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The absorbance spectra, fluorescence cmission and excitation spectra, and fluorescence anisotropy of the potential-sensitive
styryl dye RH421 have been investigated in agqueous solution and bound to the lipid membrane. The potential-sensitive response
of the dye has been studied using a prepacation of \nembrane fragments containing a high density of Na ' K '-ATPase molecules.
In aqueous solution the dye is sensitive both to changes in pH and ionic strength. Evidence has been found that the dye readily
aggregates in aqueous solution. Aggregation is enhanced by an increase in ionic strength. The aggregates formed «isplay a iow
fluorescence intensity. At high pH values (above approx. 8) changes in the dye’s fluorcscence spectia are observed, which may be
due to a reaction of the dye with hydroxide ions. When bound to the membrane the dye also exhibits concentration-dependent
fluorescence changes. The potential-sensitive response of the dye in Na* K '-ATPasc membrane fragments after addition of
MgATP in the presence of Na*t jons cannot be cxplained by a purcly clectrochromic mechanism. The results are consistent with
either a potential-dependent equilibrium between membranc-bound dye monomers and membranc-bound dimers, similar to that

previously proposed for the dye merocyanine 540, or with a ficld-induced structural change of the membranc.

Introduction

In recent years numcrous potential-sensitive dyes
have been developed in order to optically measure
clectrical activity in cells, cell organelles and synthetic
membrane preparations [1-7). These dyes have been
found to respond to changes in membrane potential via
a varicty of different mechanisms, with response times
ranging from microseconds to seconds. In some cases it
has been found that the same dye displays different
voltage sensitivity in different types of membrane
preparation. In the hope of finding a dye with a rapid
response which is indcpendent of the specific mem-
brane environment Loew and co-workers [7-12] and
Grinvald and co-workers [13-16] have been involved in
the synthesis of fluorescent styryl dyes, which it has
been suggested may respond to changes in membrane
potential via an electrochromic mechanism. The basis
of an electrochromic mechanism is that the dye under-
goes a significant change in its electrenic distribution
upon absorption of a photon, so that the molccule has
significantly dif{erent dipole moments in its ground
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and cxcited states. An clectrical potential gradient
across the membrane will result in an clectric field,
which, if the dye molecule has a fixed orientation
within thec membrane, will cause different degrees of
stabilisation or destabilisation of the ground and ex-
cited states, resulting in a shift of the absorption spec-
trum similar to the cffects often observed upon chang-
ing the solvent. An important advantage of an elec-
trochromic mechanism would be its rapid response
time, being limitcd only by the time necessary to ab-
sorb a photon. Thus, subnanosecond response times
could be expected, which would allow rapid kinetic
measurements of clectrical activity due to ion pumps
and channels to be performed.

Up to now fluorescent styryl dyes have been applied
to the optical recording of cell membrane potential
changes [16}, cardiac action potential [17], action and
synaptic potentials from necuronal cultures [18], the
photogenerated membrane potential due to bacterio-
rhodopsin [19], clectrical activity in goldfish optic tec-
tum [20], and conformational changes and charge
translocation of the Na*,K*-ATPase [21-23]. How-
ever, in spite of these applications of the dyes their
physicochemical and photophysical properties are not
completely understood and the mechanism of their
potential-sensitive response is stitl unclear. In the pre-



sent paper we have investigated the styryl dye RH421,
which has previously been found to show a particularly
large potential-sensitive response [12,15]. The structure
of the dye is shown in Fig. 1. Biihler et al. [22] have
suggested that in membrane fragments the dye re-
sponds primarily via an clectrochromic mechanism,
whereas Fluhler et al. [12] have stated that its response
in neuroblustoma cclls is “clcarly too large to be at-
tributable to clectrochromism™. Here we report a spec-
troscopic study of the dye in aquecous solution and
bound to membrane fragments. Although these two
environments would appear to be quite dissimilar, it
has been found that the absorption spectrum of the
dye when bound to the membrane is very similar to
that observed in aqueous solution [24). Much greater
absorbance shifts are observed on transfer of the dye
to ethanol or other organic solvents of lower diclectric
constant. Thus, it is hoped that by investigation of the
spectroscopic behaviour of the dye in aqucous solution
and comparison with results obtained in the mem-
brane, information may be gained concerning the pos
sible mechanism of the dye's poteatial-sensitive re-
sponse.

Materials and Mcthods

N-(4-SulphobutyD)-4-(4-( p-dipentylaminophenyl)-
butadienyl) pyridinium inner salt (RH421) was ob-
tained from Molecular Probes (Eugene, OR) and was
uscd without further purification. A scrics of stock
solutions of the dye were prepared in ethanol. For
spectral measurements S pl of an ethanolic dye solu-
tion was added by weight to a (1.5 cm pathlength quartz
cuvette containing 1 ml of aqueous solvent. The final
solutions measured thus contained a small and con-
stant percentage of 0.5% cthanol. Values of the experi-
mental errors of the concentrations have been calcu-
lated according to the accuracy of the balance.

