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Detection and Characterization of Membrane
Microheterogeneity by Resonance Energy Transfer

Luı́s M. S. Loura,1,2 Rodrigo F. M. de Almeida,1 and Manuel Prieto1,3

The application of resonance energy transfer (RET) in the study of heterogeneity in membrane
systems is described. Useful formalisms for monophasic and biphasic systems are presented, together
with quantitative studies. Evidence for reduction of dimensionality, probe segregation, and microdo-
main sizes in these systems is discussed. Selected examples of multicomponent systems (natural
membranes or model systems including proteins) are also referred, as well as recent work using
RET under the microscope.
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INTRODUCTION Given its unique features (namely, the strong depen-
dence of the transfer rate on the distance and local concen-
tration), it is surprising that the number of quantitativeThe traditional picture of the lipid bilayer of biologi-

cal membranes as proteins embedded in a structureless (especially time-resolved) studies of RET in detection
and characterization of lipid distribution heterogeneitylipid environment [1] is nowadays viewed as incorrect,

as a result of research carried out in the last decades. and phase separation are so few. RET was identified as
a promising technique for the study of phase separationAlthough lipid domains with sizes in the micrometer

range may be visualized directly, the membrane dynami- in membranes more than two decades ago [5]. In fact,
due to the relatively short lifetimes of the excited statescal organization in the nanometer scale (probably relevant

to the biological function of membrane proteins) is much of most fluorophores (,1–10 ns), RET is one of the
best available techniques to reveal the smallest nanoscalemore difficult to study experimentally [2]. In this respect,

spectroscopic techniques, namely, fluorescence, are membrane domains [6].
This article describes the application of RET meth-among the few available tools. The use of fluorescence

techniques in the study of membrane heterogeneity was odologies to the study of heterogeneity in membrane
systems. The following points are addressed.reviewed recently [3], with focus on probe properties

such as fluorescence anisotropy, quantum yield and life-
(i) The work carried out in cuvettes, at variancetime, and their variation as a function of the lipid system

with experiments under the microscope, allowscomposition. However, approaches based on the phenom-
high-quality quantitative data to be obtained,enon of resonance energy transfer (RET [4]) were not con-
which is an essential requisite for model appli-sidered.
cations. These methodologies are presented in
detail and applied to both mono- and biphasic
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proteins) are described. Preference was given assuming a random distribution of acceptors. This proce-
dure is also valid if there is a distribution of equivalentto those in which quantitative information is

sought. donors. The result for an infinite two-dimensional system
(cis RET geometry; see Fig. 1), assuming that there is(iii) Due to its relevance, some recent RET work

carried under the microscope is also mentioned. no homotransfer between donors, the fraction of excited
acceptors is negligible, translational diffusion is negligi-For this purpose, those addressing the structure

of sphingolipid–cholesterol–glycosylphospha- ble, and the exclusion distance between donors and
acceptors is much smaller than R0, istidylinositol (GPI)-anchored protein-enriched

domains (“rafts”) were chosen, due to the recent iDA,cis(t) 5 exp(2(t/t) 2 ct1/3) (4)
interest on this type of aggregates.

where
Outside the scope of this review are works using

c 5 G(2/3) ? n ? p ? R0
2 ? t21/3 (5)energy migration (homotransfer), as well as studies of

RET in the rapid diffusion limit. In this equation, n is the surface density of acceptors
and G is the complete gamma function. The same
approach can be used to obtain the decay for a system

THEORY OF RET TO RANDOMLY where donors and acceptors are located in infinite parallel
DISTRIBUTED ACCEPTORS planes (trans RET geometry; see Fig. 1), separated by a

distance H, with the same assumptions. The result is [8]
The kinetics of RET were originally derived by För-

ster [7]. The rate of energy transfer between a donor iDA,trans(t) 5 expH2
t
t

2
2c

G(2/3) ? bmolecule, with fluorescence lifetime t, and an acceptor
molecule, separated by a distance R, is given by

#
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0
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In this equation, b 5 (R0/H )/t1/3. In either case, the RETwhere R0 is the critical distance, which can be calcu-
efficiency (useful in analysis of steady-state data) islated from
defined by

R0 5 0.2108 ? Fk2 ? FD ? n24 ? #
`

0

I(l) ? e(l) ? l4 ? dlG1/6

E 5 1 2 #
`

0

iDA(t)dtY#
`

0

iD(t)dt (7)

(2)
where iD(t) is the donor decay in the absence of acceptor.

where in turn k2 is the orientation factor (see Ref. 4 for
a detailed discussion), FD is the donor quantum yield in
the absence of acceptor, n is the refractive index, l is
the wavelength, I(l) is the normalized donor emission
spectrum, and e(l) is the acceptor molar absorption spec-
trum. As is clear from Eq. (2), R0 can be calculated from
spectroscopic data. If the l units used in Eq. (2) are
nanometers, then the calculated R0 has units of angstroms.

