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Abstract Membrane proteins exhibit different affinities

for different lipid species, and protein–lipid selectivity

regulates the membrane composition in close proximity

to the protein, playing an important role in the formation

of nanoscale membrane heterogeneities. The sensitivity of

Förster resonance energy transfer (FRET) for distances of

10 Å up to 100 Å is particularly useful to retrieve infor-

mation on the relative distribution of proteins and lipids in

the range over which protein–lipid selectivity is expected

to influence membrane composition. Several FRET-based

methods applied to the quantification of protein–lipid

selectivity are described herein, and different formalisms

applied to the analysis of FRET data for particular geom-

etries of donor–acceptor distribution are critically assessed.

Keywords FRET � Protein–lipid interactions �
Membrane proteins � Fluorescence

Introduction

Preferential interactions of proteins with selected lipids are

able to drive enrichment of the bilayer around the protein

in these lipids and impoverishment in others, creating local

heterogeneities that can potentially extend to several lipid

shells around the protein. Some superficial membrane

proteins demonstrate specific binding to some lipid classes,

a phenomenon that can control protein recruitment to the

membrane and activate signaling cascades (Czech 2000).

In addition, transmembrane proteins display differential

interactions with lipids of different acyl-chain lengths due

to packing constraints in the lipid–protein hydrophobic

interface, which have a significant effect on the activity of

several proteins. Membrane proteins also have been shown

to present binding sites for lipids in hydrophobic pockets

away from the protein–lipid interface, and binding of

specific lipids to such sites is essential for activity in sev-

eral cases (Lee 2003).

Interactions between membrane proteins and lipids

have been generally addressed using electron spin reso-

nance (ESR) (Marsh and Horváth 1998). This technique

can discriminate between immobilized lipids (near the

protein interface) and mobile lipids in the bulk, and has

been the main approach in these type of studies. Fluo-

rescence static or collisional quenching methods (London

and Feigenson 1981; Everett et al. 1986; O’Keeffe et al.

2000; Williamson et al. 2002) can also provide a similar

structural type of information. These techniques are able

to probe the lipid environment in direct contact with the

protein, but are insensitive to the presence of lipids
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displaced from the protein–lipid interface. On the other

hand, Förster resonance energy transfer (FRET) is sensi-

tive to distances up to 100 Å, and like all fluorescence

methodologies offers the maximum sensitivity among

spectroscopic techniques. In this way, and as will be

shown in this review, it is an excellent tool for the study of

protein–lipid interactions.

FRET between two molecules (donor and acceptor)

exhibits a sixth-power dependence on the distance between

them. The propensity for FRET to occur for a given donor–

acceptor molecular pair is generally described by the För-

ster radius (R0), the distance from the acceptor at which the

probability of donor deactivation by energy transfer is

50%. Typical values for R0 lie between 20 and 60 Å. Due

to the high sensitivity of FRET to changes in distances

around R0, it is possible, through the use of chemical

labeling or intrinsic fluorophores, to directly measure the

binding of lipids to proteins, or protein-mediated enrich-

ment of particular lipids in the membrane.

In this review we focus on the problem of quantifying

the interaction of membrane proteins with biologically

relevant lipid molecules making use of FRET methodolo-

gies. In the field of protein–lipid interactions, FRET has

also been extensively used to characterize and quantify

binding of lipids to soluble proteins (Petrescu et al. 2001;

Gadella and Wirtz 1991; Dansen et al. 1999) and partition

of membrane proteins to lipid membranes (Romoser et al.

1996; Corbin et al. 2004) and particular lipid phases (Wang

et al. 1988), most notably to liquid-ordered (raft-like)

phases (Zacharias et al. 2002). However, we will not dis-

cuss these particular FRET applications.

Apart from the use of FRET as a molecular ruler

(Stryer and Haugland 1967), the information retrieved

from its application in biological sciences is often quali-

tative, neglecting the full potential of FRET in the study

of molecular interactions. This is particularly true for

studies of interactions in biomembranes, due to the

additional level of complexity introduced by the possi-

bility of energy transfer to multiple acceptors, including

nonbound molecules. In fact, as a consequence of parti-

tion of donors and acceptors to the lipid bilayer, the

concentration of acceptors around each donor increases

dramatically, resulting in a nonzero probability of energy

transfer to many nonbound, nearby acceptors. However,

the availability of a large amount of precise information

on the properties of biomembranes and fluorescent lipid

probes, as well as accurate numerical and analytical

solutions to the problem of FRET in planar distributions

of acceptors, surmounts these problems. We will critically

present and discuss some of these formalisms, as well as

the simplifications required for their application and the

respective usefulness to the problem of quantifying pro-

tein–lipid selectivity.

FRET donors and acceptors

The aromatic amino acids tyrosine and tryptophan have

been extensively employed as donors in FRET experiments

(Pap et al. 1993; Antollini et al. 1996; Antollini and Bar-

rantes 1998, 2002; Levi et al. 2000; Bonini et al. 2002;

Levi et al. 2003; Fernandes et al. 2006a, 2007) (Table 1).

Tryptophan fluorescence is more commonly used due to its

superior extinction coefficient and quantum yield com-

pared with tyrosine (Lakowicz 2006). Separation of tryp-

tophan and tyrosine fluorescence is straightforward by

selective tryptophan excitation at 295–310 nm (Lakowicz

2006). Although the use of intrinsic fluorophores can be

advantageous, it often results in low sensitivity. In cases

where higher sensitivity is desired, chemical derivatization

Table 1 List of commonly used FRET pairs for study of protein–

lipid interaction

Donor

fluorophore

Acceptor

fluorophore

Förster

radius (Å)

