ethane
into the cooled copper cup and it should transition to a liquid.

9. Keep the heat transfer topper on the copper cup until a thin film of ice begins to form on the
surface of the liquid ethane. Remove the heat transfer topper and place the dewar into the
Vitrobot™,

10. Pick up a glow-discharged grid with the Vitrobot™ tweezers and insert the tweezers into the
vitrobot such that the carbon-side of the grid faces the side portal of the Vitrobot™,

11. Deposit 3.5 pL of liposome sample (or 3 pL fatty acid sample) onto the grid. Allow the
liposome solution to deposit on the grid for at least 30 s. Do not allow the fatty acid solution to sit
long on the grid.
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12. Blot the sample.

13. Transfer the plunge-frozen grid into a storage box. Seal the storage box and store in liquid N2
until it is ready to be imaged.

* The yeast strain contains the following genetic mutations: MATa, his3D1, lys2D0, leu2DO,
VPH1-GFP::HIS3M.

1. The day before, start pre-cultures with 1-2 colonies scraped from an agar plate submerged in
10-20 mL of synthetic complete media with 0.4% glucose. Grow cultures at 30°C and 225 rpm for
10-12 hrs.

2. After 10-12 hrs, inoculate 1 L (log stage) or 200 mL (stationary stage) with enough pre-culture
to have an ODegoo of 0.001.

3. Allow culture to grow at 30°C and 225 rpm until the culture has an ODsgoo = 0.85-1.3 for log
stage (~17 hrs) or ODsoo = 6-8 for stationary stage (~3 days).

4. To dilute cells for imaging, make an isosmotic solution of conditioned media and 20% OptiPrep.
This solution is prepared by centrifuging 1 mL of culture at 1100 rpm for 2 min, collecting the
supernatant, and spinning again at 1100 rpm for 2 min to remove all cells. This solution is
contained with OptiPrep to a final concentration of 20% v/v OptiPrep.

5. For temperature experiments, Concavilin-A (ConA) coated coverslips should be prepared. Coat
clean coverslips with 3 uL of 1 mg/mL ConA in coat buffer (50 nM HEPES, 20 mM calcium
acetate, 1 mM MnSOs pH 7.5). Immediately prior to use, rinse all of the residual salt off of
coverslips using MilliQ water and dry under a stream of Na.

6. Add 5 pL of cells to a coated coverslip and dilute with an additional 5 puL of conditioned media
containing 20% OptiPrep. Place another coverslip on top and allow the cells to settle onto the
coated surface for at least 10 min.

7. For Tmix experiments, place the sample on a pre-heated temperature stage set to a temperature
5°C below the growth temperature of the sample.

8. Heat the sample in 2°C increments, taking images at every temperature increment from 3-5
fields of view. Continuing heating the sample until all vacuoles appear mixed.

9. Repeat this for several samples from the same preparation.

10. Images can be post-processed wusing the scripts MiscibilityTemp.py and
CombinedPlotter_V2.py found in Appendix B.
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* The yeast strain contains the following genetic mutations: MATa, his3D1, lys2D0, leu2DO,
VPH1-GFP::HIS3M.

1. The day before, start pre-cultures with 1-2 colonies scraped from an agar plate submerged in
10-20 mL of synthetic complete media with 0.4% glucose. Grow cultures at 30°C and 225 rpm for
10-12 hrs.

2. After 10-12 hrs, inoculate 1 L (log stage) or 200 mL (stationary stage) with enough pre-culture
to have an ODeggo Of 0.001.

3. Allow culture to grow at 30°C and 225 rpm until the culture has an ODegoo = 0.85-1.3 for log
stage (~17 hrs) or ODeoo = 6-8 for stationary stage (~3 days). If the ODeoo for log stage vacuoles
is too high (> 1.3), back dilute to 0.4-0.7 and grow to 0.85.

4. Transfer the sample to either 1 L Nalgene bottles (log stage) or 250 mL Nalgene bottles
(stationary stage).

5. Centrifuge the sample at 4000 rpm for 10 min at room temperature.

6. Discard the supernatant and make the wash buffer (45 mL H20, 5 mL 1 M Tris-HCI pH 9.4,
0.077 g DTT; 50 mL per L of culture).

7. Wash the cells by resuspending each pellet in 50 mL of wash buffer.
8. Transfer to Falcon tubes and incubate in a 30°C water bath for 10 min, swirling occasionally.
9. Centrifuge for 5 min at 4000 rpm at room temperature. Save the pellet.

10. Re-suspend the pellet in spheroplasting buffer (1 mL 1M KPi pH 7.5, 1.6 mL media, 3 mL 4M
sorbitol, 14.4 mL H0O; 15 mL per L of culture).

11. Swirl by hand with rests on ice until fully re-suspended.

12. Add lyticase. For log stage experiments, at 444 uL/0.73*OD*L for Apro8 yeast). For stationary
stage experiments, add 2 mL of lyticase.

13. For log stage experiments, incubate at 30°C for 25 minutes. For stationary stage experiments,
incubate at 30°C for 1 hour. Swirl every few minutes.

14. Centrifuge the sample for 2 min at 3000 rpm and 4°C.

15. Place tubes on ice and remove supernatant gently using vacuum. The pellet should be
gelatinous, not rigid.

16. Add 2 mL of 15% Ficoll to each pellet.

17. Add DEAE-dextran solution (~20 uL for Apro8 yeast; Float 10 mg DEAE-Dextran on 1 mL
of 15% Ficoll and vortex after a couple of minutes).
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18. Incubate for 2 min on ice, then 3 minutes at 30°C with occasional swirling, and then place on
ice.

19. Load 3-4 mL of yeast lysate to the bottom of a pre-chilled SW-41 tube.

20. Overlay with ~3 mL of 8% Ficoll, followed by ~3 mL of 4% Ficoll. Be extremely careful to
not disrupt the barrier between the two densities.

21. Fill to within 5 mm of the top of the tube with PS buffer. The layer between 0% Ficoll (PS
buffer) and 4% Ficoll is where yeast vacuoles will sediment. Be extremely careful to not disrupt
this layer.

22. Ultracentrifuge samples in a swinging-bucket SW-41 rotor at 30,000 rpm for 90 min at 4°C.

23. Trim the tip of a p200 pipette tip and withdraw the white material from the 4% Ficoll/PS buffer
interface in 200 pL batches

24. Vacuole suspensions should be stored on wet ice until use.

25. To immobilize vacuoles for microscopy, mix 5 pL of vacuoles with ~5 pL of 2% agarose and
allow to solidify between sandwiched coverslips.

1. Prepare solutions of fatty acid vesicles: Mix 180 mM decanoic acid, 190 mM NaOH, 0.5 M
NaH2POs, and 4 M NaCl. Titer the pH t0 6.83 + 0.2.

2. If desired, add this solution to solid amino acid, to a concentration of 10 mM amino acid.

3. Once the decanoic acid solution is added to the solid amino acid, allow amino acid to dissolve
for 60 s. Then, vortex the mix for 3 s 2x and vortex a final time for 1 s.

4. Let the sample sit for ~30 min, with brief vortexing at 15 min.

5. For fluorescence imaging, pipette 100 puL of sample into a separate test tube. Add 0.5 pL of 2
mM Rhodamine-6G and swirl.

6. Pipette this solution onto a greased coverslip (the 4 sides of the coverslip should have a smaller
layer of vacuum grease).

7. Place another coverslip on top and sandwich the sample.

8. Place the sample on the microscope stage. There will be a lot of background fluorescence from
the Rhodamine-6G, so it is easier to view the sample if the microscope aperture is closed as much
as possible.

9. There is a very narrow depth-of-field in which vesicles are visible. In all other depths-of-field,
the solution flows rapidly. This depth-of-field is near the top of the sample, as vesicles float to the
top of the solution.
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APPENDIX B: CODE

A.B.1 Code for “Tuning Length Scales of Small Domains in Cell-Derived and Synthetic
Model Membranes

Name: 1DPairCorrelation_truncate.py

function, G(r),

2. of the pixels in the image. First, a pair correlation is calculated
along the x-direction. This generates a 2D pair correlation with
correlations between particles in X and Y. The code then plots one
slice of the G(r) in the x-direction against the radius.

can also calculate an envelope function of the G(r). The code fits
and gives error bounds.This version truncates the envelope function
code written by Shushan He."""

import matplotlib.pyplot as plt

import numpy as np

from scipy.misc import imread
9. from scipy.optimize import curve fit

0 ~J oy »n

11. def calcrdf (phi):

either an exponential or a power law function to the G(r) or envelope

1. """ This script will take an 8-bit image and compute a pair correlation

4. The pair correlation function will be normalized around 0 and this code

after the first several peaks of the G(r). This script is adapted from

12. ''"'" This function calculates the radial distribution function

13. of an image composed of an array of pixels. It returns a 2D

14. G(r) integrated over the average contrast intensity '''

15.

l6. ## Set up the size of the array

17. Lx = phi.shape[0]

18. Ly = phi.shape[l]

19.

