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 The spatial organization of lipids and proteins in biological membranes is of 

considerable interest. Multiple lines of evidence support the existence of specialized 

lipid microdomains or "membrane rafts", that are involved in processes as diverse as 

protein sorting, vesicular transport, viral entry and exit from cells, and signaling. The 

chemical complexity of cell membranes, and the small size and fleeting nature of rafts, 

pose serious challenges to experimentalists who seek to understand their 

thermodynamic origins. 

 Using high-resolution FRET and ESR measurements, we have examined phase 

behavior, order parameters, and the partitioning behavior of fluorescent probes in three 

ternary lipid mixtures that are models for the outer leaflet of mammalian plasma 

membranes. 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 these small domains, 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 lipid-only 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 usefulness of Förster 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 nanometer-scale 

spatial information while being relatively easy and inexpensive to use. Since the first 

quantitative models for membrane FRET appeared in the literature 30 years ago, 

FRET has been successfully used to examine lipid mixing in bilayers. During this 

time, evidence for highly nonrandom mixing of lipids and proteins in cell membranes 

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 simply stated: 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 spatial distribution 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 poses to experimentalists who 

wish to determine their size and lifetime distributions in the resting cell. 

 In this chapter we provide background information for the work presented in 

chapters 2-5: an introduction to lipid bilayer phases and plasma membrane rafts, and 

an overview of FRET and its applications in membranes, particularly for examining 

phase behavior and domain size. We end with a statement of the specific problems to 

be addressed in this work. 
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1.2 Lipid bilayer phases 

 Lipids are amphiphilic molecules, 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 bilayer. The bilayer is a lamellar (L) structure that 

can exist in several phases, which differ in chain conformational and positional order. 

Conformational order is expressed as the ratio of trans to gauche conformers in the 

hydrocarbon chains: lipids with a high degree of conformational order possess chains 

that are fully extended, with carbon segments mostly in the trans conformation. 

Conformational order is related to the segmental order parameter, which can be 

determined experimentally with ESR, NMR, fluorescence polarization, or WAXS. 

Positional order refers to the two-dimensional spatial correlation among the chains: 

bilayers with a high degree of positional order have a well-defined inter-chain spacing, 

with spatial correlations that persist over long distances. Lateral positional order can 

be examined with x-ray 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. The liquid disordered (Ld) phase is characterized by low conformational and 

positional order, in contrast to the solid ordered (Lb) phase, in which both 

conformational and positional order are high.  Pure phospholipid and sphingolipid 

species can exist in either state, with a cooperative phase transition occurring at a well-

defined temperature known as the melting transition temperature (TM). For the 

purposes of the present discussion, it is convenient to categorize these lipids as either 

low-TM or high-TM relative to room temperature. For lipids with fully saturated chains, 

TM  increases with chain length due to an increase in Van der Waals interactions: for 

the phosphatidylcholines, the division between low- and high-TM  occurs at 14 carbons 
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with DMPC (TM =23°C). Lipids with one or multiple unsaturations in either or both 

chains are categorically low-TM lipids. Binary mixtures of lipids with distinctly 

different transition temperatures exhibit gel/fluid coexistence at intermediate 

temperatures. The classical method for studying these transitions is differential 

scanning calorimetry, though the positions of phase boundaries have been determined 

with many other types of measurements including fluorescence spectroscopy and 

microscopy, FRET, and ESR. 

 A third lamellar 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 tail and 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, relative 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 the hydrocarbon 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 disordered chains assume an 

extended conformation to create room under the headgroup for cholesterol. In a gel 

phase bilayer, where the chains are already mostly trans, cholesterol disrupts the long-

range positional order due to the strong energetic penalty for multiple 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 
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chain conformational order. In effect, cholesterol decouples 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 and basolateral membranes of 

polarized epithelial cells, each of which is supplied material from the trans Golgi 

network (3). It was postulated that the lipid and protein sorting was driven by 

favorable interactions between sphingolipids and cholesterol give rise to lipid 

microdomains in trans Golgi membranes. The hypothesis was partly based on 

structural considerations of the lipids: the sphingosine base can act as both hydrogen 

bond donor and acceptor, unlike the glycerol backbone of glycerophospholipids. The 

lipid domains (later termed ñraftsò) could 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 protein(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 types (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 cholesterol (7)ð

perhaps raft-like phenomena were functioning there as well. Indeed, membranes 

evolved to effect a three-dimensional compartmentalization necessary for life's 

chemical reactions, and it was (and is) appealing to consider that a two-dimensional 

compartmentalization may have co-evolved to regulate processes within the plane of 
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the membrane itself. As biochemical studies were identifying the chemical sequences 

necessary for domain targeting, biophysical studies were employed to measure raft 

size. The earliest estimates for raft size in resting cells were on the order of hundreds 

of nanometers (8); subsequent work, utilizing a variety of techniques, have yielded 

size estimates that converged on 10s of nanometers (9-11). These observations raise 

the possibility that both the regulated partitioning of membrane components and the 

regulated size of membrane domains might 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 (6,12,13), the pathogenesis of bacteria (14) and viruses (4), and 

vesicular transport (15). An excellent review of the myriad raft functions can be found 

in (5). 

1.3.2 Relationship between rafts and fluid bilayer phases 

 As biochemists set their sights on understanding the physical properties of 

membrane rafts,  parallel developments in the field of membrane biophysics were 

shedding light on the nature of the Lo phase. Using a combination of IR spectroscopy 

and fluorescence quenching, Silvius and Lefleur showed that a ternary mixture of a 

low-TM  PC, high-TM  PC, and cholesterol exhibited complex phase behavior, 

including a large region of coexisting Ld + Lo phases (16). 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 mixtures (17). It was soon observed that a ternary 

composition mimicking the lipid content of the apical membrane gave rise to micron-

sized, fluid domains (18). GUV microscopy was turned toward examining the 

composition-dependent phase behavior, and partial phase diagrams were obtained for 

several ternary outer leaflet models (19-21). Phase regions undetectable by 
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fluorescence microscopy were also discovered, leading to the realization that multiple 

techniques spanning distance scales from nanometers to microns were necessary for 

solving ternary lipid phase diagrams (22). Relatively complete phase diagrams have 

now been obtained for the ternary systems: DPPC/DLPC/chol (23), PSM/POPC/chol 

(24), BSM/POPC/chol (25), DPPC/DOPC/chol (26), DPPC/DPhPC/chol (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 

understand the physical mechanisms responsible for fluid-fluid phase coexistence. 

