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ABSTRACT Biomembranes with as few as three lipid components can form coexisting liquid-disordered (Ld) and liquid-
ordered (Lo) phases. In the coexistence region of Ld and Lo phases, the lipid mixtures 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC)/1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/chol or brain sphingomyelin (bSM)/DOPC/chol form
micron-scale domains that are easily visualized with light microscopy. Although large domains are not observed in the
mixtures DSPC/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/chol and bSM/POPC/chol, lateral heterogeneity is
nevertheless detected using techniques with nanometer-scale spatial resolution. We propose a simple and accessible method
to measure domain sizes below optical resolution (~200 nm). We measured nanodomain size for the latter two mixtures by
combining experimental Férster resonance energy transfer data with a Monte-Carlo-based analysis. We found a domain radius
of 7.5—10 nm for DSPC/POPC/chol, similar to values obtained previously by neutron scattering, and ~5 nm for bSM/POPC/chol,
slightly smaller than measurable by neutron scattering. These analyses also detect the domain-size transition that is
observed by fluorescence microscopy in the four-component lipid mixture bSM/DOPC/POPC/chol. Accurate measurements
of fluorescent-probe partition coefficients are especially important for the analysis; therefore, we exploit three different methods

to measure the partition coefficient of fluorescent molecules between Ld and Lo phases.

INTRODUCTION

The plasma membrane (PM) plays important roles in cell
function (1-3). Cell membranes have numerous lipid
species (4) with mixing properties that can promote lateral
organization (5-8). When the nonideality of lipid mixing
is strong enough, phase separation occurs. Liquid-liquid
phase separation is related to the existence of membrane
rafts in the cell PM and should be taken into account to
understand protein sorting and trafficking, membrane signal
transduction, and viral assembly (1-3,9,10). The size scale
of any phase heterogeneities is relevant to how many pro-
teins could be accommodated in or bound to a small domain.
Moreover, the size scale of domains could influence the
transmission of information across the bilayer (7).
Lipidomics studies have identified thousands of different
lipids in the PM (11-15), making the study of the plasma
membrane challenging. On the other hand, the most abundant
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lipids in the PM can be grouped into a few categories, such as
high- or low-melting, or small headgroup (16) and cholesterol.
Simplified model membranes can be produced in vitro,
enabling accurate control of lipid composition (5,6,17-23).
The phase diagrams of lipid mixtures with as few as three
components—a high-melting lipid, a low-melting lipid, and
cholesterol (chol)—exhibit multiple phase regions (6,19,22).

The coexistence of liquid-ordered (Ld) and liquid-
disordered (Lo) phases falls within the composition range
that describes the exoplasmic surface of living cells (4). In
chemically simple lipid mixtures with coexisting Ld and
Lo phases, domains with micrometer sizes have been
explored by observation of giant unilamellar vesicles
(GUVs) using fluorescence microscopy (6,18,23-27).
GUVs of lipid mixtures such as 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC)/1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC)/chol or brain sphingomyelin (bSM)/
DOPC/chol exhibit macroscopic phase separation, i.e.,
micron-scale domains, whereas GUVs of DSPC/1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/chol or
bSM/POPC/chol appear uniform under the light microscope
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(6,24). Although domains for these latter mixtures cannot be
directly visualized by optical microscopy, several experi-
mental methods have detected the existence of domains
below the optical resolution limit, including electron spin
resonance (21), Forster resonance energy transfer (FRET)
(6,19,22,28), atomic recombination in dynamic secondary
ion mass spectroscopy (29), and small-angle neutron
scattering (SANS) (19,20,30). In addition, using an interfer-
ometric scattering microscope, nanodomains were observed
even in the absence of any extrinsic labels (31).

High-resolution optical techniques have provided
evidence of nanodomains in vivo (32,33). Besides the
nanoscopic size, the short lifetime of the domains (31)
makes the direct visualization of nanodomains beyond the
detection of many current techniques. Thus, fluorescence
spectroscopic techniques, with a time response of nano-
seconds, are useful to detect and study nanodomains. We
model the PM by use of controlled lipid compositions
with lipid bilayers of three or four components. Mixtures
studied here are DSPC/DOPC/chol and DSPC/POPC/chol,
as well as bSM/DOPC/POPC/chol with different relative
amounts of DOPC and POPC. We use a simple method to
measure the size of nanodomains using FRET in an ordinary
fluorimeter. FRET experiments rely on the partitioning of
donor and acceptor probes; the average separation distance
between probes is influenced by nanodomain size, leading
to differences in FRET efficiency.

The simplicity of these principles facilitates application
to diverse systems because FRET is able to detect phase
separation for scales of nanometers to micrometers (6,19).
However, quantitative analysis of the FRET from nanodo-
mains is not simple: the FRET signal from the domain
interface is not negligible, as could be safely assumed in
an analytical treatment of FRET from macrodomains (28).
To solve this interface problem, we use a Monte Carlo
method to explicitly account for changes in the distribution
of distances between donors and acceptors that lead to
changes in the FRET efficiency, from which we then
calculate the fluorescence of the acceptor stimulated by
the donor. As we demonstrate, changes in the acceptor
signal along phase-coexistence tielines can be used to obtain
nanodomain size only if sufficiently accurate dye partition
coefficients can be obtained independently.

In this work, we provide a brief overview of the versatility
of FRET analyses. This overview includes the detection of
phase boundaries (6,19,22,34), the quantification of the
partition coefficient of fluorescent probes in macroscopi-
cally phase-separated lipid mixtures (28,34), and the inves-
tigation of nanodomain sizes. Because both nanodomain
size and partition coefficient, Kp, influence the FRET signal
similarly, we measure the Kp of the fluorescent probes inde-
pendently of the FRET measurements.

In addition to the importance of accurate partition
coefficients for our FRET analysis, the partition coefficients
provide useful information. As an example, when Ld and Lo
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phases coexist in the PM, then membrane proteins will
tend to sort between these phases by physical-chemical
partitioning. The methods discussed here can be extended
to fluorescently labeled proteins, thereby providing a more
complete picture of protein behavior in the presence of
nanodomains.

MATERIALS AND METHODS
Chemicals

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), POPC (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine), bSM (Sphingomyelin - brain), and
DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine) were from Avanti
Polar Lipids (Alabaster, AL), and chol from Nu Chek Prep (Elysian,
MN). PIPES (piperazine-N,N'-bis(2-ethanesulfonic acid)), KCI (potassium
chloride), and EDTA (ethylenediaminetetraacetic acid) from Sigma-
Aldrich (St Louis, MO). Phospholipid concentration was determined
to <1% error using inorganic phosphate assay (35). Thin-layer chromatog-
raphy (TLC) of ~20 ug lipid samples confirmed the purity of lipids
as >99%. Briefly, lipids were spotted onto prewashed, activated silica
gel GHLF plates (Analtech, Newark, DE). Plates were developed with
chloroform/methanol/water (65/25/4). Chol stock purity was checked
with TLC in petroleum ether/diethyl ether/chloroform (7/3/3). Fluorescent
dyes dehydroergosterol (DHE; Sigma-Aldrich), naphthopyrene (Tokyo
Chemical Industry, Tokyo, Japan), tryptophan oleoyl ester (TOE, synthe-
tized in the laboratory of Erwin London), and Bodipy-PC (16:0, Bodipy-
PC; Invitrogen, Carlsbad, CA) were prepared as stock solutions in
chloroform. Dye concentrations were measured in methanol by absorbance
spectroscopy. Extinction coefficients were 12,900 (M cm) ™' at 324 nm for
DHE; 23,749 (M cm)" at 454 nm for naphthopyrene; 91,800 (M cm)" at
504 nm for Bodipy-PC, according to the lot certificate of each dye; and
5500 (M cm)~" at 280 nm for TOE. TLC confirmed >99% purity of the
dye stocks. The solvents for TLC analysis were as follows: Bodipy-PC in
chloroform/methanol/water (65/25/4), TOE in hexane/ethyl acetate (3/1),
and DHE in petroleum ether/diethyl ether/chloroform (7/3/3).

Lipid dispersion preparation: sample trajectories

Samples were prepared along a thermodynamic tieline taken from the phase
diagrams for DSPC/DOPC/chol and DSPC/POPC/chol (6), bSM/DOPC/
chol, and bSM/POPC/chol (19). Examples of trajectories and their respec-
tive tielines are shown in Fig. 1 for each lipid mixture. An inserted axis in
the phase coexistence region (Fig. 1 A) indicates the mole fraction of Lo
phase, x;,, which starts at zero at the left-hand side phase boundary and
ends at the right-hand side phase boundary, x;, = 1. In 13 x 100 mm glass
tubes with fluorinated ethylene propylene-lined screw caps, samples of
defined compositions were prepared with 1 mol% increments of the high-
melting lipid (DSPC or bSM). Phospholipid, chol, and dyes were added
from stock solutions using a 25 uL syringe attached to a repeating dispenser
from Hamilton (Reno, NV). Aliquots of 0.5 mL of aqueous buffer (5 mM
PIPES, 200 mM KCl, EDTA 1 mM, pH = 7.0) were added to each sample.
Bilayers were formed by rapid solvent exchange (RSE) (36). Briefly, sam-
ples at room temperature were vortexed under vacuum for 1 min. The RSE
procedure was used to avoid the chol demixing that can occur when a dry
lipid film is prepared (37) and yields fully hydrated bilayers containing one
to a few lamellae (36). Samples were sealed under argon and placed in a
water bath at 55°C. Water bath temperature was lowered to room tempera-
ture of 23°C at a rate of 2°C/h. For each sample, we monitored the
fluorescence or FRET signal. Fig. | A shows an example of FRET measure-
ments. Control samples with only donor or acceptor probes and blank
samples without fluorescent probes were also prepared along the same
tieline and were used to correct for non-FRET contributions to the signal
as described elsewhere (34).
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Phase diagrams and sample trajectories prepared along thermodynamic tielines. (A) The phase diagram of bSM/DOPC/chol displays a region

of coexisting Ld + Lo phases. In the two-phase region, the lipid composition of each sample can be expressed as a function of the phase fraction. The second
axis indicates the fraction of Lo phase () that varies from %, = 0 to (1, = 1. The FRET signal of each sample is plotted as a function of the fraction of
high-melting lipid, bSM. (B) shows a phase diagram of bSM/POPC/chol, (C) a four-component phase diagram of bSM/DOPC/POPC/chol, (D) a phase
diagram of DSPC/DOPC/chol, and (E) a phase diagram of DSPC/POPC/chol. Dots in each phase diagram display each lipid composition that was examined

(61 samples in total). To see this figure in color, go online.

