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The spatial organization of lipids and proteins in biological membresnes
considerable interesMultiple lines of evidence support the existence of specialized
lipid microdomains or "membrane rafts", that areolved in processes as diverse as
protein sorting, vesicular transport, viral entry and exit from cells, and signaling. The
chemical complexity of cell membranasd thesmall size and fleeting nature raifts
pose serious challenges to experimenwlistho seek to understand their
thermodynamic origins.

Using highresolution FRET and ESR measurements, we have examined phase
behavior, order parameters, and the partitioning beha¥itworescent probes in three
ternary lipid mixtures that are modelerfthe outer leaflet oimammalian plasma
membrans. In two of these mixtures, we observe a region of coexisting fluid phases
characterized by small (nanometer scale) phase domains. We developed a FRET
model suitable for characterizing the size of thesellstoanains, and were able to
recover domain sizes and probe partition coefficients with good accuracy in a global
analysis of simulated FRET data. These studies confirm that many of the critical
properties of membrane rafts can be reproduced in-dipig mixtures. Systematic
study of these nanodomain mixtures will provide insight into the thermodynamic

origins of membrane rafts.
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Chapter 1
Introduction

1.1 Overview

This work seeks to expand the usefulnesB@kter resonance energy transfer
(FRET) as a means of characterizing phase behavior in model membranes. FRET is
indeed a remarkably useful biophysical tool, capable of providing nancsuater
spatial information while being relatively easy and inexpen® use. Since the first
guantitative models for membrandRET appeared in the literaturé® 3/ears ago,
FRET has been successfully used to examine lipid mixing in bilayers. During this
time, evidence for highly nonrandom mixing of lipids and proteinseilhmembranes
has accumulated (obtained with a variety of methods, including FRET), and models
for membrane function have evolved to include these observations, culminating in the
membrane raft hypothesis. The basic idea of the raft hypothesis is Sitatdg: The
preferential association of certain lipids (particularly sphingomyelin and cholesterol)
can effectively compartmentalize the membrane into relatively ordered and disordered
regions, providing the cell with a mechanism for controlling the dpdis&ibution of
its components, and hence membrane chemistry. Belying its conceptual simplicity, the
membrane raft hypothesis has generated significant controversy. This is in part due to
the fleeting nature of rafts, and the great challenge this posegpérimentalists who
wish to determine their size and lifetime distributions in the resting cell.

In this chapter werovide background information for the work presented in
chapters 5: an introduction to lipid bilayer phases and plasma membrane aatts
an overview of FRET and its applications in membranes, particularly for examining
phase behavior and domain size. @ral with a statement of the specific problems to

be addressed in this work.



1.2 Lipid bilayer phases

Lipids are amphiphilic molecude composed of a polar headgroup and
nonpolar tail. In mixtures with water, lipids form a wide variety of structures
depending primarily on the relative size of the headgroup and tail: the most important
of these structures in biology is the bilayEhe blayer is a lamellar (L) structure that
can exist in several phases, which differ in clainformationalandpositionalorder
Conformational order is expressed as the ratitraofs to gaucheconformers in the
hydrocarbon chains: lipids with a high degref conformational order possess chains
that are fully extended, with carbon segments mostly intthies conformation.
Conformational order is related to the segmental order parameter, which can be
determined experimentally with ESR, NMR, fluorescenctanmation, or WAXS.
Positional order refers to the tvamensional spatial correlation among the chains:
bilayers with a high degree of positional order have a-dafihed interchain spacing,
with spatial correlations that persist over long distancaterhl positional order can
be examined with xay scattering in oriented samples, and is usually correlated with
the rate of translational lipid diffusion.

The three lamellar phases that will be discussed in this thesis are differentiated
by order. Theituid disordered (Ld) phase is characterized by low conformational and
positional order, in contrast to the solid orderedd)(Lphase, in which both
conformational and positional order are high. Pure phospholipid and sphingolipid
species can exist in eithstate, with a cooperative phase transition occurring at a well
defined temperature known as the melting transition temperalwke For the
purposes of the present discussion, it is convenient to categorize these lipids as either
low-Ty or high-Ty relaive to room temperature. For lipids with fully saturated chains,
Tu increases with chain length due to an increase in Van der Waals interactions: for

the phosphatidylcholines, the division between-land highTy occurs at 14 carbons



with DMPC (Ty =23°C). Lipids with one or multiple unsaturations in either or both
chains are categorically leWy lipids. Binary mixturesof lipids with distinctly
different transition temperaturegxhibit gel/fluid coexistenceat intermediate
temperatures. The classicaleghod for studying these transitions idifferential
scanning calorimetry, thoughe positions ophase boundaries have betstermined
with many other types of measurements includihgrescence spectroscopy and
microscopy, FRET, and ESR

A third lamellr phase, the liquid ordered or Lo phase, is only found in lipid
mixtures containing substantial amounts of sterol. Cholesterol is the most abundant
lipid in mammalian plasma membrane. It is also an amphiphile, composed of a rigid,
hydrophobic steroid tatnd a polar hydroxyl headgroup that orients the molecule in
the bilayer (in a PC bilayer, the hydroxyl is located at the level of the carbonyl
oxygen). The energetics of cholesterol in bilayers is strongly influenced by the small
size of the hydroxyl, rakive to the bulky steroid ring: cholesterol's headgroup cannot
effectively shield its hydrocarbon shoulders from water. Driven by the hydrophobic
effect, neighboring lipids reconfigure their chains and headgroups to accommodate
cholesterol, protecting theydrocarbon from water like an umbrella (1).

The umbrella effect provides a useful framework for understanding the
behavior of mixtures of PC and cholesterol. Starting from an Ld phase PC bilayer,
cholesterol increases the conformational order, as dissidchains assume an
extended conformation to create room under the headgroup for cholesterol. In a gel
phase bilayer, where the chains are already moysityg, cholesterol disrupts the long
range positional order due to the strong energetic penaltynidtiple cholesterol
contacts. The result in either case is a remarkable state of matter: a fluid phase, lacking

in long-range positional order and characterized by fast diffusion, but possessing high



chain conformational order. In effect, cholesterol dgtes conformational order from

positional order (2).

1.3 Plasma membrane rafts

1.3.1 The membrane raft hypothesis

Lipid rafts were first proposed as a mechanism to explain the distinctly
different lipid and protein compositions of the apical &adolateral membranes of
polarized epithelial cellseach of which is supplied material from the trans Golgi
network (3). It was postulated thathe lipid and protein sorting was driven by
favorable interactions betweesphinglipids and cholestet give ifise to lipid
microdomains in transGolgi membranes The hypothesis was partly based on
structural considerations of the lipids: the sphingosine baseact as both hydrogen
bond donor and acceptor, unlike the glycerol backbone of glycerophosphalipals.
lipid domains (later termed r a)fcoukl also target proteins based on some affinity
for the chemical and physical properties of the raft, and furthermore the affinity could
be regulated by chemical modifications such as ligand binding, oligomerization,
acylation, or deacylation of the pein(s)(4). Much work was done over the ensuing
decade to catalogue the targeting ability (expressed as a partition coefficient between
raft and nonraft domains) of these and other modifications for a variety of proteins, in
a variety of cell type€5,6).

