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1. Introduction the nano to the microscale, are by now an established field

. . . in Membrane Biophysics and Biochemistry (e.g. Edidin, 2003;

The study of lipid-lipid interactions in general, and the  pnjykherjee and Maxfield, 2004; Kusumi et al, 2005; Anderson
formation and properties of lipid domains in particular, from and Jacobson, 2002). The suggestion of lipid segregation as one
of the basic mechanisms of cellular lipid and protein traffick-

ing and sorting goes back to the 1980s (Simons and Van Meer,
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which are thought to consist of sphingolipid-cholesterol (Chol)-
enriched and (unsaturated) phosphatidylcholine (PC)-depleted
domains. In general it is considered, in the context of this
review, lipid domains as lateral membrane heterogeneity gen-
erated on the basis of differential lipid-lipid and specific
lipid-protein interactions. The role of lipid transversal asym-
metry and the general roles of proteins have been reviewed
elsewhere (Devaux and Morris, 2004; Pérez-Gil et al., 2006; Epand,
2006).

Rafts in a rest state in cell membranes seem to be in gen-
eral <100nm (e.g. Varma and Mayor, 1998; Prior et al., 2003;
Nicolau et al., 2006; Sengupta et al., 2007). However, the recent
studies in model systems with more impact have been the direct
microscopic observation of micrometer-scale liquid/liquid immis-
cibility (e.g. Dietrich et al., 2001). Certainly this is related to the
fact that many studies in cells are performed with fluorescence
microscopy, and the observation of giant vesicles allows using
approaches frequently employed in Cell Biology. Not uncommonly,
though, the results from experiments with these techniques do
not show any domains for compositions for which spectroscopic
ensemble techniques preview phase separation (e.g. binary sys-
tems PC/Chol; Dietrich et al., 2001; Veatch and Keller, 2003). This
and other complexities led to the development of more sophis-
ticated approaches, where the combination of spectroscopic data
with imaging of the lipid bilayer became essential, e.g. the use of
laurdan spectral shifts (Bagatolli and Gratton, 2000; Dietrich et
al,, 2001), of fluorescence correlation spectroscopy (FCS) (Kahya
and Schwille, 2006; Ruan et al., 2004), or of NMR (Veatch et al.,
2007).

Fluorescence spectroscopy has been used to address all these
subjects for a long time, due to its intrinsic sensitivity, which is
a major advantage in biological systems (e.g. Prenner et al., 1993,
2000), and also because the time-scale of fluorescence emission
together with the time-resolution of detection allow obtaining
dynamical information (e.g. Sharma et al., 1997). Several types of
parameters can be used, such as fluorescence lifetimes, anisotropy
decays (Ravichandra and Joshi, 1999) and time-resolved emis-
sion spectra (e.g. Parasassi et al, 1993). Since they depend on
different characteristics of the probe environment, like polar-
ity or microviscosity, they can report the appearance of new
phases which otherwise would not be detected. By combining
these parameters with the direct observation of heterogeneities
through imaging techniques, fluorescence methods with time-
resolution are one of the potentially most useful tools to study
lipid domains and rafts. It should also be stressed that time-
resolved techniques have the advantage of not evaluating the
total intensity, so they are much less biased by the known
problems associated to steady-state data such as light scatter-
ing, or error in probe concentration. However, this combination
has not been widely used thus far. One of the reasons is that
in order to safely conclude from the time-resolved fluorescence
properties of the probes in complex systems, it is previously
mandatory to know in detail the photophysical properties of
the probe(s) in membrane model systems with different num-
ber of components and compositions, mimicking the several types
of lipid phases and domains that can be present in the cell
membranes.

This chapter will focus on the information that can be
drawn directly from examination of fluorescence lifetimes, and
the parameters calculated from them (Forster resonance energy
transfer (FRET) efficiency, dynamic quenching and partition
coefficients), and their combination with imaging (fluorescence
lifetime imaging microscopy (FLIM)). Examples of applications
will range from two-component model systems to studies in live
cells.

2. Lipid-lipid and lipid-protein interactions studied by
time-resolved fluorescence: techniques and methods

2.1. Introducing time-resolved fluorescence

Here, brief comments mainly of practical nature are drawn, and
for a more complete discussion of fluorescence spectroscopy, the
reader is referred to two comprehensive textbooks (Valeur, 2001;
Lakowicz, 2006).

In steady-state fluorescence spectroscopy, as carried out in a
spectrofluorimeter, continuous illumination is provided by the light
source (often a Xe arc lamp). Hence, the concentration of molecules
in the electronic excited state (and therefore the emission intensity)
is proportional to the intensity of absorbed excitation light. By vary-
ing the excitation or emission wavelengths, it is easy to measure
fluorescence spectra. On the other hand, in time-resolved fluores-
cence spectroscopy, the fluorescence decay curve of a fluorophore
in a sample is measured. The relationship between the steady-state
fluorescence intensity I of a given fluorophore and its decay law
i(t) (which is obtained from a time-resolved experiment) is rather
simple, as the former is the integration over time of the latter:

I:/mi(t)dt (1)
0

This means that I represents an intensity value averaged over all
fluorophores of the sample and all times, whereas the decay law
is a function of time, only averaged over fluorophores. It follows
that a single steady-state intensity value is probably determined
by several decay law parameters, which cannot be extracted from
it. In fact, it is not rare that, for a given situation, the decay law
model allows distinct sets of parameters leading to identical steady-
state intensity values. On the other hand, the experimental decay
is typically composed of ~1000 data points, and fitting a model
decay law to the experimental histogram provides the parame-
ters of interest in a unique and statistically meaningful manner.
Finally, steady-state but not time-resolved measurements are sub-
ject to inner-filter artifacts which, when present, must be corrected
(Coutinho and Prieto, 1993).

Time-resolved experiments are often performed through direct
measurements in the time domain, in which a short pulse of
light excites the sample, and the subsequent fluorescence emis-
sion is recorded as a function of time. This is generally achieved
using time-correlated single photon counting (TCSPC), which uses
electronics to detect single-photon events at a detector. By repeat-
ing many start-stop signals, a histogram of single-photon counts
in discrete time channels is obtained (O’Connor and Phillips,
1984). Alternatively, the frequency-response of the emission to
intensity-modulated excitation can be used to obtain the time-
dependent decay in frequency domain time-resolved fluorescence
spectroscopy. Below we will focus briefly on experimental details
regarding the time-domain variant.

The technique of TCSPC consists in exciting the sample and
detecting the arrival time of the first emitted photon. Therefore, this
technique is also called single photon timing (SPT). Since the detec-
tion rate is very low, i.e. one photon is detected for ~100 excitation
pulses in order to avoid biasing to shorter times, the experi-
ment must be repeated many times, so high repetition sources are
needed.

During recent times, time-domain instrumentation has become
more accessible, and it is possible to have high quality, user-friendly
systems, without using expensive equipment. The state-of-the-art
instrumentation uses high repetition rate mode-locked picosecond
or femtosecond lasers as excitation sources, and detection is car-
ried out by high-speed photomultipliers, the microchannel plates
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(MCPs). For less demanding studies the former can be success-
fully replaced by the less expensive pulsed-laser diodes (LDs) or
light-emitting diodes (LEDs). At the same time, fast standard pho-
tomultipliers can be used. Dye lasers pumped by argon-ion lasers
were invaluable in TCSPC, and they are still widely used, essentially
for exciting fluorophores that absorb the frequency-doubled out-
put of the dye emission. They have also intrinsically narrow pulse
profiles (~5 ps) and can be tuned in wavelength, although they are
complex to operate. At present these lasers are being replaced by
solid-state lasers (e.g. Ti-sapphire, which must be pumped by a
primary laser of solid-state diode lasers), which are more friendly
to operate and have shorter time-pulse (~100fs) and high power
which allows multi-photon excitation. For this reason they became
popular in microscopy for FLIM studies, where localized excitation
at a focal point is an advantage. However, it should be stressed
that for UV excitation in the spectral region of tryptophan (Trp)
absorption the doubled frequency dye laser is still the best source.
Recent progress in LDs and LEDs allow time-domain studies
at a very reasonable budget as described above. In addition, they
are very easy to operate, maintenance-free and the pulse width
of a LD (~50ps) is excellent for the decay of most probes in bio-
physics. LEDs are even less expensive, and although they do not
have a tunable region for excitation, and the pulse width is one
order of magnitude larger, they allow reasonably quick data acqui-
sition. At present these sources are available in a whole collection
of wavelengths, including the UV, allowing, e.g. studies with Trp.

2.2. How to deal with the complex fluorescence of membrane
probes

In a microheterogeneous medium the decay of a fluorophore
is usually not described by a single exponential function (com-
plex decay kinetics) (e.g. Visser et al., 1988). This can be a
result of the intrinsic photophysics, but even the emission of a
fluorophore which in homogeneous medium presents a single-
exponential decay, usually becomes complex when incorporated in
a membrane. This happens because of the contribution of several
sub-populations, since in the case of a fluorophore adsorbed at the
membrane-water interface, different micro-environments varying
in polarity and viscosity exist, and in addition solvent relaxation
within each of the populations can add further complexity. This
heterogeneity can be described by a distribution of lifetimes, either
Gaussian or obtained from non a priori methods such as Maximum
Entropy. The broadness of the distribution gives some insight on
the degree of heterogeneity.

