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Herein, we developed an approach for monitoring membrane binding and insertion of peptides using a
fluorescent environment-sensitive label of the 3-hydroxyflavone family. For this purpose, we labeled the N-
terminus of three synthetic peptides, melittin, magainin 2 and poly-L-lysine capable to interact with lipid
membranes. Binding of these peptides to lipid vesicles induced a strong fluorescence increase, which enabled
to quantify the peptide-membrane interaction. Moreover, the dual emission of the label in these peptides
correlated well with the depth of its insertion measured by the parallax quenching method. Thus, in melittin
and magainin 2, which show deep insertion of their N-terminus, the label presented a dual emission
corresponding to a low polar environment, while the environment of the poly-L-lysine N-terminus was rather
polar, consistent with its location close to the bilayer surface. Using spectral deconvolution to distinguish the
non-hydrated label species from the hydrated ones and two photon fluorescence microscopy to determine the
probe orientation in giant vesicles, we found that the non-hydrated species were vertically oriented in the
bilayer and constituted the best indicators for evaluating the depth of the peptide N-terminus in membranes.
Thus, this label constitutes an interesting new tool for monitoring membrane binding and insertion of
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1. Introduction

Interactions of membrane proteins, peptide toxins and delivery
vectors with lipid bilayers play a fundamental role in their activity.
However, the precise insertion of the proteins in the bilayer, which is a
key element for characterizing the mechanism of these proteins, is
difficult to determine experimentally. Fluorescence and notably,
fluorescence resonance energy transfer (FRET) is one of the most
well-established technique to monitor protein-membrane interac-
tions, through the proximity between fluorescently labeled lipids and
peptide. However, the FRET method can hardly be used for precisely
localizing a protein/peptide in the membrane, since the FRET signal
depends not only on the precise positioning of the FRET partners, but
also on their distribution in the lipid bilayer [1]. To localize peptides in
membranes, the parallax fluorescence quenching is commonly used.
With this method, the Trp residues of a peptide/protein in the bilayer
are localized using spin-labeled [2,3] or brominated lipids [4] bearing
a quencher at a precise depth. This approach though being universal
and rather precise requires a large quantity of quencher (ca 20 mol%)
and is limited mainly to model lipid bilayers. Another method that
becomes more and more attractive for studying protein insertion is
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based on environment-sensitive (polarity-sensitive) fluorescent
labels. These labels being covalently attached to a peptide chain can
change their emission color as a function of the insertion depth
(Fig. 1), since the environment polarity varies steeply from the top of
the bilayer (dielectric constant £=380) to the middle of the bilayer
(e~2). Trp residues, being environment-sensitive fluorophore, can
also provide some information about the protein insertion [5,6], but
this approach is limited to proteins containing a single Trp residue.
Moreover, the fluorescence characteristics and environment-sensi-
tivity of Trp residues show some limitations. Acrylodan and Badan,
two reactive derivatives of the common environment-sensitive dye
Prodan [7], are among the most popular labels of proteins and
peptides used for studying the interactions with lipid membranes. For
instance, Acrylodan was used to map the insertion of equinatoxin II
into membranes. When labeled mutants of this protein were added to
lipid vesicles, only some of them exhibited blue-shifts of the
Acrylodan fluorescence, due to insertion of the corresponding peptide
labeling site into the hydrophobic membrane environment. These
data allowed identification of two protein domains embedded within
the lipid membrane [8]. In another study, Acrylodan was used to
monitor the insertion of the N-terminal domain of Annexin 2 into lipid
bilayers. This insertion was evidenced by blue shifts in its emission
and its fluorescence quenching by doxyl-labeled phospholipids [9].
Finally, the Badan label was successfully used to monitor the insertion
and orientation of model transmembrane proteins in lipid
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MFL-Melittin:
MFL-GIGAVLKVLTTGLPALISWIKRKRQQ
MFL-Magainin 2:
MFL-GIGKFLHSAKKFGKAFVGEIMNS
MFL-Poly-Lysine:
MFL-KKKKKKKKKKKKKKKKKKKKG

Fig. 1. Principle of the monitoring of the interaction of MFL-labeled peptides with the lipid membranes. The peptide (in green) is labeled with the fluorescent MFL label. The
interaction of the peptide with lipid membranes changes the fluorescence intensity and color of the label. The extent of these changes depends on the peptide insertion. The chemical

structure of the MFL label and its conjugates with peptides are also shown.

membranes, providing complementary information with respect to
NMR data and molecular-dynamics simulations [10].

In our studies, we selected a 3-hydroxyflavone fluorophore, 4’-
(dimethylamino)-3-hydroxyflavone, which due to excited-state
intramolecular proton transfer (ESIPT) and charge transfer presents
a strong sensitivity of its dual emission to solvent polarity and
hydration [11,12]. This fluorophore has already been used for
characterizing the hydration and polarity of model lipid membranes
[13-15] and cell plasma membranes [16,17]. In this respect, it was
tempting to apply this fluorophore for monitoring interactions of
peptides with lipid membranes. As model membrane binding
peptides, we selected melittin, magainin 2 and poly-L-lysine. The
first two are membranolytic toxins, which bind neutral and charged
membranes and insert deeply into the bilayer, producing pores [18-
20]. For both melittin and magainin 2, it was reported that their C-
terminus is located at the membrane surface, while their N-terminus
is inserted rather deeply into the bilayer [21-26]. In contrast, the
non viral gene delivery vector, poly-L-lysine [27] binds mainly
negatively charged membranes and localizes at the surface next to
polar head groups [28]. In the present work, a functionalized
fluorescent label, MFL, based on 4’-(dimethylamino)-3-hydraxy-
flavone was synthesized and attached to the N-terminus of melittin,
magainin 2 and poly-L-lysine (Fig. 1). Studies of the interaction of
the labeled peptides with lipid vesicles revealed that peptide-
membrane interactions result in a dramatic increase in the
fluorescence intensity of the label. All peptides bound to lipid
membranes showed a dual emission, which correlated with the
depth of the label insertion, as evidenced from parallax quenching
measurements. We confirmed that while the N-terminus of melittin
and magainin 2 present a rather deep insertion in the bilayer, the
poly-L-lysine N-terminus is localized at the interface. Thus, in this
work we present a new methodology for monitoring insertion of
peptides into lipid bilayers.

