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The ternary lipid system palmitoylsphingomyelin (PSM)/palmitoyloleoyl-
phosphatidylcholine (POPC)/cholesterol is a model for lipid rafts.
Previously the phase diagram for that mixture was obtained, establishing
the composition and boundaries for lipid rafts. In the present work, this
system is further studied in order to characterize the size of the rafts. For
this purpose, a time-resolved fluorescence resonance energy transfer
(FRET) methodology, previously applied with success to a well-character-
ized phosphatidylcholine/cholesterol binary system, is used. It is
concluded that: (1) the rafts on the low raft fraction of the raft region are
small (below 20 nm), whereas on the other side the domains are larger; (2)
on the large domain region, the domains reach larger sizes in the ternary
system (> ~75-100 nm) than in binary systems phosphatidylcholine/
cholesterol (between ~20 and ~75-100 nm); (3) the raft marker ganglio-
side Gy in small amounts (and excess cholera toxin subunit B) does not
affect the general phase behaviour of the lipid system, but can increase the
size of the rafts on the small to intermediate domain region. In summary,
lipid-lipid interactions alone can originate lipid rafts on very different
length scales. The conclusions presented here are consistent with the
literature concerning both model systems and cell membrane studies.
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Introduction

The model for lipid rafts was proposed based
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mainly on the fact that detergent-resistant mem-
branes isolated from cellular membranes were
enriched in (glyco)sphingolipids and cholesterol
(chol), and depleted in (unsaturated) phosphatidyl-
cholines (PCs), and also that the simultaneous
presence of chol and sphingolipids was necessary
to confer detergent insolubility to some proteins.'

On another hand, it was known that liposomes
with resistance to solubilization with Triton X-100
(TX-100) are in ordered phases, namely, gel or solid
ordered (so) and liquid ordered (lo), whereas in the
liquid disordered (Id; phospholipid fluid phase)
they are solubilized.> Given that the so phase is
found in cell membranes only in exceptional cases
and that detergent-resistant membranes isolated
from cell membranes are rich in chol, it is currently
accepted that rafts are the cellular equivalent of lo
domains in vitro.?

Rafts and other microdomains in membranes of

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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cells have usually been detected by indirect
methods, such as detergent extraction, but this can
increase the size of the pre-existing domains by at
least one order of magnitude, as Ver1f1ed in situ by
TX-100 treated fibroblast-like cells.* They can also
be detected directly, but after, e.g. cross-linking of
membrane components that leads to the formatlon
of larger, otherwise undetectable, aggregates.”
Some studies rely on the gang11051de Gma as one
of the most popular raft markers,” which is usually
detected by addition of labelled cholera toxin
subunit B (CTB).®° CTB forms stable pentamers
and, in this ohgomenc state, is able to bind five Gy
molecules.'’ Tt is possible that this has an effect
similar to cross-linking, thereby changing the size of
the Gyp enriched domains.

Even with the use of sophisticated microscopic
techniques, a clear consensus about the size, shape,
and 1ocatlon of lipid rafts on cell membranes has not
emerged.'""'? Importantly, the work by Heerklotz
and collaborators should be considered, as it shows
that domains formed on the basis of PC/sphingo-
myelin (SM)/chol interactions are very sensitive to
small perturbations: for the 1:1:1 mixture, an
enthalpy of 2.5kJ/mol includes both domain
disintegration and ordered to-disordered transition
of the acyl chains."?

Recently, we determined the ternary phase
diagrams N-palmitoyl-p-sphingomyelin (PSM)/
1-palmitoyl-2-oleoyl-sn-glycerophosphocholine
(POPC)/chol at room temperature (23 °C) and at
37 °C, and they were used to rationalize published
data on these mixtures.'* This is a system of the type
low main-transition temperature (Tr) lipid/high
T lipid/chol, which is thou%ht to be the simplest
system to model lipid rafts.*'> Two aspects should
be highlighted: (i) the phase behavior of the
mixtures was determined solely by methods that
do not involve detergent extraction; (ii) some tie-
lines that give the composition and fraction of
the coexisting 1d/lo phases were obtained, i.e. the
composition and boundaries for lipid rafts were
established. The ternary phase diagram at room
temperature is reproduced in Figure 1, where some
mixtures used in the present work are highlighted.
The main features of the diagram are a broad lo/1d
phase coexistence region on the left side of the
diagram (high POPC/PSM ratio, persisting up
to ~50mol% chol), a considerable so/lo phase
coexistence region and the presence of a tie-triangle,
i.e. a region of three-phase coexistence. In the 1d/lo
coexistence region, the highlighted points are along
the same tie-line, i.e. the composition of the
coexisting phases is always the same, only the
fraction of each phase changes. The extremes of
the tie-line correspond to the rafts’ composition
(lo phase, closer to the top of the diagram) and the
ld composition. This tie-line was chosen because it
contains the PC/SM/chol 1:1 : 1 mixture, which is
very popular for model raft studies."®'” Another
advantage of using this tie-line is that due to
thermodynamic restrictions it has a low uncertamty
(a detailed discussion is found elesewhere'* and
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Figure 1. PSM/POPC/chol phase diagram at 23 °C.'*
The tie-line (grey line) is the one that contains the
PSM/POPC/chol (1:1:1) mixture (black point) and is
the one used in the present FRET study. The extremes of
the tie-line (grey points) give the composition of the
coexisting 1d (low chol) and lo (high chol) phases. The
broken line for a chol mol fraction of x.ho=0.66
represents the solubility limit of chol in PC bilayers.

below), making it very suitable for application of
the fluorescence resonance energy transfer (FRET)
methodology described below.

