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Abstract

The present study demonstrates that the permanently positively charged, lipid-conjugated rhodamine, R |4, can be transported from the
outer to the inner leaflet of lipid bilayers in response of a transmembrane potential (negative inside). This conclusion was based on the
following observations. (i) A fast decrease of the R,g fluorescence, when present at self-quenching concentrations in DOPC large
unilamellar vesicles, was revealed upon induction of a valinomycin-induced K *-diffusion potential. (ii) Todide quenching experiments
demonstrated that R ;g was no longer accessible to externally added aqueous quencher after application of a transmembrane potential. (iii)
“H-NMR measurements, using DOPC, specifically deuterated at the a-position of the phosphocholine head group, revealed a massive
transbilayer movement of R, upon induction of a membrane potential. The extent of the fluorescence changes were found to be
dependent on the magnitude of the applied transmembrane potential, which opens possibilities for novel applications of R4 as an internal

lipid-conjugated membrane potential probe.
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1. Introduction

Lipid-conjugated rhodamines are widely used in lipid
mixing assays, either based on energy transfer between
rhodamine and 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD)
[1], or based on the self-quenching of rhodamine [2]. The
latter assay requires labeling of membranes with only one
kind of fluorescent probe, most commonly octadecyl-
rhodamine B (R4) at self-quenching concentrations. Dilu-
tion of the probe by fusion with unlabeled target mem-
branes allows the measurement of lipid mixing. This
method has been especially applied in virus/cell fusion
studies, because of the advantage that intact biological
membranes can be labeled by exogenous addition. How-
ever, recently some need for caution was suggested in the
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literature, regarding the R ¢-assay. The reasons for concern
are based on the following observations. (i) It was demon-
strated that cholesterol, or probably any membrane-con-
densing lipid, enhances the self-quenching of R, strik-
ingly [3], and therefore one should be carefull when Rs is
applied in measuring fusion of membranes of different
lipid compositions. (ii) The probe has been found not to be
uniformly distributed in (influenza) viral membranes and
the rate and extent of fusion of reconstituted virosomes
measured with the R,y assay were lower than when mea-
sured with a pyrene-phosphatidylcholine (PC) assay [4].
(iii) Also, in PC /fatty acid mixed liposomes a non-homo-
geneous distribution of R4 in the bilayers was found [5].

The present study describes the effect of a membrane
potential (A¢) on R, fluorescence. It demonstrates the
transport of R, from the outer to the inner leaflet of
bilayers of large unilamellar vesicles (LUVs), upon appli-
cation of a membrane potential (negative inside) across the
bilayers, resulting in an increased self-quenching of the
probe. This makes it difficult, if not impossible, to cali-
brate fusion from self-quenching when R ; is applied in
measuring fusion of membranes, across which a Ay ex-
ists. The results of this study further reveal that the process
of Ayrinduced transbilayer movement of R, is massive
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and very fast, and it depends on the magnitude of the
applied membrane potential. This leads to suggestions to
use R,y as an internal Ayrprobe in model membrane
experiments.

2. Materials and methods
2.1. Lipids

R ¢ was obtained from Molecular Probes (Eugene, OR,
USA). 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC)
and 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG)
were purchased from Avanti Polar Lipids (Birmingham,
AL, USA). DOPC, specifically deuterated at the a-posi-
tion of choline head group (PO, -C*H,-CH,-N*(CH,);;
a-H,-DOPC) was synthesized as described [6]. R4 con-
centrations were measured by absorbance, using €7® =93
+10* M~ em™! in methanol (Molecular Probes cata-
logue), or by fluorescence in the presence of 0.05% (v/v)
Triton X-100 (TX-100), using known amounts of R as
standard. Phospholipid concentrations were determined ac-
cording to Rouser et al. [7].

