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Abstract The dipole potential generating an electric field
much stronger than any other type of membrane potential
influences a wide array of phenomena, ranging from passive
permeation to voltage-dependent conformational changes
of membrane proteins. It is generated by the ordered orien-
tation of lipid carbonyl and membrane-attached water dipole
moments. Theoretical considerations and indirect experi-
mental evidence obtained in model membranes suggest that
the dipole potential is larger in liquid-ordered domains be-
lieved to correspond to lipid rafts in cell membranes. Using
three different dipole potential-sensitive fluorophores and
four different labeling approaches of raft and nonraft do-
mains, we showed that the dipole potential is indeed stron-
ger in lipid rafts than in the rest of the membrane. The
magnitude of this difference is similar to that observed be-
tween the dipole potential in control and sphingolipid-en-
riched cells characteristic of Gaucher’s disease.llll The results
established that the heterogeneity of the dipole potential in
living cell membranes is correlated with lipid rafts and imply
that alterations in the lipid composition of the cell mem-
brane in human diseases can lead to substantial changes in the
dipole potential.—Kovacs, T., G. Batta, F. Zakany, J. Szol16si,
and P. Nagy. The dipole potential correlates with lipid raft
markers in the plasma membrane of living cells. J. Lipid Res.
2017. 58: 1681-1691.
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The eukaryotic cell membrane is a highly complex struc-
ture because of its lateral heterogeneity, the presence of
membrane microdomains, and the “trinity” of membrane
potentials, including transmembrane, surface, and dipole
potentials (1, 2). The dipole potential is an intramembrane
electrostatic potential that originates from the preferential
alignment of interfacial water dipoles and dipolar segments
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of the lipid molecules with a negative contribution origi-
nating from phospholipid head group P"-N" dipoles. Re-
sulting from the arrangement of molecular dipoles, the
interior part of the bilayer is characterized by a large posi-
tive dipole potential with a magnitude usually estimated in
the range of several hundred millivolts, that is, a value that
is much higher than that of transmembrane or surface po-
tentials. As the dipole potential drops over a very short
distance (2 and 3 nm, the approximate thickness of the
monolayers in a bilayer) through the low dielectric hydro-
phobic interior of a membrane, it results in a large electro-
static dipole electric field (which is the spatial derivative of
the potential) that a variety of experimental and computa-
tional techniques have estimated to be in the range of 10%-
10°V/m. This is significantly larger than either of the other
two electrostatic fields associated with the transmembrane
and surface potentials (estimated to be around 2.5 - 107,
and 10° V/m, respectively) (1-5). Because of this large
electric field, the dipole potential is considered to be es-
sential for the conformation and the function of mem-
brane proteins, and more generally for interactions
between a lipid membrane and biological molecules em-
bedded in a membrane, possibly influencing the distribu-
tion of proteins between different membrane regions and
microdomains. Thus, the dipole potential was shown to
influence the membrane permeability of large hydropho-
bic ions (6), to affect membrane binding of drugs (7), to
modulate the conductance and association of ionophores
(8), to play a role in the gating mechanism and conforma-
tional changes of voltage-gated ion channels (9), and to
alter the activity of Na'/K" ATPase (10) and P-glycoprotein
(11). We have recently shown that alterations in the di-
pole potential change the ligand-binding affinity of epi-
dermal growth factor receptor (ErbBl) and the ligand-
induced clustering and activation of ErbB1 and ErbB2 and
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that the extent of these effects depends on whether the
proteins are localized in or outside of lipid rafts (12).

The dipole potential varies both longitudinally and later-
ally across the bilayer according to membrane composition
and phospholipid packing density (1-5, 13). This phenom-
enon is the basis for artificially decreasing and increasing
the dipole potential by phloretin and 6-ketocholestanol,
respectively (14, 15). Besides the experimental manipula-
tion, the dependence of the dipole potential on the lipid
composition is expected to lead to different dipole poten-
tial values in different microdomains of the membrane.
Indeed, cholesterol has been shown to increase the dipole
potential because of its intrinsic dipole moment and its
effects on the compaction and physical properties of the
membrane (16). Apart from its effect on the dipole poten-
tial, cholesterol is known to induce the separation of liquid-
ordered and -disordered domains in model membranes
(17). Although liquid-ordered domains were shown to
correspond to lipid rafts in cell membranes (18), this cor-
relation remains highly speculative and contentious. The
source of the confusion is the striking difference between
the stability and size of liquid-ordered domains in model
membranes and lipid rafts in cell membranes (19). Most
researchers agree that lipid rafts are thermodynamically
unstable, with sphingolipid and cholesterol-enriched mi-
crodomains in cell membranes exhibiting certain dynamic
properties similar to those of liquid-ordered, stable do-
mains in model membranes. However, lipid-mediated in-
teractions are most likely not primarily responsible for the
generation of lipid rafts, because the cytoskeleton, mem-
brane proteins, their interactions with lipids, and membrane
turnover all contribute to the properties and existence of
rafts (19-22). Despite this controversy, a huge variety of
biological functions, including transmembrane signaling
and membrane trafficking, have been linked to lipid rafts
in health and disease (23, 24).