Fluorescence probes and data collection

Fluorescence measurements were carried out at T = 23°C in a spectro-
fluorimeter model F7000 equipped with a high-sensitivity cell holder
(Hitachi High Technologies America, Schaumburg, IL). Excitation- and
emission-slit widths were set to 5 nm, and signal integration time was
10 s. Light scattering was monitored at A = 400 nm without dye excitation.
Fluorescence measurement of samples containing a single dye was per-
formed for both Bodipy-PC and TOE. For Bodipy-PC, the dye/lipid ratio
was 1/2500 with excitation/emission wavelengths, A /A, = 500/520 nm.
For TOE, the dye/lipid ratio was 1/100, with Acx/Aer = 284/335 nm. The
fluorescence emission of the acceptor stimulated by the donor (referred
to here as FRET) was measured for three different donor/acceptor pairs,
with probe/lipid ratios given in parentheses: TOE donor (1/100) and DHE
acceptor (1/100); DHE donor and Bodipy-PC acceptor (1/2500); and
TOE donor and Bodipy-PC acceptor. Samples and controls that contained
1 mol% of DHE (a chol analog) had the chol concentrations reduced
by 1 mol%. The DHE fluorescence was measured at Ae,/Aem = (327/393).
The sensitized acceptor emission for each pair was monitored at the donor
excitation wavelength and the acceptor emission wavelength. The signal
from single-dye fluorescence or FRET experiments exceeds that of the light
scattering by 10- to 100-fold. For comparison, see Fig. S8.

Steady-state fluorescence for single-dye data
analysis

Fluorescence properties (emission wavelength, quantum yield, lifetime, and
emission anisotropy) can be used to determine the partition coefficient
Kp of a molecule equilibrated between different environments (38). We
used probes exhibiting different fluorescence quantum yield in Ld and Lo
phases. Thus, the dye fluorescence intensity in a two-phase coexistence
region can be expressed as a function of the fluorescence intensity in Ld
and Lo phases:

I = fralia + frolpo, (D

where f;, and f;,, are fractions of probe partitioning into Ld or Lo, and 114
and I, are fluorescence intensities of individual dyes in the corresponding
phase. The probe partition coefficient is given by the following:

K (fra/Xra) )

LT

where Kp > 1 indicates preferential partitioning into Ld phase. Combining
Eqgs. 1 and 2 and writing the fraction of Ld phase x;, in terms of y;,
(xzga =1 —xz,) gives an expression for dye intensity in terms of x,,
and Kp:

— XL()ILO + Kp(l - XLo)ILd

1
Kp(l - XL()) + XLo

3

We describe the composition change along the tieline as a function of the
fraction of phases following the lever rule (34). For details, see Supporting
Material.

For the dye concentrations used, self-quenching was negligible (data not
shown). We have investigated fluorescence self-quenching as a function of
dye concentration and corrected the fluorescence signal with only small
quenching corrections needed (see Supporting Material).

FRET data analysis

FRET is a powerful tool for characterizing phase coexistence of lipid
mixtures (19,28). FRET is sensitive to phase domains with sizes below
optical resolution (5,6,19,20,39,40). Fluorescence of an acceptor probe
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stimulated by energy transfer from an excited-state donor (sensitized
acceptor emission, here termed FRET) changes markedly at the phase
boundaries and exhibits characteristic profiles in the phase coexistence
region. For freely diffusing probes, FRET efficiency depends strongly on
the instantaneous distribution of donor-acceptor separation distances.
Partitioning of dyes acts to decrease or increase the average separation dis-
tance of the donor-acceptor pair: relative to uniformly distributed probes,
FRET efficiency is enhanced when both dyes partition into the same phase,
resulting in a hill-shaped profile within the two-phase region. When dyes
prefer different phases, FRET efficiency is reduced, and the FRET signal
exhibits a valley-shaped profile (28) (see Fig. S7). The FRET profile along
a tieline is given by the following:

FLd[([?K[?(l = Xto) T FroXuo
[Ka+ (1=K )| [K2+ (1- K2
)

where F;4 and Fy, are the FRET signals observed in Ld (x;,= 0) and Lo
(x1,= 1) phases obtained directly from the experimental data, and K/? and
K,/} are the donor and acceptor partition coefficients, respectively. Eq. 4 is
valid for the case of macrodomains.

FRET =

Phase boundary determination

To determine precisely the single-dye fluorescence (/;; and I,) and the
FRET (Fr4 and Fp,) signals at x;, = 0 and x;, = 1, phase boundaries
were found by analyzing FRET trajectories that cross the phase coexistence
region and extend on either side into the single-phase composition space
(see Figs. S3 and S4). Fig. 1 A shows an example of FRET signals moni-
tored along this sample trajectory. The phase boundaries and their uncer-
tainty are marked by a shaded interval displayed in the plot of FRET as a
function of the mole fraction of high-melting lipid (¥psm, for this example).
We summarize the lipid composition at the phase boundaries used in this
work in Table S1. These phase boundaries agree with previously reported
phase diagrams (6,19).

Giant unilamellar vesicle preparation

GUVs were prepared using the electroformation method (41). Briefly, lipids
and dyes dissolved in chloroform were spread on glass slides coated with
indium tin oxide. Slides with lipid films were placed in a glass desiccator
under vacuum for 2—3 h at room temperature to remove traces of organic
solvent. Lipid films were hydrated and swelled in a 100 mM sucrose
solution at 55°C. A 5 Hz potential of 1.0 V peak-to-peak was applied for
2 h. GUVs were cooled to room temperature at a rate of 2°C/h, then
removed from the preparation chamber using large-orifice pipette tips
and diluted into 100 mM glucose. Osmotic pressure of sugar solutions
was measured using an osmometer (model 5004; Precision Systems,
Natick, MA). For partition coefficient studies, GUVs were prepared with
Bodipy-PC (dye/lipid = 1/2500) at lipid compositions DSPC/DOPC/
chol = 0.4/0.4/0.2 and bSM/DOPC/chol = 0.4/0.4/0.2.

For macroscopic domain size observation along tielines, GUVs were
prepared with an increasing fraction of Lo phase (see Fig. 6). GUVs
were cooled to room temperature at a rate of 0.8°C/h. Naphthopyrene
(dye/lipid = 1/200) was used to label the Lo phase.

Fluorescence microscopy

GUVs were visualized at 23°C using a confocal microscope, Nikon Eclipse
C2+ (Nikon Instruments, Melville, NY). Sample chambers for observation
with volume ~2—5 uL were prepared using a no. 1.5 coverslip and a tradi-
tional microscope slide separated by a silicone spacer (Sigma-Aldrich) of
0.25 mm thickness. Bodipy-PC and naphthopyrene were excited by 488
and 405-nm laser lines, respectively.

Probe patrtition coefficient determination for GUVs

Partition coefficients of Bodipy-PC were measured in GUVs (Fig. 2 A).
GUVs were prepared with the same mole fraction of Ld and Lo phases.
Fig. 2 shows an example for a GUV with lipid composition bSM/DOPC/
chol = 0.4/0.4/0.2 (square near the middle of the tieline in Fig. 2 B). To
determine the Ld/Lo intensity ratio, we performed 10 line scans in the Ld
and Lo phases (Fig. 2 C), averaging the scans for each phase. The

FIGURE 2 Partition coefficient of fluorescent
probes between Ld and Lo phases measured in
GUVs. (A) A snapshot of a GUV equatorial plane
is shown. Bodipy-PC favors the Ld phase
(brighter). Scale bars, 5 um. (B) The GUV (square)
has equal mole fractions of Ld and Lo phases,

0.0 0.2 0.4

XbSM

%Lo = 0.5. The tieline connects the GUV lipid
composition to the lipid composition of pure Ld
phase (circle) and pure Lo phase (triangle). (C)
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Intensity

Intensity profiles from 10 different line scans
across Ld and Lo phases are shown. (D) Fluores-
cence emission spectra of Bodipy-PC in Ld and
Lo phases show the intensity of Bodipy-PC to be
intrinsically brighter in the Ld phase (Intensity,
arbitrary units (arb. u.)). Symbols are coded with
the lipid composition at the endpoints of the tieline
Ld phase (circle) and Lo phase (triangle). To see
this figure in color, go online.
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background was subtracted, and the peak areas were integrated. The area of
the intensity peak for Ld (I°YV) and Lo (I8Y") phases was corrected for the
fluorescence quantum yield of the probe in each phase according to the
following equation:

_ ]LGIIUV ¢Ln % (5)

K GUV
b II?()UV ¢Ld SLO ’

where ¢ is the phase-specific fluorescence quantum yield calculated from
integrated fluorescence emission spectra. As shown in Fig. 2 D, ¢;, and
¢, were calculated from the emission spectra at the endpoints of the tieline
for Bodipy-PC in bSM/DOPC/chol. To compare Kp©UY to the Kp obtained
using single-dye fluorescence, Eqs. 2 and 3, we calculated the total inten-
sities from Ld and Lo phases for each GUV: intensities from Ld and Lo
phases were integrated over the Ld and Lo surfaces. As displayed in
Fig. 2 C, similar intensity values in each phase were found for 10 random
line scans. Thus, we can assume the dye to be homogeneously distributed in
each phase. Hence, I; 4 and Iy, are assumed to be constant, and these
integrations can be written as Iy 4 X Sy 4 and I, X Sp,, where S represents
the surface area of each phase. If the area occupied by Ld and Lo phases
were identical to the mole fraction, then the term S;4/S;, would cancel
because these GUVs were prepared with the same mole fraction of
Ld and Lo phases. However, the average molecular area of the Ld phase
is ~30% greater than that of the Lo phase (18,42,43) so that Sy 4/S;,, can
be approximated by the factor 1.3 (see Supporting Material).