Elliot et. al were able to reproduce a fluid-fluid coexistence region using mean field 

theory, but this outcome relied on phase coexistence in one of binary PC/chol systems 

(30,31); this theory cannot explain the existence of closed-loop miscibility gaps in for 

example DPPC/DPhPC/chol (27). A phenomenological model from the same group 

reproduced the closed loop Ld + Lo region through a differential ordering effect of 

cholesterol on the saturated and unsaturated lipid (32). Simulation work has also 

yielded insights into the interactions responsible for fluid-fluid miscibility gaps. 

Monte Carlo simulations have shown how the set of three unlike pairwise interaction 

energies between two phospholipids and cholesterol can generate the basic shape of 

the Ld + Lo coexistence region of DSPC/DOPC/chol, and that an additional line 

tension-like energetic term can refine the boundary to closely match experimental 

observations (J. Huang, unpublished). Atomistic MD simulations are unable to reach 

timescales necessary to see phase separation, but recent progress has been made with 

coarse grained simulations, which can extend the available timescales into the 10s of 

microseconds (33,34). Starting from an initially random mixture, bilayers composed of 

DPPC/DOPC/cholesterol separated into Ld + Lo phases in planar and spherical 

bilayers, with cholesterol enriched in the Lo phase as expected (35). 
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 The obvious connections between raft properties and the liquid ordered 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 Ld + Lo 

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 systems (38). The extent to which detergent-resistant 

membrane fractions faithfully report the partitioning of membrane components in the 

unperturbed cell has been called into question (39,40). In giant plasma membrane 

vesicles (GPMVs) blebbed from cells, lipid-anchored proteins faithfully reproduce 

their raft affinities, while transmembrane proteins do not, being almost completely 

excluded from Lo phase (41,42). In contrast, other plasma membrane vesicle 

preparation techniques (i.e. "membrane spheres") show preferential raft partitioning 

for some transmembrane peptides (43). Further studies showed that order in the 

GPMV Lo phase was greater than in membrane spheres (44), possibly owing to cross-

linking artifacts associated with the GPMV prep, which may explain some of the 

partitioning discrepancies. 

 Aside from partitioning behaviors of proteins, the connection has been 

questioned from other standpoints as well. Munro noted that if the outer leaflet PM 

composition were to be mapped to a ternary phase diagram, the most probable phase 

state would be a uniform Lo mixture (12). This possibility was supported by a finding 

that in three cell lines the majority of the plasma membrane exhibited order 

comparable to that of Lo phases in model membranes (45). Feigenson and others have 

pointed out that ternary phase diagrams demonstrate there is no "prototype" Lo phase, 

and that the composition and properties of raft domains in cells might vary 
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considerably both in time and space (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 accurately measured (46). 

1.3.3 Nanodomains in ternary mixtures 

 Buboltz and Feigenson were the first to report "nanoscopic" domains, in the 

ternary mixture DPPC/DLPC/chol (23). Confocal fluorescence microscopy of GUVs 

showed coexisting gel and fluid phases at compositions along the binary DPPC/DLPC 

axis that persisted with the addition of cholesterol, ending abruptly at 16 mole % 

cholesterol; above this concentration, GUVs appeared uniform. FRET measurements 

over the entire composition space confirmed the microscopy results for low 

cholesterol but revealed that the experimental signature of phase separationða 

pronounced decrease in energy transfer efficiency due to the segregation of donor and 

acceptor between phase domainsðcontinued up to 25 mole % cholesterol. The 

flatness of the microscopy boundary at 16 mole % cholesterol provided support for the 

interpretation of FRET results in terms of first-order phase coexistence: together with 

the phase rule, this linear feature suggested the existence of a three-phase region, 

which in turn 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/cholesterol (24) and BSM/POPC/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 plasma membrane. That Ld + 

Lo compositions in these mixtures should so closely resemble the prevailing picture of 

membrane rafts, both in terms of phase properties and size scale, attracted 

considerable attention. 
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 The explosion of interest in ternary phase diagrams has yielded valuable 

information, summarized in recent reviews (47-49). An intriguing result of ternary 

model studies is that the structure of the low-TM lipid seems to determine fluid domain 

size. Highly disordered lipids like DOPC (with unsaturations in each acyl chain) and 

diphytanoyl-PC (with methyl branches down the length of the chains) form micron-

sized fluid domains with a variety of high- TM lipids and cholesterol. Less perturbing 

lipids like POPC and SOPC (with one saturated and one unsaturated chain) and DLPC 

(with fully saturated, 12-carbon chains) do not exhibit micron-sized domains, though 

heterogeneity is detected with spectroscopic techniques. Feigenson has proposed a 

classification scheme for ternary phase diagrams based on the GUV results: Type II 

diagrams have a region of "macroscopic" Ld + Lo coexistence in addition to Ld + Lb 

and three phase (Ld + Lo + Lb) regions, while Type I diagrams only show a region of 

macroscopic Ld + Lb (22). In general, low-TM lipids that give rise to Type II diagrams 

are biologically rare, especially in the plasma membrane of animal cells. In contrast, 

the low-TM lipids of Type I systems are relatively abundant (50).  

 An interpretation of Type I systems in terms of first-order 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 

state is 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, microemulsions, and 2D Ising-like critical phenomena (52). Recently, 

Ising-like critical fluctuations have been observed in DPPC/DPhPC/chol (53), 

DPPC/DOPC/chol (26), and GPMVs (54), lending support to this viewpoint. 

