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ABSTRACT

In this work, molecular interactions in a lipid membrane are discussed through fluorescence spectroscopy
data, both experimentally and theoretically. In particular, the fluorescence quenching mechanisms
between the fluorescent probe 6-dodecanoyl-2-dimethylaminonaphthalene (Laurdan) and the potential
drug 2-nitrobenzaldehyde-thiosemicarbazone (2-TSC) were studied, both inserted in a 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DMPC) model membrane. The fluorescence intensity and the lifetime of
Laurdan decrease dramatically in the presence of 2-TSC, in both gel and fluid phases of the DMPC bilayer.
It is shown here how to identify the correct quenching mechanism, by conducting a careful analysis of the
fluorescence data. The analysis of the bimolecular constant values obtained through the Stern-Volmer
equation, considering the collisional mechanism, made clear the incompatibility of the obtained values
with estimated diffusion coefficients for Laurdan and 2-TSC inserted into lipid bilayers. On the other
hand, using the Forster’s theory of resonance energy transfer (FRET) we obtained results in good agree-
ment with the already known dynamic characteristics of a DMPC bilayer, at its both gel and fluid phases.
Through spectroscopy data and computational calculation, Forster distance, energy transfer efficiency
and distance distribution were obtained for the donor/acceptor pair Laurdan/2-TSC, at both gel and fluid
phases of the bilayer. The distance distribution reflects the occurrence of FRET involving donor/acceptor
pairs in the same leaflet of the lipid bilayer and pairs in opposite leaflet, and these results are in good
agreement with our previous proposal about the lateral organization and position of Laurdan and 2-
TSC molecules in a DMPC bilayer. All these results lead us to conclude that FRET between the donor
Laurdan and the acceptor 2-TSC is the mechanism responsible for non-radiative deexcitation of
Laurdan. The methodology used here could be extended to other pairs of donor/acceptor molecules, to
contribute to the knowledge about their localizations in lipid membranes.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

fluorescence lifetime provide information about the proximity
between molecules, or even inter and intramolecular distances,

Techniques based on fluorescence microscopy and fluorescence
spectroscopy have been intensively employed in biophysics, allow-
ing the study of a wide variety of biologically relevant molecules.
Advanced techniques in fluorescence microscopy [1] allow the
acquisition of bioimages [2,3], through which it is possible to
study, for example, macromolecular fluxes in capillaries in vitro
[4] and even in vivo [5,6] systems. On the other hand, fluorescence
spectroscopy, both steady state and time resolved, have been
widely used to monitor molecular interactions [7-9]. In particular,
some processes that decrease the fluorescence intensity and/or the
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as Forster resonance energy transfer (FRET or RET) process
[10,11]. Other processes that decrease the fluorescence intensity
of a fluorophore are dynamic (or collisional) and static quenching.
For collisional quenching to occur, the distance between molecules
must be equal (or less) to their van der Waals radii [12,13], i.e., flu-
orophore and quencher have to come into molecular contact,
allowing the electronic clouds of both molecules to interact. On
the other hand, FRET does not require contact between molecules,
and can occur at distances up to ~100 A, according to Férster’s the-
ory [14] of non-radiative energy transfer via dipole-dipole interac-
tion. For the resonance energy transfer to occur, the spectral
overlap between the emission spectrum of the donor molecule
and the optical absorption spectrum of the acceptor molecule is
necessary.
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Both mechanisms, collisional quenching and FRET, have become
tools that are widely used in a variety of applications. FRET, for
instance, has been applied to studies with fluorescent biosensors
[15-17], supramolecular systems [18-21], nucleic acids [22-25]
and polypeptides [26-29]. FRET has also been applied to studies
of model membranes [30-32], where it is used to monitor the loca-
tion and the distribution of molecules in phospholipid bilayers
[33-36].

The collisional quenching mechanism is well described by the
Stern-Volmer model, widely employed in studies that can reveal
the location of molecules inserted in macromolecular systems
through the accessibility of the fluorophores to a quencher [37-
42]. This accessibility can be monitored by the bimolecular
quenching constant k, which reveals the association/binding
behavior between fluorophore and quencher.

However, in some cases where there is both the decrease of the
fluorescence intensity and lifetime of a fluorophore in the presence
of another molecule, and there is some spectral overlap, it is not
obvious to affirm whether FRET or collisional quenching occurs.
Both, the collisional quenching and FRET, are processes that
decrease the fluorescence intensity and the lifetime of the fluo-
rophore, because these processes depopulate the excited state.
Consequently, a comparison between the two processes must be
carefully conducted to completely understand which mechanism
is responsible for the decrease in the fluorescence signal, and to
be able to draw conclusions about the distance between them,
and, possibly, their localization in a membrane.

