=

View metadata, citation and similar papers at core.ac.uk brought to you byf’; CORE

provided by Elsevier - Publisher Connector

BIOCHIMICA ET BIOPHYSICA ACTA

ELSEVIE Biochimica et Biophysica Acta 1415 (1998) 135-146

Interaction of the neuronal marker dye FM1-43 with lipid membranes
Thermodynamics and lipid ordering

Uwe Schote, Joachim Seelig *
Department of Biophysical Chemistry, Biocenter of the University of Basel, Klingelbergstr. 70, CH-4056 Basel, Switzerland
Received 16 July 1998; accepted 2 October 1998

Abstract

The fluorescent dye FM1-43 labels nerve terminals in an activity-dependent fashion and has been found increasingly useful
in exploring the exo- and endocytosis of synaptic vesicles and other cells by fluorescence methods. The dye distributes
between the aqueous phase and the lipid membrane but the physical-chemical parameters characterizing the adsorption/
partition equilibrium have not yet been determined. Fluorescence spectroscopy alone is not sufficient for a detailed
elucidation of the adsorption mechanism since the method can be applied only in a rather narrow low-concentration window.
In addition to fluorescence spectroscopy, we have therefore employed high sensitivity isothermal titration calorimetry (ITC)
and deuterium magnetic resonance (*H-NMR). ITC allows the measurement of the adsorption isotherm up to 100 pM dye
concentration whereas ZH-NMR provides information on the location of the dye with respect to the plane of the membrane.
Dye adsorption/partition isotherms were measured for neutral and negatively-charged phospholipid vesicles. A non-linear
dependence between the extent of adsorption and the free dye concentration was observed. Though the adsorption was
mainly driven by the insertion of the non-polar part of the dye into the hydrophobic membrane interior, the adsorption
equilibrium was further modulated by an electrostatic attraction/repulsion interaction of the cationic dye (z=+2) with the
membrane surface. The Gouy-Chapman theory was employed to separate electrostatic and hydrophobic effects. After
correcting for electrostatic effects, the dye-membrane interaction could be described by a simple partition equilibrium
(Xb = Kcgye) with a partition constant of 10°-10* M1, a partition enthalpy of AH=—2.0 kcal/mol and a free energy of
binding of AG=—7.8 kcal/mol. The insertion of FM1-43 into lipid membranes at room temperature is thus an entropy-
driven reaction following the classical hydrophobic effect. Deuterium nuclear magnetic resonance provided insight into the
structural changes of the lipid bilayer induced by the insertion of FM1-43. The dye disturbed the packing of the fatty acyl
chains and decreased the fatty acyl chain order. FM1-43 also induced a conformational change in the phosphocholine
headgroup. The “P-N* dipole was parallel to the membrane surface in the absence of dye and was rotated with its positive
end towards the water phase upon dye insertion. The extent of rotation was, however, much smaller than that induced by
other cationic molecules of similar charge, suggesting an alignment of FM1-43 such that the POPC phosphate group is
sandwiched by the two quaternary FM1-43 ammonium groups. In such an arrangement the two cationic charges counteract
each other in a rotation of the “P-N* dipole. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

* Corresponding author. Fax: +41 (61) 267-2189; The optical monitoring of neuronal activity in vivo
E-mail: seeligl@ubaclu.unibas.ch and in vitro with fluorescence dyes has become a
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powerful method in neurobiology. A change in the
membrane potential of nerve cells stained with a
voltage-sensitive dye is accompanied by changes in
optical properties, usually absorption or fluorescence
[1-3]. The most sensitive dyes are those of the mer-
ocyanine, oxonol, and cyanine families (especially
styryl dyes) [4]. A good optical probe is characterized
by a high voltage sensitivity, but also by the absence
of photodynamic damage and pharmacological side
effects [5]. Different mechanisms, e.g. dye movement,
dye aggregation, changes in the properties of the
membrane, and most important electrochromism,
have been postulated to couple a rapid change in
the membrane potential to a spectral response [2,4].

A recent application of styryl dyes is the non-toxic,
activity-dependent fluorescent labeling of living nerve
terminals. The dye FM1-43 was found to be particu-
larly useful since an effective staining of the synaptic
vesicles within nerve terminals was achieved if the
nerve was electrically stimulated [6]. FM1-43 has be-
come a tool for optically monitoring the complete
cycle of synaptic vesicles, i.e. their exocytosis and en-
docytosis, and for labeling living terminals according
to their level of activity [7-12]. Dye molecules become
trapped within recycled synaptic vesicles and the
measured fluorescence intensity was found to be pro-
portional to the amount of transmitter released [7,8].
Previously stained terminals destain during exocytosis
of loaded vesicles [7,8,10]. In addition, it was possible
to show that endocytosis was not dependent on the
membrane potential and, unlike exocytosis, was also
independent of the extracellular Ca’>* concentration
[10,11]. The mechanism by which FM1-43 stains syn-
aptic vesicles can be described by a combination of
two forces: the high affinity of the dye for lipid mem-
branes and its inability to penetrate the membrane
because of its electric charge (z=+2). The hydropho-
bic tail of FM1-43 readily dissolves in the lipid mem-
brane but the molecule is prevented from passing
through the membrane by two quaternary amino
groups. Hence, the dye partitions only into the outer
leaflet of membranes, without diffusing through the
membrane and entering the cytoplasm [13].