Membrane fragments containing Na 'K '-ATPasc
were a gift of Dr. Hans-Jiirgen Apell, Universitiit Kon-
stanz. Their preparation and purification has been
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Fig. 1. Structure of RH421.
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described elsewhere [22]. The open fragments have a
radius of 0.2-1 um and a high density (10°-10% per
pum?) of oriented Na * K '-ATPase molecules. The pro-
tein concentration in the membrane suspension was
normally about 3 mg/ml. The specific ATPase activity
was determined by the pyruvate kinase/lactate dehy-
drogenase assay [25]. For all preparations used the
specific activity in the presence of Na' and K* ions
was in the range 1500-2200 pmol P,/h per mg protein
at 37°C. The phospholipid content was on average (.82
mg per mg protein. The protein and lipid concentra-
tions were determined in the laboratory of Dr. Apell.
The assay procedures have been described previously
[22]. The spectroscopic measurements were performed
in the absence of K* ions. Under these conditions the
cnzyme has a very low dephosphorylation rate [26], so
that on the timescale of the measurements there is
negligible consumption of ATP,
Dioleoylphosphatidylcholine (DOPC) was obtained
from Avanti Polar Lipids (Alabaster, AL) and sodium
cholate from Serva (Heidelberg). DOPC unilameilar
vesicles were prepared according to a previously de-
scribed detergent dialysis method {27,28], which pro-
duces vesicles with external diameciers in the range
60-90 nm, as determined by cryoelectronmicroscopy.
Dialysis tubing was purchased from Mecdicell Interna-
tional (L.ondon, UK). The phospholipid content of the
vesicle suspensions was determined by the phospho-
lipid B test from Wako (Neuss, Germany).
Measurements with the membrane fragments were
performed in a buffer containing 30 mM imidazole, 5
mM MgCi, and | mM EDTA. The pH of the buffer
was adjusted to pH 7.2 with HCL. All solutions were
prepared using triply distilled water. The origins of the
various reagents used were as follows: imidazole (99 +
%, Sigma), MgCl,-6H,0 (analytical grade, Merck),
EDTA (99%, Sigma), NaCl (Suprapur, Merck), sodium
acetate trihydrate (99 + %, Sigma), acetic acid 2.0 N
solution, Sigma), ATP magnesium salt (approx. 95%,
Sigma), NaOH (analytical grade, Merck), HCI (0.1 M
Titrisol solution, Merck), choline chloride (3 X crystal-
lized, Sigma) and cthanol (analytical grade, Merck).
Absorbance measurcments were performed with a
Shimadzu UV-2100 u.v.-visible recording spectro-
photometer using a bandwidth of 5 nm. Fluorescence
excitation and emission spectra as well as fluorescence
anisotropy measurcments were performed with a Shi-
madzu RF-5000 recording spectrofluorophotometer us-
ing bandwidths of 5 nm for both the excitation and
emission monochromators. In order to minimisc contri-
butions from scattering of the exciting light and higher
order wavelengths, glass cut-off filters from Schott
(Mainz, Germany) were used in front of the excitation
or emission monochromators where appropriate. For
fluorescence anisotropy measurements visiblc linear
film polarizers from Oriel (Darmstadt, Germany) were
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employed. The anisotropy, r, was calculated according
to the following equation [2Y],

Iyy - Glyy m
re —————

where I, is the fluorescence intensity (arbitrary units)
when both excitation and emission polarizers are ori-
ented so as to allow thc passage of vertically polarized
light, I, is the fluorescence intensity (arbitrary units)
when the excitation and emission polarizers are ori-
ented so as to allow the passage of vertically and
horizontally polarized light, respectively, and G is a
correction factor which is dependent on the emission
wavelength and allows for the relative sensitivity of the
emission monochromator to vertically and horizontally
polarized light. The emission monochromator was cali-
brated and the G factor calculated over the wavelength
range 560--820 nm by two different techniques. Firstly,
different coloured light emitting diodes were placed in
the cuvette holder and used as sources of unpolarized
light. The light intensity was then measured with the
cmission polarizer in the vertical and horizontal posi-
tions, and the value of G was calculated from 1y /1,,.
Secondly, the fluorescence of 2 solution of RH421 was
measured using horizontally poiarized exciting light
and the emission polarizer in both vertical and hori-
zontal orientations. The valuc of G was then calcu-
lated from Iy, /1. Both methods gave identical val-
ues within experimental error. All spectroscopic meas-
urements were recorded at a constant temperature of
20°C using thermostatically controlled cuvette holders.

Mcasurements of the pH dependence of the dye
absorbance were carried out using a series of 0.1 M
acctate buffers of varying pH [30). For mcasurements
in the presence of DOPC vesicles 1.0 M NaCl was
added to the dialysis medium and the acetate buffers
in order to prevent variations in the ionic strength on
cither side of the membrane. The determination of
pK, values was carried out by fitting the absorbance
data obtained from the pH titrations to the Hender-
son-Hasselbalch equation [31] using the commercially
available non-lincar program ENZFITTER. The pro-
gram was purchased from Biosoft (Cambridge, UK)
and was run on a IBM-AT /386 compatible personal
computer (mey-Soft, Berlin, Germany).