In a previous work [43] we noticed that the presence of the
potential drug 2-nitrobenzaldehyde-thiosemicarbazone (2-TSC)
[44], derived from a terpene [45,46], caused a decrease in the
fluorescence intensity and lifetime of the well know fluorescent
probe 6-dodecanoyl-2-dimethylaminonaphthalene (Laurdan)
[47-53], both molecules inserted into 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DMPC) bilayer. DMPC vesicles are among the
most common model systems for studying the location, behavior,
permeability and antioxidant properties of different types of drugs
in membranes. This model is an effective tool for understanding
molecular-level processes, which is the focus of this work. The 2-
TSC molecule was found to show antitumor activity against human
tumor cell lines [44] as is typical for thiosemicarbazones [54] and,
despite its aromaticity, displays no fluorescence [43]. As Laurdan is
known to be localized close to the membrane surface [55,56], and
considering collisional quenching between 2-TSC and Laurdan, it
was concluded that this should also be the location of 2-TSC in
the lipid membrane. However, it was mentioned that the possibil-
ity of FRET between the two molecules could not be ruled out,
although the spectral overlap between the Laurdan emission and
the optical absorption of 2-TSC was found to be relatively small.

In the present work, we revisit the interaction between 2-TSC
and Laurdan, analyzing the fluorescence data using both methods,
collisional quenching and FRET. By analyzing the bimolecular
quenching constants obtained, the fluorescence lifetime of Laurdan
in DMPC bilayers and the lateral diffusion coefficient of the mole-
cules involved, we concluded that the collisional quenching mech-
anism was not the process that causes the decrease of fluorescence
intensity and lifetime of Laurdan. On the other hand, it was possi-
ble to show that the decrease in the fluorescence signal of Laurdan
was most likely due to FRET to the acceptor 2-TSC, and the Forster
distance Ry and the energy transfer efficiency E for this donor/ac-
ceptor pair were obtained for the molecules in DMPC membranes,
at both gel and fluid phases. We also recovered distance distribu-
tions between Laurdan and 2-TSC by using a modified version of
the open source CONTIN program [57], that inverts general sys-
tems of linear algebraic equations, as presented in our previous
works [26-28,36]. The methodology developed in this work, to elu-
cidate which type of molecular interaction is occurring when a
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decrease in fluorescence is observed, can also be extended to pairs
of molecules inserted in biological membranes. Despite the com-
plex composition of biological membranes, the analysis of fluores-
cence intensity decays, together with the calculation of donor and
acceptor diffusion coefficients, allows the correct identification of
the mechanism responsible for the decrease of the fluorescence
intensity and lifetime.

2. Materials and methods
2.1. Samples

2-nitrobenzaldehyde-thiosemicarbazone (2-TSC) was prepared as
previously described [44]. 6-dodecanoyl-2-dimethylaminonaphtha
lene (Laurdan) was purchased from Molecular Probes Inc. (Eugene,
OR, USA). The phospholipid 1,2-dimyristoyl-sn-glycero-3-phospho
choline (DMPC) was supplied by Avanti Polar Lipids Inc. (Birming-
ham, AL, USA). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) was purchased from Sigma Aldrich (St Louis, MO). All
compounds were used without further purification. Milli-Q Plus
water (Millipore), pH ~ 6, was used for buffer preparation. Mea-
surements in aqueous medium were performed in HEPES buffer
10 mM, pH 7.4. Fig. 1 shows the chemical structures of the acceptor
2-TSC and the donor Laurdan.

2.2. Preparation of vesicles

Vesicles were obtained from the extrusion method [58]. Briefly,
1 mM of lipid was dissolved in chloroform. The sample was dried
with nitrogen and the solvent completely removed under reduced
pressure to obtain the dried lipid film. The lipid films were
hydrated in buffer solution (HEPES 10 mM pH 7.4) to obtain a
1 mM lipid concentration and vortexed. The suspension was than
extruded 21 times through polycarbonate membranes, using a
Mini Extruder from Avanti Polar Lipids Inc. (Birmingham, AL,
USA). The extrusion was made using 0.1 um pore diameter poly-
carbonate membranes (from Millipore), resulting in a population
of monodisperse Large Unilamellar Vesicles (LUV), with average
diameter of 0.1 pm.

For spectroscopic measurements, the fluorophore Laurdan was
added to the lipid/chloroform solution at 1 mol% of the lipid con-
centration. All experiments were performed in the absence and
presence of three different 2-TSC concentrations (1, 5 and 10 mol

2-TSC
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Fig. 1. Molecular structures of the compounds studied in this work.
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% of the lipid concentration). 2-TSC was also mixed with the lipid/
chloroform solution.