FRET has a strong dependence (sixth power) of
its rate on the intermolecular distance, which has
led to its wide use as a “spectroscopic ruler” for
determination of distances in the 1-10 nm range
If, instead of an isolated donor/acceptor pair at a
single defined distance, there is a distribution of
donor and acceptor molecules in a plane (as a lipid
bilayer), donor fluorescence becomes dependent on
the local acceptor concentration,'” probing a larger
length scale, but there are very few elegant studies
with aopzﬁ)hcatlon of FRET to ternary systems of this
type.

Here, we apply a novel FRET methodology™ to
mixtures of PSM/POPC/chol. This methodology
has been applied w1th success to binary phospho-
lipid /chol nuxtures 3 and is now extended to the
study of ternary mixtures. Labelled phospholipids
were selected as fluorescent probes. N-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl)-dipalmitoylphosphatidyl-
ethanolamine (NBD-PE) was used as a FRET donor,
and N-(lissamine™-rhodamine B)-dioleoylphos-
phatidylethanolamine (Rhod-PE) was the FRET
acceptor.

It should be stressed that for ternary mixtures, as
well as for binary systems, the determination of
partition coefficients for probes should be made
along a tie-line. To apply the FRET methodology
developed in our laboratory, which gives infor-
mation about the domains’ size on the nanometer
scale, the knowledge of the tie-lines (hence the
phase diagram) is required. In fact, although
indispensable, the phase diagram does not contain
information about the size of the domains. As such,
the present study completes the description of our
lipid raft model.



Lipid Rafts Size and Membrane Composition

1111

This is the first time that FRET is systematically
applied along a tie-line of a previously extensively
characterized ternary lipid system containing chol.
Furthermore, the effect of small amounts of the
glycosphingolipid Gy;;, which as already men-
tioned is one of the most popular raft markers in
the presence or absence of CTB, on the size of the
lipid rafts was also addressed.

Results

Firstly, the methodologies to determine phase
boundaries were applied to the tie-line represented
in the diagram of Figure 1. The determination of
phase coex1stence boundaries is described in detail
elsewhere.' In the present work, because we were
considering only ld/lo phase separation, we used
the methods based on the steady-state anisotropy,
(), of diphenylhexatriene (DPH), and the lifetime
weighted quantum yield of trans-parinaric acid
(t-PnA). The lifetime-weighted quantum yield
(because it is proportional to the fluorescence
quantum yield; also de51gnated by amplitude
averaged lifetime) is defined by:'*

=) 1

and the mean or average fluorescence lifetime is

given by:
(x) = (Z an%>/<2 am) 2)

for a decay described by a sum of exponentials,
where o, is the normalized pre-exponential and 7;
the lifetime of the decay component i.

Some of these measurements were performed
both on multilamellar vesicles (MLV) and large
unilamellar vesicles (LUV) to ensure that the phase
behaviour was independent of the membrane
model system used (results not shown). The
measurements given in this study were carried
out mainly to confirm the boundarles of the
previously published diagram,'* and to test if the
addition of Gy and CTB could affect the general
phase behaviour of the system. The possible
variations on the direction of the tie-line containing
the 1:1:1 mixture and their influence on the
results are discussed below. However, it can already
be stated that the uncertainty interval is very
narrow'* and this approach, ie. to carry out the
study along a tie-line, is necessary in order to keep
constant the composition of the coexisting phases.
With other methods, e.g. for a fixed chol mol
fraction, X0, or fixed proportion of non-chol
components, not only the phase composition varies
but also the type and number of phases present can
change."

In Figure 2(a), the anisotropy of DPH as a
function of chol mole fraction is represented for
different concentrations of Gy;. The trend of the
results agrees with the phase boundaries, which
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Figure 2. Determination of the 1d/lo phase boundaries
for the grey tie-line of Figure 1 from (r)ppy in MLV (a) and
detection of ordering effects from (t);.pna in LUV (b) as a
function of chol mole fraction (xcno1). The vertical dotted
lines represent the phase boundaries taken from the
phase diagram. In (a), the three data sets correspond to
0 mol% (@), 2 mol% (¢) and 4 mol% (1) Gy (the latter
two series also in the presence of excess CTB), and the
three straight lines distinguish three regimes: only Id
phase for low xu,01, 1d/lo coexistence for intermediate
Xchol, and only lo phase for high xc,01. In (b), the data sets
correspond to no Gy, no CTB (), no Gy and excess
CTB (O), 2 mol% Gy and no CTB (M), 2 mol% Gy and
excess CTB (¢).

linearity further supports the direction of the tie-
line on the phase diagram, and it is not affected by
the presence of up to 4 mol% Gy;. In Figure 2(b),
the mean fluorescence lifetime of t-PnA is repre-
sented as a function of x..1. This is one of the more
sensitive parameters to the presence of ordered
domains in membranes (although not useful to
determine phase boundaries, contrary to the life-
tlme—welghted quantum yield'*) because t-PnA,
when in ordered phases, has an emission decay
with a long component (>10 ns), which increases
significantly the mean fluorescence lifetime of the
probe. As can be seen in Figure 2(b), there is a very
small increase in the order of the system when
2mol% Gyp is present. The deviation between the
samples with no Gy (presence or absence of CTB)
gives an estimation of the error associated to the
measurements, because CTB, in principle, should
have no effect on the liposomes without Gyy;.
Secondly, the photophysical properties of both
donor and acceptor probes were studied along
the tie-line represented in Figure 1. In general, the
trends displayed by the different parameters as a
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function of lo phase mole fraction, X,, and the main
features of the fluorescence decays (number, life-
time, and amplitude of the components; not shown)
are identical to the previously characterized binary
system 1,2-dimyristoyl-sn-glycero-3-phospho-
choline (DMPC)/chol,* which further supports
that data are being collected along a 1d/lo tie-line.