Theory

Let us consider the change in fluorescence which
may be observed due to a change in electric field
strength. If the solution is excited at a fixed wave-
length, A,,, and the fluorescence emission is observed
at A, it can be shown [32,33] that the fluorescence
intensitics before, F,, and after, F, + AF, the change

in electric field strength are given by
Fo=f-1,(1=10"")-p,-q, )

Fo+dF=f-1,-(1 - mﬂ"'"hm)( py+ An)(q, + dq) 3)

where f is the fraction of fluorescence light collected
by the photomultiplier, 4,, p,. and g, are the initial
values of the absorbance, the fraction of the total
emission occurring at A, and the quantum yield,
respectively, and 44, Ap, and Aq are the correspond-
ing changes after the clectric field strength change.
Dividing Egn. 3 by Eqn. 2 and rearranging yiclds that
the relative fluorescence change is given by
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This cquation allows one to estimate which photo-
physical process may be largely responsible for the
obscrved potential-sensitive response. For example, if
the observed fluorescence change is totally due to a
shiit in the absorbance spectrum, as would be expected
for a purcly clectrochromic mechanism, then 4p and
dg would equal zero, and Eqn. 4 would reduce to

AF =10 3
RN )

If onc ignores possibic changes in the quantity p, it
can be shown that for small absorbance values Eqn. 4
reduces to an equation previously derived by Biihler et
al. (sce Egn. 5 in Ref. 22).

Resuits

Acid-base properties of RH421

On decreasing the pH of an aqueous solution of
RH421 there is a dramatic decrease in absorbance of
the band centred at approx. 480 nm and a new peak
appears at approx. 370 nm (sce Fig. 2). These changes
are presumably due te: protonation of cither the anilino
or the amino nitrogen of the dye. The variation of the
molar absorptivity of the dyc at 500 nm with pH is
shown in Fig. 3. The data have been fitted to the
Hendcrson-Hassclbalch equation as described in the
Materials and Methods section and a pK, value of 4.9
(+0.1) has been obtained.

A similar titration has been performed in the pres-
ence of 32 pg/ml ([lipidl=41 M) of unilamellar
DOPC vesicles (see Fig. 3). Fitting the data as in the
casc of the aqueous dye solution, results in an apparent
PK, value of 4.1 (+0.1). The lower value of the pK,
obtained in the presence of vesicles can be explained
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Fig. 2. Variation of the RH421 absorbance spectrum in aqueous

solution as a function of pH; [RH421)= 650 nM, bandwidth = 5§ nm,

T = 20°C. The specira were recorded im 0.1 M acetic acid/sodium

acetate buffers of varying pH. The curves refer to the following pH

values: (a) 1.73, (b) 3.05, (¢) 4.01, (d) 4.63, (¢) 5.02, (D) 5.01 and (g)
6.57.

by binding of the dye to the lipid membrane, which is
likely to hinder contact of the dye with H* ions in the
aqueous solution. A similar value of the apparent pK,
has also been found for the related styryl dye RH237
when bound to lipid vesicles [34].

At high pH values (above approx. 8) in aqueous
solution the dye undergoes a slow reaction over min-
utes to hours, which is characterised by a large incrcasc
in fluorescence intensity. As the pH is increased the
rate of the reaction increases. A likely explanation is
that this is due to (he attack of hydroxide ions on the
pyridinium moiety of the dye, resulting initially in the
formation of a pseudo-base [35). A variety of subse-
quent reaction paths are possible.
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Fig. 3. Variation of the molar absorptivity, ¢, of RH421 at 500 rm
with pH; [RH421] = 650 nM, bandwidth = 5 nm, T = 20°C. The filled
data points (@) refer to a titration in 0.1 M acetic acid/sodium
acetate buffer solutions. The open data points (O) refer to a similar
titration but with the addition of 41 uM of dioleoylphosphatidyl-
choline in the form of unilamellar vesicles and 1.0 M NaCl. The solid
curves represent non-linear fits of the data to the Henderson-Has-
selbalch equation.
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Fig. 4. (A) Variation of the RH421 absorbance spectrum in aqucous
solution as a function of the NaCl concentration; [RH421} = 620 nM,
bandwidth = 5 nm, T = 20°C. The curves refer to the following NaCl
concentrations: (a) in water alone, (b) 0.25 M, (c) 0.75 M, (d) 1.25 M
and (e) 2.0 M. {B) Variation of the RH421 absorbance spectrum in
aqueous solution as a function of the dye concentration; [NaCll = 2.0
M, bandwidth = 5 nm, T = 20°C. The curves refer 1o the following
RHA421 concentrations: (a) 74 nM, (b) 148 nM, (c) 247 nM, (d) 401
nM and (e) 722 nM.