Monte Carlo simulations of FRET

Experimental tieline FRET trajectories were analyzed using off-lattice
Monte Carlo simulations of phase-separated vesicles. When the instanta-
neous concentration of excited-state donors is low, energy transfer effi-
ciency depends only on the Forster distance Ry and the local acceptor
surface density in the bilayer (44). Given a static spatial configuration of
acceptors in a phase-separated spherical vesicle, we calculated the probabil-
ity of different decay outcomes for excited-state donors (45). The possible
decay outcomes considered here are 1) direct fluorescence emission, 2)
energy transfer to an acceptor located in the Ld phase, or 3) energy transfer
to an acceptor located in the Lo phase. The relative, unnormalized probabil-
ity of energy transfer from an excited-state donor to a ground-state acceptor
i is given by the following equation:

pi = (Ro/1)", (6)

where 7; is the separation distance between the donor and acceptor i, and Ry
is assumed to be identical for all donor/acceptor pairs and independent of
separation distance. The probability of donor fluorescence decay,

-1

DY ¥

Py =

is then combined with Eq. 6 to give the normalized probability of energy
transfer to acceptor i,

Pi = piPo . ®)

The underlying principle of the Monte Carlo method for calculating FRET
is the placement of donors and acceptors in three dimensions, subject to
physical constraints that restrict the probe locations to subspaces within
the 3D space; within a given subspace, the locations are chosen randomly.
For the case of lipid-like probes in a uniform vesicle, the probe locations are
confined to a spherical shell defined by a typical vesicle radius and bilayer
thickness. In a phase-separated vesicle, additional constraints include the
relative amounts and locations of coexisting phase domains, the partitioning

FRET Detects Lipid Nanodomain Size

of donors and acceptors between the two phases, and the transverse location
of probes within a given phase. Although only the probe positions (and not
the individual lipid positions) are specified in an off-lattice simulation,
information about the average lipid size is required to properly capture
the distribution of donor-acceptor distances (and hence the FRET effi-
ciency) (see Tables S4 and S5). This information is not found in the tieline,
which only gives the mole fraction of each phase that coexists at a particular
composition. We calculated the phase area fractions by estimating the
average molecular area of each phase as a mole-fraction-weighted sum of
individual lipid areas. Fixed global parameters included these phase molec-
ular areas, as well as a percolation threshold (given in terms of Lo phase
mole fraction) at which the continuous phase changes from Ld to Lo.

Ensemble-averaged FRET for a given tieline composition was calculated
by performing the following computational steps:

1) Four donor-decay outcome counters (see item 3) were initialized to zero:
direct fluorescence of a donor located in a domain, dg; direct fluores-
cence of a donor located in the surround, d’; ; energy transfer to an
acceptor located in a domain, a$; and energy transfer to an acceptor
located in the surround, a5.

2) The mole fraction of Lo phase x;, was calculated from the lever rule,
and the area fractions of the Ld and Lo phases were calculated from
phase molecular areas. Domain centers were then generated randomly
on the vesicle surface. Domains were assumed to be round, mono-
disperse, nonoverlapping, and randomly arranged, i.e., there is no
domain-domain interaction other than hard-core repulsion.

3) Acceptor and donor coordinates were randomly generated within the
bilayer. The average, generally nonintegral number of donor or acceptor
probes in each phase was calculated from the bulk probe concentration,
phase fraction, probe partition coefficient, and vesicle size; for a partic-
ular simulated vesicle, the actual number of probes was a random integer
drawn from a corresponding Poisson distribution.

4) For each donor, the absolute probability of direct donor fluorescence or
energy transfer to each acceptor within a fixed cutoff distance equal to
four Ry was calculated using Eqs. 6, 7, and 8. A random, probability-
weighted outcome was then chosen, and the corresponding outcome
counter was incremented.

5) Steps 2—4 were repeated a large number of times, typically 100-300, to
generate an ensemble average of donor decay outcomes.

6) Outcome counters were normalized to the total number of events to yield
outcome probabilities. Experimental observables of donor fluorescence,
FRET efficiency (44), and sensitized acceptor emission adjusted for
phase-specific acceptor quantum yield were calculated from this set of
probabilities as described in the Supporting Material.

Custom simulation code (available upon request) was written in
Mathematica v. 10.0 (Wolfram Research, Champaign, IL) and validated
by comparison to the analytical solution, Eq. 4, as shown in Fig. S7. Fixed
simulation parameters included the average molecular areas and bilayer
thicknesses of Ld and Lo phases, concentration and transverse bilayer
location of donor and acceptor probes, and Rj. Adjustable parameters
included the domain radius, probe partition coefficients, and vesicle size,
as described below. A complete list of simulation parameters is given in
Tables S4 and S5, and additional simulation details are found in the
Supporting Material.

Determination of domain size

Domain size was found by comparing experimentally determined FRET
profiles to simulated FRET profiles. After constraining most of the model
parameters with values obtained from the literature or with independent ex-
periments, as shown in Tables S3 and S4, we performed simulations of
different domain radii R; =4, 5, 7.5, 10, 20, and 40 nm. The limiting factor
for the range of domain size choices is due solely to computational time de-
mands. The best fit between the theoretical and the experimental FRET was
then found by minimizing the sum of the square residuals normalized by the
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number of degrees of freedom. The reported uncertainty in domain size cor-
responds to the standard error of the fits with coefficient of determination
greater than 0.94 (R? > 0.94). Most of the best fits exhibit R* = 0.95-0.97.
We report the analysis of three FRET pairs: TOE donor to DHE acceptor,
DHE donor to Bodipy-PC acceptor, and TOE donor to Bodipy-PC acceptor.
The availability of three independent measurements enabled an estimation of
uncertainties related to probe-specific factors, including differences in Ry.

Terminology

We studied mixtures of low-melting lipids POPC or DOPC, high-melting
lipids bSM or DSPC, and chol. Such mixtures are well-established models
for the compositional control of domain size, which we accomplished by
varying the ratio of the two low-melting lipids (6,18,23). We describe
this ratio by defining a compositional parameter p that quantifies the ratio
of DOPC to total low-melting lipid:

xDOPC
YDOPC + xPOPC’

pP= ®

Experimental tieline trajectories were measured at constant values of p, cor-
responding to a triangular plane within a tetrahedral (four-component)
phase diagram, Fig. 1 C, as described in (6).

Important to this study, the mixtures DSPC/DOPC/chol (p = 1), bSM/
DOPC/chol (p = 1), and bSM/DOPC/POPC/chol (p = 0.75) show
macroscopic phase separation. We use the term “macrodomains” and
“macroscopic phase separation” interchangeably to describe the micron-
sized phase domains observed in GUVs of these mixtures. For the mixtures
DSPC/POPC/chol (p = 0), bSM/POPC/chol (p = 0), and bSM/DOPC/
POPC/chol (p = 0.4), GUVs appear uniform. However, studies using tech-
niques such as electron spin resonance (21), FRET (6,19,22,28), atomic
recombination in dynamic secondary ion mass spectroscopy (29), and
SANS (19,20,30) detect phase separation in these mixtures. Together, these
observations imply the existence of domains with sizes well below optical
resolution. Of these techniques, only SANS yields a measured domain size,
obtained with a model-based analysis that assumed circular domains of uni-
form size (20,30). For the four-component lipid mixtures bSM/DOPC/
POPC/chol, a domain size transition was observed at p = 0.55 + 0.1.
Thus, the p values studied here (p = 0.4, 0.75) correspond to regions of
the phase diagram where the nanoscopic regime ends and the macroscopic
regime begins, respectively.

Vesicles used in our FRET experiments are hundreds of nanometers in
diameter, a size that is comparable to the wavelength of visible light; there-
fore, no phase domains can be micrometers in size. Although the sizes of
macrodomains observed in GUVs are different from the sizes discussed
here, our results with these small vesicles show an abrupt transition in
domain size between the lipid mixtures that form nano- or macrodomains
in GUVs. Thus, we adopted the terminology commonly used in microscopy
to describe the regime of small and large domains.

RESULTS AND DISCUSSION

Reliable measurement of probe Kp is crucial for use of
FRET for domain size analysis. To find Kp values, we
either monitored the fluorescence emission of a single
dye or measured FRET between two different probes,
in both cases for sets of lipid compositions along a thermo-
dynamic tieline. We also measured fluorescence from
GUVs observed with a confocal microscope. We first
show measurements of the partition coefficient between
Ld or Lo phases of different fluorescent dyes in six different
lipid mixtures. We then describe FRET measurements
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made in lipid mixtures that form macro- and nanodomains.
These measurements enable not only finding domain size,
but also detection of phase regions and values of partition
coefficients.

Measuring the partition coefficient of fluorescent
probes between Ld and Lo phases

Single-dye fluorescence is an efficient method to measure
the partition coefficient of fluorescent molecules between
Ld and Lo phases. One advantage of this method is its
simplicity: along a thermodynamic tieline, the observed
fluorescence intensity is a simple hyperbolic function of a
single unknown parameter, the probe Kp. Of special impor-
tance is that, unlike FRET intensity, single-dye intensity is
independent of domain size. Indeed, observation of hyper-
bolic single-dye fluorescence along a tieline within a
composition space is clear evidence of phase separation.

Fig. 3 shows the single-dye fluorescence of Bodipy-PC
and of TOE in the macroscopic mixture DSPC/DOPC/
chol (p =1) and in the nanoscopic mixture DSPC/POPC/
chol (p = 0). For bSM mixtures, we measured single-dye
fluorescence of Bodipy-PC and TOE in bSM/DOPC/chol
(p = 1) and bSM/POPC/chol (p = 0), as shown in Fig. 4.
Also shown in Fig. 4 is Bodipy-PC fluorescence measured
in four-component mixtures of bSM/DOPC/POPC/chol at
p = 0.4 and 0.75. Sample trajectories were prepared along
a thermodynamic tieline within the Ld + Lo region at low
chol concentration, Fig. 1 (for details see Supporting
Material).