In sum, the usual situation is that any probe, even when in inter-
action with vesicles where there is a single phase present, has a
complex decay with several components. In case that there is phase
co-existence (e.g. the probe is partitioned between two phases,
either gel/fluid or liquid ordered (l,)/liquid disordered (l4)) there is
an added complexity, and in general the lifetime components can
not be attributed to the phases, although some exceptions will be
shown later (in these cases, a very careful and detailed data analysis
is required).

When the fluorescent probe is participating as a donor in a FRET
interaction (see next section), specific non-exponential decay laws
apply (Loura et al., 2001a), since in membranes in general donor
and acceptor molecules are distributed in the membrane and the
distance between all possible donor and acceptor molecules can
take many different values. Furthermore, the acceptor probes can
have random or non-random distributions in the membrane. How-
ever, even in this situation a sum of exponentials is very effective in
describing the decay kinetics and their number is only determined
by the satisfaction of the usual statistical criteria (low chi-square,
random distribution of residuals and their auto-correlation). No

physical meaning is attributed to the different components, and
this discrete approach allows complex FRET kinetics to be used,
assuming that transfer operates from different states with distinct
lifetimes.

Sometimes, due to the obscure physical meaning of each expo-
nential used in the fit to the experimental decay curve, it is useful
to describe the fluorescence kinetics through a parameter named
mean or average lifetime, given by

2: 2
o;T;
i
g AT

i

for a decay described by a sum of exponentials, where ¢; is the nor-
malized pre-exponential and t; the lifetime of the decay component
i. This parameter, for some probes, is very sensitive to lipid phase
transitions, but should not be used in all cases where the interac-
tion under study is dependent on the quantum yield, such as will be
shown in the next section, namely regarding the determination of
partition coefficients. In these cases the so-called lifetime weighted
quantum yield (Lakowicz, 2006), also designated by amplitude
averaged lifetime defined as

T= Z(X,"L',‘ (3)

is the relevant one.

<T>=

2.3. Information contained in fluorescence lifetimes: dynamic
quenching and FRET efficiency; probe preference for lipid domains

When the phase diagram for a lipid system is known, includ-
ing the tie-lines (i.e., a line connecting the compositions of two
phases which are in equilibrium over all that line) that contain
the lipid mixtures of concern, quantitative characterization of the
lipid domains can be made. The tie-lines are horizontal in a binary
system (T or pressure/composition phase diagram), but in case of
a ternary system, in the phase diagram, the so-called Gibbs tri-
angle, the tie-lines are no longer horizontal, and thus they must
be obtained experimentally, which can be a very complex and
time-consuming task. The lever rule is valid in both cases and the
amount and composition of each phase can be computed. From the
restrictions imposed by thermodynamics and the minimization of
the deviation between fluorescence parameters that are calculated
from the phase diagram and the experimentally determined ones,
the tie-lines in ternary systems can be determined with very small
uncertainty, as is the case of the phase diagram shown in Fig. 1
(Castroetal.,2007). The advantage of carrying out the study along a
tie-line is that the composition of each coexisting phase is invariant.

To quantify the preference of a molecule (a fluorescent probe,
a protein, etc.) for different lipid phases, the probe partition coef-
ficient, Kp, has to be obtained. The partition coefficient of a probe
between phase 2 and phase 1 is defined as

ny /X2
n1 /X

Kp = (4)
where n; and n; are the number of mole of probe in phase 1 and
2, respectively, and X; the mole fraction of phase i. A preference for
phase 2 corresponds to Kp>1, for phase 1 to K, <1, and if K, ~ 1
there is no marked preference of the probe between any phase.
Phases 1 and 2 are any two co-existing lipid phases, usually gel
and fluid or I, and Iy, and K}, is meaningful only when a tie-line is
considered. Fluorescence lifetime data can be used to quantitatively
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Fig. 1. PSM/POPC/PCer ternary phase diagram at 24°C. (A) Identification of the regions of the phase diagram. The abbreviations correspond to: F1, POPC-rich fluid phase; G1,
PCer-rich gel, and G2, PSM-rich gel phase. The colours correspond to the number of phases present in each region: light gray, one phase; white, two phases; dark gray, three
phases. (B) Scaled POPC/PSM/PCer phase diagram. The black lines represent the phase boundaries between one-phase and two-phase regions. Each side of the tie-triangle
(blue) is a phase boundary that separates a two-phase region from a three-phase region. The remaining coloured lines are experimental tie-lines for the F1 +G1 region. The
open and closed circles over the black curved lines are the edges of the tie-lines. The direction and length of these tie-lines were obtained from the fraction of each phase
calculated from t-PnA lifetime and the lever rule. The black points on the left and bottom sides of the diagram are experimental points taken from the POPC/PCer (Silva et al.,
2006a,b) and the POPC/PSM (de Almeida et al., 2003) phase diagrams, respectively. The lipid mixtures studied are the coloured points. In each of them, phase coexistence was
experimentally verified and quantified: dark green - POPC-rich fluid and PCer-rich gel phases; light green - PCer-rich gel and PSM-rich gel phases; blue - the three phases.

Adapted from Castro et al., 2007.

determine partition coefficients. The relevant expression when no
significant spectral shifts occur is:

(T1KpXq + T2X2)

T=
(KpX1 +X2)

(5)
where 7; is the lifetime-weighted quantum yield of the probe in
phase i. From a non-linear fit of Eq. (5) to T versus X, data, K is
readily obtained. Examples are given in Fig. 2.

In some cases, the variation of the average fluorescence lifetime
is much more pronounced than that of the lifetime-weighted quan-
tum yield. In this case estimating K, from the former parameter
yields a more reliable value than from the latter. The equation to
use is now,

<> KpXi + /T < T>2X
KPX1 + i’z/‘_(]Xz

<T>

(6)

Table 1 shows K, values for different probes and lipid systems
obtained from lifetime variation, using either Eq. (5) or Eq. (6).
For alternative methods that allow obtaining relative partition con-
stants between series of fluorophores see (Silvius, 2005).

FRET is a dipolar interaction between two molecules, in
which excitation energy is transferred (non-radiatively) from one
molecule (the donor) to another (the acceptor), with a distance-
dependent rate constant, and its efficiency, E, can be easily
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where Tp and Tpa are the lifetime-weighted quantum yield of the
donor in the absence and presence of acceptor, respectively.

From the independent knowledge of the probes’ (donor and
acceptor) partition coefficients, equations can be used which enable
the estimation of the domain sizes. This is a fundamental question,
because membrane lipid domains are at the verge of detection by
different techniques and this has to be taken into account when
interpreting biophysical data (Filippov et al., 2007). The mathemat-
ics for FRET in membrane model systems and their application to
the study of lipid heterogeneity were reviewed in greater detail
elsewhere (Loura et al., 2001a; Towles et al., 2007; Buboltz, 2007).
Briefly, when the domains are very large regarding the Forster
radius, R, the so-called infinite phase separation limit (Fig. 3C),
a minimum of FRET efficiency is attained for a FRET pair with
donor and acceptor preferring different phases. On the other hand,
if the domains are very small (Fig. 3A), no decrease in efficiency is
observed, i.e. a close to random probe distribution happens (as if
only one phase were present).

In between the two limits described above, we have the biolog-
ically relevant situation of domains in the tenths of nanometer size
(Fig. 3B). In this situation, donors in one phase, in addition to trans-
fer to acceptors in the same phase, can also interact with acceptors

20
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Fig. 2. Variation of lifetime weighted quantum yield of: (A) NBD-DPPE and (B) Rhodamine-DOPE in PSM/POPC/Chol large unilamellar vesicles, as a function of lo phase mole
fraction, along the tie-line that contains the lipid mixture 1:1:1 (mol:mol:mol) at 23 °C (see Fig. 5B). The lines are the fitting curves of Eq. (5) with I,/l4 partition coefficient
Kp=4.3+1.2 (NBD-DPPE) and Kj, =0.37 + 0.06 (Rhodamine-DOPE). Adapted from de Almeida et al. (2005).
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Table 1