It was soon recognized that rafts should not be unique to the trans Golgi
membranes. Plasma membrane is similarly rich in sphingolipid and chol€3jérol
perhaps raftike phenomena were functioning there as well. Indeed, membranes
evolved to effect ahreedimensional compartmentalization necessary for life's
chemical reactions, and it was (and appealingto consider that &awvo-dimensional

compartmentalization may have-ewolved to regulate processes within the plane of



the membrane itself. As bioemical studies were identifying the chemical sequences
necessary for domain targetingiophysical studiesvere employedto measure raft

size. The earliest estimates for raft size in resting cells were on the order of hundreds
of nanometerg¢8); subsequentvork, utilizing a variety of techniquesave yielded

size estimates that converged 10s of nanomete®-11). Theseobservationgaise

the possibility that both the regulated partitioning of membrane components and the
regulated size of membrane donswmimight act in concert to control the chemical
reactions of the membrane, by modulating the spatial concentrations (surface
densities) of enzymes and their substrates. Such regulation was shown to be important
for cell signaling(6,1213), the pathogenesisf bacteria(14) and viruseg(4), and
vesicular transpoitl5). An excellent review of the myriad raft functions can ¢xend

in (5).

1.3.2Relationship between rafts afidid bilayer phases

As biochemists set their sights on understanding the physioglerties of
membrane rafts, parallel developments in the field of membrane biophysiese
shedding light on the nature of the Lo phddsing a combination of IR spectroscopy
and fluorescence quenching, Silvius and Leflgliowed that ternary mixtureof a
low-Ty  PC, high-Ty PC, and cholesterol exhibited complex phase behavior
including alarge region of coexisting Ld + Lo phasg16) Shortly afterward, the
discovery that coexisting phases could be directly visualized in giant unilamellar
vesicles(GUVs) using fluorescent lipids as a contrast agent opened the floodgates for
investigations of similar mixtureg17). It was soon observed tha ternary
compositionmimicking the lipid content of the apical membrageeve rise tanicron
sized, fluid domais (18). GUV microscopy was turned toward examining the
compositiondependent phase behavior, and partial phase diagrams were obtained for

several ternary outer leaflet models @B. Phase regions undetectable by



fluorescence microscopy were also discede leading to the realization that multiple
techniques spanning distance scales from nanometers to microns were necessary for
solving ternary lipid phase diagrams (2Relatively complete phase diagraimave

now beenobtained for the terngrsystems: DPC/DLPC/chol(23), PSM/POPC/chol

(24), BSM/POPC/chol (25), DPPC/DOPC/chol (26), DPBEhPGchol (27),
DSPC/DOPC/chol (28), PSM/DOPC/chol (21), and SSM/DOPC/chol (29).

The abundance of experimental data has led to theoretical work attempting to
understandthe physical mechanisms responsible for fihisd phase coexistence.
Elliot et. al were able to reproduce a fhildid coexistence region using mean field
theory, but this outcome relied on phase coexistence ifdni@ary PC/chol systems
(30,31); this theory cannot explain the existence of cleseg miscibility gaps in for
example DPP@PhPCchol (27). A phenomenlogical model from the same group
reproduced the closed loop Ld + Lo region through a differential ordering effect of
cholesterol on theasurated and unsaturated lipid (38imulation work has also
yielded insights into the interactions responsible for filugd miscibility gaps.
Monte Carlo simulations have shown how the set of three unlike pairwise interaction
energies between two plpi®lipids and cholesterol can generate the basic shape of
the Ld + Lo coexistence region of DSPC/DOPC/chol, and that an additional line
tensionlike energetic term can refine the boundary to closely match experimental
observations (J. Huangnpublishedl Atomistic MD simulations are unable to reach
timescales necessary to see phasaraéipn, but recent progress has bewde with
coarse grained simulations, which can extend the available timescales into the 10s of
microsecond$33,34). Starting from annitially random mixture, bilayers composed of
DPPC/DOPC/cholesterol separated into Ld + Lo phases in plamhrsgimerical

bilayers with cholesterol enriched in the Lo phase as expg8td



The obvious connections between raft properties and the logdeted phase
has led to the point where the two terms have become essentially synonymous, with
raft phenomena in general viewed as a manifestation of coexisting fluid phases
(36,37). As studies on the partitioning of putative raft components in the Lad + L
coexistence regions of ternary model systems have accumulated, this viewpoint has
been subjected to some scrutiny. In many cases, proteins that partition into the raft
phase in cells (usually determined by detergent resistance assays) prefer the liquid
disordered phase in model systerf@8). The extent to which detergergsistant
membrane fractions faithfully report the partitioning of membrane components in the
unperturbed cell has been called into ques{@®40). In giant plasma membrane
vesicles GPMVs) blebbed from cells|ipid-anchored proteins faithfully reproduce
their raft affinities, while transmembrane proteins do not, being almost completely
excluded from Lo phas€4142). In contrast, other plasma membrane vesicle
preparation technique@.e. "membrane spheres") show preferentaft partitioning
for some tranmiembrane peptides (43). Furthstudies showed that order in the
GPMV Lo phase wagreaterthanin membrane spheres (44)ossibly owing to cross
linking artifacts associated with the GPMV prep, which may explain some of the
partitioningdiscrepancies.

Aside from partitioning behaviors of proteins, the connection has been
guestioned from other standpoints as well. Munrteddhat if the outer leaflet PM
composition were to be mapped to a ternamgse diagram, the most probaplease
state would be a uniform Lo mixtu(&2). This possibility was supportda a finding
that in three cell linesthe majority of the plasma merorane exhibited order
comparable to that of Lo phases in model membr@®sFeigenson and others have
pointed out that ternary phase diagrams demonstrate theoe'sototype”Lo phase,

and that the composition and properties of raft domains in ceight vary



considerably both in time and spa(28). Recently, Lingwood and Simons have
argued that the terms Lo and Ld should not be applied to cells, and should instead be
reserved for lipid systems where order parameters can be i@tgunaasured (46)

1.3.3Nanodomains in ternary mixtures

Buboltz and Feigenson were the first to report "nanoscopic” domains, in the
ternary mixture DPPC/DLPC/ch@23). Confocal fluorescence microscopy of GUVs
showed coexisting gel and fluid phases at compositions aheniginary DPPC/DLPC
axis that persisted with the addition of cholesterol, ending abruptly at 16 %ol
cholesterol; above this concentration, GUVs appeared uniform. FRET measurements
over the entire composition space confirmed the microscopy results dor lo
cholesterol but revealed that the experimental signature of phase sepagation
pronounced decrease in energy transfer efficiency due to the segregation of donor and
acceptor between phase domaéairtontinued up to 25 mole % cholesterol. The
flatness of thenicroscopy boundary at 16 neco cholesterol provided support for the
interpretation of FRET results in terms of fistder phase coexistence: together with
the phase rule, this linear feature suggested the existence of alihsze region,
which in tun implied an adjoining region of Ld + Lo phases.

Using spectroscopic techniques with nanometer spatial sensitivity, rich phase
behavior including a three phase region and coexisting Ld + Lo phases was also
observed in PSM/POPC/cholester(?4) and BSM/PORC/cholesterol (25). The
discovery of nanoscopic phase behavior in the latter systems was significant, because
these lipids are generally thought to comprise the most biologically relevant ternary
system, in terms of lipid abundance in the mammalian plasemabrane. That Ld +
Lo compositions in these mixtures should so closely resemble the prevailing picture of
membrane rafts, both in terms of phase properties and sia& attrated

considerable attention



The explosion of interest in ternary phase diagg has yielded valuable
information summarized irrecentreviews (47-49). An intriguing result ofternary
modelstudies is that the structure of the dyy lipid seems to determine fluid domain
size. Highly disordered lipids like DOPC (with unsaturations in each acyl chain) and
diphytanoytPC (with methyl branches down the length of the chains) form micron
sized fluid domains with a variety of highiy lipids and cholesterol. Less perturbing
lipids like POPC and SOPC (with one saturated and one unsaturated chain) and DLPC
(with fully saturated, 1Zarbon chains) do not exhibit micrgized domains, though
heterogeneity is detected with spectroscopic techsigbeigenson has proposed a
classification scheme for ternary phase diagrams based on the GUV results: Type I
diagrams have a region of "macroscopic" Ld + Lo coexistenegldition to Ld + b
and three phase (Ld + Lo +b) regions, while Type | diagranzhly show a region of
macroscopid.d + Lb (22). In general, lowTy, lipids that give rise to Type Il diagrams
are biologically rare, especially in the plasma membrane of animal cells. In contrast,
the low Ty, lipids of Type | systems are relatively abundgtt).