Because the dipole potential is entirely located within
the low dielectric, hydrophobic interior of the plasma mem-
brane, it is difficult to measure directly. All of the methods
described for the estimation of the dipole potential, includ-
ing the measurement of the permeability of large hydro-
phobic ions (25), cryoelectron microscopy (26), molecular
dynamics simulations (27, 28), atomic force microscopy
(29), and vibrational Stark effect spectroscopy (30), are
characterized by serious difficulties and disadvantages con-
sidering their applicability to living cells. Therefore, we
opted for the fast-sensing voltage-sensitive fluorophores for
measuring the dipole potential of living cells. The response
of di-8-ANEPPS, a 4-p-aminostyryl-1-pyridinium derivative,
to changes in the local electric field is based on electro-
chromism, and its emission measured at two different exci-
tation wavelengths is sensitive to the dipole potential (12,
14, 15). The sensitivity of di-8-ANEPPS to changes in
membrane fluidity (14) required the design of a new class
of dipole potential-sensitive dyes. 3-Hydroxyflavone deriva-
tives are characterized by two well-separated bands in their
emission spectra belonging to normal (N*) and tautomer
(T*) excited states of their flavone chromophore. Species
T* appears as a result of an excited-state intramolecular
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proton transfer (ESIPT) reaction that is very sensitive to
changes in the local electric field. The relative intensities of
N*and T* fluorescence emission bands can be used to mea-
sure the dipole potential. Various 3-hydroxyflavone deriva-
tives have been designed in which the chromophore is
oriented in opposite directions with respect to the bilayer
plane. Consistently, the N*:T* emission ratio of PPZ8 and
of its related analog, F66, change in opposite directions
upon modifying the dipole potential (31-33).

Alterations in the lipid composition of the membrane are
associated with certain diseases (24). Gaucher’s disease is a
lysosomal storage disorder in which glucosylceramide ac-
cumulates because of a deficiency of glucocerebrosidase
(34). Although symptoms are usually believed to be caused
by the storage of glucosylceramide, weak or no correlation
among the severity of symptoms, residual enzyme activity,
and the amount of stored lipid casts doubt on the causative
relationship (35). Gross alterations in lysosomal degrada-
tion of various substances due to “jamming” of the endo-
somal pathway and endoplasmic reticulum stress have also
been invoked to explain the development of disease symp-
toms (36, 37). Elevated sphingolipid levels, observed in the
plasma membrane in cellular models of Gaucher’s disease
(38, 39), are expected to alter the dipole potential as well.

Selective labeling of lipid rafts is based on the preferen-
tial concentration of certain membrane components in
them. The incorporation of glycosylphosphatidylinositol
(GPI)-anchored proteins into lipid rafts is driven by their
lipid moiety. Various studies suggest that GPI-anchored
proteins might rather be entrapped into “transient con-
finement zones” generated by the barrier effects of the
cortical matrix, including the actin cytoskeleton and
spectrin meshwork. The link between these compartments
and lipid rafts remains unclear, but according to the opera-
tional definition of lipid rafts given above, cytoskeleton-
mediated effects also contribute to the formation of
raft-like microdomains (40, 41). Subunit B of cholera toxin
(CTX-B) has also been widely used as a marker of lipid rafts
because of its selective binding to GM1 ganglioside (42).
Because of its multivalence, it can induce lipid reorganiza-
tion into coexisting liquid-ordered and liquid-disordered
fractions due to GM1 crosslinking (43, 44).

Although based on the differences in the lipid composi-
tion of raftlike microdomains and the bulk phase of the
membrane, the assumption of a larger dipole potential in
rafts seems logical, but this relationship has not been dem-
onstrated directly in living cell membranes. Heterogeneity
observed in the dipole potential has been assumed to be
caused by lipid rafts, but explicit proof and quantitative
analysis of this correlation has not been presented (1, 7, 45).
On the other hand, the correspondence between electro-
static and topographic maps created by atomic-force micros-
copy performed with model membranes suggested that the
dipole potential is larger is liquid-ordered domains (29).

On the basis of the correlation between the dipole po-
tential reported by three different, ratiometric, dipole
potential-sensitive dyes and the distribution of lipid rafts
labeled by CTX-B, GPI-anchored green fluorescent protein
(GFP), or an anticholesterol antibody, we show that the



dipole potential is significantly larger in lipid rafts than in
the rest of the membrane. The fact that the magnitude
of this difference is similar to the alteration in the dipole
potential brought about by the increased sphingolipid
concentration in Gaucher’s disease points to a potential
pathophysiological role for these findings.

MATERIALS AND METHODS

Cells, plasmids, and reagents

The human breast cancer cell line SKBR-3, the human epithe-
lial carcinoma cell line A431, and the human acute monocytic
leukemia-derived cell line THP-1 were obtained from the Ameri-
can Type Culture Collection (Manassas, VA) and grown according
to their specifications. AlexaFluor647-tagged CTX-B was pur-
chased from ThermoFisher (Waltham, MA). The GFP-GPI plas-
mid was a kind gift from Jennifer Lippincott-Schwartz (National
Institutes of Health, Bethesda, MD), and the anticholesterol anti-
body was provided by Janos Matké (E6tvos Lorand University, Bu-
dapest, Hungary). AlexaFluor647-transferrin was purchased from
ThermoFisher. 6-Ketocholestanol (3B-hydroxy-ba-cholestan-6-1)
and Pluronic F-127 were purchased from Sigma Aldrich (St. Louis,
MO), and di-8-ANEPPS (4-(2-[6-(dioctylamino)-2-naphtalenyl]
ethenyl)-1-(3-sulfopropyl) pyridinium inner salt) was acquired from
ThermoFisher. F66 (N-[3-(40-dihexylamino-3-hydroxy-flavonyl-
6-oxy)-propyl | N,N-dimethyl-N-(3-sulfopropyl)-ammonium, inner
salt) and PPZ8 (3-[4-(4-[4V-(3-hydroxy-6-octyloxyflavonyl) phenyl]
piperazino)-1-pyridiniumyl]-1-propanesulfonate) were kind gifts
from Andrey Klymchenko (Université de Strasbourg, Strasbourg,
France). The protein kinase C activator phorbol 12-myristate
13-acetate (PMA) and the B-glucosidase inhibitor conduritol B
epoxide (CBE) were purchased from Sigma Aldrich.

