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Abstract Many lipids and membrane proteins spontaneously co-cluster and
oligomerize in cellular plasma membranes into larger (functional) units, whose
detailed characterization requires high spatial resolution. In this contribution, we
introduce a powerful spectroscopy/microscopy approach called MC-FRET
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developed for the analysis of in-membrane nanoscopic aggregation of lipids and
proteins in biological membranes. The approach is based on Forster resonance
energy transfer (FRET) occurring in membranes between fluorescently labelled
lipids/proteins and subsequent analysis of data by Monte-Carlo simulations. The
following applications of MC-FRET are presented here: (1) determination of lipid
nanodomain sizes and their surface density; (2) characterization of inter-leaflet
organization of lipid nanodomains and (3) the analysis of dimerization of
in-membrane proteins.

Keywords Dimers - FRET - Gangliosides - GPMVs - Kappa squared - MC-FRET -
Membrane protein—protein interactions - Nanodomains - Oligomerization

Abbreviations

A Acceptor

ACF Autocorrelation function

B.-F. Bauman-Fayer model

bSM Brain sphingomyelin

C Surface concentration

CF-PEG-DSPE Carboxyfluorescein-2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino (Polyethylene glycol) 2000]

CTxB Cholera toxin

D Donor

d The distance between two bilayer leaflets

DGS-NTA(Ni)

1,2-Dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)
iminodiacetic acid)succinyl]

DHE Dehydroergosterol

DHPE FITC Fluorescein dihexadecanoylphosphatidylethanolamine

DHPE TR Texas red dihexadecanoylphosphatidylethanolamine

Dil 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine
perchlorate

DiOC18 Dioctadecyloxacarbocyanine perchlorate

DLPC Dilauroylphosphatidylcholine

DOPC 1,2-Dioleoyl-sn-glycero-3-phosphocholine

DOPG 1,2-Dioleoyl-sn-glycero-3-phospho-glycerol

DPhPC Diphytanoylphosphatidylcholine

DSPC 1,2-Distearoyl-sn-glycero-3-phos-phocholine

DSPC Distearoylphosphatidylcholine

FCCS Fluorescence cross-correlation spectroscopy

FP Fused proteins

FRET Forster resonance energy transfer

GCPII Glutamate carboxypeptidase II

g-GM; Ganglioside GM; labelled in the headgroup with FL-BODIPY
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Time-correlated single photon counting
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Time-resolved fluorescence
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labelled in the headgroup with

1 Introduction

Biophysical experiments performed in the last decades have shown that nanoscale
distribution of lipids and proteins in cellular membranes is rather complicated and far
from being completely homogeneous (see, for instance, the following reviews)
[I, 2]. On the contrary, many lipids and membrane proteins spontaneously
co-cluster and oligomerize into larger functional units, which may be essential for
proper functioning of biological membranes [2]. To give a few examples for all,
gangliosides self-assemble in plasma membranes into several tens of nanometre
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large lipid nanodomains, forming a platform for ligand to receptor interactions
[3, 4]. Similarly, phosphatidylinositol-bisphosphates (PIP2), involved in cellular
signalling, also co-cluster and form nanoscopic domains [5, 6]. Or, interestingly,
trans-membrane proteins engaged in the respiratory chain cycle oligomerize into
huge super-molecular complexes, which seem important for the proper function of
the respiratory chain cycle [7].

These findings were achieved by the rapid development of advanced biophysical
approaches that can detect and characterize nanoscopic objects in the membrane by
offering high spatial and temporal resolution. These high-resolution approaches
undoubtedly include fluorescence techniques such as Forster Resonance Energy
Transfer (FRET) [8], Photo-Activated Localization Microscopy (PALM) [9], Sto-
chastic Optical Reconstruction Microscopy [10] or Stimulated Emission Depletion
Microscopy (STED) [11], but also label-free techniques such as Interferometric
SCATtering microscopy (iISCAT) [12, 13], X-ray, neutron scattering, electron or
atomic force microscopy and others [14, 15]. Whereas most of the above-mentioned
fluorescence techniques are reviewed in other chapters of this book, this chapter
focuses on the applications of FRET in the analysis of lipid nanodomain formation
and in-membrane oligomerization of proteins.

The approach is based on the use of lipids and proteins that are labelled by either
fluorescence donors or acceptors and the fact that their self-assembly will change the
originally homogeneous donor and acceptor distributions into heterogeneous ones,
bringing the donors closer to the acceptors, or taking them apart (Fig. 1). As a result,
the efficiency of FRET will either increase or decrease, which can be quantified by
either measuring the fluorescence intensity of the donors, or more precisely, their
corresponding time-resolved fluorescence (TRF) decays. The analysis of TRF data
by anovel analytical approach called MC-FRET [16, 17] (FRET analysed by Monte-
Carlo simulations) enables then to measure lipid nanodomain sizes with nanometre
precision, or, in case of protein oligomerization, to characterize the oligomeric state.