20. ## Define field as contrast from average

21. ## pixel intensity (can be negative)

22. dphi = phi - np.average (phi)

23.

24, ## Calculate the average contrast intensity

25. diphiavg2 = np.average (dphi**2)

26.

27. ## Define the array for a 2D G(r)

28. rho2 = np.zeros ((Lx+1, Ly+1l))

29.

30. ## Calculate the 2D G(r)

31. for dx in np.arange (Lx) :

32. for dy in np.arange (Ly) :

33. phi2 = dphi

34. rho2 [dx,dy] = np.average (phi2[0:Lx-dx,0:Ly-dy]
* phi2 [dx:Lx,dy:Ly])

35.

36. return rho2/diphiavg2

37.
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38.
39.
40.
41.
42.
43.
44,
45.
46.
47 .
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.

71.

2.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.

def exponential(x, a, b, c):

return a * np.exp(-b * x) + c
def power(x, a, b, c):
return a * (x**(-b)) + c
def power2(x, a, b):
return a * (x**(-b))
if name == " main ":
## Load in the image
im = imread("14 croprotate.tif")
phi = im
## Calculate the 2D G(r) using the RDF function
dgr 2d = calcrdf (phi)
## Slice the 2D G(r) in the x-direction, where
## dy=0 to obtain a 1D G (r)
dgr 1d = dgr 2d[0]
print (len(dgr_ 1d))
## Calculate the numerical derivative of G (r)
## to find the maxima to fit to an exponential
## or power law curve
gr deriv = np.diff (dgr_1d)
## Roll the derivative over one to see where
## it changes sign
gr derivposition = np.array(gr deriv > 0, dtype=int)
gr derivposition2 = np.roll(gr derivposition, 1)
np.array (gr_derivposition - gr derivposition2 == -1,
dtype=int)
maxX = np.array(gr derivposition-gr derivposition2 == -1,
dtype=int)
## Define the array in units of pixels
## (will need the max number of pixels)
r = np.arange (59)
## Define the array in units of microns
## (will need the resolution of the image)
r = r*0.16
## Redefine r to shift by half a pixel length.
## This is due to an error in fitting a power law
## when there are 0's present in r. The
## uncertainty of the self correlation is on the
## order of the size of the pixel (0.17 um)
r = r+0.16/2
## Redefine the bounds of the 1D G(r)
g r = dgr 1d[:59]
## For plotting, set the maxX at 0 equal to 1
## and find the x values where maxX is 1
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93. ## and the y values where x is 1 multiplied

94 . ## by the 1D G(r)

95. maxX[0] =1

96. envelopeX = r[maxX==1]

97. envelopeY = maxX[maxX==1]*g r[maxX==1]

98.

99. ## Truncate the envelope at ~6 pm

100. ## and delete erroneous point at 1 pixel noise

101. envelopeX = envelopeX|[:3]

102. envelopeY = envelopeY[:3]

103. print (envelopeX)

104. #envelopeX = np.delete (envelopeX, 2)

105. #envelopeY = np.delete (envelopeY, 2)

106.

107. ## Fit the data to an exponential curve or power law

108. poptE, pcovE = curve fit (exponential, envelopeX, envelopeY)#,
p0=[1,1],maxfev=10000)

109. fitE = exponential (envelopeX, *poptE)

110. poptP, pcovP = curve fit (power2, envelopeX, envelopeY, pO0
=[1,11)

111. fitP = power2 (envelopeX, *poptP)

112. #print (popt)

113. #print (pcov)

114.

115. # Calculate the error based on a taylor expansion

116. # and the most weighted parameters (a and c)

117. perrE = np.sqrt (np.diag(pcovE))

118. upperE = fitE + (perrE[0]+perrE[2])

119. lowerE = fitE - (perrE[0O]+perrE[2])

120.

121. perrP = np.sqrt (np.diag(pcovP))

122. upperP = fitP + (perrP[0])

123. lowerP = fitP - (perrP[0])

124.

125. # Calculate the residual and the variance to obtain

126. # the R-squared value for both fits

127.

128. residualE = np.sum( (envelopeY - fitE)**2)

129. varianceE = np.sum( (envelopeY- envelopeY.mean())**2)

130. r squaredE = 1 - (residualE/varianceE)

131. print (r squaredE)

132.

133. residualP = np.sum( (envelopeY - fitP)**2)

134. varianceP = np.sum( (envelopeY - envelopeY.mean())**2)

135. r squaredP = 1 - (residualP/varianceP)

136. print (r squaredP)

137.

138. ### Plot the G(r)

139.

140. # Make a plot with space for subplots

141. fig, axes = plt.subplots(1l,1,sharex=True, sharey=True,
figsize=(6,6))

142.

143. # Plot the G(r) and the fit with error bounds

144. x = np.linspace (envelopeX.min (), envelopeX.max () ,200)

145. axes.axhline (0, color = "black", linestyle ='--', alpha=0.2 )
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l46. #axes.axvline (5.695, color = "black", linestyle='--',
alpha=0.2)

147. axes.plot(r, g r, color = "black", alpha = 0.7, label =
'data')

148. axes.plot (x, exponential (x, *poptE), color = "blue", alpha =
0.7, linestyle = '-.', label = 'exponential fit')

149. axes.plot (x, power2(x, *poptP), color = "green", alpha = 0.4,
label = 'power law fit'")

150. axes.plot (envelopeX, envelopeY, marker = "o", linestyle =
"None", markersize = 5, markeredgecolor = "grey", markerfacecolor =
"None")

151. axes.set ylabel ("G (r)", fontname="Arial", fontsize=15)

152. axes.set xlabel ("Radius (pm)", fontname="Arial", fontsize=15)

153. axes.text (3.5, 0.85, 'SR"2$ exponential = 1.00 \n$R"2$ power =
0.906', style="'normal',

154. bbox={'facecolor':"'None', 'alpha':0.5, 'pad':3})

155. #axes.legend()

156.

157. # Save the figure as a PDF

158.

159. plt.savefig ("GPMV_1l4deg combinedtruncate.pdf")

160. plt.show()

Name: 1DStructureFactor.py

1. """ This script will take an 8-bit image and compute a pair
correlation function, G(r), of the pixels in the image. First, a pair
correlation is calculated along the x-direction. This generates a 2D
pair correlation with correlations between particles in X and Y. The
code then plots one slice of the G(r) in the x-direction against the
radius.

2.

3. The code will then calculate a fourier transform of the 1D G(r) to
obtain an S (k). This script is adapted from code written by Shushan
He."""

4.

5. import matplotlib.pyplot as plt

6. import numpy as np

7. from scipy.misc import imread

8. from scipy.optimize import curve fit

9.

10. def calcrdf (phi):

11. ''' This function calculates the radial distribution function

12. of an image composed of an array of pixels. It returns a 2D

13. G(r) integrated over the average contrast intensity '''

14.

15. ## Set up the size of the array

16. Lx = phi.shape[0]

17. Ly = phi.shape[1l]

18.

19. ## Define field as contrast from average

20. ## pixel intensity (can be negative)

21. dphi = phi - np.average (phi)

22.

23. ## Calculate the average contrast intensity
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24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47 .
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.

diphiavg2 = np.average (dphi**2)

## Define the array for a 2D G(r)
rho2 = np.zeros((Lx+1l, Ly+1l))

## Calculate the 2D G(r)
for dx in np.arange (Lx) :
for dy in np.arange(Ly):
phi2 = dphi
rho2 [dx,dy] = np.average (phi2[0:Lx-dx,0:Ly-dy]
* phi2 [dx:Lx,dy:Ly])

return rho2/diphiavg?2

def exponential(x, a, b, c):
return a * np.exp(-b * x) + c

def power(x, a, b, c):
return a * (x**(-b)) + c

def power2(x, a, b):

return a * (x**(-b))
if name == " main ":
## Load in the image
im = imread ("GMPV_1l6deg rotate.tif")
phi = im
print (len (phi))

## Calculate the 2D G(r) using the RDF function
dgr 2d = calcrdf (phi)

## Slice the 2D G(r) 1in the x-direction, where
## dy=0 to obtain a 1D G(r)
dgr 1d = dgr 2d[0]

## Define the array in units of pixels
## (will need the max number of pixels)
r = np.arange (38)

## Define the array in units of microns
## (will need the resolution of the image)
r = r*0.16

## Truncate the radius to cut off the
## mirrored part of the plot

#r = r[:24]

print (r)

## Calculate the S (k) by taking a Fourier

## Transform of the magnitude squared of the
## 1D G(r)

rho k = np.fft.fft(dgr 1d)

s k = np.real(rho k)**2 + np.imag(rho k) **2
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80.

style="normal', fontname="Arial",

81. ## Truncate the s k to cut off the

82. ## mirrored part of the plot

83. s k = s k[0:18]

84.