2. Materials and methods

All chemicals and solvents for synthesis and spectroscopic
measurements were from Sigma-Aldrich. Dioleoylphosphatidylcholine
(DOPC), dioleoylphosphatidylserine (DOPS) were from Sigma-Aldrich.
1,2-dipalmitoyl-sn-glycero-3-phospho(tempo)choline (TempoPC), 1-
palmitoyl-2-stearoyl-(5- and 12-doxyl)- sn-glycero-3-phosphocholine
(5- and 12-SLPC) were from Avanti Polar Lipids (Alabaster, AL, USA).
The concentration of phospholipid stock solutions in chloroform was
determined by dry weight. The nitroxide content of nitroxide-labeled

lipids was calculated using the electron spin resonance integrated
spectra of the corresponding diluted stock solutions in chloroform
by comparing with a tempocholine reference solution in the same
solvent.

2.1. Synthesis of MFL label

5’-Acetamido-2’-hydroxyacetophenone (15.5 mmol, 3 g) and 4’-
dimethylaminobenzaldehyde (17.1 mmol, 2.55 g) were dissolved in
20 mL of dry DMF. Finally, sodium methoxide (92.6 mmol, 5 g) was
added in two portions. The mixture was stirred for 24 h at 60 °C. Then,
the reaction mixture was diluted with 100 mL of ethanol followed by
addition of 10 mol excess of hydrogen peroxide (16 mL) and 15 mol
excess of sodium methoxide (14 g). The reaction mixture was
refluxed for 10 min. After cooling, the mixture was poured into
water and neutralized with conc. HCl to pH=6-7. The formed
precipitate was filtered off, washed with water, and dried under
vacuum. The yellow solid was purified by crystallization from
methanol/ethanol mixture to give 6-acetamido-4’-(dimethylamino)-
3-hydroxyflavone (2.8 g, 54 %) as yellow crystals. ' H NMR (400 MHz,
DMSO-d6) 610.22 (s, 1 H),9.12 (s, 1 H), 8.39 (d, 1 H,] =2.51 Hz), 8.11
(d,2H,J=9.03 Hz), 7.87 (dd, 1 H, J; =9.03 Hz, ], =2.51 Hz), 7,68 (d,
1H,]=9.03 Hz), 6.85 (d, 2 H,] =9.03 Hz), 3.02 (s, 6 H) , 2.10 (s, 3 H);
m/z (M+H™) calculated for C;9H;9N,04: 339.1; found: 339.0.

6-acetamido-4’-(dimethylamino)-3-hydroxyflavone (3 mmol, 1 g)
was refluxed in 10% HCl (30 mmol, 11 mL) for 7 h. Then, the reaction
mixture was concentrated in vacuo and dissolved in 15 mL dry THF.
Then, 0.3 g (3 mmol) of succinic anhydride and 2.6 mL of diisopropy-
lethylamine (15 mmol) were added to this solution. The reaction
mixture was stirred overnight at 60 °C. Then the solvent was
evaporated and the residue was treated with water. The precipitate
was filtered off and washed with water. The product was recrystallized
from propanol-2 to give 1g (yield 84%) of the final acid. ' H NMR
(300 MHz, DMSO-d6) 6 12.5-12.0 (1 H, br s), 10.24 (s, 1H), 9.12 (s,
1H),8.40 (d, 1H, ] =2.64 Hz), 8.09 (d, 2 H,] =9.04 Hz), 7.84 (dd, 1 H,
J1=9.04Hz, J,=264Hz), 7,67 (d, 1H, ]=9.04Hz), 6.84 (d, 2H,
]=9.04Hz),3.01 (s,6 H),2.65-2.50 (m, 4 H); m/z (M +H") calculated
for C;1H,1N,0g: 397.1; found: 397.1.

2.2. Peptide synthesis
Peptides were synthesized by solid phase peptide synthesis on a 433A

synthesizer (ABI, Foster City, CA). The synthesis was performed at a 0.1-
mmol scale using standard side-chain protected fluorenylmethoxycarbonyl
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(Fmoc)-amino acids and HBTU/HOBt coupling protocol. LL-HMP resin (ABI,
0.44 mmol/g reactive group concentrations) was used as solid support. At
the end of the synthesis, peptidylresin was isolated and washed twice by
NMP.

Two equivalents (0.15 mmol) of the label (MFL) were dissolved in
1 mL of NMP mixed with two eq. of HBTU/HOBt coupling solution (in
DMF) and added to Fmoc-deprotected peptidylresin (0.075 mmol)
swelled in 1 mL of NMP. After a few minutes of shaking, five eq. of
DIEA solution was added. Then, the reaction mixture was stirred
overnight at 40 °C. Resin was filtrated and washed by NMP, methanol
and DCM.