2.3. Methods

Optical absorption spectra were obtained with an UV—Vis spec-
trophotometer (Varian Cary, Santa Clara, CA). Samples were placed
in quartz cuvettes, with absorption optical pathway of 2 mm. The
temperature was controlled with a Carry Peltier thermostat. To
ensure thermal equilibrium, before each scan the sample was left
at the desired temperature for at least 10 min.

For steady state fluorescence spectroscopy, samples were
placed in quartz cuvettes with 2 mm optical pathway. Measure-
ments were performed using the Varian Cary Eclipse spectrofluo-
rometer. The temperature was controlled by a Peltier system. To
ensure thermal equilibrium, before each scan the sample was left
at the desired temperature for at least 10 min. Emission spectra
were measured with excitation wavelength at 330 nm for Laurdan,
used here as a fluorescent membrane probe.

Time-resolved fluorescence measurements were performed
using the time-correlated single photon counting method (TCSPC)
[12]. The excitation source used was a titanium-sapphire laser Tsu-
nami 3950 from Spectra Physics, pumped by a solid-state laser Mil-
lenia Pro model J80, also from Spectra Physics. The repetition rate
was set to 8000 kHz using a pulse picker (Spectra Physics, model
3980-25). The Tsunami was set to give an output of 990 nm and
a third harmonic generator BBO crystal (GWN-23PL Spectra Phy-
sics) was used to generate the excitation beam at 330 nm. This
beam was directed to a spectrofluorometer from Edinburgh
(FL900CDT). The emitted light was detected at 90° from the excita-
tion beam. The emission wavelength was selected by a monochro-
mator and the emitted photons were detected by a refrigerated
microchannel plate photomultiplier (Hamamatsu R3809U). The
FWHM of the instrument response function was 90-110 ps. Time
resolution was 12 ps per channel. The temperature was controlled
within 0.1 °C by the thermal bath Julabo HP 25. Excitation wave-
length was at 330 nm, and the emission detected at 480 nm.

Software from Edinburgh Instruments was used to analyze the
decay curves. The intensity decays were fitted to the equation [12]:

10 = e M

where 7; is the lifetime of the i component of the decay, and o; is
the corresponding pre-exponential factor. The quality of fit was
judged by statistical parameters like reduced %2 and by plot of
residuals.

2.4. FRET theory

According to Forster’s theory [ 14] of non-radiative energy trans-
fer via dipole-dipole interaction, for a single fixed distance, r,
between donor and acceptor, the FRET rate (kr) is [12]:

ky = 1 @)6 (2)

Ta\ T

where Ry is the Forster distance and 7, is the excited state lifetime
of donor molecule (single exponential decay) in the absence of
acceptor. The Forster distance is given by:

_ 9000(n10) g

6
Ro = 12875n4N, (3)

where ¢4 is the donor quantum yield in the absence of acceptor, n is
the index of refraction of the medium, Ny it the Avogadro number, |
is the spectral overlap integral and x? is the orientation factor. The
orientation factor depends on the relative orientation of transition
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dipole moments of the donor and acceptor. The overlap integral is
given by:

= / Fa(2)ea(2)24d) (4)

where F, is the area-normalized donor fluorescence spectrum in the
absence of the acceptor and ¢, is the molar absorptivity of the
acceptor.

The experimental FRET efficiency can be calculated by [12]

1_ Jo Laa(t)dt
j(;“ Iy(t)dt

where I; and Iy, are the measured donor intensity decay profile in
the absence and presence of the acceptor, respectively.

E= ()

2.5. Computation - FRET distance distribution in lipid membranes

In this work we considered a population of donor-acceptor
pairs in a phospholipid bilayer with different distances from each
other that lead to a distance distribution function, f(r). Donor-
acceptor pairs, separated by the distance r, contribute to the mea-
sured fluorescence intensity through f(r). The fluorescence inten-
sity decay of donor in the absence of acceptor, in the case of

complex decay, is I4(t) = Z,u,exp(—%). In the presence of the

di
acceptor, the FRET additional route for deexcitation (kr)affects
the fluorescence decay of the donor. The total fluorescence inten-
sity decay of donor in the presence of acceptor, Iy (t), integrated
over the distance distribution, is given by [26,28,59,60]:

b 6
- frowa (e o

where (1) = % is the amplitude-averaged lifetime, a and b the

range of distances for the system. The distance distribution can be
recovered by fitting Eq. (6) to the experimental decay curve.