The partition coefficient, K;,, of both NBD-PE and
Rhod-PE were determined from the variation of the
lifetime-weighted quantum-yield, T, with Xj,, and
that of Rhod-PE also from its steady-state fluor-
escence intensity, Ir (leading to the same value of K,
as the other method). Mole fractions are used both
for probe concentration and phase fraction in the
partition coefficient calculations (see Appendix).

The relevant expressions for partition coefficient
calculation when no significant spectral shifts occur
are:

Ip = K(e1 91 Kp X1 + 20, X)/(Kp X1 +X3)  (3)
and
T = (’Elexl + fZXZ)/(KpXI + Xz) (4)

where 1=lo, 2=1d phases, K is a normalization
factor, g; is the molar absorption coefficient, ¢; the
quantum yield, and 7; the lifetime-weighted quan-
tum yield of the probe in phase i. &;/¢; is taken from
the absorption spectra, and ¢1/¢p, = 71/7,. From a fit
of equation (3) to Ir versus Xj, data or equation (4) to
T versus Xy, data, K, is readily obtained.?*?*

In the case of the donor probe (NBD-PE), the
lifetime-weighted quantum yield varied between
8.4ns and 9.6ns (Figure 3(a)), and the mean
fluorescence lifetime between 9.2ns and 10.5ns
(results not shown). From the data in Figure 3(a), a
value of K,=43+1.2 was obtained, showing a
preference of this probe for the lo phase.

For the acceptor probe (Rhod-PE), both the
lifetime and the steady-state fluorescence intensity
show a strong decrease with X, as reported for the
DMPC /chol system,23 and this was used to calcu-
late the lo/Id partition coefficient for that probe
(Figure 3(b)). The value recovered is K,=0.37+
0.06. Thus, unlike the donor, Rhod-PE prefers the 1d
phase rather than the lo phase. The steady-state
fluorescence anisotropy of Rhod-PE shows an
interesting behaviour (Figure 3(c)). It decreases in
the coexistence region, but it increases when the
extreme of the tie-line corresponding to pure lo
phase is reached. This is due to the presence of
a very efficient energy homotransfer between
Rhod-PE molecules™ that leads to a strong emission
depolarization. The anisotropy is lower in the lo
phase than in the 1d phase, because the lo phase has
a much lower mean molecular surface area, and for
the same analytical concentration, the surface
density of Rhod-PE is higher in the lo phase.
In this way, homotransfer is more efficient and a
stronger depolarization occurs. The relative
depolarization that occurs for a pure lo phase as
compared to a pure ld phase is in very good
agreement with the relative extent of depolarization
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Figure 3. (a) Variation of T\pp_pg in PSM/POPC/chol
LUV, as a function of Xj,, along the grey tie-line of Figure
1, in the absence (@) and in the presence of 2 mol% Gy
(O). The line is the fitting curve using equation (4), with
Kp=43+1.2. (b) Variation of Iz (@) and lifetime-
weighted quantum yield (O) of Rhod-PE in
PSM/POPC/chol LUV, as a function of X, along the
grey tie-line of Figure 1. The line is the fitting curve using
equation (3), with K,=0.37+0.06. Variation of Ir along
the same tie-line for Rhod-PE in the presence of 2 mol%
Gmi and excess CTB (). (c) Variation of {(Mrhod-pe iN
PSM/POPC/chol LUV with compositions containing
the grey tie-line of Figure 1, as a function of X),, for two
Rhod-PE/total lipid mole ratios: 1:200 (@) and 1:500
(O). The lines are merely guides to the eye.

predicted by the model described by Snyder &
Freire26, calculated for a critical distance for FRET
between Rhodamine fluorophores in fluid lipid
bilayers of Ry=64.1 A,*®> showing that the probe
distribution is the same in both pure phases (of
course, in the coexistence range, the probe distri-
bution is ruled by the partition coefficient). The
trend of the steady-state anisotropy is shown for
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Figure 4. Variation of E between the donor/acceptor pair NBD-PE/Rhod-PE in PSM/POPC/chol LUV, as a function of
X0, along the grey tie-line of Figure 1. (a) Effect of acceptor concentration and comparison with the binary system
DMPC/chol. The dotted lines are merely guides to the eye. The thin continuous lines are the values of E calculated for a
random distribution of donor and acceptor molecules in hypothetical pure 1d phase (see Appendix) for acceptor/lipid
ratios of 1:200 and 1 : 500. The different data sets correspond to 1 : 200 acceptor lipid ratio (H); 1 : 500 acceptor lipid
ratio (), and, for comparison, the values for the binary system DMPC/chol along the ld/lo tie-line at 30 °C are also
shown ([).> The theoretical line for infinite phase separation (large domains; see Appendix) for the 1:200
acceptor/total lipid mole ratio is also shown (thick broken line). (b) Effect of raft markers. The different data sets
correspond to 1 : 200 acceptor lipid ratio, with 0 mol% Gy, and 2 mol% Gy /no CTB indistinguishable (), 2 mol % Gy
and excess CTB (¢), 4 mol% Gy, and no CTB (Q), 4 mol% Gy, and excess CTB (A).

two acceptor concentrations (1:200 and 1:500
relative to total lipid). The relative extent of
depolarization when going from the lower to the
higher probe concentration in each pure phase is
also in agreement with the predictions of the
theoretical model,?® which assumes a random
distribution of probe in the bilayer, thus showing
that the acceptor is randomly distributed in each
pure phase at both concentrations studied, which is
also an assumption of the FRET models used here
(see Appendix). In the coexistence region, the
existence of two separated phases leads to a further
local enrichment of probe, an effect that only
disappears when a one-phase situation is reached
again. This justifies the minimum in the curves of
Figure 3(c).