Cleavage and deprotection of the peptidylresin were performed for
2 h using a 10 mL trifluoroacetic acid (TFA) solution containing water
(5%, v/v), TIS (iPr3SiH, 2.5%, v/v), phenol (1%, w/v), thioanisole (5%, v/v)
and ethanedithiol (2.5%, v/v). The solution was concentrated in vacuo
and the peptide was precipitated by using ice-cold diethyl ether and
then pelleted by centrifugation. The pellet was washed with diethyl
ether and dried. The peptides were solubilized with aqueous TFA
(0.05 %, v/v). HPLC purification was carried out on a C8 column
(uptisphere 300A, 5um; 250X10, Interchim, France) in water/
acetonitrile mixture containing 0.05% TFA with linear gradients
depending on the peptide (typically 10 to 60% of acetonitrile for
30 min) and monitored at 210 nm (detection of all peptides
including non-labeled) and 370 nm (detection of labeled peptides
only). Molecular masses obtained by ion spray mass spectrometry
were: 2844, 3225 and 3017 for MFL-magainin 2, MFL-melittin and
MFL-poly-L-lysine, respectively, in agreement with the expected
theoretical masses. Prior to use, peptides were dissolved in distilled
water, aliquoted and stored at —20 °C. Concentrations of the labeled
peptides were determined from the label absorbance at 400 nm
using £=33000M ! cm™ L.

2.3. Sample preparation

Large unilamellar vesicles (LUVs) were obtained by the classical
extrusion method [29] or by ethanol dilution [30]. In the first
method, a suspension of multilamellar vesicles was extruded by
using a Lipex Biomembranes extruder (Vancouver, Canada). The size
of the filters was first 0.2 pm (7 passages) and thereafter 0.1 um (10
passages). This protocol leads to monodisperse LUVs with a mean
diameter of 0.11 pm as measured with a Malvern Zetamaster 300
(Malvern, UK).

Giant unilamellar vesicles (GUVs) were generated by electro-
formation in a home-built liquid cell (University of Odense,
Denmark), using previously described procedures [31-33]. 1 mM
solution of lipids in chloroform was deposited on the platinum wires
of the chamber, and the solvent was evaporated under vacuum for
30 min. The chamber was filled with a 300 mM sucrose solution, and a
2-V, 10-Hz alternating electric current was applied to this capacitor-
like configuration for ca. 1.5 h. Then, a 50 pL aliquot of the obtained
stock solution of GUVs in sucrose (cooled down to room temperature)
was added to 200 pL of 300 mM glucose solution to give the final
suspension of GUVs used in microscopy experiments. The staining of
GUVs was performed by addition of an aliquot of the peptide solution
to obtain a 0.05 pM final concentration.

All measurements were done in 20 mM phosphate buffer contain-
ing 150 mM NaCl (pH="7.4) at 20 °C. To incorporate peptides into the
membranes, an aliquot of a peptide stock solution in distilled water
was added to a suspension of lipid vesicles. Then the measurements
were performed after 5 min of incubation.

2.4. Parallax Quenching Method
The fluorescence intensity of labelled vesicles, either DOPC or DOPC

with 15% nitroxide lipids, was measured in a 1-cm semi-micro quartz
cuvette. Using the corrected F/Fp values, the distance of the fluor-

ophores from the center of the bilayer was calculated using the parallax
equation originally proposed by London and collaborators [34-36]:

Zg = Ly + [-In(F, / Fy) /mC-13, | /2Ly, (1)

where Z is the distance of the fluorophore from the center of the
bilayer; F; and F, are the fluorescence intensities in the presence of the
shallow quencher (quencher 1) or the deeper quencher (quencher 2),
respectively; L is the distance of the shallow quencher from the center
of the bilayer, L,; is the distance between the shallow and deep
quenchers, and C the concentration of quencher in molecules/A? (equals
the mole fraction of nitroxide-labeled phospholipid divided by area per
phospholipid; presently C=0.15/70 A% [37]). The quenching by the two
most efficient quenchers (TempoPC/5-SLPC or 5-SLPC/12-SLPC) is used
to calculate Zy [34-36]. The values used for the distances of the
nitroxide group from the bilayer center were 5.85 A for 12-SLPC, 12.15 A
for 5-SLPC, and 19.5 A for TempoPC [34-36].

For quenching experiments by the parallax method, lipid vesicles
were prepared according to Kachel et al. [30] with small modifica-
tions. DOPC (85%) and nitroxide-labeled PCs (15%) were mixed in
chloroform in order to obtain a final concentration of 400 uM. The
mixtures were dried under N, and kept under vacuum for 30 min, and
then resuspended in ethanol (120 pL) by continuous rotation using a
rotary evaporator for 30 min. Finally, 6 mL of buffer (20 mM
phosphate, 150 mM NaCl, pH=7.4) was added and vortexed briefly.
The sizes of vesicles were determined by light scattering using a N4SD
Coultronics Nanosizer. The vesicles obtained by the ethanol dilution
method were of similar size as those obtained by extrusion (0.12 um).
Concentrations of the labeled peptides and lipids were 1 uM (in case
of poly-L-lysine —0.05 uM) and 400 pM, respectively.

