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Electrostatics govern the association of a large number of proteins with cellularmembranes. In some cases, these
proteins present specialized lipid-binding modules or membrane targeting domains while in other cases associ-
ation is achieved through nonspecific interaction of unstructured clusters of basic residues with negatively
charged lipids. Given its spatial resolution in the nanometer range, Förster resonance energy transfer (FRET) is
a powerful tool to give insight into protein–lipid interactions and provide molecular level information which is
difficult to retrieve with other spectroscopic techniques.
In this reviewwe present and discuss the basic formalisms of both hetero- and homo-FRET pertinent to themost
commonly encountered problems in lipid–protein interaction studies and highlight some examples of
implementations of different FRETmethodologies to characterize lipid/protein systems inwhich electrostatic in-
teractions play a crucial role. This article is part of a Special Issue entitled: Lipid–protein interactions.
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1. The biological importance of electrostatic
lipid–protein interactions

Membrane proteins are often classified on the basis of their degree
of insertion in the lipid bilayer. Thus, membrane proteins deeply buried
in the lipid bilayer are called integral or intrinsic, frequently spanning
the membrane one or several times, whereas proteins bound to the
exoplasmic or cytoplasmic periphery of the lipid bilayer are designated
as peripheral. Peripheral membrane proteins can be associated with
membranes through different strategies, namely by interaction with
lipid headgroups, with other membrane bound proteins, or they can be
covalently linked to a lipid molecule, in which case they are classified as
lipid-anchored. The association of peripheral proteins with the surface
of intracellularmembranes is crucial for a large number of cellular func-
tions, including signaling, membrane trafficking and cytoskeleton-
membrane anchoring [1–3].

In the caseswhere peripheral protein associationwith themembrane
is achieved by interaction with lipid headgroups, the nature of this asso-
ciation ismostly reversible and typically governed by electrostatics [4]. In
some cases, these proteins present specialized lipid-binding modules or
membrane targeting domains. These domains typically present positively
charged pockets or surfaces, and almost exclusively have anionic
phospholipids as binding partners [5]. A fraction of these domains are
target-specific and bind to one specific membrane component (such
as the C1, and pleckstrin homology domains) [6,7]. In other cases, asso-
ciationwith lipidmembranes is achieved through unstructured clusters
of basic residues, which typically present lower specificity for interac-
tion [8].

Anionic phospholipids such as phosphatidylserine (PS), phosphatidic
acid (PA) and phosphatidylinositols (PIs), typically comprise less than
25% of membrane lipids in mammals [9]. Their distribution varies
dramatically between different organelles [10], and these differences
are in many cases responsible for membrane recruitment of peripheral
proteins to specific subcellular locations [11]. The plasma membrane
inner leaflet has the highest enrichment of acidic phospholipids, including
PS, PA, PI(4)P, PI(3,4)P2, PI(4,5)P2, and PI(3,4,5)P3. The concentrations of
anionic lipids in this leaflet are expected to reach 30% [12], generating a
strong overall negative electric field responsible for the attraction of
peripheral membrane proteins with cationic patches. These electrostatic
interactions are heavily dependent on factors such as ionic strength and
local concentrations of charged lipids and proteins [13–15]. The binding
of calcium and protein phosphorylation are also able to dramatically
change localized electrostatics within the protein, and the membrane
association of several peripheral membrane proteins is regulated by
these two factors [13,16].

In addition, peripheral membrane proteins are able to regulate the
composition, dynamics, and morphology of cellular membranes. Elec-
trostatic sequestration of anionic lipids in the presence of membrane
bound proteins has been documented for a large number of proteins
[15,17]. Multivalent basic proteins generate a positive local electrostatic
potential which is able to enhance the local concentration of trivalent
phospholipids such as PI(4,5)P2 (charge−4 at pH 7), even in the pres-
ence of high concentrations of monovalent acidic lipids [18].

Electrostatic sequestration by basic integral proteins generates a local
enrichment of negatively charged lipids around the protein [19]. The first
shell of lipids enriched around integral proteins are referred to as annular
lipids as opposed to the bulk lipid population and although temporarily
restricted to the protein surface, the lipid molecules interacting with
the protein body are not immobile and are still in exchange with other
lipids [19]. The lipid binding constants of anionic phospholipids for
these annular sites have been calculated throughdifferentmethodologies
and were found to vary only moderately [20,21]. However, within the
membrane environment, these moderate differences in affinities are ex-
pected to change the local concentrations of lipids to a significant extent
[19].

Lipid molecules are also in some cases found buried within specific
binding sites in the membrane protein structure. Lipids in these sites
are relatively immobile and are referred to as non-annular lipids [19].
Protein activity is in some cases highly dependent on the binding of
specific lipids to these sites. In the case of the potassium channel KscA,
at least three non-annular binding sites have to be occupied by anionic
lipids for channel opening to occur [22].

Recent accumulated evidences have also given support to the
conclusion that anionic lipid membranes play an important role in
amyloidogenesis. In fact, membrane surfaces, depending on their
lipid composition and biophysical features, can act as an effective
two-dimensional catalyst of fibrillogenesis [23,24]. The pathological
conversion of amyloidogenic proteins/peptides into toxic aggregates
at the membrane interface can be explained by the combined action
of two main effects, namely the reduction of dimensionality and
membrane-induced conformational changes. Briefly, the initial
membrane partitioning step of several cationic amyloidogenic proteins/
peptides is often driven by electrostatic interactions, inducing a high
local peptide/protein concentration of preferentially surface-oriented/
aligned molecules (Fig. 1A). In addition, the chemical heterogeneous
nature of the hydrophobic–hydrophilic interface [25] makes it prone to
establish all sorts of non-covalent interaction with the membrane-
bound monomeric amyloidogenic peptides/proteins, promoting their
conformational switch into amyloidogenic species. Upon reaching a
critical surface coverage of the membrane with these aggregation-
prone conformations (surface crowding effect [26]), hydrophobic inter-
actions will promote and accelerate the cooperative formation of
amyloidfibrilswith a rich cross-β-sheet structure, ultimately compromis-
ing themembrane structural integrity [27,28]. As illustrated in Fig. 1B, the
lipid-to-protein molar ratio (L/P) is a key parameter governing the frac-
tional population of each species in the system, namely the aqueous and
membrane-bound monomeric and oligomeric species, since membrane
partitioning and self-assembly of the peptide/protein are two coupled
equilibria.