The spectral properties of the dye change accord-
ing to its environment and are reflected in a dramatic
increase of the fluorescence intensity and in a blue
shift of the maximum emission wavelength [9]
upon incorporation into a cell membrane. Most of

the fluorescence signal originates from the interaction
with the lipid bilayers and not from that with mem-
brane proteins [3,4,14]. It was further suggested that
different neuronal membranes have different bilayer
structures and that the dye-membrane interaction
can monitor changes in the lipid environment [15].
The purpose of the present study was to analyze
the physical-chemical aspects of FM1-43 partitioning
into lipid model membranes. Fluorescence and high-
sensitivity titration calorimetry were used to obtain
insight into the thermodynamics of the dye-mem-
brane binding equilibrium. The calorimetric studies
were performed at pH 5.5 and 7.4 and with varying
lipid composition, i.e. neutral 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) and mixtures
of POPC with negatively charged 1-palmitoyl-2-oleo-
yl-sn-glycero-3-phosphoglycerol (POPG). Fluores-
cence spectroscopy and titration calorimetry allowed
a measurement of the binding isotherms over a rela-
tively large concentration range. The binding iso-
therms were then analyzed by applying the Gouy-
Chapman theory which allows a separation of hydro-
phobic and electrostatic contributions to the overall
binding [16,17]. The location of the dye molecule with
respect to the plane of the lipid membrane was
studied with deuterium nuclear magnetic resonance.
Deuterium labels were placed at the headgroup seg-
ments of phosphatidylcholine lipids and at different
positions of the hydrocarbon chains. The segmental
fluctuations and the conformational changes were de-
rived from the measured quadrupole splittings.

2. Materials and methods
2.1. Materials

FM1-43  (N-(3-triethylammoniumpropyl)-4-(p-di-
butylaminostyryl)pyridinium-dibromide) was pur-
chased from Molecular Probes (Eugene, OR, USA).
The fluorophore concentration was determined by
UV spectroscopy using an extinction coefficient
€=52000 M~! cm™! in methanol at A=502 nm
(product information from Molecular Probes).

(CH,CH, ), I:‘(CHZ)J—+C\>— CH=CH @—N [(cH,),cn,]  FMI43
2Br~
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The phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoglycerol (POPG) were kindly
provided by Sandoz (Basel, Switzerland).

For the deuterium NMR measurements POPC was
selectively deuterated at the o- and B-segments of the
choline headgroup as described previously [18] and
(9',10"-2H,)POPC was prepared according to Seelig
and Waespe-Sarcevic [19]. For the NMR experiments
deuterium-depleted water was used.

2.2. NMR measurements

Mixtures of FM1-43 and deuterated POPC were
prepared in 8-mm (outer diameter) test tubes. 1-1.5
ml of a POPC stock solution (approx. 20 mg/ml in
dichloromethane) was pipetted into the sample tube,
and the solvent was evaporated under nitrogen. The
dry lipids (under high vacuum over P,Os for several
hours) were weighed, and the appropriate volume of
an FM1-43 stock solution in methanol was added to
achieve the desired molar ratio. After mixing, the
solvent was removed and the dried sample was
weighed again. The molar ratio of FM1-43 to
POPC was calculated from the weights of the dried
lipids. The lipid mixtures used for 2H-NMR meas-
urements were dispersed in about 70 ul deuterium-
depleted water in order to minimize the isotropic *H-
NMR signal due to the natural abundance of deute-
rium in water. The dispersions were vortexed and
freeze-thawed several times until a homogeneous
preparation was achieved. The NMR measurements
were carried out at 23°C.

The solid-state NMR measurements of membranes
were performed with a Bruker MSL 400 spectrome-
ter operating at 61.4 MHz for 2H. A quadrupole
echo sequence with a pulse spacing of 40 ps was
used [20]. The ©/2 pulse width was 4.2 us, the sweep
width 50 kHz and the recycling delay 250 ms. A total
of 5000 FIDs were accumulated.

2.3. Preparation of small unilamellar vesicles

Experiments using fluorescence and UV-spectro-
scopy or high sensitivity titration calorimetry were
performed with unilamellar vesicles composed of ei-
ther POPC or POPC/POPG mixtures. POPC and
POPG were dissolved in dichloromethane and were

mixed in the desired ratio. The solvent was evapo-
rated under a stream of nitrogen and the samples
were dried overnight in vacuo. Buffer (100 mM
NaCl, 10 mM Tris (pH 7.4) or 10 mM phosphate
(pH 7.4 or 5.5)) was added to the dry lipid films and
the suspensions were vortexed extensively. The lipid
dispersions were sonified under nitrogen for about 45
min (at 10°C) to form small unilamellar vesicles (di-
ameter = 30 nm). Metal debris from the titanium tip
was removed by centrifugation for 10 min in an Ep-
pendorf centrifuge.

