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ABSTRACT: The physicochemical mechanism for merocyanine 540 (M540) binding to unilamellar phos-
phatidylcholine (PC) vesicles was examined by steady-state and dynamic fluorescence and fluorescence
stopped-flow methods. At 530-nm excitation, aqueous M 540 has an emission peak at 565 nm, which red
shifts to 580 nm with formation of membrane-bound monomers (M); bound dimers (D) are nonfluorescent.
Equilibrium fluorescence titrations show that 50% of total M 540 partitions into the membrane to form D
at [M540]/[PC] (Ry,,) ~ 0.6. M and D concentrations are equal at R, ), ~ 0.05. For R, <0.1, M540
has a single fluorescence lifetime (r), which decreases with R, [+ (ns!) =0.48 + 3.3R,, /p)s indicating
a rapid collisional rate between M to form D. Dynamic depolarization studies show that hindered rotation
of M (r, = 0.13 at R,,, = 0.006) becomes more rapid (rotational rate 0.2-1.9 ns™') with increasing Rup
(0.006-0.075). The ef/ffciencies of energy transfer between n-(9-anthroyloxy) fatty acid probes (n = 2, 6,
9, 12, 16) and bound M540 suggest that M is oriented parallel to the phospholipids near the membrane
surface; studies of efficiencies of n-AF quenching by D are consistent with an orientation of D perpendicular
to the phospholipids. In stopped-flow fluorescence measurements in which M540 is mixed with PC vesicles,
there is a rapid (1 ms) followed by a slower (10-50 ms) concentration-dependent fluorescence increase.
Taken together with previous temperature-jump results [Verkman, A. S., & Frosch, M. P. (1985) Bio-
chemistry 24, 7117-7122], these data suggest that solution M 540 binds to the PC vesicle membrane in <1
ms to a position parallel to the phospholipids where it undergoes 90° reorientation in ~1 ms and dimerization
in <10 ns to lie perpendicular to the phospholipids deep in the membrane. M540 then undergoes a 10-ms
translocation to a site at the opposite membrane surface.

Merocyanine 540 (M540) is a widely used potential-sen-
sitive optical dye. The absorbance and fluorescence of M540
respond rapidly (<1 ms) to changes in transmembrane elec-
trical potential. M540 has been used to measure rapid po-
tential transients in nerve and muscle cells (Davila et al., 1973;
Senseman et al., 1983; Hirota et al., 1985) and steady-state
potentials in cell and vesicle suspensions (Kinnally et al., 1978;
Haeyaert & Verdonck, 1979; Smith et al., 1984). In addition,
M 540 has been used as a marker for altered cell differentiation
and metaplasia on the basis of the sensitivity of M540 binding
to changes in membrane phospholipid content and zeta po-
tential (Reed et al., 1985; Kass, 1986).

The physicochemical mechanism of M540 binding to
phospholipid membranes and the response mechanism of M540
to changes in transmembrane potential have been addressed
in a number of studies (Ross et al., 1974; Tasaki & Warashina,
1976, Waggoner & Grinvald, 1977; Ross et al., 1977; Dragsten
& Webb, 1978; Lelkes & Miller, 1980; Wolf & Waggoner,
1986). Measurements of M540 absorption and fluorescence
spectra in squid axon and hemispherical lipid bilayers showed
that a shift in the equilibrium between bound M 540 fluorescent
monomers and nonfluorescent dimers occurred when mem-
brane potential was changed (Ross et al., 1974; Dragsten &
Webb, 1978). It was suggested that dimers formed upon 90°
rotation of a monomer positioned with axis perpendicular to
the plane of the membrane. Recently we used the tempera-
ture-jump technique to examine the mechanism and rapid
kinetics of M540 interaction with single-walled phosphati-
dylcholine (PC) vesicles (Verkman & Frosch, 1985). The data
supported a reorientation—dimerization mechanism with a rate
constant for M540 rotation from a position parallel to per-
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pendicular to the plane of the membrane of 1340 s7!; dimer-
ization occurred in under 5 us.

We report here a series of fluorescence studies designed to
examine the interaction mechanism of M540 with PC vesicles
and the location of the M540 binding site. Steady-state
fluorescence measurements are used to define M540-PC vesicle
equilibrium affinities. Phase-modulation lifetime and polar-
ization measurements are used to study nanosecond M540
rotation and dimerization kinetics. The M540 binding site is
localized from the efficiencies of energy transfer between
n-(9-anthroyloxy) fatty acids (n-AF) and M540 and the
quenching of n-AF fluorescence by M540. Finally, fluores-
cence stopped-flow is used to study millisecond kinetics pro-
cesses of M540 binding to PC vesicles that were not mea-
sureable by the temperature-jump technique. The results are
incorporated into a stepwise mechanism for M540 binding to
PC vesicles to serve as a basis upon which to examine effects
of membrane potential and phospholipid composition on M540
fluorescence in artificial and biological membranes.