Trpa Pyrene 21–27

Trpb Laurdan 29

Trpc cis/trans-Parinaric acid 18l

Trpd Cholestatrienol 20m

Trpe Dansyl 24

Trpf Dehydroergosterol 16

Pyreneg Rhodopsin retinal group 34–35

BODIPYh Texas-Red –

DCIAi NBD 39

AEDANSj NBD 30–29n

GFPk BODIPY 50 (for EGFP)o

BODIPY 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, DCIA 7-diethyl-

amino-3-((40-(iodoacetyl)amino)phenyl)-4-methylcoumarin, NBD 7-

nitro-2-1,3-benzoxadiazol-4-yl, AEDANS 5-((2-aminoethyl)amino)

naphthalene-1-sulfonic acid, GFP green fluorescent protein, EGFP
enhanced green fluorescent protein
a Pap et al. (1993), Bonini et al. (2002), Levi et al. (2000)
b Antollini et al. (1996), Antollini and Barrantes (1998, 2002), Levi

et al. (2003)
c Narayanaswami and McNamee (1993), Poveda et al. (2002)
d Albert et al. (1996)
e Wang et al. (1988)
f Raghuraman and Chattopadhyay (2004)
g Polozova and Litman (2000)
h Gambhir et al. (2004), Nomikos et al. (2007)
i Fernandes et al. (2004)
j Fernandes et al. (2008)
k Hughes et al. (2002)
l Nemecz et al. (1991)
m Holt et al. (2008)
n Fairclough and Cantor (1978)
o Ilien et al. (2003)
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of proteins with brighter donors or acceptors is an alter-

native. Some fluorophores commonly used in protein–lipid

FRET studies are included in Table 1.

Several fluorescently tagged lipids have been shown to

mimic properties of their natural analogues and were

extremely helpful in elucidating several problems in lipid

trafficking and sorting (Maier et al. 2002). Nevertheless, for

each different lipid probe, studies must be carried out to

characterize its properties and confirm this mimicry. Prob-

lems observed with some cholesterol fluorescent derivatives

are a good illustration of the need for careful selection of

lipid probes (Loura et al. 2001). One important concern to

bear in mind when studying protein–lipid selectivity is to

avoid changing the particular lipid property we are inter-

ested in through the incorporation of the fluorescent tag, i.e.,

in case of studies on protein selectivity for particular acyl-

chain characteristics (length or unsaturation), the fluores-

cent label should be inserted in the hydrophilic section of

the molecule, and vice versa (Fernandes et al. 2004).

Measuring FRET efficiencies

FRET efficiencies are generally measured through quanti-

fication of the extent of donor fluorescence quenching

introduced by the presence of the FRET acceptor. There-

fore, two measurements are required (with and without

acceptor). The acceptor species is not necessarily fluores-

cent. If it is fluorescent, FRET efficiencies can also be

calculated from the sensitized fluorescence emission,

through measurement of acceptor fluorescence after donor

excitation. However, this approach is slightly more com-

plex, as several corrections must be introduced into the

analysis of the fluorescence signal, namely direct acceptor

fluorescence upon donor excitation, and the differences in

extinction coefficients between donors and acceptors must

be accounted for. Generally, FRET efficiencies obtained

through the monitoring of donor fluorescence quenching

are more accurate (Lakowicz 2006).

Transient-state fluorescent data presents several advan-

tages relative to steady-state FRET measurements. Apart

from the additional kinetic information that can be related

to particular donor–acceptor distributions (Fernandes et al.

2006b), time-dependent data is much less prone to artifacts

such as light scattering, inner-filter effects, bleaching or

contamination with autofluorescence, and errors are sig-

nificantly minimized. Minimization of errors might be

crucial when selective enrichment of lipids around the

protein is not able to cause dramatic differences in FRET

efficiencies due to the use of donor–acceptor pairs with

high Förster radius (R0) (Fernandes et al. 2004). Fluores-

cent decays can then be integrated and the data analyzed as

intensities if necessary.

Energy migration (or homotransfer) between donors is

also a matter of concern when attempting to measure FRET

efficiencies in lipid bilayers. When donor energy migration

takes place, the concentration of this species should be kept

to a minimum in the experiment as this phenomenon

induces an increase in heterotransfer efficiencies (Subr-

amaniam et al. 2003), i.e., the excitation travels from an

initially excited donor that is too far away from the

acceptor, and when a shorter distance is reached hetero-

transfer takes place.

Another problem that must be avoided when choosing

fluorescent probes for quantitative FRET measurements is

diffusion of the donor molecule during its excited-state

lifetime. Fluorophores presenting very long lifetimes will

not be static after excitation, and this excited-state diffusion

will lead to a bias towards higher FRET efficiencies as the

probability of the donor residing at a closer distance from

the acceptor during its lifetime is increased relative to the

static situation (Thomas et al. 1978). Diffusion coefficients

of lipids in lipid bilayers are generally on the order of

10–8 cm2/s, while protein diffusion coefficients can be even

lower; in that case, for donor lifetimes higher than a few

hundred nanoseconds, FRET can no longer be described by

the static regime (Thomas et al. 1978). Most commonly

used fluorophores present lifetimes lower than this limit and

FRET data obtained from donors and acceptors in lipid

bilayers are associated with a static system.

Qualitative FRET studies

Qualitative FRET studies for protein–lipid binding proved

to be useful in the characterization and discrimination of

lipid binding sites of the acetylcholine receptor (AChR).

Antollini and Barrantes (1998) measured the effect of

adding different lipids on the FRET efficiencies from the

tryptophan residues of this protein to the fatty-acid deriv-

ative, 6-lauroyl-2-dimethylaminonaphthalene (laurdan).