Labeling of raft and nonraft domains

Lipid rafts were labeled with one of three different methods. )
GM1-enriched membrane rafts were labeled by incubating cells
grown on 8-well chambered coverglass in the presence of 8
pg/ml AlexaFluor647-CTX-B for 20 min on ice to prevent inter-
nalization of CTX-B. i) For labeling lipid rafts with GFP-GPI,
SKBR-3 and A431 cells grown on 8-well chambered coverglass
were transfected with 0.5 ug GFP-GPI plasmid/well using Lipo-
fectamine2000 (ThermoFisher) at a lipid to DNA ratio of 2:1
(v/w). The transfection protocols were otherwise according to
the manufacturer’s specifications. i) The cholesterol component
of lipid rafts was visualized with ACS8, a cholesterol-specific mono-
clonal antibody (46), followed by secondary labeling with the Fab
fragment of Cyb-conjugated goat anti-mouse IgG (ThermoFisher)
to minimize crosslinking. Alternatively, transferrin residing outside
lipid rafts (47) was labeled with 25 pg/ml AlexaFluor647-conju-
gated transferrin (ThermoFisher) on ice. After labeling cells with
one of the aforementioned indicators and a dipole potential-sen-
sitive dye, images were taken with an LSM880 confocal laser-scan-
ning microscope (Carl Zeiss AG, Jena, Germany). AlexaFluor647
and Cyb were excited at 633 nm, and their emission was detected
between 649 and 759 nm, whereas GFP was excited at 488 nm,
and its emission was detected between 506 and 555 nm.

Altering the dipole potential

The dipole potential was increased by treating SKBR-3 and
A431 cells with 6-ketocholestanol at a concentration of 100 puM
for 10 min at room temperature in the presence of 0.05% (v/v)
Pluronic F-127 (12, 14).

Measuring the dipole potential with di-8-ANEPPS

For measuring the dipole potential with di-8-ANEPPS, we
grew SKBR-3 and A431 cells, as well as control and CBE-treated
THP-1-derived macrophages, on 8-well chambered coverglass,
then incubated them with 2 pM di-8-ANEPPS (with or without
CTX-B) for 20 min on ice, and their fluorescence was mea-
sured with a ratiometric assay shown to be responsive to changes
in the dipole potential (15). The dye was excited at 458 and 514
nm, and its emission was measured between 584 and 686 nm. Im-
age acquisition was performed using an LSM880 confocal laser-
scanning microscope. Image processing was carried out with
the DipImage toolbox (Delft University of Technology, Delft, The
Netherlands) under MATLAB (MathWorks, Natick, MA). The
fluorescence intensity ratio (exc458/514) of the cell mem-
brane pixels, calculated after background subtraction, is expected
to show positive correlation with the dipole potential (15, 48).

Measuring the dipole potential with F66 and PPZ8

For measuring the dipole potential with F66 and PPZ8, we grew
SKBR-3 and A431 cells, as well as control and CBE-treated differ-
entiated THP-1 cells on 8-well chambered coverglass, then incu-
bated them with 10 nM F66 or PPZ8 (with or without CTX-B) for
20 min on ice, and their fluorescence was measured with a ratio-
metric assay shown to be responsive to changes in the dipole po-
tential (31, 49). The dye was excited at 405 nm, and its emission
was measured in two different wavelength ranges, 463-527 and
543-589 nm. Image acquisition was performed using an LSM880
confocal laser-scanning microscope. Image processing was car-
ried out with the DipImage toolbox under MATLAB. The fluores-
cence intensity ratio (em463-527:543-589) of the cell membrane
pixels was calculated after background subtraction. The emission
ratios of F66 and PPZ8 are expected to be negatively and positively
correlated with the dipole potential, respectively (31, 49).

Determination of the correlation coefficient between the
dipole potential and the lipid rafts

The dipole potential of SKBR-3 and A431 cells was measured
with di-8-ANEPPS, and lipid rafts were labeled with CTX-B or
GFP-GPI. Alternatively, F66 was used for measuring the dipole po-
tential, with CTX-B for labeling lipid rafts. Images were acquired
from the flat, bottom membrane of cells adjacent to the coverslip.
During image processing the cell was circumscribed, providing a
“cell mask.” Another mask was defined by ignoring the brightest
patches within the cell mask. The calculations were carried out
only in these two regions. The Pearson correlation coefficient be-
tween the intensity ratio characterizing the dipole potential and
the fluorescence intensity of lipid rafts was determined from pix-
elwise data of individual cells by using a custom-written algorithm
under MATLAB. The confidence interval of the correlation coef-
ficient assuming no correlation between the analyzed parameters
was also determined for each image according to the method of
Costes (50). The correlation coefficient between two lipid raft la-
bels, GFP-GPI and CTX-B, was used as a positive control.