Finally, the efficiency of FRET along the tie-line,
its variation with acceptor concentration and
different amounts of Gy;; and absence/presence of
CTB were obtained (Figure 4). The experimental
values of E for the binary mixture DMPC/chol*
with an acceptor/total lipid mole ratio of 1 : 200 are
also shown. The general trend of the results is
similar in all cases, and is shown to be independent
of the total acceptor concentration.

In order to obtain the experimental curves, a
series of samples with compositions spanning a tie-
line with donor only (D series) was prepared, and
another series of samples prepared with the same
lipid composition, but with both donor and

acceptor (DA series). The FRET efficiency, E, is
calculated for each pair of samples through the
relationship:

0

0

=1- ’EDA/’ED (5)

In this way, a curve of E versus Xj, is obtained.
One advantage of representing E versus X, is that
the results for different systems displaying 1d/lo
phase separation can be compared more directly
(the abscissa scale is the same).

In the absence of raft markers, two acceptor/total
lipid mole ratios were used (1: 500 and 1 : 200) and
both display the same trend (Figure 4(a)). This
shows that the system is not perturbed by the
presence of the acceptor probe, even at the highest
concentration employed (0.5 mol%). Because the
effect (absolute variation of E) is much larger for
the 1: 200 ratio (in fact, this variation is around the
value of E=0.50, and thus corresponds to the range
in which this parameter is more accurately deter-
mined and sensitive to donor-acceptor separa-
tion”’), and the published results for the binary
system DMPC/chol concern also an acceptor/total
lipid mole ratio of 1:200, the discussion will be
more focused on this data subset.

From the results in Figure 4(a), it is clear that E
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decreases inside the phase coexistence range, and
increases again at the phase coexistence limit. This
happens because donor and acceptor have different
partitioning preferences, as shown above. When
phase separation occurs, the acceptor concentration
around the majority of donors is reduced, leading to
less donor quenching and smaller E. For higher chol
and PSM concentration, there is a single phase
again, and this compartmentalization effect dis-
appears. The presence of 2 mol% Gy (Figure 4(b))
has no effect on E (the values are virtually
indistinguishable of those obtained for 0% Gyn).
Yet, the presence of 2 mol% Gy, and excess of CTB
has a significant effect, similar to the one of 4 mol%
Gy In the absence of CTB. The addition of CTB to
samples with 4 mol% Gy further increases this
effect. Interestingly, at the end of the curve, ie.
when lo is the dominant phase, Gyy; and CTB have
no influence on the trend of E. They only change in
E value significantly up to approximately two-
thirds of lo (molar fraction), where the values of E
are lower then for the samples with no Gyp. As
already shown, the phase behaviour is not affected
by the presence of the ganglioside. Further support
for this are the facts that the lifetime of the donor
(in the absence of acceptor) and the partition
coefficients of the probes also remain unchanged
in the presence of Gy and CTB (Figure 3(a) and
(b)). The time-resolved FRET measurements are
extremely reproducible (variations of less than 1.5%
between independent samples prepared and ran in
different days), thus all variations discussed are
significant. The only parameter affected by higher
amounts of Gy is E. Consequently the changes
observed on E must be due to topological effects
(changes in, e.g. donor quantum yield or acceptor
absorption spectrum are ruled out).

To obtain more information about the size of the
domains, theoretical predictions of the FRET effi-
ciency were made. The values of E calculated for a
random distribution of probes in the ld phase
(based on the photophysical parameters of the
probes and the dimensions of the lipid bilayer; see
Appendix) for the ternary system and the two
acceptor concentrations used are also shown.
Furthermore, for the 1:200 acceptor/total lipid
mole ratio, the theoretical curve for infinite phase
separation (i.e. very large domains; see Appendix)
was calculated and is also shown in Figure 4(a).

Discussion

The tie-line that contains the PSM/POPC/chol
equimolar mixture, determined by us,'* was further
supported in here by additional experimental
evidence. Firstly, we show that the uncertainty
associated with the tie-line is very small on the
basis of the published phase diagram thoroughly
co-substantiated by theoretical considerations and a
large amount of experimental determinations.' The
tie-line is severely restricted, due to: (i) limitations
to the x.no1 Of the phase boundaries: for the studied

PC and SM in the literature, the lo phase appears
for low xenon>® usually between ~5mol% and
~10 mol%. The attainment of a single lo phase
occurs between the value of x4, for POPC/chol
(44 mol%) and PSM/chol mixtures (37 mol%) (this
would not occur only for lower PSM fractions'**"),
which implies that a priori the heights of the
extremes of the tie-line have to lie within these
narrow intervals, and that the experimental deter-
minations that led to the construction of the phase
diagram narrowed down even more these intervals.
(ii) Restrictions on the tie-line slope: due to
the configuration of the diagram, for the 1d/lo
coexistence region any tie-line has a direction
between a parallel to the left side of the diagram
(slope=2; maximum) and a parallel to the left side
of the tie-triangle (slope=1.0; minimum). Further-
more, all evidence in the literature points to the
enrichment in SM content when going from the 1d
to the lo phase; this means that the slope of the
tie-line has to be <2, but because POPC alone
forms lo phase, the enrichment in PSM is not as
accentuated as for a mixture with a PC unable to
form lo phase, as 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC).'*?® In fact the slope of the tie-
line in Figure 1 is 1.2. On the other hand, since no
tie-lines may ever cross, and the sides of the tie-
triangle are also tie-lines, the slope has to be <1.3.
Since the variation of the tie-lines direction is “fan-
like”, and the tie-line under consideration is close to
the tie-triangle, it is expected that the slope is close
to the maximum possible value.