Regardless of the mechanism at work, it is clear that the lipid solvent of the membrane 
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can exhibit heterogeneity on an enormous range of size scales, and in the absence of 

proteins. 

1.3.4 Methods for measuring nanodomain size 

 Only a few techniques are capable of delivering size measurements of small 

membrane domains, including FRET (10,55), AFM (56), electron microscopy (57,58), 

and the newly-emerging super-resolution techniques (11,59). FRET offers several 

advantages over other methods. FRET can be measured in free-standing bilayers, in 

contrast to nanoscale imaging techniques that often require a rigid bilayer support that 

may influence the phase behavior (60,61).  Steady-state FRET can be measured with 

inexpensive equipment found in many labs, and a variety of suitable fluorescent 

probes are commercially available. 

 FRET also suffers from drawbacks. Unlike direct visualization techniques, 

modeling domain size with FRET requires information about the coexisting phases, 

including their compositions, molecular areas, and thicknesses. The fluorescent probes 

must be well-characterized, particularly with respect to their transverse location in the 

bilayer. Finally and most famously is the problem of the orientation factor ‖. The 

distribution of ‖ in a membrane has not been experimentally determined 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 

 Förster resonance energy transfer or FRET is a valuable biophysical 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 contact, but much 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 is considered to be a long-range interaction. Also, as its name implies, 

FRET does not involve emission of a photon by the donor: no propagating 

electromagnetic waves are present in the near field of an oscillating dipole (62), 

though a "virtual" photon is often invoked to describe the phenomenon. 

 The FRET process requires 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 

ground-state energy acceptors, which are 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), and with the same requirement of matching energies. 

The precise details of this frequency matching were worked out by Förster and are 

expressed mathematically as a spectral overlap integral (63): 

 ὐ‗ Ὂ ‗‐ ‗‗Ὠ‗ Ὂ ‗Ὠ‗ 1.1 

where Ὂ is the (dimensionless) corrected fluorescence emission spectrum of the 

donor, and ‐ is the absorption spectrum of the acceptor (in units of ὓ ὧά ). 

 The basis of FRET as a "molecular ruler" is its strong dependence on the 

distance between donor and acceptor transition dipoles. The rate of energy transfer 

between a donor and acceptor separated by a distance ὶ is: 

 Ὧ ὶ
ωπππÌÎρπὗ‖ὐ

ρςψ“ὔὲ†ὶ
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where ὗ  and † are the donor quantum yield and fluorescence lifetime in the absence 

of acceptor, ὲ is the index of refraction of the medium, ὔ  is Avogadro's number, and 

‖ describes the relative orientation of the donor and acceptor transition dipoles. 

 The right hand side of Equation 1.2 combines the terms in a convenient way, 

such that the donor-acceptor separation distance at which half of the excited state 

donors are quenched via FRET is expressed as the value Ὑ (the Förster distance). 

Förster distances are specific 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 most physical systems Ὑ is properly described by a 

distribution, due to the distribution of possible orientations that can be assumed by the 

donor and acceptor transition dipoles (i.e., the distribution of ‖). In cases where the 

molecules exhibit rapid and isotropic rotational diffusion, ‖ ςȾσ can be used as a 

fixed constant in the calculation of Ὑ (63,64). 

 Typical values of Ὑ range from 1-10 nm, which sets an approximate 

sensitivity range of 1-20 nm for FRET distance measurements using donor and 

acceptor separated by a fixed distance. We 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 steady-state either by observing the relative 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, planar arrays 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 in membranes can be found in (65,66)). 
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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 donor-acceptor distances, rather than a single fixed distance. In the late 

70s, three groups published solutions to the problem, one of which (67) 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 results are summarized here (68,69). 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 their Van der Waals radii), and Ὑ. FS also derived equations 

for E in planar and spherical bilayers, and proposed an experimental test to examine 

the extent of non-random mixing in a membrane: E is measured as a function of 

acceptor concentration and fit to the model to determine an apparent Ὑ which, if 

different from  Ὑ calculated from the spectral overlap integral, would indicate non-

random mixing of donor and acceptor. 

1.4.3 FRET in macroscopically phase separated mixtures 

 In the mid-90s, Pederson showed that FRET between freely-diffusing lipid 

probes could be used to examine phase transitions in membranes (70). In that study, a 

decrease in FRET efficiency between NBD-PE and Rhod-PE 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 assigned different 

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 acceptor increased the average distance between these lipids relative to 

their random distribution in bilayers far from the transition temperature, and resulted 

in decreased transfer efficiency. 
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 Buboltz and Feigenson applied this principle in their study of 

DPPC/DLPC/cholesterol (23), using the acronyms REE and RRE to describe the 

relatively enhanced or reduced FRET efficiency observed in phase coexistence regions 

due to non-uniform probe partitioning. A phenomenological model was used to 

recover probe partition coefficients from the FRET profiles with the lever rule. It was 

also demonstrated that phase boundaries could be accurately determined with FRET, 

as compositions where transfer efficiency changed abruptly. 

 Buboltz later put these ideas on a solid quantitative basis with the development 

of a Stern-Volmer quenching model for stimulated acceptor emission (SAE) data in 

single phase mixtures (71). With a set of additional assumptions (including, 

importantly, that domain size ḻὙ), he provided a quantitative basis for SAE 

measurements along a tieline, in terms of the donor and acceptor partition coefficients 

and the lever rule; the resulting model was called ñsteady-state probe-partitioning 

FRETò or SP-FRET (72). The good agreement between experimental data and the SP-

FRET model was demonstrated in gel/fluid mixtures of DPPC/DLPC at 25̄C. SP-

FRET was also measured in the ternary system DPPC/DOPC/cholesterol as a function 

of temperature (73). While no quantitative analysis was presented, this important study 

demonstrated that REE and RRE lineshapes observed in phase-separated binary 

mixtures had two-dimensional counterparts (surface features) in three component 

mixtures: probe separation resulted in a "valley" of reduced efficiency in the Ld + Lo 

and Ld + Lb regions. Above the melting transition temperature of the high-TM lipid 

DPPC, FRET efficiency was essentially uniform across composition space, consistent 

with random mixing of the probes.  