An interpretation of Type | systems in terms of fiostler phase separation is
controversial. The unfavorable line tension at domain boundaries is minimized by
domain coalescence, and in the absence of competing interactions, the equilibrium
stateis a single (large) domain. A variety of interactions has been proposed to fill this
role, including domain curvature and electrostatic repulsion (51), though both theory
and experiment are lacking. Alternative explanations for nanodomains include non
ideal mixing, microemisions, and 2D Isingike critical phenomena (52). Recently,
Ising-like critical fluctuations have been observed DPPCDPhPCchol (53),
DPPC/DOPC/chol (26), and GPMVs (54), lending support to this viewpoint.

Regardless of the mechanisthwork, it is clear thahe lipid solvent of the membrane



can exhibitheterogeneity on an enormous range of size scaheln the absence of
proteins.

1.3.4Methods for measuring nanodomain size

Only a few techniques are capable of delivering sizasmements of small
membrae domains, including FRET (B%), AFM (56), electron microscopy (58),
and the newhemerging aperresolution techniques (189). FRET offers several
advantages over other methods. FRET can be measufezbstanding bilayes, in
contrast to nanoscale imaging techniques that often require a rigid bilayer support that
may irfluence the phase behavior (60) Steadystate FRET can be measured with
inexpensive equipment found in many labs, and a variety of suitable fludrescen
probes are commercially available.

FRET also suffers from drawbackEnlike direct visualization techniques,
modeling domain size with FREfquires informabn about the coexisting phases,
including their compositions, molecular areas, and thickne$kesfluorescent probes
must be wellcharacterizedparticularly with respect to their transverse location in the
bilayer. Finally and most famously is the problem of the orientation fattofThe
distribution ofl in a membrane has not been experiraintdetermined for any
probe pair, and the assumption of an isotropic distribution may not be valid in the

highly anisotropic membrane environment.

1.4 FRET in membranes

1.4.1 The FRET mechanism

Forster resonance energy transfer or FRET is a valuatydysical tool for
acquiring information at molecular length scales. FRET results from a weak-dipole
dipole coupling between electric oscillators (a donor and an acceptor) in the near field:

it occurs over distances that are greater than molecular cdmiachuch shorter than
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the excitation or emission wavelengths of the molecules involved. Because the
ultimate quenching of the donor excitation energy does not involve molecular
collision, FRET isconsidered to ba longrange interaction. Also, as its nanmplies,

FRET does not involve emission of a photon by the donor: no propagating
electromagnetic waves are present in the near field of an oscillating qg®e
though a "virtual" photon is often invoked to describe the phenomenon.

The FRET processequires a population of excited state donors: for
biophysical applications, these are almost always fluorophores. Depopulation of the
donor excited state via FRET will occur at some rate in the presence of a population of
groundstate energy acceptors, whiare also typically fluorescent molecules. Just as
a molecule in the far field can "accept" a photon whose energy matches that of an
electronic transition, that same molecule can accept energy in the near field of an
oscillating dipole (the donor), anditiv the same requirement of matching energies.
The precise details of this frequency nhatg were worked out b¥orster and are

expressed mathematically as a spectral overlap int&ggl

0 0 _ - Q_ O_Q_ 11

where "O is the (dimensionless) corrected fluorescence emission spectrum of the
donor, and is the absorption spectrum of the acceptor (in units of® & ).

The basis of FRET as a "molecular ruler" is its strong dependence on the
distance between donor caiacceptor transition dipoles. The rate of energy transfer

between a donor and acceptor separated by a distasice
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whered andt are the donor quantum yield and fluorescence lifetime in the absence
of acceptorg is the index of refraction of the mediu, is Avogadro's number, and
I describes the relative orientation of the donor and acceptor transition dipoles.

The right fand sideof Equation1.2 combines the terms in a convenient way,
such that the doneacceptor separation distance at which half of the excited state
donors are quenched ViERET is expressed as the valYe (the Forster distance).
Forster distances are espfic to a given donor and acceptor (expressed by the
dependence on donor quantum yield and lifetime, and probe spectral properties), and
in a given dielectric environment (expressed by the refractive index). Though often
considered to be constant, in rhghysical systemsy is properly described by a
distribution, due to the distribution of possible orientations that can be assumed by the
donor and accept transition dipoles (i.ethe distribution ofl ). In cases where the
molecules exhibit rapidnd isotropicrotational diffusion |l ¢fo can be useds a
fixed constant in the calculation of (63.64).

Typical values of'Y range from 110 nm, which sets an ampimate
sensitivity range of -0 nm for FRET distance measurementsng donor and
acceptor separated by a fixed distand&e will see that for an ensemble of freely
diffusing fluorophores, the upper limit of sensitivity can be extended to nearly 100 nm.
FRET can be measured in the steathte either by observing thdatve quenching
of the donor (i.e. fluorescence intensity in the presence and absence of acceptor, which
gives a direct measurement of transfer efficiency), or by observing the enhanced
fluorescence emission of the acceptor.

1.4.2 FRET for random, planarrays of donor and acceptor

(N.B.: this section is intended to provide an overview of theoretical and
experimental FRET developments that are most relevant to this thesis. Comprehensive

reviews of FRET applications membranes can be found in (65)).
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A quantitative description of FRET for an ensemble of freely diffusing lipid
fluorophores in a membrane is challenging: the equations must account for a
distribution of donotacceptor distancesather than a single fixed distante the late
70s, threegroups published solutions to the problem, one of wigX#) was more
restrictive in its assumptions and will not be discussed here. A comparison of the
theories of Fung and Stryer (FS) and Wolber and Hudson (WH) is found in Chapter 2,
but the main resultare summarized he(é8,69). Both treatments showed that FRET
efficiency for a monolayer depended on essentially three parameters: the surface
density of acceptor, the distance of closest approach between donor and acceptor
(taken to be the sum of theirax der Waals radii), andf . FS also derived equations
for E in planar and spherical bilayers, and proposed an experimental test to examine
the extent of nomandom mixing in a membrane: E is measured as a function of
acceptor concentration and fit to theodel to determine an appare¥it which, if
different from Y calculated from the spectral overlap integral, would indicate non
random mixing of donor and acceptor.

1.4.3 FRETin macroscopically phase separated mixtures

In the mid90s, Pederson showdtat FRET between freelyiffusing lipid
probes could be used to examine phase transitions in memkrands that study, a
decrease in FRET efficiency between NHBE and RhodPE was observed at the
gel/fluid transition of pure DPPC vesicles. The authors reproduced these results with
Monte Carlo simulations, in which the donor and acceptor were assignecerdiffe
affinities for the gel and fluid phase domains. In the vicinity of the phase transition
temperature, large clusters of gel and fluid domains are present; the segregation of
donor and acceptdncreasedthe average distance between these lipids reldtv
their random distribution in bilayers far from the transition temperature, and resulted

in decreasedransfer efficiency.
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Buboltz and Feigenson applied this principle in their study of
DPPC/DLPC/cholestero{23), using the acronyms REE and RRo desribe the
relatively enhanced or reduced FRE&fTiciencyobserved in phase coexistence regions
due to noruniform probe partitioning. A phenomenological model was used to
recover probe partition coefficients from the FRET profiles with the lever ruleadt w
also demonstrated that phase boundaries could be accurately determined with FRET,
as compositions where transfer efficiemtyanged abruptly

Buboltz later put these ideas on a solid quantitative basis with the development
of a SterAVolmer quenching mdel for stimulated acceptor emission (SAE) data in
single phase mixtureg71). With a set of additional assumptions (including,
importantly, that domain sizé Y), he provided a quantitative basis for SAE
measurements along a tieline, in terms of theodamd acceptor partition coefficients
and the lever rute t he resul ti ng mstateeprobgaratening al | ed
FRETO -RRET(®&PThe good agreement between experimental data argRthe
FRET model was demonstrated in galitl mixtures of IPPC/DLPC at 25C. SR
FRET was also measured in the ternary system DPPC/DOPC/cholesterol as a function
of temperatur€73). While no quantitative analysis was presentbis, impatant study
demonstrated that REE and RRineshapes observed in phasparatd binary
mixtures hadtwo-dimensionalcounterpas (surface features) in three component
mixtures probe separation resulted in a "valley" of reducedieffizy in the Ld + Lo
and Ld + b regions. Above the melting transition temperature of the-figh pid
DPPC, FRET efficiency wasssentiallyuniform across composition space, consistent
with random mixing of the probes.