The structure of this chapter is as follows: we first review the classical analytical
model that is used to analyse FRET between donors and acceptors that are homo-
geneously distributed in lipid bilayers (Sect. 2), introduce the MC-FRET approach
developed for the analysis of FRET between heterogeneously distributed probes
where analytical approaches fail (Sect. 3.1) and then describe the following appli-
cations of MC-FRET: (1) estimation of lipid nanodomain sizes and their surface
density (Sect. 3.2), (2) discrimination between inter-leaflet coupled and inter-leafiet
independent or anti-registered nanodomains (Sect. 3.3) and (3) quantification of
protein dimerization in the native membrane (Sect. 3.4). Overall, a careful analysis
of this approach reveals that MC-FRET can detect nanodomains as small as a few
nanometres and determine whether the nanodomains are inter-leaflet coupled or
independent [18]. Moreover, FRET allows for quantitative description of protein—
protein interactions in planar lipid bilayers. The conclusions drawn in the following
quantitative studies [19-21] specify in detail the facts that have to be considered
when studying protein dimerization in non-planar membranes, such as Golgi, for
example.
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Fig. 1 (a—d) Possible arrangements of donors and acceptors in respect of the nanodomains and (e)
corresponding time-resolved fluorescence decays of donors in the presence of acceptors. (a) A
nanoscopically homogeneous bilayer with randomly distributed donors and acceptors; (b—d) A
nanoscopically heterogeneous bilayer with (b) both donors and acceptors exhibiting increased
affinity to the nanodomains; (c¢) donors localized in the nanodomains and acceptors excluded
from them and (d) both donors and acceptors excluded from the nanodomains

2 FRET Between Homogeneously Distributed Donors
and Acceptors

A cellular plasma membrane approximated by a lipid bilayer consists of two parallel
sheets. Under the assumption that each leaflet contains homogeneously distributed
donors and acceptors, FRET will occur both within one leaflet and between the two
leaflets at the same time (Fig. 1). Whereas the first process is referred to as intra-
FRET and depends only on the surface concentration of acceptors, the latter one is
known as inter-FRET and depends in addition on the distance between the two
bilayer leaflets d. In the absence of FRET, the donor fluorescence intensity Fp(f) can
be expressed as:
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Fo(r) = Zai exp (- T£> (1)

Here, a; denotes the preexponential factors and z; the corresponding fluorescence
lifetimes. To express mathematically the kinetics of fluorescence deexcitation of the
donors in the presence of acceptors, it is convenient to introduce a so-called survival
probability function G(f) describing the probability that a donor is still found in the
excited state at the time 7 after the excitation. When several independent deexcitation
processes occur at the same time, the total probability function Gror(f) equals the
product of Gj(¢) functions for individual deexcitation processes:

Gror(t) = [[ Gi(1). (2)

By assuming dynamic limit conditions, where movements of dipoles are much
faster than an energy transfer event, Bauman and Fayer showed that G(¢) for intra-
FRET, Gina [22], equals

In Gingra (1) = —czr@ <<T—;>> " (3)

Here, T" denotes the gamma function, (zp) the intensity averaged fluorescence
lifetime of donors in the absence of acceptors and C, the reduced surface concen-
tration of acceptors in one leaflet. This concentration represents the average number
of acceptors within the area of 7R3 and is related to the acceptor surface concentra-
tion C(A) by: C; = nR%C (A). In the same work, the authors derived G(f) for inter-
FRET, Giner(t) [22].

2 1/3 2/3u
Cy, (d 2 s\ —
In Ginter(f) = — ?2 (R_O> (%) A (I —e)s 4/3ds, (4)

where 6, is the angle between the bilayer normal and the vector connecting the
locations of the donor and acceptor dipoles, y = 3t(%)6 ﬁ and s = 2u cos © %. Asa
result, the kinetics of fluorescence deexcitation of the donors in the presence of
acceptors, Fpa(?), can be expressed for the classical case where both donors and
acceptors are localized in the lipid bilayer at the same distance from the lipid—water
interface as

FDA(t) = Gintra(t)Ginter(t)FD(t)- (5)
Fitting time-resolved fluorescence data by this equation enables to transversely

localize fluorescent probes with subnanometre resolution and to accurately deter-
mine the surface concentration of acceptors [23].
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3 FRET Between Heterogeneously Distributed Donors
and Acceptors

3.1 Heterogeneous Probe Distributions Induced by Lipid
Nanodomain Formation or Protein Oligomerization

Heterogeneous probe distribution can arise in lipid bilayers in two different ways:
(1) either due to formation of membrane lipid nanodomains to which donors and/or
acceptors have different affinity in comparison with the surrounding nondomain
phase (Sects. 3.2 and 3.3) [16] or (2) because of co-clustering of the donors with the
acceptors (Sect. 3.4). Both cases result in each donor having a different radial
distribution of acceptors around itself, which makes it difficult to derive precise
mathematical formulas describing FRET in such a heterogeneous probe environ-
ment. As will be shown below, this limitation can be effectively circumvented by
analysing FRET using MC simulations, giving rise to a new analytical approach
called MC-FRET. In this approach, MC simulations are used to mimic FRET in the
heterogeneous probe environment and to generate in-silico TRF decay curves that
are compared to the experimental ones in an iterative fashion (Sect. 3.2.1), enabling
to study formation of membrane nanodomains [8, 24] (Sects. 3.2 and 3.3), or
in-membrane oligomerization of proteins (Sect. 3.4).