If the same donor molecule is now surrounded by
NA acceptors (Ri being the distance between the donor
and the acceptor molecule i) and R0 is the same for every
donor–acceptor pair, the time-resolved fluorescence
decay iDA(t) can be described by

iDA(t) 5 exp12
t
t2 P

NA

i51
expF12

t
t21R0

Ri
2

6G (3)

Fig. 1. Schematic representation of the cis and trans RET geometries
Under these conditions, one must calculate the prod- referred to in the text. D, donor probe; A, acceptor probe; H, distance

between opposite planes of location of probes.uct on the right, which can be replaced by integration
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The integration can be carried out analytically [9] but, tricarbocyanine [DiIC1(7)] in fluid 16:0,16:0 PC LUV
[16]. In this study, a modified Eq. (4) was derived forespecially for trans transfer or multiexponentially

decaying donors (as often is the case in model mem- biexponentially decaying donors, and the decays were
globally analyzed, with linkage of donor lifetimes andbranes), is best done numerically.
preexponential ratio (Fig. 2). However, analysis of the
decays for the same system but below the main transition
temperature was not successful, pointing to probe aggre-APPLICATIONS TO ONE-PHASE LIPID
gation in the gel phase, possibly in line defects in theSYSTEMS
gel-phase structure. In this situation, the traditional frame-
work, derived assuming a random distribution of probes,In the past 25 years, several authors have tried to
is no longer valid.analyze RET data in model membranes using variations

A RET formalism that allows the possibility of aof Eqs. (4)–(6) (time-resolved data) or (7) (steady-state
nonrandom probe distribution is the mean acceptor con-data). In their pioneering work, Fung and Stryer [10]
centration model [17]. It takes into account a continuousstudied RET between fluorescently labeled phosphatidy-
probability function f (c) of having donors with a meanlethanolamine (PE) in large unilamellar vesicles (LUV)
local concentration c of acceptors in their surroundings,of phosphatidylcholine (PC) from egg yolk. Although
rather than a discrete function characterized by probabil-from the variation of steady-state RET efficiency data
ity a of “seeing” no acceptors and probability 1-a ofwith acceptor concentration it was possible to recover R0
sensing a concentration c, expressed by Eq. (8). In thisvalues in accordance with those obtained spectroscopi-
model Eq. (4) is locally valid and the decay law iscally, the donor decay curves are considerably different
expressed as a Fredholm integral equation of the firstfrom the theoretical ones, pointing to a nonrandom probe
kind regarding recovery of the function f (c):distribution. Studies by other authors have also revealed

deviations between the observed donor decays and the
theoretical expectations for two-dimensional geometry in iDA(t) 5 #

`

0

f (c) ? exp(2(t/t) 2 ct1/3) ? dc (9)
RET between dyes in one-component gel phase vesicles
[11–13]. RET between monomers and dimers of acylated

There are two problems associated with this method.rhodamine dyes in phosphatidic acid (PA) Langmuir–
First, although it is an obvious improvement over theBlodgett multilayers also revealed unsatisfactory match-
step-function model expressed by Eq. (8), in its derivationing to the theoretical framework (e.g., Ref. 14). However,
it is implicitly assumed that each donor is surrounded byin the latter example, the authors were able to fit globally
a uniform concentration of acceptors. It is therefore notthe donor decays to a modified version of Eq. (4):
a priori obvious whether it is applicable in the case of

iDA,cis(t) 5 (1 2 a)exp(2(t/t) 2 ct1/3) spatial nonhomogeneity. Second, the solution of Eq. (9)
leads to an ill-conditioned problem, meaning that small

1 a ? exp(2(t/t)) (8)
errors in iDA(t) may result in large changes in the recov-
ered f (c). Having this in consideration, the model wasThis equation assumes that a fraction a of the donors

might be “isolated” regarding RET (in practice, having tested through two types of simulations [18]:(1) artificial
decays were generated for nonrandom probe distributionsno acceptor molecules within a distance of 2R0) and show

the same decay as in the absence of acceptor. by Monte Carlo simulations and then analyzed using Eq.
(9), and (2) exact decay curves were convoluted with anMore recent studies of RET between lipophilic

probes in fluid-phase unilamellar vesicles have been car- instrumental response function, and then Poisson noise
was added unto them, to simulate “rough” experimentalried out, showing accordance between experimental and

theoretical decays. From time-resolved data of RET from decay data. These experimental-like decays were then
globally analyzed with software based on the MarquardtN-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) (NBD)-16:0,16:0

PE (m:n denotes a chain with m carbon atoms and n algorithm [19]. It was concluded that, for the simulated
configurations (two distinct populations of donors, sur-double bonds) to N-(lissamine–rhodamine B) (Rh)-

16:0,16:0 PE in 18:1,18:1 PC [15], a linear dependence rounded by different local acceptor concentrations), the
mean concentration model, with a sum of two Gaussianof the recovered c parameter as a function of the acceptor

concentration was verified, as expected from Eq. (5), curves for the acceptor concentration distribution f (c),
gave an adequate description of the RET kinetics.allowing the calculation of the area per lipid molecule.

This dependence was also verified in RET from octade- This model was then used to analyze the time-
resolved RET data for the pairs ORB/DilC1(7) and NBD-cylrhodamine B (ORB) to 1,18,3,3,38,38-hexamethylindo-
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Fig. 2. (A) Time-resolved fluorescence intensity of ORB in fluid-phase (508C) 16:0,16:0 PC LUV for different DilCI(7)
concentrations. DilCI(7)-to-outer leaflet 16:0,16:0 PC LUV ratio: (i) 0; (ii) 0.0022; (iii) 0.0044; (iv) 0.0082; (v) 0.0126. The
laser pulse profile is represented, and the smooth lines are best-fit curves (global analysis) of the RET formalism of a random
distribution of probes in one phase. (B) Weighted residuals plots. (C) Autocorrelation function plots. Reprinted with permission
from Ref. 16. Copyright 1996 Biophysical Society.