2.4. Calorimetric measurement of reaction enthalpies
and binding constants

The thermodynamic binding effects were measured
with a Microcal MC-2 high-sensitivity titration calo-
rimeter (Microcal, Northhampton, MA, USA) de-
scribed in [21]. The solutions were degassed under
vacuum prior to use. The calorimeter was calibrated
electrically. The data were processed, using the Ori-
gin® software developed by Microcal.

The reaction enthalpies were measured by dye-
into-lipid titrations. 10-ul aliquots of a dye solution
(ce=1 mM) were titrated into the calorimeter cell
(1.278 cm?®) filled with lipid suspension (cp =12
mM). The injection syringe was coupled to a digital
stepping motor and was rotated at a speed of 400
rot./min. Due to the large excess of lipid and the high
affinity of FM1-43 for lipids, all dye was immediately
bound to the vesicles. Each injection step provided
the complete heat of reaction as determined from the
integral over the respective calorimetric trace.

The partition constants were measured by lipid-
into-dye titration. The vesicle suspension (cp ~40
mM) was injected in 10-ul aliquots into the sample
cell filled with dye solution (c¢g ~ 100 uM). The cor-
responding heats of reaction decreased with each in-
jection as less and less dye was available for binding.
From the variation of the heat of reaction the bind-
ing isotherm was derived (cf. Seelig, 1997).

Control experiments were carried out by injecting
the dye solution or the lipid vesicles into buffer. All
heat signals are corrected for this heat of dilution.

2.5. Fluorescence and UV spectroscopy

Fluorescence measurements were made with a Jas-
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co FP-777 spectrofluorometer (excitation at 496 nm,
emission in the range 570-650 nm). We measured the
emission wavelength A« and the fluorescence inten-
sities of FM1-43 in the absence of lipid and bound to
lipid vesicles. The binding of the dye to phospholipid
membranes was accompanied by a strong increase in
the fluorescence. The binding constant of the dye-
lipid interaction was calculated with a lipid-into-dye
experiment by injecting small aliquots of a vesicle
suspension (¢ = ~2 mM) into a cuvette with dye
solution (cgp = ~0.5-2 uM). The cuvette was shaken
several times and the fluorescence intensity was
measured after 15 min. As increasing amounts of
phospholipid were titrated into a FM1-43 solution,
the fluorescence increased and finally reached a pla-
teau value. Nearly all dye was bound to lipid vesicles.

UV measurements were performed with a Uvikon
860 (Kontron Instruments). The optical length of the
cuvette was 1 cm. We determined the optical proper-
ties of FM1-43 in aqueous solution and bound to
POPC vesicles. The absorption maximum, Ampax,
and the extinction coefficient, €., were 496 nm
(476 nm) and 3.63x10* M~' ecm™! (3.1x10* M™!
cm™!), respectively for aqueous solutions (sonified
POPC vesicles).

3. Results

3.1. Binding equilibrium studied with high sensitivity
titration calorimetry and fluorescence
spectroscopy

Using high sensitivity titration calorimetry we have
measured the binding enthalpy of FM1-43 to sonified
lipid vesicles as shown in Fig. 1A. The calorimeter
cell contained sonified POPC vesicles (¢ =16 mM)
in buffer (100 mM NaCl, 10 mM Tris, pH 7.4) and
10-ul aliquots of a dye solution (¢g =1.13 mM) in the
same buffer were injected at 5-min intervals. The re-
action was exothermic and the same heat of binding
of hj=—24 *1 pcal was released in each injection.
As a control, the same fluorophore solution was in-
jected into buffer without lipid. The heat of dilution
was small but was nevertheless included in the eval-
uation of the molar binding enthalpy AH. Assuming
complete binding of the injected fluorophore to the
lipid bilayer, the evaluation of Fig. 1A yields a bind-
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Fig. 1. Titration calorimetry of FMI1-43 with lipid vesicles.
Upper panel: Dye-into-lipid titration. The calorimeter cell
(1.278 ml) contained sonified POPC vesicles (cp =16 mM) in
buffer (10 mM Tris, 100 mM NaCl, pH 7.4). Each calorimeter
tracing corresponds to the injection of 10 pl of an FM1-43 sol-
ution (cp=1.13 mM) in the same buffer. Lower panel: Lipid-
into-dye titration. The calorimeter cell contained an FM1-43
solution (103 puM) which was titrated with sonified POPC/
POPG (80/20 mol/mol) vesicles (cp =42 mM). Each titration
peak corresponds to a 10-ul lipid injection. Both solutions were
buffered as above. Measuring temperature 28°C.