2.5. Deconvolution of spectra

Deconvolution of the fluorescence spectra of the MFL-labeled
peptides into three bands, corresponding to the normal (N*), H-bonded
normal (H-N*) and tautomer (T*) forms, was performed using the
Siano software kindly provided by Dr. A.O. Doroshenko (Kharkov,
Ukraine), as previously described [14,15]. The program is based on an
iterative nonlinear least-squares method, where the individual emis-
sion bands were approximated by a log-normal function accounting for
several parameters: maximal amplitude, I.y, Spectral maximum
position, V., and position of half-maximum amplitudes, v; and v,
for the blue and red parts of the band, respectively. These parameters
determine the shape parameters of the log-normal function, namely
the full width at the half-maximum, FWHM =v; — 15, and the band
asymmetry, P= (V] — Vimax)/(Vimax — V2). For the iteration process, the
FWHM of the two short-wavelength bands (N* and H-N*) were fixed at
3000 cm ™~ . For the H-N* band, the asymmetry and the band position
were fixed at 0.9 and 19000 cm ™!, respectively. The other parameters,
i.e. asymmetry of N* and T* bands, the band width of the T* band and
the relative intensities of the bands, were allowed to vary in the
iteration process. The resulting fluorescence intensities of the separated
N*, H-N* and T* bands (Iy+, Iy.n+ and It+) were used for calculation of the
hydration parameter, which was expressed as the ratio of the peak
emission intensity of the hydrated (H-N*) form to the summed
intensities of the non-hydrated (N* and T*) forms. Taking into account
that the FWHM for the T* band is ca 2-fold narrower than for the N* and
H-N* bands, the hydration was estimated as Iy_n+/(In*+ 0.5 % It+). The
“polarity” parameter was expressed as the Iy+/Ir- ratio [14,15].

2.6. Instrumentation
Proton NMR spectra were recorded on a Bruker spectrometer and

mass spectra on a LC/MSD SL Agilent Technologies mass spectrometer
using the electrospray ionization (ESI) method. Absorption spectra
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were measured on a Cary 4 spectrophotometer (Varian) and
fluorescence spectra on a FluoroLog (Jobin Yvon, Horiba) spectroflu-
orometer. Fluorescence emission spectra were recorded at 400 nm
excitation wavelength. All the spectra were corrected for Raman
scattering and background fluorescence measured before addition of
the labeled peptide. Fluorescence quantum yields were determined
by taking 4’-(dialkylamino)-3-hydroxyflavone in ethanol (quantum
yield, QY=0.51) as a reference [12].

To calculate the vesicle concentration, the external radius of the
vesicles (R) was considered to be 535A, as determined by DLS
measurement. The thickness of the lipid bilayer (t) and the average
lipid density (d) were assumed to be 40A and 70 A%/lipid,
respectively [38]. The number of lipids per vesicle was thus
determined as n=4m"(R>+ (R—1t)?)/d=9.54x10* lipids /vesicle.
The vesicles concentration can thus be obtained by using: C
(vesicles) =C (lipids)/n.

To determine the affinity of MFL-melittin for neutral (DOPC)
vesicles, a fixed amount of the peptide was titrated with lipids by
monitoring the two-band fluorescence of MFL. The fluorescence
intensity versus vesicle concentration was plotted and the affinity
constant was determined from direct fitting of the curve by the
following equation [39]:

U=l 1+ (P, + nNt)Ka)—\/(l + (P, + nN,)K,)?—4PnN,K?
X 2K,
(2)

where [ and I; are the integrated intensity of the whole emission
spectrum at a given and a saturating vesicles concentration,
respectively, Ip is the corresponding intensity in the absence of
vesicles. N; is the total vesicles concentration, P; is the total
concentration of peptide, K, is the apparent affinity constant, and n
is the number of peptides per vesicle.

Fluorescence microscopy experiments were performed by using a
home-built two-photon laser scanning setup based on an Olympus
[X70 inverted microscope with an Olympus 60x 1.2NA water
immersion objective [40,41]. Two-photon excitation was provided
by a titanium-sapphire laser (Tsunami, Spectra Physics), and photons
were detected with Avalanche Photodiodes (APD SPCM-AQR-14-FC,
Perkin-Elmer) connected to a counter/timer PCI board (PCI6602,
National Instrument). Imaging was carried out using two fast galvo-
mirrors in the descanned fluorescence collection mode. Typical
acquisition time was 5 s with an excitation power around 2.5 mW
(830 nm) at the sample. Images corresponding to the blue and red
channels were recorded simultaneously using a dichroic mirror
(Beamsplitter 585 DCXR) and two APDs. The images were processed
with a home-made program under LabView that generates a
ratiometric image by dividing the image of the blue channel by that
of the red channel. For each pixel, a pseudocolor scale is used for
coding the ratio, while the intensity is defined by the integrated
intensity recorded for both channels at the corresponding pixel [33].

3. Results and discussion
3.1. Label design and characterization

The MFL label (Fig. 1) was designed on the basis of 4’-
(dimethylamino)-3-hydroxyflavone, a dye displaying high sensitivity
to polarity in low polar media [11,42]. It was synthesized in three
steps starting from 5-N-acetylamino-2-hydroxyacetophenone. At the
final step, the 6-amino-4’-(dimethylamino)-3-hydroxyflavone was
reacted with succinic anhydride affording the MFL label. In organic
solvents, the MFL label showed absorption and fluorescence proper-
ties similar to its parent analogue F. In aprotic media, the probe
presented a dual emission, with a short- and a long-wavelength band

that could be unambiguously assigned to the normal (N*) and ESIPT
tautomer (T*) forms (Fig. 2). While increasing the solvent polarity, the
N* band shifted to the red and its relative intensity, Iy+/I+, increased
(Fig. 2, Table 1), in line with our previous studies [11]. In water and
other protic media, MFL exhibited a single red-shifted band,
corresponding to the emission of the H-bonded N* form (H-N*). In
this form, a strong H-bond between the 4-carbonyl group of the
flavone and the protic solvent is thought to inhibit the ESIPT
reaction [43,44]. Importantly, the fluorescence quantum yield of the
label is very low in neat water (Table 1), but not in other protic media
like alcohols.