16:0,16:0 PE/Rh-16:0,16:0 PE [20] in both fluid- and random distribution of probes in this system. Higher over-
all acceptor concentrations (.1 mol%) resulted in widergel-phase 16:0,16:0 PC LUV. For both pairs, narrow uni-

modal f (c) were recovered for the fluid phase and moder- (but still unimodal) distributions, revealing a small degree
of acceptor aggregation (Fig. 3E, top).ate acceptor overall concentrations, confirming the
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Fig. 3. Solid lines: acceptor concentration distributions recovered for ORB decay data in 16:0,16:0 PC LUV
in the presence of different amounts of DilCI(7). Ratios of DilCI(7) to outer leaflet 16:0,16:0 PC: A, 0.0022;
B, 0.0044; C, 0.0082; D, 0.0126; E, 0.0171. Vertical dashed lines: c values recovered for the random distribution
fit [Eq. (4)]. Top plots: T 5 508C (fluid-phase LUV). Bottom plots: T 5 258C (gel-phase LUV). Reprinted
with permission from Ref. 20. Copyright 2000 American Chemical Society.

The striking results came in the analysis of gel-phase structure. The high local concentration peak would then
correspond to donors located in this environment thatdata. In this case, bimodal f (c) (centered around finite c

values) were recovered for all acceptor concentrations would sense a larger local acceptor concentration. From
the location of the peaks and their intensity one is ablefor the NBD-16:0,16:0 PE/Rh-16:0,16:0 PE pair. This

was interpreted in terms of partial segregation of both to estimate a “partition coefficient” of the probes for the
defect pseudo-phase (see next section for details on thedonor and acceptor probes to the line defects of the gel
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calculation). Kp ' 10 is observed for both probes, denot- iDA,cis(t) 5 A1exp(2t/t1) exp(2c1t1/3)
ing the preference of the probes for the defects, where

1 A2exp(2t/t2) exp(2c2t1/3) (10)they possibly can be better accommodated than inside
the bulk gel lattice. However, the Kp values decrease for where ti is the donor excited-state lifetime in phase i (i 5
higher overall acceptor concentrations, probably meaning 1,2), and ci is given by Eq. (5), replacing t with ti , n
that the available defect sites become saturated with with ni (the acceptor surface density in phase i), and R0
probe molecules. with R0i , the critical RET distance for pure phase i. It is

For the ORB/DiIC1(7) pair, a different trend was assumed that the probe distribution is random inside each
observed: f (c) evolved from a distribution with a maxi- phase (nonrandomness could be rationalized in the frame-
mum at c 5 0, for a low overall acceptor concentration, work of the mean concentration model; however, that
to a unimodal distribution centered at higher c values would lead to a fitting equation with a very large number
(see Fig. 3, bottom). No evidence for donor aggregation of parameters for biphasic systems). The preexponential
was observed in a study of emission depolarization by Ai is proportional to the number of donor molecules in
homotransfer. The variation in the recovered f (c) was phase i. The donor decay in the absence of acceptor
thus ascribed to acceptor segregation in the defect lines. is simply
For a low overall acceptor concentration, a large fraction

iD(t) 5 A1exp(2t/t1) 1 A2exp(2t/t2) (11)of this probe would be located in the defects, leaving a
sizable proportion of donors as “isolated” in RET terms

In practice, the donor may decay biexponentially in
(peak at c ' 0). For a higher overall acceptor concentra-

both pure phases, and the RET geometry may not be
tion, as more acceptor molecules are incorporated, a satu-

strictly planar (cis geometry in Fig. 1), because donors
ration effect similar to that of the NBD-16:0,16:0 PE/

located in one bilayer leaflet may be able to transfer its
Rh-16:0,16:0 PE pair probably occurs in the defects, sig-

excitation energy to acceptors located on the opposite
nificant amounts of acceptor are incorporated in the bulk

monolayer. The necessary changes for these situations
gel lattice and gradually fewer donors remain isolated.

have been described [22]. In any case, the recovered
These conclusions are supported by additional photophys-

parameters contain information relative to the amount of
ical measurements (steady-state energy transfer, fluores-

donor and acceptor in each phase. The partition coeffi-
cence self-quenching in steady and transient states, and

cient of a probe between phase 1 and phase 2 is given
energy migration) and agree with the mentioned Monte

by (e.g., Ref. 3)
Carlo simulations. This analysis methodology was also
used in the RET study of interactions between the fluores- Kp 5 (P2 /X2)/(P1 /X1) (12)
cent sterol dehydroergosterol and the polyene antibiotic

where P1 is the probe mole fraction in lipid phase 1, andfilipin in small unilamellar vesicles of 16:0,16:0 PC [21],
X1 is the lipid phase 1 mole fraction (therefore P2 5 1revealing the formation of both filipin–sterol and filipin–
2 P1 and X2 5 1 2 X1). It is easy to show that thefilipin aggregates.
partition coefficients of donor (KpD) and acceptor (KpA)
probes can be calculated straightforwardly from the RET
decay parameters:

APPLICATIONS TO TWO-PHASE LIPID
KpD 5 (A2 /X2)/(A1 /X1) (13)SYSTEMS

KpA 5 (c2 ? a2)/(c1 ? a1) (14)
In these systems, as long as the donor and acceptor

where ai is the area per lipid molecule in phase i.probes prefer one of the two coexisting phases, RET is
Now let x represent the overall mole fraction of theobviously sensitive to phase separation. For example, if

lipid component which predominates in phase 2 at a giventhe two probes show preference for the same phase, most
temperature, and let the phase coexistence boundaries atdonors will be located in a region enriched with acceptor,
this temperature be x1 (X2 5 0) and x2 (X2 5 1). If at aand it can be shown that RET efficiency increases accord-
given temperature X1 are known for two points, A(xA, T )ingly. The opposite effect is verified if the probes partition
and B(xB, T ), which are known to be located inside theto distinct phases. Thus, in biphasic systems, RET effi-
phase coexistence range, x1 and x2, are given by [22]ciency and probe partition are closely related. For a planar

system with lateral phase separation (two infinite phases), x1 5 (xA ? X2B 2 xB ? X2A)/(X1A 2 X1B) (15)
the donor decay in the presence of acceptor is given

x2 5 (xB ? X1A 2 xA ? X1B)/(X1A 2 X1B) (16)by [22]
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which allows one to calculate the compositions of phases was studied in a recent steady-state RET work, in
16:0,16:0 PC/18:0,22:6 PC mixtures [23]. The effect of1 and 2 at that temperature from time-resolved RET data.