Förster resonance energy transfer (FRET) is a photophysical phenom-
enon which depends critically on interchromophore distance. Even
though the use of extrinsic labels is common, the amounts required are
usually very low and non-perturbing (see examples in [29]). The spatial
resolution of FRET (nanometer range) is ideal for probing a variety of
processes of relevance in membrane biology. Indeed, from FRET exper-
iments, information including extent of interaction, depth of penetra-
tion, protein oligomerization, protein/lipid selectivity and protein-
induced lipid demixing or morphological alterations can be inferred
and characterized. Variations in the separation and spatial arrangement
of chromophores lead to alterations in FRET, that can be monitored
under steady-state and/or time-resolved conditions. On a very basic
level, FRETmay be employed as a phenomenological indicator ofmolec-
ular proximity, and a large body of work has been reported describing
such qualitative applications [30]. However, to take full advantage of
the technique's potential, models that describe the dependence of
FRET observables on the structural properties of the system under
study are required. Therefore, in this article, the basic formalisms of
FRET pertinent to the most commonly encountered problems in lipid–
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Fig. 1. Cooperative partition of peptides/proteins to anionic lipidmembranes. (A) Schematic
representation of a simplified three-state model of electrostatic-driven lipid–protein
interaction. The zwitterionic and anionic phospholipids are represented in grey and red,
respectively. (B) Upon reaching a critical surface concentration, the growth of the oligomer
population (Pmk ) in the liposomes is made at the expense of the progressive recruitment of
more protein monomers from the aqueous solution (Pw1 ) to the membrane surface (Pm1 )
since the two equilibria (membrane partition,which is governed by the partition coefficient,
Kp, and reversible assembly into membrane-bound protein oligomers, controlled by the
aggregation constant Kagg) are coupled. The total protein concentration, effective protein
charge, oligomer stoichiometry and anionic lipid content used in the simulation were
3 μM,+3.5, k=6 and 20mol% POPS, respectively. (C) The intrinsic protein partition coeffi-
cient (depicted by a dashed horizontal line, Kp = 1.9 × 105 [90,91]) decreases upon protein
binding to the lipid bilayer due to the gradual screening of the interfacial membrane charge
according to the Gouy–Chapman theory (blue triangles) [82]. However, the overall or effec-
tive partition coefficient, which takes into account the k-mers in addition to the monomeric
protein recruited to the membrane, can increase several fold compared to the intrinsic
protein partition coefficientwhen the oligomerization ofmembrane-boundmonomeric pro-
teins is triggered.
Adapted with permission from Melo et al., J. Phys. Chem. B 117 (2013) 2906–2917 [83].
Copyright 2013 American Chemical Society.
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protein interaction are presented in Section 2. Section 3 concerns exam-
ples of studies of lipid/protein systems that were recently addressed by
our group, in which electrostatic interactions play a crucial role. In all
of these examples, the use of these FRET models provided detailed
molecular-level information that would be virtually impossible to ob-
tain using other experimental approaches. Together, these case studies
ably illustrate the full potential of FRET in the elucidation of different
aspects of lipid/protein interaction.

2. FRET formalisms

2.1. Hetero-FRET

2.1.1. Intermolecular FRET and system topological information
The phenomenon of FRET refers to the non-radiative transfer of exci-

tation energy from one species (the donor, D) to another (the acceptor,
A). It was shown by Förster [31] that it occurs with a rate constant, kT,
according to

kT ¼ 1
τ0

R0

R

� �6
: ð1Þ

In this equation, τ0 is the fluorescence lifetime of D in the absence of
A, R is the D–A separating distance and R0 is a critical distance, given by

R0 ¼ 0:2108 κ2Φ0n
−4

Z ∞

0
λ4I λð Þε λð Þdλ

� �1=6
ð2Þ

where ΦD is the D quantum yield in the absence of A, n is the refractive
index, I(λ) is the normalized D emission spectrum, and ε(λ) is the A
molar absorption spectrum. These observables may be readily obtained
from the literature or spectroscopic measurements, and pasted into a
spreadsheet, such as that made available by Visser et al. [32], for conve-
nient numerical integration. Spectral overlap of I(λ) and ε(λ) is a require-
ment for the occurrence of FRET. On the other hand, κ2 is the so-called
orientation factor, which depends on the relative D–A orientation
[33]. For this parameter, the isotropic dynamic limit value (2/3) is
often assumed for κ2, although improved values can be obtained from
time-resolved fluorescence anisotropy measurements [34] or simple
numerical simulation, using estimates for preferred orientation and
transverse location of D and A [35].

In case that D and A are distinct species (as assumed in this section),
FRET fromD to A is irreversible and leads to the quenching of the fluores-
cence of D. This is noticeable as a reduction in both its fluorescence life-
time τ and its fluorescence quantum yieldΦ:

τ
τ0

¼ Φ
Φ0

¼ R6

R6 þ R6
0

: ð3Þ

Itmust be stressed that these simple relationships only apply to (and
allow the calculation of R for) situationswhere eachD fluorophore has a
single A at a reasonably close distance R (in practice, for R b 2 R0), fixed
for each D–A and equal for all D–A pairs present in the ensemble. These
assumptions are not met in FRET between membrane proteins and
lipids, because the latter are distributed around the former, withmultiple
and varying D–A distances. In this complex case, the fluorescence of D is
affectedby the geometry of this distribution, aswell as by the surface con-
centration of A. For each donor, the rate constant for the fluorescence
decay is given by

k ¼ τ−1
0 1þ

XN
i¼1

R0=Rið Þ6
" #

ð4Þ

where Ri is the distance between the donor and the i-th acceptor
molecules.
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Eq. (4) is the usual starting point for the derivation of D decay kinetics
in membrane systems, whence relatively concise analytic solutions have
been derived for the simpler geometries. For example, for planar distri-
bution of D and A, the decay of D in the presence of A becomes [36,37]:

iDA tð Þ ¼ exp −
t
τ0

� �
exp −πR2

0n2γ
2
3
;