 The derivation of SP-FRET in (72) follows a standard approach for describing 

signals in phase-separated systems. In many cases, the signal measured in a bulk 

sample can be modeled as arising from two distinct, non-interacting populations of 
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probe: the observed signal is simply the sum of signals 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 SP-FRET model is that the total amount of 

domain interface is small, such that this population of donorsðthose that are near 

enough to the phase boundary to be able to transfer energy to acceptors in either 

phaseðis negligible. This assumption poses an obvious problem for the study of 

nanodomains. 

1.4.4 Measuring 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 

estimating domain sizes using FRET (74,75). Importantly, their model does not 

explicity account for small domains. The idea is relatively simple: for a given acceptor 

partition coefficient, the acceptor distribution in the vicinity of a donor appears 

increasingly more like a random probe distribution as the size of phase domains 

decreases toward Ὑ. The practical corollary is that donor fluorescence decay curves, 

when fit to a model for FRET that assumes infinitely large phase domains, will return 

best-fit values of acceptor ὑ  that are smaller than their true values. By comparing ὑ  

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 inferred. Domain sizes can be estimated (but not 

recovered) with this method. Using 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 boundary, to large (75-100 nm diameter) 

Ld domains near the Lo boundary (76). 
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 Towles and Dan developed 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 second, continuous phase (77). 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 that this radial domain surface density function was related to 

the pair correlation function for non-interacting, two-dimensional disks, though they 

did not attempt to derive the relationship. Rather, they used Monte Carlo techniques to 

simulate a domain surface coverage function, from which they could calculate 

distance-dependent 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 same group 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 limited subset of parameter space (78,79). 

 

1.5 Thesis outline 

 This research presented 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 tieline in 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 applied to 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 future directions. 
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Chapter 2 

Comparison of three ternary lipid bilayer mixtures: FRET 

and ESR reveal nanodomains
*
 

 

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 liquid-disordered (Ld) and liquid-ordered (Lo) phases. Fluorescence 

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 FRET measurements, together with ESR data and spectral 

simulation, we find that ternary mixtures of 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC) and cholesterol together with either 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) or 1-palmitoyl-2-stearoyl-sn-glycero-3-

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 Förster distance for energy transfer (Ὑ, ~ 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 nanodomains. Biophysical Journal 99: 3309-3318. 
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2.2 Introduction  

 What is the connection between the membrane properties of living cells, and 

chemically simplified model bilayer mixtures? While the physical chemical behaviors 

of even simplified lipid bilayer mixtures are not fully understood, complex membranes 

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 

membrane 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 

experimental 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 well-defined and systematically studied within the 

powerful framework of equilibrium thermodynamics. Indeed, model studies have 

figured prominently in the development of the raft hypothesis by providing a picture 

of PM domains as coexisting liquid-disordered (Ld) and liquid-ordered (Lo) phases. 

The minimal requirement for liquid phase coexistence in model systems, met by all 

animal cell PM, is a ternary mixture of cholesterol, low-, and high-melting 

temperature (TM) lipids (4). Furthermore, the low-TM lipid seems to be an important 
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factor in controlling liquid phase domain size. The well-studied low-TM lipids 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-diphytanoyl-sn-glycero-3-

phosphocholine (DPhPC), though rare in mammalian PM, exhibit micron-sized 

domains in ternary mixtures (5, 6). In contrast, biologically-abundant low-TM lipids 

including POPC and SOPC do not (7-9), though methods sensitive to submicron 

length scales consistently indicate liquid phase heterogeneity in POPC- and SOPC-

containing ternary mixtures (7,8,10,11). Driven by these reports, a growing theoretical 

literature seeks to explain submicron domains in lipid-only bilayers in terms of 

composition-dependent membrane properties like line tension and bending stiffness 

(12,13). Theoretical treatments have indeed outpaced experiments, largely due to the 

difficulty of obtaining reliable data at length scales below the optical resolution limit 

(3). Composition-dependent data are particularly valuable, as composition is the 

primary mechanism by which a cell can alter membrane 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 between diffusing lipid fluorophores (SP-FRET, 14) is sensitive to 

membrane domains larger than Ὑ (typically 2-8 nm). To address the effect of bilayer 

composition on domain size, we measured SP-FRET over the entire composition 

space of the ternary systems DSPC/DOPC/chol, DSPC/POPC/chol, and 

DSPC/SOPC/chol. The first of these mixtures, well-established as exhibiting first-

order Ld + Lo phase coexistence with clearly-defined phase boundaries, provides a 

standard for comparison (6). We report that the latter two systems show 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. 

 

2.3 Materials and Methods 

2.3.1 Materials 

 Phospholipids were from Avanti Polar Lipids, Inc (Alabaster, AL), cholesterol 

from Nu Chek Prep (Elysian, MN). Fluorescent dyes 2-(4,4-difluoro-5,7-dimethyl-4-

bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-

phosphocholine (BoDIPY-PC) and 1,1ô-dilinoleyl-3,3,3ô,3ô-

tetramethylindocarbocyanine perchlorate (Fast-DiI) were from Invitrogen (Carlsbad, 

CA). Ergosta-5,7,9(11),22-tetraen-3ɓ-ol (DHE) was from Sigma-Aldrich (St. Louis, 

MO). Spin-labeled lipid 1-palmitoyl-2-(16-doxyl stearoyl) phosphatidylcholine (16-

PC) was a gift from Boris Dzikovski of the National Biomedical Center for AdvanCed 

ESR Technology (ACERT) at Cornell University. Purity of > 99% was confirmed by 

thin layer chromatography (TLC) on washed, activated Adsorbosil TLC plates 

(Alltech, Deerfield, IL), developed with chloroform/methanol/water (C/M/W) 65/24/4 

for phospholipids, 65/35/4 for 16-PC, C/M 9/1 for Fast-DiI, 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 (Hewlett-Packard, Palo Alto, CA). Cholesterol stocks were 

prepared by standard gravimetric methods to ~ 0.2%. 