2.2. Vesicle preparation

Dry mixed lipid films of DOPC, R, and, where
indicated, DOPG, were hydrated by manual shaking in
buffer consisting of 150 mM K,SO,, 20 mM Hepes (pH
7.0) and 2 mM EDTA (K™-buffer), followed by 5 times
freezing and thawing. Large unilamellar vesicles (LUVs)
were prepared by the extrusion technique {8] using 100 nm
(fluorescence spectroscopy) or 400 nm (NMR experi-
ments) polycarbonate filters. When desired, to these LUVs
(K;/K?,) an ion gradient was applied by replacing the
external buffer by Na*-containing buffer (consisting of
150 mM Na,SO,, 20 mM Hepes (pH 7.0) and 2 mM
EDTA), by passing them through 1 ml Sephadex G-50
spin columns eluted with Na*-buffer (resulting in
K:/Na}, LUVs).

2.3. Fluorescence measurements

Fluorescence of R,; was measured on a Perkin Elmer
L550B luminescence spectrometer, using an excitation
wavelength of 560 nm and an emission wavelength of 590
nm (with 5 nm band passes). All experiments were carried
out at 20° C under continuous stirring. LUVs (5 to 10 mM
lipid; K} /K?, or K} /Na],, as indicated) containing R g,
were added to 1.2 ml Na*-buffer, K *-buffer or a combina-
tion of Na*-and K*-buffer. When indicated, valinomycin
(Boehringer, Mannheim, Germany; 1 wl from stock solu-
tions of different concentrations in ethanol) was added to
the LUV-solution. To dissipate the membrane potential,
N-formylated gramicidin (NFG) [9] from a 0.5 mM solu-
tion in dimethylsulfoxide, was added to the LUVs to a

1:50 molar ratio, with respect to lipid. Triton X-100 (0.05%
(v/v) final concentration) was added to relieve R g self-
quenching.

Quenching of R, fluorescence by iodide was deter-
mined by reading the fluorescence intensity after the addi-
tion of increasing amounts of Nal from a 2 M stock
solution, containing 1 mM Na,S,0; to prevent I, and 15
formation. The addition of Nal led to an immediate de-
crease in fluorescence, which was then stable, except for
quenching of R4, incorporated in K7, /K, LUVs in the
presence of valinomycin. In that case, the initial fast
decrease was followed by a slow decrease, after which a
stable fluorescence level was reached (within a few min-
utes). From this value the quenching was determined. The
data were analyzed according to the Stern-Volmer equa-
tion for collisional quenching [10]: F,/F=1+Kjy -
[Nall, where K¢, is the quenching constant and F, and F
are the fluorescence intensities in the absence and presence
of iodide, respectively.

2.4. NMR experiments

Deuterium nuclear magnetic resonance (*H-NMR)
spectra were recorded at 46.1 MHz on a Bruker MSL-300
spectrometer at 5°, as described [6]. Samples of LUVs
contained 50 pmol of lipid in 0.5-1.0 ml buffer. To
generate a membrane potential, valinomycin was added to
LUVs, exhibiting a K} /Na/ -ion gradient, to a 1:10°
molar ratio, with respect to lipid. Dissipation of Ay was
achieved by keeping the sample of LUVs to which valino-
mycin had been added for 48 h at 4° C.

3. Results
3.1. Fluorescence measurements

In studies on the effect of a membrane potential on
certain (semi-) fusion processes, in which R,; was used to
monitor lipid mixing, it was observed that a valinomycin-
induced K*-diffusion potential affected the fluorescence
intensities of LUVs with R, incorporated in the bilayers.
The typical changes in fluorescence, observed in such
experiments are shown in Fig. 1. DOPC LUVs, containing