85. ## Define the g-space array in units of

86. ## inverse microns

87. g = np.fft.fftfreg(len(xr))

88. qg = q/0.16

89. g = q[0:18]

90. print (q)

91. #wavelength = 1/g

92. #print (wavelength)

93.

94 . ## Redefine the bounds of the 1D G(r)

95. ## The bound depends on the number of pixels in the x

96. g r = dgr 1d[:34]

97.

98. ### Plot the S (k)

99.

100. # Make a plot with space for subplots

101. fig, axes = plt.subplots(l,1,sharex=True, sharey=True,
figsize=(6,6))

102.

103. # Plot the S(k) and the fit with error bounds

104. #axes.axhline (0, color = "black", linestyle ='--', alpha=0.2 )

105. axes.axvline (1.151, color = "black", linestyle ='--",
alpha=0.2)

106. axes.plot (g, s_k, color = "blue", alpha = 0.6, label = 'data')

107. axes.set ylabel ("S(k)", fontname="Arial", fontsize=14)

108. axes.set xlabel ("Wavenumber ($um”~{-1}$)", fontname="Arial",
fontsize=14)

109. axes.text (1.5, 17, 'S$\lambda c$ = 0.86 * 0.08 um',

fontsize=14)

110. #axes.legend ()

111.

112. # Save the figure as a PDF

113.

114. #plt.savefig ("GPMV_1l4deg S (k) .pdf")

115. plt.show()
A.B.2 Code for “Direct Imaging of Liquid Domains in Membranes by Cryo Electron
Tomography”

Name: BilayerHeightMeasurements.py

1. mwoan This

bilayers.

script imports 0 angle images from Tomograms of lipid
A Canny edge detection algorithm is applied to the image to

find the edges of the bilayer.

The process of determining sigma for the

gaussian filter in the Canny algorithm is semi-iterative.

The edge

image 1is

a boolean array that is then converted to a binary array. The

binary array is converted to XY.
polar coordinates and the origin

These XY coordinates are converted to
is shifted to the center of the image.
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2. The radii and theta values for each point along an edge are stored in a
pandas dataframe. The program differentiates between the two edges by
taking an average between the two and setting a boundary for above and
below the average value. The theta values are binned so that radii are
an average value within each bin. Once the inner and outer leaflet are
determined, the script calculates the difference between a pixel on the
inner leaflet with every pixel on the outer leaflet and chooses the
minimum distance. The final height measurements are averaged by taking
a rolling average over two pixel values. This information is stored in
a dataframe."""

3.

4. import os

5. import matplotlib.pyplot as plt
6. import numpy as np

7. import pandas as pd

8. import cv2

9

10. # Canny filter

11. from skimage.feature import canny

12. # Denoise

13. from skimage.restoration import denoise nl means, estimate sigma
14. # Equalize histogram

15. from skimage.exposure import equalize hist

16.

17.

18. ## Set global matplotlib parameters

19. plt.rcParams|["font.family"] = "Serif"

20. plt.rcParams["font.size"] = 12

21. plt.rcParams["figure.figsize"] = (20,18)

22. plt.rcParams|["image.cmap"] = "bone"

23.

24. def MrSifter (root dir):

25.

26. '"''This function returns the file path of all the tif files within
root dir.'"!'

27.

28. fnames = []

29. for root, dirs, files in os.walk(root dir):

30.

31. ## Loop through the files

32. ## Check for .tif extension

33. ## save if it has one

34.

35. for file in files:

36. if file.endswith(".tif"):

37. fnames.append (os.path.join (root, file))

38.

39. return fnames

40.

41.

42. def InteractiveCanny (Image) :

43, ''' This function allows the user to interactively change the values
of sigma in the gaussian filter portion of the Canny edge detection
algorithm. '''

44,

45. Filtered = canny(Image, sigma=4) # 4 for tomos and 6 for

projections
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46.
47 .
48.
49.
50.

51.
52.
53.
54.

55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.

81.

82.

83.
84.
85.
86.
87.

88.
89.

90.
91.
92.

93.
94.

plt.imshow (Filtered)
plt.show()

## Inquire if the sigma value is correct
Question = int (input('Input 1 if the filter i good, 0 if it is

bad: "))
## Decide whether to move on or test different values of sigma
if Question !=0:
New sigma = float (input ('Enter the original value of
sigma: "))
else:
New sigma = float (input ('Enter new value of sigma: '))

## Generate a new filtered image
Filtered = canny(Image, sigma=New sigma)

## Show the new image
plt.imshow (Filtered)
plt.show()
plt.close()

return Filtered
def TemplateArray (Image) :

""" This function takes an array of binary filtered images and returns
a mapped template array in polar coordinates."""

## Input the image resolution in nm per pixel
res = 0.191 # on TF20, 0.254

## Create an XY array of the same shape as the image
X,y = np.arange (Image.shape[l]), np.arange (Image.shape[0])
X,Y = np.meshgrid(x, vy)

## Reposition the origin of the template array to be in the
center of the filtered image

X = Image * X #-Image.shape[l] # X for right, its Image*X-
Image.shape[l] for left

Y = Image * (Y- (0.5*Image.shape[0])) # This gives 1/2 the yaxis
length

## Convert the XY coordinates to polar coordinates (theta, r)

## Invert the theta coordinate so thtat it goes from 0 to pi

fr = (np.sqgrt(X**2 + Y**2)*Image) *res

ft = abs(Image*np.arctan2(X,Y)) # normally, arctan2 takes Y,X
but this is inverted

## Isolate the radii and theta values for the edges and store
them

## in an array outside the loop

fr edge = frlfr !=0]

ft edge = ft[fr !=0] # us fr so that both are flattened in the
same way

## Create a pandas dataframe to store the values
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95. df = pd.DataFrame ({"fr":fr edge, "theta":ft edge})
96.

97. ## Create an array of values for bins in theta

98. theta bins = np.linspace (0, np.pi, 30)

99.

100. ## Apply bins to the values of theta and add to the dataframe

101. df ["theta cut"] = pd.cut (df.theta, theta bins)

102.

103. ## Make labels for the bins that are the middle value in the
bin range

104. theta labels = 0.5* (theta bins[:-1]+theta bins([1:])

105. df ["theta labels"] = pd.cut(df.theta, theta bins,
labels=theta labels)

106.

107. ## Convert the theta labels to float values instead of
categories

108. df.theta labels = df.theta labels.astype (float)

109.

110. ## Find the average between the two edges so that we

111. ## can distinguish between the two by seeing their position

112. ## with respect to the average value

113. fr avg = df.groupby ("theta labels") ["fr"].mean ()

114.

115. ## Define the top edge of the two edges by putting an addition
to the data frame

116. ## that checks the radius values against the average radius
values in the bins

117. ## and if they are above those values, places it in the top

118. df ["top edge"] = df["fr"] >
fr avg.loc[df["theta labels"]].values

119.

120. ## Create a new data frame with only the values for the top
edge

121. top df = df.loc[df["top edge"] == True]

122.

123. ## Define the bottom edge and create a new dataframe with only
those values

124. bottom df = df.loc[df["top edge"] == False]

125.

126. return top df, bottom df

127.

128.

129.

130. if name == ' main ':

131.

132.

133. ## Set the root directory

134. root dir =

"C:\\Users\\cgitl\\Documents\\Tomograms\\HalfSample\\50Lo_Height\\Right
\\n

135.

136. ## Return a list of file names
137. fnames = MrSifter (root dir)
138.

139. ## Loop through the images
140. for name in fnames:
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141. Image = cv2.imread(name, 0) # 0 is a key to import the
image as greyscale

142.

143. ## Parse the file name to get the image name

144. sample =
name [name.rfind ("Right\\")+6:name.rfind (".tif")] # change depending on
names (left is 5, right is 6)

145. print (f"File name = {sample}")

l46.

147. ## Select an ROI on the image

148. roi = cv2.selectROI (Image)

149.

150. ## Close the selection window

151. cv2.destroyWindow ('roi")

152.

153. ## Crop the image

154. imCrop = Image[int(roi[l]):int(roi[l]+roi[3]),
int (roi[0]) :int (roi[0]+xroi[2]) ]

155.