When the 18:1 fatty acid was added, a maximum decrease

in FRET of 60% was observed. Addition of cholesterol led

to a 35% decrease in FRET, while 1,2-dioleoyl-sn-glycero-

3-phosphocholine (DOPC) was slightly less effective

(25%). Adding cholesterol and DOPC together led to a

decrease in FRET identical to that observed with the 18:1

fatty acid, suggesting the presence of two types of lipid

binding sites in the protein, inaccessible to either choles-

terol or phospholipids, while always accessible to fatty

acids (Antollini and Barrantes 1998)

Also for AChR, Narayanaswami and McNamee (1993)

showed through FRET measurements from the Trp resi-

dues to cis- and trans-parinaric acid that the receptor

accommodated preferentially the cis-parinaric acid in its

vicinity, suggesting preferential interaction of the protein
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with less rigid lipids. In another study using the fluorescent

sterol cholestatrienol as the FRET acceptor from trypto-

phan residues in rhodopsin, it was shown that the protein

exhibited greater affinity for cholesterol than for ergosterol,

since the former was much more effective in decreasing the

efficiency of FRET to cholestatrienol, likely through

competition for a common binding site in the protein

(Albert et al. 1996).

Hughes et al. (2002), using fluorescence lifetime imaging

(FLIM), showed that an isoform of phospholipase D

(PLD1b) tagged with GFP in HeLa cells, which is respon-

sible for the conversion of phosphocholines (PC) to

phosphatidic acid (PA), was susceptible to FRET from

BODIPY-labeled PC molecules, but BODIPY-phospho-

ethanolamine (PE) was not able to induce a change in GFP

lifetimes, suggesting preferential interaction of PLD1b with

PC lipids. Catalytic mutants of PLD1b did not experience

FRET from BODIPY-PC, reinforcing this conclusion.

Qualitative FRET studies can also be the only correct

option when highly complex protein–lipid structures are

formed such as in protein-mediated membrane fusion. In

these cases, unless highly organized structures are formed,

such as the lamellar structures induced by lysozyme

(Coutinho et al. 2008), no analytical solution for FRET is

adequate and recovery of very detailed information from

FRET is impossible. That was the case for the interaction

of the N-terminal amphipathic alpha-helix of a Bin–

Amphiphysin–Rvs (BAR) domain with lipid bilayers

(Fernandes et al. 2008).

Absence of noninteracting species in FRET analysis

Several strategies are available to avoid the problem of

energy transfer to (or from) multiple and noninteracting

lipids. Frequently, lipids bind to nonannular binding sites

in the protein with very high affinity (Lee 2003; Hunte

2005). In these cases, it is desirable to limit the amount of

donor/acceptor lipids in the medium to increase the sensi-

tivity of the assay and, if donor/acceptor concentration is

low enough, the probability of energy transfer to nonbound

acceptors can be neglected (Fig. 1a). This dilution can be

achieved by using an excess of nonlabeled lipid (Gambhir

et al. 2004; Nomikos et al. 2007) or of detergent micelles

(Pap et al. 1993; Levi et al. 2000, 2003). Nevertheless, the

application of this strategy for FRET studies with protein

and lipid species is restricted, as the difference between

association constants obtained for different lipid species

does not often surpass one order of magnitude, especially

for annular binding sites (Lee 2003; Marsh 2008).

This strategy was applied to the study of phosphatidyl-

D-myo-inositol 4,5-bisphosphate (PIP2) sequestration by

the basic effector domain of myristoylated alanine-rich

C kinase substrate (MARCKS) (Gambhir et al. 2004) and

by a basic peptide from phospholipase C-n (Nomikos et al.

2007). Controls were performed to ensure that the con-

centration of BODIPY-labeled PIP2 was low enough that

the probability of occurrence of donor–acceptor pairs in

the absence of specific interactions was negligible. Using

1% N-(6-tetramethylrhodaminethiocarbamoyl)-1,2-dihexa-

decanoyl-sn-glycero-3-phosphoethanolamine (TRITC-PE)

(from total lipid content), a lipid species that is not

sequestrated by the protein (and therefore whose distribu-

tion around the protein is random), energy transfer to the

Texas Red labeled MARCKS peptide was still substantial

(Gambhir et al. 2004). The Förster radii (R0) for FRET to

Texas Red from rhodamine or BODIPY are very similar,

and comparable energy transfer efficiencies are expected

for random distribution of the two labeled lipids. A con-

centration of 0.1% was then chosen for the BODIPY-

labeled lipid, as at this concentration no FRET was

detected using the TRITC-PE probe. In these conditions,

all FRET observed from BODIPY-PIP2 to the Texas Red

labeled peptide could be assigned to sequestration of PIP2

lipids by the peptide. In order to calculate a dissociation

constant for this interaction, the value for the energy

transfer efficiency in the protein–lipid complex was

assumed to be 100%, i.e., complete quenching of the

donor-labeled lipid after interaction of the protein. This

approximation will result in underestimation of binding,

and the dissociation constant retrieved can be considered as

an upper limit for its real value (Gambhir et al. 2004;

Nomikos et al. 2007).

Protein dimensions are often comparable to or larger

than typical R0 values (20–60 Å). The presence of a

transmembrane protein in the membrane leads to an

exclusion of lipids from a significant fraction of the area

around the protein axis. In that case, FRET efficiencies

between protein and lipid species are smaller than would

be expected from donors and acceptors with negligible

size, especially for donor/acceptor pairs presenting low R0

(Fig. 1b). If the protein is modeled as a cylinder, this lipid

exclusion effect can be described by a protein exclusion

radius (Re). In several protein–lipid selectivity studies it is

assumed that, due to large Re values, FRET efficiencies to

or from unbound lipid species can be neglected when

R0 \ Re (Pap et al. 1993; Antollini et al. 1996; Levi et al.

2000, 2003; Bonini et al. 2002). Using this rationale, the

properties of protein–lipid interaction can be extracted

from energy transfer data even at high concentrations of

the interacting species, allowing for quantification of

binding affinities in the absence of strong and specific

lipid binding sites, which is the case of lipid binding to

annular sites in the protein. However, as is clearly visible

from Fig. 1b, significant energy transfer will still occur to

acceptors located past the first shell of lipids around the
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protein, unless R0 � Re and acceptor concentration is

kept low. Moreover, if a fraction of the donor or acceptor

groups in the protein are located in the periphery of the

molecule, this lipid exclusion effect becomes less

significant.