5 mol% R g, experiencing a K} /NaZ -ion gradient, were

out
diluted either in Na*-buffer or in K*-buffer. Upon addi-
tion of valinomycin, a K*-diffusion potential is generated
in case of dilution in Na*-buffer. This led to a rapid
decrease in fluorescence (by about 30%). When the Ay
was dissipated by the addition of NFG, the fluorescence
increased again to almost the same level as in LUVs
without A, indicating the reversibility of the observed
effects. In the control situation (K*-buffer), the additions
of valinomycin and NFG did not affect the R ; fluores-
cence. Addition of TX-100 to dissolve the vesicles led to

the relieve of R, self-quenching.
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Fig. 1. Typical changes in R ¢ fluorescence upon application of a Ay
across R ;-containing DOPC bilayers. LUVs (15 nmol lipid) consisting
of DOPC /R 5 (95:5, molar ratio), experiencing a K}, /Na?,, ion gradi-

ent, were diluted in either Na*-or K*-buffer (Na’, and K, respec-

tively). The arrows indicate the subsequent additions of (1) valinomycin
(1:4000. molar ratio with respect to lipid), (2) NFG, and (3) TX-100.

The most straight-forward explanation for the observed
changes in fluorescence is the transport of the positively
charged R,; from the outer to the inner leaflet upon
application of a Ay (negative inside). This would lead to
an increased concentration of Rz in the inner leaflet,
which in turn would result in an increased self-quenching
(decreased fluorescence). In order to test this hypothesis,
the accessibility of R,; from the external medium was
investigated. For this purpose, fluorescence quenching ex-
periments were done, using the aqueous quencher iodide.
In Fig. 2, the results are shown in a Stern-Volmer plot (see
Materials and methods). R g, symmetrically incorporated
in the two leaflets of the bilayer of DOPC LUVs, is
quenched efficiently with a Stern-Volmer constant (K, ;
slope of the line) of 21 M~'. When K}, /K LUVs are

out
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Fig. 2. Stern-Volmer plots of quenching of R4 fluorescence by iodide.
LUVs were made of DOPC /R, (95:5, molar ratio) in K*-buffer (K}).
Valinomycin was added to a 1:4000 molar ratio with respect to lipid.
(O), K}, /no valinomycin; (@), K}, /valinomycin; (a),
Na},, /valinomycin; (X), Na}, /valinomycin/NFG. F, and F are fluo-
rescence intensities in the absence and presence of quencher, respectively.
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Fig. 3. The increased self-quenching of R, upon induction of Ay is
proportional to the magnitude of Ay. LUVs consisting of DOPC/R
(95:5, molar ratio) and experiencing a K, /Na}, ion gradient, were
diluted in buffer containing different concentrations of K*. Fluorescence
was measured before and after the addition of valinomycin (1:4000 molar
ratio, with respect to lipid) to the LUV solution (Fyyy, and Fy,.
respectively). The value of A was calculated according to Ay = —59-
10g([K+ ]in /[I(+ ]nul) mv.

present in K™-buffer and valinomycin is added to these
LUVs, the quenching efficiency of iodide is increased by
almost a factor of 2 (K, =38 M™') compared to quench-
ing in the absence of valinomycin. It seems as if iodide is
able to co-translocate with the valinomycin /K *-complex,
resulting in quenching at both sides of the bilayer. This
was also suggested by the fact that the initial fast quench-
ing was followed by a slow phase in this case (see
Materials and methods). When a valinomycin-induced
K *-diffusion potential was induced, almost no quenching
of R,y fluorescence could be detected (Kgy =2 M™!),
indicating that hardly any R,; molecules are accessible
from the external medium. Co-translocation of iodide with
the valinomycin/K*-complex is unlikely in this case,
because of the presence of A (negative inside) across the
bilayer. When the valinomycin-induced A¢ is collapsed
with NFG, the R ; molecules become accessible again,
and are as efficiently quenched as was the case with
K} /Kg, LUVs in the presence of valinomycin.