156. ## Display the cropped image

157. cv2.imshow ("Cropped Image", imCrop)

158. cv2.waitKey (0)

159.

160. ## Perform a Canny Filter algorithm

lo61l. Filtered = InteractiveCanny (imCrop)

162.

163. ## Create a dataframe containing r and theta
information about the edge

164. ## detected in the Canny filter

165. top df, bottom df = TemplateArray(Filtered)

166.

167. ## Compute the thicknesses by finding the minimum
distance from a point

168. ## on the bottom to any point on the top

169. optim thickness = []

170. for bx in zip(bottom df["fr"], bottom df["theta"]):

171. delta = np.sqrt(top df["fr"].values**2 +

bx[0]**2-2.*top df["fr"].values * bx[0]*np.cos(top df["theta"].values -
bx[1]))

172. optim thickness.append(delta.min())

173. optim thickness = pd.Series (optim thickness,
index=bottom df["theta"], name="thickness")

174.

175. ## Compute a rolling average of the optim thickness
values to smooth out

176. ## pixel to pixel variations

177. optim thickness = optim thickness.rolling(window=2,
center=False) .mean ()

178.

179. ## Calculate the averages for the top and bottom edges
and store

180. top_avg = top df.groupby ("theta labels") ["fr"].mean ()

181. bottom avg =
bottom df.groupby ("theta labels") ["fr"].mean ()

182.

183. ## Calculate the thickness of the bilayer

184. thickness = top avg - bottom avg
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193.
194.
195.
196.
197.
198.
199.
200.
201.
202.
203.
204.

205.

206.

207.

208.
209.
210.
211.
212.
213.
214.
215.
216.
217.
218.

219.

185.
186.
187.
188.
189.
190.
191.

# Rename the vector to the correct name and store
thickness.rename ("thickness", inplace=True)

## Plot the two different thickness measurements

fig, axes = plt.subplots(figsize=(10,8))

axes.plot (thickness.index, thickness.values, lw=2,c="k",
label="binned theta method")

192.

axes.plot (optim thickness, color="C3",marker="0o",markersize=13,
label="optimization method")
axes.set xlabel ("Theta")
axes.set ylabel ("Bilayer Thickness (nm)")
axes.legend()
plt.tight layout ()
plot file = name[:name.rfind(".tif")]
#plt.savefig(plot file + " optim.pdf")
plt.show ()
plt.close ()

## Plot the radii vs theta figure

figs, axes = plt.subplots(l,1, figsize = (10,8))
axes.plot (top df.theta, top df.fr, marker="o"
Linestyle="None", markersize=15, alpha=0.3, color= '#004445")
axes.plot (bottom df.theta, bottom df.fr, marker="o"
Linestyle="None", markersize=15, alpha=0.3, color = '#6FB98F' )
axes.plot (top _df.theta labels, top df.fr, marker="s"
Linestyle="None", markersize=12, alpha=0.5, color='#2C7873")
axes.plot (bottom df.theta labels, bottom df.fr,
marker="s", Linestyle="None", markersize=15, alpha=0.5, color =
'"#6FBO8FEF" )

axes.set xlabel ("Theta (rad)")

axes.set ylabel ("Radii (nm)")

plt.tight layout ()

## Save the figure with the image title
plt.savefig(plot file + ".pdf")
plt.show()

plt.close ()

## Save the optimum thickness to a .csv file
df opti =

pd.DataFrame ({"optim thickness":optim thickness})

df opti.to csv(name[:name.rfind(".tif")] +

" NewResults.csv")

Name: CombinedPlotter.py

o U W N

""" This script combines .csv files from BilayerHeightMeasurements.py
into one .csv file that is fed into MixtureModel.py"""

import os
import pandas as pd

def MrSifter (root dir):
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7.

8. """This function returns the file path of all the tif files within
root dir."""

9.

10. fnames = []

11. for root, dirs, files in os.walk(root dir):

12.

13. ## Loop through the files

14. ## Check for .tiff extension

15. ## save if it has one

l6.

17. for file in files:

18. if file.endswith (" thickresults.csv"): #
" NewResults.csv" for 5050sample, " optiresults.csv" for 8020

19. fnames.append (os.path.join (root, file))

20.

21. ## YOU HAVE BEEN SIFTED

22.

23. return fnames

24.

25. if name == ' main ':

26.

27. root dir =
"C:\\Users\\caitl\\Documents\\Tomograms\\ThickTomo\\80Sample\\"

28.

29. files = MrSifter (root dir)

30.

31. dfs = []

32. for file in files:

33.

34. df = pd.read csv(file)

35. dfs.append (df)

36.

37. master = pd.concat (dfs)

38.

39. master.to csv(root dir + '80Sample.csv')

Name: MixtureModel.py

1. """ This script uses Lo and Ld thickness measurements to approximate
the probability of observing certain bilayer thicknesses in each phase.

2.

3. Those approximations form a 2 component mixture model that we fit to
mixed samples, infering the fraction of each sample in each phase.

4.

5. Data comes from processed imagery. Script adapted from code written by
Niket Thakkar. """

6.

7. ## For file paths, etc.

8. import sys

9. import os

10.

11. ## For data manipulation, I/0, and

12. ## visualization.

13. import numpy as np
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14.
15.
l6.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.

44 .
45.

46.
47.

48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.

import pandas as pd
import matplotlib.pyplot as plt

## Set up the plotting environment

plt.rcParams["font.family"] = "Arial"
plt.rcParams["font.size"] = 14
plt.rcParams["savefig.dpi"] = 600
plt.rcParams["axes.linewidth"] = 1.5
plt.rcParams["xtick.major.width"] = 1.0
plt.rcParams["ytick.major.width"] = 1.0
plt.rcParams["lines.linewidth"] = 2.0

## Set some colors as well, used in the plots
## throughout.

light blue = "#90AFC5"
blue = "#336B87"

dark blue = "#2A3132"

red = "#763626"

lightest green = "#C4E2CC"
light green = "#92C7AC'
dark green = "#3C6571"'

## For model fitting and KDE construction
from scipy.stats import gaussian kde
from scipy.optimize import minimize

def LogPosterior (alpha,p t Lo,p t Ld,
a=1l,b=1):

""" This is the log of the posterior probability distribution, p(alpha
| {t in sample}, p Lo(t), p_Ld(t)) with a beta distribution, Beta(a,b),
as the prior. This can be numerically integrated to give an exact
posterior or it can be optimized via scipy.minimize to compute a
gaussian approximation to alpha.

Note: p t Lo and p_t Ld should be numpy arrays computed by evaluating
the respective KDEs at each of the sample heights. """

## Start by computing the contribution of the prior. This
comes

## from the probability density of the beta distribution. See

## https://en.wikipedia.org/wiki/Beta distribution for more

## details.

log prior = (a-1)*np.log(alpha) + (b-1)*np.log(l-alpha)

## Now compute the likelihood.
log like = np.log(alpha*p t Lo + (l-alpha)*p t Ld).sum()

return log prior + log like
def SamplePosterior (alpha,posterior,num samples=5000) :
""" This is wrapper on np.random.choice which uses the alpha values
and their associated posterior probabilities to draw samples. This
technically treats alpha as a discrete parameter, so the spacing

between alphas has to be very small, i.e. alpha should be a long numpy
array‘ mmn
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61.
62.

63.
64.
65.
66.
67.
68.

69.
70.
71.
72.

73.

74.
75.
76.
77.

78.

79.

80.

81.

82.

83.

84.
85.
86.
87.
88.

89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.

100.
101.
102.

return
np.random.choice (alpha, replace=True, size=(num_samples, ), p=posterior)

if name == " main ":

## Get the data from CSV
print ("\nGetting the data...")
data dir =
os.path.join ("C:\\Users\\caitl\\Documents\\PythonScripts\\TEM", "mixture
2")
Lo _samples = pd.read csv(os.path.join(data dir,"Lo.csv"),
header=None,
usecols=[1],

dtype={l:np.float64},

names=["thickness"]) ["thickness"]
Ld samples = pd.read csv(os.path.join(data dir,"Ld.csv"),
header=None,
usecols=[1],

dtype={l:np.float64d},

names=["thickness"]) ["thickness"]
mixed samples =
pd.read csv(os.path.join(data dir, "Height.csv"),

header=None,

usecols=[1],
dtype={l:np.float64d},
names=["thickness"]) ["thickness"]

## Get rid of un-physical values
Lo samples = Lo samples|[ (Lo samples >= 2) & (Lo _samples <= 6)]
Ld samples = Ld samples|[ (Ld samples >= 2) & (Ld samples <= 6)]
mixed samples = mixed samples| (mixed samples >= 2) &

(mixed samples <= ©6)]

## Construct KDE approximations. We use the Lo and

## Ld approximation for fitting. The mixed sample KDE
## is just for visualizing the results.

print ("Computing KDEs...")

p_Lo = gaussian_ kde (Lo _samples.values )

p_Ld = gaussian_ kde (Ld samples.values)

p_mixed = gaussian kde (mixed samples.values)

## Evaluate the Lo and Ld distributions at each of
## the mixed points.

p_t Lo = p Lo(mixed samples.values)

p t Ld = p Ld(mixed samples.values)

103.