ing enthalpy of AH = —2.3 kcal/mol. The binding en-
thalpy was also measured at pH 5.5 and with mixed
POPC/POPG vesicles. The data are summarized in
Table 1. Only small variations in the binding enthal-
py were observed with AH in the range of —2.3 kcal/
mol =AH = —1.6 kcal/mol. The dibutylaminostyryl
group has a pK value of pK ~5.1 and is 30% pro-
tonated at pH 5.5 (z=2.3). At pH 7.4 the dibutyla-
minostyryl group is deprotonated and the total
charge is z=+2. The difference in charge has little
influence on the binding enthalpy.
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Table 1

Reaction enthalpy, AH, for the binding of FM1-43 to sonified phospholipid vesicles (28°C, 10 mM Tris or phosphate, 100 mM NaCl)
Membrane composition (POPC/POPG in mol/mol) Buffer pH AH (kcal/mol)
100/0? Phosphate 5.5 -2.0

100/0° Phosphate 7.4 —1.7

100/0* Tris 7.4 —23

100/0° Tris 7.4 —1.8

75/25° Tris 7.4 —1.6

67/33% Tris 7.4 -2.1

4Dye concentration determined by weight.
"Dye concentration determined by UV spectroscopy.

The binding isotherm was determined by a lipid-
into-dye titration experiment as shown in Fig. 1B.
The calorimeter cell contained the dye solution
(cg =103 uM) in buffer (pH 7.4) and phospholipid
vesicles were injected. Each calorimeter trace corre-
sponds to the injection of 10 ul of sonified unilamel-
lar POPC/POPG (80/20 mol/mol) vesicles at a lipid
concentration of ¢, =42 mM. With each injection the
amount of free dye available for lipid binding is re-
duced and the reaction enthalpy decreases gradually.
The steepness of the decrease is a measure of the
binding affinity (cf. Seelig, 1997).

Fig. 2A then shows the cumulative heat of reaction
as a function of injection steps. The data can be used
to derive the binding isotherm [22]. The binding iso-
therms determined for the binding of FM1-43 to
pure POPC and mixed POPC/POPG vesicles are
compared in Fig. 3. The degree of binding, X, is
given as a function of the free dye concentration,
Ceq» In equilibrium with the membrane phase. Xj, is
defined as the molar ratio of the amount of bound

>
Fig. 2. Comparison of isothermal titration calorimetry (A) with
fluorescence spectroscopy (B). In A the cumulative heat, =i/, is
shown as a function of the injection number Nj;. The experi-
mental data, &;, were taken from Fig. 1, lower panel. Panel B
describes the variation of fluorescence intensity (arbitrary units)
of FM1-43 upon addition of phospholipids. The quartz cuvette
contained the dye solution at a concentration of c¢g=1.8 uM,
i.e. the concentration is about a factor of 50 smaller than in A.
The dye solution was titrated with sonified POPC/POPG
vesicles (80/20 mol/mol) at a concentration ¢y =3.5 mM. Each
data point corresponds to the consecutive injection of 10 pl lip-
id dispersion. The solid lines correspond to the theoretical titra-
tion curves calculated with K=6.35x10>° M~!, z=1.2 and ei-
ther AH=—1.86 kcal/mol (A), or F. =5000 (B).

dye to the amount of lipid on the vesicle outside
(60% of total lipid). It should be noted that FMI-
43 cannot translocate into the inner monolayer be-
cause of its 2 positive charges. Obviously, the dye
binds better to negatively charged POPC/POPG
vesicles than to neutral POPC membranes. For
both membranes the binding isotherm is non-linear.

Titration calorimetry was sensitive enough to
measure binding isotherms down to total dye concen-
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Fig. 3. Binding isotherms for the binding of FM1-43 to neutral
and charged phospholipid bilayers. The degree of binding, X,
defines the molar ratio of bound dye to total lipid in the outer
monolayer. c¢pye is the equilibrium concentration of dye in bulk
solution. A: High concentration range. Data with ¢pye >5 pM
were determined with titration calorimetry. B: Expanded view
of the low concentration range. Data determined with fluores-
cence spectroscopy. The different symbols denote independent
measurements at different concentrations. Binding to POPC
vesicles is always weaker (lower X values) than binding to
mixed POPC/POPG (80/20 mol/mol) vesicles. The solid line cor-
responds to theoretical binding isotherms calculated with
K=1.15x10* M~! and z=1.0 for POPC vesicles (lower trace)
and K=6.35x10°> M, z=1.2, and Kn.=0.6 M~! for mixed
POPC/POPG vesicles (upper trace).

tration cp > 100 uM. The corresponding equilibrium
concentrations were ceq > ~35 UM. In Fig. 3A the
data point at large dye concentrations (ceq > 5 UM)
and therefore refer to isothermal titration calorime-
try. The low concentration data in the same figure
were obtained with fluorescence spectroscopy. A 0.5—
2-uM dye solution was filled in a quartz cuvette and
was titrated with phospholipid vesicles. The emission
maximum of FM1-43 in aqueous solution was at