If this procedure is repeated for several temperatures, the cholesterol in mixtures of 18:0,18:1 PC/18:0,22:6 PC
mixtures was also investigated. NBD-PE and Rh-PEphase diagram is obtained.

These simple relationships are strictly valid only for probes with two saturated, two unsaturated, or one satu-
rated and one unsaturated acyl chains were used as RETvery large domains (ÀR0). To test this formalism for a

situation of phase separation into small domains, syn- probes. In this qualitative work, some important questions
were not addressed, e.g., the fact that neither R0 nor (mostthetic decays were generated by Monte Carlo simulation

and then globally analyzed (in the presence and absence importantly) the area/lipid molecule is the same in the
two coexisting phases. In particular, the very large effectof acceptor) using Eqs. (10) and (11). It was verified that

even for domain size '3.5R0 ('15–20 nm for most of cholesterol upon the area/lipid molecule in the fluid
phase, tending to increase the RET efficiency, may maskcurrent RET pairs), satisfactory phase boundaries esti-

mates are recovered, whereas the KpA values calculated subtle variations due to differences in partition and must
be taken into account.using Eqs. (13) and (14) are closer to unity than the input

values. That is, if the acceptor prefers to incorporate in In another gel/fluid heterogeneity study [24], mix-
tures of 12:0,12:0 PC/18:0,18:0 PC were investigatedthe minority phase 1 (KpA , 1), but the domains of this

phase are very small, donors inside those domains are for two temperatures and compositions inside the phase
coexistence range. The short-tailed RET donor, NBD-still sensitive to the region outside them and “see” a

local concentration of acceptor which is smaller than the 12:0,12:0 PE, and a short-tailed RET acceptor, 1,18-dido-
decil-3,3,38,38-tetramethylindocarbocyanine [DiIC12(3)],domain value c1. The opposite happens for donors outside

the domains. As a consequence, c1 is underestimated, c2 were shown to prefer the fluid phase (rich in short-tailed
phospholipid) by both intrinsic anisotropy, lifetime, andis overestimated, and KpA calculated from Eq. (14) is

overestimated. Conversely, if KpA . 1, but the domains RET measurements, in agreement with published reports.
The other studied RET acceptor, long-tailed probleof phase 1 are very small, KpA calculated from time-

resolved RET parameters is understimated. 1,18-dioctadecil-3,3,38,38-tetramethylindocarbocyanine
[DiIC18(3)], was expected to perfer to gel (rich in long-Of course, Kp values can be obtained by a plethora

of established methods, including other photophysical tailed phospholipid), on account of hydrophobic matching
considerations [25]. While intrinsic lifetime studiestechniques [3]. The uniqueness of RET in this respect

resides in the dependence of the “apparent Kp,” the value indeed indicated preferential partition of DiIC18(3) into
a rigidified environment, RET analysis pointed to anrecovered after analysis, on the size of the phases. Other

fluorescent properties often used for calculation of Kp, increased donor–acceptor proximity as a consequence
of phase separation. These apparently conflicting resultssuch as fluorescence intensity, lifetime, and anisotropy,

are dependent only on the immediate environment of the were rationalized on the basis of segregation of DiIC18(3)
to the gel/fluid interphase. To fluid-located donors senseprobe (at least for common dyes, with lifetimes shorter

than 10 ns) and are insensitive to the domain size. In this these interphase-located acceptors, fluid domains should
be small (not exceed ,10–15 nm). This work shows thatway, a procedure for obtaining information on the size

of membrane domains would be the following. membrane probes which apparently prefer the gel phase
may show a nonrandom distribution in this medium (in

(i) Measure Kp by distance-independent methods.
agreement with the study described above for pure DPPC

(ii) Obtain time-resolved RET data and calculate
gel phase LUV) and tend to locate in an environment

KpA from global analysis.
which simultaneously leads to less strict packing con-

(iii) Compare the KpA values obtained in i and ii
straints and to favorable hydrophobic matching interac-

and, from their eventual difference, make con-
tions.

clusions about domain sizes.
For fluid/fluid heterogeneities, which are tradition-

(iv) This would allow an “educated guess,” which
ally most difficult to characterize, these packing problems

could in turn be confirmed from adequate
are certainly less critical. One may distinguish between

Monte Carlo simulations. Theoretical decay
fluid/fluid phospholipid heterogeneity (mixtures of two

laws would thus be obtained and compared with
structurally different phospholipids above the main tem-

the experimental ones.
peratures of both) and liquid disordered (ld)/liquid
ordered (lo) heterogeneity (e.g., PC/cholesterol mixtures).This discussion is valid for all biphasic systems.