The fluorescence intensity of Bodipy-PC and TOE are
each intrinsically different in Ld and Lo phases. In all mix-
tures studied here, fluorescence emission of both dyes is
brighter in the Ld phase than in the Lo phase. Moreover,
for all sample trajectories, including the nanodomain-form-
ing mixtures DSPC/POPC/chol and bSM/POPC/chol, the
fluorescence intensity profile is hyperbolic, showing that
probe partitioning follows the lever rule (46). In this respect,
nanoscopic Ld and Lo domains behave as if they were true
thermodynamic phases. By visual inspection, both Bodipy-
PC and TOE favor the Ld phase (i.e., Kp > 1 as defined by
Eq. 2).

Kp was quantified by fitting the intensities within the two-
phase region using Eq. 3, which uses the lever rule to deter-
mine the phase fractions along a thermodynamic tieline
(28,47). Table 1 summarizes the partition coefficients of
Bodipy-PC (K,?°) and TOE (K, ) for these mixtures.
The fittings were performed by use of OriginPro 2017
(OriginLab, Northampton, MA), and the uncertainties corre-
spond to standard error obtained from a nonlinear regression
analysis (48,49), numerically calculated by the software.

For both DSPC- and bSM-containing mixtures, replace-
ment of DOPC by POPC resulted in smaller Kp. For
DSPC/DOPC/chol, K,"** = 9 = 1; for DSPC/POPC/
chol, KPTOE = 5 = 1. A similar result is observed for
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FIGURE 3 Single-dye fluorescence measures the partition coefficient
between Ld and Lo phases of probes in DSPC-containing mixtures. The
fluorescence emission (arb. u.) of TOE (circles) and Bodipy-PC (inverted
triangles) is measured for a trajectory along a thermodynamic tieline of
(A) macrodomain DSPC/DOPC/chol and (B) nanodomain DSPC/POPC/
chol. The profiles are vertically shifted for clarity. Fitting of the experi-
mental data (line) was performed using Eq. 3 to determinate the partition
coefficient Kp of the fluorescent probes. Kp values are given in Table 1.
To see this figure in color, go online.

bSM-containing mixtures. This difference in the partition
coefficient arises from the different probe environments
created by DOPC versus POPC. As POPC replaces
DOPC, differences in the physical properties of Ld and Lo
phases become less pronounced. For example, the hydro-
phobic mismatch between these phases decreases (30), as
do bending moduli difference between Ld and Lo phases
(23). Similarly, the difference in the energetic cost that
makes a probe prefer one phase over the other also de-
creases, reducing the partition coefficient.

We have previously reported studies in GUVs in which an
abrupt domain size transition was observed upon replace-
ment of DOPC by POPC. We identified the composition
range within which this size transition occurs for 12 different
lipid mixtures (23). For bSM/DOPC/POPC/chol, the domain
size transition was observed at around p = 0.55. Here, we
measure the partition coefficient for this lipid mixture at

FRET Detects Lipid Nanodomain Size

p = 0.4 for nanodomains and at p = 0.75 for macrodomains.
Although these different p values correspond to different
fractions of DOPC and POPC, the difference in the lipid
composition is much less than with the extremes of bSM/
DOPC/chol (p = 1) and bSM/POPC/chol (p = 0). For
compositions at p = 0.4 and 0.75, a small difference in the
partition coefficient was observed, at which KPBOd increases
by a factor of 1.6 (Table 1) for compositions that form nano-
(p = 0.4) and macrodomains (p = 0.75), respectively. Thus, a
1.6-fold change in the partition coefficient is observed in the
range within which a 100-fold domain size transition is
observed.

Monitoring FRET in lipid composition space

For freely diffusing fluorophores in a fluid membrane, FRET
efficiency depends on the distribution of separation distances
between donor and acceptor molecules, which, in a phase-
separated bilayer, in turn depends on the probe partition
coefficients. Probes that partition strongly between coexisting
phases are especially useful for determining phase boundaries
of lipid mixtures (6,19,22), and measurements of steady-state
FRET efficiency (or any suitable FRET metric) within a
composition space provide a direct means to detect phase
coexistence regions. Figs. 5 A and 7 A are examples in which
FRET change marks the phase boundaries of the coexistence
region Ld 4 Lo in the composition space. Analysis of FRET
along a thermodynamic tieline also enables the measurement
of the probe partition coefficient and can be used to investi-
gate the partition coefficient of any fluorescent molecule of
interest that partitions between Ld and Lo phases.

FRET analysis is straightforward in lipid mixtures that
form macrodomains because the analytical solution shown
by Eq. 4 describes the FRET behavior along a tieline,
assuming negligible domain interface as a distinct probe
location. However, nanodomain-forming mixtures require
attention to FRET between probes located in different
phases. A simple visualization of how the small domain
size affects the FRET measurements can be pictured by do-
mains with sizes of the same order of magnitude of Ry. In
this scenario, probes in different phases that are just across
a domain boundary from each other transfer energy with
about the same efficiency as a pair that is colocalized in
the same phase. Although a few analytical solutions have
been proposed for this case (48,49), none are suitable for
the analysis of sensitized acceptor emission. Instead, we
used a modified Monte Carlo approach that explicitly ac-
counts for individual donor decay events (45). Such simula-
tions are well-suited for calculating both the FRET
efficiency and the sensitized acceptor emission for arbitrary
domain geometries.

In the following section, we first describe FRET results
for macrodomain-forming mixtures obtained from the appli-
cation of Eq. 4. We compare the probe partition coefficients
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FIGURE 4 Single-dye fluorescence measures
the partition coefficient between Ld and Lo phases
in bSM mixtures. The fluorescence emission (arb.
u.) of TOE is measured along a thermodynamic tie-
line of (A) macrodomain bSM/DOPC/chol (p = 1)
and (B) nanodomain bSM/POPC/chol (p = 0). (C)
The fluorescence emission (arb. u.) of Bodipy-PC
monitored along tielines in the lipid mixture
bSM/DOPC/POPC/chol is shown at different
p values as described in the text. The profiles are
vertically shifted for clarity. Mixtures at p = 0.75
and p = 0.4 form macro- and nanodomains, respec-
tively. Fits of the experimental data (/ines) to Eq. 3
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obtained from this analysis with those obtained from a sepa- Table S2). The experimental data points were fitted
rate analysis of single-dye fluorescence data. using Eq. 4, where the best fit minimized the sum of

squared residuals. Because Kl[,DHE was fixed, FRET from
TOE — DHE (Fig. 5, A and D) or DHE — Bodipy-PC
(Fig. 5, B and E) were fit using a single free parameter,
K, or K,"°%. For FRET from TOE — Bodipy-PC,
Fig. 5 shows FRET for DSPC and bSM mixtures that we constrained KPB‘)d to the value obtained from single-
form macrodomains using the following FRET pairs dye fluorescence experiments to determine the single un-

FRET measures partition coefficients between
macroscopic Ld and Lo phases

(donor — acceptor): TOE — DHE, DHE — Bodipy- known parameter, KpTOE. Table 1 summarizes the partition
PC, and TOE — Bodipy-PC. The fluorescent probe coefficients measured from FRET analyses.

DHE is a chol analog that partitions similarly to chol For macrodomains, the fraction of the overall FRET that
(50). We therefore constrained DHE to partition identi- occurs near the domain boundary is minimal for the
cally to chol per the phase diagram tielines (21). following reason: the typical domain size for macroscopic
For DSPC mixtures, KpD HE — (.39, and for bSM mixtures, phase separation (1—10 um) is several orders of magnitude

Kp°"E = 0.27 at the tieline used in this study (see larger than typical Ry (1—10 nm). Lateral diffusion of

TABLE 1 Partition Coefficients of Bodipy-PC and TOE

Lipid Mixture Dye Single-Dye Fluorescence FRET (with DHE) FRET (with Bodipy-PC) Microscopy (GUVs)
DSPC/DOPC/chol Bodipy-PC 10 £ 2 11 +£2 NA 15 +4
DSPC/POPC/chol Bodipy-PC 4+ 1 * NA NA
DSPC/DOPC/chol TOE 9 +1 9+2 7x1 NA
DSPC/POPC/chol TOE 5*1 * * NA
bSM/DOPC/chol Bodipy-PC 9+2 8§+ 1 NA 10 £ 2
bSM/DOPC/POPC/chol Bodipy-PC 8§ +2 61 NA 9 +2
bSM/DOPC/POPC/chol Bodipy-PC S5+1 * NA NA
bSM/ POPC/chol Bodipy-PC 3+1 * NA NA
bSM/DOPC/chol TOE 8 £1 10 = 2 81 NA
bSM/POPC/chol TOE 5=+1 * * NA

Kps of Bodipy-PC and TOE measured for different lipid mixtures, using single-dye fluorescence, FRET and fluorescence microscopy. Errors in Kp by single-
dye fluorescence and FRET measurements are standard error of the free parameter calculated from nonlinear regression analysis of Eqs 3 and 4, respectively.
Errors in Kp using fluorescence microscopy correspond to the standard error of 7-10 GUV measurements. NA (not available) represents the noninvestigation
of Bodipy-PC homo-FRET or the limitation in measuring Kp using a microscope. The symbol (*) marks the FRET profiles used in the domain size
investigation.
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FIGURE 5 FRET measures the partition coefficient between Ld and Lo phases of fluorescent probes for lipid mixtures that exhibit macroscopic phase
separation. Experimental FRET profiles (arb. u.) were performed along a tieline of (A—C) DSPC/POPC/chol and (D-F) bSM/DOPC/chol. Arrows mark
the phase boundaries. DHE was assumed to partition identically to chol (favoring the Lo phase) as described in the text. Best-fit values for Kp are shown

in Table 1. To see this figure in color, go online.

probes in the membrane is negligible on the timescale
of energy transfer, comparable to the fluorescence life-
time <107% s (28,51). Thus, the FRET signal can be
approximated as a weighted sum of the contributions from
the Ld and Lo phases considered separately (28), resulting
in Eq. 4 (see Supporting Material). The dependence of the
FRET signal on probe partitioning therefore allows Kp
values to be determined from the fits. However, for nano-
scopic phase separation, the domain sizes are comparable
to Ry, and therefore Eq. 4 is not appropriate for determining
Kp. The lack of Kp data for mixtures that form nanodomains
is represented by an asterisk in Table 1. These FRET curves
were instead used in the investigation of nanodomain sizes,
as discussed below.