The derivation of SFFRET in(72) follows a standard approach for describing
signals in phaseeparated systems. In many cases, the signal measured in a bulk

sample can be modeled as arising from two distimetrinteracting populations of
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probe: the observed signal is simply the sunsighals arising from each population.

This approach does not strictly apply to a FRET measurement, because donors in one
phase and near a domain boundary may be quenched by acceptors in the other phase.
One of the explicit assumptions of the-BRET modelis that the total amount of
domain interface is small, such that this population of déntese that are near
enough to the phase boundary to be able to transfer energy to acceptors in either
phasé is negligible. This assumption poses an obvious problemtife study of
nanodomains.

1.4.4Measuring domain size with FRET

After publication of a phase diagram showing a region of coexisting Ld + Lo
in the ternary mixture PSM/POPC/cholesterol, the Prieto lab established a protocol for
estimatingdomain sizes sing FRET (74,75). Importantly, their model does not
explicity account for small domain$he idea is relatively simple: for a given acceptor
partition coefficient, the acceptor distribution in the vicinity of a doappears
increasingly more likea randan probe distributionas the size of phase domains
decreases toward . The practical corollary is that donor fluorescence decay curves,
when fit to a model for FRET that assumes infinitely large phase domains, will return
bestfit values of acceptow that are smaller than their true values. By compaving
values measured from donor decay curves to values measured with techniques
insensitive to domain size (like fluorescence quantum yield or anisotropy), the
presence of small domains could be inférrBomain sizeganbe estimated (but not
recovered) with this methotlsing this method, domain sizes in the Ld + Lo region of
PSM/POPC/chol were found to vary within the coexistence region, ranging from small
(<20 nm diameter) Lo domains near the Ld kaany, to large (78.00 nm diameter)

Ld domains near the Lo bounddi6).

15



Towles and Damleveloped a model that explicitly accounted for domain size,
starting from a picture of the bilayer as monodisperse disks of one phase randomly
distributed in the s@mnd, continuous phag€7). They imagined two populations of
donors: those located in domains, and those located in the surround phase, for which
the apparent domain surface coverage as a function of increasing distance would
differ. They recognized thahis radial domain surface density function was related to
the pair correlation function for neanteracting, twedimensional disks, though they
did not attempt to derive the relationship. Rather, they used Monte Carlo techniques to
simulate a domain surfaccoverage function, from which they could calculate
distancedependent acceptor densities for the two donor pools. Their model was
successful in recovering domain size from Monte Carlo simulations of donor decay
functions.In a subsequent paper, the sagneup attempted to recover domain size
from experimental data, but used an entirely different model, based on a different set

of assumptions that is valid only in a highly limiteabset of parameter space 733,

1.5Thesis outline

This researclpresented in this thesis aims to extend the usefulness of FRET
for studying phase behavior in membranes. In Chapter 2, we apply FRET and ESR to
three ternary mixtures to determine Ld + Lo boundaries and order parameters, and we
identify an Ld + Lo tielinen DSPC/POPC/cholesterol that is suitable for examining
nanoscopic phase domains. In Chapter 3, we outline a procedure for extracting tieline
and probe partitioning information from FRET measurements in a ternary Ld + Lo
coexistence region, which is applieto the Ld + Lo region of
DSPC/DOPC/cholesterol. We develop a model to extract domain size information
from FRET measurements in Chapter 4, and then assess the performance of the model

with simulated data in Chapter 5. We end with conclusions and futectidns.
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Chapter 2
Comparison of three ternary lipid bilayer mixtures: FRET
and ESR revealnanodomains

2.1 Abstract

Phase diagrams of ternary lipid mixtures containing cholesterol have provided
valuable insight into cell membrane behaviors, especially by describing regions of
coexisting liquiddisordered (Ld) and liquidrdered (Lo) phases. IUbrescence
microscopy imaging of giant unilamellar vesicles (GUVs) has greatly assisted the
determination of phase behavior in these systems. However, the requirement for
optically resolved Ld + Lo domains can lead to the incorrect inference that in lipid
only mixtures, Ld + Lo domain coexistence generally shows macroscopic domains.
Here we show this inference is incorrect for the low melting temperature
phosphatidylcholines abundant in mammalian plasma membranes. By use of high
compositional resolution HRI measurements, together with ESR data and spectral
simulation, we find that ternary mixtures of XJBtearoylsnglycero3-
phosphocholine (DSPC) and cholesterol together with eitipadrbitoyl2-oleoylsn
glycera3-phosphocholine (POPC) or -palmitoyl2-stearoylsnglycerc3-
phosphocholine (SOPC), do indeed have regions of Ld + Lo coexistence. However,
phase domains are much smaller than the optical resolution limit, likely on the order of

the Forster distance for energy transtér, - 2-8 nm).

" Heberle, F.A., Wu, J., Goh, S.L., Petruzielo, R.S., and Feigenson, G.W. 2010. Comparison of three
ternary bilayer mixtures: FRET and ESR reveal hanodomains. Biophyeizalal 99: 33083318.
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2.2Introduction

What is the connection between the membrane properties of living cells, and
chemically simplified model bilayer mixtures? Whilee physical chemical behaviors
of even simplified lipid bilayer mixtures are not fully understood, complex marabra
of living cells have provided important clues to the underlying physical properties of
bilayers. The functional lipid raft, a compositionally distinct membrane domain, is
now thought to play a role in normal cell functions including signaling, membrane
transport and protein sorting, and virus pathogenesis (1). These characteristics of
biological membranes suggest highly nonuniform mixing of membrane components.
But what are the sizes, shapes, lifetimes, connectivities, and partitioning behaviors of
memlyane heterogeneities? Are proteins required for raft formation? Such descriptions
are important, as many functions ascribed to rafts require the existence of domains
large enough to accommodate several proteins, and stable for at least the time required
for proteins to find each other and interact (2). Measurements of raft size in resting
cells have resulted in estimates from a few to hundreds of nanometers (3),
underscoring the difficulty of teasing apart mechanisms that mediate domain size in an
experimetal system as complex, dynamic, and variable as the plasma membrane
(PM).

Model lipid bilayers offer a measure of simplification to the problem. Model
bilayers can be chemically walefined and systematically studied within the
powerful framework of eqlibrium thermodynamics. Indeed, model studies have
figured prominently in the development of the raft hypothesis by providing a picture
of PM domains as coexisting liquaisordered (Ld) and liquidrdered (Lo) phases.