Experimentally, one can distinguish between gel/fluid and Although both types are certainly relevant as models of
biomembrane heterogeneity, very few RET studies havefluid/fluid phase separation types. Gel/fluid heterogeneity
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been carried out regarding either of them. In one steady- Monte Carlo simulations of decays in biphasic systems,
suggests that in this region of the phase diagram, the lostate work [26], the RET efficiency between the excimer

of 16:0,1-pyrenedecanoyl PC and 4,4-difluoro-5-methyl- domains, dispersed in the ld phase, should be very small
(of the order of magnitude of R0, that is, a few nanome-4-boro-3a,4a-diaza-s-indacene-3-dodecanoyl,16:0 PC

was studied as a function of composition for mixed ters). On the other hand, domains of ld in the cholesterol-
rich end of the coexistence range have a comparatively16:0,18:1 PC/16:0,18:1 phosphatidylglycerol (PG),

16:0,18:1 PC/16:0,18:1 phosphatidylserine, and large size. When the phase boundaries are calculated
using Eqs. (15) and (16), very good agreement with the16:0,18:1 PC/16:0,18:1 PA LUV, at 358C (above the main

transition temperatures of all the lipids used). It was literature is obtained in the cholesterol-rich end (both 0.28
at 308C), while a considerable larger value is obtained inverified that E increases continuously with the amount

of anionic phospholipid, but while variations in 16:0,18:1 the cholesterol-poor end (0.18 from RET, compared to
'0.075 from Ref. 27). These results do not necessarilyPC/16:0,18:1 PG LUV were small, the increase in RET

efficiency was very significant in the other systems (espe- contradict the published diagram, which was also con-
firmed by domain size-independent fluorescent measure-cially in the 16:0,18:1 PC/16:0/18:1 PA mixtures). These

observations point to preferred colocalization of the ments [29]. They stem from the distance dependence of
RET and the existence of small domains. In other words,labeled PC probes and to probable fluid–fluid phase

separation. there may be phase separation for xa , 0.15, but if this
is the case, the domains should be very small. Ideally,Regarding lo/ld heterogeneity, two studies were

recently carried out in the 14:0,14:0 PC/cholesterol sys- the published and RET coexistence boundaries should
coincide if the phases are large, as observed at the othertem. The phase diagram for this mixture has been deter-

mined [27]. The main focus was to probe the small end of the tie-line. These observations are probably
related to different processes of phase separation, nucle-domains using the strategy outlined above. In one study

[28], 22–NBD-23,24-bisnor-5-colen-3b-ol (NBD-cho- ation being preferred in formation of the lo phase from
initially pure ld and domain growth being faster in thelesterol) was used as donor and ORB was used as

acceptor. It was expected that NBD-cholesterol would formation of ld phase from initially pure lo.
mimic the behavior of cholesterol and partition preferably
to the lo phase. However, using both steady-state fluores-
cence and time-resolved RET, values much less than unity MULTICOMPONENT SYSTEMS
were obtained for the lo/ld partition coefficients for both
probes, pointing to a preference for the cholesterol-poor Biological membranes are composed of a wide vari-

ety of proteins and lipids, so it is tempting to apply RETphase. It is concluded that, in particular, NBD-cholesterol
is not a suitable cholesterol analogue and its distribution to systems more complex than those described above

(either model membranes with more components or evenbehavior in PC/cholesterol bilayers is in fact opposite to
that of cholesterol. However, additional photophysical natural membranes). In this context, Sklar et al. [30]

studied the thermal phase separation in bovine retinal rodmeasurements revealed that both probes aggregate in the
lo phase, preventing further characterization of the lipid outer segment (ROS) membranes and their phospholipid

constituents. Both polarization data and relative quantumdomain structure.
In the other study [22], NBD-14:0,14:0 PE and Rh- yields of parinaric acid fluorescence were reported. The

trans-parinaric acid partitions preferentially to the gel14:0,14:0 PE were used as donor and acceptor, respec-
tively. Although Rh-14:0,14:0 PE prefers the ld phase, phase, where it fluoresces much more intensely than in

the fluid phase, but its cis- isomer does not show a strongthe opposite is observed for NBD-14:0,14:0 PE, as
determined by fluorescence intensity and anisotropy preference for any of these phases. In ROS disk mem-

branes, the polarization results are indicative of gel/fluidvariations, respectively. Accordingly, RET efficiency
decreases as a consequence of phase separation (see Fig. phase coexistence that disappears before 358C. At this

temperature, only one fluid phase is apparent. When the4A). Figure 4B shows the theoretical [obtained from Eq.
(5) and using the size-independent KpA values] and the temperature is lowered, the RET efficiency between

trans-parinaric and cis-retinal added to ROS membraneexperimental ci (i 5 a for ld, b for lo) inside the phase
coexistence range. For xchol 5 0.15 and xchol 5 0.20 (the phospholipids (calculated from the decrease in steady-

state intensity of trans-parinaric emission) first increasesstudied samples with smaller Xb in the lo/ld coexistence
range), the experimental ca value (which would always slowly (in our opinion, possibly due to a slight increase

in quantum yield and/or decrease in average area perbe expected to be larger than cb) is smaller than expected,
while the opposite is true for cb. This, together with molecule) but, below ,128C, decreases abruptly. This
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Fig. 4. (A) Variation of RET efficiency of NBD-14:0,14:0 PE/Rh-14:0,14:0 PE in 16:0,16:0 PC/cholesterol LUV, as a function of the
cholesterol mole fraction, for T 5 308C. The error bars’ extremes are the results of two measurements. The dashed vertical lines represent
the phase coexistence limits according to the phase diagram of Almeida et al. [27]. (B) Theoretical values (—— and - - -, respectively)
and experimental fitting values (n and m, respectively) for the c parameters (acceptor concentrations) associated with lo and ld phases
(respectively) for NBD-14:0,14:0 PE/Rh-14:0,14:0 PE in 16:0,16:0 PC/cholesterol LUV (T 5 308C), as a function of the fraction of lo
phase. The open circles represent points where one of the functions ca or cb is not defined. Reprinted with permission from Ref. 22.
Copyright 2001 Biophysical Society.