104.

## Compute the log poserior accross alpha points. This is done
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105. ## by evaluating the function above and then exponentiating
with

106. ## a scale factor to keep everything numerically stable.
Finally,

107. ## the posterior is normalized by dividing by the total (i.e.
a

108. ## right-hand rule numerical integration).

109. print ("Calculating posterior distribution...")

110. alpha = np.linspace(0.01,0.99,1000)

111. posterior = np.zeros (alpha.shape)

112. normalization = 0

113. stability constant = LogPosterior(0.01,p t Lo,p t Ld)

114. for i, a in enumerate (alpha):

115. posterior[i] = np.exp(LogPosterior(a,p t Lo,p t Ld)\

1l6. -
stability constant)

117. normalization += posterior([i]

118. posterior = posterior/normalization

119.

120. ## Compute the mean and standard deviation by integrating

121. ## the posterior times alpha and the posterior time (alpha-
E[alpha]) **2

122. mean_alpha = (alpha*posterior) .sum()

123. var_alpha = (posterior* (alpha-mean alpha)**2) .sum/()

124. std alpha = np.sqrt(var_alpha)

125. print ("Alpha estimate = {} +/-
{}".format (mean_alpha,2.*std alpha))

126.

127. ## Plot the results

128. fig, axes = plt.subplots(l,2, figsize=(9,5))

129.

130. ## Set up an x axis that covers a wide range

131. ## of thicknesses

132. x low = min([Lo_ samples.min(),

133. Ld samples.min(),

134. mixed samples.min()])

135. x _high = max([Lo_samples.max (),

136. Ld samples.max(),

137. mixed samples.max()])

138. x = np.linspace(0.9*x low,1.1*x high, 500)

139.

140. ## Plot the KDE approximations

141. axes[0] .plot (x,p _Ld(x), color=lightest green)

142. axes[0].fill between(x,0,p Ld(x),

143.
color=lightest green,alpha=0.5)

144. axes[0] .plot (x,p mixed(x), color=light green)

145. axes[0].fill between(x,0,p mixed(x),

146. color=1light green,alpha=0.5)

147. axes[0] .plot(x,p Lo (x), color=dark green)

148. axes[0].fill between(x,0,p Lo(x),

149. color=dark green,alpha=0.5)

150.

151. ## Finish up the details, axes limits, etc.

152. axes[0] .set(ylim=(0,2.25),xlabel="Measured thickness",

153. ylabel=r"$p(t\, |\, $Ssample type$)s")

154. axes[0].set x1lim(1,5)
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198
199
200

155.
156.
157.
158.
159.
160.
161.

162.
163.
164.
165.
166.
167.
168.
169.
170.
171.
172.

173.
174.
175.
176.
177.
178.
179.
180.
181.
182.
183.
184.
185.
186.
187.
188.
189.

190.
191.
192.
193.
194.
195.
196.

axes[0] .set _yticks([])
fig.tight layout ()
# ## Plot the posterior distribution
# axes[1l].fill between(alpha,0,posterior,
# color=red,alpha=0.8)
#
axes[l].errorbar (mean alpha,1l.025*posterior.max(),xerr=2.*std alpha,
# color="k",lw=1,marker="0", 1s="None")
# axes[l].set(x1lim=(0,1),ylim=(0,None),
# xlabel=r"$\alphas$",
# ylabel=r"Sp (\alpha\, |\, Sdataset$)s$")
# axes[l].set yticks([])
# fig.tight layout ()
## Make a plot of the KDE fit
print ("Computing fit and uncertainty...")
alpha samples = SamplePosterior (alpha,posterior,
num_samples=10000)

p Lo x = p Lo(x)
p Ld x = p Ld(x)
fit samples = np.zeros((len(alpha samples),len(x)))
for i, a in enumerate (alpha samples) :

fit samples([i] = a*p Lo x + (l-a)*p Ld x
## Compute the CI's via np.percentile (just some summary)
## statistics of the sample
mean = mean_ alpha*p Lo x + (l-mean alpha)*p Ld x
low = np.percentile(fit samples,2.5,axis=0)
high = np.percentile(fit samples, 97.5,axis=0)
## Plot the fit
axes[1].fill between (x,low, high,color=dark blue,alpha=0.5)
axes|[1l].plot (x,mean, color=dark blue,alpha=1)
axes[1l].plot (x,p mixed(x),color=light green,alpha=1)
axes[1].fill between(x, 0, p mixed(x), color=light green,

alpha=0.5)
axes[1l].set(ylim=(0,2.25),
xlabel="Measured thickness",
ylabel=r"Sp(t\, |\, Ssample type$)s")

axes[1].text (3.25, 2, "alpha = 27 +/- 8%")
axes[1l].set xlim(1,5)
axes[1l].set yticks([])
fig.tight layout ()
#fig.savefig(os.path.join ("C:\\Users\\caitl\\Documents\\Python

197.

Scripts\\TEM", "FigureThickTomo Mayl9.pdf"))

## Finish up
plt.show()

Name: ColorMapMask V2.py

""" This script performs the same function as ColorMapMask.py version

1,

with some operational changes. The script loads a .csv file that
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O J oy U bW

11.
12.
13.
14.
15.
le.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

43.
44,
45.
46.
47.
48.
49.
50.
51.

contains all of the measurement data from the
BilayerHeightMeasurement.py script. KDE's are computed from the data
for Lo, Ld, and mixed samples. A color map is plotted on the original
image by taking the bilayer thickness value from the sample and

computing a 'likelihood ratio' that the measurement falls in either the

Lo or the Ld distributions."""

## For file paths, etc.
import os

## For data manipulation, I/0, and
## visualization.
import cv2
import numpy as np
import pandas as pd
import matplotlib
import matplotlib.pyplot as plt

## For image manipulation
from skimage.feature import canny

## For custom color map
from matplotlib.colors import ListedColormap

from matplotlib.colors import LinearSegmentedColormap

## For KDE construction
from scipy.stats import gaussian kde

## Set up the plotting environment

plt.rcParams["font.family"] = "Arial"
plt.rcParams["font.size"] = 12
plt.rcParams["savefig.dpi"] = 600
plt.rcParams["axes.linewidth"] = 1.5
plt.rcParams["xtick.major.width"] = 1.0
plt.rcParams["ytick.major.width"] = 1.0
plt.rcParams["lines.linewidth"] = 2.0

[

plt.rcParams["image.cmap"] = "gray"

## Set some colors as well, used in the plots
## throughout.

red = '"#cc0000'

blue = '"#0039%e06’

white = "#ffffff’

def MrSifter (root dir):

"""This function returns the file path of all the tif files within
root dir."""

fnames = []
for root, dirs, files in os.walk(root dir):

## Loop through the files
## Check for .tiff extension

## save if it has one

for file in files:
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52. if file.endswith (" NewResults.csv"): #
" NewResults.csv" for 5050sample, " optiresults.csv" for 8020

53. fnames.append (os.path.join (root, file))

54.

55. ## YOU HAVE BEEN SIFTED

56.

57. return fnames

58.

59. def InteractiveCanny (image) :

60.

61. """ This function allows the user to interactively change the values
of sigma in the gaussian filter portion of the Canny edge detection
algorithm. The Canny filtered binary image is returned."""

62.

63. ## Compute the Canny Filter

64. Filtered = canny(image, sigma=4)

65. plt.imshow (Filtered)

66. plt.show()

67.

68. ## Inquire if the sigma value is correct

69. Question = int (input('Input 1 if the filter is good, 0 if it
is bad: "))

70.

71. ## Decide whether to move on or test different values of sigma

72. if Question !=0:

73. New sigma = float (input ('Enter the original value of
sigma: "))

74. else:

75. New sigma = float (input ('Enter the new value of sigma:
"))

76.

77. ## Generate a new filtered image

78. Filtered = canny(image, sigma=New sigma)

79.

80. return Filtered

81.

82. def TemplateArray(image) :

83.

84. """ This function takes an array of binary filtered images and their
cut-off values and returns a mapped template array in polar
coordinates."""