Ionic strength and concentration effects on the spectial
properties of RH421 in aqueous solution

If the salt concentration is increased at constant dye
concentration the dye undergoes a blue shift of its
absorbance maximum from approx. 495 nm in water to
approx. 470 nm in 2.0 M NaCl solution (see Fig. 4A).
At the same time there is an overall decrease in
absorbance. Very similar effects are observed on in-
creasing the dye concentration at constant salt concen-
tration (see Fig. 4B). Thus, the spectral changes can be
confidently attribuied to dye aggregation. The lack of a
true isosbestic point suggests that the aggregation pro-
ceeds to higher aggregates than just a dimer. The
effect of salt can be easily explained by a facilitation of
the aggregation due to a screening of the electrostatic
repulsion between ihe charges of the dye molecules.
Similar effects due to aggregation have been previously
reported [36-39] for cyanine dyes, which have a related
structure.

The effects of aggregation on dye fluorescence are
much more dramatic than in the case of ahsorbance.
The effect of varying the dye concentration on the
fluorescence emission spectrum in water is shown in
Fig. 5. The position of the fluorescence maximum shifts
from approx. 655 nm at 10.7 nM to approx. 700 nm at
599 nM and there is a large decrease in fluorescence
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Fig. 5. Variation of the RH421 fluorescence emission spectrum in

aqueous solution as a function of the dye concentration; A, =510

nm (+GG475 cut-off filter), bandwidths =5 nm, 7= 2°C. F/¢,

represents the molar fluorescence in arbitritry units M~ !, The curves

refer to the following RH421 concentrations: (a) 11 nM, {b) 100 nM
and (¢) 599 nM.

intensity. As would be expected, an increase in salt
concentration also produces a decrease in fluorescence
intensity. In Fig. 6 the cffects of transferring dye from
a 2 M NaCl solution into water on the absorbuice and
fluorescence excitation spectra are shown. Very similar
effects are observed if NaCl is replaced by KCI, CsCl
or NaBr. It car be scen that the observed {luorescence
change cannot be accounted for by the change in
absorbance alone. In fact at low excitation wavelengths
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Fig. 6. The effect of transferring RH421 from a 2.0 M NaCl solution
(curve a) to water (curve b) on the absorbance spectrum (above) and
on the fluoresceace excitation spectrum (below); [RH421) = 670 nM,
bandwidths = 5 nm, T = 20°C. The fluorescence. F, (arbitrary units)
was recorded at an emission wavelength of 680 nm { + RG%65 cut-off
filter).

the changes are in opposite directions. Thus, either a
change in the degree of relaxation or a change in
quantum yield must also make a significant coatribu-
tion to the fluorescence change. It has been found,
however, that at this dye concentration no significant
change in the position of the fluorescence emission
maximum is caused by the change in salt concentra-
tion. Thus, it appears that the major effect must be a
change in quantum yield. The change is most dramatic
at short wavelengths, where the contribution to the
absorbance from dye aggregates is largest. It is also
interesting to note in Fig. 6 that the maxima of the
absorbance and fluorescence excitation spectra do not
coincide. For example, in the case of dye in water the
absorbance maximum occurs at approx. 490 nm,
whereas the fluorescence excitation spectrum shows a
maximum at 545 nm with a shoulder at 500 nm. Signifi-
cant absorption occurs in the range 400-450 nm, al-
though excitation in this range results in very little
fluorescence intensity. The above observations indicate
that the dye aggregates, whose absorbance spectrum is
blue-shifted relative to that of dye monomers, have a
much smaller quantum yicld than that of the monomers.
A greatly reduced quantum yicld on aggregation has
also been previously reported for certain cyanine dyes
[36,37] in aqueous solution.

In order to cstimate the dimerisation constant of
RH421 the molar fluorescence of dye at 650 nm and an
excitation wavelength of 510 nm has been measured as
a function of the dye concentration (sce Fig. 7). The
absorbance at the emission wavelength of 650 nm never
exceeded 0.002 over the entire concentration range
measurcd. A decrcasce in flucrescence due to an inner
filter effect can thus be excluded [40]. In the absence of
higher aggregates the association constant between two
dye molccules is cqual to the reciprocal of the total dye
concentration at which half the dye molecules are
present in the monomer form and half in the dimer
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Fig. 7. Concentration dependence of the molar fluoresceace, F/c,,.

of RH421 in water (®) and in 2.0 M NaCl solution (0). The

fluorescence (arbitrary units) was recorded at an emission wave-

length of 650 nm and at an excitation wavelength of 510 nm ( + GG475
cut-off filter); bandwidths = 5 nm, T = 20°C.



form. The results shown in Fig. 7 thus allow an esti-
mate of the order of magnitude oi the association
constant from the dye concentration at which the mo-
lar fluorescence has decreased to half its infinite dilu-
tion value, i.e., 25-100 nM. This corresponds to a
dye-dye association constant, K, of 1-107-4- 10" M~ .
The possibility that the decrease in fluorescence may
be due to dynamic quenching via the collision betwzen
excited and ground state molecules should be consid-
ered. Assuming a fluorescence lifetime, 7,,, of 1 ns, it
can be shown [41] from the definition of the Stern-
Volmer quenching constant, K =k - 7,, that the colli-
sion rate constant, k , would have to exceed the diffu-
sion-controlled limit by a factor of approx. 10°. Accord-
ingly, the concentration dependent decrease in dye
fluorcscence can oaly be explained by static quenching
via the association of dye molecules in the ground
state. In the presence of 2 M NaCl the decrease in
molar fluorescence appeiars to begin at lower dye con-
centrations, suggesting an enhanced aggregation, pre-
sumably due to the screening of charge repulsion at the
higher ionic strength.