Determination of the dipole potential in raft versus
nonraft membrane regions

The dipole potential was determined in the “raft” and “non-
raft” regions of SKBR-3 and A431 cells. Images were acquired
from the bottom of the cells. During image analysis, segmentation
of images was carried out using a custom-written MATLAB algo-
rithm. A threshold intensity was determined for lipid raft labels
(CTX-B or GFP-GPI) using the maxentropy algorithm confirmed
by visual inspection. Pixels were considered “raft” or “nonraft”
pixels if their intensity was above or below the determined thresh-
old, respectively. Average di-8-ANEPPS and F66 intensity ratios
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were separately determined from individual pixels in the “raft”
and “nonraft” regions. Alternatively, the emission spectrum of
F66 or PPZ8 was measured in the 468—-621 nm range in 9 nm in-
tervals at an excitation wavelength of 405 nm using the lambda-
mode of LSM880. In these experiments the emission spectrum
was evaluated inside and outside lipid rafts in a manner identical
to what was described for the intensity ratio.

Determination of the dipole potential in control versus
Gaucher-type THP-1-derived macrophages

THP-1 monocytes were differentiated into macrophages by
PMA treatment (50 ng/ml for 5 days) to ensure their attachment
to coverslips and so that they could be used as a model system for
Gaucher disease by treating them with 500 wM CBE together with
PMA (39). The average dipole potential was determined in con-
trol and Gaucher-type macrophages using di-8-ANEPPS, F66, or
PPZ8 labeling, followed by acquiring images from the midplane
of the cells. During processing, segmentation of images into mem-
brane and nonmembrane pixels was carried out with the manu-
ally seeded watershed algorithm using a custom-written MATLAB
program as described previously (51). The average fluorescence
intensity ratio of the cell membrane pixels, characterizing the di-
pole potential, was calculated after background subtraction.

RESULTS

Emission ratiometric dyes respond to changes in the
dipole potential

In the first part of our experiments, we tested whether
two voltage-sensitive fluorophores, PPZ8 and F66, in which
the fluorophore is oriented oppositely with respect to the
membrane normal, are suitable for determining changes
in the dipole potential in living cell membranes. After
treating A431 and SKBR-3 cells with 6-ketocholestanol,
known to increase the dipole potential, we recorded im-
ages from the flat membrane of the cells adjacent to the
coverslip (supplemental Fig. S1). Fluorescence emission
was measured in two wavelength ranges, corresponding to
the N* and T%* bands, and the ratio of the two intensities
was determined on a pixel-by-pixel basis. Consistent with
our expectations, 6-ketocholestanol significantly increased
the N*:T* intensity ratio of PPZ8 while decreasing it in the
case of F66 (Fig. 1). Both the shift in the pixelwise distribu-
tion of the emission ratio and changes in its mean confirm
that PPZ8 and F66 can be used to determine changes in the
dipole potential in living cells via an emission ratiometric
method using confocal microscopy.

Correlation of the dipole potential with the distribution of
markers for raft and nonraft domains

To test the hypothesis that the largely different lipid
composition of rafts leads to a higher dipole potential than
in the bulk phase of the membrane, we examined the cor-
relation between the ratiometric response of three dyes
with the intensities of lipid raft markers in the membranes
of living A431 and SKBR-3 cells by determining the correla-
tion coefficient between the intensity ratios of voltage-
sensitive fluorophores and commonly used raft markers,
AlexaFluor647-labeled CTX-B or GFP-GPI. The chromo-
phore groups of PPZ8 and di-8-ANEPPS are oriented
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parallel to each other, whereas the fluorophore of F66 is
aligned in the opposite direction. As a positive control, we
determined the correlation coefficient between the two
raft markers. Cells were transfected with GFP-GPI and la-
beled with CTX-B, and images were recorded of the flat,
bottom membrane region adjacent to the coverslip. The
Pearson correlation coefficient between the pixelwise in-
tensities of the two raft markers was 0.55 + 0.04 in A431 and
0.48 + 0.03 in SKBR-3 cells (Table 1). The fact that these
correlation coefficients are far outside the confidence in-
tervals of the correlation coefficient, assuming no cor-
relation, and the corresponding contour plots showing
the distribution of individual pixel intensities (supplemen-
tal Fig. S2) confirm a strong positive correlation and
allowed us to conclude that the method can be used to ex-
amine the correlation between two signals in living cells.

Then, we determined the relationship between the di-
pole potential and the intensity of raft markers. Cells were
labeled by one of the three dipole potential-sensitive fluo-
rophores, and the intensity ratios proportional to the di-
pole potential were determined on a pixel-by-pixel basis,
and their correlation with the intensity of the raft marker
(CTX-B, GFP-GPI, or anticholesterol mAb) was calculated.
The excitation ratio of di-8-ANEPPS showed a positive
correlation with each of the lipid raft markers (Table 1,
supplemental Fig. S2). On the contrary, the F66 N*:T*
emission ratio correlated negatively with the intensity of
CTX-B (Table 1, supplemental Fig. S2). The smaller cor-
relation coefficients obtained for the anticholesterol mAb
may be due to the lower fluorescence intensity and conse-
quently poorer image quality compared with the other raft
markers. The statistical significance of these findings is sup-
ported by the fact that the calculated correlation coeffi-
cients are outside the confidence intervals determined for
the absence of correlation. Their biological significance is
underlined by the fact that the correlation coefficients be-
tween the dipole potential and the raft markers are similar
to what was determined between the two lipid raft markers.
The correlation of the intensity ratio of F66 with the GFP-
GPI intensity or the intensity of the anticholesterol anti-
body was not examined because of the spectral overlap
between the fluorophores. We also investigated the rela-
tionship between the dipole potential reported by PPZ8
and the lipid raft marker, CTX-B, and a negative correla-
tion was observed (Table 1). Because the chromophore in
F66 is oriented oppositely to that in di-8-ANEPPS and PPZ8
with respect to the membrane bilayer, the dipole potential
correlates positively with the intensity ratio of di-8-ANEPPS
and PPZ8 and negatively with the emission ratio of F66. It
follows from this relationship that the results obtained with
the two oppositely oriented dipole potential-sensitive fluo-
rophores, di-8-ANEPPS and F66, imply that the magnitude
of the dipole potential correlates with the presence of raft
microdomains, whereas the results obtained with PPZ8
contradict this conclusion, which is resolved in the next
section and in the discussion.