The fitting of Eq. (6) was done using the open source CONTIN
program [57] that inverts general systems of linear algebraic equa-
tions of the type

b N
Yt = / SOK(x, t)dx + > Lty ™)

a =1

In this work, y(t,) corresponds to the measured intensity of flu-
orescence Iy, (ty), at the instant t;; x is the donor-acceptor distance
relative to the Forster distance, i.e., x = 1/Ry; K(x,t;) is a known
function to describe the intensity decay with the occurrence of
energy transfer and s(x) is the distance distribution function to
be recovered by the program. The second term can be used for cor-
rections like the background or impurities that may be present and
contributing to the decay profile. The integral is converted, by
numerical integration, to a summation in x;.

To the fitting of Eq. (6) we modified CONTIN code by consider-
ing s(x) the distance distribution function f(x) and defining

K(x, ty) = /;L(t,)ld (t- t') -exp |:—X6 (t— t,) 8)

(T)

where L is the instrument response function. Due to the strong
dependence of FRET efficiency on the donor-acceptor distance,
the range of relative distances was restricted from 0.5R, to 2Rg
[12]. This range, set in the input file, is divided in N equally spaced
intervals. The distance distribution is recovered using the weighted
least squares method with the employment of a regularizor based
on the principle of parsimony [57]. In the analysis, we also imposed
the constraint of non-negativity for the distribution function.
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2.6. Stern-Volmer equation

The Stern-Volmer equation, that describes collisional quenching
mechanisms, is giving by:

F
gz%z 1+ kgTo[Q) 9)

where Fy and 1, are the fluorescence intensity and fluorescence life-
time of the fluorophore in the absence of the quencher, respectively,
[Q] is the molar concentration of the quencher and k; is the
bimolecular quenching constant.

All data shown here are means of at least two experiments, and
the uncertainties are the standard deviations.

3. Results and discussion

The emission spectrum of Laurdan exhibits dramatic red shift
when the probe is inserted in a phospholipid bilayer that under-
goes gel to fluid phase transition. Rowe and Neal analyzed the flu-
orescence decay data of Laurdan inserted into DMPC bilayer. The
data were arranged in the form of Fourier transformed emission-
decay matrices, by methods based on principal components analy-

Laser Pulse

Counts

Time (ns)

Fig. 2. Typical fluorescence intensity decays of Laurdan in DMPC, at the bilayer gel
phase (15 °C) in the (a) absence and in the (b) presence of 1 mol % of 2-TSC, and at
the fluid phase (35 °C) in the (c) absence and in the (d) presence of 1 mol % of 2-TSC.
Excitation wavelength was at 330 nm, and emission was detected at 480 nm.

Table 1
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sis [61]. They found clear evidence that Laurdan presents, at least,
three emissive states, which they called locally excited, charge-
transfer and solvent relaxed states, all of them with excited state
interactions with each other. However, the explanation of the Lau-
rdan red shift upon bilayer phase transition is still under debate.
Vequi-Suplicy et al. [62] proposed that two emission bands of Lau-
rdan, in homogeneous solvents, would be related to the emission of
two independent states, and not to a pair of non-relaxed and sol-
vent relaxed states. The investigation was conducted in solvents
of different polarities by time-resolved fluorescence, decay associ-
ated spectra and Gaussian decomposition of the fluorescence emis-
sion spectrum. More recently, Vequi-Suplicy et al., using a
sequential hybrid Quantum Mechanics/Molecular Mechanics
method, brought support for the hypothesis that the fluorescent
emission of Prodan, in several solvents, occurs from two indepen-
dent excited states, and argued that the same reasoning may
explain the dual band fluorescence of Laurdan [63].

The contribution of the excited states to the total fluorescence
of Laurdan could be obtained by the decomposition of its emission
spectrum into two Gaussian bands. The blue band was associated
to the peak centered at ~440 nm and the red band to the peak cen-
tered at ~490 nm [64]. These two bands were observed to different
extents in both gel and fluid phases of phosphatidylcholine and
phosphatidylglycerol membranes. However, at wavelengths
greater than 480 nm, the contribution of the blue band is almost
negligible at both gel and fluid bilayer phases [53,55,64,65].

In this work, we monitored the fluorescence of Laurdan inserted
in a DMPC bilayer (phase transition temperature around 23 °C
[66,67]) at 1 mol% of the lipid concentration. It was shown, by dif-
ferential scanning calorimetry thermograms [43], that this concen-
tration of Laurdan does not change the phase transition
temperature of extruded 1 mM DMPC dispersions.