Fluorescence axd fluorescence anisotropy of RH421 in
aqueous soluiios and bound tc the lipid membrane

In order to determine whether or not the fluores-
cence of RH421 is due to a single electronic band,
measurements of fluorescence anisotropy have been
performed across the cntire fluorescence excitation
spectrum. The fluorescence anisotropy, r, of a 736 nM
solution of RH421 in water was measured at an emis-
sion wavclength of 680 nm (+ RG665 cut-cff filter) A
constant value of r of 0.235 (1 0.010) was found across
the range of excitation wavelengths 420-600 nm. It has
also been found that the wavelength of the fluores-
cence emission maximum in aqucous solution is inde-
pendent of the excitation wavelength. These results
together suggest that a single clectronic band is re-
sponsible for the dye’s fluorescence in aqucous solu-
tion. The shoulder observed in the fluorescence excita-
tion spectrum (sce Fig. 6) is thus likely to be duc to
vibrational structure. At dye concentrations in the range
20-120 nM, however, a significant increase in the value
of r is observed at higher excitation wavclengths. This
could possibly be explained by the coexistence in this
concentration range of significant proportions of dye
monomer as well as aggregates. which are excited to
varying degrees at different excitation waveler:gths and
have different fluorescence anisotropies.

The fluorescence anisotropy of dye in the presence
of Na*,K*-ATPase-containing membrane fragments
was measured at an emission wavelength of 650 nm
(see Fig. 8A). It has been found that there is an
increase in fluorescence anisotropy as one proceeds to
longer excitation wavelengths. The wavelength of the
fluorescence emission maximum has also been found to
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Fig. 8. (A) Fluorescence anisotropy, r, as a function of the excitation
wavelength of 4 637 nM solution of RH421 in the presence of 40
pe/mlof Na' K '-ATPase in the form of membrane fragments: (@)
alone and (O) after the addition of 0.5 mM of MgATP. The fluores-
cence (arbitrary units) was recorded at an emission wavelength of
650 nm (+ RGO4S cut-off filter); bandwidths =5 nm, [NaCl]= 50
mM, T =20°C. (B) Variation of the wavelength of the RH421
fluorescence emission maximum, AT, as a function of the excitation
wavelength, A, in the presence of 40 pg/ml of Na * K*-ATPase in
the form of membrane fragments; (@) alone and (0) after the
addition of 0.5 mM of MgATP; [RH421] = 637 nM, [NaCl] = 50 mM,

bandwidths = 5 nm, T = 20°C.

depend on the excitation wavelength (see Fig. 8B).
Excitation at the blue edge of the fluorescence excita-
tion spectrum results in @ maximum emission wave-
length of 612 nm, whereas excitation at the red edge of
the excitation spectrum causes a shift to 638 nm. Biihler
et al. [22] have previously reported the same cffect,
which they suggested may be due to a red-edge-excita-
tion red-shift of the emission spectrum of individual
dyc molecules due to a semi-rigid environment of bound
dye. Such an cffect has been reported by Demchenko
and Shcherbatska [42] for the fluorescent probes ANS
and TNS in glycerol solution at low temperatures, but
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when bound to phosphatidylcholine vesicles at 20°C
the effect disappeared. An alternative explanaticn for
the excitation wavelength dependence of the emission
maximum as well as the variation in the fluorescence
anisotropy is that the dye exists in two different envi-
ronments within the membrane. If both dye specics
have significant quantum yields and different fluores-
cence polarisations or lifetimes, both effects would be
expected, since variation of the excitation wavelength
would cause preferential excitation of one species or
the other. Two different fluorescent dye species could
come about by a distribution between different sites or
orientations within the membrane or by an equilibrium
between bound dye monomers and bound aggregates.