Secondly, there is additional experimental evi-
dence that the compositions used in this study
essentially span a tie-line: linearity of (r) of DPH and
lifetime-weighted quantum yield of t-PnA with
slope changes occurring at the expected x01; good
fits of relationships considering a partition coef-
ficient between two phases for donor and acceptor
probes. From the phase diagram and the additional
experimental evidence a maximum uncertainty of
2% 1IN Xho1 for the extremes of the tie-line is reached.
All the previous arguments allow carrying out a
characterization of the domains size based on the
variation of the efficiency of time-resolved FRET
along the tie-line represented in Figure 1.

NBD-PE, the donor probe used in this work, is
used in microscopy studies as a probe for the lo
phase,® and here it is shown that it has a preference
for that phase. The lo/1d K, value obtained here is
larger than the one determined for the binary
system DMPC/chol, in agreement with a recent
study of lo/1d and raft/non-raft NBD-labelled lipid
partitioning.® Rhod-PE, on another hand, prefers
the 1d phase, as usually reported.’!

The general variation of E along the tie-line
(Figure 4) was explained in Results. However,
important comparisons remain to be done. In fact,
the value of E calculated for a random distribution
of probes (continuous lines; Figure 4(a)) coincides
with the experimental value measured for the
extreme of the tie-line, corresponding to 100% 1d
for both acceptor/lipid ratios used (1:200 and
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1:500). This validates the interpretation of the
variations. The other feature that should be high-
lighted is that E only starts to decrease for X), higher
than approximately 35%. This means that for Xj, <
35%, the lo domains are so small that the donor
continues to sense a near uniform distribution of
acceptor in its vicinity. This effect is similar to
that observed for binary DMPC/chol systems.*
If a single 1d phase is considered to persist up to
~35mol% lo (corresponding to almost 20 mol%
chol), i.e. where no decrease of E value is experi-
mentally observed, the corresponding calculated
efficiency would increase with X, due to the mean
surface area reduction that is taking place (POPC is
being replaced by PSM and chol; see Appendix).
This shows that, contrary to the intuitive interpre-
tation, invariance of E value in this system is
indicative of domain formation (phase separation).
However, the domains are too small to overcome
the effect of mean molecular surface area reduction,
and E does not decrease. Additionally, if the
compositions for which there is no variation of E
were not considered as part of ld/lo phase
separation, then for calculation of K, of the probes,
only the points for higher Xj, would be considered.
For both donor and acceptor, the shape of the curve
(Figure 3(a) and (b)) would be completely changed,
and in fact, the trend of the data would be closer to
linearity, i.e. the recovered K, would be closer to
unit. In this way, the maximum decrease observed
in E (that would be obtained for an infinite phase
separation situation; see below) would not be as
large as that observed experimentally (Figure 4). In
summary, no matter how small the lo domains may
be in the beginning of the tie-line of Figure 1, they
still have to be considered as part of the 1d/lo phase
coexistence region, and for determination of the
composition of the coexisting phases (extremes of
the tie-line) they have to be taken into account.

For higher Xj,, the domains become larger, and
the value of E shows a strong decrease, going
through a minimum.

Again, this has been verified for the system
DMPC/chol (Figure 4(a)). This is probably the
reason why the presence of Gy and CTB only
affect E on the low X, side of the tie-line (Figure
4(b)). Their effect is to reduce E, which means
increasing the size of the domains (rafts). If on the
other side of the tie-line the domains are already
large, the effect of Gy and CTB, if any, is
unnoticeable.

In Figure 5, along with the phase diagram of
Figure 1, schematic illustrations of the domain
structures are represented, with the best estimates
for raft sizes in different regions of the diagram. It is
not possible to estimate precisely the size of the
domains; however, upper and lower bounds can be
given. An upper limit for the lo phase domains
(rafts) when these represent less than 35 mol% can
be obtained through comparison with numerical
simulations where domain sizes can be explored,
and the probes (donor and acceptor) are distributed
according to their partition coefficients.”> The

Chol

1d

PoPC y ¥

PSM

.':C

Figure 5. PSM/POPC/chol phase diagram at 23 °C,
showing also the boundaries and schematic illustrations
of the size of lipid rafts. Rafts are present in the blue-
shaded area (Id/lo, coexistence). In the darker area, lo
predominates over 1d, and the reverse occurs for the light-
shaded area. Rafts can also exist in the green-shaded area,
where there is coexistence of three phases, but the so
phase is present only in very low amounts. Insets:
(a) region of large rafts; detected by microscopy and
FRET (>75-100 nm); (b) region of intermediate size rafts:
detected by FRET but not by microscopy (between
~20nm and ~75-100 nm); (c) region of small rafts: not
detected by FRET or microscopy (<20 nm).