The intensity decay of Laurdan, measured at 480 nm, therefore
related to the excited state associated to the red band, as discussed
above, is strongly quenched upon gel to fluid phase transition of
the DMPC (Fig. 2). The intensity-averaged lifetime of Laurdan into
pure DMPC bilayer decreases from 6.8 ns in the gel phase to 3.7 ns
in the fluid phase (Table 1). The relative areas of the red and blue
bands obtained from Gaussian decomposition of the emission
spectrum of the Laurdan in DMPC are, respectively, ~ 0.4 and
~0.6 in the gel phase and ~0.9 and ~0.1 in the fluid phase of the
bilayer [65]. Therefore, the excited state associated to the red band
is present in the gel and fluid phases of the bilayer while the
excited state associated to the blue band is almost absent in the
fluid phase.

With the addition of 1 mol% of 2-TSC (Fig. 2 and Table 1), a fur-
ther decrease of the Laurdan intensity-averaged lifetime was

Lifetimes and normalized pre-exponential factors obtained from fitting Laurdan intensity decay data to a multiexponential function. The data are for Laurdan in DMPC vesicles,
before (15 °C) and after (35 °C) the bilayer gel-fluid phase transition, without and with different concentrations of 2-TSC. The average lifetime was obtained by

(1) =X ouT/ Y ouie

[2-TSC] mol% 0 1 5 10
14 (ns) 15 °C 7.6+ 05 55£03 3.9+02 31£03
35 °C 3.7+0.1 3.5£02 30£02 2.5%02
1, (ns) 15 °C 52+ 04 23+04 14+02 0.9 £0.1
35 °C - 1.6+ 05 1.0+02 0.8 £02
oy 15 °C 0.58 0.73 0.56 0.32
35 °C 1.00 0.82 0.66 0.54
oz 15 °C 0.42 0.27 0.44 0.68
35 °C - 0.17 0.34 0.46
o1 71 (ns) 15 °C 43+03 40+02 22401 1.0+0.1
35 °C 3.7+0.1 29£02 20+0.1 13+0.1
oz T2 (ns) 15 °C 22£02 0.6 +0.1 0.6 +0.1 0.6 +0.1
35 °C 0.0 £0.0 03+£0.1 04+0.1 0.4 +0.1
(t) (ns) 15 °C 6.8 * 0.4 5003 33£02 23£03
35 °C 3.7+0.1 33+02 2.7+0.1 2101
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observed at both phases of the bilayer. Accordingly, static quench-
ing was discarded, and the quenching of Laurdan fluorescence by
2-TSC in a DMPC bilayer was supposed to be either a collisional
quenching process or a FRET process in our previous work [43].
These two possibilities are deeper investigated in this work. It is
important to mention that the fluorescence intensity of Laurdan
was also found to decrease in the presence of 2-TSC [43].

3.1. Collisional quenching mechanism

In order to conduct a detailed comparative study between
collisional quenching and FRET processes, we initially used the
Stern-Volmer equation (Eq. (9)) to analyze the fluorescence data
of Laurdan. By fitting the Stern-Volmer equation to the intensity-
averaged decay lifetime of Laurdan (Table 1), in the absence
and in the presence of 2-TSC, we obtained very large

bimolecular quenching constants: k, = (3.0 +0.3) x 10"%s-'M ™"

and k; = (2.0+£0.4) x 10"s-'M~", for the gel and fluid phases of
DMPC, respectively (Fig. 3). Comparing with other examples of col-
lisional quenching in membranes, these values of kq are quite large.
For instance, much larger than the bimolecular quenching constant
of (52+04)x10% M found for the quenching of 1,6-
diphenyl-1,3,5-hexatriene (DPH) fluorescence by the acemetacin,
both inserted in a DMPC bilayer at 37 °C [68]. They are even much
larger than the one observed for the quenching of tryptophan by
molecular oxygen in solution: 1.2x10'® M~'s~! [69]. This would
be, approximately, the largest possible value for k, in aqueous solu-
tion, since other quenchers are much larger than the molecular
oxygen and, consequently, have much lower diffusion coefficients.