3.2 The Estimation of Lipid Nanodomain Sizes by MC-FRET

To characterize membrane lipid nanodomains by MC-FRET, the used donor and
acceptor probes need to exhibit a distinct affinity to the nanodomains and the region
outside of them. In such case, the shape of TRF decays of the donors in the presence
of acceptors will be influenced by the size, surface density and inter-leaflet organi-
zation of the nanodomains. All of these parameters can be estimated by
MC-FRET [17].

To characterize the probe affinity towards nanodomains it is convenient to
introduce a distribution constant for donors, Kp(D), or acceptors, Kp(A), as
Kp(D/A) = C(D/A inside of a domain)/C(D/A outside of a domain) between the
nanodomains and the region outside of them with the help of donor/acceptor surface
concentrations inside (C(D/A inside)) or outside (C(D/A inside)) of the
nanodomains, respectively. The following situations may arise: Case 0): Kp(D) = 1
and Kp(A) = 1. Consequently, the probes are distributed homogenously across the
entire lipid bilayer regardless of the presence of nanodomains (Fig. 1a). Such a
situation does not allow for the detection of nanodomains using MC-FRET. Case I)
Kp(D) > 1 and Kp(A) > 1, implying that both donors and acceptors accumulate
inside of the nanodomains (Fig. 1b). Such a spatial accumulation of the probes
decreases the average distance between the probes and leads to enhanced FRET
efficiency and faster relaxation of donors into the ground state (Fig. 1e) as compared
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to the homogeneous probe distribution (Case 0, Fig. 1a). Case II) Kp(D) > 1 and
Kp(A) < 1 or Kp(D) < 1 and Kp(A) > 1, which results in the accumulation of
donors and acceptors in distinct bilayer regions, and consequently spatial separation
of donors from acceptors (Fig. 1c). Such a probe distribution yields a lower FRET
efficiency and slower relaxation kinetics in comparison with Case 0 (Fig. le). And
finally, Case III) Kp(D) < 1 and Kp(A) < 1. Since both donors and acceptors are
excluded from nanodomains in this case, the efficiency of FRET will be increased,
and the relaxation kinetics accelerated in comparison with homogenous probe
distribution.

3.2.1 Workflow of MC-FRET for the Nanoscopic Characterization
of Nanodomains

The MC-FRET analysis is based on fitting experimental TRF decays by the decays
generated by MC simulations and follows the basic scheme depicted in Fig. 2. The
entire procedure starts by generation of a defined number of nanodomains on the
bilayer surface. The nanodomains are assumed to be circular in shape, uniform in
size, perfectly registered across the two bilayer leaflets and are characterized by the
nanodomain radius, (R), and their surface density, (A). In the next step, donors and
acceptors are distributed between the nanodomains and the remaining bilayer part
according to their Kp(D) and Kp(A). The total number of acceptors that enters the
simulation is estimated on the same sample prior to nanodomain formation by FRET
(see the Baumann-Fayer model (B.-F.) presented in Sect. 2). Then, a donor is
randomly excited, and the time Af; at which energy transfer takes place calculated
according to At; = — In y/Q;, where y is a randomly generated number between 0—1
and Q; is the overall energy transfer rate.

In the case of a randomly excited donor in the presence of multiple acceptors, £2;
can be expressed as the sum of the rates between the donor and each of the acceptors:

2 (k) 0

Here, j goes through all acceptors in the system and R, stands for the Forster
radius. For the sake of simplicity, the distance R; between the i-th selected donor and
the acceptors is evaluated only for the acceptors that are closer than the cut-off
distance R. (10Ry); the acceptors behind that cut-off are treated as a continuum:

Ry " Ry\"
0 0 ;
E <E> +0.5 x Cy x <ITC> >,f01‘], where |R,~ - Rj|

J
< 10R,. (7)
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Fig. 2 A workflow of an MC-FRET simulation yielding the optimized nanodomain radius, the
total area occupied by the nanodomains and optionally the distribution constants Kp(D), Kp(A)

The outcome of each simulation step is the time interval At; between the excita-

tion and energy transfer event. By constructing a histogram of A¢; intervals, the total
survival probability function Gtor(?) is obtained, and the simulated decay of the
donors quenched by the acceptors Fpa(f) calculated Fpa(f) = Gror(f)Fp(f). The
simulated decay is fitted to the experimental one by varying the input simulation
parameters, i.e., the domain radius (R), the area fraction occupied by the domains
(A), and Kp(D/A).
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3.2.2 What Nanodomain Sizes Can Be Resolved by MC-FRET? [18]