MATERIALS AND METHODS

Materials. M540 and the n-AF probes [2-, 6-, 9-, and
12-(9-anthroyloxy)stearic acids and 16-(9-anthroyloxy)palmitic
acid] were purchased from Molecular Probes Inc. (Junction
City, OR). M540 was added from a freshly prepared 1 mM
aqueous stock solution kept in the dark at 4 °C; n-AF probes
were added from 1 mM stock solutions in ethanol stored at
=70 °C. All other chemicals were obtained from Sigma
Chemical Co. (St. Louis, MO).

Vesicle Preparation. Unilamellar egg phosphatidylcholine
(PC) vesicles were prepared by probe sonication of ~25 mM
PC at 4 °C under N, on a Microson MS-50 cell disruptor
(Heat Systems-Ultrasonics Inc., Farmingdale, NY) (Huang
& Thompson, 1974). Buffer consisted of 100 mM Tris~ma-
leate and 100 mM KCI, pH 7.4. Vesicles were centrifuged
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at 50000g for 45 min to remove multilamellar vesicles and
titanium particles. Vesicles were stored under N, at 4 °C and
used within 48 h of preparation. Lipid concentration was
assayed by the method of Gomori (1942).

Stopped-Flow Experiments. Stopped-flow measurements
were performed on a Dionex 130 stopped-flow apparatus
(Sunnyvale, CA) interfaced to a MINC/23 computer (Digital
Equipment Corp., Maynard, MA). The instrument dead time
was <2 ms, and the maximum rate of data acquisition was
80 us/point. The excitation wavelength was 530 nm as set
by a Zeiss double monochromator; emission light was filtered
by a Corion 595 cut-on filter.

Steady-State Fluorescence Experiments. Steady-state
fluorescence intensity and anisotropy measurements were
performed on an SLM 8225 fluorometer (Urbana, IL) using
photon counting detection. Excitation light was set by a double
monochromator; emission was measured by a single mono-
chromator. Anisotropy was measured with Glan-Thompson
polarizers in the L-format with correction for scattered light
(generally <1%). Steady-state intensities were measured with
a vertical excitation polarizer and emission polarizer oriented
at 57.4° from the vertical. All measurements were performed
at 23 °C with a thermostated cuvette holder and circulating
water bath.

For n-AF studies, microliter quantities of n-AF stock so-
lution were added to a stirred cuvette containing PC vesicles
to give a dye to lipid ratio of 1:100. Vesicles were incubated
1 h with n-AF at 23 °C after which time fluorescence was
stable. Under these conditions <1% of measured fluorescence
arose from aqueous n-AF. For n-AF quenching studies, ex-
citation and emission wavelengths were 365 and 435 nm.

Phase-Modulation Fluorescence Experiments. Fluorescence
lifetime and dynamic depolarization measurements were
performed on an SLM 4800 fluorimeter interfaced to an IBM
PC/XT computer as described previously (Cabrini & Verk-
man, 1986a). Excitation light (530 nm) was selected with a
monochromator, and emission light was filtered by Schott
595-nm sharp cut-on filters. For lifetime studies, an isochronal
reference solution was used (Barrow & Lentz, 1983) consisting
of M540 in ethylene glycol. The phase lifetimes of 3 uM
M540 in ethylene glycol were 0.89 ns (30 MHz), 0.88 ns (18
MHz), and 0.91 ns (6 MHz) measured against a dilute gly-
cogen reference solution. The mean lifetime, 0.90 ns, did not
vary with M 540 concentration (0-20 uM). Sample and ref-
erence intensities were matched to within 5% in all mea-
surements. Ground-state heterogeneity analysis of phase and
modulation lifetimes obtained at 6-, 18-, and 30-MHz mod-
ulation frequencies were performed with a gradient/grid fitting
procedure described previously (Illsley et al., 1987). For
lifetime measurements of #n-AF probes in PC vesicles, the
excitation wavelength was 365 nm and emitted light was
measured at the blue end of the spectrum to minimize effects
of excited-state reaction kinetics using a 420 + 10 nm inter-
ference filter. The reference solution consisted of 1,4-bis(4-
methyl-5-phenyloxazol-2-yl)benzene [(Me),POPOP] in eth-
anol (lifetime 1.45 ns).

Anisotropy decay experiments were performed by differ-
ential phase fluorimetry at 30-MHz modulation frequency
using the T-format. MS540 rotation rate (R) and limiting
anisotropy (r.) were calculated from measured M540
steady-state anisotropy (r), lifetime (7), and differential tan-
gent (tan A) with equations developed for isotropic rotation
of a single hindered fluorophore (Lakowicz et al., 1979).