To better understand these large values obtained for the
bimolecular quenching constant, it is important to consider the
Laurdan excited state lifetime, and the diffusion coefficients of
molecules in a lipid bilayer. For instance, one could consider the
longest lifetime component obtained for Laurdan in DMPC at the
gel phase, 7.6 ns (Table 1). About diffusion movements in mem-
branes, lateral diffusion coefficients of a DMPC molecule in the
bilayer at the gel and fluid phases are 7 and 50 pm?s~!, respectively
[70]. Akhunzada et al. obtained the value of 12.2 um?s~" for the lat-
eral diffusion coefficient of Laurdan in DOPC giant unilamellar vesi-
cles [71]. The root mean square distance diffused by the light

excited probe can be calculated by v2Dt, where D and t are the
diffusion coefficient and the excited state lifetime of the probe,
respectively [12]. Thus, using the values of diffusion coefficient

3.5

v 15°C - gel phase
A 35 °C - fluid phase

3.0

2.5

0

<t >/<1t>

2.0

1.5

1.0

0 10 20 30 40 50 60 70 80 90 100

[2-TSC] (uM)

Fig. 3. Stern-Volmer plots: ratio of the intensity-averaged decay lifetime of Laurdan
1 mol% in DMPC 1 mM, in the absence ((7o)) and in the presence ((t)) of 2-TSC.
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and lifetime of Laurdan presented above, we obtain ~4 A as an esti-
mative for the root mean square distance diffused by the excited
molecule of Laurdan in DMPC. Therefore, the 2-TSC molecule
should be at a distance shorter than 4 A to be able to quench the
Laurdan fluorescence by collision (molecular contact), which is
not a reasonable distance for Laurdan and 2-TSC uniformly dis-
tributed in the lipid bilayer at the concentrations used in this work.
Hence, the hypothesis of dynamic quenching of Laurdan by 2-TSC
seems quite unlikely.

3.2. FRET mechanism

Considering that it does not seem to be reasonable to attribute
the fluorescence quenching of Laurdan by 2-TSC to collisional
quenching, the FRET mechanism was considered. The spectral
overlap between Laurdan emission and 2-TSC optical absorption
in DMPC vesicles, although visually small at first, results in a
Forster distance appropriate for considerable FRET between this
pair of molecules when the overlap integral J is calculated (Eq.
(4)) from the absorption and normalized emission spectra
(Fig. 4). The values of J (with wavelength in centimeters and molar
absorption coefficient in M~'cm™') obtained for the gel and fluid
phases of the DMCP bilayer were 3.87 x 10~'* M'cm® and
3.12 x 107" M~'cm?, respectively. These are values that can be
compared with values of J presented in previous works [26,60].

The Forster distance depends on the relative orientation of the
donor and acceptor transition dipole moments, which is given by
the kappa-squared term in Eq. (3). When the donor and the accep-
tor molecules are not highly constrained near-parallel to the mem-
brane normal axis, the dynamic averaging regime can be
considered [72], and in this regime, the value of the kappa-
squared is 2/3. The choice of the dynamic averaging regime can
also be upheld by analyzing the limiting anisotropy of the Laurdan.
The limiting anisotropy is interpreted as resulting from an energy
barrier that prevents rotational diffusion of the fluorophore beyond
a certain angle [12]. If the fluorophore is not fully free to rotate, a
non-zero limiting anisotropy manifests in the anisotropy decay.
The limiting anisotropy of Laurdan in a DMPC bilayer goes from
~0.13 in the gel phase to zero in the fluid phase [47]. Lakowicz
and Prendergast obtained a limiting anisotropy of ~0.3 for DPH in
DMPC at gel phase [73]. Therefore, there is no rotational motion
restriction of the Laurdan at the fluid phase of the DMPC bilayer
and the restriction in the gel phase is smaller than that for the
DPH in the same phase. The 2-TSC is not linked to a hydrocarbon
tail and should not have a strong rotational motion restriction.

DMPC 1 mM +2-TSC 1 mol%  DMPC 1 mM + Laurdan 1 mol’] 1
15°C - =15°C
6 - = -35°C . 35°C

Molar absorptivity x 10* (M em™)

v T

0k I ~ I I L 30

Normalized fluorescence intensity (a.u.)

300 350 400 450 500 550 600
Wavelength (nm)
Fig. 4. Spectral overlap of 2-TSC (spectra on the left) extinction coefficient and

Laurdan (spectra on the right) area-normalized fluorescence spectrum, both at
1 mol% in DMPC 1 mM at 15 °C (blue lines) and 35 °C (red lines).
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0.8
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0.6
0.5
0.4
0.3
0.2
0.1
00F = . .
0 10 20

T T T T T T T
| ]

FRET efficiency

T
>

m  15°C - gel phase
A 35°C - fluid phase

30 40 50 60 70 80 90 100 110

[2-TSC] pM

Fig. 5. FRET efficiency E for Laurdan/2-TSC pair in DMPC 1 mM vesicles at 15 °C
(down triangle) and 35 °C (up triangle) as function of the molar concentration of the
acceptor, calculated from Eq. (5).