2.3.2 FRET sample preparation 

 Chloroform mixtures 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 
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probes to achieve probe/lipid mole ratios of ~ 1/200 (DHE), 1/1500 (BoDIPY-PC), 

and 1/3000 (Fast-DiI). Multilamellar vesicles (MLVs) were prepared from these 

mixtures using rapid solvent exchange (RSE, 15) as previously described (6). After 

measurement, randomly selected samples were analyzed 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). A 100  mL 

sample aliquot was diluted into 1.90 mL RSE buffer (200 mM KCl, 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); BoDIPY-PC stimulated 

emission (327/517); BoDIPY-PC fluorescence (509/517); Fast-DiI stimulated 

emission (509/565); Fast-DiI fluorescence (549/565); and vesicle scattering (420/420). 

Signal in the stimulated acceptor emission (SAE) channels contains non-FRET 

contributions from 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 to correct for these contributions: full details are provided in 

Chapter 3. 

2.3.3 FRET data analysis 

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

 

ὊόȟὛ ȟⱥ╓ȟⱥ═ȟⱴ  

Ὢ όȟⱴ Ὓ Ὢ όȟⱴὑόȟⱥ╓ὑόȟⱥ═ Ὢ όȟⱴ

ρ ὑόȟⱥ╓ ρὛ ρ ὑόȟⱥ═ ρὛ
 

2.1 

 ὑόȟⱥ ρπ  2.2 

 Ὢὸȟⱴ • •ȟ• ɇὄὸ 2.3 
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where ό is the tieline coordinate, Ὓ  is the Lo phase mole fraction, ὑ are functions 

describing D and A partition coefficient variation within the tieline field, Ὢ  and Ὢ  

are functions describing SAE variation in compositions along the phase boundaries, 

and ὄὸ is the Ld + Lo boundary. Equations 2.2 and 2.3 were chosen to vary 

smoothly and allow a range of reasonable behaviors with a minimal number of fitting 

parameters (ⱥ and ⱴ). Data in the 2-phase region were fit by optimizing ⱥ╓, ⱥ═, and 

ⱴ. Analysis was performed with Mathematica 7.0.1 (Wolfram Research, Champaign, 

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

2.3.4 ESR sample preparation 

 MLV samples were prepared 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 % 16-PC. Samples were dried 

to a thin film by rotary evaporation at ~ 60°C and placed under vacuum for 12-24 h to 

remove residual solvent. The dry film was hydrated at 60°C with 400 mL prewarmed 

RSE buffer, immediately followed by vortexing and five freeze/thaw cycles between 

liquid nitrogen and 60°C water. Samples were sealed 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 to 1.5-1.8 x 100 mm glass 

capillaries. 

2.3.5 ESR data analysis 

 Dynamic parameters for 16-PC in the slow-motional regime were obtained 

from nonlinear least-squares fits of simulations (17) based on the stochastic Liouville 

equation (18). Briefly, spectra are modeled as arising from Brownian diffusion of the 

nitroxide in an ordered liquid. The diffusion rates are contained in an axially-

symmetric diffusion tensor Ὑ, with principal components Ὑand Ὑ᷆ representing 

diffusion rates perpendicular and parallel to the bilayer normal. In an anisotropic 
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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 potential Ὗ   defined relative to the local director, and 

modeled as an expansion of generalized spherical harmonics Ὀ    keeping only the 

lowest-order (ὓ = 0) terms: 

 
Ὗ 

ὯὝ
ὧὈ   ὧ Ὀ   Ὀ    2.4 

where  ḳ πȟ—ȟ• . Preferential alignment of the molecular z-axis with the bilayer 

normal can then be expressed by an order parameter: 

 ὛḳộὈ Ớ ộρςϳ σÃÏÓ— ρỚ 2.5 

 A vesicle suspension is essentially an isotropic distribution of such locally-

ordered regions; the microscopic order with macroscopic disorder (MOMD) model 

accounts for this by integrating the spectral lineshape over the director tilt angle  

(17). MOMD was incorporated in the simulation as a ÓÉÎ -weighted averaging of 

spectra calculated at 23 discrete values of . Details of the analysis are found in 

Appendix A. 

 

2.4 Results 

2.4.1 Regions of enhanced (reduced) FRET efficiency correspond to phase-

coexistence regions 

 Figure 2.1 models a particularly useful FRET experiment for examining 

composition-dependent phase behavior in lipid bilayers: a set of samples is prepared 

along a tieline, with each sample receiving a fixed amount of D and A probe. Shown is 

the family of FRET curves generated by Equation 3.8 as ὑ  varies with fixed ὑ , 

revealing two general lineshapes. When D and A prefer the same phase, FRET 

increases abruptly at the phase boundary where the favored phase first appears. 
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Figure 2.1 Two types of FRET patterns depend on probe partitioning: enhanced 

FRET efficiency when probes colocalize in the coexistence region (REE); and 

reduced FRET efficiency when probes separate (RRE). Equation 3.8 plotted for ὑ  

of 0.33 (favoring the Ld phase) and various ὑ . 
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Figure 2.2 SAE (stimulated acceptor emission) surfaces in DSPC/DOPC/chol show 

regions of enhanced or reduced FRET efficiency corresponding to phase coexistence 

regions. Contour plots A and B from 1116 data points, corresponding to 2 mol % 

sampling of the ternary composition space. Data were smoothed by averaging nearest-

neighbor values. The relatively lowest values are blue, and the relatively highest 

values are red as shown by the scale bar. (A) BoDIPY-PC to Fast-DiI FRET: Donor 

and acceptor colocalization in Ld phase domains results in enhanced FRET, most 

pronounced near the ordered phase boundary (arrow 1). (B) DHE to BoDIPY-PC 

FRET: Donor and acceptor segregation between ordered and disordered phases results 

in reduced FRET. Symbols and arrows refer to surface features mentioned in the text. 