In order to investigate the possibility of dye aggrega-
tion within the lipid membrane the fluorescence excita-
tion spectrum of RH421 in Na*,K*-ATPasc-containing
membrane fragments has been recorded over a range
of different dye concentrations (see Fig. 9). Significant
changes in the shape of the spectrum arc observed on
varying the dye concentration. At high dye concentra-
tions a maximum occurs at approx. 500 nm with a
shoulder at approx. 540 nm. As the dyc concentration
decreases the peak at 500 nm decreases in intensity
and the shoulder at 540 nm grows. At the lowest dye
concentration the spectrum approaches that observed
for dye monomers in aqueous solution (cf. Fig. 6). The
changes in the excitation spectrum on varying the dye
concentration suggest the presence of fluorescent dye
aggregates bound to the membrane. As the dye con-
centration is decrcased the monomer/dimer cquilib-
rium would shift towards thc monomer, resulting in
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Fig. 9. Variation of the RH421 fluorescence excitation spectrum as a

function of the dye concentration in the presence of 13.4 ug/ml of

Na*,K*-ATPase in the form of membrane fragments; [NaCil= 50

mM. A, =650 nm (+RG64S cut-off filter), bandwidths =5 nm,

T = 20°C. The curves refer to the following RH421 concentrations:
(a) 28 nM, (b) 73 nM., (c) 310 nM, (d) 561 nM and (e) 714 nM.
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Fig. 10. The effect of adding 0.5 mM of MgATP o a solution of
RH421 in the presence of 40 wg/ml of Na ' K *-ATPase in the form
of membrane fragments on the absorbance spectrum (above) and the
fluorescence excitation spectrum (below). in each case curve a repre-
sents the spectrum prior to the addition of MgATP and curve b
represents the spectrum afterwards: [RH421] = 735 nM, [NaCl]= 50
mM, bandwidths = § nm, T = 20°C. The fluorescence (arbitrary units)
was recorded at an emission wavelength of 650 nm (+ RG64S cut-off
filter).

increased fluorescence at longer excitation wave-
lengths. It is also interesting to note that the discrep-
ancy between the positions of the maxima of the ab-
sorbance and fluorescence excitation spectra at the
same dye concentration is much smaller when the dye
is bound to the membrane than when it is in aqucous
solution (see Fig. 10). This could be explained by a
reduced tendency towards higher aggregation in the
membranc as compared to aqucous solution or by a
difference in the structure of the aggregates formed in
the two environments, so that those formed in the
membrane have a higher quantum yicld. The formation
of membrane-bound dye aggregates has previously been
reportcd for potential-sensitive cyanine [37-39,43,44]
and merocyanine [4,45-49] dyes. For these dyes it has
generally been found [4,37,43-49] that the membrane-
bound dye aggregates have a very low quantum yield.
In the case of RH421 the fact that concentration-de-
pendent wavelength shifts of the excitation spectrum
are observed means that, if they can be attributed to
aggregation, the membrane-bound aggregates would
have to be capable of fluorescing, although with a
reduced intensity.

An alternative explanation for the results shown in
Fig. 9, not involving aggregation, is that the dye causes
a structural change in the membrane. As the dye
concentration increases the membrane deformation



may be such that the fluorescent properties of the
bound dye are aliered.

ATP-induced spectral changes of RH421 bound to
Na*,K *-ATPase-containing membrane fragments

In order to study the potential-sensitive response of
RH421 the absorbance and .iuorescence changes on
adding MgATP to a suspension of Na* K*-ATPase-
containing membrane fragments in the presence of 50
mM NaCl and 735 nM dye have been measured (see
Fig. 10). The ionic strength was maintained at a con-
stant value of 1.0 M by the addition of 950 mM of
choline chloride. Prior to the addition of ATP and in
the absence of K* ions the enzyme is in a conforma-
tion which has a high affinity for Na* ions [50-52).
Several authors [53-56] have reported apparent disso-
ciation constants of the enzyme in this conformation
for Na* ions in the range 5-8 mM. Thus, at a NaCl
concentration of 50 mM a high proportion of the
Na*-binding sites of the enzyme would be occupied,
which it has been suggested [22,23] produces a local
electric field within the lipid matrix of the membrane
adjacent to the enzyme. On addition of ATP the en-
zyme becomes phosphorylated and undergoes a confor-
mational change during which the bound Na™ ions are
transported across the membrane [22,23,50-52]. In this
new conformation the enzyme has a much lower affin-
ity for Na* ions [50-52]. Widely varying values for the
apparent dissociation constant of phosphorylated en-
zyme for Na* ions have been reported {55]. However,
recent measurements of the ATP-induced fluorescence
change of RH421 as a function of the Na* concentra-
tion suggest an apparent dissociation constant of the
order of a few hundred millimolar [23], which is in
agrcement with kinetic measurements of Taniguchi
and Post [57]. Therefore, at a Na* concentration of 50
mM the addition of ATP to the enzyme-containing
membrane fragments would cause the dissociation of
Na* ions from the enzyme. No changes in the overall
transmembrane electrical poiential difference can oc-
cur in these experiments since the open membrane
fragments are short-circuited by the surrounding elec-
trolyte solution. Therefore, it seems likely that the
release of Na™* ions from the enzyme can only cause a
reduction in the electric field strength within the mem-
brane. The absorbance and fluorescence responses of
membrane bound dye molecules to these electrical
events are shown in Fig. 10. Similar spectral changes
have previously been observed for the same membrane
preparation by Biihler et al. [22).