Fluorescence microscopy

The study of macrodomains can provide a reasonable esti-
mate of probe partitioning in the nanodomain systems.
Nanodomains rather than micron-scale domains are found
in the cell plasma membrane (32,33). Therefore, in terms
of size at least, lipid mixtures that form nanodomains repre-
sent better models. However, the partition coefficient de-
pends on the lipid composition, as in Table 1 for mixtures
with a single low-melting lipid DOPC or POPC. To
diminish the difference of lipid compositions in the
comparison between macro- and nanodomains mixtures,
partition coefficient measurements can be performed in
four-component mixtures as described above. For mixtures
that form macrodomains, we also measured Kp using
GUVs. We next compare Kp measured using different
methods.

Comparison of partition coefficients measured in
GUVs

The partition coefficient of Bodipy-PC was measured using
fluorescence microscopy in lipid mixtures with macroscopic
phase separation. We measured the fluorescence intensity in
the Ld and Lo phases observed in GUVs and, using Eq. 5,
we calculated the dye partition coefficient.

For Bodipy-PC, we measured dye partition coefficient us-
ing three independent methods: single-dye fluorescence,
FRET, and fluorescence intensities from microscopy, with
results shown in Table 1. For lipid mixtures that form mac-
rodomains, the agreement among the Kp values suggests
that these methods are equally appropriate for Kp studies.

However, fluorescence microscopy is limited to the subset
of fluorescent probes that can be excited and observed using
a microscope. Of course, because of the optical resolution
limit (~200 nm), this method to study Kp cannot be per-
formed on mixtures that form nanodomains, such as
DSPC/POPC/chol and bSM/POPC/chol. The absence of
fluorescence microscopy measurements, due to the limita-
tion of this technique, is represented in Table 1 as NA.

Macrodomains and domain area fractions

Study of visible domains in GUVs is a straightforward way
to identify the phase behavior along a tieline and to observe
the relation between macrodomain size and phase fraction.
Fig. 6 shows a selection of GUVs along a tieline, with
domain sizes varying from a few % to ~40% of GUV area
for bSM/DOPC/chol. The Lo phase is labeled by the blue
dye naphthopyrene and the Ld phase by the green dye
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FIGURE 6 Macroscopic phase separation is observed in GUVs of bSM/DOPC/chol. The fraction of Lo phase gradually increases for the GUVs as shown
from (A)—(I). The size of Lo domains increases until the lipid composition reaches the percolation threshold, at which point the Lo phase becomes the
continuous phase surrounding the Ld domain. To see this figure in color, go online.

Bodipy-PC. These GUVs were equilibrated to room temper-
ature with a slow cooling rate of 0.8°C/h to avoid multiple
small domains that are kinetically trapped during faster
cooling (18). Along the tieline, the fraction of Lo phase
increases from 1, = 0 to L, = 1; the size of Lo domains
increases until approximately the middle of the tieline, at
which point the mole fractions of Ld and Lo phases are
similar. From %, = 0.5 to {1, = 1, we observe Ld domain
size decreases. We define domain as the minor phase within
the other, percolating phase.

It is interesting that this phase behavior establishes a
constraint between phase fraction and domain area fraction,
revealing for macroscopic phase separation that the domain
size must depend on the vesicle size. For GUVs with the
same lipid composition, as, for example, , = 0.5, domains
have similar area fraction. However, if GUVs have different
sizes, the sizes of their domains would also be different (see
example, Fig. S11). Lipid mixtures that form macrodomains
exhibit high line tension (23) and higher hydrophobic
mismatch between Ld and Lo phases compared to lipid
mixtures that form nanodomains (30). To avoid the ener-
getic costs of the hydrophobic mismatch, domains coalesce,
minimizing the total perimeter of the domains (30).

We analyzed a FRET curve for a mixture that forms
macrodomains using Monte Carlo simulations. We investi-
gated the sizes of macrodomains by simulating vesicles of
different sizes and found dependence of domain size on
vesicle size. For these studies along a tieline, we found
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either one or a few large domains. From observations of
GUVs with a few domains, we identified a percolation
threshold at ;, = 0.5, at which the continuous phase
switches between LLd and Lo (18).

In contrast, in nanoscopic phase separation at equilib-
rium, domains do not coalesce into one or a few large
domains. In this case, what interactions could possibly
control the domain sizes?

FRET detects nanodomain sizes

We previously reported that line tension controls the size
transition between nanoscopic and macroscopic domains
(23). The line tension in four-component lipid mixtures
such as DSPC/DOPC/POPC/chol and bSM/DOPC/POPC/
chol decreases as DOPC is replaced by POPC (23). A
competition between line tension and a repulsive interac-
tion, such as dipole-dipole repulsion, might explain both
the stability of nanodomains as well as the observed abrupt
transition in domain size. At low line tension, the repulsion
could dominate the domain boundary energy that favors
decreasing interface, and the total energy of the system
would be minimized with several small domains, rather
than one or a few large domains (23).

Fig. 7 shows FRET profiles along thermodynamic tielines
of DSPC- and bSM-containing mixtures that form nano-
domains. We performed three independent experiments
using different FRET pairs to analyze the domain size in
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FIGURE 7 FRET reveals nanodomain sizes. FRET (arb. u.) between different pairs described as donor — acceptor. Experimental FRET profiles were
performed along a tieline of (A—C) DSPC/POPC/chol and (D-F) bSM/POPC/chol. Arrows mark the phase boundaries. Theoretical FRET profiles (/ines)
from MC simulations, with separation distance between donor and acceptor calculated from a random distribution of probes in simulated round domains
of radius Rd, are shown. Simulations use the Kp of the probes measured using single-dye fluorescence. The domain sizes are described in Table 2.

To see this figure in color, go online.

each lipid mixture. Table 2 summarizes the domain size
obtained from each experiment.

DSPC-containing mixtures

Our Monte Carlo (MC) analysis uses these FRET data
together with Kp values for the probes to find that DSPC/
POPC/chol forms domains with radius of 7.5—10 nm. Pre-
viously, using SANS, Heberle et. al. measured the domain
radius to be 6.8 nm for the same lipid mixture, DSPC/
POPC/chol = 0.39/0.39/0.22 (30). This agreement with
the previous domain size determination suggests that our
FRET method can measure domain size with a precision
of a few nanometers.

We do not know whether the size of nanodomains changes
along a tieline, but clearly the line tension and dipole
repulsion (23) that control domain size do not coalesce nano-
domains into macrodomains. In contrast to SANS measure-
ments made at a single lipid composition, FRET experiments
were performed at many compositions along a thermody-
namic tieline, at which the fraction of Ld and Lo phases
varies from zero to one. However, in contrast to the macro-
scopic phase separation, in which higher line tensions favor
larger domains and the domain sizes are intrinsically corre-
lated with the fractions of phases, nanodomains are stable
at their small sizes, and changes in the phase fractions along
the tieline more likely reflect changes in the number of
domains dispersed in the continuous phase. If a balance of
competing interactions between line tension and dipole
repulsion controls the sizes of nanodomains, a narrower
distribution of the sizes for nanodomains is possible, or
even expected, in comparison with macrodomains.

An advantage of the FRET experiment is its accessibility:
1) these experiments enable the study of lipids that are not

easily deuterated, and hence cannot be studied by neutron
scattering; and 2) a specialized neutron scattering facility
is not required.

bSM-containing mixtures

bSM/POPC/chol forms domains that are smaller than do-
mains in the DSPC mixtures. Petruzielo et al. reported phase
boundaries for bSM/POPC/chol obtained with FRET,
implying the coexistence of Ld and Lo phases, but SANS
data could not be interpreted to measure the size of these
small domains. The authors suggested that the SANS appa-
ratus used had a limitation to measuring domain sizes larger
than ~7 nm radius. This limitation is primarily related to
the contrast between the domain and its surroundings,
which is strongly affected by the partitioning of deuterated
lipids (19). Other factors that degrade signal-to-noise,
such as source brightness and incoherent background from
hydrogen, also affect the sensitivity of SANS measure-
ments. The observation without a size measurement of
smaller domains in the bSM/POPC/chol mixtures has been
termed “ultrananodomains” (52). Especially significant,
we previously measured that bSM/DOPC/POPC/chol has
lower line tension than does DSPC/DOPC/POPC/chol,
which is consistent with bSM mixtures forming the smaller
domains as we report here, because line tension controls
domain size (23).

Domain size transition

For bSM mixtures, we measured domain sizes for the lipid
mixture bSM/DOPC/POPC/chol (Fig. 1 C) along different
values of p (Eq. 9). An abrupt domain size transition was
observed with GUVs at p = 0.55 (23), at which the domain
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TABLE 2 Domain Size of DSPC/POPC/chol and bSM/POPC/chol

FRET Pair Kp Kp Domain Size

Mixture Donor/Acceptor Donor Acceptor Radius (Rd, nm)
DSPC/POPC/chol TOE/DHE + 1 0.39 = 0.01 10 = 1
DSPC/POPC/chol DHE/Bodipy-PC 0.39 + 0.01 4 +£1 75 1.3
DSPC/POPC/chol TOE/Bodipy-PC + 1 4 + 1 75 1.3
bSM/POPC/chol TOE/DHE + 1 0.27 = 0.01 5+1
bSM/POPC/chol DHE/Bodipy-PC 0.27 = 0.01 3+1 5=+1
bSM/POPC/chol TOE/Bodipy-PC + 1 3+1 5+3

Experimental FRET curves were analyzed with theoretical FRET profiles obtained from MC simulations. Different FRET pairs were analyzed for each lipid
mixture. The partition coefficient used in the simulations was obtained from single-dye experiments or according to the chol partition coefficient. The error in
the domain size was calculated from the theoretical curves that best fit the experimental data.

size changes from nanometers (for p < 0.45) to micrometers
(for p > 0.55) in a narrow compositional range (23). In this
section, we investigate this domain size transition and the
dependence of domain size on vesicle size.