The minimal requirement for liquid plse coexistence in model systems, met by all
animal cell PM, is a ternary mixture of cholesterol, {pvand highmelting

temperatureTy) lipids (4). Furthermore, the loWiy lipid seems to be an important

27



factor in controlling liquid phase domain size. Tiell-studied lowTy lipids 1,2-
dioleoylsnglycera3-phosphocholine OPC) and 1,2-diphytanoyisnglycerc3-
phosphocholine(DPhPC), though rare in mammalian PM, exhibit miesored
domains in ternary mixture®, 6). In contrast, biologicalkabundant la-Ty lipids
including POPC and SOPCdo not (79), though methods sensitive to submicron
length scales consistently indicate liquid phase heterogeneity in P&RICSOPE
containing ternary mixture¥,8,10,11) Driven by these reports, a growing theoretical
literature seeks to explain submicron domains in {gnty bilayers in terms of
compositiondependent membrane properties like line tension and bending stiffness
(12,13) Theoretical treatments have indemtpaced experiments, largely due to the
difficulty of obtaining reliable data at length scales below the optical resolution limit
(3). Compositiordependent data are particularly valuable, as composition is the
primary mechanism by which a cell can alleembrane phase behavior. These data
are also challenging to acquire: Precise control of membrane composition is laborious,
and the effect of small, systematic changes in membrane composition on domain
properties remains largely unexplored.

FRET betweendiffusing lipid fluorophores (SHFFRET, 14) is sensitive to
membrane domains larger thah (typically 2-8 nm). To address the effect of bilayer
composition on domain size, we measuredFRET over the entire composition
space of the ternary system®SPCODOPC/chol, DSPC/POPC/chol, and
DSPC/SOPC/chol. The first of these mixtures, vesllablished as exhibiting first
order Ld + Lo phase coexistence with cleatBfined phase boundaries, provides a
standard for comparison (6). We report that the latter two regssthow FRET and
ESR behavior remarkably similar to that seen in DSPC/DOPC/chol. This behavior is
described by probe partitioning between phases and the lever rule (14), even at

compositions where GUV images appear uniform. Apparently, nanoscopic liquid
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domains in these systems behave closely enough to genuine phases that they may be

usefully described by the tools of equilibrium thermodynamics.

2.3Materials and Methods

2.3.1 Materials

Phospholipids were from Avanti Polar Lipids, Inc (Alabaster, Adhplesterol
from Nu Chek Prep (Elysian, MN). Fluorescent dye@ 2-difluoro-5,7-dimethyl4-
bora3a,4adiazas-indacene3-pentanoyl1-hexadecanoysnglycero 3-
phosphocholine (BoDIP¥Y C) and -dilinoléy|-31,63 ,-3 6, 30
tetramethylindocarbocyanine perchlergFastDil) were from Invitrogen (Carlsbad,
CA). Ergostab,7,9(11),22tetraen3 Bl (DHE) was from Sigmaldrich (St. Louis,
MO). Spinlabeled lipid *palmitoyt2-(16-doxyl stearoyl) phosphatidylcholine (L6
PC) was a gift from Boris Dzikovski of the Namial Biomedical Center for AdvanCed
ESR Technology (ACERT) at Cornell University. Purity> 99% was confirmed by
thin layer chromatography(TLC) on washed, activated Adsorbosil TLC plates
(Alltech, Deerfield, IL), developed with chloroform/methanol/wgtem/W) 65/24/4
for phospholipids, 65/35/4 for iBC, C/M 9/1 for Fasbil, and petroleum
ether/diethyl ether/chloroform 7/3/3 for cholesterol. Solvents were HPLC grade.
Concentration of phospholipid stocks was determined to < 1% by inorganic phosphate
assay, and of fluorescent dye stocks by absorption spectroscopy using an HP 8452A
spectrophotometer (Hewlg®ackard, Palo Alto, CA). Cholesterol stocks were
prepared by standard gravimetric methods to ~ 0.2%.

2.3.2 FRET sample preparation

Chloroform mixtues of lipids in 2% compositional increments were prepared
in glass culture tubes using a syringe and repeating dispenser (Hamilton USA, Reno,

NV). Samples received a fixed volume of a combined chloroform stock of fluorescent

29



probes to achieve probe/lipidate ratios of ~ 1/200 (DHE), 1/1500 (BoDIPRC),

and 1/3000 (Fadbil). Multilamellar vesicles (MLVs) were prepared from these
mixtures using rapid solvent exchange (RSE, 15) as previously described (6). After
measurement, randomly selected samples weatyzed by TLC and showed no
evidence of breakdown.

Fluorescence data were collected at 22°C with a Hitachi F7000
spectrofluorimeter (Hitachi High Technologies America, Schaumburg, IL). Arfi00
sample aliquot was diluted into 1.90 mL RSE bufZd0 mM KCI, 5 mM PIPES, 1
mM EDTA) gently stirring in a cuvette. Intensity (2.5 nm bandpass for excitation and
emission slits, 10 s integration time) was measured in six channels
(excitation/emission_, nm): DHE fluorescence (327/393); BoDIFPC stimulagd
emission (327/517); BoDIPYC fluorescence (509/517); F&l stimulated
emission (509/565); Fa&lil fluorescence (549/565); and vesicle scattering (420/420).
Signal in the stimulated acceptor emission (SAE) channels containgR©h
contributions fom donor (D) and acceptor (A) emission through their direct excitation
pathways, as well as excitation light scattered by the vesicle suspension. Control
samples were used tworrect for these contribution$ull details are provided in
Chapter 3.

2.33 FRET data analysis

Following (14) and (16), SAE in a 2D tieline field is modeled by:

OFdT U o=  Q ofy 2.1

p U ol p Lol= pY
O o pTr 2.2
Qow o e b ¢#60 2.2
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whereo is the tieline coordinat€Y is the Lo phase mole fraction, are functions
describing D and A partition coefficient variation within the tieline fiéf@l, and™Q

are functions describing SAE variation in compiosis along the phase boundaries,
and 6 0 is the Ld + Lo boundary. Equatiors2 and 2.3 were chosen to vary
smoothly and allow a range of reasonable behaviors with a minimal number of fitting
parametersgd andv ). Data in the Zphase region were fit by optimizirgyr, =, and

¥ . Analysis was performed with Mathematica 7.0Mo(fram ResearchChampaign,

IL). Full details of the analysis are provided in Chapter 3.

2.3.4 ESR sample preparation

MLV samples wergrepared by hydrating lipid films. Lipids and probe {16
PC) were dispensed into glass culture tubes with a Hamilton syringe. Samples
contained ~2000 nmoles total lipid with 0.2 or 0.3 mol %PT&G Samples were dried
to a thin film by rotary evaporation at60°C and placed under vacuum for22h to
remove residual solvent. The dry film was hydrated at 60°C withrdlOprewarmed
RSE buffer, immediately followed by vortexing and five freeze/thaw cycles between
liquid nitrogen and 60°C water. Samples wegaled under Ar and placed in a 60°C
water bath, cooled at 2°C/h to ambient temperature, and incubated for > 24 h. Prior to
measurement, samples were pelleted and transferred #.81% 100 mm glass
capillaries.

2.3.5 ESR data analysis

Dynamic parameterfor 16-PC in the slowmotional regime were obtained
from nonlinear leassquares fits of simulations {Lbased on the stochastic Liouville
eqguation (18. Briefly, spectra are modeled as arising from Brownian diffusion of the
nitroxide in an ordered liqdi The diffusion rates are contained in an axially
symmetric diffusion tensofiY, with principal componentSY and ¥ representing

diffusion rates perpendicular and parallel to the bilayer normal. In an anisotropic

31



membrane environment, the motion of the nitroxide also depends on its orientation
with respect to the bilayer normal. The tendency of the probe to orient in the bilayer is
expressed as a restoring potenfiél defined relative to the local director, dan
modeled as an expansion of generalized spherical harnf@nics keeping only the

lowestorder ( = 0) terms:

Y - .
—— w0 W ' 2.4
Q7Y O (@]
where k mhd» . Preferential alignment of the moleculaaxs with the bilayer
normalcan then be expressed by an order parameter:
"Yk 3O O ®j¢ Al & p O 2.5
A vesicle suspension is essentially an isotropic distribution of such lecally
ordered regions; theiicroscopicorder with macroscopicdisorder (MOMD) model
accounts for this by integiiag the spectral lineshape over the director tilt angle
(17). MOMD was incorporated in the simulation a®df T -weighted averaging of
spectra calculated at 23 discrete values oDetails of the analysis are found in

AppendixA.