R0

Re

� �6 t
τ0

� �� �
t
τ0

� �1=3� �
:

exp πR2
en2 1− exp −

R0

Re

� �6 t
τ0

� �� �� �� � ð5Þ

where γ is the incomplete gamma function, Re is the minimal D/A
distance (exclusion distance) and n2 is the surface concentration of
A (molecules/unit area). Eq. (5) is valid both for a plane of A molecules
containing D (cis transfer) and in case the D and A molecules lie in par-
allel planes with closest D/A distance Re (trans transfer), a situation
commononmembranes, asD andA are often located at different depths
in the bilayer. This is the basic equation for FRET inmembranes, and the
necessary adaptations to special D/A arrangements are relatively
straightforward. For example, multiple A planes around each donor
(as expected for acceptor distribution in both bilayer leaflets) requires
multiplication of two exponential FRET terms, with different exclusion
distances (e.g. [38]).

Although there are important advantages associated with model
fitting from time-resolved data as concerned by Eq. (5) (see [38]),
steady-state data obtained in a conventional spectrofluorimeter can
also be used. In this case, Eq. (5) can be integrated numerically to pro-
duce FRET efficiency E values, according to

E ¼ 1−
Z∞
0

iDA tð Þ=
Z∞
0

iD tð Þ ð6Þ

where iD(t) is the decay of D in the absence of A. These model FRET
efficiencies are compared to the experimental values obtained from

E ¼ 1−IDA=ID ð7Þ

where IDA and ID represent the steady-state emission intensity of D in the
presence and absence of A, respectively. In this analysis, Emaybe calculat-
ed as a function of acceptor concentration n2, with Re as a parameter.
Alternatively, Re is fixed and experimental FRET decays/efficiencies are
compared with theoretical expectations (with possible deviations con-
taining useful information, e.g. protein selectivity for lipids of a certain
type). Numerical integration can be carried out in a program or spread-
sheet, such as that given by [39].

2.1.2. Intramolecular FRET and protein oligomerization state
The preceding section describes the kinetics of FRET between fluo-

rescing protein and lipids. A related question that may also be addressed
using FRET techniques is that of self-assembly of membrane-bound
proteins. For this purpose, one may either use one or two distinctly
labeled protein/peptide derivatives. In all cases, FRET may occur either
to fluorophores located in the same aggregate as the donor protein
(intra-aggregate FRET) or to fluorophores located elsewhere (intermo-
lecular FRET).

We first describe here the classical approach that uses two distinctly
labeled derivatives of proteins or peptides. The donor fluorescence
decay in the presence of acceptors is given by [40]:

iDA tð Þ ¼ iD tð Þ
Xn−1

k¼1

f Dq kð Þρn−k
bound tð Þ þ 1− f Dq

� 	" #
ρnonbound tð Þ ð8Þ

where fDq(k) is the fraction of donors bound to k acceptors (calculated
according to a binomial distribution), ρbound is the FRET contribution
from energy transfer to each acceptor in the same oligomer as the
donor (given by exp(−kTt), with the rate constant kT calculated using
Eq. (1)), and ρnonbound is the FRET contribution arising from energy
transfer to “bystander” acceptors. Traditional formalismsneglect this in-
termolecular term (i.e. take ρnonbound(t) = 1 in Eq. (8) [41–43]), which
is generally only valid in the limit of very surface diluted labeled protein.
To take the intermolecular term properly into account in the calculation
of FRET efficiency, one should calculate ρnonbound using Eq. (5) (or the
variant of this equation applicable to the geometry at hand), and inte-
grate using Eq. (6) [40]. In particular, it is inaccurate to subtract the
pure intermolecular efficiency from that of combined inter-aggregate
and intermolecular FRET [44]. Concerning the intra-aggregate term,
several approximations have been applied, from equal energy transfer
to all subunits [40–42] to zero energy transfer to distant neighbors
(which is justified if the distances between them are clearly larger than
R0; [45]), whereas Li et al. [43] derived a set of equations for the case of
circular ring oligomers.

2.2. Homo-FRET

In contrast to the case of different donor and acceptor, FRET between
identicalfluorophores (homo-FRET) does not lead to a reduction in donor
fluorescence intensity or lifetime, because the donor excited state popu-
lation is not diminished during the act of transfer. In practice, the sole
observable which reflects the phenomenon is fluorescence anisotropy
[46,47], which is reduced as a consequence of homotransfer. Despite
having an obvious advantage of only requiring a single fluorophore, the
use of homo-FRET is more restricted than that of hetero-FRET. The ratio-
nalization of the extent of depolarization due to homo-FRET is in fact
more complicated than that of quenching due to hetero-FRET, because:
i) there is the possibility of back-transfer to the directly excited donor,
or transfer to any donor, eventually involving a large number of transfer
steps, and ii) since fluorescence anisotropy is the relevant observable, in
addition to FRET, another source of depolarization isfluorophore rotation.
If rotation and FRET occur in the same timescale, the two phenomena are
coupled,which constitutes themain obstacle to quantitative data analysis
of homo-FRET. In this context, it is usual to neglect rotational diffusion
and consider homo-FRET as the sole source of emission depolarization,
or to consider rotation and energy migration as independent sources of
depolarization [48].