Partition coefficients of membrane probes in different lipid mixtures and phase coexistence situations, determined from the variation of the fluorescence lifetime of the
probe (Egs. (5) and (6)) at room temperature (22-24 °C), unless otherwise indicated. The fluorescence lifetime of the probes in each of the coexisting phases (1 and 2), i.e. on

the tie-line extremes, are also given

Probe Lipid mixture Phases 1/2 K 12 T1(ns)? T, (ns)? References
2 DSPC/DLPC Gel/fluid 48+05 564 47 de Almeida et al. (2002)
PnA PCer/POPC Gel/fluid 45+0.6 37 5 Silva et al. (2006b)
POPC/Chol Io/lq 0.8+0.2 12 5 Mateo et al. (1995), de Almeida et al. (2004)
POPC/PSM/Chol® lo/lq 0.88+0.05 17 6 Silva et al. (2007)
PSM/POPC Gel/fluid 19+01 32 12 Castro et al. (2007)
PCer/PSM Gel/gel® 24 37 32 Castro et al. (2007)
NBD-DPPEY POPC/PSM/Chol? lo/lq 41+0.9 8.4 9.5 de Almeida et al. (2005); Silva et al. (2007)
NBD-DOPE¢ POPC/PSM|/chol?® Io/ly 120+0.06 6.3 5.5 Silva et al. (2007)
PCer/POPC Gel/fluid ~0° n. a. 5 Silva et al. (2006b)
1-C46-2-NBD-Cy,-PCd DPPS/DPPC at 45°C Gel/fluid 0.31+0.06 3.28 4.42 Loura et al. (2006)
Rhod- DPPC/DOPC Gel/fluid 0.17+0.07° 2.6 26 de Almeida et al. (2007)
DOPE4 DPPC/Chol Gel/lo 0.5+0.1 2.6 1.9 de Almeida et al. (2007)
POPC/PSM/chol? Io/lq 0.34+0.07 3.1 14 de Almeida et al. (2005, 2007)
Rhod-DMPE! DMPC/Chol (30°C) o/l 0.30 2.7 15 Loura et al. (2001c)
DPH PCer/POPC Gel/fluid ~0¢ n. a. 5 Silva et al. (2006b)
DilCy; DSPC/DLPC Gel/fluid 0.5 1.06 0.74 Loura et al. (2000)
DilCqg DSPC/DLPC Gel/fluid 5.2 1.40 0.74 Loura et al. (2000)

2 Lifetime-weighted quantum yields are in normal letter; average fluorescence lifetimes are italicized.

b For the tie-line that contains the 1:1:1 mol ratio mixture.

¢ Because the variation of fluorescence lifetime between these two lipid-phases is very small, the K}, was calculated indirectly from the ratio of the K, in the PCer/POPC

and PSM/POPC systems.

4 For these probes, the fluorescence lifetime may change significantly with the probe:lipid ratio due to a dynamic self-quenching process. This dependence will also be

influenced by the lateral diffusion coefficient and the molecular area of the lipids.

¢ The photophysical parameters of these probes remain almost unchanged with PCer mole fraction indicating that their partition into the PCer-rich gel phase is very low.
f Because the fluorescence lifetime of the probe is the same in both lipid phases at low probe:lipid ratio, this K, value was calculated as the product of the K, values given

in the two following lines.

located in the other one. In this case, the experimental efficiency is
higher as compared to the situation of “infinite phase separation”,
but lower than in a single homogeneous phase where a random
distribution of probes can be anticipated. It will be shown later in
this chapter how this method allowed establishing the lipid rafts
size variation with membrane composition.

Together with FRET, quenching is the most common methodol-
ogy in the area of biological applications of fluorescence. In case
that fluorescence quenching is a dynamic process, i.e. diffusion
dependent, in biological systems, specifically both fluorophore and
quencher diffusing in a membrane, “transient effects” due to diffu-
sion can not be studied in detail due to the following: (i) diffusion
is no longer isotropic, and at least two different components, paral-
lel and perpendicular to the membrane plane, should be taken into
account, which leads in general to a formalism of no practical use,
(ii) the decay of most samples, even in the absence of quencher, is
intrinsically complex (see previous section).

Thus, the Stern-Volmer equation is in most situations the start-
ing point, and from time-resolved data a linear relationship (Eq.

(8)) should be obtained,

SUENE

=1+kq <1t>0[Q] (8)

where 7y and 7 are the fluorescence lifetimes in the absence and
presence of the quencher, kq is the bimolecular collisional rate
constant, and [Q] is the effective quencher concentration in the
membrane. This rate constant can be used to obtain the diffusion
coefficient D (see the approximation of Umberger and Lamer, 1945).

To deal with the complex intrinsic decay of most fluorophores,
generally the quenching of each component cannot be detailed, and
the use of mean or average lifetimes, which is not uncommon to find
described in a wrong way in the literature, is the usual approach.
In the above Eq. (8), the lifetime-weighted quantum yields (see Eq.
(3)) should be used on the left-hand side of the equation, while the
mean lifetime should be used on the right-hand side. This last one
in fact describes the mean time that the molecule spends in the
excited state, so is the relevant one to consider in diffusional pro-
cesses. It can be even more refined such as described by Sillen and

(A) (B)

\
7

©

©

Fig. 3. Pictorial view of FRET between donor and acceptor preferring different phases in situation of: (A) no phase separation (random distribution); (B) phase separation
with small domains; (C) phase separation with large domains (infinite phase separation limit, no boundary effects).
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Engelborghs (1998), and an application to a peptide in a membrane
is shown in the study by de Almeida et al. (2004; see Section 3.3).

Regarding the static components that can be present in the
steady-state data, the first step is to consider a sphere of action,
which accounts for the statistical pairs existing at the moment of
excitation. From the time-resolved linear Stern-Volmer plot (Eq.
(8)), and the fitting of Eq. (9) to the steady-state data Iy /I, the sphere-
of-action volume V is obtained,
2~ () exo(-vmala (9)
where N, is the Avogadro’s number.

In case that the sphere radius recovered is greater than the
sum of the collisional radii of fluorophore and quencher (~10 A for
typical molecular pairs), a model considering the formation of a
molecular complex should be invoked. The expression for the case
where the equilibrium constant is not very high, or the quencher
concentration is low, is given by Castanho and Prieto (1998).

The self-quenching mechanism is less used to obtain structural
information. However, this is a very common interaction in mem-
brane studies, due to the compartmentalization effect, that leads
to high effective concentrations of molecules in a membrane, and
is frequently on the origin of variations of probe lifetime with con-
centration or lipid phase.

When studying dynamic self-quenching, the Stern-Volmer rela-
tionship (Eq. (8)) holds, where now the quencher concentration [Q],
is replaced by the fluorophore concentration [F], and the value of
Tp is the value for very low fluorophore concentration, at which
there is no self-quenching. However, the same is not valid for the
steady-state data, because the total intensity becomes higher due
to the increase in fluorophore, but there is a concomitant decrease
due to the self-quenching interaction. This leads to the following
hyperbolic type relationship,

_ C[F]
= 1/%0 + kq[F]

where [ is the fluorescence intensity and C a constant.

The above formalisms assumed that diffusion in the membrane
happens in three-dimensions. The solution for a bidimensional sys-
tem (Razi-Naqvi, 1974) when applied to a membrane is relevant
in case that the fluorescence lifetime was in order of hundreds of
nanoseconds, which is not the case for most probes.

Ip exp (—VNa[F]) (10)

2.4. Microscopic fluorescence decays, FLIM and membrane
labelling

The use of fluorescence microscopes with the ability of optical
sectioning, either confocal microscopes or two-photon micro-
scopes, that are at the same time laser scanning microscopes is
nowadays a common feature in many labs (Conchello and Lichtman,
2005). In those fluorescence microscopes, if both the excitation
source and the detection components fulfil the requirements for
time-resolved measurements described in Section 2.1, it is possi-
ble to obtain microscopic time-resolved fluorescence decays. Both
the time-domain and the frequency domain methods are possible.
Obtaining fluorescence lifetimes by the frequency domain can be
much faster, which can be an advantage for obtaining 3D fluores-
cence lifetime images. Also, it is suggested that with this method
some artefacts are easier to rule out, as for example, the contribu-
tion of bleaching components for the fluorescence decay (Dong et
al.,, 1998). Time-domain lifetime measurements can be performed
by gated image intensifiers or charge-coupled devices (CCDs), by
counting the photons in several parallel time gates or by time cor-
related photon counting (Becker et al., 2004b). This method has
the main advantage of high counting efficiency, but also the detec-

tion time-resolution and speed of acquisition have been increasing
(Becker et al., 2004a). The performance of each kind of system has
been tested and described elsewhere (Gratton et al., 2003).

It is possible to perform three different types of time-resolved
fluorescence experiments to characterize lipid heterogeneity. In the
classical cuvette experiment, the ensemble average of the sample is
studied, and decays with several thousands of photons in the peak
channel and a large number of channels are obtained. These decays
have the advantages already explained in Section 2.1. Photobleach-
ing is a minor problem because the molecules in the excitation
volume are constantly being replenished. Under the microscope,
two types of experiments can be carried out. A specific microscopic
region of interest smaller then the usual region of observation is
selected by the user and decays with a large number of counts can
be obtained (also called single point measurement; Ariola et al.,
2006). In this kind of experiment, it is possible to detect complex
behaviour, but the decay does not have to match the cuvette decay.
Photobleaching can be a problem, and fluorescence may fade out
even before the required number of counts has been accumulated.
The other type of experiment is the FLIM. In this case, the x-y scan
is made at the same time that the fluorescence decay is collected for
each pixel, providing spatial resolution of the fluorescence lifetime
and this information is invaluable in lipid domain studies. In the
FLIM measurements, a small number of photons per pixel are col-
lected, which makes it difficult to distinguish multi-exponentials.
Many times a binning procedure has to be applied, and the effec-
tive resolution is in fact lower than the optical resolution of the
microscope. In addition, the number of pixels may have to be much
lower than the one usually used for steady-state imaging, and the
resulting image has a “pixelized” look. This can be smoothed by
performing pixel interpolation. Recently, new approaches to FLIM
data analysis have been proposed, that avoid problems of the multi-
exponential analysis in FLIM images, and that can be applied both
to time-domain and frequency-domain data (Digman et al., 2008).
One important difference between the FLIM vs. the cuvette or the
single-point microscopic experiments is the time resolution. In
FLIM, usually only 64 time channels are used (again, a consequence
of the small number of photons), whereas in the other types of
experiment, usually 1024 (or even 4096) channels can be used, i.e.
the time resolution is 16 or more times better. One may say that it
is a compromise between time and spatial resolution.