Pap et al. (1993) presented a formalism to study lipid

binding to protein kinase C when R0 was small enough that

only donor–acceptor bound species were expected to con-

tribute to FRET. The authors measured Trp fluorescence

quenching due to FRET to different pyrene-labeled phos-

pholipids in mixed micelles and determined binding con-

stants by assuming that binding of a pyrene lipid to a site in

the protein contributed additively to the observed donor

quenching. Levi et al. (2000, 2003) employed a similar

reasoning to quantify selectivity constants for the lipid-

plasma membrane calcium pump interaction. According to

this model, donor quenching due to FRET can be described

by the following relationship:

Fig. 1 Simulations for energy

transfer efficiencies between

donors and acceptors in lipid

bilayers (Eqn. 6). Donors and

acceptors are assumed to be

located at similar depths in the

bilayers (l = 6 Å), and energy

transfer is calculated for a single

plane of acceptors (energy

transfer to the second leaflet is

not accounted for); 72 Å2 was

taken as the area occupied by

each lipid. a Dependence of

energy transfer efficiencies on

R0 and acceptor concentration

(no acceptor exclusion area is

accounted for). b Dependence

of energy transfer efficiencies

on the radius of the circular area

around the donor from which

acceptors are excluded (a value

of 40 Å was used for R0)

Eur Biophys J (2010) 39:565–578 569

123



IDA

ID

¼ cBulk þ 1� EMð ÞcAcceptor; ð1Þ

where IDA and ID are fluorescence intensities measured in

the presence and absence of acceptors (respectively), cBulk

is the fraction of binding sites occupied by bulk (nonfluo-

rescent) lipid, and cAcceptor is the fraction of binding sites

occupied by acceptors. Application of this model allows for

the direct recovery of the fraction of binding sites occupied

by acceptors, and of relative binding constants if acceptor

and bulk lipid concentrations are known. Despite the

attractive simplicity and elegance of this approach, the

application of the formalism described above in this form is

inaccurate as FRET efficiencies are not additive (i.e., E

values for a donor with two identical acceptors is not twice

the value of E when only one acceptor is present) and Eq. 1

is only approximately valid when very small FRET effi-

ciencies (\10%) are obtained when all available sites in the

protein surface are occupied by acceptors, which is highly

unlikely even for R0 � Re.

Gutiérrez-Merino derived a more general FRET proce-

dure based on analytical expressions for the average rate of

energy transfer,\kT[, presented in two papers (Gutiérrez-

Merino 1981a, 1981b). The first one establishes the general

approach and its application to phase separation in binary

phospholipid mixtures (Gutiérrez-Merino 1981a); it is

specifically addressed in the article in this issue about

FRET study of membrane lateral heterogeneity (Fernandes

et al. 2009, companion paper). The concept was then

applied to the problem of random/nonrandom distribution

and aggregation state of membrane proteins [assuming

FRET from a donor in the protein to phospholipids labeled

with acceptor (Gutiérrez-Merino 1981b)]. The model

describes the relationship between \kT[ and the geomet-

rical and thermodynamic parameters describing the

aggregation of proteins. As described in the companion

paper (Fernandes et al. 2009, companion paper), again this

simple and elegant treatment is limited by the major

assumption of considering FRET only to neighboring

acceptor molecules, and also by the indirect relationship

between the calculated \kT[ and the experimental FRET

efficiency. Notwithstanding, this analytical approach was

later extended to calculate the dependence of \kT[ and E

on the position of the donor in the membrane protein with

respect to the plane of acceptors (Gutierrez-Merino et al.

1987) and later still applied to the study of protein–lipid

selectivity (Antollini et al. 1996). In the latter study, the

lipid annulus around the oligomeric transmembrane AChR,

in liposomes prepared from the endogenous lipids present

in the AChR-rich membrane (PC being the predominant

phospholipid), was studied using FRET from the protein

Trp residues to laurdan. The donor Trp residues were

modeled as lying in a ring inside the perimeter of the

transmembrane portion of AChR, and two topological

parameters, H (transverse distance between the donor and

acceptor chromophores) and r (minimum donor–acceptor

distance) are considered. Figure 2 illustrates the topology

considered for this system.

In addition to the geometrical parameters, one crucial

introduction to the model was that of an interaction

parameter Kr, which represents the apparent dissociation

constant of laurdan for the lipid belt region, that is, the ratio

of the dissociation constant of laurdan over that of the

unlabeled lipid. Kr \ 1 implies preferential location of

laurdan in the lipid belt region, whereas Kr [ 1 denotes

laurdan’s exclusion from this region. From spectral data,

the Förster radius for the tryptophan–laurdan pair was

found to be R0 = 2.9 nm. Fixing this value, H was allowed

to vary between 0 and 1 nm based on previous results, and

it was found that within this range of H values an exclusion

distance of r = 1.4 ± 0.1 nm provided an adequate fit to

the data, together with Kr % 1. Because the data are not

analyzed globally (i.e., the parameters are not optimized

simultaneously), it could of course be argued whether a

different set of (H, r, Kr) values might fit the data equally

well. Naturally, as with all formalisms for lipid selectivity,

this method works best if good estimates are known for H

and r, and the sole optimizing parameter is Kr. The same

methodology was applied to a fluorescent derivative of

sphingomyelin (N-[10-(1-pyrenyl)decanoyl]sphingomye-

lin), which was found to exhibit moderate selectivity for

the annular region, with Kr % 0.55 (Bonini et al. 2002).

Upon sphingomyelinase digestion of the membrane, FRET

efficiency increased by about 50%, indicating that the

resulting pyrenyl-ceramide species has higher affinity for

the protein than the parental sphingomyelin derivative. On

Fig. 2 Topographical relationship between the membrane-bound

AChR, surrounding lipid molecules, and laurdan in cross-sectional

representation. H is the distance between the plane of the donor and

that of the acceptor. Reprinted with permission from Antollini et al.