Runnels and Scarlata [49] obtained curves for the anisotropy of
clusters of varying size as a function of the reduced distance R / R0
betweenmonomerswithin the same cluster. Itwas assumed that fluores-
cence from indirectly excitedmonomerswithin an oligomer is essentially
depolarized [50]. Two rotation scenarios were explored: absence of rota-
tion, and an approximate correction based on an application of the Perrin
equation to the initially-excited molecule. Both cases lead to similar
results for R / R0 b 0.8 (i.e. in the limit of a very efficient energy transfer
among randomly oriented fluorophores within an oligomer), namely
that the aggregate anisotropy is approximately given by the monomer
anisotropy divided by the aggregation number.

This very simple result can be readily used in more complex situa-
tions, such as a three-state (monomer in water, monomer in membrane,
oligomer in membrane) model corresponding to a coupled partition–
oligomerization equilibrium (Fig. 1A) [51]. Considering the additivity
law of fluorescence anisotropy and further assuming that i) the protein/
peptide under study presents a fractional fluorescence labeling f, ii) the
aqueous and membrane-bound monomeric molecules display the same
fluorescence quantum yield but the oligomeric species is quenched by a
factor q ¼ ΦPkm

=ΦP1m
, iii) energy homotransfer is exclusively an intra-

oligomeric phenomenon, iv) the occupancy level of themixed oligomers,
i.e. the fraction of ifluorescently labeledmonomers per oligomer contain-
ing k subunits is described by the binomial distribution [52], and v) the

anisotropy of each oligomeric species, rh iiPkm , is inversely proportional to

the number i of labeled subunits in the oligomer:

rh iiPkm ¼ rh ii¼1
Pkm

=i: ð9Þ
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Melo et al. [51] derived:

rh i ¼ xP1w
D

� rh iP1w þ xP1m
D

� rh iP1m þ
1− 1− fð Þk
h i

f−1qxPkm
D

� rh ii¼1
Pkm

ð10Þ

withD ¼ xP1w þ xP1m þ kqxPkm. Here,xP1w,xP1m andxPkm are themole fractions

of each species, rh iP1w and rh iP1m are the steady-state anisotropies of the
monomer in aqueous solution and bound to the anionic lipid mem-

branes (respectively) and rh ii¼1
Pkm

is the steady-state anisotropy of the

oligomer containing only one labeledmonomer (which cannot undergo
homo-FRET). This simple analytical equation, which explicitly relates
the overall steady-state anisotropy of the sample with its fractional
labeling, allows to evaluate the best oligomerization stoichiometry
that describes the cooperative partition equilibrium under study once
the steady-state anisotropies characteristic of each fluorescent species
are evaluated independently.

3. Case studies

This section illustrates the use of FRET in the study of different lipid/
protein systems, based on the above described formalisms. Despite their
diversity, all cases addressed below have in common a crucial role of
electrostatic lipid–protein or lipid–peptide interactions (typically be-
tween negatively charged phospholipids and positively charged amino
acid residues).

3.1. Pulmonary surfactant protein SP-B

Pulmonary surfactant is a lipid–protein complex responsible for
reducing the surface tension of the air–liquid interface and thus prevent
collapse of the alveoli at the end of expiration [53–55]. It is composed of
approximately 90% of lipids and 10% of specific surfactant-associated
proteins. The most abundant lipid class is zwitterionic PC, accounting
for ~80% of all lipid, of which half is disaturated 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC). Besides PC, other important phos-
pholipid species are acidic phospholipids phosphatidylglycerol (PG), PI
Fig. 2. Theoretical molecular models for the topology of SP-B in phospholipid membranes. Pane
brane occupiedby theprotein instead of lipids (and therefore represents an exclusion area for FR
with the membrane surface, with no lateral lipid excluded area. Single FRET donors (Trp residu
Reprinted from Biochimica et Biophysica Acta, Vol. 1818, Cabré et al., Topology and lipid select
pp. 1717–1725 [55]. Copyright 2012, with permission from Elsevier.
and PS, which together account for approximately 15% of the lipid frac-
tion [56].

One of the four main surfactant proteins, SP-B is a 79-residue
protein, containing 52% hydrophobic amino acids, and a substantial
number of basic amino acids, resulting in a net charge of +5. Although
it is clearly essential for surfactant homeostasis, the molecular mecha-
nisms underlying SP-B actions are not clearly understood [57]. Although
the three-dimensional structure of SP-B has not been yet determined, the
protein contains about 45% α-helix, probably in the form of amphipathic
helical segments [58,59]. Contradictory results have been reported with
respect to the depth of penetration and the orientation of pulmonary
surfactant protein SP-B in phospholipid membranes and its relative pref-
erence for interaction with anionic over zwitterionic phospholipid
species. Whereas several works have suggested that SP-B is located in a
shallow region of membranes, with the polar positively-charged sides
of the helical segments interactingwith PG, and thus causing little pertur-
bation on the acyl chain packing of phospholipids [60–62], others have
reported significant effects consistent with a deeper penetration of SP-B
into the hydrophobic core [63–65]. Another matter of contention is the
possibility of preferential interaction of SP-B with PG lipids, suggested
by electron spin resonance data [63,66], but in contrast with TOF-SIMS
analysis of lipid/protein films which seemingly indicate preferential pro-
tein partition intoDPPC-enriched rather than 1,2-dipalmitoyl-sn-glycero-
3-phospho-rac-(1-glycerol) (DPPG)-enriched regions [67,68].