Most lipids do not display intrinsic fluorescence, thus the appli-
cation of fluorescence spectroscopy to this kind of studies requires
the labelling of the bilayer with an extrinsic fluorophore (mem-
brane probe). Membrane probes include fluorescent molecules
similar to natural lipids. 1,6-Diphenyl-1,3,5-hexatriene (DPH) and
their derivatives having the same chromophore, such as the
cationic trimethylamino-DPH (TMA-DPH), are most widely used.
The structure, fluorescence properties, and applications of DPH
and DPH derivatives were reviewed by Lentz (1988; see also
Lentz and Burgess, 1989). Important information about the mem-
brane can be obtained using linear conjugated polyene fluorescent
fatty acids such as all-trans-9,11,13,15-octadecatetraenoic acid,
known as trans-parinaric acid (t-PnA) and all-trans-8,10,12,14,16-
octadecapentaenoic acid (Wolber and Hudson, 1982; Mateo et al.,
1996). Fluorescence properties of t-PnA and t-PnA-containing lipids
were reviewed by Hudson and Cavalier (1988). These probes are
very suitable for cuvette experiments, and examples will be given
along this article. However, due to both excitation and emission
on the UV, they are not useful for optical microscopy. The excep-
tions are the pentaene chromophores, which have emission in the
visible and have been used to follow different lipid species in live
mammalian cells (Kuerschner et al., 2005; Van Meer and Liskamp,
2005). Finally, an important class of lipid analogue probes are sterol
analogues, for which the sterols with conjugated unsaturated dou-
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ble bonds are the ones with a structure and membrane behaviour
that most resemble those of the sterol they are intended to mimic,
whereas sterols labelled with an extrinsic fluorophore often behave
in a markedly different manner (e.g. Loura et al., 2001b). For a
review, see Wustner (2007).

Lipid phase separation and behaviour have been addressed with
the probe laurdan (6-dodecanoyl-2-dimethylaminonaphtalene)
through the determination of fluorescence lifetimes (Mukherjee
and Chattopadhyay, 2005), but it is a common probe also in two-
photon microscopy (e.g. Dietrich et al., 2001). Another important
class of fluorescent membrane lipid analogues are cyanine dyes.
They are amphiphilic molecules, with a “headgroup”—located flu-
orophore, and two acyl chains. Depending on the acyl chains, they
prefer differentlipid phases. The variety of headgroups corresponds
to a large diversity of excitation and emission wavelengths, molar
absorption coefficients and quantum yields. The fluorescence life-
time of these probes also depends on the lipid phase (Loura et al.,
2000; Wolf, 1988). Probes of this family have been used recently
in several fluorescence confocal microscopy and fluorescence cor-
relation spectroscopy studies of lipid heterogeneity (Korlach et al.,
1999; Scherfeld et al., 2003). In addition to these, there is a wide
range of acyl chains or phospholipid tails and headgroups attached
to well known fluorophores (Rhodamine, BODIPY, etc.).

3. Applications
3.1. Cholesterol-induced domains and rafts

A group of lipid mixtures that have been intensely studied are
phospholipid (mainly phosphatidylcholine (PC))/Chol binary sys-
tems. The well-known effects of Chol on the bilayer properties (see,
e.g. Ipsen et al., 1990; Needham and Nunn, 1990) have been ratio-
nalized considering that in the presence of high amounts of Chol in
a PC bilayer, the membrane is in a liquid ordered (l,) phase (using
the nomenclature introduced by Ipsen et al., 1987) with proper-
ties midway between the gel and the fluid. In this nomenclature,
the gel and fluid phases are designated by solid ordered (s,) and
liquid disordered (l3), respectively. The phase diagram is mono-
tectic and for intermediate Chol concentrations phase coexistence
occurs: S and Iy, below the monotectic temperature (which is close
to Ty) and Il with I, above the monotectic temperature. Several
models have been proposed to describe PC/Chol interactions, and
some of them preclude the I4/l, phase separation (others also rule
out so/l coexistence). In other cases (Lentz et al., 1980; McMullen
and McElhaney, 1995) the system is described by more complex
phase diagrams, exhibiting multiple phase coexistence regions;
see also Sabatini et al. (2008) for phospholipid/sterol monolayer
properties. However, in the framework of this review, the typical
model with a monotectic phase diagram, such as those published
for the more usual and relevant PC/sterol mixtures is considered
(1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/Chol (Ipsen
etal., 1987; Vistand Davis, 1990; Sankaram and Thompson, 1991; de
Lange et al., 2007; Chiang et al., 2007); 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC)/Chol (Almeida et al., 1992; Mateo et al.,
1995), DPPC/ergosterol (Hsueh et al., 2005), DPPC/stigamsterol (Wu
et al.,, 2006), 1-palmitoyl,2-oleoyl-sn-glycero-3-phosphocholine
(POPC)/Chol at low temperatures (Thewalt and Bloom, 1992), sph-
ingomyelin (SM)/Chol (Sankaram and Thompson, 1990; de Almeida
etal.,, 2003; Collado etal.,2005; Arsov and Quaroni, 2008) and coex-
istence of two liquid phases above Ty, of POPC mixed with either
ergosterol or Chol (Mateo et al., 1995; de Almeida et al., 2003; Silva
et al,, 2006a; Hsueh et al., 2007).

To obtain the I4/l, phase coexistence boundaries in the mixture
DMPC/Chol, a method based on the fluorescence lifetime distri-
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Fig. 4. DMPC/Chol phase diagram above the Ty, of DMPC: I4/l, phase coexistence
boundaries, from fluorescence recovery after photobleaching (x) (Almeida et al.,
1992), and from t-PnA fluorescence lifetime distribution data (®) (Mateo et al.,
1995); inside the phase coexistence region the (temperature, composition) points
studied by FRET of the Forster pair NBD-DMPE/Rhodamine-DMPE are indicated
(Loura et al., 2001¢).

bution of t-PnA obtained by the maximum entropy method was
applied (Mateo et al., 1995). In the study by Mateo et al., a Chol-
induced long component in the lifetime distribution of t-PnA in
DMPC vesicles was apparent. The amplitude of this component was
constant up to ~5mol% Chol and increased thereafter, reaching a
maximum value for ~30 mol% Chol. These Chol mole fraction val-
ues are just slightly higher than the phase boundaries of the phase
diagram previously obtained by fluorescence recovery methods
(Almeida et al., 1992), validating the use of t-PnA lifetime distri-
bution to obtain l4/l, phase coexistence boundaries (Mateo et al.,
1995; see Fig. 4). Steady-state and time-resolved emission spec-
tra of an sn-2,5-dimethylamino-1-naphthalenesulfonyl)amino (or
DANSYL)-labelled PC also suggest that phase separation persists for
Chol mole fractions higher than 0.3 at 30 °C when mixed with DMPC
(see Troup and Wrenn, 2004, and references therein).

Other studies were aimed to probe domain size using
time-resolved FRET. In one of them (Loura et al., 2001c), N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)-dimyristoylphosphatidylethano-
lamine (NBD-DMPE) and N-(lissamine Rhodamine B sulfonyl)-
dimyristoylphosphatidylethanolamine (Rhodamine-DMPE)
were used as donor and acceptor, respectively. The two
headgroup-labelled phospholipid analogs have distinct
distributions between the two phases, with Rhodamine-
DMPE preferring the I; phase (see Table 1) and NBD-DMPE
preferring the [, phase (see Fig. 2 for analogue probes N-
NBD-dipalmitoylphosphatidylethanolamine = (NBD-DPPE) and
N-Rhodamine-dioleoylphosphatidylethanolamine (Rhodamine-
DOPE) in another l4/l, coexistence system). Accordingly, FRET
efficiency decreases as a consequence of phase separation. For low
Chol fraction, the experimental value of acceptor concentration in
the disordered phase, recovered from direct application of the FRET
model to the global analysis of the fluorescence decays, is smaller
than that calculated from the partition coefficient and lever rule.
These findings indicate that donors located in one phase are able
to make FRET to acceptors in the other phase (Fig. 3B). Together
with numerical simulations of fluorescence decays, this suggests
that in that region of the phase diagram, the I, domains, dispersed
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in Iy phase, should be very small (of the order of magnitude of
R, that is, a few nm). This is not observed for higher Chol mole
fractions, and domains of l4 in the Chol-rich end of the coexistence
range have comparatively large size.