(1996); copyright 1996, Biophysical Society
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the other hand, a FRET analysis using the described

methodology was instrumental in a multitechnique (infra-

red and fluorescence spectroscopies, differential scanning

calorimetry) study which showed that AChR causes for-

mation of specific phosphatidic-acid-rich lipid domains,

which include the protein (Poveda et al. 2002). Egg

phosphatidylcholine (egg-PC)/1,2-dimirystoyl-sn-glycero-

phosphatidic acid (DMPA)/cholesterol (2:1:1) vesicles

were prepared in absence of protein, and no evidence of

domain formation was verified in these conditions. How-

ever, reconstitution of AChR in this lipid mixture leads to

enhanced selectivity of the protein for gel-phase probe

trans-parinaric acid (Kr = 0.6 ± 0.1), denoting enrichment

of gel-phase lipid DMPA in the vicinity of AChR. This is a

specific effect for phosphatidic acid, which is not observed

for other phospholipid classes (phosphatidylcholine, phos-

phatidylserine, and phosphatidylglycerol). In particular,

when the FRET experiment was carried out replacing

DMPA with 1,2-dimyristoyl-sn-glycero-3-phosphocholine

(DMPC), uniform acceptor distribution was inferred

(Kr = 1.0 ± 0.1, negative control). On the other hand, in

the absence of protein, all the phospholipid classes,

including phosphatidic acid, exhibit ideal mixing behavior.

Because PA and cholesterol have been implicated in

functional modulation of the reconstituted AChR, the

authors raised the hypothesis that such a specific modula-

tory role could be mediated by domain segregation of these

lipid classes.

FRET analysis including contributions from bulk

acceptors

The model introduced by Fernandes et al. (2004) is not

subject to the limitations mentioned for the formalisms

described above. Through the use of detailed information

concerning the position of donor and acceptor labels, the

authors showed that it was possible to recover accurate

selectivity constants for lipid binding in the annular shell of

lipids around the M13 major coat protein (MCP). The

problem of lipid selectivity by the M13 MCP has been

extensively addressed through electron spin resonance

(ESR) techniques (Wolfs et al. 1989; Peelen et al. 1992),

and selectivity constants were recovered for the interaction

of the protein with different phospholipids. M13 MCP is

composed of a single transmembrane segment and as such

is expected to immobilize around 10–12 phospholipids in

its immediate vicinity or annular binding sites (Marsh and

Horváth 1998; Cornea et al. 1997). However, due to MCP

aggregation, only five annular binding sites were identified

by protein molecule when using ESR (Wolfs et al. 1989).

Optimization of the protein purification procedure allowed

monomeric MCP to be obtained after membrane

incorporation (Spruijt et al. 1989) but failed to produce

long-lived immobilization of the annular shell of lipids

(Sanders et al. 1992). This type of immobilization is

essential in order to distinguish the ESR spectra of

immobilized spin-labeled lipids from the labeled lipids

probing the bulk lipid (unaffected by the protein).

The FRET model described by Fernandes et al. (2004)

assumed that two types of acceptor were present, one

located in the annular shell around the protein (annular

binding sites) and the other outside of this area. The dis-

tribution of the latter population was random and unaf-

fected by the presence of the protein. The donor

fluorescence decay curve has FRET contributions from

both populations:

iDA tð Þ ¼ iD tð Þqannular tð Þqrandom tð Þ; ð2Þ

where iDA(t) and iD(t) are the donor decays in the presence

and absence of acceptors, and qannular(t) and qrandom(t) are

the FRET contributions from annular lipids and lipids

outside the annular shell. A hexagonal geometry was

assumed for the protein–lipid packing, and 12 identical

annular binding sites were introduced into the model (six

per each lipid monolayer). The probability of each of these

sites to be occupied by an acceptor (l) depends on the

acceptor molar fraction and on a relative selectivity

constant (KS) which reports the relative affinity of the

labeled and unlabeled phospholipid.

l ¼ KS

nLL

nLL þ nUL

; ð3Þ

where nLL is the concentration of labeled lipid, and nUL is

the concentration of unlabeled lipid. M13 MCP was labeled

with a donor fluorophore (coumarin) in an amino-acid

residue located in the center of the transmembrane region

of the protein (Spruijt et al. 1996). As such, the plane of

acceptors from each lipid leaflet is expected to be at the

same distance from the donor, eliminating the requirement

for distinction of each leaflet in the FRET formalisms.

Using a binomial distribution the probability of each

occupation number (0–12 sites occupied simultaneously by

labeled lipid) is calculated, and the FRET contribution

arising from energy transfer to annular lipids is given by

qannular ¼
X12

n¼0

e�nkT t 12

n

� �
ln 1� lð Þ12�n; ð4Þ

where kT is the energy transfer rate for an acceptor located

in an annular site:

kT ¼
1

sD

R0

d

� �6

: ð5Þ

sD is the donor lifetime in the absence of acceptor, and d is

the distance from the donor (in the protein) to the acceptor

inside the annular lipid shell. The value of d was calculated
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from published data on the position of the acceptor fluo-

rophores (NBD) in the labeled phospholipids incorporated

in lipid bilayers (Abrams and London 1993; Màzeres et al.

1996). This detailed evaluation of the contribution of the

different number of acceptors bound to each protein is of

great importance, as it allows extension of the applicability

of the FRET modeling to significant values of E, unlike

FRET models previously applied to the problem of pro-

tein–lipid selectivity, as commented above.

The FRET contribution from energy transfer to accep-

tors randomly distributed outside the annular region in two

different planes at the same distance (l) to the donor plane

(from the center of the bilayer to both leaflets) is given by

Davenport et al. (1985) as

qrandom ¼ exp �2r p l2

Z
1ffiffiffiffiffiffiffi

l2þR2
e

p

0

1� exp t b3a6
� �

a3
da

8
>>><

>>>:

9
>>>=

>>>;

2

; ð6Þ

where b = (R0/l)2sD
-1/3, r is the acceptor density in each

leaflet, and Re is now the distance between the protein axis

and the second lipid shell (exclusion distance for bulk

acceptors) (Fig. 3). l is the unlabeled lipid bilayer thick-

ness, and the value assigned for Re was 16 Å, assuming

radii of 5 and 4.5 Å for the protein and phospholipid,

respectively. The value r must be corrected for the pres-

ence of labeled lipid in the annular region, which therefore

is not part of the randomly distributed acceptors pool. After

iDA is calculated from Eqs. 2–6, E is readily obtained

through numerical integration of the simulated decay and,

during fitting of this model to the experimental data, the

only unknown value is KS.