Amax =629 nm (10 mM Tris, 100 mM NaCl, pH
7.4, 25°C). The fluorescence properties of the dye
were markedly altered upon addition of phospholipid
vesicles. The emission maximum shifted to a shorter
wavelength (A =602 nm) and the fluorescence inten-
sity increased dramatically. Fig. 2B shows the varia-
tion of the fluorescence intensity at A =602 nm with
the number of lipid injections. The fluorescence in-
tensity reached a plateau value when all dye was
bound to the lipid membrane. The fluorescence in-
tensity thus paralleled the behavior of the cumulative
heat (Fig. 2A). The fraction of bound dye, O, can
be derived from the measured fluorescence intensity
F; (i=number of injections) according to

Fi—F

Op =0
P Fu—F,

(1)
where Fy, and F. are the fluorescence intensities at
the beginning and the end of the titration. F; and F.
must be corrected for dilution effects. F.. can be
estimated by a plot of (F;—Fy)~! vs. (cL)”! extrapo-
lated to (cL)~! = 0. Knowledge of O allows the eval-
uation of the free dye concentration in solution, ¢,
and, in turn, the calculation of the binding isotherm.

In the fluorescence experiments the dye was em-
ployed at concentrations about two orders of magni-
tude smaller than those used in titration calorimetry.
This avoided self-quenching of the dye and was the
concentration range usually employed in neurophys-
iological studies. The lipid concentration was also
reduced by about one order of magnitude to achieve
a reasonable resolution in the titration pattern.

The data points deduced from fluorescence meas-
urements are included in Fig. 3A and constitute the
low concentration range of the binding isotherm.
Fig. 3B shows an expanded view of this part of the
binding isotherm. The scatter of the data is consid-
erable but an approximately linear relationship be-
tween bound dye and free dye in solution is observed
for the initial part of the binding isotherms. The
fluorescence data thus provide no insight into the
exact binding mechanisms since most binding models
degenerate into a linear binding isotherm at suffi-
ciently low substrate concentrations.

3.2. Deuterium nuclear magnetic resonance

The influence of the dye on the structure of the
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Fig. 4. Deuterium NMR spectra of POPC lipid membranes se-
lectively deuterated at either the B-methylene (-NCD,CH,OP-)
segment of the phosphocholine headgroup (A, B) or at the cis-
double bond of the oleic acyl chain (C, D). The bottom spectra
(A, ©) correspond to pure POPC membranes in excess buffer.
The top spectra were measured with FMI1-43 present. The
amount of bound dye was X, =0.13 (mol/mol) in spectrum C
and X, =0.16 (mol/mol) in spectrum D. All measurements were
made with coarse lipid dispersions.

lipid membrane was investigated with 2ZH-NMR. The

phosphocholine headgroup as well as the hydropho-

bic membrane interior were studied. To simplify the

discussion the following nomenclature was intro-

duced for the deuterated phosphocholine headgroup:
0

Il
+
OPOCH,CH, N(CH,),
| o B

o

H-NMR spectra were obtained for the o- and B-
headgroup segments and representative results are
shown in Fig. 4A,B for the B-segment. The spectra
are typical for liquid-crystalline bilayers [23]. They
are characterized by a single quadrupole splitting in-

dicating a single, time-averaged headgroup confor-
mation at all dye concentrations. It is not possible
to differentiate between free lipid and lipid bound to
dye molecules. This result requires a rapid transla-
tional diffusion of the dye on the membrane surface,
affecting all lipid headgroups to equal extent (with a
residence time of less than 107> s at each headgroup).

A comparison of Fig. 4A and B demonstrates that
the addition of FM1-43 increases the quadrupole
splitting of the P-segment. In contrast, the quadru-
pole splitting of the neighboring o-segment decreases
upon dye binding (spectra not shown). The varia-
tions of the quadrupole splittings Av, and Avg of
the two headgroup segments with the amount of sur-
face bound dye, Xy, are summarized in Fig. 5. X} is
defined now as the molar ratio of bound dye to the
total amount of lipid since the NMR probes were
made by mixing dye and lipid in organic solution.
Linear regression analysis of the spectral changes
yields

Avy = 6.1—17.2 X, (kHz) 2)
Avg = 5.3 +10.3 X, (kHz). (3)

The variation of the quadrupole splitting is more
pronounced at the o- than at the B-segment and the
ratio of the slopes is mp/my =—0.6. The counter-di-

quadrupole splitting Avq [kHZz]

3 ] |
0 50 100 150

Xp (mmol / mol)

Fig. 5. Variation of the quadrupole splitting of pure POPC
membranes selectively deuterated at the lipid head group seg-
ments (-NCD,CD,0P-), a-CD,-POPC (O); (-NCD,CH,OP-),
B-CD,-POPC (0).
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Fig. 6. Molecular models of FM1-43 (left) and POPC (right).
The negative phosphate charge of POPC is positioned at ap-
proximately equal distance from the two quarternary ammo-
nium charges of FM1-43.

rectional change of the two headgroup splittings can
only be explained by a conformational change of the
choline headgroup [24].