result was explained by the partitioning of trans-parinaric domains from the bulk gel. The second case analyzed was
that of random/nonrandom distribution and aggregationinto the gel phase as it forms and the exclusion of retinal

from that phase. To account for the low RET efficiency state of membrane proteins (assuming RET from a donor
in the protein to phospholipids labeled with acceptorat low temperatures, the authors proposed that the gel-

phase domains should be .2R0, ie., .7 nm. Polarization [33]). The model includes the relation between ^kT& and
the size of the domains (whose shape is considered thedata indicate that below 208C some gel-phase clusters

have already formed. To be consistent with a still efficient most compact, i.e., round or hexagonal) in the first case
or the relation between ^kT& and the geometrical and ther-RET at that temperature it was proposed that the gel-

phase clusters should be very small. Although a similar modynamic parameters describing the aggregation of pro-
teins in the second case. Hence, this formalism presentstrend was observed for RET efficiency from rhodopsin

Trp residues to trans-parinaric in ROS membranes, when very interesting features. However, there are some limita-
tions to the model, namely, the simplification that under-the cis-isomer is used, RET is virtually independent of

temperature. lies the formalism, which consists of considering RET
only to the nearest neighbors in the gel-phase lattice (ifRET has been applied to the study of the organization

of membranes containing integral proteins, and some labeled with acceptor) or from the two external circular
layers of the fluid-phase domains (or protein aggregate).interesting models have been developed (albeit some of

them are based on assumptions that limit their range of On the other hand, the experimental observable being the
average RET efficiency given byapplicability), namely, trying to account for the existence

of a “lipid annulus” or lipid belt region surrounding a
transmembrane protein with composition and physical

^E & 5 K kT

kT 1 kD
L (17)

properties distinct from those of the bulk lipids [31].
Gutiérrez-Merino [32,33] pioneered analytical

expressions for the average rate of energy transfer, ^kT&. where kD is the donor intrinsic decay rate coefficient, the
relation with ^kT& is not straightforward. It is proposedTwo specific cases were addressed. First, the case of

phase separation in binary phospholipid mixtures (with that if the setting of experimental conditions is such that
the ^E& is low (namely, ^kT& is much smaller than kD),one component partially labeled with donor and the other

component with acceptor, considering a triangular lattice then ^E & > ^kT&/kD. However, low accurate RET efficienc-
ies are difficult to measure experimentally.for the lipids in the gel phase) was studied [32]. It was

possible to distinguish between gel-phase domains This analytical approach was developed by Gutiérrez-
Merino et al. [34] to calculate ^kT& as a function of theformed from the bulk fluid from the formation of fluid
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position of the donor in the membrane protein with respect inspection of the curves and the data). A global analysis
in which several parameters could float simultaneouslyto the plane of acceptors. These approaches were applied

to study the lipid annulus around the oligomeric trans- would circumvent these questions at least partially. In
any case, all the conclusions drawn by the authors weremembrane acetylcholine receptor (AChR) using RET

from the protein Trp residues to 6-lauroyl-2-dimethylami- cosubstantiated by a wealth of biophysical data on the
AChR protein. The laurdan generalized polarizations [36]nonaphtalene (laurdan) incorporated in the membrane and

comparing the laurdan emission after direct excitation of emission after direct excitation (reflecting mainly the
properties of bulk lipids) and of sensitized emission (afterwith the sensitized emission after RET from Trp residues

[35]. For this purpose, Trp residues were considered to RET, reflecting the properties of the lipid in the immediate
vicinity of the receptor, since R0 > 29 Å) were compared.lie in a ring within the perimeter of the transmembrane

portion of AChR, and a parameter H (transverse distance Since larger values were found for the latter, especially
for the higher temperatures of the large range tested, itbetween the ring containing donor molecules and the

localization of the chromophore in the acceptor mole- was concluded that RET-excited laurdan molecules reside
in an environment more rigid than that of the bulk lipid.cules) is considered (see Fig. 5). Random and nonrandom

distributions of acceptor were considered in the calcula- Recently, a so-called cluster model was developed
to account for RET results in proteoliposomes composedtion by introducing an apparent dissociation constant of

laurdan for the lipid belt region, Kr [33,35]. of a mixture of saturated and unsaturated PCs, cholesterol,
and rhodopsin [37]. In this model, there is a lipid clusterThe lipid belt region was assumed to consist of a

unimolecular disk of phospholipids. Another parameter, formed around each protein, with a composition that is
different from that of the bulk bilayer, similarly to thatr, was also considered (distance of closest approach; see

Fig. 5). H was allowed to vary between 0 and 10 Å based described previously. The cluster is characterized by its
size (radius Rc; since a round shape is assumed for sim-on previous results, and the simulated curves of ^E & as

a function of acceptor surface density were all fit with plicity) and the partition coefficient of the lipid species
between cluster and bulk. These are considered to be twor 5 14 6 1 Å. The value of Kr was found to be close to

1. This justifies the goodness of the fits for the previous homogeneous phases. The expressions for donor fluores-
cence decay are given. The difference in average areaparameters assuming a random distribution. Had Kr been

substantially different from 1, the uncertainty affecting r per lipid molecule in clusters and bulk is omitted, and
the acceptor surface density in the lipid clusters is inde-would probably be much worse. Another question is if

there could be a different set of parameters yielding a pendent of the overall protein/lipid ratio. In this case, the
integrated expression (which gives E ) is very simple:similarly good fit (because the only criterion is visual

E 5 Ec 1 Eb (18)

where Eb is the contribution to the total efficiency from
the bulk and Ec from the clusters. The authors use steady-
state intensities to calculate E and simulate several curves
of E as a function of the acceptor surface density to
determine values of the partition coefficient and Rc (those
of the curve that best describes the experimental data).
Probes were considered to distribute between the two
phases as analogue lipids. A value of Rc 5 3.5 nm was
obtained, and since the protein radius is '2 nm, this
corresponds to approximately two layers of annular phos-
pholipid.