The model was applied to the analysis of two sets

of experiments. In the first set, the same headgroup-

labeled lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

(DOPE)-NBD, displaying perfect hydrophobic matching to

the M13 MCP, was added to proteoliposomes presenting

different lipid composition. The donor DCIA-labeled M13

MCP was shown to exhibit higher selectivity for the

acceptor (NBD)-labeled lipid when it was incorporated in

lipids presenting either positive or negative hydrophobic

mismatch toward the protein, reflecting enrichment of

hydrophobically matching lipid in the annular shell around

the protein due to the energetic cost of hydrophobic mis-

match stress (results are shown in Table 2). In a second set

of experiments, the selectivity of the protein for different

phospholipid headgroups was assessed using different

phospholipid classes (PE, PC, phosphoglycerol- (PG),

phosphoserine- (PS), and PA) labeled with NBD at one of

the acyl chains (1-oleoyl-2-[12-[(7-nitrobenz-2-oxa-1,3-

diazol-4-yl)amino]dodecanoyl] (18:1-(12:0-NBD)- PE,PC,

PG, PS, and PA)). These experiments were performed

under conditions of hydrophobic matching in order to

avoid influence of hydrophobic mismatch stress on the

NBD–lipid distribution around the protein. The relative

association constants [KS/KS(PC labeled lipid)] obtained

from fitting of this model to the experimental data (Fig. 4;

Table 2) were almost identical to the values obtained by

Peelen et al. (1992) with ESR and the aggregated form of

the protein.

One important difference between the ESR and FRET

techniques is that the latter is not dependent on lipid

immobilization and therefore is not restricted to lipids

adjacent to a given protein molecule. Not only labeled

lipids in the first shell of lipids will be potential acceptors

Fig. 3 Molecular model for the FRET analysis according to the

model of Fernandes et al. (2004): (a) side view and (b) top view.

Protein–lipid organization presents a hexagonal geometry. Donor

fluorophore from the mutant protein is located in the center of the

bilayer, whereas the acceptors are distributed in the bilayer surface.

Two different environments are available for the labeled lipids

(acceptors): the annular shell surrounding the protein and the bulk

lipid. Energy transfer to acceptors in direct contact with the protein

has a rate coefficient dependent on the distance between donor and

annular acceptor (Eq. 5). Energy transfer toward acceptors in the bulk

lipid is given by Eq. 6
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to a donor-labeled integral protein; acceptors in the other

lipid shells surrounding the protein will also contribute to

the final result. For that reason, this study apparently

confirms the hypothesis that single transmembrane

domains are only able to influence lipid composition in the

first shell of lipids around it. It is likely, however, that

larger proteins are able to induce the formation of lipid

enrichment at larger distances from the protein.

Due to the low selectivity character of the protein–annular

lipid interaction, and the large R0 of the donor–acceptor

FRET pair used in this study (39 Å), the contribution of the

noninteracting acceptors (outside the annular lipid shell) to

the energy transfer efficiencies dominates considerably over

the contribution of protein bound lipids. This leads to

decreased sensitivity of the donor quenching profile for

different selectivity constants (Fig. 5), and as such nearly

error-free measurements are required in order to recover

accurate selectivity constants. This shortcoming can be

minimized by selecting a donor–acceptor pair with a smaller

Förster radius, which will result in a larger contribution of

annular shell acceptors to the donor quenching profiles and a

larger tolerance of the model to uncertainty in the data

(Fig. 4).

More recently, Capeta et al. (2006) proposed a model

for FRET with acceptor enrichment surrounding donors,

inspired by the distribution function used by Rotman and

Hartmann (1988) in three-dimensional crystals, in that,

around each donor, three regions are considered: (1) an

exclusion region closest to the donor (R \ R1), reflecting

the radius of the protein; (2) the annular region

(R1 \ R \ R2), for which there is an increased probability

of finding acceptors, characterized by a parameter B; and

(3) a region for which the acceptor concentration is equal to

the overall value (R [ R2). The resulting local acceptor

concentration is a step function of the donor–acceptor

distance (Fig. 6).

The analytical law for the donor decay in the presence of

acceptor is given as a function of five dimensionless vari-

ables: a dimensionless average acceptor concentration c,

the reduced time k, the reduced interplanar spacing bw, the

reduced exclusion distance b1, and the relative enrichment

factor for the acceptor in the annular region, B (see original

reference for derivation). Numerical integration of the

decay equation over time was carried out, in order to cal-

culate numerical FRET efficiency curves (c, E) for chosen

(B, bw, b1) triads. Empirical five-parameter functions of the

form

E ¼ 1�
X4

i¼0

Ai log10 cð Þ½ �i ð7Þ

could fit well to the numerical results, and best-fit param-

eter values are given for multiple (B, bw, b1) sets. As an

illustration, the AChR/trans-parinaric acid FRET data of

Poveda et al. (2002) (see ‘‘Absence of noninteracting

species in FRET analysis’’) are analyzed with this for-

malism, and moderate enrichment of the acceptor (&25%

relative to uniform distribution) is inferred (Fig. 7).

This formalism presents several advantages and dis-

advantages. An advantage, relative to the formalism of

Fernandes et al. (2004) as originally derived, is that it is

directly applicable to proteins of any given size (as long as

the protein can be approximated by a cylinder, with the

donor located on its axis). The most important disadvan-

tage probably resides in the complex analytical theory

underlying the model, which forces most users to use the

user-friendly empirical fitting functions given in the paper.