Therefore, we considered the dynamic averaging regime for the
calculation of the Forster distance in this work. In a study with con-
trolled orientations of donor and acceptor transition moments, a
change in the kappa-squared value from 0.476 to 0.801, associated
with the transition from a disordered system to a moderately
ordered system, respectively, resulted in an increase of only 9 %
in Forster’s distance [74]. Thus, the 2/3 value for kappa-squared
used in this work would not significantly affect Forster’s distance
values.

The Forster distances Rq (Eq. (3)) obtained for the gel and fluid
phases were 37.2 A and 35.9 A, respectively. The Forster distance is
the distance between the donor and the acceptor at which the
transfer efficiency is exactly 50%. Moreover, we used the refractive
index of the medium measured for a 1 mM of extruded DMPC dis-
persion, at room temperature (~25 °C), 1.331, and the Laurdan flu-
orescence quantum yield ¢ in DMPC vesicles (at 20 °C), 0.37 £ 0.01.

By using Eq. (5), the FRET efficiency E between the donor Laur-
dan and the acceptor 2-TSC was obtained. Fig. 5 shows the effi-
ciency as a function of acceptor molar concentration. The values
of E are, interestingly, greater in the gel phase than in the fluid
phase. However, the efficiency gives only an average information
about the system. A more detailed information will be obtained
by the distance distribution recovered from intensity decay fitting,
as discussed below.

3.3. Distance distribution

The donor-acceptor distance distribution can be obtained by
fitting Eq. (6) to the donor intensity decay data in the presence
of the acceptor. In Eq. (6), it is considered that donor-acceptor dis-
tances can assume any value given the constraints of the system,
and f(r) is the contribution of a donor-acceptor pair separated
by a distance r. A Gaussian function is generally assumed for the
distance distribution [12]. In this work, the distance distribution
was obtained without any a priori assumption concerning the
shape of the distribution curves. The fitting of Eq. (6) was done
using a modified version the open source CONTIN program [57].
The donor-acceptor distance distributions in both phases of the
DMPC bilayer were recovered from the fluorescence decay data
of Laurdan in the presence of 2-TSC molecules. The distance distri-
bution presented three peaks for 2-TSC 1 mol% in DMPC vesicles, at
both gel and fluid phases, as shown in Fig. 6.
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We analyzed the distance distribution considering the two leaf-
lets of the lipid bilayer. It is important to have in mind that both
Laurdan and 2-TSC were mixed with the lipids in the bilayer prepa-
ration (see Materials and methods). Energy transfer between donor
and acceptor located on the same leaflet is called cis transfer
whereas energy transfer between donor and acceptor on opposite
leaflets is called trans transfer. The thickness of the hydrated
bilayer and the thickness of the hydrocarbon core of DMPC vesicles
were considered to be 48 A and 30 A in the gel phase, and 44.2 A
and 26.2 A in the fluid phase, respectively [75,76]. From the
absorption spectrum of 2-TSC in water, ethanol and DMPC, it was
proposed that the probe would be partially inserted in the region
of the polar head groups or just below them [43]. Laurdan fluores-
cence quenching by Tempo-PCSL, in a DLPC bilayer, indicated that
the fluorescence moiety of Laurdan would be localized close to the
lipid bilayer surface [55]. Assuming these localizations for the pair
Laurdan/2-TSC, the peak centered at ~23.5 A (21.6 A) can be asso-
ciated to cis transfer in the gel (fluid) phase. The peak centered at
~39.1 A (37.7 A) in the gel (fluid) phase can be associated to trans
transfer because these values of distance are between the bilayer
hydrocarbon core thickness and hydrated bilayer thickness (Fig. 7).

The single photon counting (TCSPC) technic used here is a sta-
tistical method, with multiple cycles of excitation and emission
to obtain the fluorescence decay profile. In each cycle, the excited
donor can either emit a photon or transfer its energy to an accep-
tor. If a photon is emitted, the donor is not undergoing a non-
radiative decay, therefore it means that there is no favorable accep-
tor within FRET distance range. Due to the dynamical aspect of the
lipid bilayer, the closest acceptor of an excited donor in the TCSPC
experiment can be further apart. Therefore, the peak centered at
~64.4 A (55.7 A) can be attributed to the far donor-acceptor pairs
that undergo FRET.