In order to determine whether an electrochromic
mechanism can account for the fluorescence response,
the absorbance and fluorescence changes have been
compared using Eqn. 4 of the theory section (see Fig.
11). AF/F, and (1-10744)/(104 —1) have been
plotted against the excitation wavelength. F, and A4,
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Fig. 11. Variation of (a) 4F /F, and (b) (1-10721) /({04 ~ 1) as a
function of the excitation wavelength for RH421 in the presence of
40 pg/ml of Na*,K*-ATPase in the form of membrane fragments;
[RH421]= 735 nM, [NaCl)= 50 mM, bandwidths = 5 nm, T = 20°C.
The fluorescence (arbitrary units) was recorded at an emission wave-
length of 650 nm (+RG645 cut-off filter). F, and A, refer to the
values prior to the addition of 0.5 mM of MgATP, and AF and A A4
refer to the changes after the addition of MgATP.

refer to the values prior to the addition of ATP, and
AF and AA refer to the changes after addition of
ATP. It can be seen that the observed fluorescence
change cannot be accounted for by the change in
absorbance alone. At certain wavelengths the fluores-
cence change is positive and at other wavelengths it is
negative, whereas the absorbance change is positive
over the entire wavelength region. Therefore, the re-
sults are not consistent with a purely electrochromic
mechanism. Significant changes in the quantum yield
and/or the degree of relaxation must accompany the
absorbance change. The fact that the fluorescence exci-
tation spectrum shows a change in shape (see Fig. 10)
is also by itself evidence against a purely elec-
trochromic mechanism, since this would only predict a
shift of the spectrum.

The addition of ATP also causes a decrease in the
fluorescence anisotropy (see Fig. 9A) and a shift of the
wavelength of the fluorescence emission maximum to
longer wavelengths (see Fig. 9B). Both of these effects
could be explained either b; ... increase in the fluores-
cence lifetime of the dye or by an increase in its
rotational freedom within the membrane due to the
decrease in electric field strength. However, in order to
distinguish between these possibilities time-resolved
fluorescence measurements are necessary.

If one compares the change in the fluorescence
excitation spectrum of RH421 on addition of ATP (Fig.
10) with the changes caused by decreasing the dve
concentration (Fig. 9), it can be seen that similar
changes in the spectral shape are observed. In both
cases there is an increase in the relative fluorescence
intensity on excitation at 530 nm compared to excita-
tion at 500 nm. If the spectral changes in Fig. 9 are
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attributed to dye aggregation, it appears that the addi-
tion of ATP is consistent with the disaggregation of
membrane-bound dimers and a consequent increase in
the proportion of bound monomers. Such an effect of
changes in electric field strength has previously been
suggested [4,45-49,58] for the voltage-sensitive dye me-
rocyanine 540. Alternatively, if the concentration-de-
pendent fluorescence changes of the dye are due to a
modification of the membrane structure, it may be that
the electric field strength change also results in a
structural change which is sensed by the Jye. Field-in-
duced changes in membrane viscosity have been re-
ported by several authors [59,60].

Discussion

Experimental ¢vidence based on absorbance and
fluorescence titrations has been presented which sug-
gest that the voltage-sensitive styryl dye RH421 readily
aggregates in aqucous solution. The aggregates appear
to have a low fluorcscence intensity. In the membrane
it has also been found that the observed fluorescence
cxcitation spectrum is dependent on the dye concentra-
tion. Two possible explanations have been offered: (a)
dye aggregation within the membrane, (b) dye-induced
structural changes of the membrane. It is also possible
that both might occur simultaneously. For example, the
formation of a membrane-bound dimer by association
of two membrane-bound monomers is likely to require
a significant reorganisation of the lipid molecules as
well.

By comparing the absorbancc and fluorescence re-
sponses of the dyc upon addition of ATP to Na*.K*-
ATPuse-containing membrane fragments it has been
found that the voltage scnsitivity of the dye cannot be
explained by a purely electrochromic mechanism. Sig-
nificant changes in the quantum yield and/or the
degree of relaxation of the excited molecules must zlso
oceur. The spectral changes observed are not in com-
plete agrecment with those reported by Biihler et al.
[22). However, this could be explained by the different
dye concentrations used, which, as shown in Fig. 9,
would affect the initial fluorescent state of the dye.
The observed changes in the fluorescence excitation
spectrum are consistent with either the perturbation of
a membrane-bound monomer,/aggregate equilibrium
by the change in electric ficld strength within the
membrane or with a field-induced structural change of
the membrane. Both mechanisms could easily account
for the disagreement between the absorbance and fluo-
rescence responses. Monomers and aggregates are
likely to have differing quantum yields and relax to
differing degrees prior to emission, and a structural
change is likely to significantly alier the ease of
quenching of the excited state as well as the extent of
relaxation.