Inevitably, the fitting functions’ parameters can only be

presented for discrete values of the model parameters.

Therefore, approximations have to be made in most cases

(the only alternative would be to avoid the fitting functions

and to calculate the FRET efficiency by numerical com-

putation of the exact solution).

The model described in the previous section is remi-

niscent of an older treatment derived by Polozova and

Litman (2000) for analysis of FRET between phospholipids

labeled with pyrene and the rhodopsin retinal group in

model membranes with different lipid compositions. To

account for selectivity of rhodopsin for pyrene-labeled

lipids, the authors developed a cluster model in which the

protein (acceptor) is surrounded by a homogeneous cluster

of lipids presenting a different donor lipid concentration

than the bulk membrane. In the model, these clusters are

circular and characterized by a cluster radius (Rc). An

important difference from the FRET viewpoint, as will be

commented below, is that the donor is now the lipid species

whereas the acceptor is the protein.

The equations presented by the authors for the time-

resolved donor fluorescence emission are the following:

Table 2 Labeled phospholipids relative association constants toward

M13 major coat protein (adapted from Fernandes et al. 2004)

Labeled

phospholipid

Bilayer

composition

KS KS/KS(PC)a

DOPE-NBD di(18:1)PC 1.4 –

DOPE-NBD di(22:1)PC 2.1 –

DOPE-NBD di(14:1)PC 2.9 –

(18:1-(12:0-NBD))-PE di(18:1)PC 2.0 1.0

(18:1-(12:0-NBD))-PC di(18:1)PC 2.0 1.0

(18:1-(12:0-NBD))-PG di(18:1)PC 2.3 1.1

(18:1-(12:0-NBD))-PS di(18:1)PC 2.7 1.3

(18:1-(12:0-NBD))-PA di(18:1)PC 3.0 1.5

a KS(PC) is the relative association constant of (18:1-(12:0-NBD))-

PC
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iDA tð Þ ¼ iD tð Þe�
1
s0 fce�rc Sc tð Þ þ 1� fcð Þe�rb Sb tð Þ
h i

; ð8Þ

Sc tð Þ ¼
ZRc

a

1� e
� t

s0

R0
rð Þ

6
� �

2p rdr; ð9Þ

Sb tð Þ ¼
Z1

Rc

1� e
� t

s0

R0
rð Þ

6
� �

2p rdr; ð10Þ

where fc is the fraction of donor lipid in clusters, and rc and

rb are the superficial concentrations of the acceptor protein

inside and outside of the cluster. rc is a constant that

depends only on the size of the cluster as it is assumed that

only one protein molecule resides in each protein–lipid

cluster, independently of the protein–lipid ratio. This

model was fitted to the experimental FRET efficiencies.

Due to correlation between parameters (acceptor concen-

tration and Rc), it was necessary to measure with two dif-

ferent lipid probes expected to present different protein

affinities (di22:6-PE-Pyr and di16:0-PE-Pyr), and fit the

model simultaneously to the two sets of data. When using

proteoliposomes with a lipid composition of di22:6-PC/

Fig. 4 DCIA-labeled M13 MCP fluorescence quenching by energy

transfer acceptor (18:1-(12:0-NBD)-PX), where ‘‘X’’ stands for the

different headgroup structures, in pure bilayers of di18:1-PC. n2 is the

acceptor density for the whole bilayer. Continuous line shows

theoretical simulations obtained from the annular model for protein–

lipid interaction using the fitted KS; Dashed line shows simulations

for random distribution of acceptors (KS = 1.0). (a) PC-labeled

phospholipid (fitted KS = 2.0); (b) PE-labeled phospholipid (fitted

KS = 2.0); (c) PG-labeled phospholipid (fitted KS = 2.3); (d) PS-

labeled phospholipid (fitted KS = 2.7); and (e) PA-labeled phospho-

lipid (fitted KS = 3). Reprinted with permission from Fernandes et al.

(2004); copyright 2004, Biophysical Society

574 Eur Biophys J (2010) 39:565–578

123



di16:0-PC/cholesterol (7:3:3) or di22:6-PC/16:0,22:6-PC/

cholesterol (3:7:3), no protein–lipid selectivity was

required to fit the model to the data. However, when the

concentration of di:16:0-PC was increased at the expense

of di22:6-PC (di22:6-PC/di16:0-PC/cholesterol (3:7:3)),

FRET efficiencies from di22:6-PE-Pyr increased while

those from di16:0-PE-Pyr decreased, and best fits were

achieved using Rc = 35 Å and a concentration of unsatu-

rated lipids inside the clusters three times higher than that

of saturated lipids. Since the authors assume the distance of

closest protein–lipid approach (a in Eq. 9) to be 18 Å, the

recovery of such a large Rc implies enrichment of lipid

around the protein beyond the first shell of lipids. Cho-

lesterol was crucial in the enrichment of unsaturated lipids

around the protein and no lipid segregation was observed in

the absence of protein, indicating that segregation of

unsaturated lipids is due to mutual affinity with the protein,

rather than partition of the protein into preformed lipid

domains.

While there is no doubt that the results fully support

the authors’ conclusions, the quantitative validity of the

formalism seems doubtful. Equations 8–10 are based on

the derivation by Fung and Stryer (1978) of the kinetics

of FRET in planar geometry. The latter authors originally

derived the expression of the FRET S term (used here in

Eqs. 9–10) by accounting for the interactions between

one given donor molecule (all donors being equivalent)

and all acceptors surrounding it. This was done by

introducing the distribution function of donor–acceptor

distances for uniform two-dimensional geometry. Now

consider a circular cluster with an acceptor molecule in

the center and donors surrounding it. It is clear that the

donors within the cluster are not equivalent (unless they

are all located at the same distance to the acceptor,

which is generally not the case, and obviously not valid

for the multiple annular lipid layers reported), and there

is no circular symmetry or uniform distribution of

acceptors surrounding each of them. Therefore, the FRET

Fig. 5 Simulations for energy transfer efficiencies between donors

and acceptors in lipid bilayers using the model from Fernandes et al.