RESULTS
The studies are designed to establish (1) equilibrium binding
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FIGURE 1: Fluorescence spectra of M540 in PC vesicles. Solutions
consist of 3 uM M540 in 100 mM KCl and 100 mM Tris-maleate,
pH 7.4, 23 °C containing specified concentrations of PC in unilamellar
vesicles. Fluorescence was excited at 490 nm with vertically polarized
light (4-nm band-pass) and detected with a polarizer oriented at 57.4°
from the vertical (4-nm band-pass).

characteristics of M540 in PC vesicles, (2) the location and
motional dynamics of M540 in its binding sites, and (3) the
kinetics of M540 interactions with the membrane. Steady-
state fluorescence binding data will be presented first to define
the aqueous and bound forms of M540. M540 motional dy-
namics will be studied with use of phase-modulation
fluorescence, and bound M540 will be localized from n-AF
fluorescence energy transfer and quenching. Kinetic studies
will be performed by stopped-flow fluorescence.
Equilibrium Binding Measurements. Equilibrium
fluorescence emission spectra for M540 binding to PC vesicles
are shown in Figure 1. At constant M540 concentration (3
uM), addition of PC results first in a decrease in fluorescence
at 565 nm as aqueous M 540 partitions into the membrane to
form nonfluorescent dimers and then in an increase in
fluorescence at 580 nm as membrane-bound dimers are con-
verted into fluorescent membrane-bound monomers. This
interpretation is supported by previous studies suggesting that
membrane-bound M540 exists in monomer and dimer forms
(Ross et al., 1974; Tasaki & Warashina, 1976; Waggoner &
Grinvald, 1977; Dragsten & Webb, 1978) and by studies of
cyanine dye binding to biological membranes (Cabrini &
Verkman, 1986a,b), where a similar series of spectra was
obtained. On the basis of absorbance properties of M540, we
showed previously that aqueous M540, bound dimer, and
bound monomer had absorbance peaks at 540, 530, and 570
nm, respectively (Verkman & Frosch, 1983); estimated
half-points for interconversion between aqueous M540 and
bound dimer occurred at [M540]/[PC] of 0.5-1 and for in-
terconversion between bound dimer and monomer at
[M540]/[PC] of 0.05-0.1, similar to the fluorescence data.
The binding affinity for M540 to PC vesicles and the mo-
nomer—dimer equilibrium constants were quantitated from
fluorescence titration data. Figure 2 (top) shows the decrease
in fluorescence at 565 nm as aqueous M540 partitions into
the membrane to form bound dimer. Data were fitted to a
saturable, single-site binding model with X,,, the PC con-
centration at which 50% MS540 binding occurs (Cabrini &
Verkman, 1986a), of 5.2 uM (3 uM M540) and 9.4 uM (6
#M M540). The increase in K, with [M540] indicates that
saturable binding occurs with at least one dimer bound for
every three PC molecules; however, exact determination of
total site stoichiometry and binding affinity is not easily ac-
complished from titration data alone. Figure 2 (bottom) shows
the increase in fluorescence at 580 nm with conversion between
bound dimers and monomers. Because the monomer—dimer
equilibrium depends only on the two-dimensional density of
M540 molecules (Verkman & Frosch, 1985), the dimerization
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FIGURE 2: Equilibrium binding of M540 to PC vesicles. Solutions
consist of specified M540 and PC concentrations in 100 mM KCl
and 100 mM Tris-maleate, pH 7.4, 23 °C. Titration curves were
obtained by adding microliter quantities of a PC vesicle suspension
to a stirred cuvette containing M540. Each curve is one experiment
typical of two. Top: Fluorescence was excited at 490 nm and
monitored at 565 nm (4-nm band-pass). Data were fitted to a single
site saturable binding model: Fsg5 = Fy — F,[PC]/(K,,, + [PC)),
where F and F_ are Fsgs in the absence and presence of maximum
PC with K, = 5.2 + 0.3 uM ([M540] = 3 yM) and 9.4 £ 0.4 uM
([M540] = 6 uM). Bottom: Fluorescence was excited at 530 nm
and monitored at 590 nm (4-nm band-pass). Data points in which
monomer—dimer equilibration occurs primarily (filled circles) were
fitted to the dimerization equation derived previously [Cabrini and
Verkman (1986a) eq A5] with K; = 0.034 £ 0.008.

constant, Ky, is the dimensionless quantity [Cy]2/([Cpl/[PC])
where Cy and Cp, are monomer and dimer concentrations in
the total solution (uM). The fluorescence data in Figire 2
(bottom) were fitted to an intramembrane dimerization model
(Cabrini & Verkman, 1986a) with K; = 0.034, similar to the
reported value of 0.06 determined by an independent absor-
bance method (Verkman & Frosch, 1985).