3.2. Labeled peptides and peptide-membrane interactions

Using solid-phase peptide synthesis, three peptides labeled by MFL
at their N-terminus were obtained: melittin, magainin 2 and poly-L-
lysine, which contain 26, 23 and 21 amino acids, respectively (Fig. 1).
These peptides present different numbers of basic and hydrophobic
amino acids, and bind differently to lipid membranes. In buffer, all
three labeled peptides showed a single red-shifted emission band
similar to that of the free label, though the fluorescence quantum yield
is significantly higher with the peptides. We speculate that the
proximal peptide backbone could partially screen the probe from
water and, thus reduce its quenching by water.

Addition of DOPC vesicles changed dramatically the fluorescence
of the labeled melittin and magainin 2 but not of poly-L-lysine,
confirming that only the two first peptides can interact with neutral
lipid bilayers. For both melittin and magainin 2, a large increase in the
fluorescence quantum yield was accompanied with the appearance of
the two-band emission characteristic for the probe in hydrophobic
environment (Table 2, Fig. 3). Thus, the interaction of the two
peptides with lipid membranes results in the transfer of the label from
water into the hydrophobic membrane environment which affects
dramatically its emission properties.

The binding stoichiometry is an important characteristic of
peptide-lipid interactions. Since the fluorescence of the free peptide
differs significantly from that of the membrane-bound peptide, the
binding stoichiometry could be determined in a simple titration
experiment. For these studies, we selected the interaction between
melittin and DOPC vesicles. On addition of the labeled peptide to a
suspension of DOPC vesicles, the fluorescence increased linearly with
the peptide concentration reaching saturation at a ratio of 1 peptide
per 100 lipids. Above this ratio, the intensity remained constant
indicating a saturation of the membrane surface by the peptide
(Fig. 4A). We performed also a reverse titration by adding increasing
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Fig. 2. Normalized fluorescence spectra of the MFL label in different solvents.
Concentration of MFL was 1 pM. Excitation wavelength was 400 nm.
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Table 1

Spectroscopic properties of the MFL label in solvents.
No Solvent € Aaps, NM Ane, M A1+, NM In+/Ip+ QY
1 Toluene 237 403 466 566 0.05 0.226
2 EtOAc 599 396 487 567 0.34 0.095
3 Acetone 205 398 503 573 0.68 0.101
4 CH;CN 35.7 399 516% 5757 2.32% 0.154
5 EtOH 249 408 529 - - 0.482
6 MeOH 32.6 406 533 - - 0.262
7 Buffer 784 394 550 - - 0.004

g—dielectric constant, Aaps—position of absorption maxima, An- and Ar-—position of
fluorescence maxima of N* and T* forms, respectively. I+/Ir-—ratio of the intensities of
the two emission bands at their peak maxima (errors are 4-2%). QY— fluorescence
quantum yield (errors are 4+ 5%), measured using FE in EtOH (QY =51%) as a reference.
20 mM phosphate buffer, 150 mM NaCl, pH = 7.4 was used. Excitation wavelength was
400 nm.

2 The values were evaluated from deconvolution of the emission spectra.

lipid concentrations to a constant concentration of the labeled peptide
(Fig. 4B). We observed that the fluorescence intensity reaches
saturation at a ratio of 1 peptide per 100 lipids, confirming the
lipid/peptide binding stoichiometry. Moreover, this titration curve
allowed us to evaluate the binding constant K=4+2x10" M~! of
melittin to the DOPC membrane.

The ability of the label to monitor the binding of the peptide to the
membrane was then used to determine the appropriate lipid
composition required for efficient binding of poly-L-lysine to lipid
membranes. For this purpose, we studied the fluorescence spectra of
the labeled poly-L-lysine in the presence of vesicles containing
mixtures of neutral lipid DOPC with different molar fraction of
negatively charged lipid DOPS (Fig. 5). A strong (ca 20 times) increase
in the fluorescence intensity of the labeled poly-L-lysine was recorded
for vesicles, where the content of DOPS exceeded 10 mol% (Fig. 5),
which thus represents the critical concentration of negatively charged
lipids required for binding of poly-L-lysine. In the further experiments,
we used 20 mol% of DOPS in DOPC vesicles, which provides efficient
poly-L-lysine binding.

It was also important to monitor by dynamic light scattering the
possible aggregation of vesicles in the presence of cationic peptides
[45]. Neither melittin, nor magainin 2 affected the size of DOPC/DOPS
(80/20 mol%) vesicles at a lipid/probe ratio 400:1, indicating that
these peptides do not induce vesicle aggregation in these conditions.
In contrast, an aggregation was observed with the highly charged
poly-L-lysine (data not shown) at lipid to peptide ratios<8000/1.
Therefore, in further experiments, an 8000:1 ratio was used with
poly-L-lysine.
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Fig. 3. Fluorescence changes on binding of MFL-labeled melittin and magainin 2 to
DOPC vesicles. Emission spectra of both peptides in the absence (black) and in the
presence of LUVs composed of neutral DOPC lipids (magainin 2—red, melittin—blue).
Concentration of peptide and lipids was 0.3 and 100 pM, respectively. Buffer was
20 mM phosphate, 150 mM NaCl, pH = 7.4. Excitation wavelength was 400 nm.