Shaklai et al. [38] developed a formalism that
resulted in simple expressions for the time-resolved and
steady-state fluorescence intensity of donors randomly
distributed in a plane in the presence of acceptor distrib-

Fig. 5. Schematic representation of a protein embedded in the mem- uted in another plane, both parallel to the membrane
brane (e.g., AChR, where a Trp residue acts as a donor, D, to laurdan, surface. The validity of this model is for the case in
A), surrounded by one phospholipid layer of annular lipid (where the

which the minimum distance between donor and acceptoracceptors are located). H is the distance between the plane of the donor
(interplanar distance) H is larger than 1.7R0. In this situa-and that of the acceptor and r is the distance of closest approach between

the donor and the acceptor molecules. Adapted from Ref. 35. tion, the donor decay remains exponential, but with a
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shorter lifetime, and an expression analogous to the 12:0,12:0 PE remains practically unchanged (steady and
slow decrease) at ,60% up to a temperature of 338C,Stern–Volmer equation for dynamical quenching is

obtained for steady-state emission. In the context of this above which it drops rapidly, reaching less than 20%
above 528C. An opposite, although less pronounced effectmodel, there is no possibility of distinguishing between

minimum lateral and transversal donor–acceptor dis- was observed with the probe NBD-18:0,18:0 PE (with a
RET efficiency of ,5% at 258C increasing to ,20% attances, and the condition of validity of the model is

seldom accomplished [e.g., the authors applied it to RET 258C, above which it remained unchanged). Polarization
of 1,6-diphenylhexatriene shows that the protein in thebetween 12-(9-anthroyl)-stearic acid and hemoglobin in

red blood cell membranes for which H 5 0.91R0]. More concentrations used has little influence on the phase equi-
libria of the binary lipid mixture. The following interpre-recently [39] the model was generalized and the range

of validity is extended to H , R0. The experimental data tation (consistent with theoretical calculations) was given.
At low temperatures, when two gel phases coexist, BR ispresented by Shaklai et al. [38] were reanalyzed and a

value compatible with the much more complex analysis associated with the short-chain 12:0,12:0 PC. At moderate
temperatures, in the gel–fluid coexistence region, BRby Dewey and Hammes [5] was obtained this time. The

previous model [38] can be visualized as a cylindrically remains associated with 12:0,12:0 PC, the major compo-
nent of the fluid, but is enriched at the interface betweensymmetric labeled protein molecule, with the symmetry

axis perpendicular to the plane of the membrane, and the gel and the fluid domains. At high temperatures, BR
remains in the single fluid phase, but a preference for theassumes that the donor is positioned on the symmetry

axis of the protein. In the more recent paper [39] the long-chain 18:0,18:0 PC molecules at the expense of
the short-chain 12:0,12:0 PC (reflecting the hydrophobicformulation is extended to the case in which the label is

not on the symmetry axis of the protein. Equations for matching) is suggested.
Wang et al. [42] used RET from Trp residues ofcalculating the time-dependent (which are of little use

without the simplifications that occur upon integration) gramicidin (an ionophore peptide) to different classes of
phospholipids (PC, PE, PA) labeled with 5-(dimethylami-and steady-state fluorescence intensities are presented,

but methods for applying these theoretical expressions no)naphtalene-1-sulfonyl (dansyl) and showed that all of
the phospholipids employed were randomly distributedand evaluation of the parameters are discussed only for

steady-state data (they result in at least three proximity in the egg yolk PC/PE/PA mixture. The recovered R0

values for the pairs gramicidin (Trp)/dansyl-labeled phos-parameters). The author comments that even in the case
of only three parameters to be evaluated by comparison pholipid were very close to the values obtained through

Eq. (2). The addition of Ca2+ (4.5 mM ) to egg PC/PAof experimental and theoretical plots, unique values for
these parameters cannot be obtained from the experimen- vesicles caused an appreciable increase in dansyl-PA

polarization, although the polarization of dansyl-PCtal plot alone, because there are different sets of parame-
ters that fit the data equally well. One approach to this remained unaffected. This observation can be interpreted

as a Ca2+-induced phase separation, with the formationproblem suggested by the author is to assign values to
two of the parameters from other types of experiments. of a new gel-like phase rich in PA, stabilized by Ca2+.

Accordingly, a considerable increase in RET efficiencyThe model is used to determine the location of the agonist
binding site on the transmembrane AChR in an accompa- from gramicidin to dansyl-PC and a decrease in RET

efficiency to dansyl-PA were observed. In principle, thisnying paper [40], and an application to an issue in the
context of the present review is presented by Dumas means also that gramicidin has a preference for the fluid

PC-rich phase. If the enzyme D-b-hydroxibutirate dehy-et al. [41]. In this study, 12:0,12:0 PC/18:0,18:0 DSPC
vesicles reconstituted with bacteriorhodopsin (BR) were drogenase is used instead of gramicidin, then the lipid

distribution is changed even in the absence of Ca2+. Theused. This pair of PCs was chosen for its strongly nonideal
mixing behavior and phase equilibria with large regions RET efficiency from the enzyme Trp residues to the

labeled lipids decreases in the order dansyl-PA, -PC, and -of gel–fluid and gel–gel phase coexistence in which the
two PC species are strongly segregated. Donors were PE. It is noteworthy that the enzyme activity requires the

presence of PC but it is much more efficiently reconstitu-headgroup-labeled NBD-PE with 12:0,12:0 or 18:0,18:0
tails. The acceptor was the retinal group of BR, considered ted in vesicles containing anionic phospholipid.

