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agsTRACT We have performed time-resolved fluorescence energy transfer measurements using melittin as donor and a modified
melittin as acceptor. The melittin molecules were bound to fluid vesicle membranes of dimyristoylphosphatidylcholine. Analysis of
the temporal decay of the energy transfer and of its variation with the donor and acceptor concentrations led to the conclusion that
melittin in fluid membranes is usually monomeric. Only at the high melittin/lipid molar ratio of 1/200 and high ionic strength evidence
for aggregation was obtained, the percentage of aggregated melittin molecules being of the order of 10%. The shortcomings of
previous steady-state measurements of fluorescence energy transfer between melittin molecules are discussed.

INTRODUCTION

Melittin has been studied extensively as a model for
membrane proteins, especially for voltage-gated pores
(Dempsey, 1990). Still, however, the structure of melit-
tin in membranes has not been fully characterized.
Agreement has been reached about the a-helix confor-
mation of the 26-residue polypeptide chain (Vogel and
Jahnig, 1986; Brauner et al., 1987; Bazzo et al., 1988;
Inagaki et al., 1989). But on the orientation of the
a-helix relative to the membrane plane conflicting re-
sults have been reported (Vogel, 1987; Brauner et al.,
1987; Stanislawski and Riiterjans, 1987; Altenbach and
Hubbell, 1988), and the same is true for the state of
aggregation of the helices (Vogel and Jahnig, 1986;
Hermetter and Lakowicz, 1986; Talbot et al., 1987;
Schwarz and Beschiaschvili, 1989).

The studies on the orientation of the melittin helices
fall into two classes. Those which used stacks of oriented
membranes and detected the orientation of the helices
via circular dichroism or infrared spectroscopy found a
predominant orientation parallel to the membrane nor-
mal (Vogel, 1987; Brauner et al., 1987) while those
which used vesicle membranes and detected the accessi-
bility of certain amino acid residues by electron spin
resonance (ESR) or nuclear magnetic resonance (NMR)
spectroscopy obtained evidence for the helices lying flat
on the membrane surface (Stanislawski and Riiterjans,
1987; Altenbach and Hubbell, 1988). The latter orienta-
tion would be more compatible with the amphiphilic
character of the helices as long as they exist as mono-
mers. The membrane-spanning orientation, on the other
hand, would probably require an aggregation of the
helices with their hydrophilic sides facing each other and
thus shielding them from the lipids. The simplest way
out of the dilemma with the orientation of the melittin

helices would be to postulate a different orientation in
stacked membranes and in vesicle membranes. It might
be that packing of the stacked bilayers with low amounts
of water between the bilayers forces the helices to enter
the membrane and become membrane spanning, accom-
panied by an aggregation.

The situation with the aggregation studies is even
more complicated because contradictory results have
been obtained using the same systems and the same
technique for detection of aggregation. All studies used
vesicle membranes and observed fluorescence energy
transfer (FET) between melittin as donor and an appro-
priately modified melittin as acceptor. FET was always
detected in steady-state measurements. Vogel and Jéh-
nig (1986) came to the conclusion that melittin in
membranes forms tetramers in a concentration-depen-
dent manner, while Talbot et al. (1987) reported that
aggregation occurs only at high salt concentration, and
Hermetter and Lakowicz (1986) as well as Schwarz and
Beschiaschvili (1989) found no evidence for aggregation.
The studies differ in the analysis of the data. In some
cases, the direct absorption by acceptor molecules has
been taken into account but not in others. Similarly, in
some cases the contribution to FET due to the random
distribution of donors and acceptors has been consid-
ered but not in others. The latter effect may be of special
importance in membranes, since the effective concentra-
tion of donors and acceptors in a two-dimensional
membrane may be much higher than in a three-
dimensional solution.

In this situation, we decided to perform FET measure-
ments in a time-resolved manner on melittin in vesicle
membranes. Time-resolved measurements have the ad-
vantage that any influence of direct absorption due to
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acceptor molecules is excluded and, furthermore, the
distinction between FET due to a random distribution
or aggregation can be made on the basis of their
different time behavior. Our conclusion is that, in vesicle
membranes, melittin is usually monomeric, only at high
salt concentration and at melittin/lipid molar ratios
above 1/200, it aggregates to some extent. This is in
contrast to previous FET studies indicating aggregation
of melittin in vesicle membranes (Vogel and Jihnig,
1986; Talbot et al., 1987). The shortcomings of these
studies will be discussed.

MATERIALS AND METHODS

Chemicals

Dimyristoylphosphatidylcholine (DMPC) was purchased from Fluka
{Neu Ulm, Germany). P-terphenyl (PTP) was obtained from Sigma
(Munich, Germany), 1,6-diphenyl-1,3,5-hexatriene (DPH) from Ald-
rich (Steinheim, Germany) and 2-hydroxy-5-nitrobenzylbromide (HNB)
from Serva (Heidelberg, Germany).

All solvents were of spectroscopic grade or classified “for prepara-
tive HPLC” and were purchased from Merck (Darmstadt, Germany).