In order to quantify the Ag-induced increased self-
quenching of R, the value of Ay was varied. Therefore,
PC/R,; (95/5 molar ratio) LUVs, experiencing a
K} /Na; rion gradient, were diluted in buffer containing
different concentrations of K, and the Nernst potential
was calculated. Fig. 3 shows that the Ay~induced in-
creased self-quenching of R linearly increased with the
magnitude of the membrane potential. This is probably due
to less R, molecules being transported in response to the
smaller Ay. To confirm that, iodide quenching experi-
ments were done after induction of K*-diffusion potentials
of different values across R g-containing bilayers of PC
LUVs. The resulting Stern-Volmer plots are shown in Fig.
4. With smaller values of the Nernst potential, the quench-
ing by iodide increased, as is obvious from the steeper
Stern-Volmer lines, indeed indicating that more R g
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molecules are still present in the outer leaflet and accessi-
ble to the externally added quencher.

To investigate whether the presence of a negative sur-
face charge could influence the Ay-induced transport of
the positively charged R, molecules, different amounts of
the negatively charged phospholipid DOPG were incorpo-
rated in LUVs, containing 5 mol% R ;. The extent of the
Ayrinduced decrease in fluorescence of R -containing
LUVs was independent on the PG content (0-50 mol%) in
the membranes (data not shown). Moreover, the disappear-
ance of R s from the outer leaflet upon induction of Ay
could be demonstrated using iodide, although the quench-
ing efficiency of this anion was decreased by the negative
surface charge (not shown). The half-time of R, translo-
cation, upon addition of valinomycin to a 1:4000 molar
ratio with respect to lipid, was approx. 1.5 s and indepen-
dent on the concentration of PG in the membranes (Fig. 5).
Addition of higher amounts of valinomycin did not change
the half-time of R4 translocation. However, with a 10-fold
decreased amount of valinomycin added to the LUVs, the
rate of R ; translocation was dependent on the PG content
(Fig. 5). With decreasing PG content, the half-time of the
process increased from 1.6 to 6.2 s. A likely explanation
for this is that the rate of potential-driven R |¢-translocation
is limited by the rate with which the K *-diffusion potential
is generated by valinomycin. This would mean that the
Ayrdriven R transport is faster than the translocation of
valinomycin /K "-complexes across the membrane. More-
over, the translocation of the valinomycin/K™-complex
across the bilayer, and not that of R,;, would then be
dependent on the PG-content in the membrane.

3.2. NMR experiments

For an alternative approach to test the hypothesis of
Ayrdriven R ¢-translocation from the outer to the inner
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Fig. 4. Stern-Volmer plots of quenching of R; fluorescence by iodide
after application of K *-diffusion potentials of the indicated values across
the bilayers. LUVs were made of DOPC /R ¢ (95:5, molar ratio). The
quenching was determined after induction of Ay of different values, as
described in the legend of Fig. 3. (O), K*-buffer/no valinomycin
(Ay =0); (@), Na*-buffer/valinomycin (A = —). F; and F are
fluorescence intensities in the absence and presence of quencher, respec-
tively.
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Fig. 5. Half-times of the Ay~induced enhancement of R ¢ self-quenching
as a function of the PG content in the LUVs. Vesicles (K}, /K7,)
consisting of DOPC /DOPG (different molar ratios), containing 5 mol%
R, were diluted 240-fold in Na*-buffer. Valinomycin was added to a
1:4000 (triangles) or a 1:40000 (circles) molar ratio, with respect to
lipid.