3.3. Localizing peptide N-terminus in the membrane

Lipid membranes are complex media, where the polarity and
hydration parameters exhibit a steep dependence on the depth in the
bilayer [46]. Our label, being sensitive to both of these parameters, can
therefore be used for evaluating the insertion depth of the peptide N-
terminus to which the probe is covalently bound. Comparison of the
dual emission of the peptides bound to lipid vesicles of the same
composition (DOPC/DOPS) shows that the relative intensity of the
short-wavelength band is much larger for poly-L-lysine than for the
two other peptides (Fig. 6A), suggesting that the polarity and/or
hydration of the peptide N-terminus is significantly larger for poly-L-
lysine. To evaluate quantitatively the hydration and polarity of the
label environment in these peptides, we used a methodology well
established for membrane probes based on the same fluorophore
[14,15]. In this methodology, the apparent two-band emission
spectrum is deconvolved into three bands, with the N* and T* bands
corresponding to the non-hydrated form of the dye and the H-N*
band corresponding to the hydrated form. The H-N* form is usually
localized at the hydrated membrane interface and its emission band is
strongly red-shifted with respect to the N* band [14,15]. Using this
approach, we deconvolved the emission spectra of the peptides bound
to DOPC/DOPS vesicles into N*, T* and H-N* bands (Fig. 6B).

Table 2
Spectroscopic properties of MFL-labeled peptides.”
Peptide Media Nags, M An+, DM N1+, NM Is/I. In+/ I Hydration QY
MFL-Magainin 2 Buffer 414 547 - - - - 0.044
DOPC 406 475 562 0.55 0.62 0.42 0.459
DOPC/DOPS(8/2) 406 474 562 0.62 0.74 041 0.464
MFL-Melittin Buffer 408 544 - - - - 0.022
DOPC 406 476 562 0.54 0.58 0.44 0.596
DOPC/DOPS(8/2) 406 477 562 0.61 0.68 0.44 0.406
MFL-Poly-L-lysine Buffer 410 553 - - - - 0.032
DOPC 414 556 - - - - 0.048
DOPC/DOPS(8/2) ~413 474 559 0.97 1.52 0.37 0.669

2 Nags is the position of absorption maxima; N\y+ and N1+ are the maxima of N* and T* emission bands, respectively; Is/I; is the intensity ratio of the short- and long-wavelength
bands measured at the peak maxima; In+/Ir- is the intensity ratio of the two emission bands measured at the peak maxima obtained from deconvolution of the corresponding spectra
into three bands; all data, except quantum yields, refer to LUVs prepared by the ethanol dilution method; quantum yield (QY) measurements were done in LUVs prepared by the
extrusion method. Excitation wavelength was 400 nm. Peptide and lipids concentrations were 0.3 and 100 pM, respectively. Buffer is 20 mM phosphate, 150 mM NaCl, pH="74.
Estimated errors: Aaps 42 nm; An-, A=+ 1 nm; Is/Ip +2%; In</It- 4 3%; Hydration + 3%; QY + 5%.
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Fig. 4. Determination of the binding parameters of MFL-melittin to DOPC vesicles.
Titration of 100 M DOPC vesicles by MFL-melittin (A). Titration of 0.3 pM MFL-melittin
by DOPC vesicles (B). The binding constant of MFL-melittin to the DOPC vesicles was
determined by fitting (red curve) the data points in B to equation 1 in the materials and

methods section.

From the deconvolved spectra, the hydration parameter can be
evaluated from the ratio of the peak emission intensity of the hydrated
(H-N*) form to the summed intensities of the non-hydrated (N* and T*)
forms, while the “polarity” parameter can be evaluated from the Iy+/It
ratio. The obtained results show that the hydration parameter is nearly
the same for all three peptides, while the polarity parameter is much
larger for poly-i-lysine than for the two other peptides (Table 2).
Previously, we have established for the same 3HF fluorophore that its

In+/I7+ ratio in aprotic solvents varies linearly with the dielectric constant
function, f(¢) = (¢ —1)/(2e+1) [11] (Fig. 7). Here, we used this linear
dependence to estimate the environment polarity of the label (non-
hydrated form) in the membrane for the three labeled peptides. We
found that for melittin and magainin 2, the observed Iy-/It+ ratios
correspond to a dielectric constant €~ 10-11, while for poly-L-lysine, the
In+/I7+ tatio corresponds to an ¢ value close to 39 (Fig. 7). Using the
dielectric model of lipid bilayer suggested by Griffith et al [46], these
values correspond to depths of ~10 and ~20 A from the bilayer center,
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Fig. 5. Dependence of poly-L-lysine/LUV binding (integral fluorescence intensity of the
label) on the content of negatively charged lipids (DOPS). The dashed red curve is used
to connect the data points (squares). Fluorescence spectra of the peptide with and
without lipid vesicles are shown in the inset. Concentration of peptide and lipids was

0.3 and 100 pM, respectively. Excitation wavelength was 400 nm.
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Fig. 6. Fluorescence spectra of MFL—melittin, MFL—magainin 2 and MFL—poly-L-lysine
bound to DOPC/DOPS (80/20 mol%) vesicles. (A) Normalized fluorescence spectra of
MFL—melittin (green), MFL—magainin 2 (red) and MFL—poly-L-lysine (blue) bound to
DOPC/DOPS vesicles. (B) Emission spectrum of poly-L-lysine (solid red line) and its
deconvolution into N*, H-N*, and T* spectral components. Experiments were
performed in 20 mM phosphate buffer, 150 mM NaCl, pH=7.4, using an excitation

wavelength of 400 nm.

i.e. to the regions of the fatty acid chains and phosphate residues,
respectively.