Nanodomains can be detected by MC-FRET only if their formation influences the
shape of TRF decays of the donors quenched by acceptors. Thus, to characterize the
resolution of MC-FRET it is convenient to introduce a parameter RES, defined as

1 - abS(FDA,homo (ti) — FDA,hetero(ti))
RES =~ ; TAv— 100. (8)

This parameter quantifies the difference between the TRF decay recorded in the
absence of nanodomains, Fpa. nhomo(f;), Where probes are distributed homoge-
neously, and the decay recorded in the presence of nanodomains, Fpa, netero(f:)s
where, in contrast, the probes are distributed heterogeneously. With the help of this
parameter, the resolution of MC-FRET can be characterized as follows:
(1) RES < 10% (red colour on the colormap bar of Fig. 3), yielding very similar
TRF decays for the homogeneous and heterogeneous probe distributions. At the
same time, this parameter value corresponds to the change in the steady-state
intensity of donors, (Fpa. hetero)/{FDA. homo)> @nd the average fluorescence lifetime,
(TDA. hetero)/{TDA. homo)» Of less than 10%. Such conditions are unfavourable for the
characterization of nanodomains by MC-FRET. (2) RES € (10;20)% (yellow colour
on the colormap bar of Fig. 3), enabling the detection of nanodomains by MC-FRET.
This parameter value is accompanied by the change in (Fpa_ netero)/{FDA. homo) DY
more than 10% and the change in (Tpa. hetero)/{TDA. homo, that does not exceed 10%.
(3) RES € (20;30)% (green colour on the colormap bar of Fig. 3), yielding clearly
distinct TRF decays. This parameter value results in the change of (Fpa. hetero)/{F DA,
hom0> of up to 20% and the Change in <TDA, hetcro>/<TDA, hom0> that is above 10%.
(4) RES € (30;60)% (cyan colour on the colourmap bar of Fig. 3), leading to the
change in (Fpa, netero)/{FDA. homo) Of Uup to 40% and the change in (tpa_ hetero)/ (TDA.
homoy Of more 10%. (5) Finally, if RES > 60% (blue colour on the colormap bar of
Flg 3)» <FDA, hetero>/<FDA, h0m0> > 30% and <TDA, hetero>/<TDA, h0m0> > 20%.

To calculate the parameter RES by Eq. (8), we generated the TRF decays for the
homogeneous, Fpa. nomo(t;), and heterogeneous, Fpa. hetero(t;), probe distributions
assuming various (R), (A), Kp(D) and Kp(A). The parameter RES is plotted for
Cases I, IT and III as a function of (R) and (A) in Fig. 3. A careful inspection of the
figure reveals that in case of an extremely high probe affinity to either the
nanodomains or the region outside of them (characterized by Kp(D/A) = 1000 or
Kp(D/A) = 1/1000) the resolution of MC-FRET is excellent for most combinations
of (R) and (A). An exception represents a relatively narrow region defined by
(R) € (5;20) nm and (A) € (1;15) % for Kp(D/A) = 0.001. To identify the Case
that provides the best resolution, we generated the diagrams for Kp(D/A) = 10 or
Kp(D/A) = 1/10, respectively (Fig. 3). Based on this comparison, Case I (Kp(D) > 1
and Kp(A) < 1) performs the best, followed by Case I (Kp(D) > 1 and Kp(A) > 1),
whereas Case II (Kp(D) < 1 and Kp(A) < 1) performs the worst. Most important of
all, even such low and physically realistic Kp(D/A) values provide sufficient
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Fig.3 The resolution of MC-FRET in the detection of membrane nanodomains as a function of the
nanodomain radius and the fractional area occupied by the nanodomains shown for various
Kps. The resolution is characterized by the parameter RES defined in the text. (a) Kp(D) = Kp(A),
(b) Kp(D) > 1 and Kp(A) < 1. (¢, d) Time-resolved fluorescence decays for a homogeneous bilayer
and the bilayer containing registered nanodomains characterized by RES = 19.5% (c¢) and
RES = 83.8% (d). The decays were extracted from the positions in the resolution diagram depicted
by solid red squares



386 B. Chmelova et al.

resolution for all cases. Although by approaching the Kp(D/A) values even closer to
one (Kp(D/A) = 2 or Kp(D/A) = 1/2) the resolution of MC-FRET continues to
decline significantly (Fig. 3), Case III still offers a satisfactory resolution as opposed
to Cases I and 1II.