Although not the most intensely studied, the mixture POPC/Chol
is particularly relevant. In fact, POPCis a 1-saturated, 2-unsaturated
PC, a common motif found in naturally occurring phospholipids,
being the major lipid component in PC isolated from several natu-
ral sources (Marsh, 1990). It has a low T, (Koynova and Caffrey,
1998) but it has the ability to form a I, phase in the pres-
ence of Chol both below (Thewalt and Bloom, 1992) and above
(Mateo et al., 1995) T, i.e., So/lo and Il4/l, phase coexistence,
respectively. Following the above mentioned partial determination
of the phase diagram DMPC/Chol from the lifetime distribution
of t-PnA (Mateo et al., 1995), the same method was used to
obtain the l4/l, coexistence region for POPC/Chol, as again the
existence of I, phase also induces the presence of a long life-
time component of t-PnA in POPC vesicles (see also Table 1).
After determining an approximate l,/lq partition coefficient of the
probe by an independent fluorimetric assay, the l,/l; phase coex-
istence boundaries could be determined for POPC/Chol. The most
important feature was that, in opposition to saturated PC/Chol
mixtures, l4/l, coexistence close to the physiological temperature
persisted up to Chol mole fractions well above the values usu-
ally encountered in mammalian plasma membranes (Mateo et al.,
1995).

The complementary nature of the two sets of probes compris-
ing DPH (and derivatives) and t-PnA (and derivatives) is discussed
and illustrated in the study of multibilayers of phospholipids
extracted from the platelet plasma membrane, with different
Chol/phospholipid ratios obtained through artificial addition or
removal of Chol (Velez et al., 1995; it will also be shown in the
next section, for the particular case of ceramide domains).

In another recent study, the fluorescence anisotropy decay and
fluorescence lifetime distribution of TMA-DPH was analysed in
model membranes in the so, I, and I3 phases (Sinha et al., 2003).
From these results, the authors could establish criteria to iden-
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tify those lipid phases, and semi-quantitatively apply them to
more complex systems (namely detergent-resistant membranes
and enriched-plasma membrane and its lipid extract reconsti-
tuted liposomes from human malignant glioma cells), where they
detected and estimated the approximate fraction of coexisting I,
and 4 phases.

Though the lifetime of DPH does not show a remarkable
dependence on the lipid phase, the modest changes observed are
significant and relevant information has been taken from them. For
example, the differential effects of Chol and dehydroergosterol on
both fluid (POPC) and gel (DPPC) lipid bilayers at room temperature
have been demonstrated (Arora et al., 2004).

The simplest model for rafts is a mixture of a high transi-
tion temperature (T ) lipid (usually a saturated PC or SM) with
a low Ty, lipid and Chol (see below). The rafts would correspond
to the l, domains high Ty, lipid- and Chol-enriched, in a I low Ty,
lipid-enriched matrix. The determination of a thermodynamically
consistent phase diagram for the ternary mixture N-palmitoyl-SM
(PSM)/POPC/Chol, and of the tie-line containing the equimolar mix-
ture (Fig. 5, right), was carried out (de Almeida et al., 2003). The
gel/fluid coexistence range of POPC/PSM was determined from the
temperature variation of the steady-state anisotropy of DPH; the
l4/1o coexistence for low PSM fractions (i.e. near the POPC/Chol side
of the Gibbs triangle) was determined using both the fluorescence
decay of t-PnA, and the steady-state anisotropy of DPH (see also
the t-PnA lifetime data in the POPC/Chol system in de Almeida et
al., 2004); the gel/lo coexistence range for low POPC mole frac-
tion (i.e. near the PSM/Chol side of the phase diagram the I,/ly
(raft/non-raft) was obtained from the trend of the amplitudes of
DPH fluorescence decay components, combined with a dynamic
quenching assay of DPH by the 5-nitroxyl-stearic acid. From the
retrieval of the same l4/l, boundaries from DPH anisotropy and t-
PnA lifetime-weighted quantum yield, and a linear trend of those
parameters, a ly/l, partition coefficient close to one was confirmed
(note that this value for t-PnA was also determined by Mateo et al.
(1995) from fluorescence anisotropy decays and maximum entropy
methods (Table 1), showing that the probe can safely be used to
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Fig. 5. Left: Variation of FRET efficiency as a function of [, phase mole fraction between the donor/acceptor pair (a) NBD-DPPE/Rhodamine-DOPE in PSM/POPC/Chol
large unilamellar vesicles, along the tie-line containing the lipid mixture 1:1:1 (mol: mol: mol) at 23°C (red line of right panel) with 0.2 mol% of acceptor (W); (b) NBD-
DMPE/Rhodamine-DOPE in DMPC/Chol, along the tie-line at 30 °C (see Fig. 4) with 0.2 mol% of acceptor (O). The dotted lines are merely guides to the eye. The theoretical line
for infinite phase separation (large domains) for the ternary mixture is also shown (thick broken line). Adapted from de Almeida et al. (2005). Right: PSM/POPC/Chol phase
diagram at 23 °C, showing also the boundaries and schematic illustrations of the size of lipid rafts. Rafts are present in the blue-shaded area (l3/l, coexistence). In the darker
area, lo predominates over l4, and the reverse occurs for the light-shaded area. Rafts can also exist in the green-shaded area, where there is coexistence of three-phases,
but the so phase is present only in very low amounts. Insets: (A) region of large rafts; detected by microscopy and FRET (>75-100 nm); (B) region of intermediate size rafts:
detected by FRET but not by microscopy (between ~20 nm and ~75-100 nm); (C) region of small rafts: not detected by FRET nor microscopy (<20 nm). Adapted from de

Almeida et al. (2005).
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determine phase boundaries in this system, and it is not biased
by the method of fluorescence decay analysis). The complete dia-
gram, shown in Fig. 5 (right) allowed a good estimation of the I;/l,
(non-raft/raft) tie-line that contains the 1:1:1 POPC/PSM/Chol mix-
ture (also depicted in the figure), and the direction of the tie-line
was further confirmed by measuring the t-PnA fluorescence life-
time and DPH anisotropy in those mixtures, which behaviour was
similar to the one observed for low or zero PSM mole fraction, thus
showing internal consistency of the methods employed. The phase
behaviour of this and very similar mixtures was later confirmed,
and extended to other temperature and pressure ranges by a vari-
ety of techniques (e.g. Nicolini et al., 2006a,b; Coste et al., 2006;
McQuaw et al., 2007; Bunge et al., 2008; Halling et al., 2008).

In this way, partition coefficients of other fluorescent probes (see
Table 1) and FRET efficiency along the tie-line could be determined,
and information on the rafts’ size was obtained (de Almeida et al.,
2005). As a FRET pair, the probes NBD-DPPE and Rhodamine-DOPE
were used. In Fig. 2 the lifetime quantum yield of the probes as a
function of [, mole fraction is shown, together with the fit of Eq.
(5), showing the preference of NBD-DPPE for the I, phase, and of
Rhodamine-DOPE for the I3 phase. In Fig. 5 (left), the experimental
FRET efficiency is presented, together with the value predicted for
very large domains. This one presents a parabolic shape, whereas
the experimental curve is more complex, pointing to alterations on
the size of the domains along the tie-line. For very low I, fractions,
the I, domains are very small (below 20 nm), and increase with
increasing l, mole fraction (de Almeida et al., 2005). For very large
I, fraction, the experimental FRET efficiency value approaches that
of infinite domains (which for the used FRET pair means >~75 nm).
By representing FRET efficiency as a function of [, mole fraction one
can compare different systems with I, /I3 phase coexistence in the
same plot. For example, in Fig. 5 (left), the FRET efficiency for the
binary system DMPC/Chol (Loura et al., 2001c) discussed above is
also shown. It can be readily observed that the decrease in FRET is
much less pronounced than in the ternary system. This points to a
lower limit for the size of the domains in binary PC/Chol mixtures,
and is probably the cause of the lack of detection of [, /I heterogene-
ity in these kind of mixtures by fluorescence microscopy (Veatch
and Keller, 2003), as mentioned in Section 1.

Another noteworthy feature of the time-resolved fluorescence
data obtained is that the trend of variation of the lifetimes, which
is independent of the domain size, for both Rhodamine and NBD
probes, was the same in case of DMPC/Chol and the ternary I/, tie-
lines, and in all cases could be described by Eq. (5). This shows that
the fluorescence lifetimes of the probes can be used to probe the
nature of lipid domains, and to determine lipid phase coexistence
regions in raft-like systems, regardless of the size of the domains.
The latter information can then be concluded from time-resolved
FRET experiments, as explained above.

3.2. Ceramide-induced domains

Although historically the most common type of lipid hetero-
geneity studies involved binary lipid mixtures with gel/fluid phase
separation (e.g. Marsh, 1990), the field has been evolving towards
characterization of more complex systems, closer to biological
membranes (Edidin, 2003). Recently, the attention on solid or gel-
like lipid domains has re-emerged, due to the awareness that
sphingolipids, with several roles in fundamental cellular processes,
at physiological concentrations, tend to segregate forming those
kinds of phases (Goiii and Alonso, 2006). Sphingolipids play also an
essential role in maintaining bilayer stability and in the formation
of lipid rafts (Simons and Van Meer, 1988; Degroote et al., 2004).