An independent measure of the localization of a fluorescent dye in
a bilayer can be provided by the parallax quenching method using
spin-labeled lipids [34,35]. Previously, using this method we were

Log(ly+/I7-)

0:3 0.4 0.5
(e-1)/(2e+1)

Fig. 7. Evaluation of the polarity of the probe environment for the three labeled
peptides bound to DOPC/DOPS vesicles. The logarithm of Iy+/I;+ was plotted as a
function of the polarity function, f(¢), for FE (O) (data from ref. [11]) and MFL (@) in
different solvents as well as for MFL-magainin 2 (red), MFL-melittin (green) and MFL-
poly-L-lysine (blue) bound to DOPC/DOPS (80/20 mol%) vesicles. The data points were
fitted (black line) with the following equation: log(In+/It++) =-3.111+ 6.849f(¢),

?=0.976, SD=0.159.
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Fig. 8. Fluorescence quenching of MFL-magainin 2, MFL-melittin and MFL-poly-L-lysine
bound to DOPC/DOPS (80/20 mol%) vesicles containing 15 mol % TempoPC (red), 5-SLPC
(green), or 12-SLPC (blue), respectively. The fluorescence intensities of the labeled
peptides bound to vesicles in the presence of quenchers were compared to the
fluorescence intensities in their absence.

able to localize the fluorophore of membrane probes in lipid
membranes [47]. Presently, we used this method to evaluate directly
the depth of the labels in the bilayer for all three peptides. Three
quenchers of deep (5.85 A from the bilayer center), middle (12.15 A)
and shallow location (19.5 A) were used. In a first step, we performed
the parallax analysis on the basis of the integral intensity of the whole
emission spectrum. For both melittin and magainin 2, the deep
quencher was the most efficient, while the shallow quencher was the
least efficient (Fig. 8). Using the parallax equation (see Materials and
methods), we obtained average depths for melittin and magainin 2 of
8.3-8.4 A from the bilayer center. In contrast, for poly-L-lysine the
quenching was the most efficient with the shallow quencher and the
least efficient for the deep quencher (Fig. 8), giving an estimated
depth of 16.6 A. Thus, the parallax analysis of the integral intensity of
the whole emission spectra gave us a clear difference in the depths of
the label for melittin and magainin 2 in comparison to poly-L-lysine. In
a next step, the quenching of the hydrated and non-hydrated forms of
the label was analyzed independently after deconvolution of the
corresponding emission spectra. The non-hydrated form of the label
for melittin and magainin 2 in DOPC/DOPS membrane was found to be
located at 8.0-8.1 A from the bilayer center (Table 3), in the region of
the fatty acid chains (Fig. 9), in line with our estimations based on the
relatively low dielectric constant of its environment (Fig. 7). The
location of the hydrated form of the label for both proteins was 16.4 A,
indicating a shallow position next to the head groups (Fig. 9). Two
reasons could explain this large difference in the locations of the two
forms of the label. One is the relative freedom of the label, due to the
presence of the flexible spacer, which could allow both deep and
shallow localizations of the label (Fig. 9). The other reason could be
that melittin and magainin 2 present both tilted and surface location
in the lipid bilayer, thus producing the observed heterogeneity in

depths. Remarkably, for poly-L-lysine, both hydrated and non-
hydrated forms present a shallow location close to the head groups,
around 16.5 A from the bilayer center (Table 3, Fig. 9), in line with the
high dielectric constant of its environment (Fig. 7). Noticeably, the
fluorescence quantum yields were rather close for deeply inserted and
shallow peptides, in line with the poor correlation of the fluorescence
quantum yield of MFL (Table 1) and its analogues [11] with solvent
polarity.

3.4. Label orientation

Orientation of the label is a parameter that could also help to
understand the behavior of the protein and its label in the bilayer. A
direct measurement of the fluorophore orientation in the bilayer of
giant vesicles (GUVs) can be performed by fluorescence microscopy
using a polarized laser excitation. Fluorophores with a transition
dipole moment parallel to the polarization plane are excited
preferentially. This method was recently used to determine the
orientation of membrane probes based on Prodan [48] and 3HF [33].
In the present work, labeled melittin and poly-L-lysine were added to
GUVs composed of DOPC/DOPS and studied by two-photon micros-
copy. We recorded the images in the blue and red regions, which were
then used to calculate the ratio images.

In the case of poly-L-lysine, the intensity recorded for both blue
and red channels was highest at the poles of the GUVs, while the
lowest intensity was observed on their equator (Fig. 10A and B). This
intensity distribution is typical for a fluorophore oriented vertically in
the bilayer (orthogonal to the lipid surface, Fig. 9 [33,48]). Moreover,
in the ratio image, the color of the poles and equator were almost
identical (Fig. 10C), so that the dual emission of the label in this case is
independent of the direction of the light polarization. For the labeled
melittin, it was found that for the blue channel, the intensity was the
same at the poles and equator (Fig. 10D), while for the red channel
GUVs are brighter at the poles than at the equator (Fig. 10E). In the
ratiometric images, the poles and equator appeared in different colors
corresponding to lower and higher Iye/lreq ratios, respectively
(Fig. 10F). The observed effect of polarization on the emission color
suggests two populations for the label in the bilayer. One population is
associated with a low Ipje/lieq Tatio (observed mainly in the red
channel, Fig. 10E) and orients vertically in the bilayer, while the
second population is associated with a high Ijye/lieq ratio (observed
mainly in the blue channel, Fig. 10D) and does not exhibit any
preferential orientation. This conclusion corroborates the parallax
data, which also suggest two populations for the melittin label: a deep
non-hydrated population and a shallow hydrated population. There-
fore, we could conclude that the deeply located label population is
oriented vertically in the bilayer, while the shallow population
presents no preferential orientation. A similar behavior was previ-
ously observed for the parent fluorophore F in lipid membranes and to
some extent for membrane probes based on the same fluorophore
[14,15,33]. In contrast, poly-L-lysine showed no heterogeneity in the
probe orientation. Since the N-terminus of this peptide is at the