Nanodomains

Fig. 8 shows the results obtained from FRET trajectories
along thermodynamic tielines for different values of p. A
least-squares comparison of experimental (in vitro) and
simulation (in silico) data enables us to determine an
average domain size. In the simulations, we examined the
effect of vesicle size, represented by the vesicle radius R,,
on FRET by performing simulations with R, = 200, 500,
and 800 nm. For p = 0 and 0.4, the best agreement between
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FIGURE 8 FRET analysis reveals a domain size transition in bSM/
DOPC/POPC/chol as POPC is replaced by DOPC. FRET experiments
and simulations show a domain size of Rd =5 = 1 nm for p = 0 and
0.4 independent of vesicle size. For p = 0.75 and 1, FRET analyses show
an abrupt transition in domain size, with Rd increasing more than 10-fold
compared to the values for p = 0 and 0.4. The domain-size dependence
on vesicle size disappears for true nanodomains. To see this figure in color,
go online.
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simulation and experiment occurs for a domain radius of
5 nm, independent of the simulated vesicle size. It should
be noted that, in principle, the FRET analysis is insensitive
to vesicle sizes for small domains. Indeed, we previously
measured the sizes of nanodomains using extruded vesicles
of different size, using SANS for DSPC/POPC/chol (p = 0)
mixtures, and found the domain size to be independent of
vesicle size (23) (see Fig. S12).

Macrodomains

In contrast, for domains that would be macroscopic on a
GUYV, comparison of experimental and simulated data at
p = 0.75 and 1 shows a different domain size and vesicle
size dependence. First, when the experimental data are fitted
with simulated FRET calculated for R, = 200 nm, best
agreement occurs with a domain radius of 70 nm. This anal-
ysis yields domain sizes that are more than 10x larger for
mixtures at p = 0.75 and 1 that reveal macrodomains on
GUVs, compared to mixtures at p = 0 and 0.4 that reveal
uniform GUVs. Although Rd = 70 nm is at the nano-
meter-scale, the vesicle size is limiting the phase domain
size. FRET experiments use RSE vesicles with a range of
sizes from hundreds of nanometers (36,53) up to a few mi-
crons for a small population (54). Therefore, even the largest
domains are limited to the nanometer-scale for most of the
vesicles.

Second, for p = 0.75 and 1, as simulated vesicle size in-
creases, the domain size that best fits experimental data also
increases. For vesicle sizes R, = 200, 500, and 800 nm,
domain sizes show Rd = 70, 150, and 250 nm, respectively.
As mentioned above, in the macroscopic regime, domain
sizes change along the tieline because the fraction of phases
changes along the tieline and the high line tension favors
larger domains (23). Our computational FRET analysis re-
lies on an average domain size value, and we also observed
a dependence of domain size on vesicle size, as expected in
the macroscopic phase separation regime.

Thus, when macroscopic phase separation occurs,
domain size can depend on phase fraction and vesicle
size. Our computational analysis does not account for a
distribution of domain sizes, size change along a tieline,
or a distribution of vesicles sizes; our domain size values



for the macroscopic regime (Rd = 70, 150 and 250 nm) are
approximations from a simplified model. However, consid-
ering this domain-size dependence on vesicle size, it is
straightforward to predict micron-size domains on GUVs.
Thus, our FRET analyses are consistent with the abrupt
domain size transition previously observed on GUVs for
12 different lipid mixtures as reported (23).

Assumptions and limitations of the MC analysis

The off-lattice MC simulations used to analyze FRET tra-
jectories are conceptually similar to simulations described
by Towles et al. (48), with modifications to the calculation
of FRET efficiency based on the work of Corry et al. (45).
Lipid-lipid interaction energies are not explicitly included
in these simulations as they are in a lattice-based approach,
in which the equilibrium spatial distribution of probes is
found through Metropolis sampling (55). Instead, differ-
ences in interaction energies are implicitly accounted for
by the partition coefficient of the probes between the coex-
isting phases, which results in a nonrandom probe distribu-
tion that is governed by the strength of partitioning as well
as the size and spatial arrangement of phase domains.

The simulations assume Ld and Lo phase compositions
that are given by the fixed tieline endpoints. As domains
decrease in size, the total number of lipids per domain is
small enough (a few hundred, in the case of a 5-nm-radius
domain) that purely statistical fluctuations will result in
some variation in the composition of individual domains.
The simulations are designed to capture these composi-
tional fluctuations in the following way: 1) the actual
number of probe molecules in each simulated vesicle is
not fixed, but rather is drawn from a Poisson distribution
centered at the number of probes expected to be found in
the vesicle, given the probe concentration; and 2) the probes
are randomly assigned to the available domains. In this
way, the “probe concentration” within individual domains
is also not fixed, but instead follows a distribution that
reflects the statistical variation in domain composition
because of small size. For computational convenience, the
simulations also assume round domains, which, though a
reasonable approximation for the average shape of a nano-
domain found in a fluid-fluid coexistence region, is not
likely to be strictly true for individual domains (23).
Although it is possible to construct a model for more
complicated domain geometries, the increased complexity
would not be justified, given the excellent agreement with
the experimental data provided by the simpler approxima-
tion of circular domains.

CONCLUSIONS

We propose a simple and accessible method to measure
domain size with nanometer resolution using an ordinary
fluorimeter. Because of the importance of the dye partition
coefficient in our analysis, we used three different methods

FRET Detects Lipid Nanodomain Size

to measure the Kp of fluorescent probes between Ld and Lo
phases. We measured the size of nanodomains for the lipid
mixtures DSPC/POPC/chol and bSM/POPC/chol. We found
that DSPC/POPC/chol forms domains with a radius size of
7.5—10 nm. Our results agree with a previous domain-size
determination by SANS for this mixture of domain radius
6.8 nm (30). Our results indicate that bSM mixtures form
nanodomains with smaller sizes than the nanodomains
observed in DSPC mixtures. This is consistent with our pre-
vious report that bSM mixtures exhibit lower line tension
compared to DSPC mixtures (23).

We examined two different regimes of domain size. For
macroscopic phase-separated mixtures, the Ld/Lo line
tension is sufficiently high that phase domains coalesce
into one or a few large domains. These domains are easily
observed using fluorescence microscopy, and the domain
sizes are related to vesicle size and area fraction of each
phase. In contrast, for nanoscopic phase-separated mixtures,
domain size is independent of the vesicle size, with the
lower line tension for these mixtures (23) favoring small do-
mains. Our analysis reproduces the domain size transition
from nanometers to micrometers that is experimentally
observed in GUVs (6,17,22).
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1 Phase diagrams and fraction of phases along the tieline

Well-defined phase diagrams are crucial for this work. The phase diagram for the lipid mixtures
DSPC/DOPC/chol and DSPC/POPC/chol were previously determined (1, 2). Figure S1 shows the
phase boundaries of Ld+Lo two-phase region, for DSPC/DOPC/chol and DSPC/POPC/chol. The lipid

composition of samples along the trajectory used in this study are displayed by the dots.

0.0

0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 06 0.8 1.0
DSPC X DSPC

Figure S1: Partial phase diagrams of DSPC/DOPC/chol and DSPC/POPC/chol, showing the coexistence
region of Ld+Lo phases. The insert shows the fraction of Lo phase, xr,. The dots represent the different lipid

compositions of the 61 samples of the trajectory.

For bSM mixtures, bSM/DOPC/chol and bSM/POPC/chol, the phase diagrams were previously
reported (2). Here, we also studied a mixture of 4-components, bSM/DOPC/POPC/chol, where the

fraction of xpopc relative to the amount of low melting lipid is given by:

_ XDoPC (1)
Xpoprc + XpPorc

We measured the phase boundaries of bSM/DOPC/POPC /chol for p = 0.4 and p = 0.75. We
interpolated the data to represent the 4-component phase diagram, Figure S2. The lipid composition
used in the sample trajectories of this study are displayed by the dots, Figures S2. Similar trajectories
were used for p = 0.4 and p = 0.75, using the definition of p in equation (1)

To calculate the fraction of Ld (xr4) and Lo (xr,) phases, where x.a= 1-XLo, we need accurate phase

boundaries. The fraction of Lo phase can be determined by equation (2)

HTm(XLo = 1) — XHTm
Yo =17 XHTmX (XLo (i( 1) - X)HT:LC(XLO =0) )
where x g7, represents the fraction of high melting lipid, and is the independent variable along the
tieline. In addition, xgr, (x£o = 0) and xu71,, (xLo = 1) correspond to the fraction of HTm lipid in the
end points of the tieline, where x g, (x£o = 0) represents the left-hand side (LHS) phase boundary, and

m

XHT,, (XLo = 1) represents the right-hand side (RHS).



chol
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Xosm Xosm

Figure S2: Partial phase diagrams of bSM/DOPC/chol and bSM/POPC/chol, showing the coexistence region of
Ld+Lo phases. The dots represent the trajectory of 61 samples, for different lipid compositions. The tetrahedron

shows the Ld+Lo region of 4-component lipid mixture bSM/DOPC/POPC/chol.

2 Phase boundary determination

Figure S3 shows an example of a phase boundary determination for DSPC/DOPC/chol and DSPC/POPC/chol.
The phase boundary corresponds to either the intercept of linear regressions, or an abrupt change in the
signal, as displayed in Figure S3 and S4. For bSM mixtures the phase boundaries and the tieline are
different from the ones observed in the DSPC mixtures. Figure S4 shows the determination of the phase

boundaries of bSM mixtures.

00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 07
XDSPC XDspc

Figure S3: Example of phase boundary determination for DSPC/DOPC/chol using the FRET pair TOE and
DHE, where TOE favors the Ld phase, and DHE favors the Lo phase. The errors (shadow region) were calculated

from the interception of the lines plotted in each region.
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Figure S4: Example of phase boundary determination for DSPC/DOPC/chol using the FRET pair TOE and
DHE, where TOE favors the Ld phase, and DHE favors the Lo phase. The errors (shadow region) were calculated

from the interception of the lines plotted in each region.

The phase boundaries studied in this work agree with those that were previously reported by (Petruzielo

et al. 2013; Konyakhina et al. 2013); the boundary lipid compositions are summarized in Table S1.