The influence of FM1-43 on the POPC hydrocar-
bon region was studied with selectively deuterated
[9,/10"->’H,]POPC. The two deuterons are attached
to the cis-double bond of the oleic acyl chain. In
pure POPC membranes two different quadrupole
splittings can be distinguished with separations of
13.1 kHz for the C-9 deuteron and 2.1 kHz for the
C-10 deuteron (Fig. 4C) [19]. Addition of FM1-43
decreases both splittings (Fig. 4D). Again a linear

variation of the quadrupole splittings with the
amount of bound dye is observed with

Avg = 13.1—-4.6 Xy, 4)
AVl() =2.1-8.8 Xb. (5)

The simultaneous decrease of both quadrupole
splittings indicates a more disordered hydrocarbon
chain conformation in the presence of dye. The rel-
ative change is larger for the C-10 deuteron than for
C-9 deuteron even though the two deuterons are at-
tached at the same cis-double bond. This phenome-
non can be traced back to a tilting of the cis-double
bond [19].

4. Discussion
4.1. Binding isotherms and thermodynamic parameters

The binding isotherms as deduced from titration
calorimetry and fluorescence spectroscopy are sum-
marized in Fig. 3. They were calculated with the
assumption that FM1-43 binds to the outer lipid
monolayer only (60% of total lipid). Since FM1-43
carries a net charge of z=+2 at physiological pH, a
passive diffusion of the dye into the inner monolayer
can be excluded. Inspection of Fig. 3 reveals that
FM1-43 shows a higher affinity for negatively
charged POPC/POPG vesicles than for neutral
POPC vesicles which can be explained by electro-
static attraction. The initial parts of the binding iso-
therms are approximately linear (Fig. 3B) and can be
used to derive an apparent binding constant, Kapp,
corresponding to a partition equilibrium of the
form

Xb = Kapp*Ceq (6)

with  Kppp~1.1x10* M~! for POPC and
Kapp =4 % 10* M™! for POPC/POPG (80/20) vesicles.

A physically more realistic interpretation of the
binding isotherm must differentiate between electro-
static attraction/repulsion and chemical adsorption.
Due to electric charge effects the concentration of
the cationic dye near the membrane surface is differ-
ent from that in bulk solution. For a negatively
charged membrane the dye concentration at the
membrane surface, cy;, is considerably higher than
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the equilibrium concentration in bulk solution, ¢,
and can be calculated according to

™M = CeqeizFOWO/RT (7)

where z is the valency of the dye, Fj is the Faraday
constant, and y, the membrane surface potential at
the plane of binding. For a membrane surface poten-
tial of yo = —50 mV the surface concentration of the
dye is larger by a factor of ~50 (~7) for z=+2
(z=+1) compared to the bulk concentration.

Electrostatic effects also play a role for non-
charged POPC vesicles. Insertion of the cationic
dye into the neutral membrane imparts a positive
charge onto the outer monolayer. Dye molecules in
solution will be repelled and the membrane surface
concentration is smaller than the bulk concentration.
Again the Boltzmann (Eq. 7) is valid. However, at
very low dye concentrations the difference between
cm and c¢.q becomes negligible and the binding con-
stant can indeed be derived from the tangent to the
binding isotherm at the origin. For the POPC bind-
ing isotherm shown in Fig. 3 this leads to Ky=
1.15x10* M~! as mentioned above. K, is a true
measure of the chemical affinity of the dye towards
the membrane. At higher dye concentrations the ap-
parent binding constant will decrease continuously.

A different situation is encountered for negatively
charged POPC/POPG vesicles. At low dye concen-
trations the membrane surface charge exerts its max-
imum effect. The initial Ky, of 4%10* M~! thus
comprises electrostatic and chemical (hydrophobic)
free energy contributions. Increasing the free dye
concentration gradually reduces the electric charge
of the membrane surface due to dye binding. At
electric neutrality, electric charge contributions can
be neglected and the free dye concentration corre-
sponds to K;! (if Nat binding is neglected). How-
ever, the binding isotherm as such provides no ob-
vious indication where electroneutrality is reached.
Instead a detailed analysis of the binding isotherm
using the Gouy-Chapman theory is required.

The details of this approach have been described
previously in connection with peptide-membrane in-
teractions [17] and the present analysis proceeds in
an analogous manner. The electric surface charge of
the membrane vesicles is determined as the difference
between the negative charge of the lipid and the pos-
itive charge of bound dye and bound Na™. Dye bind-

ing is essentially hydrophobic and involves the whole
lipid matrix; Na™ binding is limited to the PG head-
group and is described with a Langmuir adsorption
isotherm assuming a PG/Na™ stoichiometry of 1:1
and an Na® binding constant of Kya.: =0.6 ML
The Gouy-Chapman theory provides a relationship
between the surface charge density, the membrane
surface potential, and the ion distribution. The bind-
ing isotherms calculated with this approach are given
by the solid lines in Fig. 3.