leaflet, “H-NMR experiments were done. For this purpose,
DOPC was specifically labeled at the a-position of its
choline head group. The quadrupolar splitting (Av,) of this
deuterated lipid has been demonstrated to be sensitive to
the conformation of the head group {11]. The head group
conformation in turn is dependent on the surface charge
density of the bilayers, according to the so-called electrom-
eter concept [12], and not to a transmembrane potential [6].
Furthermore, *H-NMR of head group-labeled DOPC has
been shown to provide a method to monitor the individual
behavior of the two lipid interfaces in large unilamellar
vesicles [6]. This allows for the detection of the expected
redistribution of the positively charged R |, induced by the
Ay, First, the effects of R g-induced positive surface
charge on the Ay, of the a-*H,-DOPC LUV system was
confirmed. With 20 mol% R,; incorporated in the mem-
brane, the change in Ay, was 2 kHz (not shown). Next,
the effect of a membrane potential on the R, localization
in the two leaflets of the bilayer was studied. For this
experiment, LUVs consisting of a-2H,-
DOPC /DOPG /R | (5:3:2 molar ratio) were used. DOPG
was included in the membrane, because it will increase the
spectral window to observe the expected asymmetrical
effects on the bilayer, as was demonstrated earlier [6]. The
resulting NMR spectra are shown in Fig. 6. Spectrum A
depicts the spectrum of LUVs with a K /K{  ion distri-
bution, with a AVq (distance between the two peaks) of 7.6
kHz. After changing the external buffer for Na*-buffer, the
spectrum remains identical (not shown). Upon addition of
valinomycin to the LUVs, experiencing a K /Na}, ion
gradient, the spectrum did change drastically (spectrum B).
Now two doublets are observed, reflecting indeed the
asymmetrical distribution of the Ry molecules, with an
increased positive surface charge of the inner leaflet (Avq
decreased with approx. 2 kHz) and a less positively charged
outer leaflet resulting in an increased Ay, (also by approx.
2 kHz). The fact that the Ay, changes with 2 kHz in either
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Fig. 6. Effect of Ay on R,y distribution between the inner and outer
leaflet of the bilayers of LUVs. *H-NMR spectra of LUVs consisting of
a-H,-DOPC /DOPG /R4 (5:3:2, molar ratio) with K} /K5, (A), or
K} /Nal, after the addition of valinomycin (B), so that a membrane
potential is generated; and after the dissipation of the membrane potential

©.

direction, indicates that almost all R,y molecules (20
mol%) are translocated from the outer to the inner leaflet
upon induction of Ayr. After dissipation of the Ay, the
R, redistributes again symmetrically across the bilayer as
revealed by the single doublet in the “H-NMR spectrum
(C), demonstrating the reversibility of the R transloca-
tion.

4. Discussion

The present study demonstrates the translocation of
endogenous lipid-conjugated rhodamine, R, from the
outer to the inner leaflet of the bilayer, upon induction of a
transmembrane potential. This result may seem not too
surprising given the fact that rhodamine dyes have been
revealed to respond to Ay [13,14], but it is to our knowl-
edge for the first time that it is described for a lipid to
move from one leaflet of the bilayer to the other as a result
of a membrane potential. Apparently, Ay can drive the
accumulation of rhodamine even if it is lipid-conjugated.

The time scale with which both the forward (flip) and
the backward (flop) movement of R, across the bilayer
take place, as revealed by the fluorescence measurements
(see Fig. 1), appeared to be very short. Both processes
seem to take place in the seconds time-scale and for the

flip-process, the half-time was determined to be 1.5 s. The
observation that the rate of the flop-process is comparable
to that of the flip-process (according to Fig. 1), can be
explained in different ways. One possibility is that accu-
mulation of R ¢ in the inner leaflet of the bilayer leads to
increased packing density, which might result in an unfa-
vorable balance of forces over both leaflets in the mem-
brane. This imbalance can exist as long as the driving
force (Ay) for it is present, but as soon as the Ay is
collapsed the R,; molecules will redistribute. Alterna-
tively, the spontaneous transbilayer movement of R, might
also be fast, so that if no Ay is present the equilibrium is
rapidly restored. This would then mean that the sponta-
neous R s-translocation process would also display half-
times on the order of seconds. However, according to
Hoekstra et al. [2], the insertion of R,¢ into Sendai virus
membranes resulted in the predominant localization of the
probe in the outer leaflet of the bilayer.