85.

86. ## Create the cut-off version of the image

87. plt.imshow (image)

88. plt.show()

89. cut off x = int (input ('Enter the cut off x number: '))

90. cut off y = int (input ('Enter the cut off y number: '))

91. cut filter = image[:cut off y, :cut off x]

92. plt.imshow (cut filter)

93. plt.show()

94.

95. ## Input the image resolution in nm per pixel

96. res = 0.254 # 0.191 for Glacios and 0.254 for TF20

97.

98. ## Create the XY array of the same shape as the image

99. X, y = np.arange (cut off x), np.arange(cut off y)

100. X,Y = np.meshgrid(x,vy)
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101.

102. ## Store the pixel locations in image space

103. pixel x = X*cut filter

104. pixel y = Y*cut filter

105. pixel x = pixel x[pixel x != 0]

106. pixel y = pixel ylpixel y != 0]

107.

108. ## Re-position the origin of the template array to be in the
center

109. ## of the filter image

110. X = cut filter*X # Change for right side image, # *X for right
side, * X-cut off x for left

111. Y = cut filter* (Y- (0.5*cut off y))

112.

113. ## Convert the XY coordinates to polar coordinates (theta, r)

114. ## Invert the theta coordinate so that it goes from 0 to pi

115. fr = (np.sqgrt (X**2 + Y**2)*cut filter) *res

116. ft = abs(cut filter*np.arctan2(X,Y))

117.

118. ## Isolate the radii and theta values for the edges and store
them

119. ## in an array outside the loop

120. fr edge = frlfr !=0]

121. ft edge = ft[fr !=0] # use fr so that both are flattened the
same way

122.

123. ## Create a pandas dataframe to store the values

124. df = pd.DataFrame ({"fr":fr edge, "theta":ft edge,

125. "pixel x":pixel x,
"pixel y":pixel y})

126.

127. ## Create an array of values for bins in theta

128. theta bins = np.linspace (0, np.pi, 30)

129.

130. ## Apply bins to the values of theta and add to the dataframe

131. df ["theta cut"] = pd.cut (df.theta, theta bins)

132.

133. ## Make labels for the bins that are the middle value in the
bin range

134. theta labels = 0.5* (theta bins[:-1]+theta bins[1:])

135. df ["theta labels"] = pd.cut(df.theta, theta bins,
labels=theta labels)

136.

137. ## Convert the theta labels to float values instead of
categories

138. df.theta labels = df.theta labels.astype (float)

139.

140. ## Find the average between the two edges so that we

141. ## can distinguish between the two by seeing their position

142. ## with respect to the average value

143. fr avg = df.groupby ("theta labels") ["fr"].mean ()

144.

145. ## Define the top edge of the two edges by putting an

146. ## addition to the data frame that checks the radius

147. ## values against the average radius values in the bings

148. ## and if they are above those values, places it in the top

196




149.

150
151

152
153
154

155
156
157
158
159
160
161
162

163.

164.

165
166
167
168
169
170
171
172
173

174
175
176
177

178.

179.

df ["top_edge"] = df["fr"] >
fr avg.loc[df["theta labels"]].values
. # Create a new data frame with only the values for the top
edge
. top _df = df.locl[df["top edge"] == True]
. ## Define the bottom edge and create a new dataframe with only

those values

. bottom df = df.loc[df["top edge"] == False]

. return top df, bottom df, cut filter

. def GetKDEs () :

. ## Define the root directory

. root dir =
"C:\\Users\\caitl\\Documents\\Tomograms\\HalfSample\\"

## For 80/20 sample,
"C:\\Users\\caitl\\Documents\\Tomograms\\"

## For 50/50 sample,
"C:\\Users\\caitl\\Documents\\Tomograms\\HalfSample\\"

. ## Return a list of filenames

. fnames = MrSifter (root dir)

. ## Store the filenames in a list

. Lo = []

. Ld = []

. ## Loop through the files and sort the .csv files into
dataframes for each sample category

. for name in fnames:

. ## Parse the file name to get the parent folder
. sample =

name [name.rfind ("HalfSample\\")+1ll:name.rfind (" Height")+7]
## For 80/20 sample, sample =

name [name.rfind ("Tomograms\\")+10:name.rfind (" Height")+7]
## For 50/50 sample, sample =

name [name.rfind ("HalfSample\\")+1ll:name.rfind (" Height")+7]

180.

181.
182.
183.
184.
185.
186.
187.
188.

189.

190.

191.

192.
193.
194.
195.

if sample == "50Lo Height":
## For 80/20 sample, sample == "Lo Height"
## For 50/50 sample, sample == "50Lo Height"
Lo.append (name)
if sample == "50Ld Height":
## For 80/20 sample, sample == "Ld Height"
## For 50/50 sample, sample == "50Ld Height"
Ld.append (name)
## Loop through the files in each category and import the data
# Set up the empty lists
Lo df = []
Ld df = []

for name in Lo:
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196. ## Import the data

197. Lo _df.append(pd.read csv(name, header=0,
index col=None))

198. for name in Ld:

199. ## Import the data

200. Ld df.append(pd.read csv(name, header=0,
index col=None))

201.

202. ## Concatenate each of the category dataframes

203. Lo _df = pd.concat (Lo _df, axis=0)

204. Lo _thickness = Lo _df["optim thickness"]

205. Lo_thickness = Lo_thickness|[ (Lo _thickness >= 2) &
(Lo _thickness <= 5)]

206.

207. Ld df = pd.concat (Ld df, axis=0)

208. Ld thickness = Ld df["optim thickness"]

209. Ld thickness = Ld thickness|[ (Ld thickness >= 2) &
(Ld_thickness <= 5)]

210.

211.

212. ## Compute KDEs for Height, Lo, and Ld

213. Lo kernel = gaussian kde (Lo thickness, bw method='scott')

214. Ld kernel = gaussian kde (Ld thickness, bw method='scott')

215.

216. return Lo kernel, Ld kernel

217.

218. if name == ' main ':

219.

220. ## Load in an image to analyze

221. Image =

cv2.imread ("C:\\Users\\caitl\\Documents\\Tomograms\\HalfSample\\50Both
Height\\Right\\Sample 046 8.tif", 0)

222.

223. ## Perform a Canny Filter on the image

224. Filtered = InteractiveCanny (Image)

225.

226. ## Create a dataframe containing r and theta information about
the

227. ## edge detected in the Canny Filter

228. top df, bottom df, cut filter = TemplateArray(Filtered)

229.

230. ## Compute the thickness by finding the minimum distance from
a point

231. ## on the bottom to any point on the top

232. thickness = []

233. pairs = []

234. centers = []

235. for i, row in bottom df.iterrows():

236. bx = (row["fr"], row["theta"])

237. delta = np.sqrt(top df["fr"].values**2 +bx[0]**2-
2.%top df["fr"].values

238.

*bx[0] *np.cos (top df["theta"].values-bx[1]))
239. min_index = np.argmin (delta)
240. tx =

(top_df["pixel x"].values[min index],top df["pixel y"].values[min index

1)
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241. thickness.append(delta[min_index])

242 . pairs.append ([ (row["pixel x"],row["pixel y"]),tx])

243. centers.append ((0.5* (tx[0]+row["pixel x"]),
0.5* (tx[1l]l+row["pixel y"1)))

244 . thickness = pd.Series (thickness, index=bottom df["theta"],
name="thickness")

245. #thickness avg = thickness.rolling(window=2,
center=True) .mean ()

246. centers = np.array (centers)

247.

248. #HHF A FHFHHHSE Construct KDEs ######4#4444#44444FFFFFFFHH

249.

250. ## Get the KDEs

251. Lo kde, Ld kde = GetKDEs ()

252.

253. ## Probability density of being Lo phase or Ld phase

254, Lo _density = Lo_kde (thickness.values)

255. Ld density = Ld kde (thickness.values)

256.

257. ## Percentage of probability density ratio

258. # percentage = Lo density/ (Lo density + Ld density)

259.

260. ## Probability of Lo phase given distance

261. ## From MixtureModel.py, the mixing ratio (alpha) is 0.43 for
Ratio 2 and 0.20 for Ratio 5

262. prob Lo = (Lo density * 0.20) / ((0.20 * Lo density) + (1-
0.20) * Ld density)

263. percentage = prob Lo * 100

264.

265. plt.imshow (cut filter)

266. for p in pairs:

267. bx, by = p[0]

268. tx, ty = pl[l]

269. plt.plot ([bx,tx], [by,ty],c=blue)

270.

271.

272. fig, axes = plt.subplots (1,3, figsize=(12,5))

273.