(C) and (D), predicted surfaces for the Ld + Lo region corresponding to a best-fit of 

data in panels A and B (respectively) to Equations 2.1-3. Critical point (star) and 

tieline field used to model the data are shown. 
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Relative to a straight line joining the endpoint values, FRET is enhanced at all phase-

separated compositions. 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 for ñregion of enhanced (or reduced) 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 one-dimensional tieline, the FRET surface for a 2D tieline 

field with smoothly varying ὑ , described by Equations 2.1-3, 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 in the coexistence region. We chose two FRET pairs to 

generate both behaviors: a cholesterol analog (DHE) that partitions into Lo phase, 

paired with the Ld-preferring probe BoDIPY-PC; and BoDIPY-PC paired with a 

second Ld-preferring probe, Fast-DiI. Consistent with expectations, clear and 

interpretable patterns are observed: FRET between DHE (D) and BoDIPY-PC (A) is 

reduced in DSPC/DOPC/chol phase-coexistence regions relative to the surrounding 

single-phase regions (see Figure 2.2 B), while FRET between BoDIPY-PC (D) and 

Fast-DiI (A) is enhanced (see Figure 2.2 A). We now describe key features of these 

surfaces. 

2.4.2 FRET surfaces in DSPC/DOPC/chol 

2.4.2.1 BoDIPY-PC to Fast-DiI: Enhanced FRET 

 Both probes prefer Ld phase, yielding REE peaks in compositional regions 

where Ld (a) coexists with an ordered phase; and (b) is the minor component. We note 

these qualitative features of the FRET surface in Figure 2 A: 

1. A ridge of enhanced FRET (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 ~ 2.5-fold, in Lo. The ridge of enhanced 

FRET results from increased concentration of D and A in the diminishing Ld 

phase, and concomitant decrease in average D-A separation. 

2. The upper boundary of the liquid/liquid region at …  ~ 0.4, manifest as a 

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

3. The relative magnitude of FRET in the gel/liquid and liquid/liquid 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 in single-phase compositions near the critical 

point. The path through composition space marked by gray curved arrow 2 

follows a continuous phase change from Ld to Lo; a modest rise and fall in 

FRET intensity occurs in the 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 single-phase region. 

5. Along the DOPC/chol binary axis, modest changes in FRET are consistent 

with complete miscibility. 

6. Along the binary DSPC/chol axis, FRET decreases from a high value at the 

DSPC vertex to a low value near …  = 0.27, then remains nearly constant 

up to high … . The gradual change in FRET is consistent with the absence 

of any first-order phase transition along this axis (19). 

2.4.2.2 DHE to BoDIPY-PC: Reduced FRET 

 Like cholesterol, DHE partitions modestly into ordered phases. The FRET 

surface between DHE and BoDIPY-PC in the Lb + Lo and Ld + Lo regions is 
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dominated by valleys of reduced efficiency due to probe separation (Figure 2 B, 

regions near points E and B). We further note the following: 

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

upon entering the 2-phase region (e.g., from point D to B). 

2. FRET in the Ld + Lb region at low cholesterol (region near point A) is 

modestly enhanced relative to single-phase Ld, suggesting that DHE (or 

cholesterol) prefers Ld over Lb¡. The same result was found for DHE in 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/ 1,2-dilauroyl-sn-glycero-3-

phosphocholine (DLPC)  at 20°C and DPPC/DOPC at 25°C (14,20), and likely 

reflects an energetic penalty for creating defects in a tilted Lb¡ 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 to Lb. The change 

in DHE partitioning might relate to the transformation of the gel from a tilted 

Lb¡ to an untilted Lb phase that more easily accommodates sterols (19). 

3. Modest changes in FRET along the DOPC/chol binary axis are consistent with 

uniform mixing. 

2.4.2.3 Probe partitioning in DSPC/DOPC/chol 

 FRET data in the Ld + Lo region were modeled with Equations 2.1-3 to 

recover probe ὑ , 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 percolation data and direct observation of critical fluctuations in GUVs (see 

Figures 3.4 and 3.5). Best-fit surfaces are shown in Figure 2.2, C and D, and the 

recovered parameters are listed in Table 2.1. 

 Equation 2.2 describes probe partitioning between coexisting phases: for a 

particular tieline (i.e., a particular value of ό), the best-fit parameters ‖ and ‖ give 

the partition coefficient ὑ . Figure 2.3 plots ὑ  for DHE, BoDIPY-PC, and Fast-DiI  
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Figure 2.3 Lipid and probe ὑ  in the Ld + Lo tieline field of DSPC/DOPC/chol. 

Each value of ό represents a different tieline, beginning at the critical point (ό = 0) 

and ending at the Ld + Lo segment of the three-phase triangle (ό = 1). DHE (dotted), 

BoDIPY-PC (dashed), and Fast-DiI (dot-dash) ὑ  are calculated from Equation 2.2 

and the respective best-fit values of ‖ and ‖ listed in Table 1. Lipid ὑ  (solid gray 

lines) are calculated from tieline endpoints. 



39 
 

Figure 2.4 SAE surfaces in DSPC/POPC/chol and DSPC/SOPC chol show RRE and 

REE. Contour plots A and B each from 1116 data points, corresponding to 2% 

sampling of the ternary composition space. Data were smoothed by averaging nearest-

neighbor values. BoDIPY-PC to Fast-DiI FRET in DSPC/POPC/chol (A) and 

DSPC/SOPC/chol (B). As in Figure 1, colocalization of these probes in Ld phase 

domains results in enhanced FRET efficiency at phase-separated compositions. DHE 

to BoDIPY-PC FRET in DSPC/POPC/chol (C) and DSPC/SOPC/chol (D). Separation 

of these probes between ordered and disordered phases results in reduced FRET 

efficiency. Symbols and arrows refer to surface features mentioned in the text. 
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using their respective best-fit values of ‖ and ‖ found in Table 2.1, across the Ld + 

Lo tieline field. For comparison, ὑ  of lipid components calculated from tieline 

endpoint compositions are also shown in Figure 2.3. The structural analogs DHE and 

cholesterol partition similarly to each other, weakly favoring the Lo phase. Both 

BoDIPY-PC and Fast-DiI strongly prefer the Ld phase; like DOPC, these probes have 

structural motifs that disrupt ordered lipid lattices. 