fluorescence decay of the donor is then obtained
from the molecule distribution. The decay is then
analysed as if it were an experimental decay, and an
apparent partition coefficient of the acceptor is
recovered. If the domains are very large, the
recovered value should be close to the value that
generated the molecule distribution. In case that the
domains are small, and energy transfer between
probes in contiguous domains is probable, the
recovered (apparent) partition coefficient is closer
to unit, because FRET is closer to the expected on
the basis of a random distribution. These simu-
lations were also carried out™ for lo/1d coexistence
with a NBD-Rhodamine donor-acceptor pair, a
Rp~50 A, a K (donor)=1.0, and K, (acceptor)=0.5,
where Ry is the critical Forster distance for FRET
(see Appendix). In those simulations, for domain
size ~4R,, the recovered partition coefficient for the
acceptor probe is closer to unit than the input value,
but sufficiently distinct to allow for phase separa-
tion detection by FRET. This implies that the
domains that result in a FRET efficiency identical
to random distribution have to be certainly <4R,.
In the present case, with a calculated value of Ry=
50 A (equation (A1)), the lo domains (rafts) on the
low X, side of the tie-line are, therefore, certainly
below 20 nm.

Phase separation was observed by atomic force
microscopy (AFM) for mixtures of brain
SM/DOPC/chol,** where the presence of 10 mol%



1116

Lipid Rafts Size and Membrane Composition

chol practically does not affect the monolayer
topology, whereas it is strongly affected by
20 mol% chol. For the mixture 1:1:1 a predomi-
nance of the ordered domains is observed. All these
observations are in very good agreement with ours,
because for 10 mol% chol, Xj, is very low and the
size of the domains is very small, whereas for 20%
chol, Xj, should be approximately 40% (Figure 1)
where the domains are larger. For the 1:1:1
composition, the phase diagram predicts 80% for
X0, but the domains of the Id phase, although few,
are large (small E value), and thus observable,
consistent with the predominance of the ordered
domains reported.*” This is certainly related to the
choice of the proportion (2:1:1) PC/SM/chol for
the raft mixture in the POPC containing system in a
microscopy study® (instead of 1: 1 : 1 as for DOPC),
in order to have lo domains in a 1d matrix, instead of
the opposite (dark blue versus light blue; Figure 5).

Although the general trend of the results has
many analogies to that observed for the binary
system PC/chol, there is one very important
difference. In the binary system, the decrease in E
value was at most 20%, whereas in the ternary
system PSM/POPC/chol modelling lipid rafts, it
surpasses 50% (Figure 4). This means that phase
separation is more pronounced in the ternary, rather
than in the binary system. The domains in the
binary system, even in the large domain side of
the tie-line probably do not reach the size of the
domains in the ternary system (Figure 5). The
maximal effect on FRET (“infinite phase limit”"?)
occurs when boundary effects disappear, i.e. when
the domains are large enough so that the number of
probes near the interfaces between domains is small
compared to those in the bulk of the domain, which
for a circular domain corresponds to 15-20R, (~75-
100 nm). Note that in the numerical simulation
performed for domains of size 9Ry, the recovered K,
values were still closer to unit than the input values,
showing that FRET near the interfaces is detect-
able.”® The E versus X, curve predicted for very
large domains (infinite phase separation; see
Appendix) and acceptor/total lipid at a 1:200
mole ratio (thick broken line; Figure 4(a)) crosses the
trend line of the experimental data at X;,~0.75. This
corresponds to a situation where rafts occupy
~50% of the membrane surface area, in agreement
with recent sophisticated studies in cell membranes
(see below).

In our previous work'* we posed the following
question: why is it that in fluorescence microscopy
with ~33 mol% chol two phases are seen and not
in e.g. the binary mixtures POPC/chol (2:1)® or
DPPC/chol (2 : 1) by AFM**? We proposed that in
the ternary system, the compositional difference
between Id and lo phases is higher (there is one
more degree of freedom), and the properties of the
coexisting phases may be more distinct, allowing
for larger domains (in the optical microscopy
experiment cited, 1 pixel corresponds to 80 nm).
This hypothesis raised by us is consistent with the
FRET results here presented. In fact, to date, in all

cases reported in the literature, giant unilamellar
vesicles that exhibit micron-scale liquid-liquid
phase separation contain a minimum of three
components: a high Ty, lipid, a low Ty, lipid and
chol."” Although 1d/lo phase separation in PC/chol
binary mixtures is well—documented,14 this is not
observed by microscopy.

Another important conclusion from the present
study is that the presence of small amounts of Gy
(raft marker), especially when associated with CTB,
affect the topology of the domains, although the
general macroscopic phase behaviour is not altered
(Figure 4(b)). Nevertheless, because 2 mol% Gy
has no influence on E value and the presence of CTB
or higher amounts of ganglioside, only affects the
domains’ size when these are relatively small, the
domains detected with those raft markers in GUV
by microscopy are probably not induced by the
presence of the markers, because the domains
observed by such techniques are larger and the
amounts of Gy used are usually smaller. For
instance, the effect of 1 mol% Gy on the topology
of the raft-like domains in GUV prepared from
extracts of brush border membranes was
described.” The shape of the domains is somehow
different when the ganglioside is present, but the
size of the domains is of the same order of
magnitude. It was reported that chemical cross-
linking of raft components (glycosylphosphatidyl-
inositol-anchored proteins) in living cells led to a
clustering much less extensive than when the cells
were treated with a non-ionic detergent, even in a
concentration well below the usual concentration
used in detergent extraction experiments.”*