A response mechanism involving dye aggregation
has previously been suggested [4,45-49,58] for the po-
tential-sensitive dye merocyanine 540. There it is
thought that the dye can bind to the membrane in two
orientations; with its long axis perpendicular or parallel
to the surface of the membrane. Molecules which are
oricntated parallel are able to readily undergo aggrega-
tion. The effect of a change in the electric ficld strength
is thought to cause a reorientation of dye molecules in
the membrane, because of their large dipole moment,
and hence a shift of the monomer/ aggregate equilib-
rium, which results in the spectral response. According
to temperature-jump measurements of Verkman and
Frosch [58] the reoricntation of the dye molecules
appears to be the rate-determining step, with relax-
ation times in the range 0.6-1.4 ms depending on the
dye concentration. In the case of a mechanism involv-
ing a structural change of the membrane it is more
difficult to estimate an expected response time. The
rate-determining step could be the rearrangement of
the lipid molecules rather than the dye itself. Lipid
reorganization during the gel-liquid crystal phase tran-
sition of purc phospholipid bilayers has heen shown
[61] to occur in a series of steps over the time range of
microseconds to milliseconds.

An clectrochromic response meciianism would be
expected to have a response time in the subnanosecond
range. Up to now the only study of the rate of response
of RH421 is that of Miiller ct al. [17], who used the dye
as a probe of cardiac action potential. They found that
the onset of the action potential was detected by the
dyc within (.5 ms. For a dye of very similar structure
Chicn and Pine [18] have reported a submillisecond
response time. Response times of this order are not
inconsistent with a mechanism involving an electric
field dependcent reorientation of dye or lipid molecules
[4,58].

An additional effect of an electric ficld on the
fluorescence properties of styryl dyes has been pro-
posed by Ephardt and Fromherz [62]). Based on mea-
surements of the fluorescence spectra, quantum yield
and fluorescence lifetime of a styryl dye in a variety of
solvents of different polarities and viscosities they have
proposed that the styryl dyes can undergo a horizontal
iransition in the excited state to a twisted internal
charge transfer (TICT) state. The transition to the
TICT statc is supposed to involve the transfer of posi-
tive charge from the pyridino group to the anilino
group and a rotation about the alkene-aniline bond. In
the TICT state the efficiency of internal conversion is
supposed to be increased, so that the fluorescence is
decreased. Ephardt and Fromherz have then proposed
two possible mechanisms for the voltage sensitivity of
the styryl dyes which could account for changes in the
quantum yield. In the first mechanism, termed a direct
yield mechanism, the electric field interacts with the



redistribution of charge in the molecule, so that changes
in the electric ficld strength alter the activation energy
of the twist and hence the rate constant for transition
to the TICT state. Since fluorescence and internal
conversion via the TICT state are competing processes,
a change in the rate of transition to the TICT state
would result in a different quantum vyield. In the sec-
ond mechanism, termed an indirect yield mechanism,
the change in electric field strength causes a reorienta-
tion of dye within the lipid membrane either towards
or away from the aqueous phase, thus causing a change
in the environment of the dye molecules. Ephardt and
Fromherz have suggested that the transition to the
TICT state is enhanced by media of high polarity and
low viscosity, because of the charge movement and the
twist involved in the transition, respectively. Thus, any
change to the polarity or viscosity in the dye’s environ-
ment would cause a change in the rate of transition to
the TICT state and hence a change in the quantum
yield.

Although the data presented here are consistent
with a mechanism involving an clectric field dependent
shift in a membrane-bound monomer /aggregate equi-
librium or with a field-induced structural change, the
mechanisms proposed by Ephardt and Fromherz can
also not be ruled out. It is feasible that a combination
of effects contribute to the voltage sensitivity of the
dye. It does not appear justified, however, to assume
that the styryl dyes respond by a purely electrochromic
mechanism. This has important consequences for rapid
kinetic measurements of electrical event< jii membrane
preparations. For such measurements it is necessary
that the probe response time be much shortcr than the
timescale of the processbeing measured. Although an
electrochromic mechanism would be expected to have
a response time in the subnanosecond range, a reorien-
tation /dimerisation mechanism would be likely to re-
quire times in the order of microseconds to millisec-
onds.

A further important point is that the voltage sensi-
tivity of RH421 appears to vary from one membrane
preparation to another [12,15,22]. In the case of an
electrochromic mechanism this would not be expected
(12,63], but a reoricntation/dimerisation mechanism
might be able to provide a2n explanation. Biihler et al.
[22] have found that the voltage sensitivity of RH421 is
significantly less in lipid vesicles compared to mem-
brane fragments. A possible explanation i: that the
different membrane curvatures of these two prepara-
tions and their consequent differences in the packing
of the lipid molecules affect the ability of the dye
molecules to reorientate and form aggregates, particu-
larly if, as has been suggested [48,49] for merocyanine
540, the aggregates are orientated with their long axis
parallel to the membrane surface. Lipid packing may
be a critical parameter in any mechanism in which

151

molecular motion within the membrane is involved.
The above observations stress the importance of evalu-
ating the voltage sensitivity of the styryl dyes in each
type of membrane preparation studied.

In order to further elucidate the mechanism of the
voltage sensitivity of RH421 and to characterise its
fluorescent properties in aqueous solution and in the
membrane, it is intended to carry out time-resolved
fluorescence measurements.
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