2.4Results

2.41 Reqgions of enhanced (reduced) FRET efficiency correspond to -phase

coexistence regions

Figure 2.1 models a particularly useful FRET experiment for examining
compositiondependent ptse behavior in lipid bilayers: set of samples is prepared
along a tielire, with each sample receiving a fixed amount of D and A probe. Shown is
the family of FRET curves generated Bguation3.8 asU varies with fixedy
revealing two general lineshapes. When D and A prefer the same phase, FRET

increasesbruptlyat the phase boundary whehe favored phase first appears.
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Figure 2.1 Two types of FRET patterns depend on probe partitioning: enh
FRET efficiency when probes colocalize in the coexistence region (REE
reduced FRET efficiency when probes aepe (RRE). Equation 3.8 plotted for
of 0.33 (favoring the Ld phase) and variaus.
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Figure 2.2 SAE (stimulated acceptor emission) surfaces in DSPC/DOP Cétinof
regions of enhanced or reduced FRET efficiency corresponding to phase coe
regions. Contour plots A and B from 1116 data points, corresponding to 2

sampling of the ternary composition space. Data were smoothed by averaging
neighbor values. The relatively lowest values are blue, and the relatively

values areged as shown by the scale bar. (A) BoDIPE to FasDil FRET: Dono
and acceptor colocalization in Ld phase domains results in enhanced FRE
pronounced near the ordered phase boundampw 1). (B) DHE to BoDIPY¥PC
FRET: Donor and acceptor segregation between ordered and disordered phas
in reduced FRET. Symbols and arrows refer to surface features mentioned in
(C) and (D), predicted surfaces for the Ld + Lo region correfipgno a besfit of
data in panelA and B (respectively) to Equation2.1-3. Critical point étar) anc
tieline field used to model the data are shown.
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Relative to astraight line joining the endpoint values, FRET is enhanced at allphase
separatedompositions. When D and A prefer different phases, the opposite effect is
seen: FRET decreases abruptly at each phase boundary and is reduced at all
compositions along the tieline. These two characteristic lineshapes are termed REE or
RRE f or fAnhanged mmredocéd) efficiency”. Although FRET varies with
composition even in the absence of phase coexistence, changes within a single phase
are expected to be gradual and small relative to those induced by phase separation.
Analogous to the ondimensonal tieline, the FRET surface for a 2D tieline
field with smoothly varying) , described b¥quations2.1-3, exhibits a characteristic
3D peak of enhanced efficiency if D and A colocalize, and a 3D valley of reduced
efficiency if D and A separate inglcoexistence region. We chose two FRET pairs to
generate both behaviors: a cholesterol analog (DHE) that partitions into Lo phase,
paired with the Lepreferring probe BoDIPYC; and BoDIPYPC paired with a
second Lepreferring probe, Faddil. Consistent with expectations, clear and
interpretable patterns are observed: FRET between DHE (D) and BeBIP(A) is
reduced in DSPC/DOPC/chol phasgexistence regions relative to the surrounding
singlephase regionsséeFigure 2.2 B), while FRET betweerBoDIPY-PC (D) and
FastDil (A) is enhanceddeeFigure2.2 A). We now describe key features of these
surfaces.

2.4.2 FRET surfaces in DSPC/DOPC/chol

24.2.1 BoDIPY-PC to FasDil: Enhanced FRET

Both probes prefer Ld phase, yielding REE peaks in compoaitiegions
where Ld (a) coexists with an ordered phase; and (b) is the minor component. We note
these qualitative features of the FRET surfadeigure2 A:

1. A ridge of enhanced FRE{gray curved arrow 1). Most of the composition

space below.. = 0.4 separates into coexisting Ld and ordered phase (Lo,
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Lb, or both). Tielines have small positive slope indicating slightly increased
concentration of cholesterol, up to ~ 2dd, in Lo. The ridge of enhanced
FRET results from increased concentratiorDoand A in the diminishing Ld
phase, and concomitant decrease in averagesBparation.

2. The upper boundary of the liguid/liquid regian ... ~ 0.4, manifest as a

sharp increase in FRET (e.g., from point D to B).

3. The relative magnitude of FRET itme gel/liguid and liquid/liguid regions

differs, with the REE peak in the latter (point B)15% greater than in the
former (point A). This difference in FRET intensity could result from the
geometry and small size of gel/liquid phase domains at.high .

4. FRET efficiency is enhanced isinglephasecompositions near the critical

point. The path through composition space marked by gray curved arrow 2
follows acontinuousphase change from Ld to Lo; a modest rise and fall in
FRET intensity occurs irhe single phase vicinity of the critical point (point
C). Thus, even in the absence of a sharp transition, molecular interactions
giving rise to Ld and Lo coexistence at lower cause compositional
fluctuations sensed by the probes in this shpiase region.

5. Along the DOPC/chol binary axisnodest changes in FRET are consistent

with complete miscibility.

6. Along the binary DSPC/chol axi$RET decreasefrom a high value at the

DSPC vertex to a low value near = 0.27,then remais nearly constant
up to high... . The gradual change in FRET is consistent with the absence
of anyfirst-order phase transition along this a§i9).

24.2.2 DHE to BoDIP¥PC: Reduced FRET

Like cholesterol, DHE partitions modestly into ordered g@isa The FRET

surface between DHE and BoDIFXC in the b + Lo and Ld + Lo regions is
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dominated by valleys of reduced efficiency due to probe separéfignre 2 B,
regions near points E and B). We further note the following:

1. The upper Ld + Lo boundaiig seen as an abrupt decrease in FRET efficiency

upon entering the-Bhase region (e.g., from point D to B).

2. FRET in the Ld + b_region at low cholesterofregion near point A) is

modestly enhanced relative to singlease Ld, suggesting that DHE (or
choleserol) prefers Ld over lhj. The same result was found for DHE in-1,2
dipalmitoytsn-glycero3-phosphocholine (DPPC)/ tdllauroylsnglycerc3-
phosphocholine (DLPC) at 20°C and DPPC/DOPC at 25°C (14,20), and likely
reflects an energetic penalty foreating defects in a tiltedbl lattice. As
cholesterol is added to DSPC/DOPC mixtures (e.g., from point A to B), a
decrease in FRET occurs as DHE preference shifts from Ld.tdhe change

in DHE partitioning might relate to the transformation of thefgem a tilted
Lbjto an untilted b phase that more easily accommodates sterols (19).

3. Modest changes in FRET along the DOPC/chol binary avdsconsistent with

uniform mixing.

2.4.2.3 Probe partitioning in DSPC/DOPC/chol

FRET data in the Ld + Lo region were modeled wifuations2.1-3 to
recover proba , using a fixed tieline field. The phase boundary was taken from (6)
with slight modification. The critical point and tieline slopes were constrained with
phase percolain data and direct observation of critical fluctuations in GUVs (see
Figures3.4 and 3.p Bestfit surfaces are shown iRigure 2.2, C and D, and the
recovered parameters are listedable 2.1.