The DMPC lipid diffusion coefficient is much smaller in the gel
than in the fluid phase of the lipid bilayer [70]. This smaller lateral
diffusion of molecules results in shorter distances displacement of
the probes during excited state lifetime of the Laurdan in the gel
phase of the bilayer. Thus, in the fluid phase, the longer displace-
ment can lead an acceptor to the radius of action of an excited
donor during its lifetime, allowing the occurrence of FRET. This
process results in a broader long distance peak centered at shorter
distance, in the distance distribution in the fluid phase, as showed
in Fig. 6.
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Fig. 6. Laurdan to 2-TSC 1 mol% distance distributions, obtained from fitting the
FRET model to the Laurdan intensity decay data, in DMPC 1 mM at 15 °C (down
triangle) and 35 °C (up triangle).



Cdssia A. Marquezin, M. Teresa Lamy and E.S. de Souza

o)’k

Gel-phase lipid bilayer

442 A

Journal of Molecular Liquids 341 (2021) 117405

55.7 A
B

R AR

216 A

262 A

: .

N3774

Fluid-phase lipid bilayer

Fig. 7. A tentative diagram of the positions of Laurdan and 2-TSC molecules in a DMPC bilayer at gel (left) and fluid phases (right). The processes of cis-transfer and trans-

transfer are illustrated as well the distances between the pair.

Still analyzing the long distance peaks in Fig. 6, we can observe
that the peak for DMPC at gel phase is slightly narrower than that
observed for the fluid phase, indicating the expected more restric-
tion on the mobility of Laurdan and/or 2-TSC in the bilayer gel
phase. Such mobility restriction is due to the greater lipid packag-
ing in the gel phase than in the fluid phase.

Regarding the peaks associated to cis transfer, a significant
increase in the contribution from closer pairs when the bilayer
undergoes gel to fluid phase transition can be observed. There is
also a small shift of the peak position to shorter distances: from
23.5 A in the gel phase to 21.6 A in the fluid phase. The decrease
of the membrane rigidity allows a larger number of pairs to per-
form cis transfer over shorter distances.

Analyzing the intermediate peak, associated to trans transfer
(Fig. 6): in the gel phase this peak has the greatest contribution,
that is, a large number of pairs perform FRET at intermediate dis-
tances. Interestingly, in the fluid phase, with the increase in the flu-
idity of the bilayer, the population of the intermediate peak (trans
transfer) is shift to the population associated with cis transfer and
to the population associated with long distance FRET.
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Fig. 8 shows the distribution of distances as a function of the
concentration of acceptor in the system, for DMPC at the gel phase
(panel A) and at the fluid phase (panel B).

As expected, at both gel and fluid phases, the increase in the
concentration of 2-TSC favors the FRET to nearby acceptors, result-
ing in a strong decrease in the contribution of the long-distance
peak. It is important to note that the results are very similar for
the concentrations of 5 mol% and 10 mol%. That is, after saturation
(Fig. 5) most of donor molecules undergo FRET to a nearby acceptor
and there are too many acceptors in the system not performing
FRET.

4. Conclusions

Here we discuss the quenching of the fluorescence signal of
Laurdan by the thiosemicarbazone 2-TSC, both inserted into DMPC
membranes, in the gel and fluid phases of the bilayer. A collisional
quenching process was ruled out, due to the short lifetime of Lau-
rdan and the diffusion coefficients of molecules in a lipid bilayer.
On the other hand, the spectral overlap between the Laurdan fluo-
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Fig. 8. Laurdan to 2-TSC distance distribution, obtained from fitting the FRET model to the Laurdan intensity decay data, in DMPC vesicles at 15 °C (A) and 35 °C (B) for the
following concentrations of 2-TSC: 1 mol% (square), 5 mol% (circle) and 10 mol% (up triangle).
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rescence spectrum and the 2-TSC absorption spectrum, although
visually small, resulted in Férster distances of 37.2 A and 35.9 A,
for the gel and fluid phases of the DMPC bilayer, respectively. Dis-
tance distributions between donor and acceptor groups were
recovered using the program CONTIN, without other a priori
assumptions regarding the shape of the distribution curves. The
recovered distance distributions between naphthalene moiety of
Laurdan and 2-TSC allowed the identification of donor-acceptor
populations having different distances of separation. Moreover, it
strongly supports the hypotheses of both molecules being localized
close to the bilayer interface. The distance populations reflect the
occurrence of FRET involving pairs donor/acceptor in the same
leaflet of the lipid bilayer and pairs in opposite leaflet, and these
results are in good agreement with our previous proposal about
the lateral organization and position of Laurdan and 2-TSC mole-
cules in a DMPC bilayer. A dynamic picture was obtained showing
the changes in the relative position of the pairs dependent on the
structural phase of the DMPC bilayer.

We show here that to identify the type of non-radiative probe
deexcitation in lipid bilayers it is important to consider the fluo-
rophore lifetimes and the diffusion coefficients of both the donor
and the acceptor molecules.
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