Ceramide (Cer) is the cellular precursor of SM, and can also
be formed from SM at the cell surface, through the action of the

enzyme sphingomyelinase (SMase), with marked effects on rafts
and cell processes such as signal transduction (e.g. Bezombes et
al., 2004). Numerous studies show that ceramide production in
response to external stress stimuli is a nearly universal feature of
programmed cell death (for reviews see Mathias et al., 1998; Ruvolo,
2003). Evidence is emerging for the indirect action of ceramide,
resulting from the alterations of the biophysical properties of the
plasma membrane (Kolesnick et al., 2000; Cremesti et al., 2002).
To understand the role of ceramide in signal initiation and lipid
second-messenger formation from rafts, it is necessary to systemat-
ically characterize the changes that occur at the plasma membrane
upon increasing ceramide levels.

In order to address these aspects, the effect of increasing
amounts of N-palmitoyl-ceramide (PCer) on the properties of POPC
bilayers was systematically studied (Silva et al., 2006b). Three
probes with different lipid-phase related properties were employed
(Table 1): t-PnA which partitions preferentially to gel phases (Mateo
etal.,, 1993a; de Almeidaetal.,2002); DPH, which is expected to dis-
tribute equally between phases (Lentz, 1988; Davenport, 1997); and
N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-dioleoyl-PE (NBD-DOPE), a
phospholipid with unsaturated acyl chains and the fluorescent
label in the headgroup, preferring fluid rather than gel lipid phases
(Vaz and Melo, 2002). Comparing the behaviour of the probes (Silva
et al., 2006b), it can be concluded that whilst t-PnA partitions
to PCer-gel domains and thus is able to follow PCer domain for-
mation and report their properties, DPH is excluded from these
domains. Moreover, regarding that usually the partition coefficient
is Kp ~1 for DPH in a typical gel-fluid separation, the ceramide-
rich gel domains should be highly ordered and compact, in order to
exclude the probe. As a consequence, DPH reports only the prop-
erties of the fluid POPC phase. On another hand, the head-labelled
lipid NBD-DOPE is the only probe among those three that is able to
detect a transition of one type of PCer gel to another type of an even
more ordered gel, where dehydration and increased rigidity at the
headgroup membrane/water interface level occurs. The building-
up of a complete POPC/PCer phase diagram was only possible after
an exhaustive characterization of the fluorescence properties of the
three probes as a function of temperature and composition. After
the phase diagram determination, the FRET method along a tie-line
described in the previous section could be applied. In the present
case FRET from t-PnA to NBD-DOPE showed that the ceramide-rich
domains reach the infinite phase separation value readily (Silva et
al., 2006Db).

To better understand how ceramide modulates the biophysi-
cal properties of the membrane, the interactions between PCer and
PSM were studied in the presence of POPC in membrane model sys-
tems (Castro et al., 2007). This system (Fig. 1) can mimic the lipid
composition of the organelle membrane where SM synthesis occurs
from Cer, or the changes that occur in the plasma membrane upon
SMase action following an apoptotic stimulus. The previous char-
acterization of the binary POPC/PCer system (Silva et al., 2006b),
and the opposite behaviour of t-PnA and DPH, with one preferring
and the other being excluded from PCer gel domains were instru-
mental to the study of the ternary system (Fig. 1). In these mixtures,
PCer recruits POPC and PSM in the fluid phase to form extremely
ordered and compact gel domains that exclude DPH. Gel domain
formation by low PCer mol fraction (up to 12 mol%) is enhanced
by physiological PSM levels (20-30 mol% total lipid). For higher
PSM content, a three-phase situation, consisting of fluid (POPC-
rich)/gel (PSM-rich)/gel (PCer-rich) coexistence, is clearly shown,
because the steady-state anisotropy of DPH increases linearly with
PSM fraction (gel/fluid partition coefficient close to 1), but actu-
ally decreases when PSM is replaced by PCer (exclusion from the
new gel). Simultaneously, t-PnA average lifetime abruptly increases
with the presence of small amounts of PCer (higher K, PCer/POPC
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Fig. 6. Effect of PCer on t-PnA’s mean fluorescence lifetime (<t>) (panel A) and fluorescence lifetime of the long component of t-PnA fluorescence decay (panel B) in POPC/PSM
mixtures containing 0 (O), 2 (0), 4 (¢), 8 (A) and 12 (*) mol% PCer, as a function of total sphingolipids mole fraction (Xs. = Xpsm + Xpcer ). The dashed lines are merely a guide
to the eye. A long component longer than 30 ns is unequivocal evidence for the presence of gel phase. Adapted from Castro et al. (2007).

than PSM/POPC), as shown in Fig. 6A. In Fig. 6B, the long compo-
nent of t-PnA fluorescence decay confirms that that increase is due
to the formation of a new gel phase that excludes DPH and explains
why the fluorescence lifetime of t-PnA is so sensitive to its pres-
ence. To determine the fraction of each phase a quantitative method
was developed, taking into account the K, of the probes between
PCer-rich/POPC-rich and PSM-rich/POPC-rich phases, and the flu-
orescence parameters of the probes in each phase. This allowed
establishing the complete ternary phase diagram through an iter-
ative method (Fig. 1), which helps to predict PCer-rich gel domain
formation (e.g. upon SMase action) and explains its enhancement
through PSM/PCer interactions. It also shows that the Cer-rich
gel can incorporate ~30mol% of the otherwise fluid POPC. The
extrapolation of the phase coexistence boundaries to high total sph-
ingolipid content (low POPC mole fraction) led to the conclusion
of existence of PCer/PSM gel/gel phase separation, in agreement
with recently observed gel/gel phase separation by fluorescence
microscopy for the binary mixture egg SM/egg Cer (Sot et al.,
2006).

As previously mentioned and shown in Table 1, t-PnA has a K}, of
~1 between l4 and I, in the ternary raft system POPC/PSM/Chol, in
the tie-line containing the 1:1:1 mixture. In addition, the decay of t-
PnA fluorescence shows a long component (>30ns) in PCer rich gel
that is absent in both I and I, phases along the mentioned tie-line.
This allowed using the fluorescence lifetime of t-PnA in the ternary
system contaminated with physiological amounts of PCer (up to
4 mol%) to quantify the formation of PCer rich gel (Silva et al., 2007).
This gel phase, again excluding DPH, was not composed solely of
PCer, because the fraction of gel formed was higher than the frac-
tion of PCer added to the system. The gel was mainly formed in the
region of the raft ternary tie-line where low lo fraction is present
(the small raft-size region), and is abolished for higher lo fraction
(large raft size). Time-resolved FRET experiments also showed that
PCer was not able to induce the coalescence of small rafts (FRET
between NBD-DPPE and Rhod-DOPE), that PCer domains were also
small (~4 nm; FRET between t-PnA and NBD-DOPE), and that PCer
gel domains were in average closer to the rafts than to the disor-
dered domains (FRET between t-PnA and NBD-DPPE) (Silva et al.,
2007).

3.3. Protein-induced domains

Dynamic quenching and time-resolved FRET have proved to be
valuable tools in the study of lipid—-protein interaction, and this sec-
tion focuses on recent applications to protein-(or peptide-)induced
membrane reorganization studies, where domain formation was
investigated. Several experimental set-ups can be used in lipid-

protein studies, and this section exemplifies them with recent
applications.

Commonly, in a FRET experiment the donor is the pro-
tein/peptide under study (either wild-type, if it has fluorescent
residues, or labelled with a convenient fluorophore), and the accep-
tors are membrane probes. Although this set-up is most convenient
for the study of lipid selectivity around the protein (Fernandes et
al., 2004), it can also be used to probe eventual protein-induced
phase separation. In the latter situation, the experimental donor
decay in presence of acceptor (or the extent of FRET) is analyzed
using the theoretical equations for uniform acceptor distribution.
Successful analysis with recovery of the correct acceptor concen-
tration is evidence for uniform distribution of acceptor around the
protein, and therefore lack of protein-induced phase separation.
Enhanced FRET is indicative of preferential protein-acceptor probe
association, or phase separation with co-localization of protein and
acceptor probe.

A recent study involved acetyl-GWW(LA)SLWWA-amide
(WALP23), a transmembrane model peptide with flanking tryp-
tophans, incorporated in fluid DMPC bilayers containing variable
amounts of Chol analog dehydroergosterol (DHE), a suitable FRET
acceptor to tryptophan, as well as equal amounts of Chol in
control experiments (Holt et al., 2008). The aim was to investigate
how tryptophan and Chol interact with each other and what the
possible consequences were for membrane organization, following
literature reports of a possible preferential interaction between
Chol and tryptophan residues located near the membrane-water
interface (Gasset et al., 1988; Santiago et al., 2001; Carozzi et
al, 2002; Van Duyl et al, 2005). It was found that WALP23
fluorescence decays in presence of DHE, both with and without
added equimolar amounts of Chol, could be satisfactorily globally
analyzed assuming uniform DHE distribution in the bilayer. These
results agree with 2H NMR quadrupolar splitting measurements
and point to the absence of evidence for a preferential interaction
between Chol and tryptophans located at the bilayer interface.