FRET from the single tryptophan (W9) of SP-B to phospholipids of
different headgroups with the NBD group attached to an acyl chain
(NBD-PC, NBD-PS and NBD-PG) was used to address these questions
[55]. Regarding the protein location arrangement within the 1-
palmitoyl,2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane,
two different theoretical models could be envisaged. In model I
(Fig. 2A), a deep embedment of the protein in the membrane would
create an area of exclusion of phospholipid molecules equivalent to
the surface taken up by the protein. A topologically equivalent situation
would be that originated if the protein dimer could span the whole bi-
layer thickness, as proposed in certain models [69]. Donor quenching
by FRET in this first model could arise from two distinct acceptor popu-
lations: one located in a single circular layer of annular lipid surround-
ing the protein, and another uniformly distributed beyond the annular
l A represents model I, where the protein insertion leads to an excluded area in the mem-
ET acceptors). Panel B representsmodel II, where theprotein exhibits a shallow interaction
es) per SP-B monomer are indicated.
ivity of pulmonary surfactant protein SP-B in membranes: answers from fluorescence,



Fig. 4. Crystal structure of a dimer of BAR domains from Drosophila amphiphysin (PDB ID:
1URU, [71]).
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region. The donor decay in the presence of acceptor is thus obtained by
multiplying that in absence of acceptor by the FRET terms corresponding
to these two contributions [21]:

iDA tð Þ ¼ iD tð Þρannular tð Þρrandom tð Þ: ð11Þ

The uniform term ρrandom is calculated as described by Eq. (5). It was
verified that the theoretical efficiency obtained with this formalism
is very low when compared to the experimental measurements for
reasonable values of the model parameters [55]. Therefore, this protein
arrangement was discarded.

Model II (Fig. 2B) assumes that the protein adsorbs to themembrane
surface. FRET can again occur to two distinct acceptor populations, one
located directly below the protein (where the possibility of acceptor
enrichment due to protein–lipid selectivity is considered) and another,
located beyond this region (bulk bilayer). Derivation details of this
model are presented elsewhere [55]. Despite the difference in topology,
the main fitting parameter in this formalism is again a selectivity
constant Ks, which is a measure of the preference of the protein for a
given acceptor to be located underneath, over the host lipid. In particular,
Ks= 1 denotes lack of preference for a given acceptor. As shown in Fig. 3,
this model scenario still predicts less FRET efficiency than measured
experimentally, even for the zwitterionic probe NBD-PC. Therefore, a
moderate degree of probe preference must be invoked, as the experi-
mental data lie between the Ks = 1 and Ks = 2 curves. This situation
was found previously for the transmembrane major coat protein of
bacteriophage M13 [21], and is interpreted as probably stemming
from specific interactions between interfacial protein residues and the
acceptor NBD group. However, this does not detract from the main
conclusions: the protein is adsorbed to the bilayer surface, and a slight
preference (higher Ks) is observed for anionic phospholipids PG and
PS, compared to zwitterionic PC.

3.2. Helix 0 of the N-BAR domain

Themembers of the Bin–Amphiphysin–Rvs (BAR) domain superfam-
ily are key membrane-sculpting proteins responsible for the generation
of plasma membrane deformations. These proteins have known func-
tions in endocytosis, vesicular transport and development of tubular
membrane structures such as T-tubules of striated muscles [70]. The
BAR domain is a dimeric alpha-helical protein motif, which generates a
curved shape and a concave surface presenting a number of basic
aminoacid residues (Fig. 4). BAR domains interact with lipid membranes
Fig. 3. Donor (SP-BW9) fluorescence quenching by FRET acceptor (NBD-lipids) in a POPC
membrane matrix. Experimental time-resolved FRET data have been obtained in 50 mM
Hepes, 150 mM NaCl, and pH 7.0 buffer. Acceptors were NBD-PC (closed circles), NBD-PG
(squares) or NBD-PS (triangles). Lines are the theoretical curves for the different indicated
selectivity constant Ks values, which consider the topology of the protein in the membrane
(model II; see Fig. 2).
Reprinted from Biochimica et Biophysica Acta, Vol. 1818, Cabré et al., Topology and lipid
selectivity of pulmonary surfactant protein SP-B inmembranes: Answers from fluorescence,
pp. 1717–1725 [55]. Copyright 2012, with permission from Elsevier.
through electrostatic interactions of this concave basic surface with lipid
headgroups [71]. Additionally, a subset of BARdomains (N-BAR) presents
a N-terminal amphipathic alpha helix (H0) which inserts in the bilayer.
This subset of BAR domain proteins include amphiphysin, breast-
cancer-associated protein/Bin2 (BRAP) and endophilins [72].

The membrane sculpting properties of BAR have been explained
on the basis of a scaffolding mechanism, leading to the adjustment of
the membrane curvature on the intrinsic shape of the protein concave
surface. In the case of N-BAR domains, there is also some evidence
that supports a critical role for the insertion of the H0 amphipathic
helix as molecular wedge into the membrane, creating a strain in the
interactingmonolayer and driving curvature [71,73,74]. It has been sug-
gested that strong hydrophobic interactions of this helix with the lipid
membrane are responsible for the stabilization of the lipid bound con-
formation of the BAR domain.

A synthetic peptide with sequence identity to the N-terminal H0
amphipathic helix from BRAP (H0-NBAR peptide) was used to charac-
terize the nature of the interaction of the peptidewith lipidmembranes.
This sequence was chosen since it presents great homology to other
N-terminal amphipathic helices of BAR domain-containing proteins.
Binding of the peptide to the lipid bilayer is only detected for liposomes
composed of anionic lipids, and after binding the peptide assumed an
alpha-helical structure [40]. These results confirm that themain contri-
bution for H0-NBAR binding to lipid membranes is electrostatic.

FRET from an EDANS (5-((2-aminoethyl)amino) naphthalene-1-
sulfonic acid) labeled H0 peptide (H0-NBAR-EDANS), to different anionic
phospholipids labeled with NBD at the acyl-chain (NBD-PS, NBD-PG,
NBD-PA), was used to probe for specific interactions of the peptide with
a particular negatively charged phospholipid. Since non-negligible lipo-
some fusion was detected after incubation with H0-NBAR peptide, it
was not possible to apply the same two-dimensional FRET formalisms
(Eq. 5) for quantifying the enrichment of labeled lipids around the pep-
tide, as done for pulmonary surfactant protein SP-B. Given this heteroge-
neity, only a qualitative approach can be used, and this was carried out
through comparison of FRET efficiencies obtained with the different
labeled phospholipid acceptors. Differences in FRET efficiencies obtained
with NBD-PS, NBD-PG or NBD-PA were below 2%, within error of the
measurement, pointing to a lack of selectivity of H0-NBAR-EDANS for
specific anionic phospholipids [40].