Severa] additional spectral studies were performed to
characterize the fluorescence properties of aqueous and bound
M3540. For aqueous M540, the shape of the fluorescence and
absorbance spectra and the fluorescence anisotropies and
lifetimes were independent of concentration (0-20 uM), in-
dicating absence of M540 dimerization in solution at M540
concentrations used in these measurements. For both aqueous
M 540 and the bound monomer, the shapes of emission spectra
were independent of excitation wavelength (450-570 nm) and
the shapes of the excitation spectra were independent of
emission wavelength (540~600 nm). The M540 excitation
spectrum was broad, with a gradual increase in intensity as
wavelength increased between 430 and 570 nm (not shown);
the spectral shape was independent of PC concentration.

Time-Resolved Fluorescence Measurements. Phase-mod-
ulation fluorescence studies were performed to examine the
kinetics of intramembranie M540 dimerization and the rota-
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FIGURE 3: Lifetime and polarization studies of M 540 binding to PC
vesicles. Solutions consist of 3 M M540 and specified concentrations
of PC vesicles in 100 mM KCl and 100 mM Tris-maleate, pH 7.4,
23 °C. Each data point is the mean £ SD of measurements performed
in quadruplicate. Top: Steady-state anisotropy was determined in
the L-format with excitation at 530 nm and emission at 590 nm.
Middle: Fluorescence phase and modulation lifetimes were measured
by phase-modulation methods at 6-, 18-, and 30-MHz modulation
frequencies with excitation at 530 nm and emission at >595 nm. A
ground-state heterogeneity analysis indicated the presence of a single
lifetime (fractional amplitude >0.98) for [PC] > 30 uM
([M540]/[PC] <0.1). For [PC] = 10-30 uM the lifetime of the
major component (92-98%) is plotted. Inset: The same data are
plotted as reciprocal fluorescence lifetime vs. [M540]/[PC]. Linear
regression gives slope 3.3 £ 0.2 ns™! and intercept 0.475 £ 0.005 ns™.
Bottom: The differential tangent was determined in the T-format
at a 30-MHz modulation frequency with excitation at 530 nm and
emission at >595 nm.

001

tional dynamics of bound M540. Using the temperature-jump
technique we showed previously that while monomer reori-
entation from a position perpendicular to parallel to the
phospholipid chains occurred in ~ 1 ms, the dimerization re-
action occurred in <4 us, the resolution time of the temper-
ature-jump method (Verkman & Frosch, 1985). Assuming
a diffusion coefficient of 107 cm/s for membrane-bound M540
monomer, it was estimated that the mean time between
M540-M540 collisions would be 1-10 ns as [M540]/[PC]
varies between 0.1 and 0.01. It is thus predicted that the M 540
fluorescence lifetime should be deperident upon [M540]/[PC].

Figure 3 (middle) shows the dependence of M540 lifetime
on PC concentration at 3 uM M540. Interestingly, for [PC]
> 30 uM ([M540]/[PC] < 0.1) a single lifetime was observed
as judged by a ground-state heterogeneity analysis using phase
and modulation lifetime data measured at three modulation
frequencies. At a fixed [M540]/[PC] < 0.1 the lifetime was
independent of [M540] (1-6 uM, data not shown) and
emission wavelength (560-610 nm using emission mono-
chromator, 16-nm band-pass). These results suggest that the
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Table I: Rotational Characteristics of M540 in PC Vesicles?

cone

angle

[M540]/[PC] R (ns™h) e (deg)
0.075 1904 0.0047 £ 0.0002 79.0
0.06 1.4+ 04 0.017 + 0.001 70.9
0.043 097 £ 0.2 0.023 + 0.002 68.0
0.033 0.90 £ 0.1 0.045 + 0.008 61.5
0.03 0.65 = 0.07 0.036 + 0.001 63.8
0.02 0.51 = 0.04 0.056 + 0.002 58.6
0.015 0.47 £ 0.07 0.073 % 0.002 55.1
0.012 0.36 £ 0.05 0.088 + 0.002 52.2
0.006 0.23 £ 0.02 0.127 = 0.002 45.6

aSolutions consist of 3 uM MS540 with variable [PC} in 100 mM
KCl and 100 mM Tris-maleate, pH 7.4, 23 °C. M540 rotational rate
(R), limiting anisotropy (r.), and cone angle were calculated from an-
isotropy, lifetime, and tan A given in Figure 3, assuming that M540 is
an isotropic hindered rotator (Lakowicz et al., 1979). M540 anisotro-
py in the absence of depolarizing rotations (r,) was taken to be 0.36 on
the basis of the measured anisotropy of 3 uM MS540 in lauryl alcohol
and in 2 M sucrose at 4 °C. Errors (SD) in R and r,, were obtained by
propagation of errors in anisotropy, lifetime, and tan A.