Glaser and co-workers also studied domain forma-to be located along the symmetry axis of the protein. The
distance of closest approach and the interplanar distance tion in the presence of vesicular stomatitis virus (VSV)

envelope proteins, by comparing fluorescence micros-were calculated a priori from literature data. The donor
quantum yield (and R0) was calculated for each tempera- copy and RET results [43,44]. These studies have signifi-

cant biological relevance, because viruses of the sameture (0.45 , H/R0 , 0.60). RET efficiency from NBD-
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class as VSV bud from domains of the plasma membrane anchored protein between the raft and the nonraft phases
is 3, then only 25% of the protein would be inside thethat have a unique protein and lipid composition, and

the underlying mechanisms are relatively unknown. For rafts, just within the lower limit of detection. In an
attempt to correlate these results with those of otherexample, to observe sphingomyelin-enriched domains in

the fluorescence microscopy images of 18:1,18:1 PC uni- authors, namely, those using detergent extraction [46],
and the experiment of Varma and Mayor (which reportedlamellar vesicles (from NBD-sphingomyelin fluores-

cence), the presence of both virus envelope proteins (G clustering in domains with less than 70 nm of a GPI-
anchored protein [47]), RET imaging studies wereand M) and also PA was required. The RET efficiency

from G-protein Trp residues to dansyl-sphingomyelin was extended to a variety of cell types and raft markers [48].
To explain the inability to detect clustering of any suchmeasured. In accordance with the microscopy results,

only when G and M proteins and PA were present was markers, even ganglioside M1 (detected due to its strong
binding to fluorescently labeled cholera toxin B), severalan efficiency higher than that observed for control egg-

PC vesicles (containing only G protein and dansyl-PC; arguments were presented in addition to the one discussed
above. Fundamentally, the rafts would be so small that therandom distribution) measured. These are qualitative

studies using steady-state fluorescence but illustrate well probes would be relatively large, preventing simultaneous
binding of probes to adjacent raft markers, or they wouldthe potentialities of applying RET to biologically relevant

problems involving membranes. exist only as transiently stabilized structures. Also
recently, in a high-resolution single-particle trackingRecently, a new form of digital microscopy, RET

imaging, was developed [45]. Using this technique, the study in a similar system [49], the radius of rafts was
estimated as 26 6 13 nm (but even one cell might haveauthors studied the clustering of GPI-anchored proteins,

specifically 58-nucleotidase (58-NT) in the apical mem- a distribution of sizes, and the size of a single raft might
be dynamic). These examples show that the characteriza-brane of Madin–Darby canine kidney (MDCK) cells,

thought to be associated with sphingolipid and cholesterol tion of lipid rafts is a very active research subject, in
which there are not yet conclusive answers, and RETin lipid rafts [46]. Antibodies labeled with either donor

or acceptor were employed, providing a simple way to should be a powerful tool in this respect.
vary the surface density of either probe. RET efficiency
was determined by photobleaching the acceptor. This
method has the advantage of using the same sample to CONCLUDING REMARKS
obtain the fluorescence intensity in the presence and
absence of acceptor. To carry out the measurements, one The recovery of information of a more quantitative

nature will demand the measurement of high-quality fluo-region of interest per cell was chosen, and the mean
fluorescence intensities of donor and acceptor and RET rescence decay data, because the decay curve is very

sensitive to nonrandom distribution effects, which mayefficiencies were averaged over 40 3 40 pixels. The mean
fluorescence intensity in the averaged area is proportional not be clear in the steady-state measurement (integration

of the decay over time). Moreover, time-resolved meas-to the mean concentration, and since a calibration proce-
dure was used, it was possible to obtain the mean surface urements of the donor decay are not affected by common

steady-state artifacts, such as inner filter or reabsorptiondensity of donor and acceptor for each averaged area. In
this way, E was represented as a function of the acceptor effects. On the other hand, steady-state RET measure-

ments may reveal static quenching phenomena (throughsurface density or donor surface density, showing that it
decreases to zero for a low acceptor surface density and formation of donor–acceptor complexes) and should still

be carried out. The two types of measurements are thusis independent within a reasonable range of donor surface
density. These data were consistent with theoretical pre- complementary. In any case, the decay contains a superior

amount of information, and only the unavailability ofdictions for two-dimensional RET for randomly distrib-
uted molecules, which indicates that most 58-NT high-quality equipment at reasonable prices and fast com-

puters for complex decay analysis may justify the farmolecules are not clustered over , 2R0 5 10 nm. The
consequence of this result for the structure of lipid rafts greater number of literature steady-state RET studies.

Due to the recent progress in both these aspects, thisis that either they are very small or, alternatively, they
comprise the entire apical membrane. The authors esti- situation may well be changing.

Some care in planning RET experiments should,mated that the lower limit of detection is approximately
20% clustered/80% randomly distributed. Supposing that nevertheless, always be taken. One example is the use

of analogue probes, i.e., fluorescent probes that mimic a10% of the membrane (molar ratio) is in the “raft phase,”
and the partition coefficient [Eq. (12)] of the GPI- nonfluorescent molecule for which membrane behavior
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