Overall, the results presented so far show that choosing the right donor—acceptor
pair is essential to achieve the best possible resolution. Therefore, we compiled a
table that summarizes such donor—acceptor pairs, which, to the best of our knowl-
edge, have so far been used in the detection and characterization of both micro- and
nanodomains of different features (Table 1). It follows from the table that although
there exist enough fluorescent probes that spontaneously localize both inside and
outside the domains, fluorescent probes having a considerable affinity for the
domains (Kp > 10) are essentially non-existent. According to our knowledge, the
highest affinity exhibits headgroup-labelled gangliosides (Kp > 20) frequently used
in our laboratory [8, 17, 25] or tryptophan labelled peptide GWALP23 (Kp = 13)
[26]. On the contrary, plenty of probes excluded from the domains are available
(Table 1). Most importantly, probes that have a modest affinity for the domains
(Kp =~ 10) or the region outside them (Kp =~ 0.1) are sufficient for MC-FRET, and a
satisfactory number of such probes have been characterized so far (Table 1).

3.3 Resolving Inter-Leaflet Coupled from Inter-Leaflet
Independent Nanodomains by MC-FRET

Thanks to energy transfer that occurs not only within one bilayer leaflet but also from
one leaflet to the other one, the measured FRET efficiency will also depend on the
mutual organization of the nanodomains in the lower and upper leaflets [36]. Thus,
MC-FRET, in contrast to other fluorescence approaches, offers excellent axial
resolution and can be used to study inter-leaflet organization of nanodomains
[17]. In principle, the following scenarios may arise (Fig. 4): (1) Nanodomains are
perfectly registered across the bilayer leaflets (Fig. 4a), (2) the nanodomains in the
upper and lower leaflets are independent from each other (Fig. 4b) and
(3) nanodomains are anti-registered (Fig. 4c). In this case, the nanodomains in the
two leaflets avoid each other, and thus, the nanodomains in the upper leaflet cannot
occupy the lateral positions that have already been taken by the nanodomains in the
lower leaflet, and vice versa. To identify the most likely scenario, the experimental
TRF decays are fitted by the decays generated for the scenarios 1-3. As the most
probable is classified the scenario that provides the best fit and the lowest value of the
chi2 parameter. Since the resolution of MC-FRET depends significantly on the
extent to which the decays for scenarios 1-3 differ, it can again be characterized
by means of the parameter RES. The parameter, however, is now defined as
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Fig. 4 Schematic planar projection of the simulated lipid bilayer containing: (a) perfectly regis-
tered; (b) independent and (c) anti-registered nanodomains. Kp(D), Kp(A) = 1,000. The blue line
indicates the boundaries of the basic simulation box

1 z”: abs (FpareG (1) — Fpa anti/moep (%)) 100 (9)

RES = -
n Fparec(ti)

i=1

Thus, RES expresses the difference between the TRF decay for the registered,
Fpa, rec(?), and either the anti-registered, Fpa, anti(f), or independent, Fpa,
mpep(f), nanodomains.

In analogy to the cases discussed above, the MC-FRET resolution improves,
i.e. the RES values increase, as the probe affinity to one of the phases increases
(Fig. 5). Case I (Kp(D) > 1 and Kp(A) < 1) appears again to be the most robust one,
exhibiting reasonable resolution for a wide range of Kp(D/A) values. If
Kp(D) = Kp(A) (Cases I and III), a higher probe affinity is generally required to
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Fig. 5 The potential of MC-FRET to resolve anti-registered/independent from registered
nanodomains as a function of the nanodomain radius and the area occupied by the nanodomains.
(a) Kp(D) = Kp(A), (b) Kp(D) > 1 and Kp(A) < 1

achieve a similar resolution as for Case II. Both Case I and III achieve the worst
resolution for the nanodomains with (R) < 7 nm and (A) < 10%, which is
compensated by a reasonable resolution for the remaining (R) and (A) if Kp(D,
A) > 10 or Kp(D, A) < 1/10. Overall, the performed analysis identifies Case I as the
worst one, yielding at relatively high Kp(D/A) = 10 a relatively low RES < 20
followed by Case III and Case II. Nevertheless, even the least favourable Case I can
be used successfully. In Vinklarek et al. [17] we used headgroup-labelled ganglio-
sides GM; (Kp(D, A) > 20) to provide the first experimental evidence that lipid
nanodomains of the sizes between 10 and 160 nm formed at various lipid ratios of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol, sphingomyelin
(SM) and oxidized lipids (1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-
phosphocholine (POVPC) and 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine
(PGPC)) are inter-leaflet coupled. Recently, we used the same fluorescent probes to
show that GM;, GM, and GMj; ganglioside nanodomains ((R) € (7;120) nm and
(A) € (38;61) %), with the actual (R) and (A) parameters depending on the
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membrane lipid composition, are also inter-leaflet coupled [25]. Despite these few
pieces of evidence, it remains largely unclear to what extent the registration of
nanodomains is universal.