M 540 fluorescence lifetime is dependent upon M 540 density
in the membrane, and thus upon the collisional rate of M540
in its excited state (M540*) with ground-state M540. If k,
is the rate of radiative decay of M540* and if k,,[M540]/[PC]
is the rate of nonradiative decay (assuming all membrane-
bound M 540 can quench M540* fluorescence), then a plot of
reciprocal lifetime vs. [M540]/[PC] should be linear with slope
k.. and intercept k,. The inset to Figure 3 is consistent with
this interpretation; the slope 3.3 ns™! predicts that the M540
collisional time should be ~3 ns for [M540]/[PC] = 0.1,
similar to the estimates given above. These measurements
provide information about the collisional frequency and lateral
diffusibility of M540; determination of a bimolecular rate
constant for dimerization would require knowledge of reaction
efficiency, which is not available.

Steady-state and dynamic depolarization measurements
were performed to measure rapid rotations of membrane bound
M3540. The steady-state anisotropy of M540 decreases and
then increases with increasing [PC] (Figure 3, top). The initial
decrease is due to coexistence of aqueous M540 (anisotropy
0.27) and bound monomer. This interpretation is supported
by anisotropy spectra in which anisotropy varied from 0.27
to <0.05 with increasing emission wavelength (550-600 nm)
for [PC] < 30 uM. For [PC] > 50 uM the anisotropy was
independent of emission wavelength, supporting the presence
of a single M 540 fluorescent species as predicted from binding
and lifetime measurements.

To determine whether the increased anisotropy was due to
changes in M 540 lifetime or in M 540 rotational characteristics,
differential tangents (tan A) were measured (Figure 3, bot-
tom). Table [ summarizes the rotational rates (R), limiting
anisotropies (r..), and cone angles calculated from measured
anisotropy, lifetime, and tan A data, assuming that M540
rotation can be described by the formalism developed for
isotropic rotations of a single hindered fluorophore (Lakowicz
et al., 1979). The results indicate a marked increase in ap-
parent M540 rotational rate with increased [M540]/[PC],
suggesting either that the lipid bilayer is perturbed at high
[MS540]/[PC] or that radiative energy transfer increases R
when donor and acceptor M 540 are nonparallel. The increase
in calculated cone angle indicates that M540 motion is less
hindered with increasing [M540]/[PC], again a finding con-
sistent with either lipid perturbation or energy transfer. An-
other possible interpretation of these results is that rotation
of M540 in the bilayer is anisotropic and that the degree of
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FIGURE 4: Energy transfer between 12-AS and M540 in PC vesicles.
Solutions consist of 200 uM PC containing 0.5 uM 12-AS with
specified M540 concentrations. Fluorescence was excited at 365 nm;
4-nm band-pass was used for excitation and emission monochromators.
The dashed emission spectra labeled [M540] = 20 uM; [12-AS) =
0 was measured with use of 200 uM PC and 20 pM MS540 without
12-AS.
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anisotropy depends upon [M540]. Measurement of multi-
frequency differential-phase and modulation lifetimes would
help to distinguish among these possibilities.

Localization of M540 Binding Site. The equilibrium
binding and phase-modulation fluorescence studies give in-
formation about M540 binding isotherms and rapid motional
characteristics, but no information about the location and
geometry of M540 binding sites. To localize M540 in the PC
vesicle membrane, we use the n-AF probes, a series of lipophilic
compounds with anthoyloxy fluorophores located at graded
depths within the transverse plane of the bilayer (Blatt &
Sawyer, 1985). These probes have been used to define the
binding positions of a number of molecules including the
membrane-potential-sensitive cyanine dyes (Cabrini &
Verkman, 1986c). Two approaches will be used to localize
M540: n-AF to M540 energy transfer and quenching of n-AF
fluorescence by M540. Energy-transfer measurements give
information only about fluorescent M 540 monomers, whereas
quenching measurements give information about both mono-
mers and dimers.