Oligomerization of BAR domains within the membrane is thought
to be crucial for the generation of membrane curvature. In order to
determine if H0-NBAR amphipathic helices could be responsible for
this oligomerization, FRET experiments between H0-NBAR-FITC and
H0-NBAR-EDANS were also carried out in 1-palmitoyl,2-oleoyl-sn-
glycero-3-phospho-rac-(1-glycerol) (POPG) bilayers [40]. The high R0 of
the EDANS–FITC donor–acceptor pair (40 Å) entails a small contribution
of energy transfer between nonoligomerized H0-NBAR, and this was
taken into account in the analysis according to Eq. (8). FRET Experiments
were carried out at different peptide concentrations to make sure that
this contributionwas correctly accounted for. As shown in Fig. 5, the olig-
omerization model that provided the best fit to the data obtained at



Fig. 5.H0-NBAR forms an antiparallel dimer in anionic bilayers. FRET efficiencies determined
from the integration of H0-EDANS fluorescence decays in the presence of increasing fraction
of acceptors (H0-FITC) (■) at a lipid-to-protein (L/P) ratio of 1000 (top panel) and 2000
(bottom panel). Simulations for FRET between monomers (dotted line), parallel dimers
(dashed line) or trimers (dash-dotted line) do not describe the data accurately. The simula-
tionwhich provided amore accurate description of the datawas obtained for an antiparallel
dimer (solid line) inwhich EDANS and FITC are separated by 43 Å. Themaximum estimated
size of H0-NBAR is 49.5 Å. These simulations take into account the contribution of FRET to
nonoligomerized peptides according to Eq. (8).
Adapted fromBiophysical Journal, Vol. 94, Role of Helix 0 of theN-BARdomain inmembrane
curvature generation, Fernandes et al., pp. 3065–3073 [40]. Copyright 2008,with permission
from the Biophysical Society.
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different peptide concentrations was the one that considered antiparallel
dimerization of the peptide (distance of 43 Å between FITC and EDANS,
close to the expected size of a fully rigid alpha-helical structure —
49.5 Å) [40].

The oligomerization of the H0-NBAR peptide explains the detection
of high-order oligomers of N-BAR domains [73]. Recent results have
confirmed that H0-NBAR helices do indeed arrange in antiparallel
dimers, and concluded that these are essential for the assembly of the
BAR domain scaffold and for the stabilization of membrane curvature
[75,76].

3.3. Lysozyme as a model non-amyloidogenic protein

Recently, lysozyme (Lz) has been used as model protein to ad-
dress the question of whether membranes containing acidic phos-
pholipids can trigger rapid “amyloid-like” fiber formation by several
non-amyloidogenic proteins, as proposed by [77]. Lysozyme is a small
polycationic enzyme whose structure and physicochemical properties
have been well characterized [78]. In addition to being widely used to
study the mechanism of amyloid aggregation in vitro [78], hen egg
white lysozyme is homologous to human lysozyme, whose variants
have been implicated in hereditary systemic amyloidosis [79,80]. After
fluorescently labeling the protein with Alexa488 (Lz-A488), a three-
state cooperative partition model was first quantitatively fitted to the
biphasic changes detected in itsmean fluorescence lifetime in order to re-
trieve information about the sequential conformational/oligomerization
transitions undergone by this conjugated protein upon varying its surface
concentration on 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
(POPS)-containing liposomes (Fig. 1). By taking into account the electro-
static effects according to the Gouy–Chapman theory [81,82], Lz-A488
was found to assemble into a multimeric species (k-mers with k ≥ 6)
that characteristically presented a mean fluorescence lifetime shorter
than the free andmembrane-bound oligomeric Lz-A488 species [83]. Ac-
cording to the dimensions of lysozyme (a prolate ellipsoid of 3.0 × 4.5 nm
[84]), energy homotransfer among the fluorescently labeled subunits
incorporated in each mixed Lz/Lz-A488 oligomer was expected to be an
efficient process, since a large Förster radius, R0= 4.8 nm, was calculated
for the membrane-bound monomeric Lz-A488 at the infinite dilution re-
gime (i.e. using a very high L/P ratio). Therefore, homo-FRET experiments
were used to further narrow down the stoichiometry of the membrane-
bound lysozyme oligomers bymeasuring the fluorescence depolarization
of Lz-A488 in the presence of anionic lipid membranes. Both steady-state
and time-resolved fluorescence anisotropy measurements were per-
formedwith samples presenting a variablemembrane surface concentra-
tions of Lz-A488, which was obtained by either varying the total protein
or phospholipid concentrations used (Fig. 6A and B, respectively). The
pronounced decrease detected in the fluorescence anisotropy of
Lz-A488 was highly correlated with the extent of lysozyme oligomeri-
zation on the membrane surface, and therefore could be ascribed to
an efficient intraoligomeric homo-FRET (e.g. compare Fig. 1B with
Fig. 6B for 3 μM lysozyme). Additionally, incomplete labeling (variable
dye-to-protein molar ratios) induced changes in homo-FRET efficiency
were also explored (Fig. 6B and C, respectively). By judiciously choosing
the experimental conditions that strongly displaced the oligomerization
equilibrium towards the membrane-bound k-mers (low L/P ratio,
Fig. 1B), it was found that the higher the level of occupancy of the
mixed oligomers assembled at the membrane surface, the more pro-
nounced was the decrease in the sample steady-state anisotropy due to
an increase in their intraoligomeric energy homotransfer efficiency, as
shown in Fig. 6C. The concomitant changes produced in the fluorescence
anisotropy decays of these samples were even more dramatic, as illus-
trated in Fig. 6D. There was a sharp increase in the residual anisotropy,
r∞, from 0.04 to 0.22, when the fractional labeling of the sample de-
creased from f=0.54 to f=0.03. This result, which is the experimental
signature for intra-oligomeric energy homotransfer [47], reflects the
progressive statistical decrease of the occupancy level of the oligomer
with labeled monomers. Finally, Eq. (10) was globally fitted to the
steady-state anisotropy data obtained under a wide range of experi-
mental conditions (variable anionic lipid content of the liposomes, L/P
molar ratios fractional labeling of Lz (Fig. 6)) confirming that the
oligomer stoichiometry of membrane-bound Lz-A488 was k = 6 ± 1.
A previous detailed photophysical characterization of the system
under study allowed to hold q = 0.5, rh iP1w = 0.205, rh iP1m = 0.250 and

rh ii¼1
Pkm

= 0.350 fixed in this global analysis. This was important due to

the strong correlation between several of the parameters present in
our model.