274. FH##HHHHHHEHH #4444 Continuous color map
FHHHSH AR H AR H AR

275.

276. # Create a customized cmap

277. basic cols=[blue, white, red]

278. newcmp=LinearSegmentedColormap.from list ('mycmap', basic cols)

279. # RABuBig = matplotlib.cm.get cmap('RdBu', 512)

280. # newcmp =

matplotlib.colors.ListedColormap (RdBuBig (np.linspace (0.2, 0.9, 256)))
281.
282. #Normalize the colors based on the likelihood ratio
283. norm =
matplotlib.colors.Normalize (vmin=percentage.min (), vmax=percentage.max ()
,clip=True)

284. #Map the colormap colors to the normalized values

285. mapper = matplotlib.cm.ScalarMappable (norm=norm, cmap=newcmp)
286. #Create an array of RGBA values for the colors

287. colors = [mapper.to rgba(prd) for prd in percentage]

288.
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310
311

318
319

289.
290.
291.
292.
293.
294.
295.
296.
297.
298.

299.

300.
301.
302.
303.
304.
305.
306.
307.
308.
309.

312.

313.
314.
315.
316.
317.

# Use contourf to provide colorbar info, then clear figure
z = 1[10,01,10,07]

steps = 0.1

levels = np.arange (percentage.min (), percentage.max (), steps)
CS3 = plt.contourf (Z, levels, cmap=newcmp)

FHEFFH A Plot #4#HHHHHHHHHH SRS

# Plot the thickness values with the likelihood ratio

axes[0] .plot (centers[:,1],thickness.values,lw=2,color="grey",
alpha=0.5)

axes|[0] .scatter (centers|[:,1],thickness.values,
marker="o",color=colors, s=10**2, edgecolor="#000000")

axes[0].set ylim(1.0,4.0,1)

axes[0] .set (xlabel="Pixel position",ylabel="Thickness (nm)")
axes[0] .set_title("Filtered Thickness Values")

# Plot the original image (cropped)
Image = Image[:125, :57]

axes[1l].imshow (Image, cmap='bone')
axes[1l].set title("Original Image")

# Plot the filtered image with the likelihood ratio
superimposed on top

. axes[2].imshow (cut filter)

. #plt.scatter (bottom df["pixel x"].values,bottom df["pixel y"].
values, color=colors,marker="s",s=10**2)

axes|[2] .scatter (centers[:,0],centers|[:,1],color=colors,marker=
"s",s=10**2, linestyle='None')

axes[2].set _title("Filtered Image")

plt.colorbar (CS3)

plot file =
"C:\\Users\\caitl\\Documents\\Tomograms\\HalfSample\\50Both Height\\Rig
ht\\"

. plt.savefig(plot file + "Sample 046 8.pdf")

. plt.show ()

A.B.3 Code for “Yeast Alter Vacuole Phase Behavior to Adapt to Their Growth
Environment”

Name: MiscibilityTemp.py

""" This script will loop through a folder of TIFF files, open each
image, and allow the user to click on objects in the image. It will
store the coordinates of these objects. It will then compute the length
of the array of coordinates to give a count of the objects. The user
will also input an array of temperatures. The script will take the
counted objects and calculate the percentage of each object relative to
the whole. The second part of the script will fit the percentages vs
temperature to a sigmoid curve. The user can extract the 50% mark and
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95% confidence bounds. The 50% value and the 95% confidence intervals
will be stored in a .csv file.
This file will be indexed by the date, which is input by the user. """

import os

import numpy as np

import pandas as pd

import matplotlib.pyplot as plt
import scipy.optimize as optimize

9. from skimage import io

10. from pylab import ginput

11. from collections import defaultdict

O ~J oy U bW

12.

13.

14. ## Set global matplotlib parameter

15. plt.rcParams|["font.family"] = "Sans"

16. plt.rcParams|["font.size"] = 32

17. plt.rcParams|["figure.figsize"] = (30,20)

18. plt.rcParams|["image.cmap"] = "bone"

19.

20. def MrSifter(root dir):

21.

22. """This function returns the file path of all the tiff files within
root dir."""

23.

24 . fnames = []

25. for root, dirs, files in os.walk(root dir):

26.

27. ## Loop through the files

28. ## Check for .tiff extension

29. ## save if it has one

30.

31. for file in files:

32. if file.endswith(".tif"):

33. fnames.append (os.path.join (root, file))

34.

35. ## YOU HAVE BEEN SIFTED

36.

37. return fnames

38.

39. def VesicleCounter (fnames) :

40.

41. """This function opens up tif files and allows the user to click and

42. collect coordinates for phase separated and mixed yeast vacuoles. It
43. stores the coordinates in a dictionary with key:value =
temperature:coordinates."""

44,

45, ## Set up a dictionary of temperatures with corresponding
coordinates

46. PS coords = {} # Phase separated vesicle coordinates

47. MIX coords = {} # Mixed vesicle coordinates

48.

49, ## Loop through the files and open the tifs:

50. for name in fnames:

51.

52. ## Print the file name to obtain the temperature

53. print ("filename = ", name)
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54.
55.
56.
57.
58.
59.
60.

61.

62.

63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.

75.
76.
77.
78.
79.
80.

81.
82.
83.
84.
85.
86.

87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.

99.

## Open up the tiff stack and save as an array

## the array has dimensions (z, x, y) where z

## represents the number of slices in the stack
ImageStack = io.imread (name)

print ("ImageStack Dimensions = ", ImageStack.shape)
Positionl = int (input ("Transpose? Then input -1,

otherwise 0,: "))

ImageStack = np.moveaxis (ImageStack, Positionl ,0) #

Transpose the stack so that the z axis is the number of tiffs

black,

ImageStack = ImageStack[l:,:,:] # the first image is
so skip

## Store the variables
ps_coords = []
mix coords = []

## Loop through the images in the image stack:
for image in ImageStack:

## Display the image and count phase separated
plt.imshow (image)

print ("Click on phase separated vacuoles")
ps_coords.append ( (ginput (show clicks=True, n=-

1, timeout=0)))

plt.close()

## Display the image and count mixed

plt.imshow (image)

print ("Click on mixed vacuoles")

mix coords.append((ginput (show clicks=True, n=-

1, timeout=0)))

plt.close ()

## User inputs the temperature
temp = input ("Input the temperature")

## Populate the dictionary with coordinates and

temperature

PS coords[temp] = ps coords
MIX coords[temp] = mix coords

return PS coords, MIX coords

def ExtractDictValues (PS coords, MIX coords) :

"""Loop through the temperatures and replace the coordinates
with the number of phase separated and the number of mixed
vacuoles at each temperature."""

## Set up a new dictionary of temperatures and counted

coordinates
PS num = {}
MIX num = {}

100.
101.
102.
103.

## Loop through the temperatures in PS coords
for temp in PS coords:
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104. # Extract the values for each temperature

105. values = PS coords|[temp]

106.

107. # Concatenate the sublists within the "values" list

108. new values = []j for i in values for j in 1i]

109. #new values = sum(values) ## this should be faster

110.

111. # Replace the coordinates of the clicks with the number
of clicks in

112. # the new dictionary

113. PS num[temp] = len(new values)

114.

115. ## Loop through the temperatures in MIX coords

116. for temp in MIX coords:

117. # Extract the values for each temperature

118. values = MIX coords[temp]

119.

120. # Concatenate the sublists within the "values" list

121. new values = []J for i1 in values for j in 1i]

122.

123. # Replace the coordinates of the clicks with the number
of clicks in

124. # the new dictionary

125. MIX num[temp] = len(new values)

126.

127. return PS num, MIX num

128.

129.

130. if name == " main ":

131.

132. ## Define the root directory

133. root dir =

"C:\\Users\\cgitl\\Documents\\YeastProject\\20190418_300\\Exp3"
134.

135. ## Get the file names

136. fnames = MrSifter (root dir)

137.

138. ## Load the images and count the vacuoles

139. PS coords, MIX coords = VesicleCounter (fnames)

140.

141.

142. ## Extract the vacuole numbers from coordinates

143. PS num, MIX num = ExtractDictValues (PS coords, MIX coords)

144.

145. ## Calculate the total number of vacuoles counted

l46. #VacuoleNum = PS num + MIX num

147.

148. ## Combine the two dictionaries under the same key

149. CombinedDict = defaultdict (list)

150. # Loop through the two dictionaries and combine them under one
key

151. for dictionary in (PS num, MIX num): # these are the input
dictionaries

152. for key, value in dictionary.items/() :

153. CombinedDict [key] .append (value)

154.

155. # Create an empty list of phase separation values
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156
157
158

159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171.
172.
173.

175.