Figure 4 shows the emission spectra for 12-AS and M 540
incorporated into PC vesicle membranes. At an excitation
wavelength of 360 nm there is very little direct excitation of
M3540 (dashed curve labeled [M540] = 20 uM; [12-AS] =
0). In the pres¢nce of 12-AS and with increasing [M540],
there is quenching of donor (12-AS) fluorescence with ap-
pearance of an M540 peak at 580 nm due to radiative energy
transfer. Similar series of spectra were obtained with use of
2-AS, 6-AS, 9-AS, and 16-AP in place of 12-AS. The effi-
ciency of energy transfer is dependent upon overlap of donor
emission and acceptor excitation spectra, donor-acceptor
orientation, and the distance between donor and acceptor
(Stryer, 1978). Because the spectral shape of n-AF emission
is almost independent of 7 and because the M 540 peak height
at 580 nm is approximately proportional to the integrated area
of the energy-transfer peak, the ratio of the peak height at 580
nm (with subtraction of the small contribution from direct
M540 excitation) to the peak height at 465 nm measured in
the absence of M 540 (Fsgy/Fys) is a semiquantitative measure
of energy-transfer efficiency and thus of spatial separation
between donor and acceptor. At 20 uM MS540, Fsgo/ Fes is
0.92, 0.74, 0.60, 0.65, and 0.57 for n = 2, 6, 9, 12, and 16,
respectively; similar sequences were obtained at 5 and 10 uM
M540. Because the efficiency of energy transfer varies with
the reciprocal sixth power of the distance between donor and
acceptor, the presence of similar degrees of energy transfer
for all # suggests that the M540 monomer is oriented parallel
to the phospholipid chains and thus can interact with the
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FIGURE 3: Stern—Volmer plot for quenching of n-AF probes by M540.
Solutions consist of 50 uM PC containing 0.5 uM n-AF and increasing
concentrations of M540. The ratio of fluorescence in the absence
(Fy) to that in the presence (F) of M 540 is plotted on the ordinate.
Data were fitted to connected lines by a four-parameter nonlinear
regression. At [M540] > 5 uM. (not shown) the curves become
concave downward and nearly independent of [M540]. At 20 uM
M340, Fo/Fis 6.2, 6.1,7.6,7.7, and 9.9 for n = 2, 6,9, 12, and 16,
respectively.

anthroyloxy group at all levels within the membrane. The
decrease in Fsgo/Fues with increasing n suggests that the tip
of the monomer lies very near the membrane surface.

The validity of this conclusion rests on the assumption that
the position of #7-AF does not change in the presence of M540
and that M 540 does not bind directly to the anthroyloxy group.
To examine these possibilities, the lifetimes of 12-AS were
measured with increasing {M540]. For 100 uM PC containing
1 uM 12-AS, phase lifetimes at 18 MHz were 6.7, 5.0, 4.1,
3.2, and 2.7 ns for [M540] =0, 1, 2, 3, and 4 uM, respectively.
Formal heterogeneity analysis of phase and modulation lifetime
data was not performed because the n-AF compounds undergo
an excited-state reaction (Matayoshi & Kleinfeld, 1981).
However, on the basis of the trend of decreasing 12-AS lifetime
with increasing [M540], it is concluded that M 540 quenches
12-AS fluorescence primarily by a collisional mechanism,
which does not involve formation of an M540/12-AS static
complex.

It is also assumed that the orientation between the anth-
royloxy emission dipole and the M540 excitation dipole is
random or is at least independent of #n. The former assumption
is commonly made in energy-transfer measurements using the
n-AF probes. Finally, the interpretation of Figy/Fys as a
distance parameter requires that the degree of nonradiative
quenching of n-AF by M 540 dimers be relatively independent
of n so that the contribution of the n-AF emission spectrum
to the overlap integral remain proportional to F,s. The
quenching experiments below support this assumption.

The location of the M540 membrane-bound dimer was
examined from the quenching of n-AF probes. The Stern-
Volmer analysis is shown in Figure 5. In contrast to the
sequence of efficiencies for energy transfer between n-AF and
the M540 monomer, the order of efficiencies for n-AF
quenching by M540 are n = 16 > 12 ~ 9> 2 ~ 6. For
[M540] > 2 uM, the predominent form of M540 is the dimer.
The increased efficiencies for n-AS quenching by M540 as n
increases suggest that the dimer resides deep within the
membrane. Because M540 is quite long (~16 A), these
findings are most consistent with an orientation for the M 540
dimer perpendicular to the phospholipid chain, deep within
the membrane. An alternative interpretation of the results,
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FIGURE 6: Stopped-flow kinetics of M540 binding to PC vesicles. Top:
Stopped-flow time course of M540 interaction with PC vesicles. 100
uL of PC vesicles ([PC] = 50 uM) was mixed with an equal volume
of M540 (A, 0.25 uM; B, 4 uM) in a stopped-flow apparatus at 23
°C. Fluorescence was excited at 530 nm and detected at >595 nm
with use of a Corion cut-on filter. Fitted exponential time constants
were 53 ms (A) and 14.2 ms (B). Bottom: Dependence of reciprocal
exponential time constant on [M540]. Data points are mean = SD
for experiments performed in quadruplicate. Data were fitted to the
saturable kinetic model of a bimolecular reaction followed by a
rate-limiting unimolecular reaction: 77! = k_, + k,[M540}/(K, +
[M340]), with k, =9+ 35, k, =106 £ 10s !, and K, = 1.9 %
0.6 uM, where k, and k_, are rate constants for the unimolecular
reaction and K| is a dissociation constant for the bimolecular reaction.

which cannot be ruled out on the basis of the data presented,
is that the location of M540 monomers or dimers becomes
progressively deeper in the membrane as [M540]/[PC] in-
creases due to lipid perturbation.