In conclusion, this study illustrates the importance of carefully
manipulating the experimental conditions in order to maximize the
molar fractions of each fluorescent species in the system under study.
This allows evaluating independently the characteristic values for the
steady-state anisotropies of each fluorescent species (free monomeric
protein in aqueous solution, monomeric and oligomeric membrane-
bound proteins in our case), a pre-requisite to fit the fluorescence
anisotropy data obtained in complex systems, like the coupled
partition–oligomerization equilibrium, with Eq. (10).

3.4. Protein-induced morphological alterations of lipid vesicles

3.4.1. K6W model peptide
For the purpose of investigating the possibility of phase separa-

tion or other morphological changes induced on mixed zwitterionic/
anionic lipid mixtures by highly basic peptide/amino acid clusters in
proteins, we studied the effect of the model positively charged peptide
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Adapted fromMelo et al., Phys. Chem. Chem. Phys. 16 (2014) 18,105–18,117 [51]— Reproduced by permission of the PCCP Owner Societies.
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hexalysyltryptophan (K6W) on the organization of fluid (T = 60 °C)
large unilamellar vesicles composed of an equimolar mixture (750 μM
total lipid) of zwitterionic DPPC and anionic 1,2-dipalmitoyl-sn-
glycero-3-phosphoserine (DPPS) [85]. In this study, rather than use
FRET from thepeptide to labeled lipids, a different experimental approach
was used, employing two fluorescent PC lipid probes: 1-palmitoyl-2-[3-
(diphenylhexatrienyl)propanoyl]-sn-glycero-3-phosphocholine (DPH-
PC; D), and 1-palmitoyl-2-[12-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
aminododecanoyl]-sn-glycero-3-phosphocholine (NBD-PC; A). With this
setup we intended to observe whether addition of K6W to DPPC/DPPS
vesicleswould increase FRET efficiency, possibly as the result of formation
of PS-rich lipid domains (towhich the peptidewould preferentially bind),
surrounded by PC-enriched membrane regions (where the FRET D and A
probes would preferentially locate, with average closer separation
distances).

Following our expectations, FRET in peptide-free vesicles could be an-
alyzed with a bilayer geometry model (Fig. 7A) based on Eq. (5), and
upon adding K6W, an increase in FRETwas observed. However, the latter
was not due to domain formation, as analysis of decays using a modified
Eq. (5) with two donor and acceptor populations (representative of
PC-poor and PC-rich bilayer regions; [86]) was not successful, even for
the lowest K6W concentration used (20 μM). For [K6W] ≤ 80 μM, statis-
tically acceptable fits were obtained when considering a bilamellar
geometry (Fig. 7B), which would result from peptide-mediated aggre-
gation of two bilayers. However, for higher concentrations of peptide
(up to 150 μM), this model could no longer describe the experimental
decays, and adequate fitting required consideration of a multilayer
model (Fig. 7C), corresponding to stacked lipid bilayers with peptide
sandwiched between them, and a converging value h2=4.0 nmwas re-
covered for sufficiently high [K6W].

It was therefore concluded that the most striking effect of this short
polylysine peptide upon DPPC/DPPS equimolar mixtures is the ag-
gregation of DPPC/DPPS vesicles, caused by the strong electrostatic
interaction between the membranes' anionic groups and the basic
peptide. When peptide binding reaches saturation (at ~100 μM in
our experiments), there is extensive formation of stacked lipid bilayers,
bridged by the anionic peptide, and with a reduced interbilayer separa-
tion of ~h2 − h1 = 2.3 nm.

3.4.2. Lysozyme
The work with the basic model peptide described in the previous

section acted as a springboard for a more extensive study, which
focused on the interaction ofwild-type orfluorescently-labeled lysozyme
with fluid POPC/POPS vesicles. In an early stage of this study, FRET be-
tween lipid PC probes 2-(4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-s-
indacene-3-dodecanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine
(BODIPY-PC; D) and N-(lissamineTM-rhodamine B)-1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (Rh-PE; A) was measured [87]. In the
absence of lysozyme, the donor decay could be analyzed using the single
bilayer model based on Eq. (5). Adding increasing amounts of protein,
a small but significant increase in FRET efficiency is observed for
1.0 μM b [lysozyme] b 2.0 μM, concomitant with an extensive increase
in turbidity of the lipid suspension. For [lysozyme] ≥ 1.0 μM, analysis
of donor decay in the presence of acceptor was significantly im-
proved by allowing a third plane of acceptors, located at a distance
h3, which value converges to 6.7 nm in the saturation limit. This is
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consistent with amultilayer arrangementwith a lamellar repeat distance
of ≅9–10.5 nm.