3.4 Quantifying Protein Dimerization by MC-FRET

Despite numerous advances in fluorescence lifetime microscopy, characterization of
protein interactions in the membranes of living cells by FRET remains challenging.
Consequently, affinity parameters such as dissociation constants for membrane
protein dimerization are usually obtained only for purified recombinant proteins.
They are usually in the form of detergent micelles or at best reconstituted to a simple
model membranes. Both the systems are far from the native environment that may
also participate in the dimerization.

The ability of FRET to deliver quantitative information is restricted to the bilayers
that are perfectly planar, allowing for lateral protein surface concentration to be
determined accurately. One of such systems are Giant Plasma Membrane Vesicles
(GPMVys). Intrinsically, GPMVs represent a planar membrane system containing
varying concentrations of various membrane proteins at the conditions closest to live
cells. Quantitative FRET has been used on GPMVs for the first time by Chen and
Sarabipour [37, 38]. Below, we are going to show how MC-FRET can be used to
quantify protein dimerization in the membranes of GMPVs.

3.4.1 Workflow of MC-FRET for the Quantification of Protein
Dimerization

The workflow of an MC-FRET simulation addressing protein—protein interactions is
similar to that one previously described for nanodomains (see Sect. 3.2.2). In brief,
the protocol requires the information about the concentrations of donor and acceptor
labelled proteins, which, as shown later in Sect. 3.4.2, can be obtained directly from
an MC-FRET experiment by an initial calibration. In the next step, the initial number
of protein monomers and dimers in the simulation box (with the size of
100Ry x 100Ry) is calculated. This is achieved by assuming a starting value of the
dissociation constant K4 (K4 = Crzmmomer /Climer ), Where C stands for surface con-
centrations and the closest protein—protein distance L. Afterwards, monomers and
dimers are generated on the bilayer surface, and by following the previously
described working scheme (see Fig. 2 and Sect. 3.2.2), the simulated decay is
computed. Ky and L, are optimized until the global minimum in the difference
between the measured and simulated TRF decay has been reached. Alternatively,
instead of the TRF decays, FRET efficiencies # can be used to optimize K4 and L. In
this case, n depends on the quantum yields of donors in the presence, Opa, and
absence Qp, of acceptors:
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_1_9%a
’7_1 QD’ (10)

And thus in combination with Egs. (6) and (7), we get:

—1
. o
Geowm -2 (3)) "

And

6 M !
Ooa _ 1 4 Ry Ry : R
Op M/WIEI;C 1+ ZJ, R + 0.5 x Cy % R , for j, where ’R, Rj|
< 10Ry.

(12)

where M runs over all random excitations and over all configurations of the given
number of monomers and dimers.

In the case of the TRF decay analysis, measurement on a single GPMV provides
us with enough data for the comparison with the simulation. When using efficien-
cies, number of GPMVs needs to be examined to obtain enough data to be simulated.
(How many depends on the precision of the FRET efficiency determination.)

3.4.2 Determination of Donor and Acceptor Surface Concentrations

The success of MC-FRET analysis relies fundamentally on precise determination of
the surface concentration of proteins C. More specifically, the analysis requires the
following parameters to be determined accurately: (1) the number of membrane
proteins in the defined area and (2) the size of that area (to calculate C = number of
membrane proteins in the area/the size of that area). In the native cellular mem-
branes, it is almost impossible to determine the latter parameter accurately by
fluorescence microscopy, as the membrane forms many inter-membrane contacts,
lamellae, etc., which are far beyond optical resolution. Therefore, the work on
GPMVs, composition-wise, the closest model system of a native biological mem-
brane that are flat on the micrometre scale, appears inevitable [38]. Yet, it still
represents a challenge. In our laboratory, we use fluorescence correlation spectros-
copy (FCS) in the way depicted in Fig. 6.

1. Determination of the number of proteins in the confocal spot
FCS allows for very precise determination of the number of molecules in the
area illuminated by a tightly focussed laser beam [39]. This can be achieved by
measuring temporal autocorrelation functions (ACFs) of the fluctuations in fluo-
rescence intensity, which contain information about the number of fluorescent
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particles (either FP-fused proteins or labelled lipids) and their dynamics in the
confocal spot. As shown in Fig. 6a, the amplitudes of ACFs are inversely
proportional to the number of diffusing fluorescent particles.
2. Determination of the size of the confocal spot

The profile of the laser light projected on a planar membrane has a 2D
Gaussian shape. To estimate the effective size of the beam which FCS counts
fluorescent molecules from, one can make use of FRET and Baumann-Fayer
model (introduced earlier in Sect. 2) applied to the FRET data acquired in the
identical membrane as FCS (ideally the FCS and FRET analysis can be done on
the identical dataset). The B.-F. model provides information about the surface
concentration of homogeneously distributed, non-interacting acceptors. This
concentration can be converted into the FCS-relevant beam size by using infor-
mation about the number of acceptors in that spot (see step i)). The B.-F. model
can be used only for the homogeneously distributed donors and acceptors that in