Although we had to record images from the flat mem-
brane adjacent to the coverslip to observe the correlation
between lipid rafts and the dipole potential, this approach
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may have led to contamination of the cell membrane-derived
signal with fluorescence from intracellular organelles. To
rule out the contribution of internalized fluorescent dyes
to the measured signal, we recorded confocal sections of
the middle plain of cells, showing that the dipole potential-
sensitive dyes are retained in the plasma membrane for the
duration of our experiments (supplemental Fig. S3).

To get an independent confirmation of the results, we
also investigated the relationship between a nonraft
marker, transferrin receptor (47), and the dipole poten-
tial. The excitation ratio of di-8-ANEPPS correlated nega-
tively with the distribution of fluorescently labeled transferrin
in both SKBR-3 and A431 cells, implying that the dipole
potential is weaker in nonraft domains than in rafts (Table 1,
supplemental Fig. S2).

We feared that the Pearson correlation coefficient deter-
mined previously might be biased because of the presence
of bright patches of the raft markers. Therefore, the cor-
relation between the dipole potential and the raft markers

was also determined by ignoring the brightest areas (sup-
plemental Fig. SIE). The results confirmed that the dipole
potential is correlated with the presence of lipid rafts even
if large clusters of lipid rafts are ignored (Table 1).

The dipole potential is higher inside lipid rafts than
outside them

Although the results presented in the previous section
convincingly show that the dipole potential correlates posi-
tively with the localization of lipid rafts, they do not reveal
how much the dipole potential differs in lipid rafts and in
the bulk phase of the membrane. Cells transfected with
GFP-GPI or labeled with CTX-B were stained with the di-
pole potential-sensitive dyes di-8-ANEPPS or F66. Images
acquired from the bottom of the cells were segmented into
raft and nonraft regions on the basis of their GFP-GPI or
CTX-B intensities. The average di-8-ANEPPS or F66 inten-
sity ratios were separately determined for individual pixels
in the “raft” (CTX-B high and GFP-GPI high) and “nonraft”
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TABLE 1.

Correlation between the dipole potential and lipid raft markers

A431 SKBR-3
Confidence Confidence

Mean + SEM Interval for r=0 n Mean = SEM Interval for r= 0 n
CTX-B vs. GFP-GPI 0.55 + 0.04 —0.01 0.02 18 0.48 +0.03 —0.01 0.02 19
CTX-B vs. GFP-GPI (ignoring bright patches) 0.29 + 0.04 —0.03 0.05 10 0.37 £ 0.04 —0.01 0.02 10
di-8-ANEPPS ratio vs. CTX-B 0.31 +0.03 —0.02 0.03 14 0.32 +0.02 —0.01 0.02 18
di-8-ANEPPS ratio vs. CTX-B (ignoring bright patches) 0.17 £ 0.05 —0.01 0.03 10 0.2+0.04 —0.01 0.03 10
di-8-ANEPPS ratio vs. GFP-GPI 0.32 +0.03 —0.01 0.01 16 0.32 +0.03 —0.02 0.01 15
di-8-ANEPPS ratio vs. GFP-GPI (ignoring bright patches) 0.18 + 0.05 —0.01 0.01 18 0.21 £ 0.05 —0.02 0.01 18
di-8-ANEPPS ratio vs. AC8 anti-cholesterol mAb 0.16 + 0.02 —0.02 0.03 10 0.21 + 0.02 —0.01 0.02 10
di-8-ANEPPS ratio vs. transferrin —0.25 £ 0.02 —0.01 0.03 15 —0.22 £ 0.02 —0.01 0.03 15
F66 ratio vs. CTX-B —0.54 £ 0.02 —0.004 0.02 30 —0.50 = 0.02 —0.01 0.02 32
F66 ratio vs. CTX-B (ignoring bright patches) —0.47 £ 0.03 —0.01 0.02 18 —0.41+0.03 —0.01 0.02 18
PPZ8 vs. CTX-B —0.55 £ 0.02 —0.01 0.01 22 —0.47 + 0.02 —0.01 0.02 38
PPZ8 vs. CTX-B (ignoring bright patches) —0.45+0.05 —0.02 0.02 18 —0.39+0.03 —0.01 0.02 18

A431 and SKBR-3 cells were labeled with the fluorescent markers displayed in the first column, followed by determining the Pearson correlation
coefficient between them. The analysis was carried out in the whole cell (“cell mask” in supplemental Fig. S1) or ignoring bright patches (“cell mask
ignoring bright patches” in supplemental Figure S1). The quality of the images of cells labeled with the anticholesterol antibody or with transferrin
did not allow the analysis ignoring bright patches. The mean (+SEM) of the correlation coefficients determined from n number of different images
as well as the 95% CI assuming no correlation (r=0) are displayed in the table.