Lipid Composition of the phase boundaries for the tielines displayed in Figures 1 and 2

Phase Boundary DSPC DOPC chol
LHS 0.11£ 0.01 0.79 £ 0.01 0.10 £ 0.003
RHS 0.674+ 0.01  0.06+ 0.02  0.27+ 0.004
Phase Boundary DSPC POPC chol
LHS 0.11£ 0.01 0.79 £ 0.01 0.10 £ 0.003
RHS 0.614+ 0.01 0.13+ 0.02  0.26+ 0.004
Phase Boundary bSM DOPC chol
LHS 0.22+ 0.01 0.7+ 0.01  0.08 £ 0.02
RHS 0.64+ 0.01 0.03+ 0.01  0.33£ 0.01
Phase Boundary bSM POPC chol
LHS 0.22+ 0.01 0.7+ 0.01  0.08 £ 0.02
RHS 0.61+ 0.01  0.09+ 0.01  0.30+ 0.01

Table S1: Lipid composition of the phase boundaries for the tielines displayed in Figures 1 and 2, where the LHS
phase boundary represents the boundary between Ld and Ld+Lo phase regions and the RHS phase boundary

represents the boundary between Ld+Lo and Lo phase regions.



3 Single dye fluorescence

The fluorescence intensity, I, of probes that can equilibrate between two different phases, Ld and Lo,

is described by the equation:

I=frolro+ fralra (3)

where frq and fr, are the fraction of probes in the Ld and Lo phases, respectively, and I;4 and
I, are the dye intensities from the L.d and Lo phases. Here, we describe the formulation that leads to
equation 3.

The fraction of Ld and Lo phases changes along the tieline. Thus, the concentration of the dye in
each phase depends on the lipid composition.

The fraction of Ld and Lo phases, and the fraction of dyes in each phase are described by equations

(4) and (5):

1= Xro+ XLd (4)

1:fLo+de (5)

The latter is conceptually similar to having the number of dyes found in Ld (Np4) plus the number

of dyes found in Lo (Np,) equal the total amount of dye in the system (N),

Npqg+ Np, = N. (6)

Here, we used the fraction of dyes, where equation (6) is normalized by N.

The partition coefficient is defined

de/XLd

Ky fro/xro ’ (7)

According to the definition in equation (7), if
frafxpa > fro/xr,, thenkK, >1,

implying that K, > 1 represents a partitioning that favors the Ld phase, since the dye concentration in
the Ld phase is greater than the concentration in the Lo phase. On the other hand, K, < 1 indicates
that the dye molecule favors the Lo phase. The partition coefficient that favors the Lo phase can also be

represented by K, = 1/K),.



The intensity along the tieline, equation (3), can be written in terms of K, and xr,, as following.
From the definition of K, equation 7, we can rewrite the fraction of dye in the Lo phase, fr,, using

equations 4 and 5, as described below:

 fLaXzo
fLo - Kp Yid
fro = (1 = fLo) XLo
’ Ky (1= XLo)
fLo[Kp(l - XLO) + XLO] = XLo
fro = XLo 8)

Kp (1 - XLo) + XLo.

From equations (8) and (5), we can rewrite frq as:

fra = 1—= fro
XLo
- 1-
fra K,(1 = Xro) + Xro
K,(1— x1o
de — P( XL ) (9)

Kp (1 - XLO) + XLO.

Replacing equations (8) and (9) in equation (3), we find,

XLo Kp(l - XLo)

I = I, +
K;D (17XL0>+XL0 g Kp (17XL0)+XL0

Ld

XLo ILO + Kp(l - XLO) ILd
Kp (]— - XLO) + XLo

A similar equation follows for K, = 1/K, (see equation 11):

I =

(10)

K Xrolro+ (1= Xro) ILd
(1 = Xzo) + KpXrLo

In this case, KI’, > 1 represents preference for the Lo phase, since this definition of the partition

(11)

coefficient is the inverse of the definition described in equation (7).
Figure S5 shows examples of intensity profiles along the tieline, where the fraction of phases are
represented by Xxr.. In this example, we fixed the values of I14 and I,, assuming I;q = 3[1,. Intensity

along the trajectory calculated for different values of K.



Intensity
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Figure S5: Theoretical Intensity along a thermodynamic tieline of fluorescent dyes that equilibrate between
two phases. Equation 11 is plotted using different partition coefficients and fixed values of Irq and Ir,, where

Ing=31po.

3.1 Quenching Correction

Since self-quenching of the fluorescence signal would distort the analyses of single dye fluorescence
or FRET, we have previously studied the ideal dye concentration to use in our experiments. Figure S6
shows the fluorescence emission of Bodipy-PC and TOE, measured in the end-points of the tieline for
DSCP/DOPC/chol, DSCP/POPC/chol, bSM/POPC/chol and bSM/DOPC/chol, as a function of the

dye/lipid ratio.
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Figure S6: Self-quenching effect of TOE and Bodipy-PC observed in the Ld phase (solid square) and the Lo
phase (open square). Intensities of TOE and Bodipy-PC within increasing dye concentration were measured in
the end points of the tieline (xro = 0, Ld phase) and (xro = 1, Lo phase). The deviation from the linear behavior
indicates fluorescence self-quenching. Solid line represents a fit of the linear part of the data for Ld phase, and
the dashed line for the Lo phase. For single dye and FRET experiments we used [dye]/[lipid]= 0.01 for TOE, and

[dye]/[lipid]=0.0004 for Bodipy-PC. Arrows show the [dye]/[lipid] used in the experiments.




As displayed in Figure S6, the line shown in the graphs represent infinite dilution. Deviation from
this line indicates self-quenching. We used a dye concentration where negligible quenching effects were
observed. The dye/lipid ratio used in this work for each lipid mixture is indicated in the legend of Figure
S6.

In addition, the concentration of the dye in each phase changes within the changing phase fractions
along the tieline. Given K, the concentration of the dye in each phase can be calculated for each point
of the tieline. Using the above information, which relates the dye concentration to a certain percentage

of fluorescence self-quenching, we can also correct for self-quenching effects.

4 FRET

The sensitized acceptor emission, here termed as FRET, of probes that equilibrate between two
different phases, Ld and Lo, is given by equation (12), as previously reported by (3):
fia f

D fA fD
FRET = Fp4 24 2Ld |y, 2o JLo (12)
XLd XLo

where Fp4 and Fp, are the FRET signals from the L.d and Lo phases, respectively. The fraction of probes
in the Ld and Lo phases are given by frq and fr,, as described above; the indices A and D refer to
acceptor and donor, respectively.

As similarly described in equation (5), the fraction of probes in the Ld or in the Lo phases are

constrained by the total amount of probe:

1 = fi+ 1 (13)
1 = R+ 1 (14)

Using the definition of the partition coefficient, equation (7), we can write fr, and frq as functions

of K, and the fraction of the Lo phase, xr,, as we described in equations 8 and 9:

A XLo
= 15
fLo KZ‘;‘(l—XLo)‘i‘XLo ( )
XLo
I = - (16)

KpD (1 - XLO) + XLO’

KA(l — XL )
A _ P i 17
de Kf (1 - XLO) + XrLo ( )

KpD(l - XLO)

D
= . 18
Iia KP (1= XLo) + XLo (18)




Using the definitions of fr, and fr4 described in equations 16 and 18:

faE KA1 = x10) KP(1— x10) )
XLd (1 - XLO) [Ké (]- - XLO) + XLD] [KpD (]- - XLO) + XLO]
ff‘dffd _ Kf;l Kf (1—xro) (20)
XLd [Kf (1 - XLO) + XLO] [KpD (1 - XLO) + XLO]’
ffofLDo _ i { XLo XLo } (21)
XLo XLo [Kﬁ (1 - XLO) + XLO] [KpD (1 - XLO) + XLO]
ffofLDo _ XLo (22)
XLo [Kﬁ (1 - XLO) + XLO] [KPD (1 - XLO) + XLO] .

Therefore, the sensitized acceptor emission, FRET, can be rewritten using equations (20) and (22)
in equation (12). The following equation is an analytical solution for FRET that depends on known or
measurable parameters, such as the FRET signal in the phase boundaries, Fr4 and Fp,, the fraction of
phases (according to the Lever Arm rule), and the parameters to be fitted, such as the partition coefficient

of the probes, K;' and K,

Fra K} KP(1 = X1o) + FLo XLo

FRET = .
(K2 4+ (1= KY)Xrol [KP + (1= KP)xLo)

(23)

Figure S7 shows examples of FRET profiles along the tieline, using equation (23). We considered
the dyes of the FRET pair partition into different phases (left graph), and both partitioning into the Ld
phase. For illustration, we fixed the acceptor K, and plotted the FRET profiles for different K, values

of the donor.

A

Kp™ =10 T T T T T T

FRET
FRET

T
ervagerer L
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0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Figure S7: Theoretical FRET along a thermodynamic tieline of fluorescent dyes that equilibrate between
two phases. Equation 23 is plotted using different partition coefficients and fixed values of Frq and Fr,. Left,
acceptors favor the Lo phase, K, = 0.4, and I, = 1.5 4. Right, acceptors favor the Ld phase, K, = 10, and

Ipo = 311a.

Equation (23) was developed using the definition of K, described in equation (7), where K, > 1



indicates that the probe favors the Ld phase. Using the inverse definition, K, = 1/K,, where K}, > 1

indicates a preference for the Lo phase, FRET can be written as equation (24):

Frq+ Xro (Fro K KJP — Frq)
[T+ (KA = 1)xro)] [1+ (KJP — 1)xzo)]

As an exercise, the readers can replace 1/ Kz', in equation 23, in order to obtain equation 24.

FRET =

(24)

4.1 Partition coefficient of DHE

The partition coefficient of cholesterol can be obtained from the phase diagram, wit. As an example,
we describe the partition coefficient of cholesterol in the DSPC/DOPC/chol mixture. The fraction of
cholesterol in the Ld phase, (LHS) phase boundary (xr, = 0, x4 = 1), corresponds to frq = 0.10. The
fraction of cholesterol in the Lo phase, (RHS) phase boundary (xr, = 1), corresponds to fr, = 0.27.