Purification and chemical
modification of melittin

Melittin was purchased from Serva and purified according to the
procedure of Wille (1989). After purification no phospholipase activity
could be detected. It was stored as a 1-mM stock solution in Milli-Q
water at —20°C. The amount of melittin was determined by weight or
by extinction using €,, = 5,570 M~’ cm~' (Quay and Condie, 1983).

Chemically modified melittin, henceforth called A-melittin, was
prepared by means of the Koshland reaction using HNB, as described
by Habermann and Kowallek (1979). This yields a nonfluorescent
derivative of the single tryptophan residue of melittin. At pH 4.5, the
absorption spectrum of the modified tryptophan shows a peak at 310
nm, which is shifted to 410 nm by increasing the pH value to pH > 10.
A-melittin was purified by fast protein liquid chromatography (FPLC)
on a reversed phase column (Pro-RPC 5/10; Pharmacia Fine Chemi-
cals, Uppsala, Sweden). 0.3 mg A-melittin per run were eluted with a
linear gradient from 0 to 100% acetonitrile in 0.1% trifluoroacetic acid
over 20 min at 1 m}/min. After lyophilisation A-melittin was stored as a
1-mM stock solution in Milli-Q water at —20°C. The amount of
A-melittin was determined by weight and by extinction at pH > 10.0
using €,,, = 18,000 M~' cm™' (Horton and Koshland, 1967). Purified
A-melittin contained less than 5% unmodified melittin, shows the
same electrophoretic behavior (Vogel and Jahnig, 1986) and a similar
lytic activity (Habermann and Kowallek, 1970) as native melittin.

Sample preparation

To prepare lipid vesicles, an appropriate amount of DMPC was
dissolved in buffer (10-mM potassium hydrogen phosphate (KPP), pH
7.4, with or without 1 M sodium chloride) and tip sonicated for about
10 min, followed by centrifugation at 10,000 g for 10 min to remove
metal debris from the tip sonication. Before use, the vesicles were
stored for about 1 h, below and above the phase transition tempera-
ture.

To prepare vesicles with melittin, melittin was added from the stock
solution to the preformed vesicles at 36°C and incubated for at least 30

min. The final melittin concentration in all experiments was 5 wM.
A-melittin was titrated to the vesicles from the stock solution and
incubated for at least 10 min. After this time no variation in the
fluorescence signal could be detected.

To measure FET with DPH as acceptor, DPH was added to the
vesicles from a 1-mM stock solution in dimethylsulfoxide. The volume
of the added stock solution at the highest DPH concentration was
0.5% of the sample volume.

To each sample, a control sample was prepared without melittin and
titrated with A-melittin or DPH in the same way as the samples.

Investigations of the samples by electron microscopy showed that
almost all vesicles were unilamellar with diameters between 50 and 200
nm.

The sample used as fluorescence standard was a 5-uM solution of
PTP in cyclohexane. The control sample here was cyclohexane.

Fluorescence measurements

Steady-state fluorescence measurements were performed on a Perkin-
Elmer (Norwalk, CT) MPF-3 spectrometer. Trp fluorescence was
excited at A, = 290 nm. The slit width was set to 4 nm. The steady-state
intensities /* and /7 obtained in the presence and absence of acceptor
molecules, respectively, provide the relative quantum yield as &, = I/
I3,

The apparatus for time-resolved fluorescence measurements has
been described previously (Best et al., 1987). A mode-locked argon-ion
laser synchronously pumps a cavity-dumped dye laser to generate light
pulses at a repetition rate of 4 MHz. To excite Trp fluorescence,
rhodamine 6G was used as laser dye and the wavelength was set, after
frequency doubling, to A, = 290 nm. The emission wavelength was
selected by a monochromator, \,, = 340 nm, slit width 9 nm, in
combination with a cutoff filter (WG 320/4; Schott Corp., Yonkers,
NY). The sample holder could be rotated to bring four different 1 X
1-cm quartz cuvettes into the exciting beam. They contained the
sample, the control sample, the fluorescence standard sample, and the
control sample for the fluorescence standard.

To measure the total fluorescence intensity, the polarizer in the
emission light path was set at the magic angle of 54.7°.

Data analysis of the time-resolved
fluorescence measurements

The data were analyzed according to the procedure described by Best
et al. (1987). The measured intensities of the samples were corrected
for background by subtracting the intensities of the control samples,
and the intensities thus obtained were deconvoluted using the fluores-
cence standard PTP with a lifetime of 0.97 + 0.01 ns (John and Jihnig,
1988). The intensities were fitted by a sum of exponentials,

I(6) = 2:, a, exp (—t/7). (0

The partial amplitudes o, the average lifetime 7, and the relative
quantum yield ¢, were obtained as

N
ai=ai/2aj,

N
T= 2 Ut

=
¢, = /%, (2}

with 7 and 7, denoting the average lifetime in the presence and absence
of acceptor molecules.
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General theory of FET

The fluorescence lifetime 7 in the presence of energy transfer due to
the Forster mechanism from a donor D to acceptors A, at distances R; is
given by the expression (Férster, 1949),