 

Table 2.1 Best-fit parameter values with standard deviations for FRET data in the Ld 

+ Lo region of DSPC/DOPC/chol, modeled by Equations 2.2 and 2.3. 

ⱥ╓╗╔ ⱥ╓╗╔ ⱥ║▫╓╘╟╨ ⱥ║▫╓╘╟╨ ⱥ╓░╘ ⱥ╓░╘ ⱴ╡╡╔ ⱴ╡╡╔ ⱴ╡╡╔ ⱴ╡╔╔ ⱴ╡╔╔ ⱴ╡╔╔ 

0.45(1) 0.1(4) -1.0(2) -1.0(6) -0.8(2) -1.0(6) 3.3(4) -2(1) 8(3) 1.51(4) 1.5(3) 1.5(3) 

 

2.4.3 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 

gel/liquid at low cholesterol concentration when GUVs are examined with 

fluorescence microscopy (9). Unlike DSPC/DOPC/chol, GUVs with compositions 

above the gel/liquid region appear uniform under the microscope. Nevertheless FRET 

features, shown in the last section to arise from probe-partitioning and the lever rule, 

exist above the gel/liquid region in these systems as described below. 

2.4.3.1 BoDIPY-PC to Fast-DiI  

1. A ridge of enhanced FRET is marked by gray curved arrow 1 in Figure 2.4, A 

and B, analogous to arrow 1 in Figure 2.2 A. A peak of enhanced FRET in 

DSPC/POPC/chol (point B) corresponds to point B in the Ld + Lo region of 

DSPC/DOPC/chol (see Figure 2.2 A), the result of probe colocalization in Ld 

domains. In contrast, the ridge in DSPC/SOPC/chol (see Figure 2.4 B arrow 1) 
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contains no 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 domains are comparable in size to Ὑ. 

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 boundary is marked by an increase in FRET efficiency 

upon entering the 2-phase region, shown clearly on the path between points D 

and B. 

2.4.3.2 DHE to BoDIPY-PC 

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

There is a remarkable similarity of Figure 2.4, C and D to Figure 2.2 B: A 

phase boundary appears as a relatively abrupt change in FRET at …  ~ 0.30 

(e.g., between points D and B in Figure 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 + Lb and Ld + Lo boundaries. It is clearly 

distinct from the upper boundary of macroscopic gel/liquid coexistence 

observed in GUV experiments, which does not extend above …  = 0.18 in 

either system (9). 

2. FRET efficiency in Ld + Lo is reduced relative to that in the surrounding 1-

phase regions, but to a lesser extent than in the DOPC-containing mixture. This 

effect is expected when phase domain size is comparable to Ὑ. 
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2.4.4 Summary of FRET surfaces for 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 

DOPC-containing mixtures: the maximum FRET enhancement in the 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 reduced probe ὑ , reduced phase 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, corresponding to the dashed lines in Figures 2.2 and 2.4. The 

patterns of enhanced and reduced FRET efficiency predicted by equation 3.8 are 

apparent, although precise phase 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 spectra are shown in Figure 2.8, and a discussion of 

simulation parameters are found in Appendix A. 

 Figure 2.6 A shows the order parameter Ὓ for 16-PC as a function of 

mixture composition, assuming a single environment for the probe. For samples near 

the binary DSPC/chol axis Ὓ ~ 0.25, typical of 16-PC in an Lo phase (21). Chain 

order decreases as low-TM lipid is incorporated into the bilayer and eventually falls to 

values (Ὓ ~ 0.05) typical of 16-PC in an Ld phase. A sharp drop in Ὓ occurs in each  
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Figure 2.5 FRET data on an Ld + Lo tieline trajectory. FRET values are 

interpolated from raw surface data, along a trajectory corresponding to the dashed 

line in Figures 2.1 and 2.3. This trajectory also corresponds to the ESR data shown 

in Figure 2.6. (A) Donor BoDIPY-PC and acceptor Fast-DiI both partition into Ld 

phase, resulting in enhanced FRET in the Ld + Lo phase coexistence region of 

DSPC/DOPC/chol (black diamonds), DSPC/POPC/cholesterol (blue triangles), and 

DSPC/SOPC/cholesterol (red circles). (B) Donor DHE partitions into Lo phase, 

resulting in reduced FRET to the acceptor BoDIPY-PC in the Ld + Lo region 

(symbols as in panel A). In favorable cases the FRET signal changes abruptly at the 

onset of a phase transition, allowing determination of phase boundaries by eye. The 

apparent Lo phase boundaries in these FRET trajectories are in good agreement with 

ESR data of Figure 2.4, with the exception of  DSPC/SOPC/cholesterol: in addition 

to a change of slope in the enhanced FRET data at the expected phase boundary 

(…  = 0.5), another abrupt change is observed in both data sets at …  = 0.6. It 

is possible that the sample trajectory crosses the boundary of Ld + Lb phase 

coexistence, which is not precisely determined in this system. 
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Figure 2.6 ESR reveals similarities in phase properties of mixtures forming 

macroscopic and nanoscopic phases. Compositional trajectories run in the 

approximate direction of Ld + Lo tielines (see Figure 2.2 A, dashed line) and differ 

only in the identity of the low-TM lipid. (A) Composition-dependent order parameters 

obtained from ESR spectral simulations in DSPC/DOPC/chol (diamonds), 

DSPC/POPC/chol (triangles), and DSPC/SOPC/chol (circles). (B) Fraction of 16-PC 

spin probe in the Lo phase determined by spectral subtraction using Equation 2.6 

(symbols as in panel A). Predicted fractions from Equation 2.7 shown as lines for 

DSPC/DOPC/chol (solid), DSPC/POPC/chol (dashed), and DSPC/SOPC/chol 

(dotted), with best-fit parameters listed in Table 2.2. 
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ternary mixture, consistent with redistribution of 16-PC between two phase 

environments. Though the recovered value of Ὓ represents an average of values in the 

coexisting phases, it does not simply reflect the relative amounts of the two phases 

present. Because the first-derivative signal varies inversely with the square of the 

resonance linewidth, we speculate that the narrow disordered component is 

dominating the fit. 