In comparison with other known lipid transport pro-
cesses, the Ag-induced R 4 translocation process is very
fast. Transmembrane movement of phospholipids in lipid
vesicles display half-times on the order of several days,
which can be speeded up by intrinsic membrane proteins
or by perturbing the bilayer to half-times on the order of
minutes [15]. For example, translocation of palmitoyl-
lysoPC over the membrane of DOPC vesicles displays a
half-time of several days [16). In glycophorin-containing
vesicles, this process takes place with an estimated half-
time of about 1.5 h at 4°C [17]. Translocation of non-
charged species is much more rapidly. For instance,
diacylglycerol derivatives translocate with half-times of
less than 15 s [18]. Also, the ApH-driven translocation of
the neutral forms of different acids or bases, like stearyl-
amine, sphingosine, fatty acids [19], phosphatidic acid or
PG [20] is very rapid. For example, for the neutral form of
phosphatidic acid the half-time was approx. 25 s at 45°C
[21]. The present study demonstrates that the membrane
potential is able to cause a very fast translocation of a
permanently charged lipid.

The presence of up to 50 mol% PG in the membrane
did not affect the rate and extent of membrane potential
driven R 4 translocation. Apparently, electrostatic interac-
tions between the positively charged R; and the nega-
tively charged PG do not stably anchor the R g-molecule
in the interface and thereby slow down the translocation
process.

The extent of the increased fluorescence self-quenching
of R,y upon induction of Ay is somewhat lower than
expected. If, as a consequence of Ay, R, would redis-
tribute according to the Nernst equation, it could be ex-
pected that the [R ., /[R 5], would be 100, upon induc-
tion of a Ay of —120 mV. With 5 mol% R 4, symmetri-
cally incorporated in the bilayer, this would result in 0.1
and 9.9 mol% in the outer and inner leaflet, respectively,
after induction of Adg. In that case, the self-quenching,
which is linearly dependent on the R ,-content in the
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membrane [2,3], would increase so that the R 4-concentra-
tion upon induction of Ay would be approx. 2-fold in-
creased. In case of the measurements, as shown in Fig. 1,
the self-quenching is enhanced so that it corresponds to
approximately a 1.5-fold increase in R ;-concentration in
the membrane. Therefore, it must be concluded that either
R ¢ does not redistribute according to the Nernst equation,
or other factors affect the fluorescence changes. The first
explanation is not likely, considering the iodide quenching
data and the NMR experiments. The iodide quenching
measurements revealed a decrease in quenching efficiency
upon induction of Ay by a factor of 10, indicating that the
R s concentration is at least 10 times decreased in the
outer leaflet. The changes in Ay, in the “H-NMR experi-
ments indicated a Ay~induced transbilayer movement of
almost all R 3 molecules. Therefore, it must be concluded
that from the fluorescence self-quenching measurements
no quantitative analysis can be made about the amount of
R s molecules that are translocated. However, after cali-
bration of the system, the linear relationship between the
Ay-induced enhancement of R self-quenching and the
magnitude of the membrane potential could be used in the
application of R,y as a quantitative membrane potential
sensitive dye. For example, from the data in Fig. 3, it
could be deduced that the value of A when diluting the
LUVs in Na*-buffer without K *-buffer, so that the calcu-
lated Nernst potential is —, the magnitude of Ay was
about —150 mV. (F,,/F|,y = 0.65). The advantage of
such a probe could be that it can be introduced in LUVs as
an internal probe in model membrane experiments. After
calibration of the system, the membrane potential can be
measured relatively easy, yet accurately, and in situ. Alter-
natively, the relative quenching efficiency of iodide could
be used as a relative measure for the presence of a Ay. A
more quantitative interpretation of these data is compli-
cated, because of secondary effects of iodide on R
self-quenching and the possibility of cotransport of iodide
with the valinomycin/K¥-complex at smaller values of
Ay, It might also be possible to apply R, in biomem-
branes by introduction via exogenous addition. In combi-
nation with iodide quenching, R,; could be used as a
qualitative Ay-probe in such systems.
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