Therefore:

Ky=-"—"=—=037. (25)

Since DHE is a very close cholesterol analogue, we assume DHE partitions between Ld and Lo phases
in the same way as cholesterol. Table S2 shows the partition coefficient of cholesterol or DHE for all lipid
mixtures used in this work, where K, (Ld) follows the definition described in equation 7, and K, (Lo)

means K, > 1 favors the Lo phase.

DHE partition coefficient

Lipid mixture K, (Ld) K, (Lo)

DSPC/DOPC/chol  0.37 + 0.01 2.7 £+ 0.1
DSPC/POPC/chol  0.39 + 0.01 2.5 + 0.1
bSM/DOPC/chol ~ 0.25 + 0.01 4.0 + 0.1
bSM/DOPC/chol ~ 0.27 + 0.01 3.8 + 0.1

Table S2: Partition coefficient of DHE obtained from the phase diagrams.

5 Data collection of the fluorescence emission

The fluorescence emission of the single-dye experiments or the FRET signal were collected using the
excitation and emission wavelengths described in Table S3. It should be noted that for FRET experiments
we excite the donor, and monitor the fluorescence emission of the acceptor (sensitized acceptor emission).

Moreover, we also monitored the light scattering for each sample at A = 400 nm, without dye excitation.
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Wavelengths monitored in the Fluorescence studies

Single dye fluorescence

Dye Aez (nM) Aem (nm)
TOE 284 335
Bodipy-PC 500 520

FRET experiments: fluorescence emission

Dye ez (nM) Aem (nm)

TOE 284 335

DHE 327 393
Bodipy-PC 500 520

FRET experiments: acceptor fluorescence excited by the donor

Pair Aez (nm) Aem (nm)
TOE/DHE 284 393
DHE/Bodipy-PC 327 520
TOE/Bodipy-PC 284 520

Table S3: Excitation and emission wavelengths monitored in single dye and FRET experiments.

As previously reported (3 - 5), the acceptor fluorescence emission excited by the donor needs to be
corrected for any signal that is not related to FRET. Because of that, we also monitored the fluorescence
emission of each dye in the FRET experiments. Controls and blanks are also required in these experiments
in order to obtain sensitized acceptor emission (FRET) as previously described in (3 - 5).

Figure S8 shows examples of the fluorescence signal collected in the single dye experiments, for lipid
mixtures that form macro- and nanodomains, Figure S8 A and B. We compare these signals to the light
scattering obtained for each sample. Similar comparisons are shown in Figure S8 C and D, for the FRET
experiments. As shown in Figure S8, the fluorescence signal exceeds that of the light scattering by about

10 to 100-fold.
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Figure S8: Comparison between the fluorescence emission measured on single dye experiments and the light
scattering for different lipid compositions along the tieline: (A) for DSPC/DOPC/chol, mixtures that forms
macrodomains, (B) DSPC/POPC/chol, mixture that forms nanodomains. Comparison between the FRET signal
and the light scattering for different lipid compositions along the tieline: (C) for DSPC/DOPC/chol and (D) for

DSPC/POPC/chol.

6 FRET simulations

6.1 Parametrization

The simulations use a list of parameters that take into account the structural properties of the lipid
bilayer, such as the area occupied by the Ld and the Lo phases, and the thickness of each phase. In
addition, each FRET pair is described by a set of specific parameters, as their position in the bilayer and

the Forster distance, Ry. Tables S4 and S5 list the parametrization used in the Monte Carlo simulations.

6.2 Validation

For macrocoscopic phase separation, the number of dyes in the domain interface is negligible compared
to the amount of dyes distributed in the macrodomain or in the surrounding phase. Reproducing this
model using Monte Carlo (MC) simulations, we are able to compare the simulated FRET with the
analytical solution described by Buboltz (3). Figure S9 shows FRET profiles along a thermodynamic
tieline calculated using MC simulations, for different partition coefficients (dots), and the FRET profiles

calculated from equation 9 (line). The comparison between MC simulations and the analytical solution

12



Parameters used in the Monte Carlo simulations

Parameter Ld value Lo value

Bilayer structural parameters

Headgroup thickness (A) 4.75 6.1
Hydrocarbon thickness (A) 29.0 37.6
Area per lipid (A?) 63.1 43.2

TOE parameters

Monolayer location [(A) from bilayer center] 10.5 10.5

Monolayer location distribution width (A) 2 2

DHE parameters

Monolayer location [(A) from bilayer center] 9.5 13.8

Monolayer location distribution width (A) 2 2

Bodipy-PC parameters

Monolayer location [(A) from bilayer center] 11.5 13.8

Monolayer location distribution width (A) 2 2

Table S4: Parameters used in the Monte Carlo simulations for Ld and Lo phases.

Parameters used in the Monte Carlo simulations

Fixed parameters

Number of donors for averaging 104

Exclusion radius per probe (A?) 5

Probe concentration (mole fraction)

TOE 0.01
DHE 0.01
Bodipy-PC 0.0004

Energy transfer parameters

Ry (TOE — DHE) (A) 24
Ry (DHE — Bodipy-PC) (A) 28
Ry (TOE — Bodipy-PC) (A) 25

Table S5: Parameters used in the Monte Carlo simulations related to FRET

shows a good agreement, thus validating our code.
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Figure S9: Comparison between the FRET calculated using Monte Carlo simulations and the analytical solution,
equation 23. The partition coefficient of the acceptor is fixed, K;‘ = 3 and different donor partition coefficients

were tested, Kz? =3, 7,12 and 19. The decrease of K, reduces the valley-shape in the FRET profiles.

6.3 Influence of domain size in FRET curves

Using Monte Carlo simulations, we tested the influence of the domain size on FRET curves. Figure
S10 shows the simulated FRET considering different domain sizes, represented by the domain radius, Ry.
Decreasing the domains sizes leads to similar effects on the FRET profiles as decreasing the partition

coefficient, as shown in Figure S10.
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Figure S10: Influence of domain size in FRET profiles. The analytical solution, equation, represents the size of

macrodomains. The decrease of the domain size reduces the valley-shape in the FRET profiles.

We have tested to fit our experimental data with 3 free parameters the partition coefficient of donor
and acceptor, and the domain size. These analyses frequently result in 2 possible solutions: higher values
of K, leading to a small domain size or lower values of K, leading to a large domain size. In order to
avoid any misinterpretation in our analysis, we measure the K, using single dye fluorescence, a completely

independent experiment, and then we focus in the investigation of the domain size.
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7 Partition coefficient measured on GUVs

We measured the partition coefficient of Bodipy-PC on giant unilamellar vesicles (GUVs) using line
scans, as described in the main text. We observed that the Ld phase is brighter than the Lo phase,
not only because Bodipy-PC prefers Ld, but also because the fluorescence of Bodipy-PC is intrinsically
brighter in the Ld phase, compared to the same amount of dye in the Lo phase. Therefore, we applied a
correction related to the quantum yield of the dye in each phase.

In addition to that, we noticed that the intensity of L.d and Lo depends on the fractions of the phases,
and the Kp measured by single dye fluorescence (or FRET) takes into account the total intensity from
the Ld and the total intensity from the Lo phase. Therefore, we calculated the intensity from Ld and
from Lo, considering L.d and Lo surface areas on the GUV. We observed similar intensity values for 10
different line scans, in each phase, suggesting a homogeneous distribution of the dye in each phase (Figure
2, main text). Therefore, I¢VV and I&YV can be assumed constant along Ld or Lo surface areas. Thus,

the total intensity from Ld or Lo phases, I}, and I7 , are given by:

T _ GUV ;  _ tGUV
ILd—/ La da=1Ipy /
SLd

gL da = Ig" Sra (26)

It = / IV dag = IGVV / da=18VVS;, (27)
SLo SLo

where Sp4 and S, represent the surface areas of each phase.

Then, to measure the Kp, we compare the intensities from Ld and Lo phases, corrected by the quantum
yield of each phase, as described in equation 28:
TGV Spa/®ra IZYY Spa®ro

K = = 28
P IGUY S1o/®ra IGUY Spo @ra (28)

where the ratio g—ij is related to the mole fraction of each phase, except that the Ld phase occupies

about 30% more area than the Lo phase. For our experiments, GUVs were prepared with the same mole

fraction of L.d and Lo phases, then gij ~ 1.3.

8 Domain sizes on GUVs

GUVs were prepared using the electroformation procedure (6). For partition coefficient measure-
ments, the lipid films were hydrated and swelled in a sucrose solution 100 mM at 55°C', then cooled
to room temperature (23°C) at a temperature rate of 2°C'/hour. For domain size observations along a
thermodynamic tieline, GUVs were cooled at a slower rate of 0.8°C'/hour. Figure S11 shows GUVs with
different sizes. Figure S11 (left) displays a GUV of diameter, D, = 32 um, and (right) with D, = 19
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pm. The area fraction of the domain in these GUVs are similar, although the size of the domains are

different. Intuitively, the largest GUV has a large domain size, Ry ~ 16 + 1 um.

Figure S11: GUV of bSM/DOPC/chol = 0.44/0.35/0.21, displaying the coexistence of Ld (green) and Lo phases
(blue). Left, bigger GUV with diameter of 32 um and domain size of radius Rq =~ 16 ym. Right, smaller GUV
with diameter of 19 ym and domain size of radius Rq =~ 9.5 pm. Both GUVs have similar domain area fractions,

~ 45% of the GUV area.

9 Nanodomain size does not depend on vesicle size, SANS

Our analysis shows that the domain sizes of nanodomains do not depend on the vesicle size. We
previously reported the size of nanodomains measured by SANS (7), for DSPC/POPC/chol, where vesicles
of different sizes, Rv = 30, 50, 100 and 200 nm, were prepared using a mini-extruder (Avanti Polar Lipids,
Alabaster, AL, USA). Figure S12 shows the sizes of nanodomains of DSPC/POPC/chol for different

vesicle sizes.
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Figure S12: The size of nanodomains measured by SANS for vesicles with different sizes, R, = 30, 50, 100 and

200 nm. The size of domains in the nanoscopic regime seems to be independent of the vesicle sizes.
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Details about liposome preparation and SANS measurements can be found at (7, 8).

10
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