Equation 2.2 describes probe partitioning between coexisting phases: for a
particular tieline (i.e., a particular value @f, the besfit parameterdl andll give

the partition coefficienb . Figure2.3plotsu for DHE, BoDIPY-PC, and FasDil
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tieline parameter, u

Figure 2.3 Lipid and probed in the Ld + Lo tieline field of DSPC/DOPC/ch
Each value ob represents a different tieline, beginning at the critical pdint Q)
and ending at the Ld + Lo segment of the thykase triangled = 1). DHE (dotted
BoDIPY-PC (dashed), and Fabil (dot-dash)v are calculated from Equation
and the respective befit values ofll andll listed in Table 1. Lipidd) (solid gra)
lines) are calculated from tieline endpoints.
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Figure 2.4 SAE surfaces in DSPC/POPC/chol and DSPC/SOPC chol show RF
REE. Contour plots A and B each from 1116 data points, corresponding
sampling of the ternary composition space. Data were smoothed by averaging
neighbor values. BoDIPYC to FasDil FRET in DSPC/POPC/chol (A) a
DSPC/SOPCl/chol (B). As in Figure 1, colocalization of these probes in Ld
domains results in enhanced FRET efficiency at pkaparated compositions. D
to BoDIPY-PC FRET in DSPC/POPC/chol (C) and DSPC/SOPC/chol%Bparatio
of these probes between ordered and disordered phases results in reduc
efficiency. Symbols and arrows refer to surface features mentioned in the text.
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using their respective best values ofl andll found in Table2.1, across the Ld +

Lo tieline field. For comparisony of lipid components calculated from tieline
endpoint compositions are also showrFigure2.3. The structural analogs DHE and
cholesterol partition similarly to each other, weakly favoring the basp. Both
BoDIPY-PC and Fasbil strongly prefer the Ld phase; like DOPC, these probes have

structural motifs that disrupt ordered lipid lattices.

Table 2.1 Bestfit parameter values with standard deviations for FRET data in t
+ Lo region ofDSPC/DOPC/chol, modeled by Equations 2.2 and 2.3

arar grar glo vkl gle rsl gro b gr Fyddrgddrgddr gdrr gdrrgdrr

0.451) 0.14) -1.0Q) -1.0(6 -0.82) -1.06) 3.3@) -2(1) 8(3) 1.51@) 1.5@) 1.5@)

2.43 FRET surfaces in DSPC/POPC/chol and DSPC/SOPC/chol

FRET was examined for DSPC/POPC/chol and DSPC/SOPC/chol under
sample preparation and measurement conditions essentially identical to those used for
DSPC/DOPC/chol. As with DSPC/DOPC/chol, these mixtures exhibit coexisting
gellliquid at low cholesterol coeatration when GUVs are examined with
fluorescence microscopy (9). Unlike DSPC/DOPC/cl®l)Vs with compositiors
abovethe gel/liquid regiorappearuniform under the microscope. Nevertheless FRET
features, shown in the last section to arise from ppalvitioning and the lever rule,
exist above the gel/liquid region in these systems as described below.

24.3.1 BoDIPY-PC to FasDil

1. A ridge of enhanced FREi§ marked by gray curved arrow 1Hkigure2.4, A

and B, analogous to arrow 1 iRigure 2.2 A. A peakof enhanced FRET in
DSPC/POPC/chol (point B) corresponds to point B in the Ld + Lo region of
DSPC/DOPC/cholgeeFigure 2.2 A), the result of probe colocalization in Ld
domains. In contrast, the ridge in DSPC/SOPC/cbetKigure2.4B arrow 1)
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containsno local peak near B, but instead runs continuously into the larger
REE peak of the gel/liquid region (point A). The relative FRET enhancement
in the Ld + Lo region of these systems is smaller than for the DOPC
containing system, indicating that phase dimmare comparable in size 0.

The absence of a FRET peak at point B in DSPC/SOPC/chol might indicate a
further reduction in domain size in the SOPC system compared with the POPC
system.

2. The upper Ld + Lo boundang marked by an increase in FRET a#icy

upon entering the-phase region, shown clearly on the path between points D
and B.
2.4.3.2 DHE to BoDIP¥PC

1. The upper Ld + Lo boundaishows up in a similar way in all three mixtures.

There is a remarkable similarity #ligure 2.4, C and D to Figure2.2 B: A
phase boundary appears as a relatively abrupt change in FRET at- 0.30
(e.g., between points D and B kigure 2.4, C and D). This upper boundary
extends from the binary DSPC/chol axis to at least = 0.2 and therefore
must include parts of both the Lo bland Ld + Lo boundaries. It is clearly
distinct from the upper boundary of macroscopic gel/liquid coexistence
observed in GUV experiments, which does not extend abhove =0.18in
either system9).

2. FRET efficiency in Ld + Lais reduced relative to that in the surrounding 1

phase regions, but to a lesser extent than in the D&@RA@ining mixture. This

effect is expected when phase domain size is comparable to
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2.44 Summary of FRET surfacdsr the three mixtures

1. Overall FRET patterns, both RRE and REE, are the same for the three
mixtures, reflecting similarity of their phase behavior over all composition
space.

2. Cholesterol interacts more favorably with POPC and SOPC than with DOPC.
40 mol % cholesterol must be added to DSPC/DOPC mixtures to achieve
miscibility, compared to 30 mol % for DSPC/POPC or DSPC/SOPC.

3. The magnitudes of FRET variations across all compositions are greatest in the
DOPG-containing mixturesthe maximum FRET enhancementthe Ld + Lo
region is greatest in DSPC/DOPC/chol, smaller when DOPC is replaced by
POPC, and smaller still with replacement by SOPC. These changes can be
explained by reducegrobel , reducedphase domain size, or both.

2.4.5 ESR spectroscopy

Figure 2.5 shows interpolated FRET data along an Ld + Lo tieline near the
three phase region, correspondirio the dashed lines iRigures2.2 and 2.4 The
patterns of enhanced and reduced FRET efficiency predicted by eqGa8i@me
apparent, although preciphase boundaries are in some cases difficult to determine.
ESR was used to further examine the physical properties of mixtures along this sample
trajectory. Experimental spectra were simulated to extract order and dynamic
parameters. Plots of typical spectare shown irFigure 2.8, and a discussion of
simulation parametei@e found inAppendixA.

Figure 2.6 A shows the order parametéY for 16PC as a function of
mixture composition, assuming a single environment for the prebesamples near
the binary DSPC/chol axi&¥ ~ 0.25, typical of 16PC in an Lo phase (21). Chain
order decreases as lol lipid is incorporated into the bilayer and eventually falls to

values (Y ~ 0.05 typical of 16PC in an Ld phas& sharp dropn "Y occurs in each
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Figure 2.5 FRET data on m Ld + Lo tieline trajectory. FRET values :
interpolated from raw surface data, along a trajectory corresponding to the
line in Figures 2.1 and 2.3. This trajectory also corresponds to the ESR dat:
in Figure 2.6. (A) Donor BoDIP¥C and acceptor FabBil both partition into L«
phase, resulting in enhanced FRET in the Ld + Lo phase coexistence re
DSPC/DOPC/chol (black diamonds), DSPC/POPC/cholesterol (blue triangle
DSPC/SOPCl/cholesterol (red circles). (B) Donor DHE partitions into Log
resulting in reduced FRET to the acceptor BoDIP® in the Ld + Lo regic
(symbols as in panel A). In favorable cases the FRET signal changes abrupt
onset of a phase transition, allowing determination of phase boundaries by ¢
apparent Lghase boundaries in these FRET trajectories are in goodhagewitt
ESR data of Figur@.4, with the exception of DSPC/SOPC/cholesterol: in ad
to a change of slope in the enhanced FRET data at the expected phase

(... = 0.5), andter abrupt change is observed in both data sets at = 0.6. |
is possible that the sample trajectory crosses the boundary of Ld phéas
coexistence, which is not precisely determined in this system.
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Figure 2.6 ESR reveals similarities in phase properties of mixtures fol
macroscopic and nanoscopic phases. Compositional trajectories run

approximate direction of Ld + Lo tielines (see Figure 2.2 A, dashed line) anc
only in the identity of the lowIM lipid. (A) Compositiordependent order paramei
obtained from ESR spectral simulations in DSPC/DOPC/chol (diam
DSPC/POPCl/chol (triangles), and DSPC/SOPC/chol (circles). (B) Fractiont
spin probe in the Lo phase determined by spectral aethitn using Equation z
(symbols as in panel A). Predicted fractions from Equation 2.7 shown as lil
DSPC/DOPC/chol (solid), DSPC/POPC/chol (dashed), d»p8PC/SOPC/ch

(dotted, with bestfit parameters listed in Tab&2.
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ternary mixture, consistent with redistribution of -BR6€ between two phase
environments. Thougthe recovered value 6Y represents an average of values in the
coexisting phases, it does not simply reflect the relative amounts of the two phases
present.Because the firstlerivative signal varies inversely with the square of the
resonancelinewidth, we speculate that the narrow disordered component is
dominating the fit.