In an alternate experimental setup, FRET betweenwild-type and 1,6-
diphenyl-hexatriene, DPH, or betweenAlexa-488-labeled lysozyme and
Rh-PE, was measured and analyzed with both single bilayer and aggre-
gated bilayer models. Again, a transition was observed, but at slightly
lower protein concentrations (0.5 μM b [lysozyme] b 1.5 μM range). Ad-
ditionally, much smaller lamellar repeat distances were recovered (~5–
7 nm) when the FRET donor was located in the protein. These results
were conciliated with the BODIPY-PC/Rh-PE data on the basis of a
“pinched lamellar” model for the lipid/lysozyme aggregates [87]: lyso-
zymewould bridge two adjacent bilayers, with a local reduced lamellar
repeat distance, not exceeding ~5–7 nm (as revealed by FRET from the
protein). Between these “pinched regions”, large pockets of water are
contained, stabilized by hydration repulsion, leading to larger lamellar re-
peat distances, as concluded from the BODIPY-PC/Rh-PE experiments.

This system was again revisited later to obtain more detailed infor-
mation about the micron-sized mesoscopic lipid–lysozyme mixed
fibers produced at a low L/P ratio that have been proposed to present
“amyloid-like” characteristics, as discussed above (Section 3.3) [78].
The multilamellar architecture of thesemesoscopic structures was con-
firmed by performing complementary time-resolved FRET measure-
ments between Lz-A488 (donor) and Rh-PE (acceptor), at both (bulk)
ensemble and single-fiber microscopic level (FLIM-FRET measure-
ments) [88]. After performing a centrifugation step to facilitate the
imaging of the samples, the amplitude-weighted mean fluorescence
lifetime of Lz-A488 measured by FLIM was found to present a rather
uniform spatial distribution in these fibers, the mean value of the histo-
grams decreasing from 〈τ〉1D = (1.67 ± 0.13) ns to 〈τ〉1DA = (1.06 ±
0.04) ns in the presence of the acceptor (Fig. 8A and B). The FRET effi-
ciency obtained by the FLIM technique, EFRETFLIM, at the single-fiber level
was therefore 0.36 ± 0.03 (n=3). The FLIM technique, in which confo-
cal laser scanning microscopy is combined with fluorescence decay
acquisition over a section of an image, yields spatial resolution to a
study. In addition, this is an intensity-independent technique that is
much less sensitive to artifacts that can potentially interfere with
intensity-based microscopic FRET measurements. However, due to low
photon counts in each decay (pixel), and thus poor statistics, it is not
possible to fit complex FRET topological models to the experimental
data. To overcome this limitation, the fluorescence decay kinetics of
Lz-A488 in the absence and in the presence of acceptors was also mea-
sured under macroscopic (bulk) conditions (cuvette measurements).
According to the cooperative partition model used earlier to describe
the interaction of Lz-A488 with anionic lipid membranes (Fig. 1), there
was always a significant fraction of free Lz-A488 free in solution. Since
the free donors do not undergo efficient Förster energy transfer to the
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fluorescently-head labeled phospholipid used as acceptor, their presence
in the solution must be accounted for in the data treatment to avoid
getting underestimated FRET efficiencies [46]. As described in detail by
Melo et al. [88], the interplanar FRET topological model, corrected for
the presence of isolated donors in the solution, was globally fitted to a
set of 3 fluorescence decays obtained for each protein concentration,
namely the decay curves measured for Lz-A488 in aqueous solution,
iD
w(t), and in the presence of 430 μM POPC:POPS 80:20 LUVs, including
or not including the acceptor (iDA(t) and iD(t), respectively). The average
bulk energy transfer efficiencies corrected for the presence of free donors
in the solution EFRET

m = 0.31 ± 0.02 (mean ± SD) recovered was in good
agreement with the value obtained at the single-fiber level. More impor-
tantly, both EFRET

m and EFRET
FLIM are also in good agreement with the inter-

planar energy transfer efficiency predicted for the presence of two
instead of one acceptor plane (Fig. 8C) within 2.5–3.0 nm distance of
membrane-bound Lz-A488, showing that lysozyme is intercalated be-
tween two adjacent lipid bilayers. These fittings presented again a low
sensitivity to the transverse distance between the donor and acceptor
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planes, h, particularly for low h values. Most probably, this result stems
from the intrinsic heterogeneity in the donor population (co-existence
of membrane-bound monomeric and hexameric Lz-A488 species;
non-specific labeling of lysozyme), which is expected to broaden
significantly the range of possible h values as mentioned before
[87]. Nevertheless, the thickness of the interbilayer aqueous space,
δw = 2 × h ~5–6 nm, recovered in this study is now closer to the
value measured earlier by performing FRET measurements between
two membrane probes (D = BODIPY-PC; A = Rh-PE) in the presence
of lysozyme (δw = 6.7 nm [87]). This interbilayer thickness is wide
enough to accommodate monomeric, or even oligomeric, sideways-on
or headways-on membrane-bound lysozyme molecules, particularly if
lysozyme partially penetrates the membrane surface at a high protein
surface coverage [89]. Altogether, these complementary FRET results,
performed both at the bulk (liposome ensemble-average) and micro-
scopic (single-fiber) levels, provided important topological information
about the supramolecular organization of the lipid–lysozyme mixed
fibers, confirming that they display a multilayer structure, in which
the predominantly hexameric lysozyme is sandwiched between two
adjacent lipid bilayers. Additional infrared spectroscopic studies of lyso-
zyme in these samples further showed that although partly oligomerized,
this protein did not exhibited a rich β-sheet structure characteristic of
amyloid fibrils, ruling out the hypothesis that negatively-charged lipid
membranes have the general ability to trigger amyloid fibril formation
of non-amyloidogenic proteins.

4. Concluding remarks

The aim of this review was to provide an overview of different
implementations of FRET for the characterization of lipid/protein systems
inwhich electrostatic interactions play a crucial role. Given its nanometer
range resolution, FRET is ideally suited to characterize protein–lipid inter-
actions. To take full advantage of the technique's potential, models that
describe the dependence of both hetero and homo-FRET observables on
the structural properties of the system under study are required. The ap-
plication of these models in controlled experimental conditions, allows
the recovering of detailed molecular level information. As exemplified
through the different case-studies presented here, this information has
proven to be extremely valuable for the advancement of our understating
on the role of electrostatics in protein aggregation and protein–lipid
interactions.
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