Table 3

Parallax quenching data of non-hydrated and hydrated forms of MFL-labeled magainin 2, melittin and poly-L-lysine in DOPC/DOPS (80/20 mol%) vesicles.?
Peptide Frc/Fo Fs/Fo Fi2/Fo Zes, A Frc/Fo Fs/Fo Fi2/Fo Zes, A <Zep, A
Forms Non-hydrated form Hydrated form Both forms
Magainin 2 0.53 0.52 0.48 8.0 0.43 0.45 0.44 16.4 8.3
Melittin 0.67 0.62 0.57 8.1 0.49 0.52 0.52 16.4 8.4
Poly-L-lysine 0.63 0.67 0.89 16.5 0.54 0.57 0.85 16.3 16.6

2 Frc/Fo, Fs/Fo, and Fy,/Fg are the ratios of the fluorescence intensities of the labeled peptides bound to DOPC/DOPS (80/20 mol%) vesicles containing 15 mol % TempoPC, 5-SLPC, or
12-SLPC, respectively, to the corresponding fluorescence intensities in the absence of the nitroxide-labeled lipids. The intensities were obtained by deconvolution of the fluorescence
quenching data. The obtained integral intensities of the H-N* form and the sum of the integral intensities of N* and T* forms were used to calculate the quenching for hydrated and
non-hydrated forms, respectively. Z is the distance between the middle of the bilayer and the chromophore center calculated from the parallax equation. <Z.> is the average
distance calculated from the integral intensity of the label without deconvolution. The estimated error for Zsis 41 A.
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8A

Light polarization

Fig. 9. Localization of the N-terminus of melittin (green) and poly-L-lysine (blue) labeled by MFL probe and bound to DOPC/DOPS (80/20 mol%) membrane. The positions of the
quenching residues of the deep (blue), middle (green) and shallow (red) quenchers are pointed by the colored polygons. In the case of melittin, two locations of the label are shown:

deep vertical (non-hydrated) and shallow with a distribution of orientations (hydrated).

bilayer surface [45], the relatively hydrophobic label likely orients
vertically towards the hydrophobic interior of the bilayer (Fig. 9).
The present data illustrate the use of the present label for monitoring
membrane binding and insertion of peptides. With this label, the
binding of the label peptides to membranes can be readily detected by
the strong increase in their fluorescence intensity and appearance of
dual emission. Moreover, this label can provide a rapid evaluation of the
approximate location of the peptide N-terminus by simply recording the
ratio of its two emission bands. Importantly, the N-terminus localization
of both deeply inserted (melittin and magainin 2) and surface located
(poly-L-lysine) peptides, estimated by our approach, is in agreement
with the literature data [21-26,28,45], suggesting that the MFL label did
not change significantly the peptide insertion. However, the precision of
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Fig. 10. Fluorescence microscopy imaging of MFL-labeled poly-L-lysine (A, B, C) and
melittin (D, E, F) bound to DOPC/DOPS (80/20 mol%) GUVs. Intensity images at the blue
(<585 nm, A and D) and red (>585 nm, B and E) channels. In the ratiometric images (C
and F), the color of each pixel represents the value of the intensity ratio Ipjye/Ired, While
the pixel intensity corresponds to the total intensity at both channels. Two-photon
excitation wavelength was at 830 nm. Arrows indicate the orientation of the light
polarization. Sizes of the images were 70 umx 70 um. Concentration of poly-L-lysine
and melittin was 0.05 and 0.1 pM, respectively.

this location is limited by the flexibility of the linker group, which allows
delocalization of the probe, with different depths and orientations. This
problem of label delocalization is partly avoided by distinguishing non-
hydrated and hydrated species. Indeed, we observed that the non-
hydrated species of the dye presents mainly a vertical orientation, and
its depth correlates well with the protein insertion. In contrast, hydrated
species are located at the surface, independently of the peptide
insertion, allowing multiple orientations of the probe (Fig. 9). Thus, it
is important to remove the hydrated species from the analysis, which
can successfully be realized by spectral deconvolution. As a conse-
quence, the N*/T* ratio, describing the polarity of non-hydrated species
appears as a good indicator of protein insertion. In the future, further
improvement in the location of the probe will be achieved by attaching it
rigidly to the peptide backbone, as it has already been done with
fluorine- and spin-labels for NMR [49,50] and EPR [51] spectroscopy,
respectively. Moreover, the precision of the depth estimation based on
the measured dielectric constant will also benefit from a better
definition of the exact profile of the dielectric constant across the lipid
membrane, which is still a matter of discussion [46,52,53].

4. Conclusion

The dual-fluorescence label MFL being attached at the N-terminus
of peptides allows monitoring interactions of peptides with lipid
bilayers, through a nearly two orders of magnitude increase in its
emission intensity and appearance of two bands in its fluorescence
spectrum. The high environmental sensitivity of the label allows
separating the spectrum into individual components and determining
the amounts of the non-hydrated and hydrated populations of the
label. Then, the intensity ratio of the two emission bands of the non-
hydrated species enables evaluation of the dielectric constant of the
label environment and thus, estimation of its position in the lipid
bilayer. We found that the N-terminus of melittin and magainin 2 is
immersed into the bilayer, while that of poly-L-lysine is localized at
the membrane surface. These conclusions are fully in line with parallax
quenching measurements. Fluorescence microscopy measurements in
giant vesicles further revealed differences in the orientation of the label
bound to these two peptides. The proposed methodology for monitoring
peptide-membrane interactions can in principle be extended to other
peptides and environment-sensitive labels.
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