. PercentPS = []
. # Loop through the temperatures and calculate the percent PS
at each
for temp in CombinedDict:
Pair = CombinedDict[temp]
PS = (Pair[0] / (Pair[0] + Pair[1])) * 100
PercentPS.append (PS)
## Extract a list of temperatures as integers in list
Temperatures = list (map(int, CombinedDict.keys()))
## Get the name of the first file in the stack
name = fnames[0]
## Save the data as a dataframe of Temperatures and Percent PS
## Save the arrays to the location where
## fname lives.
df =

pd.DataFrame ({"Temperatures" :pd.Series (Temperatures, name="Temperatures"

)y

174.

"PercentPS":pd.Series (PercentPS, name="PercentPS") })
df.to_csv(name[:name.rfind (".tif")]+" results.csv")

Name: CombinedPlotter_V2.py

O J oy U W N

11.
12.
13.
14.
15.
le.
17.
18.
19.
20.
21.
22.
23.
24.
25.

'''" This script takes temperature vs phase separation data from

multiple experiments and plots them on top of eachother. The user loads

in .csv files from one folder and each file is assigned to its own

experiment. '''

import os

import matplotlib.pyplot as plt
import pandas as pd

import numpy as np

## For least-squares fit of data
from scipy.optimize import minimize

## Set global matplotlib parameters

plt.rcParams["font.family"] = "Arial"
plt.rcParams|["font.size"] = 22
plt.rcParams|["savefig.dpi"] = 600
plt.rcParams["axes.linewidth"] = 2.0
plt.rcParams["xtick.major.width"] = 1.5
plt.rcParams|["ytick.major.width"] = 1.5
plt.rcParams|["errorbar.capsize"] = 1.0

## Set some colors as well, used in the plots
## throughout.

sage = "#B6CDB1"
yellow = "#EBBCAE"
red = "#D24C2B"

blue = "#273253"
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26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,

45.

46.
47.
48.
49.
50.
51.

52.
53.
54.
55.
56.
57.
58.
59.

60.
61.
62.
63.
64.
65.
66.
67.
68.

69.
70.

71.

green = "#92C7TAC'
dark green = '#3C6571"

def Sigmoid(x, theta):

"""This function computes a sigmoid from percentage data and
temperature data"""

## a = asymptote
##+ c Tmix value (inflection point of the curve)
## d rate of the sigmoid decay

a,c,d = theta
return a * (1 - 1 / (1 + np.exp(-(x - ¢c) / d)))

def L2 cost function(dataset, theta):
''"'"This function computes a weighted least squares loss (or
cost) function
for a fit to data. The loss function has the form L2 =
sum((y_true - y pred)**2)'""'

y _pred = Sigmoid(dataset[:,0], theta)
return (((dataset[:,1] - y pred)**2).sum())

def Fit (dataset, thetal):
''"'"This function fits the data to a model and minimizes the
cost function to
give the best fit parameters for the model to the data.'''

f = lambda x: L2 cost function(dataset, x)
result = minimize (f, x0=thetal)
return result

def BootStrap (ModelResults, dataset):

''"'" Compute the confidence intervals for a particular model of
the dataset

using bootstrap resampling. Here, random samples are drawn
from the results

of the "Fit" function. Each of these samples is taken from the
parameters and

covariance matrix of the fit. Each of these samples is then
fit to a line.

The percentiles for the sample lines are computed to give
confidence intervals.'''

## Draw random samples of parameters from the fit.

# ModelResults.x = parameters
# ModelResults.hess inv = covariance matrix
p_samples = np.random.multivariate normal (mean=ModelResults.x,

cov=ModelResults.hess inv, size=(5000,))
## Make a series of x values that cover 0.8 of the minimum

value of X in the dataset
## and 1.15 of the maximum value of x in the dataset
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72. X = np.linspace (0.8*dataset([:,0] .min(),
1.15*dataset[:,0] . .max (), 100)

73.

74, ## Fit lines to the random samples

75. samples = np.zeros((5000,100))

76. for i, p_1i in enumerate (p_samples) :

77. samples[i] = Sigmoid(x, p_1i)

78.

79. ## Compute the percentiles

80. low = np.percentile (samples, 2.5, axis=0)

81. high = np.percentile(samples, 97.5, axis=0)

82. mid = Sigmoid(x, np.array([ModelResults.x[0],
ModelResults.x[1], ModelResults.x[2]]))

83.

84. return low, high, mid, x

85.

86. def MrSifter (root dir):

87.

88. """This function returns the file path of all the tif files
within root dir."""

89.

90. fnames = []

91. for root, dirs, files in os.walk(root dir):

92.

93. ## Loop through the files

94. ## Check for .tiff extension

95. ## save if it has one

96.

97. for file in files:

98. if file.endswith(".csv"):

99. fnames.append (os.path.join (root, file))

100.

101. ## YOU HAVE BEEN SIFTED

102.

103. return fnames

104.

105. if name == " main ":

106.

107. ## Define the root directory

108. root dir =
"C:\\Users\\caitl\\Documents\\YeastProject\\InCell dat\\30C_ Growth"

109.

110. ## Get the filenames

111. fnames = MrSifter (root dir)

112.

113. ## Loop through the filenames

114. #4#### 1. Sort the data into a dataframe

115. ####4# 2. Fit a sigmoid function to the data and compute
confidence intervals

116. ##### 3. Add fit and confidence intervals to the dataframe

117. ##### 4. Concatenate all the data frames, organized by the
sample name

118.

119. sample dfs = []

120. model dfs = []

121. Tmix = []

122.
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123. for name in fnames:

124.

125. df = pd.read csv(name, usecols= ['Temperatures',
'PercentPS']) .sort values('Temperatures')

126.

127.

128. ## Parse the file name to get the date and experiment
number

129. sample =
(name [name.rfind ("\\2019")+5:name.rfind (" results")])

130.

131. df['Name'] = sample

132.

133. ## Fit a sigmoid

134. x_vector = np.linspace (df['Temperatures'].values.min(),
df [ 'Temperatures'].values.max (), 1000)

135. dataset = df[['Temperatures', 'PercentPS']].values

136. Result = Fit(dataset, np.array([46,20,100])) # The
theta values may need to be adjusted

137. low, high, mid, x array = BootStrap(Result, dataset)

138.

139. ## Grab the Tmix value

140. Tmix.append (Result.x[1])

141.

142. ## Create a dataframe for the model and bootstrap
results

143. model df = pd.DataFrame ({'Name': sample, 'Low': low,
'High': high, 'Mid': mid, 'Temp': x array})

144.

145.

146. sample dfs.append (df)

147. model dfs.append(model df)

148.

149. ## Combine all of the dataframes and organize them by the
sample name

150. sample df =
pd.concat (sample dfs) .set index('Name').sort index()

151. model df = pd.concat (model dfs).set index('Name') .sort index()

152.

153. ## Plot it all!

154.

155. figs, axes = plt.subplots(figsize=(8,10))

156.

157. #names = ['0208 Exp2', '0208 Exp3', '0405 Expl', '0405 Exp2',
'0405 Exp3', '0405 Expd4', '0412 Expl', '0412 Exp2'] # Room Temp

158. names = ['0418 Exp3', '0418 Exp4', '0419 Expl', '0419 Exp2',
'0419 Exp3', '0419 Exp4', '0201 Exp3', '0201 Exp4', '0205 Expl',
'0205 Exp2'] # 30 C

159.

160.

161. for i in np.arange(len (names)) :

162.

163.

164. model = model df.loc[names[i]]

165. sample = sample df.loc[names[i]]

166.
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167. axes.plot (model|['Temp'].values, model['Mid'].values,
linestyle='-", linewidth= 4, alpha=0.7, color = yellow)

168. axes.plot (sample['Temperatures'].values,
sample['PercentPS'].values, linestyle='None', marker='o',
markersize=10, alpha=0.8, color = yellow)

169. axes.fill between (model['Temp'] .values,
model['Low'].values, model['High'].values, alpha=0.5, color = yellow)

170. axes.set ylim(-5, 85)

171. axes.set xlabel ('Temperature')

172. axes.set ylabel ('% Phase Separation')

173.

174. ## Add the average Tmix with standard deviation

175. avg_tmix = np.array(Tmix) .mean ()

176. std tmix = np.array(Tmix) .std()

177. fifty per = sample df['PercentPS'].values.max() / 2

178.

179. axes.errorbar (avg tmix, fifty per, xerr = std tmix,

linestyle='None', marker='o', markersize=10, alpha=0.6, color='k',
capsize=3, linewidth=3, zorder=11)

180.
181. #plt.savefig ('RoomT Growth.pdf')
182. plt.show()
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