Stopped-Flow Kinetic Studies. Fluorescence stopped-flow
measurements were performed to examine millisecond kinetic
processes that were not measurable by the temperature-jump
technique. Figure 6 (top) shows typical time courses of in-
creasing fluorescence following rapid mixture of M540 with
PC vesicles. At all M540 and PC concentration studies, the
time course was biphasic. There was a rapid reaction with
an exponential time constant of ~1 ms, which was obscured
partially by the instrument dead time (1-2 ms). This was
followed by a slower, single-exponential increase in fluores-
cence that depended upon M540 concentration (Figure 6,
bottom), but not on PC concentration. At constant [M540]
= 3 uM, exponential time constants were 10 £ 2, 10 £ 1, {1
+ 2, and 11 + 2 ms for [PC] = 25, 50, 100, and 200 uM,
respectively (data not shown). Although difficult to quantitate
because of the instrument dead time, the ratio of amplitudes
of the fast to slow exponential processes decreased ~ 5-fold
with increasing [M540] (0.125~-4 uM) at constant [PC] (50
uM). There were no slower reaction processes (100 ms-10
min) observed when M 540 was mixed with PC vesicles in the
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stopped-flow apparatus or in a fluorimeter cuvette.

The faster exponential reaction process has the same time
constant as that measured for the M540 reorientation process
characterized previously by the temperature-jump method.
Because it was possible to observe a 1-ms reaction, the time
constant for the initial bimolecular association of M540 with
PC vesicles must be under 1 ms. In addition, it follows that
the slower exponential reaction must occur after the 1-ms
reaction. Temperature-jump and fluorescence lifetime data
suggest that the slower reaction is not the dimerization process,
which should occur in <<1 us. Because the rate of the slower
reaction saturates with increasing M 540 concentration, this
process is a rate-limiting unimolecular reaction, likely the
translocation of M540 across the lipid bilayer, coupled to a
faster bimolecular process (association or dimerization reac-
tions). This interpretation is supported by the observation that
the ratio of amplitudes of the fast to slow reactions decreases
with increasing total [M540]; at low [M540], most of the
[M540] partitions into the outer leaflet of the bilayer in <1
ms (fast reaction), resulting in relatively little further increase
in fluorescence accompanying the unimolecular reaction. At
high total [M540], there is adgeuate aqueous M540 to provide
a large increase in fluorescence during the unimolecular re-
action. The presence of a rate-limiting translocation process
in the PC vesicle membrane is also supported by the relative
independence of the slower exponential time constant on [PC]
at high [M540].

DISCUSSION

The mechanism for M540 interaction with a phospholipid
membrane has been examined in a well-defined model system,
unilamellar PC vesicles, using a combination of steady-state,
phase-modulation, and kinetic fluorescence methods. These
studies are an extension of our reported absorbance mea-
surements of M 540 relaxation kinetics in PC vesicle mem-
branes by temperature-jump perturbations (Verkman &
Frosch, 1985). The focus of the present study was to define
physically the binding affinities and location, the motional
characteristics, and the kinetics of M 540 interaction with a
homogeneous membrane system with a single buffer system
in the absence of induced membrane potentials. These basic
studies will be of utility in defining the mechanisms of M540
action in a number of different reported applications of M540
including measurements of membrane potential transients
(Davila et al., 1973; Senseman et al., 1983), characterization
of cell pathology on the basis of plasma membrane phospho-
lipid composition and asymmetry (Reed et al., 1985; Kass,
1986), analysis of lipid domain structure (Lelkes & Miller,
1980; Williamson et al., 1983), and photosensitization of tumor
cells (Meagher et al., 1983).

Our steady-state fluorescence studies define the intercon-
versions between three forms of M540: a fluorescent aqueous
monomer (emission peak 565 nm), a fluorescent membrane-
bound monomer (emission peak 580 nm), and a nonfluorescent
membrane-bound dimer. An intramembrane M 540 mono-
mer—dimer equilibrium was first proposed by Ross et al. (1974)
and subsequently confirmed in several laboratories (Tasaki
& Warashina, 1976; Ross et al., 1977; Dragsten & Webb,
1978; Waggoner & Grinvald, 1977), where it was suggested
that M540 potential sensitivity resulted from electric field
induced rotation of M540 monomers with consequent per-
turbation of the monomer—dimer equilibrium.