 To quantify the distribution of 16-PC between Ld and Lo, we modeled each 

spectrum as a weighted superposition of Ld- and Lo-like spectra, using the binary-axis 

(endpoint) compositions as basis spectra. The best-fit weights ύ ȟύ  directly 

yield the fraction of 16-PC in the Lo phase: 

 Ὢ
ύ

ύ ύ
 2.6 

Figure 2.6 B plots the 16-PC fraction in the Lo phase determined at each composition 

using Equation 2.6. 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 of the phase boundaries 

… ȟ…  and the ὑ  of 16-PC: 

 Ὢ …Ƞ… ȟ… ȟὑ

ừ
Ử
Ừ

Ử
ứ

π … …

ὑ

ὑ
… …
… …

… … …

ρ … …

 2.7 

Both phase boundaries and ὑ were varied in the fit. Model predictions are shown 

as lines in Figure 2.6 B, with recovered parameters listed in Table 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). The recovered Lo phase boundaries coincide with the abrupt 

drop in Ὓ shown in Figure 2.6 A. The recovered Ld phase boundary for 
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DSPC/DOPC/chol is considerably lower in DSPC than values determined by FRET 

and confocal fluorescence microscopy, most likely due to the paucity of data points 

near this boundary. 

 

Table 2.2 Best-fit phase boundaries and 16-PC partition coefficients with standard 

deviations, modeled by Equation 2.7. 

System Ⱶ╓╢╟╒
╛▀  Ⱶ╓╢╟╒

╛▫  ╚ ╟╒ 

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 precipitate an 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 of 0.25 and diffusion coefficient of 9  10
7
 s

-1
 (data 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 in Figure 2.6 A. The Ld phase at low DSPC becomes progressively 

ordered in the series DOPC < POPC < SOPC. For compositions on the binary axis 

consisting of the low-TM lipid with …  = 0.09, Ὓ increases 75% upon saturation of 

the sn-1 chain (equivalent to replacing DOPC with SOPC). In contrast, shortening the 

sn-1 chain by two carbons (i.e., replacing SOPC with POPC) increases fluidity, 

evidenced by a 10% decrease in Ὓ. This trend continues with addition of DSPC and 

persists until the disappearance of Ld phase, at which point Ὓ is the same for the three 
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mixtures. Figure 2.6 B shows that these differences in order are also reflected in 16-PC 

partitioning between Ld and Lo. As ЎὛ between the coexisting environments 

decreases in the series DOPC > POPC > SOPC, there is less tendency for the bulky 

spin probe to be driven out of the ordered phase, and the 16-PC concentration in Lo 

increases. 

 

2.5 Discussion 

2.5.1 Motivation and experimental design 

 Systems studied here are simple models for the mammalian plasma membrane 

outer leaflet: ternary mixtures containing cholesterol and the high-TM lipid DSPC, with 

a series of three low-TM lipids DOPC, POPC, and SOPC. Despite the structural 

similarity of the low-TM lipids, exchanging DOPC for either POPC or SOPC results in 

dramatically different mixing behavior at biologically relevant cholesterol 

concentrations (10-40 mol %), as revealed by fluorescence microscopy of GUVs. The 

micron-sized liquid phase domains in DSPC/DOPC/chol are not observed at any 

composition in DSPC/SOPC/chol or DSPC/POPC/chol (4,9). POPC is an important 

lipid for model studies due to its biological abundance and has been chosen as the 

representative low-TM lipid in several recent studies of ternary mixtures (7,8,11). Each 

of these studies used a sphingomyelin (SM) as the high-TM 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 the latter (23). Together, these 

studies reveal that even small structural differences in both the high- and low-TM 

components can dramatically affect phase coexistence and/or domain size. We add to 

these reports a comparison of three ternary mixtures at high-compositional 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 systematic errors occur in large data sets when samples are prepared 

and measured in a well-defined 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 probe. In this study, data were collected and 

measured in random order to minimize any systematic distortion of surface features. 

The trade-off inherent in this approach is a greater overall noise level. FRET surfaces 

are consequently less useful for establishing precise phase boundaries than targeted, 

smaller-scale experiments (i.e. short linear sample trajectories that cross a phase 

boundary). Their value lies in establishing the overall pattern of phase behavior of a 

mixture. 

2.5.2 Comparison of phase behavior in three ternary systems 

 Our basis mixture for investigating influence of the low-TM lipid on liquid 

domain size is DSPC/DOPC/chol. We begin with a discussion of phase behavior in 

this system. The complete phase diagram for DSPC/DOPC/chol is shown in Figure 

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 the absence of cholesterol, DOPC is practically insoluble in the pure 

DSPC gel (Lb¡), and the sample is composed of roughly equal mole fractions of Ld 

and Lb¡ phase with compositions …  = 0.1 and 1, respectively (6). As cholesterol is 

added, its distribution between the coexisting phases initially favors Ld, as evidenced 

by enhanced FRET between DHE and the Ld-preferring BoDIPY-PC at low …  

(see Figure 2.2 B). Upon further addition of cholesterol, DSPC chain tilt is abolished, 

and both cholesterol and DOPC solubility increase in the gel phase (now Lb). As  
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Figure 2.7 Phase diagrams for systems in this study: DSPC/DOPC/chol (solid lines), 

DSPC/POPC/chol (dashed), and DSPC/SOPC/chol (dotted). Solidus boundary 

extensions are not well-determined in the POPC- and SOPC-containing mixtures. 






































































































































































































































































