394 B. Chmelova et al.

addition fulfil the requirements on dynamics and isotropy. As this is not the case
of FPs, in our laboratory, we determined the effective beam size using a pair of
non-interacting headgroup-labelled lipids (ATTO488-DOPE and ATTO647N-
DOPE) in a fully artificial system of giant unilamellar vesicles (GUVs) [21]. Over-
all, this calibration yields the effective diameter of the illuminated area: d =
0.61 = NAA, where A stays for the wavelength of the excitation light and N, is the
numerical aperture of the objective (Fig. 6b), and represents a powerful approach
that provides geometrical characteristics being fully independent of the used
fluorescence moiety.
3. Determination of protein surface concentrations from equatorial intensity
MC-FRET experiments are often performed at high loads of acceptor labelled
proteins where FCS cannot be applied. Therefore, as shown on Fig. 6c, it is
beneficial to construct a calibration curve for the dependence of the mean
equatorial fluorescence intensity on the protein surface concentration. By linear
extrapolation of this dependence to higher surface concentrations, one can easily
calculate (just by measuring the equatorial intensity without the need to employ
FCS for each individual GUV) the protein surface concentration of an examined
GPMV. Such a calibration dependence can be acquired either directly on GPMVs
by varying the amount of plasmid DNA that encodes the protein of interest used
for the transfection of cells, or, alternatively, isolated FPs (without the protein of
interest) can be attached to the surface of GUVs doped with DGS-NTA(Ni) lipids
via His-tag in large range of surface concentrations.

3.4.3 Dealing with Kappa Squared (x*)

The dynamic limit conditions considered so far are based on the assumption that
donor and acceptor molecules rotate fast as compared to the donor fluorescence
lifetime and their respective transition dipoles can sample the entire rotational space.
It is, however, unclear to which extent this stringent assumption holds for barrel-
shaped fluorescence proteins attached to the membrane of GPMVs (Fig. 7a, b). The
theory of FRET accounting for slow and hindered dipole reorientations is funda-
mentally different as the distribution of distinct dipole orientations have to be taken
into account [22, 40]. Recently, we have shown that, even in this case, the formalism
introduced for the dynamic and isotropic regime can be used successfully [21].

Under the dynamic limit conditions, the value of > equals 2/3. In our work, we
optimized the value of x* by correcting the value of experimentally determined R
for the used donor—acceptor pair. R, depends on x> according to Ry ~ «3. Thus, the
similarity between the experimentally determined and corrected value (R cor) Of Ro
reports on to what extent our assumptions about dynamic and isotropic chromophore
reorientations hold.

More specifically, we prepared GUVs consisting of POPC and 5 mol% of
DGS-NTA(Ni) and attached to them fluorescently labelled fusion proteins
containing a His-tag (Fig. 7a, b). We systematically varied the concentration of
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Fig. 7 Determination of the corrected Forster radius, Rocor- (@) Membranes of GUVs with
reconstituted GFP (green) and mCherry (red) fluorescent proteins. (b) The non-interacting fluores-
cent proteins are attached to the membrane surface by the bond between DGS-NTA(Ni) (tag in the
membrane) and His-tag (tag in the protein). (¢, d) Determination of Ry o by measuring (c) the
efficiency of FRET or (d) TRF decays (grey line), respectively, for various concentrations of
acceptors. The MC-FRET simulations were carried out for a set of distinct Ry values and the
resulting dependences were compared with the experimental data (in black) by minimizing the
mean square displacement (MSD) values (inset)

acceptor proteins while keeping the concentration of donor proteins constant, and we
recorded both the TRF decays and the fluorescence intensity in the equatorial plain
of GUVs in both fluorescence channels. In this way, we could estimate the surface
concentration of donor and acceptor proteins and the efficiency of FRET for each
GUV. The efficiency of FRET is estimated by fitting the TFR decays by a sum of
exponentials and using the following relationship

n=1-— ZiADAiTDA,‘/ZiADiTDi- (13)

Here, (Ap; and 7p;) or (Apa; and zp,;) are the preexponential factors and individ-
ual lifetime components in the absence or presence of acceptors [41].

As shown in Fig. 7c, d, we employed MC-FRET to generate both the FRET
efficiencies # and the corresponding donor fluorescence decays Fpa for a set of
different Ry and compared those with the experimental data by minimizing the mean
square displacernent MSD. Whereas in the case of 5 generation MSD =
(1/NYSSY (1: measured — i simulaced)” » and i runs over all GUVs that have been
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measured, in case of Fpa generation MSD =
(1 /N)Zf.\;l(FDA,i measured — FDA; Simula[ed)z and i runs over all TCSPC channels.
The best match between the simulated and experimental data was found for Ry o
in the range 50-58 A. Of note, it was not necessary to optimize the closest distance
between the two fluorophores (set to 30 A) because the range of physically accept-
able values was narrow and its impact on the results was insignificant [21].