(2004) (Eqs. 3–6). Donors and acceptors are assumed to be located in

different planes in the bilayers and energy transfer to the two lipid

bilayer leaflets at the same distance (l = 18.9 Å) is considered. A

value of 16 Å was used for Re and the distance from the donor in the

protein to acceptors in the annular lipid shell was assumed to be

9.5 Å. Dark and light curves correspond to results obtained with

Förster radii of 20 and 40 Å, respectively. Full lines correspond to

results from simulations assuming no preferential interaction with the

acceptor (KS = 1) and dashed lines correspond to KS = 2

Fig. 6 Plot of the ratio between the acceptor distribution function

considered in the model of Capeta et al. (2006) and that for uniform

distribution, showing the parameters R1, R2, and B. Reprinted with

permission from Capeta et al. (2006); copyright 2006, Springer

Fig. 7 Approximate theoretical FRET efficiency curves for reduced

donor–acceptor transverse distance bw = 0.375 and reduced exclu-

sion distance b1 = 1.25 (relative enrichment factor B, from bottom to

top: B = 1.05, B = 1.25, B = 1.5, B = 2, B = 3; see original paper

for approximation details) and experimental results of FRET between

AChR tryptophan and trans-parinaric acid in egg-PC/DMPA/choles-

terol (2:1:1) vesicles (Poveda et al. 2002). The best fit is obtained for

B = 1.25. Reprinted with permission from Capeta et al. (2006);

copyright 2006, Springer
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term for donors belonging to a cluster (Eq. 9) is not

correct, and the effect of this inaccuracy in the results

presented for Rc and the ratio of concentration of lipid

species in the clusters is not clear.

Concluding remarks

The sensitivity of FRET over distances of typically 10–

100 Å is particularly suitable for studies of protein

interactions, as protein dimensions are often in this range.

The extraordinary sensitivity of fluorescent techniques

was responsible for the widespread use of FRET for

detection of protein interactions, a trend that was highly

accentuated with the use of fluorescent proteins and

genetic engineering (Tsien 1998). However, the applica-

tion of FRET methodologies to the study of association

between membrane components has been generally lim-

ited to high-affinity interactions, such as protein–protein

interactions or those typically observed for membrane

proteins and specifically bound lipids. For FRET studies

of lower-affinity interactions between membrane proteins

and lipids it is very likely that noninteracting species

contribute to the FRET process, increasing the complexity

of FRET data analysis. Quantitative studies in these

conditions will either rely on meeting specific conditions

that allow for disregard of energy transfer to noninter-

acting acceptors or on an accurate description of this

FRET contribution.

The different examples described in this review illus-

trate the usefulness of FRET in the quantification of pro-

tein–lipid selectivity. FRET’s lack of dependence on direct

contact also allows for probing of specific lipid enrichment

away from the first shell of lipids around the protein,

a property absent from other techniques used for protein–

lipid selectivity studies which depend on protein–lipid

contact. The extension of lipid enrichment around the

protein to several lipid shells is likely to occur for large

proteins and has the potential to induce significant heter-

ogeneity in membrane composition and to originate

membrane compartmentalization, a phenomenon that is

likely to be of high biological relevance. These factors,

together with the general advantages of fluorescence

measurements, reinforce the value of FRET studies in the

characterization of protein–lipid interactions.
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González-Ros JM (2002) Segregation of phosphatidic acid-rich

domains in reconstituted acetylcholine receptor membranes.

Biochemistry 41:12253–12262

Raghuraman H, Chattopadhyay A (2004) Interaction of melittin with

membrane cholesterol: a fluorescence approach. Biophys J

87:2419–2432

Romoser V, Ball R, Smrcka AV (1996) Phospholipase Cb2 associ-

ation with phospholipid interfaces assessed by fluorescence

resonance energy transfer. J Biol Chem 271:25071–25078

Rotman SR, Hartmann FX (1988) Non-radiative energy transfer in

non-uniform codoped laser crystals. Chem Phys Lett 152:311–

318

Sanders JC, Ottaviani MF, van Hoek A, Visser AJWG, Hemminga

MA (1992) A small protein in model membranes: a time-

resolved fluorescence and ESR study on the interaction of M13

coat protein with lipid bilayers. Eur Biophys J 21:305–311

Spruijt RB, Wolfs CJAM, Hemminga MA (1989) Aggregation-related

conformational change of membrane-associated coat protein of

bacteriophage M13. Biochemistry 28:9158–9165

Spruijt RB, Wolfs CJAM, Verver JWG, Hemminga MA (1996)

Accessibility and environmental probing using cysteine residues

introduced along the putative transmembrane domain of the

Eur Biophys J (2010) 39:565–578 577

123



major coat protein of bacteriophage M13. Biochemistry

35:10383–10391

Stryer L, Haugland RP (1967) Energy transfer: a spectroscopic ruler.

Proc Natl Acad Sci USA 58:719–726

Subramaniam V, Hanley QS, ClaytonAHA, Jovin TM (2003) In: Marriott

G, Parker I (eds) Methods in enzymology: biophotonics part A:

photophysics of green and red fluorescent proteins: implications for

quantitative microscopy Academic Press, San Diego

Thomas DD, Carlsen WF, Stryer L (1978) Fluorescence energy

transfer in the rapid-diffusion limit. Proc Natl Acad Sci USA

75:5746–5750

Tsien RY (1998) The green fluorescent protein. Annu Rev Biochem

67:509–544

Wang S, Martin E, Cimino J, Omann G, Glaser M (1988) Distribution

of phospholipids around gramicidin and D-b-hydroxybutyrate

dehydrogenase as measured by resonance energy transfer.

Biochemistry 27:2033–2039

Williamson IM, Alvis SJ, East JM, Lee AG (2002) Interactions of

phospholipids with the potassium channel KcsA. Biophys J

83:2026–2038
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