Energy-transfer experiments between the n-AF probes and
M540 suggest that most of the fluorescent M540 monomers
lie parallel to the phospholipid chains with the M540 sulfonate
group probably near the membrane surface. From tempera-
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ture-jump kinetic data it was calculated that at equilibrium
there is a 5-fold excess of M540 monomers oriented parallel
to phospholipids over those oriented in the perpendicular di-
rection (parallel to the membrane surface) (Verkman &
Frosch, 1985). Using polarization measurements in hemi-
spherical lipid bilayers, Dragsten and Webb (1978) and, re-
cently, Wolf and Waggoner (1986) provided evidence for the
presence of three forms of membrane-bound M540, monomers
oriented parallel and perpendicular to the phospholipids, and
dimers oriented parallel to the phospholipids. Our results using
an independent approach, fluorescence energy transfer and
quenching of the depth-dependent n-AF fluorophores, support
these proposed M540 orientations.

There must be at least four distinct kinetic processes that
occur upon mixture of M540 with PC membranes: association,
reorientation (rotation), dimerization, and translocation to the
opposite leaflet of the membrane. In temperature-jump
studies, we found that reorientation occurred in ~1 ms,
whereas dimerization occurred within the instrument resolution
time (4 us). In the stopped-flow measurements reported here,
the 1-ms reaction was observed, as well as a 10-50-ms expo-
nential reaction process with increasing rate at increasing
M540 concentrations. The dependences of the rate of the
10-50-ms process on [M540] and [PC] suggested that this
process is a unimolecular reaction step, probably the trans-
location of M540 across the bilayer. It was also concluded
that at [M540] between 0.125 and 4 uM the time constant
for the initial association reaction is under 1 ms. Smith et al.
(1980) used absorbance stopped-flow to study the binding
kinetics of M 540 to glycerylmonooleate suspensions and found
a single concentration-independent time constant of ~10 ms
at 5-30 uM M540, similar to the present data; however, they
could not determine the physical nature of this pseudo-first-
order reaction. The increased sensitivity of fluorescence over
absorbance measurements allowed us to examine binding
kinetics at low [M540], where the reaction rate was not sat-
urated to its maximal value.

Phase-modulation fluorescence measurements provided in-
formation about the nanosecond kinetics of the dimerization
reaction and the rotational mobility of the bound M 540 mo-
nomer, which were too rapid to measure by temperature-jump
or stopped-flow methods. Under conditions when virtually all
M540 is membrane bound, a single fluorescence lifetime was
observed that increased with increasing [M540]/[PC]. The
data were interpreted in terms of a rapid (1-10-ns) collisional
reaction between M540 in its excited state with ground-state
M3540. These results are consistent with the rapid dimerization
rate measured in temperature-jump studies (<4 us) and with
the rapid response of M540 fluorescence to changes in trans-
membrane potential in hemispherical bilayer studies (Dragsten
& Webb, 1978).
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Membrane Fusion Activity of Succinylated Melittin Is Triggered by Protonation of
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ABSTRACT: The membrane fusion activity of melittin and its succinylated derivative was studied as a function
of pH by the transfer of spin-labeled phosphatidylcholine as well as by internal content mixing and electron
microscopy. The protonation process of the carboxyl groups introduced into melittin was studied by 13C
NMR spectroscopy using the derivative prepared with [1,4-1*C]succinic anhydride. Melittin causes fusion
of sonicated phosphatidylcholine vesicles in a wide range of pH. In marked contrast, melittin with all four
amino groups succinylated induces fusion only at acidic pH lower than 5.2, with the maximum at pH 5.1.
The fusion reactions are very rapid, reaching a saturation level within 1 min. The fusion efficiency depends
on the peptide-to-phospholipid ratio in the reaction mixture. Trypsinized succinylated melittin, which has
lost the four positively charged C-terminal residues, causes aggregation of vesicles at acidic pH but cannot
induce fusion. The '*C NMR peaks for the carboxyl and carbonyl groups of succinylated melittin shifted
to higher field as the pH was lowered. The pK| value of the four carboxyl groups was obtained as 5.19
and 4.83 in the presence and absence of vesicles, respectively. The pK, value in the presence of vesicles
agrees quite well with the half-maximal pH for fusion of 5.15, indicating that the fusion activity is triggered
by protonation of the carboxyl groups in the hydrophobic segment of the peptide. The higher shift of pK,
value in the presence of vesicles can be due to stabilization of the protonated form by entrance into lipid
bilayer hydrocarbon layer. Only a single peak was observed for each carboxyl and carbonyl group at various
pH values, indicating fast exchange between the protonated and deprotonated forms of the segment, faster
than the NMR time scale of 3 ms. If the protonated segment entered the lipid bilayer, the entrance and
return to the surface of bilayer membrane should also be fast.

Membrane fusion plays an essential role in the intracellular
sorted transport of materials in endocytic and exocytic pro-
cessings of cells (Goldstein et al., 1986). It also provides an
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essential mechanism for enveloped viruses to transfer their
genome into the target cell cytoplasm, a crucial initial step
in infection. Elucidation of the mechanism of membrane
fusions and their control is important for understanding the
cellular processes.

Virus membrane fusions have been extensively studied, and
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