Interestingly, we performed the experiment for different lengths of the linker
between the fusion protein and the His-tag and found that there was no significant
dependence of the FRET efficiency on the linker length [21]. The comparison of Ry,
corr With Ry = 52 A determined for dynamic isotropic conditions shows that the
behaviour of the used donor/acceptor pair is well described by the formalism used.
Of course, this does not mean that the chromophores of the investigated proteins
behave as fast isotopically rotating dipoles. Instead, it suggests that the herein
presented analysis is accurate enough for solving the dimerization issues that are
geometrically resembling the system used here. This is of particular importance
when protein—protein interactions in the membrane are studied (see the following
Sect. 3.4.4).

3.4.4 Dimerizing and Non-dimerizing Membrane Proteins

Figure 8 shows a demonstrative example using two distinct membrane localized
proteins: RHBDL?2, a human rhomboid protease, which stays in its monomeric form
[21, 42] (Fig. 8a), and the human glutamyl carboxypeptidase II (GCPII) that strongly
dimerizes in the membrane via its extracellular interface [21, 43] (Fig. 8b). In both
the cases, we have co-transfected HeLa cells with eGFP and mCherry fusions to the
investigated proteins and formed GPMVs from these cells as described elsewhere
[44, 45]. In line with what has been already described in the above paragraphs, we
recorded TRF decays and fluorescence intensity in the equatorial plane, estimated
the surface concentration of the green and red labelled proteins and performed the
MC-FRET analysis.

In this analysis (see also Sect. 3.4.1), either the experimentally determined FRET
efficiency measured on an ensemble of GPMVs is fitted to the simulated FRET
efficiency (Fig. 8c, e), or, alternatively, an experimental TRF decay is fitted to those
generated by MC-FRET (Fig. 8d, f). In both cases, L, — the closest protein—protein
distance, related to the excluded surface, and K, — the dissociation constant — were
optimized and, importantly, both approaches provided similar results (Fig. 8g, j).
While for RHBDL2, we did not see any sign of protein dimerization at the concen-
trations achievable by overexpression from transfected plasmids, for GCPII, dimers
were detected even at the lowest protein surface concentrations used.

Altogether, efforts to characterize membrane proteins by thermodynamic param-
eters directly in native membranes have been made by us and others. The quantifi-
cation, however, depends crucially on the determination of lateral protein
concentrations. This can be sufficiently done only in limited number of cases as
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Fig. 8 Quantification of protein dimerization by MC-FRET. (a, b) A schematic drawing of (a) a
non-dimerizing protein RHBDL2 and (b) a dimerizing protein GCPIL (c, e) Experimentally
determined FRET efficiencies measured on individual GPMVs (black squares) versus FRET
efficiencies computed by MC-FRET (orange squares) using as the input simulation parameters
the optimal Ky and L, values plotted as a function of the acceptor concentration for (c¢) RHBDL2
and (e) GCPIL Red line is only intended to guide reader’s eyes. (d, f) An experimental TRF decay
(black line) versus a TRF decay generated for the optimal K, and L, parameters (orange line) at
given donor/acceptor concentration shown for a selected GPMV containing (d) RHBDL?2 or (f)
GCPIIGCPII, respectively. (g—j) MSD maps (i.e. 2D plots of MSD as a function K4 and L,
parameters) generated by MC-FRET for the GPMVs containing (g, h) RHBDL2 or (i, j)
GCPIIGCPI], respectively. MSD was calculated both by means of the FRET efficiencies (panels
g and i) and TRF decays (panels h and j; see also the text for more details)

even the plasma membrane turns out to be too ruffled for area determination.
Eventually, the experiments had to be carried out in GPMVs, model membranes
that are compositionally closest to the native ones. These attempts however revealed
important considerations that have to be made when membrane protein oligomeri-
zation is addressed even if the quantification is not the main goal. Firstly, as the
FRET read-out is almost always present in the 2D systems, a negative control of a
similar acceptor expression is essential for drawing conclusions. Secondly, the
membrane attached FPs behave as if they were in the isotropic, dynamic regime.
Moreover, we do not see any linker length dependence. Therefore, in planning the
FRET experiment, there is no need to be overwhelmingly cautious about these
aspects.
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4 Conclusions

In summary, recent advances in fluorescence microscopy and spectroscopy have
enabled to characterize organization of lipids and proteins in plasma membranes and
their models with great spatiotemporal resolution. One of these techniques is the
recently developed MC-FRET method, which can, by using standard fluorescence
lifetime microscopy equipment and analysis tools based on Monte-Carlo simula-
tions, (1) detect nanoscopic heterogeneities formed in lipid bilayers, (2) determine
their sizes with the sensitivity down to only a few nanometres in radius, (3) quantify
their membrane surface coverage and (4) characterize their mutual inter-leaflet
organization. Moreover, it can also be used to study protein dimerization in the
membrane by quantifying the dissociation constant for dimerization. Overall, the
method reaches a nanometre resolution in all three directions, and thus offers an
effective tool in the field of membrane biophysics.
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