To quantify the distribution of 28C between Ld and Lo, we modeled each
spectrum as weighted superposition of Ldnd Lolike spectra, using the binasaxkis
(endpoint) compositions as basis spectra. The-fliesteights 0 directly
yield the fraction of 16°C in the Lo phase:

Q S 2.6
Figure2.6 B plots the 16PC fraction in the Lo phase determined at each composition
usingEquation2.6. Assuming the sample trajectory is collinear with a tieline and the
probe does not partition preferentially to the interface between domains, the probe
fraction in the Lo phase can be expressed as a function opltase boundaries

. h.. andthed) of 16-PC:

o T
I’y )]

Q .0 h. - 2.7
u P

Both phase boundaries and  were varied in the fitModel predictions are shown

as lines inFigure2.6 B, with recovered parameters listedTiable 2.2 16-PC partition
between Ld and Lo is close to unity, similar to values seen for coexisting gel/liquid of
DPPC/DLPC/chol (22). Theecovered Lo phase boundaries coincide with the abrupt

drop in Y shown in Figure 2.6 A. The recovered Ld phase boundary for
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DSPC/DOPC/chol is considerably lower in DSPC thalues determined by FRET
and confocal fluorescence microscompyost likely due d the paucity of data points

near this boundary.

Table 2.2 Bestfit phase boundaries and -B& partition coefficients with stand:
deviations, modeled by Equation 2.7

System el Fell e L br
DSPC/DOPC/chol 0.00(2) 0.640(3) 0.80(6)
DSPC/POPC/chol 0.06(1) 0.500(5) 1.05(8)
DSPC/SOPC/chol 0.05(1) 0.480(5) 1.3(1)

The location of the phase boundary at high reveals quantitative
differences in molecular interactions: the Lo phase accommodates significantly more
monounsaturated lipid, evidence of a more favorable interaction with DSPC for these
lipids compared to DOPC. Only 8 mol % DOPC is required to pretgpén Ld phase
along this trajectory. In contrast, ~ 25 mol % POPC or SOPC is required for phase
separation. Up to the point of phase separation, the Lo phase maintains a nearly
constant order parameter 025 and diffusion coefficient o® 10’ s* (daa not
shown), indicating only minor changes in bilayer properties as a function of
composition within the Lo region.

Physical properties of the Ld phase exhibit greater dependence on lipid
structure, apparent iRigure2.6 A. The Ld phase at low DSPC lmeues progressively
ordered in the series DOPC < POPC < SOPC. For compositions on the binary axis
consisting of the lowly lipid with ... =0.09,"Y increases 75% upon saturation of
thesn1 chain (equivalent to replacing DOPC with SOPC). In cohtsd®rtening the
snl chain by two carbons (i.e., replacing SOPC with POPC) increases fluidity,
evidenced by a 10% decreaseYn This trend continues with addition of DSPC and

persists until the disappearance of Ld phase, at which poistthe same for the three
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mixtures.Figure2.6 B shows that these differences in order are also reflectedRC16
partitioning between Ld and Lo. A¥'Y between the coexisting environments
decreases in the series DOPC > POPC > SOPC, there is lesiefadethe bulky
spin probe to be driven out of the ordered phase, and tHRCl1&ncentration in Lo

increases.

2.5Discussion

2.5.1 Motivation and experimental design

Systems studied here are simple models for the mammalian plasma membrane
outer leafletternary mixtures containing cholesterol and the Highipid DSPC, with
a series of three lowy lipids DOPC, POPC, and SOPC. Despite the structural
similarity of the lowTy lipids, exchanging DOPC for either POPC or SOPC results in
dramatically differat mixing behavior at biologically relevant cholesterol
concentrations (380 mol %), as revealed by fluorescence microscopy of GUVs. The
micronsized liquid phase domains in DSPC/DOPC/chol are not observed at any
composition in DSPC/SOPC/chol or DSPC/P@#PGI (4,9). POPC is an important
lipid for model studies due to its biological abundance and has been chosen as the
representative lovily lipid in several recent studies of ternary mixtures (7,8,11). Each
of these studies used a sphingomyelin (SM) ashite Ty lipid, employed methods
sensitive to small length scales, and reported a region of Ld + Lo phase coexistence. In
contrast, a FRET study comparing DPPC/DOPC/chol with DPPC/POPC/chol reported
Ld + Lo coexistence in the former system, but not in #teid (23). Together, these
studies reveal that even small structural differences in both the aighlowTy
components can dramatically affect phase coexistence and/or domain siadd\ide
thesereports a comparison of three ternary mixtures at-boghpositional resolution

using methods that are sensitive to small (> 2 nm) heterogeneities.
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The high throughput of our RSE sample preparation technique enabled us to
evenly sample the ternary composition space at 2% resolution. For each mixture, we
examined ~1100 samples and several hundred control samples. We previously
discovered that systematerrors occur in large data sets when samples are prepared
and measured in a walkefined order (e.g., low to high DSPC, or low to high
cholesterol), due primarily to a small, gradual change in the concentration of
chloroform solutions of lipid and probén this study, data were collected and
measured in random order to minimize any systematic distortion of surface features.
The tradeoff inherent in this approach is a greater overall noise |GRET surfaces
are consequently less useful for establistpnecisephase boundaries than targeted,
smallerscale experiments (i.e. short linear sample trajectories that cross a phase
boundary). Their value lies in establishing the overall pattern of giesavior of a
mixture.

2.5.2 Comparison of phase behavior in three ternary systems

Our basis mixture for investigating influence of the {ow lipid on liquid
domain size is DSPC/DOPC/chol. We begin with a discussion of phase behavior in
this system. The&omplete phase diagram forSBC/DOPC/chol is shown iRigure
2.7.For illustrative purposes, we consider the phase behavior of a hypothetical sample
with equal mole fractions of DOPC and DSPC and continuously increasing cholesterol
concentration. In thebsence of cholesterol, DOPC is practically insoluble in the pure
DSPC gel (bj), and the sample is composed of roughly equal mole fractions of Ld
and Lbj phase with compositions. = 0.1 and 1respectively (6). As cholesterol is
added, its distribution between the coexisting phases initially favors Ld, as evidenced
by enhanced FRET between DHE and thepkeferring BoDIP¥PC at low...
(seeFigure2.2 B). Upon further addition of cholesol, DSPC chain tilt is abolished,

and both cholesterol and DOPC solubility increase in the gel phasd_fr)os
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Figure 2.7 Phase diagrams for systems in this study: DSPC/DOPC/chol (solid
DSPC/POPC/chol (dashed), and DSPC/SOPC/chol (dott8d)idus boundal
extensions are not wedletermined in the POR@nd SOP&ontaining mixtures.
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