Let us first analyze the binding of FM1-43 to neu-
tral bilayers. As discussed above, the intrinsic bind-
ing constant can be derived from the low concentra-
tion regime without invoking the Gouy-Chapman
theory. The experimental data shown in Fig. 3 are
best represented by Ky =1.15x10* M~!. The remain-
ing free parameter in the Gouy-Chapman approach
is the electric charge of the binding molecule. For
FM1-43 under physiological conditions a charge of
z=2 1is expected since the tertiary amino group has a
pK of 5.1 and is not protonated. A simulation of the
high concentration range of the binding isotherm
with z=2 is, however, unsatisfactory. The calculated
Xp values are distinctly too small. An optimum fit of
the experimental data requires a smaller effective
charge and the theoretical binding curve shown in
Fig. 3 was, in fact, calculated with z=1. Analogous
discrepancies between the true charge of a molecule
and its effective charge in the Gouy-Chapman ap-
proach have been noted before, mainly for proteins.
This is usually explained by the spatial distribution
of the relevant charges such that a simultaneous con-
tact of all charges of a given protein with the mem-
brane surface is not possible. However, the two pos-
itive charges in FM1-43 are separated in the linear
molecule by at most ~5 A which is less than the
Debye length of 9.3 A under the present conditions.
Both charges should therefore be sensed by the mem-
brane surface. However, a partial screening of these
charges can be induced by a rather specific alignment
of the dye with respect to the phosphocholine dipole
layer. This alignment is suggested by the 2H-NMR
data (see below) and is illustrated in Fig. 6. The non-
charged part of the dye molecule is shown to pene-
trate into the hydrophobic part of the lipid bilayer,
in agreement with the experimental evidence ob-
tained with fluorescence spectroscopy. More impor-
tant, the two positive charges of the dye are postu-
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lated to have a rather specific location: in Fig. 6 they
are placed at approximately equal distance above
and below the plane of the phosphate groups. The
pyridinium charge is below the phosphate anion,
closer to the bilayer center. It is thus screened from
the aqueous phase by a layer of phosphate groups
leaving only the second quaternary ammonium
group accessible at the membrane outside. The elec-
trostatic repulsion induced by the cationic dye would
thus be caused only by the more distal charge, in
agreement with z~1 as deduced from the Gouy-
Chapman theory.

We may now proceed to negatively charged mem-
brane surface of POPC/POPG vesicles. The intrinsic
binding cannot be determined directly from the bind-
ing isotherm but requires the use of the Gouy-Chap-
man theory. The best fit to the experimental data as
shown in Fig. 3 was found for Ky=6.45%x10> M™!
and z=1.2. The error in both parameters is esti-
mated to be 20%. In spite of the distinctly higher
affinity of FM1-43 to POPC/POPG vesicles the
chemical (hydrophobic) binding constant is smaller
compared to that of pure POPC vesicles. The larger
Xp values can therefore be traced back exclusively to
electrostatic attraction.

The free energy of hydrophobic binding is hence
rather similar for the two membrane systems. It can
be calculated according to AG=—RT In(55.5 Kj)
where the factor 55.5 accounts for the cratic contri-
bution [25]. For FM1-43, AG falls in the range of
—8.0 kcal/mol (POPC) to —7.7 kcal/mol (POPC/
POPG). Since the binding enthalpy is AH=-—2
kcal/mol the dominant contribution to AG is the en-
tropy term with TAS ~ 6.0 kcal/mol. Hence the asso-
ciation of FM1-43 with the lipid membrane is an
entropy-driven reaction.

The dye FM2-10 is more hydrophilic than FM1-43
since its non-polar hydrocarbon chains contain only
two instead of 4 methylene/methyl units. FM2-10
was shown to have a much faster destaining rate
than FM1-43 [11]. We have measured the binding
of FM2-10 to POPC/POPG (80/20 mol/mol) vesicles
and measured a binding enthalpy of AH=—2.3 kcal/
mol which is similar to that of FM1-43. However,
the apparent binding constant was distinctly lower
with Kupp ~1000-3000 M~! at 1 uM and K, also
reduced to Ky~200 M~!'. The lower affinity to the
membrane explains the faster dissociation rate of

FM2-10 since the association rate of FM1-43 and
FM2-10 should be identical.

4.2. Dye location in the lipid membrane

Upon binding to POPC vesicles the dye molecule
experiences a dramatic shift in its spectral properties.
The fluorescence intensity increases about 50-100-
fold and the fluorescence emission maximum shows
a blue-shift of 27 nm. In the ground state most of the
positive charge is concentrated in the pyridinium
ring; it is shifted to the aminophenyl end upon ex-
citation [26]. Since the excited state is stabilized only
by polar solvents the blue shift provides evidence for
the location of the chromophore in a non-polar en-
vironment. Fluorescence polarization spectroscopy
further suggests that the chromophore is oriented
perpendicular to the membrane surface, i.e. with its
long axis parallel to the fatty acyl chains [26]. In the
present study the same shift in wavelength is seen for
POPC and mixed POPC/POPG vesicles. Apparently
the electrostatic interaction with the negatively
charged POPC/POPG does not change the location
of the chromophore in the membrane.