regions, and the ratio determined for the raft region was
normalized to that calculated for the nonraft region in ev-
ery cell (supplemental Fig. S4). Consistent with our previous
results, the di-8-ANEPPS excitation ratio was significantly
higher in raft regions than in nonraft regions in both A431
and SKBR-3 cells, whereas an opposite relationship was re-
vealed between the emission ratio of F66 and the lipid raft
marker CTX-B (Fig. 2). Given the opposite orientation of
the fluorophores in the two dipole potential-sensitive dyes,
both of these findings imply that the dipole potential is
higher in rafts than in the rest of the membrane. The dif-
ference between the raft and nonraft regions is further
demonstrated by the distributions of the intensity ratios of
the dipole potential-sensitive dyes inside and outside lipid
rafts. Although the di-8-ANEPPS excitation ratio shifted to
larger values in “CTX-B high” and in “GFP-GPI high” re-
gions, the emission ratio of F66 shifted to smaller values in
“CTX-B high” areas when compared with “nonraft” regions
(supplemental Fig. S5). These observations confirmed the
hypothesis that the magnitude of the dipole potential is

m— CTX-B high

m— GFP-GPI high

larger in raft microdomains than in other regions of the
living cell membrane.

We also measured the emission spectra of the 3-hydroxy-
flavone dyes inside and outside lipid rafts to estimate the
magnitude of the spectral changes. The emission spectrum
was measured for each individual pixel, and they were sepa-
rately averaged for pixels in the raft and nonraft regions
(Fig. 3). The most notable difference between the two
spectra was the significantly lower intensity in the nonraft
regions compared with raft pixels because of water-induced
quenching of fluorescence outside rafts (see the Discus-
sion section for details). Although both the N* and T* spe-
cies contribute significantly to the emission of F66 in the
460-520 and 550-600 nm regions, respectively, PPZ8 ex-
hibits practically no peak in the spectral region correspond-
ing to the N* species. This phenomenon can explain the
inability of PPZ8 to faithfully report the dipole potential
difference inside and outside lipid rafts. We determined the
emission ratio of F66 inside and outside rafts by integrating
the emission spectrum in the spectral range corresponding

w— CTX-B high
=== CTX-B low
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Fig. 2. Determination of the dipole potential inside and outside lipid rafts. SKBR-3 and A431 cells were
transfected with GFP-GPI or labeled with AlexaFluor647-CTX-B. Labeling with the dipole potential-sensitive
dyes, di-8-ANEPPS (A, B) and F66 (C), was carried out 2 days after transfection with GFP-GPI or concomi-
tantly with CTX-B staining. Images were segmented to raft (CTX-B high, GFP-GPI high) and nonraft (CTX-B
low, GFP-GPI low) regions, as is shown in supplemental Fig. S4, and the intensity ratios characteristic of the
dipole potential were determined separately for the two masks. The intensity ratios were normalized to
the ratio determined for the nonraft region in every cell. The error bars represent the standard errors of the
mean. ¥P < 0.05, significant difference found between the intensity ratios inside and outside lipid rafts by two-

way ANOVA, followed by Tukey’s HSD test.
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Fig. 3. Emission spectra of F66 and PPZ8 inside and
outside lipid rafts. Cells were labeled with the dipole
potential sensitive dyes F66 or PPZ8 and with the lipid
raft marker, AlexaFluo647-CTX-B. The emission spec-
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trum of the dipole potentialsensitive dyes was re-
corded on a pixel-by-pixel basis (a.u., arbitrary units).
Lipid rafts correspond to high-intensity areas identi-
fied in the CTX-B images. The emission spectra were
averaged separately for pixels in the raft and nonraft
regions. Nonnormalized spectra are shown in the top

panels. To cancel the effect of water quenching, we
normalized spectra to the total fluorescence emission,
and these normalized curves are shown in the bottom
panels.

wavelength (nm)

to the N* and T* species both in the presence and absence
of 6-ketocholestanol treatment (Table 2). The results im-
ply that 6-ketocholestanol changes the emission ratio of
F66 approximately to the same extent inside and outside
rafts, implying that it increases the dipole potential simi-
larly in both membrane microdomains.

Sphingolipid accumulation characteristic of Gaucher’s
disease increases the dipole potential

Because the magnitude of the membrane dipole poten-
tial is mainly determined by the lipid composition, it can be
altered in diseases in which the composition of the cell
membrane changes. Because Gaucher’s disease has been
shown to lead to significant alterations in the lipid content
of cell membranes in general and lipid rafts in particular
(38, 39, 52), we tested whether these changes are sub-
stantial enough to alter the dipole potential in an in vitro

TABLE 2. The dipole potential inside and outside lipid rafts in the
presence or absence of 6-ketocholestanol treatment

N*:T* Emission Ratio of F66

Raft (CTX-B high) Nonraft (CTX-B low)

0.67 £ 0.02
0.46 + 0.04

Pluronic F-127
6-Ketocholestanol

0.54 +0.01
0.37 +0.02

Cells were treated with 6-ketocholestanol, or control samples were
incubated only with Pluronic F-127, followed by labeling with the dipole
potential-sensitive dye F66 and the lipid raft marker, AlexaFluo647-
CTX-B. The emission ratio of F66, characteristic of the dipole potential,
was evaluated separately for the raft and nonraft regions on the basis of
segmentation of the CTX-B image, and its mean (+SEM) calculated
from ~~10 cells is shown in the table.