The FRET pair Trp/DHE had been used in a similar manner previ-
ously (de Almeida et al., 2004) in a study of the hypothetical affinity
of the yM4 peptide from the muscle acetylcholine receptor (donor:
Trp*°3) for Chol (acceptor: DHE) in the I, phase of POPC/Chol. It
was found that the measured FRET efficiency was significantly
lower than expected, and the data could only be rationalized with
an effective sterol concentration ~38% lower than the analytical
expected concentration. It is argued that this is the result of reduc-
tion in the area available for the dispersion of sterol caused by the
formation of peptide rich-patches. This agrees with the observed
dynamic self-quenching of yM4 fluorescence. The same degree of
quenching is obtained for 7 mol% peptide in l4 and for all concentra-
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tionsin l,. Since the diffusion coefficientin I, is threefold lower than
in Iy (e.g. Dietrich et al., 2001), it can be assumed that the effective
concentration of peptide is threefold higher in the patches. Using
the area per lipid molecule for the I, phase, it can be concluded
that the yM4 peptide occupies ~30% of the area in the patches in
agreement with the FRET data.

Another possible experimental design is using protein/peptide
labelled with a donor fluorophore, and the same protein/peptide
labelled with an acceptor chromophore. Although this set-up is
especially useful to probe eventual protein oligomerization (Adair
and Engelman, 1994; Li et al., 1999), in case that this phenomenon
can be ruled out from independent experiments, then enhanced
FRET can be attributed to phase separation with preferential pro-
tein partition to one of the phases. This approach is exemplified
by a study of the lateral distribution and oligomerization proper-
ties of M13 bacteriophage major coat protein in membrane model
systems (Fernandes et al., 2003).

(A)

71

Arguably, the most appropriate experimental FRET design to
study eventual protein/peptide-induced heterogeneity is the use
of both donor and acceptor membrane probes. It is easy to check
that in the absence of protein there are (no) pre-formed domains,
and protein oligomerization does not hamper the FRET analysis.
Enhanced FRET between donor and acceptor which mimic the same
lipid species, or reduced FRET between donor and acceptor which
mimic different components of the lipid mixture can therefore in
principle be ascribed to protein/peptide-induced phase separation.

This was the rationale behind our recent study of the
effect of a model basic peptide, hexalysiltryptophan (KgW),
on the organization of the zwitterionic/anionic lipid mixture
DPPC/dipalmitoylphosphatidylserine (DPPS) (Loura et al., 2006). To
this extent, two fluorescent PC analogues were used as a FRET pair
(DPH-PC, donor; NBD-PC, acceptor). Two distinct situations were
considered: at T=60 °C, above the main transition temperature (Tr, )
of both phospholipids, there is a single fluid lipid phase in the
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Fig.7. Membrane rearrangement induced by the peptide KsW in DPPC:DPPS membranes studied by time-resolved FRET between donor DPH-PC (red labeled lipid) and accep-
tor NBD-PC (green labeled lipid). Residuals (B) and autocorrelation of residuals (C) of the fits to the fluorescence decay of DPH-PC, NBD-PC:total lipid = 1:250, [K¢W]=100 uM,
DPPC:DPPS 1:1 (mol:mol) vesicles at 60 °C. Total lipid concentration was 0.75 mM. The models used were, from left to right, in both panels: bilayer geometry (panel A, left),
bilamellar geometry (panel A, centre) and multibilayer geometry (panel A, right). The symbols h, represent the inter-plane distances considered in each model. Adapted

from Loura et al. (2006).
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absence of peptide; at T=45 °C, between the Ty, values for DPPC and
DPPS, there is gel/fluid phase coexistence in the absence of peptide.
The addition of this basic peptide could in principle lead to: (i) phase
separation from a single fluid phase DPPC/DPPS mixture (T=60°C)
and, (ii) noticeable reorganization of pre-existing gel/fluid domains
(T=45°C). The former effect would be clearly apparent in a FRET
measurement, as segregation of a DPPC-rich phase (containing
most of the probe molecules) would lead to local enrichment of
acceptor probe, and thus higher FRET efficiency. The latter effect
would be visible for example if the pre-existing domains were very
small (~10 nm or smaller), and became considerably larger upon
incorporation of peptide (Fig. 3). The main conclusions are: (i) at
45°C, addition of peptide does not lead to appreciable changes in
domain organization, which are already large (in FRET terms); (ii)
at 60°C, there is an increase in FRET efficiency upon addition of
peptide, but this is caused by vesicle aggregation rather than phase
separation, as revealed by analyzing the time-resolved data with
the respective model decay laws. It was necessary to consider FRET
to other planes containing acceptors (due to bilayer stacking) to
obtain satisfactory analysis of the donor fluorescence decay (Fig. 7).
A multibilayer geometry is formed (with KgW molecules bridging
adjacent lipid bilayers), and a limit lamellar repeat distance of ~57 A
was recovered. Furthermore, no evidence for lateral domain for-
mation on the FRET length scale was found at this temperature,
the cationic peptide being only able to induce local lipid demix-
ing, causing a short-range sequestration of 2-3 acidic lipids around
each surface-adsorbed peptide.

3.4. FLIM studies of membrane lipid domains and rafts

FLIM has only very recently started to be applied to the study
of lipid phases in membrane model systems (see below). However,
there were already studies concerning raft-related protein inter-
actions where FRET-FLIM was used in cell membranes. The raft
dependent interaction of tetanus neurotoxin with Thy-1 was stud-
ied by FRET-FLIM using the frequency domain method (Herreros
et al., 2001). Time-domain was used to demonstrate interac-
tion between BACE (3 site of amyloid precursor protein-cleaving
enzyme) and the low-density lipoprotein receptor-related protein
occurring on lipid rafts at the cell surface (Von Arnim et al., 2005).
FRET microscopy on the study of lipid rafts in vivo has recently been
reviewed, showing the importance of the use of non-invasive bio-
physical techniques, namely, combining imaging and spectroscopic
principles, to study functional assemblies on the cell membrane
which formation is based on lipid-lipid interactions (Rao and
Mayor, 2005). The study of membrane lipid microdomains using
diverse optical techniques was also recently reviewed (Owen et al.,
2007).

In general, there can be some heterogeneity in the fluorescence
lifetime obtained for the donor protein in the absence of accep-
tor, i.e. a histogram of pixel distribution of lifetimes around a value
that is taken as the lifetime of the donor protein. This distribution
containsitselfinformation on the heterogeneity of the protein envi-
ronment, but it can be difficult to distinguish it from the variability
intrinsic to the technique, given that in each pixel the number of
photons collected is quite low. The statistical uncertainty in the
lifetime is higher than in a typical cuvette experiment, thus the
origin of the variability that is beyond that uncertainty is not easy
to ascribe (it can be either due to a different lipid environment,
but also to different conformations, different states of aggrega-
tion, etc. — see previous section). In this way, the introduction of
lipid membrane probes is fundamental, because their behaviour
can be easily characterized in well-defined membrane model sys-
tems, and the variation in the fluorescence lifetime can be safely
assigned to changes in the lipid environment. For example, Ariola

et al. (2006) studied the microscopic fluorescence decays of an
acyl-chain BODIPY-labelled phospholipid probe in giant unilamel-
lar vesicles (GUVs) composed of either a single fluid (DOPC) or
a single gel (DPPC) phase. They found a significant shorter aver-
age fluorescence lifetime of the probe in the gel (bi-exponential
decay) as compared to the fluid phase (mono-exponential decay),
and also a greater variability of the parameters describing the decay
in the gel phase, both in FLIM and single point experiments. The
probe:lipid ratio used, probably due to the acyl-chain position of the
fluorophore which is difficult to accommodate in the tightly packed
gel phase, gives raise to heterogeneity in the one component DPPC
GUV.The advantage relative to a head-labelled lipid is a less marked
photo-selection effect in the fluid phase. Simultaneously, Chol-rich
domains in individual mast cells and the influence of extensive IgE
cross-linking in the cold were investigated using the time-resolved
fluorescence microscopy of Alexa 488 labelled IgE and the mem-
brane probe DilCig (Davey et al., 2007). This harsh cross-linking
protocol was deliberately used in order to observe strong changes
in membrane domain organization, and easily correlate their effects
with the time-resolved parameters, paving the way to the study of
more subtle effects. The authors found that the increased fluores-
cence intensity observed at cross-linked induced patches of both
the Alexa-488-protein linked and the DilCg cyanine membrane
probe was not only a concentration effect, but definitely result of an
increased quantum yield of the fluorophores, as revealed by their
increased average lifetime. In the case of the protein, it is notewor-
thy that this was not the typical FRET-FLIM experiment described
above. However, there were significant changes observed both in
the average fluorescence lifetime (from both FLIM and single point
experiments), and in the lifetime distribution of the pixel histogram
from the FLIM images, which became bimodal after cross-linking.
These changes were certainly consequence of alterations in the flu-
orophore microenvironment, which were in their turn related to
alterations in the membrane nanostructure, as probed by the DilC;g
fluorophore.