Unclustered rafts in cell membranes appear to
have diameters below 100 nm,”® below the resolu-
tion of optical microscopy. This corresponds to the
size of rafts detected in the present FRET study. In
fact, the results presented here correlate very well
with some studies in cell membranes. Recently,
immunogold electron microscopy in situ detection
of rafts at high resolution pointed to an average
diameter of 44 nm, and occupying 35% of the cell
surface.® This corresponds to a fraction of
~ 50 mol% rafts (rafts are supposedly more densely
packed than the rest of the membrane, and in this
calculation we considered the raft/non-raft surface
area ratio being equal to the lo/ld surface area
ratio), for which our study indicates a size between
~20nm and ~75-100 nm. In the Introduction, it
was referred that TX-100 can increase the size of in
situ visualized rafts by at least one order of
magnitude.* On another hand, it is known that
TX-100 stabilizes and even promotes the formation
of lo domains in model membranes.®” Here, it is
shown that the size of the lo domains (rafts)
increases considerably when the fraction of lo
domains increases, establishing a link between
the two previously cited studies. One important
question now arises: what is the best model for lipid
rafts, the small domains detected by spectroscopic
techniques or the micron-sized domains observed
in GUV by fluorescence microscopy? Micron (pum)
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sized domains are important for visualization,
dynamic (e.g. fluorescence correlation spectroscopy,
single particle tracking) studies, and probably
resemble aggregated raft in cells, whereas nano-
scopic domains, as detected by FRET or fluor-
escence quenching,®® resemble non- aggregated
rafts. The physical origin of the small size of
unclustered lipid rafts was reviewed recently.'?
Although several studies indicate that lipid-
dependent clusters in cell membranes can be quite
small,”**?? it is known that there is a gradient in
chol and SM concentrations from the endoplasmic
reticulum, through the Golgi complex, to the
plasma membrane,*’ and that the formation of
large platforms is 1rnportant for cellular functions as
signalling or sorting.®

Here, it is shown that the size of lipid rafts
depends on the membrane composition in (at least)
three ways: (i) the complexity of the system (e.g.
binary wversus ternary; absence or presence of
ganglioside); (ii) very importantly, the fraction
of lo phase; and (iii) the presence of multivalent
lipid-binding proteins. The first two involve only
lipid-lipid interactions, and suffice to generate rafts
with very different sizes.

Materials and Methods

Chemicals

POPC, NBD-PE, and Rhod-PE were purchased from
Avanti Polar Lipids (Birmingham, AL). PSM (semi
synthetic from bovine brain SM), chol, Gy; from bovine
brain, and CTB from Vibrio cholerae were purchased from
Sigma (St. Louis, MO). DPH and t-PnA were obtained
from Molecular Probes (Eugene, OR).

Liposome preparation

MLV containing the appropriate lipids and DPH, NBD-
PE, and Rhod PE when used were prepared by standard
procedures.*' In the present case, because lipid mixtures
are always used, above the T, value should be
interpreted as referred to the highest T,, value of the
pure lipids present in the mixture. The suspension
medium was 10 mM sodium phosphate, 150 mM NaCl,
0.1 mM EDTA (pH 74) (as in the determination of the
ternary phase diagram'*) or 0.05M Tris, 200 mM NaCl
200, 3mM NaN3;, 1 mM EDTA 1 (pH 7.5) (because the
CTB used contains this salts). The results obtained were
independent of the buffer (not shown). t-PnA was added
from ethanol stock solution to the MLV suspension and
the samples were re-equilibrated by freeze—thaw cycles
and incubation above the T, value.*? All the FRET
measurements were, performed in LUV to avoid a
multilayer geometry.*> LUVs were obtained from MLV
by the extrusion technique.*' LUVs were also used in all
measurements with CTB, because otherwise the protein
could not interact with the inner bilayers of the MLV. CTB
was added from a concentrated stock solution (buffer) to
the samples, which were then incubated for several
hours. In this way, lipid composition, and donor and
acceptor surface density (the relevant parameter for
FRET) were exactly the same for samples with and
without CTB, and thus even small effects on the

experimentally determined value of E can be appreciated
and are significant.

The probe/lipid ratios used were 1:200 for DPH and
Rhod-PE, 1: 500 for t-PnA and Rhod-PE and 1 : 1000 for
NBD-PE. For steady-state fluorescence anisotropy, (r), of
DPH and fluorescence intensity decays, i(f), of t-PnA
measurements, the total lipid concentration was 0.1 mM.
For FRET measurements, the total lipid concentration was
0.5 mM. The resulting probe/lipid ratios and total probe
concentrations and absorbances are similar to those used
by others.**** The highest absorbance was verified for
Rhod-PE 1: 200, in 0.5 mM total lipid samples for which
Amax~0.12. Even in this case, a normalized curve for
steady-state intensity and lifetime-weighted quantum
yield are overlapped (Figure 3(b)); no artefacts such as
inner filter effect, are, thus affecting the results. Never-
theless, the FRET efficiency is always measured from
donor fluorescence (maximum absorbance at 428 nm
~0.003).

As a consequence of the preparation procedure, the
probes are symmetrically distributed between the two
bilayer leaflets.

The PSM and POPC concentration in stock solutions
were confirmed by phosphorus analysis.* Probe con-
centrations were determined spectrophotometrlcally
g(t-PnA, 299.4nm, ethanol)=89X10°M™
e(DPH, 355nm, chloroform)==80.6X10°M cm_l,48
e(NBD-PE, Amax=458 nm, chloroform)=21x10°M"!
cm™!, and &€(Rhod-PE, Ana=559, chloroform)=95X
10°M'em ™ 1¥

To guarantee equilibration of the lipid mixtures, they
were kept at least overnight before the measurements
began. Some measurements were repeated for longer
incubation times yielding essentially the same results (not
shown).