>
£ F66 3 PPZ8
g 045 $0.15
= £
g
g 0.10 $ 0.10
S S
= 0.05 = 0.05
B 3
N N
© ©
g 0.00 . E 0.00 : .
S 460 500 540 580 620 S 460 500 540 580 620

wavelength (nm)

model of Gaucher disease. Control and Gaucher-type,
THPI1-derived macrophages were labeled with di-8-ANEPPS,
PPZ8, or F66, followed by acquiring confocal microscopic
images in which the fluorescence intensity ratio, character-
istic of the dipole potential, was evaluated in membrane
pixels only. CBE treatment, inducing the Gaucher pheno-
type, led to a significant increase in the excitation ratio
of di-8-ANEPPS and in the emission ratio of PPZ8, while
causing a significant decrease in the emission ratio of F66
(Fig. 4). Results obtained with the three dipole potential-
sensitive fluorophores strongly support that sphingolipid
accumulation, characteristic of Gaucher’s disease, signifi-
cantly increases the magnitude of dipole potential in the
cell membrane. Our findings suggest that relevant changes
in the raft-like lipid composition due to pathological condi-
tions can change the dipole potential in living cells, which
might possibly play a role in the pathomechanism of these
diseases.

DISCUSSION

Although the dipole potential generates a strong electric
field in the plasma membrane, its potential biological ef-
fects are largely neglected and overlooked because of the
difficulties in examining it in living cells. Because choles-
terol, membrane compactness, and lipid order have been
shown to affect the dipole potential, it was reasonable to
assume that the dipole potential is different in liquid-
ordered, raftlike membrane microdomains than in the bulk
membrane (2, 5, 16). However, no such correlation has
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Fig. 4. Effect of sphingolipid accumulation in a model of Gaucher’s disease on the dipole potential. THP-1 monocytes were differentiated
to macrophages with PMA in the absence (control) and presence (Gaucher) of CBE, followed by labeling them with three different dipole
potential-sensitive dyes: di-8-ANEPPS (A, D), PPZ8 (B, E), and F66 (C, F). The intensity ratios were calculated in 20-30 cells, and their means
(+SEM) are displayed in the bar graphs (A-C). Representative histograms showing the distribution of pixelwise fluorescence ratios are dis-
played in (D-F). *P < 0.05, significant difference found between the intensity ratios in control and Gaucher-type cells by two-way ANOVA,

followed by Tukey’s HSD test.

been established in the membrane of living cells. There-
fore, the major aims of this article were a) to present evi-
dence for the difference in the dipole potential inside and
outside lipid rafts; ) to estimate the magnitude of this dif-
ference; and ¢) to show how large an effect the altered lipid
composition of the plasma membrane in metabolic disor-
ders (e.g., Gaucher disease) has on the dipole potential.
Using quantitative evaluation of the Pearson correlation
coefficient between lipid raft markers and the fluorescence
of dipole potential-sensitive dyes, we showed that the di-
pole potential is positively correlated with lipid rafts (Table
1). An independent confirmation of the difference in the
dipole potential inside and outside rafts was provided by
labeling nonraft domains showing that the dipole potential
is weaker in transferrin-labeled nonraft domains than in
lipid rafts. The significance of these correlations was evalu-
ated in two ways. The methodological or technical signifi-
cance was corroborated by the fact that the correlation
coefficients were always outside the 95% CI calculated for
the absence of correlation. To appreciate the biological sig-
nificance of the finding, we determined the correlation
coefficient between two lipid raft markers. Because the cor-
relation coefficients between the dipole potential and lipid
raft markers were similar in magnitude to the positive
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control, that is, the correlation coefficient between the two
lipid raft markers, we conclude that the observed correla-
tion is strong and biologically meaningful.

Evaluation of the intensity ratio inside and outside lipid
rafts enabled us to estimate the magnitude of the lipid raft-
dependent increase in the dipole potential. Because a 15%
change in the excitation ratio of di-8-ANEPPS represents a
100 mV change in the dipole potential (48), a difference of
~'7% in the excitation ratio of di-8-ANEPPS measured
inside and outside lipid rafts corresponds to a ~50 mV al-
teration in the dipole potential. An independent way of
estimating the magnitude of the raftdependent increase in
the dipole potential is to compare the changes in the emis-
sion ratio of F66 induced by 6-ketocholestanol and by the
presence of lipid rafts. We analyzed the dipole potential
and its 6-ketocholestanol-induced alteration inside and
outside lipid rafts by using a more reliable indicator, F66
(Table 2). 6-Ketocholestanol altered the emission ratio of
F66 by ~35% both inside and outside lipid rafts, implying
that its effect on the dipole potential is identical in both
domains of the membrane. We have shown previously that
6-ketocholestanol induces ~25% increase in the excitation
ratio of di-8-ANEPPS (12), corresponding to a ~160-170
mV change in the dipole potential according to the calibra-



tion of Zhang (48). Assuming that the 35% change in
the emission ratio of F66, induced by 6-ketocholestanol,
corresponds to a 160-170 mV difference in the dipole
potential, a difference of ~20% in the emission ratio of
F66 observed inside and outside lipid rafts is equivalent to
a difference of ~100 mV. Given the large variation in the
calculated or measured values of the dipole potential, the
two estimations outlined above are in reasonable agree-
ment with each other.