The insertion of the dye molecule into the hydro-
phobic region is reflected in the 2ZH-NMR spectra of
POPC deuterated at the cis-double bond. FM1-43 is
a semi-rigid, linear molecule with two bulky ring
systems which does not fit smoothly between the
parallel fatty acyl chains. The perturbation of the
lipid packing increases the segmental fluctuations
and decreases the quadrupole splittings. This is in
contrast, for example, to the insertion of cholesterol
which produces an increase in the quadrupole split-
tings of the cis-double bond by up to 100% due to
the stiffening of the hydrocarbon chains in the pres-
ence of the flat and rigid steroid frame [27,28]. How-
ever, an increase in statistical disorder alone is not
sufficient to explain the spectral changes observed in
Fig. 4. The molecular origin of the two separate
splittings of the cis-double bond is a tilting of the
C=C axis with respect to the bilayer normal by
about 7-8° [19]. If the C=C axis is exactly parallel
to the bilayer normal the two deuterons would give
rise to exactly the same splitting. The two quadru-
pole splittings can thus be changed not only by an
increase or decrease in the statistical disorder but
also by a change in the tilt angle. Statistical disorder
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will affect both splittings to equal extent, a change in
the tilt angle, however, will favor one deuteron over
the other. Comparison of Egs. 4 and 5 demonstrates
that the C-10 quadrupole splitting varies faster than
the C-9 splitting, indicating an increase in tilt angle
superimposed on a decrease in bilayer ordering. Fig.
6 shows that FM1-43 is too short to span the mono-
layer. In order to fill the vacant space in the central
bilayer region the fatty acyl chains must twist around
the aromatic aminophenyl ring changing, in turn, the
average orientation of the cis-double bond.

More specific information on the location of FM1-
43 with respect to the plane of the membrane comes
from the 2ZH-NMR data of the phosphocholine head-
group. Neutron diffraction [29] and *H- and *'P-
NMR studies [30] have demonstrated that the ~P-
N+ dipoles of phosphatidylcholine membranes are
extended essentially parallel to the membrane sur-
face. This is further supported by a theoretical anal-
ysis of headgroup interactions in monolayer and bi-
layer systems [31,32]. In this model even a small
‘backward’ orientation is predicted with the N*
end moving towards the hydrocarbon phase.

Addition of FM1-43 to the POPC membrane has
opposite effects on the two choline segments: the o-
splitting decreases and the B-splitting increases. This
finding is in qualitative agreement with many other
positively charged compounds which bind to the
membrane surface [33] and can be explained by a
rotation of the “P-N* dipole away from the mem-
brane with the N™ end moving closer to the water
phase [24]. The variation of the quadrupole splittings
with the amount of bound dye is summarized by Fig.
5 and Egs. 2 and 3. The slopes m; thus provide a
quantitative measure of the efficacy of the mem-
brane-bound molecule to change the quadrupole
splitting and, in turn, the orientation of the phospho-
choline headgroup. The monovalent local anesthetic
dibucaine, for example, has a slope of mg,=—28.8
kHz/mol and mg=+14 kHz/mol [34], melittin with
an effective charge of z=2.2 yields mgy,=-—93.3
kHz/mol and mpg=44.4 kHz/mol [35]. The modest
efficacy of FM1-43, in spite of its charge z=+2, in
changing the headgroup conformation (mg,=—17.2
kcal/mol; mp=10.3) is thus surprising. A simple ex-
planation is provided, however, by placing the two
charges of FM1-43 as indicated in Fig. 6. In this
configuration the negative phosphocholine phosphate

group is sandwiched between the two positive qua-
ternary amino charges, one above, the other below
the plane of the “P-N* dipoles. The two charges
counteract each other, at least partially, and thus
inhibit a large rotation of the “P-NT dipole. On
the other hand, the charge compensation is not per-
fect since a limited rotation of the “P-N* dipole
towards the water phase does occur as evidenced
by the 2H-NMR spectra.

4.3. Concluding remarks

FM1-43 penetrates easily into neutral and anionic
lipid membranes with about the same hydrophobic
binding constant. The binding affinity is modulated
by electrostatic attraction/repulsion and FM1-43 at
low dye concentration binds distinctly better to
anionic membranes. The depth of penetration into
the hydrophobic part is determined by the location
of the two quaternary ammonium groups of FMI1-
43. For POPC membranes the two cationic charges
are above and below the plane containing the “"P-N*
dipoles. The position of these charges could change
in other membranes, varying the penetration depth
of FM1-43. This could explain, in part, the dif-
ferent spectral properties of FM1-43 in different
cell types.
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