Absorption and fluorescence measurements

The absorption and steady—state instrumentation was
the same as described.** All measurements were per-
formed at room temperature (23 °C).

Absorption spectrophotornetry measurements were
performed as described.”* Steady-state anlsotrop]y
measurements with DPH were performed as described.
For all other measurements, 0.5cm X 0.5 cm cuvettes
were used. For time-resolved measurements with -PnA,
the excitation wavelength was 303 nm (secondary laser of
Rhodamine 6G?%), and the emission was collected at
405 nm.

NBD-PE was excited at 428 nm (in the time-resolved
case, a Ti:Sapphire laser was used). This wavelength was
chosen instead of the absorption peak (~465 nm) to avoid
absorption by Rhod-PE. The experimental layout consists
of a diode-pumped solid state Nd:YVO, laser (Spectra
Physics Milennia Xs, Darmstadt, Germany) that pumps
the Tsunami mode-locked Ti:Sapphire laser (Spectra
Physics). The output pulses of the Tsunami laser (pulse
duration <100 fs, repetition rate ~80 MHz, tuning range
700-1000 nm) were selected by the Pulse Picker (APE,
Haus, Germany) to reduce the repetition rate to 4 MHz
and afterwards are frequency doubled in a 1.5 mm LBO
crystal with efficiency ~40%. The emission was collected
at 536 nm. For Rhod-PE, excitation and emission wave-
lengths were 570 nm and 593 nm, respectively (steady-
state fluorescence) and 575 nm and 610 nm, respectively
(time-resolved fluorescence; excitation with a secondary
laser of Rhodamine 6G).
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Appendix

The critical distance for energy transfer, Ry, was
calculated from:

o0 1/6
Ry = 0.2108 {Kz%n“*J 1(7\)8(7\)7\4d7\:| (A1)
0

where «? is the orientation factor, ®p, is the donor
quantum yield in the absence of acceptor, n is the
refractive index, I(A) is the normalized donor
emission spectrum, and &(A) is the acceptor molar
absorption spectrum (expressed in units of M "
cm ™ "). If the A units used in equation (A1) are nm,
then the calculated R, value has A units. Values of
k>=2/3, and n=1.4 were considered.?* The fluor-
escence quantum yield ®,=0.33 was estimated on
the basis of the donor’s lifetime-weighted quantum
yield.”

Because R, is not small with respect to the
membrane thickness, both in-plane transfer and
out-of-plane transfer (to acceptors in the other
membrane leaflet) were considered.'

For the in-plane FRET, the decay of donor
fluorescence in the presence of acceptor, assuming
a radius of exclusion of acceptors (R.) around the
donor (in this case the sum of the van der Waals
radii of the chromophores), and a random distri-
bution in the plane of the membrane considered as

infinite, becomes:
2 (Ro\® | . s
— = t/
3’<Re) ( T)}( T)

+mRn|1—exp|— & e
e 9] R (tI7) (A2)

where 7 is the surface density of acceptors and:

Peis(t) = exP{ —tRGny

Y
Y(x,y) = J z"flexp(—z) dz (A3)
0
is the incomplete Gamma function.
The donor decay resulting from the transfer to
acceptors in the apposing membrane leaflet is given
by:

2 Jw/ VW +R,

Prans(H) = exp{ - m [1— eXp(—i’bSOL6)]OL_3dOL}

0
(A4)

where:
¢ = MQBnmRiT "3 (A5)

In this equation, I' is the complete gamma
function, b= (Ry/w)/z"?, and w is the interplanar

donor-acceptor distance. This value was fixed_as
w=40 A for 1d phase and w=49 A for lo phase.”

The donor decay in the presence of acceptor
becomes:

iDA(t) = ZD(t) pcis(t)ptrans(t)

and the FRET efficiency (E) is computed numeri-
cally using equation (5).

In the calculation of the surface densoitzy of
acceptors, an_area per molecule of 66.4 A° for
POPC.' 47.8 A? for PSM” and 37.7 A? for Chol™
were considered. The condensation effect of chol
was taken into account.”

If phase separation occurs, it is possible to
calculate the value expected for E in the case that
the domains are very large (infinite phase separa-
tion limit)."”**** The donor decay in the absence of
acceptor is given by:

ip(t) = x1ipy(t) + xipp(t)

where x; is the mole fraction and ip;(t) the
fluorescence decay of the donor in phase i=1, 2.
The donor decay in the presence of acceptor is given
by:

(A6)

(A7)

ipa(t) = x1ip1(H)Peist () Ptrans1 (£)

+ x2iDZ(t)pciSZ(t)ptmnSZ(t) (A8)

where p;s, i(t) and pgrans, i(t) are calculated as for the
one phase situation (equations (A2)—-(A5), respec-
tively), but the parameters adequate to each phase
have to be considered. These are the ones that
originate a value of E correspondent to the extremes
of the experimental curve. The partition coefficient
is defined by:

1 miXy
Kp =—
le/Xz

where X; is phase i mole fraction. In this way, for a
chosen value of X;=Xj;,=1—Xyq, the fraction of
probe in each phase can be calculated. Following
equations (A7) and (A8), the FRET efficiency is
calculated numerically through equation (5), and a
theoretical curve of E versus X, for large domains is
then obtained, which can be compared with the
experimental results.

(A9)
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