Although the relationship between lipid rafts and the di-
pole potential is made stronger by the presence of large,
raft-like domains in the membrane, the correlation is still
present if these aggregated patches are excluded from the
calculations. The correlation coefficient between the di-
pole potential and lipid raft localization excluding large,
raft-like patches is typically ~50-80% of that including
aggregated lipid rafts. Although lipid rafts are assumed to
be miniscule, transient, and dynamic entities (22), they are
believed to aggregate upon activation (23). Therefore, the
correlation between the dipole potential and lipid rafts
both including and excluding large, aggregated domains is
biologically relevant.

Although the correlation among three lipid raft mark-
ers, GFP-GPI, CTX-B, and the anticholesterol antibody,
and two dipole potential sensitive indicators, F66 and di-
8-ANEPPS, implies the existence of a stronger dipole po-
tential in lipid rafts, the results obtained with the indicator
PPZ8 are in disagreement with those collected with the
other indicators (Table 1). In order to explain this contra-
diction, the photophysical properties of 3-hydroxyflavone
dyes, F66 and PPZ8, must be taken into account (53).
These dyes are present in two different ground-state forms:
I) a hydrogen-bonded form (hydrated, H-N); and 2) a
nonhydrogen-bonded form. The latter one undergoes
ESIPT to produce emission from two different molecular
species, the normal form (N*) and its tautomeric variant
(T*). The ratio of emission from the N* and T* species is
sensitive to the dipole potential. Besides the dipole potential,
other factors also affect the fluorescence of 3-hydroxyflavone
dyes: 1) the relative contribution of the H-N species
depends on the hydration of the membrane, that is, the
ability of water to penetrate the membrane and form hy-
drogen bonds with the indicator; and 2) membrane hydra-
tion also leads to quenching of fluorescence from all three
molecular species (54). In the case of F66 an increased di-
pole potential leads to a relative increase in the emission
from species T* at the expense of species N* (supplemen-
tal Fig. S6). However, these changes are confounded by less
water quenching in lipid rafts, resulting in stronger fluores-
cence from raft-localized indicators from all three species
(Fig. 3). The lower hydration of the membrane in liquid-
ordered domains has also been supported by measurements
with Laurdan (55). The intensity ratio of 3-hydroxyflavone
dyes is calculated as the emission in the low-wavelength
range divided by that in the high-wavelength range. Both
the N* and H-N species contribute to emission in the low-
wavelength range. For F66 the emission ratio is expected to
be negatively correlated with the dipole potential, that is,
the emission in the low- and high-wavelength range should

decrease and increase, respectively, in lipid rafts compared
to the bulk phase. Because contributions of both the N*
and H-N species decrease in lipid rafts in the low-wave-
length region, the emission ratio will change as expected.
The behavior of PPZ8 differs in two respects: I) it has
hardly any emission in the low-wavelength range, leading
to potential problems related to background subtraction
and consequent misestimation of the specific fluorescence
intensity; and 2) the higher dipole potential and less hydra-
tion in lipid rafts are expected to change the relative con-
tribution of the N* and H-N bands in different directions.
Because the emission from the dominating T* band in-
creases because of less water quenching in lipid rafts, the
emission in the low-wavelength range of PPZ8 should in-
crease substantially, so that its emission ratio displays the
expected positive correlation with the higher dipole potential
in lipid rafts. However, the intensity in the low-wavelength
range of PPZ8 cannot increase strongly enough owing to
points 1-2, above. Because this reasoning provided only
a semiquantitative explanation for the observations, we have
tried spectral unmixing according to Klymchenko (56) and
singular value decomposition (57), but none of them could
resolve the spectra of the individual N*, T*, and H-N spe-
cies, most likely due to the limited number of data points
present in the emission spectra recorded in microscopy.

The dipole potential has been shown to affect a wide
range of biological phenomena because of the fact that its
strong electric field modifies the conformation and cluster-
ing of membrane proteins (6-12). The magnitude of the
dipole potential has been estimated to be in the range be-
tween 200 and 500 mV (3, 25). Because the estimated dif-
ference between the dipole potential inside and outside
lipid rafts is 50-100 mV, this effect is expected to have a
significant impact on how membrane-related phenomena,
for example, transmembrane transport, signaling, and
membrane trafficking, involving membrane proteins occur
inside and outside lipid raft microdomains. Differences in
the lipid composition and order of the membrane can in-
fluence the dipole potential and membrane-related phe-
nomena not only under physiological conditions but also
in diseases. The increase in the dipole potential associated
with sphingolipid accumulation in an in vitro model of
Gaucher’s disease (38, 39, 52) was found to be similar in
magnitude to the difference in the dipole potential inside
and outside rafts (Figs. 2, 4). Because alterations in the cho-
lesterol and sphingolipid content of the membrane in a
conditional glucocerebrosidase knock-out mouse model
are comparable to those observed in the in vitro model
we applied, the presented results imply that pathological
changes in the lipid content of the cell membrane in hu-
man diseases in general, and in Gaucher disease in particu-
lar, can lead to significant changes in the dipole potential
and can also substantially modify the functioning of mem-
brane proteins, potentially contributing to the develop-
ment of disease symptoms (38, 52, 58).

In conclusion, we have shown that the dipole potential
is significantly larger in lipid raft microdomains than in
the bulk membrane domain. The magnitude of this dif-
ference is large enough so that the conformation of the
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transmembrane domain of proteins is altered when they
move into or out of lipid rafts. Consequently, some of the
biological effects linked to lipid rafts can be attributed to
the larger dipole potential present in this microdomain.Bf
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