In another recent study, a probe of the Laurdan family (see
Section 2.4) named di-4-ANEPPDHQ, having a dialkyloamino-
naphtalene group, was employed in a FLIM study to detect ordered
membrane domains in living cells (Owen et al., 2006). The authors
“calibrated” the fluorescence lifetime of the probe for different
lipid phases using large unilamellar vesicle (LUV) suspensions of
DOPC (fluid) and PSM:Chol 7:3 mol:mol (l,) at 20°C and 37 °C, and
a good correlation between membrane order and the probe’s life-
time was obtained. In fact, the fluorescence lifetime of the probe
provided better contrast in the live epithelial cells than the spec-
tral shift usually used, and not only increased order at the plasma
membrane as compared with internal membranes was detected,
but also specially ordered domains imaged in plasma membrane
protrusions. They also observed a decreased lifetime (less mem-
brane order) of di-4-ANEPPDHQ upon treatment of the cells with
methyl-(3-cyclodextrin or with raising the temperature from 20°C
to 37°C.

A comprehensive study of a ternary lipid phase diagram con-
taining l4, lo and s, phases using the combination of cuvette, FLIM
and single point microscopic decays was recently carried out (de
Almeida et al., 2007). The system chosen was DOPC/DPPC/Chol
because there were fluorescence imaging combined with NMR
(Veatch et al., 2004) and confocal imaging combined with FCS
(Scherfeld et al., 2003) studies in the same system, and the phase
behaviour of the three binary systems DOPC/DPPC, DOPC/Chol,
and DPPC/Chol (that would be the sides of the Gibbs triangle for
the ternary phase diagram) was well studied (Lentz et al., 1976,
1980; Elliott et al., 2005; Ipsen et al., 1987; Vist and Davis, 1990;
Veatch et al., 2006). The authors used a single probe to perform the
study, because by combining the two-photon fluorescence intensity
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images with the FLIM, this probe alone could identify the three lipid
phases. This is because the probe, Rhod-DOPE, at the probe:lipid
ratio of 1:500 used displays the same fluorescence lifetime in the gel
and in the Il phases (Table 1), but due to its unsaturated acyl chains,
it prefers strongly the fluid phase, partitions mildly into the [, phase,
and it partitions much less to the gel phase, which will appear as
dark regions in the intensity image (Fig. 8A). In addition, the fluo-
rescence lifetime of the probe is severely reduced in the I, phase
(below 2 ns) as compared to the other phases (close to 3 ns), thus
providing contrast in the FLIM image (Fig. 8B and C). An example
of the assignment of the 3 lipid phases in one single GUV com-
posed of DOPC/DPPC/Chol (44:44:12) mol ratio is given in Fig. 8D-F.
The results were confirmed by the high-count microscopic decays,
because these decays were mono-exponential in single gel or single
fluid GUV, but bi-exponential with a sub-nanosecond componentin
gel/fluid binary GUV. In GUV with 1:1 or 7:3 DOPC/DPPC and small
amounts of Chol, such decays were obtained in different regions

B

I, —enriched
region

Gel-enriched
region
v

I, —enriched region

(

of the GUV. In bright areas, the bi-exponential decay typical of
gel/fluid coexistence was sometimes obtained, showing that the
two phases are present, and that they may remain unobserved in
intensity images. In addition, mono-exponential decays with a flu-
orescence lifetime of ~1.8 ns were obtained in other region of those
GUV showing that the I, phase was also present. The combination
of all the data allowed completion of the ternary DOPC/DPPC/Chol
phase diagram which contains a large l4/I, region and a tie triangle
where l4, I, and s, coexist, in addition to a gel/l, region close to
the DPPC/Chol side of the triangle (de Almeida et al., 2007). Later,
a phase diagram from NMR data was obtained in the same mixture
(with the exception that DPPC was chain-perdeuterated) (Veatch et
al., 2007), and both phase diagrams are qualitatively very similar.
Recently, a new probe was developed that allowed FLIM detec-
tion of membrane rafts in the wm scale (upon cell activation by
CD3 receptor antibody cross-linking) in Jurkat cells (Margineanu et
al., 2007). This perylene monoimide derivative (PMI-COOH) offers
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Fig. 8. Two-photon (Xexcitation = 860 nm) excitation fluorescence intensity and fluorescence lifetime images of GUV pertaining to the ternary DOPC:DPPC:Chol system labelled
with Rhod-DOPE (0.2 mol%), at room temperature (24°C). (A) fluorescence intensity image of DOPC:DPPC 1:1 (mol:mol) GUV (top view) showing gel (dark)/fluid (bright)
phase separation. (B) fluorescence lifetime (FLIM) image and (C) fluorescence lifetime distribution histogram of the respective FLIM image of the equatorial section of GUV
composed of equimolar amounts of DOPC:DPPC:Chol. Top view fluorescence intensity image (D), fluorescence lifetime (FLIM) image (E), and fluorescence lifetime distribution
histogram of the respective FLIM image (F) of a GUV composed of DOPC, DPPC, and Chol, in a 0.44:0.44:0.12 mole ratio; black spots inside the vesicle correspond to pixels with
counts equivalent to the background level; in the intensity image (D), examples of regions that can be safely assigned to a certain phase behaviour based on the fluorescence
lifetime of Rhod-DOPE (E) are indicated. The colour code used in the FLIM images is that indicated in the histogram to their right (adapted from de Almeida et al., 2007).
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6 ns

Fig. 9. Fluorescence intensity (gray) and fluorescence lifetime images (colour) obtained for PMI-COOH in Jurkat cell stimulated by cross-linking membrane CD3 receptors
using specific antibodies; the yellow arrow points toward a region where the PMI-COOH lifetime is different from the rest of the membrane, which can be due to the formation
of a big lipid raft. The yellow rectangle indicates the area that is magnified in the third panel (after application of a mask to the whole cell image to leave only the lifetime

distribution concerning the plasma membrane) (adapted from Margineanu et al., 2007).

several advantages, such as fast incorporation into living cells, and
different fluorescence decays in l4 and [, phases (measured in small
unilamellar vesicle suspensions and in GUV) which are features of
probes mentioned in previous paragraphs. In addition, it is a very
photostable chromophore, and has a quantum yield of ~1 in organic
solvents. In this article by Margineanu et al. (2007) a comparison
is made between the probes Laurdan, di-4-ANEPPDHQ and PMI-
COOH, which is a useful summary of their use in the study of lipid
rafts (Table 2 in that article). In Fig. 9, the fluorescence intensity
image is shown for an activated Jurkat cell, together with the FLIM
image. In this latter one, it can be seen that the fluorescence life-
time of the probe is much higher in the plasma membrane than in
the intracellular membranes, and a domain formed upon cell acti-
vation in the plasma membrane is magnified in the right panel of
the figure.

4. Conclusions

Membrane lipid domains, including the so-called lipid rafts, are
a very active area of research. Although their importance is con-
sensual, their properties are not. This stems from their dynamic
and transient nature, and small size, usually below the resolution
of conventional optical microscopy techniques. Thus, to obtain a full
characterization of the relevant properties and role of membrane
lipid domains, several techniques combined in different ways have
to be used.

In this paper, it is shown how time-resolved fluorescence meth-
ods can be powerful tools in the detection and characterization of
lipid domains. Time-resolved data are less prone to artifacts than
steady-state fluorescence. In addition, fluorescence lifetimes con-
tain information that in the framework of the adequate models,
allows obtaining important information, such as domain size, or
lipid-protein interactions. It is shown how fluorescence lifetimes
allow determining probe preference (partition coefficient) between
different phases, and how these parameters are essential to cor-
rectly assign lipid phase changes, or apply more complex models
(e.g. in FRET studies). The variation of fluorescence lifetimes with
lipid composition, also allows obtaining lipid phase diagrams, and
these are instrumental in the rationalization of the behaviour of
lipid mixtures.

Only very recently, time-resolved fluorescence studies with
membrane probes started to be carried out under the microscope
(single point microscopy decays and FLIM). The probe lifetime infor-
mation obtained for the different domains that are visualized is a
stronger tool as compared to the fluorescence intensity imaging

methods for the assignment of the type of phases present. How-
ever, there are still limitations, namely, the acquisition time that
makes photobleaching a more severe problem in time-resolved
fluorescence microscopy. In the study of complex systems (e.g.
co-existence of three phases), it is an advantage to combine bulk
(ensemble) data obtained in cuvette work (higher time resolution
and statistics), with the one from microscopy. Thus far, the exam-
ples shown of lipid domains in life cells detected by FLIM, are only
in activated cells or cytoskeleton-stabilized domains, that are in the
micrometer size-range. However, the development of new probes,
that overcome the present limitations, will in the near future allow
for the resolution of complex fluorescence decays that will con-
tain important information about the presence and properties of
membrane domains in the sub-micrometer scale.
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