T="T

1+ S @Ry @)

yielding for the fluorescence intensity,

I(t) = exp | —t/7,

1+ 3 RRY ] @

with R, = (8.79 x 107%) x* n* &, J,, (Fairclough and Cantor, 1978).
Here, x is the orientation factor for dipole-dipole interaction, n the
index of refraction, ¢, the quantum yield of the donor in the absence of
acceptors, and J,, the overlap integral between the normalized
emission spectrum of the donor and the absorption spectrum of the
acceptor (Fig. 1). As shown by Dale and Eisinger (1974), the value of x
can be estimated if the orientational order parameters of donors and
acceptors and their mean orientations are known. The order parame-
ter of the Trp side chain of melittin in vesicle membranes was
determined previously as § = 0.55 (John and Jdhnig, 1988). Using this
value for the order parameter of both donors and acceptors and, in
addition, assuming that the mean orientations of donors and acceptors
are parallel, one obtains x* = 0.65. This is close to the value x* = 2/3
expected for a random orientation of donors and acceptors. If, on the
other hand, one assumes a perpendicular mean orientation of donors
and acceptors keeping S = 0.55, one obtains x* = 0.25. In the case of
melittin in water, either monomeric or tetrameric, one may assume in
lowest approximation that the Trp residues are oriented randomly,
hence x* = 0.66. The same assumption may hold for monomeric
melittin in membranes. The case of aggregated melittin in membranes
may be described better by a parallel mean orientation of the Trp
residues with § = 0.55, hence x* = 0.65, which closely agrees with the
estimated value for monomeric melittin in membranes. The refractive
index of lipids is given by n = 1.4. The quantum yield &, for melittin
was determined by comparison with L-tryptophan in water, whose
quantum yield is ¢, = 0.14 (Eisinger, 1969). The overlap integral J,,,
was derived from the spectra given in Fig. 1 as J,, = 0.9 X 107 M™!
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FIGURE1 Emission spectrum of melittin (---) in vesicle membranes

of DMPC and absorption spectrum of A-melittin (—) in buffer (10
mM KPP, pH 7.4), both at 36°C. The emission spectrum was recorded
at an excitation wavelength A, = 290 nm with slits set at 4 nm, and the
absorption spectrum with slits set at 3 nm.

cm’. Using these numbers one obtains R, = 26 = 2 A for the pair
melittin/A-melittin in water or in membranes at 36°C, pH 7.4. This
value is slightly lower than the value R, = 29 A of Vogel and Jdhnig
(1986) which, however, was determined at pH 4.5 where the overlap
integral is larger.

Under the same conditions, for the pair, melittin/DPH, one obtains
the value R, = 37 + 2 A,

Theory of FET for diffusion in two
dimensions

The FET data in membranes were analyzed according to Wolber and
Hudson (1979) who derived an analytical solution for FET in two
dimensions which will be briefly summarized in the following. The
fluorescence decay of the donor in the absence of acceptor is assumed
to be mono-exponential,

1i(r) = exp (=t/7)), )

with the initial condition I (f) = 1. In the case of randomly diffusing
donors and acceptors in two dimensions, the fluorescence decay is then
given by the expression

I(t) = exp [~t/%, — (t/7,)""aC,] (6)

with a = 4.254 and C,, denoting the number of acceptors in R},
Ca = Ric,, 4]

where c, is the two-dimensional density of acceptors. Eq. 6 requires in
addition R, to be much larger than R,, the minimal distance between
donors and acceptors. If this condition is fulfilled, the time depen-
dence of I(t), according to Eq. 6, can be used as a test for the free
diffusion of donors and acceptors.

A second test is possible by studying the dependence of the intensity
on the acceptor concentration C,. For this purpose, Wolber and
Hudson (1979) analyzed the steady-state intensity /* = (I(r) dt or the
relative quantum yield,

&, = [I(t) dt/ [ 1(¢) dt. (8)

Inserting Eq. 6 and performing the integration, they obtained an
analytical expression for ¢,. Furthermore, they showed in good
approximation, that the dependence of ¢, on C, can be described by

b, = A, exp (—k,C,) + A, exp (—k,C,), 9

withA4, = 0.65,4, = 0.35, k, = 4.75, k, = 2.06. The dependence of , on
the concentration of C, is plotted in Fig. 2. Within the range 0 < C, <
0.5, the approximation differs by not more than 1% from the analytical
solution.

Due to steric hindrance, donors and acceptors may not come into
close contact, i.e., there may exist a finite exclusion radius R,. Such an
exclusion radius results in a modification of Eq. 6. However, this case
could also be approximated by Eq. 9 and the corresponding parame-
ters for some R, /R, ratios were given by Wolber and Hudson (1979),
leading to the curves included in Fig. 2.

An important point of this analysis of FET is that the relative
quantum yield ¢, does not depend on the concentration of donors as
long as their concentration Cy, in R} is below 0.5. A deviation from this
universal behavior occurs when part of the acceptors bind to donors.
Then, the relative quantum yield is a sum of the relative quantum
yields of unbound and bound donors

b =11 + '), (10)
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FIGURE2 Decrease of the relative quantum yield due to FET in two
dimensions, according to Eqgs. 9 and 12, for different cases: (+) free
diffusion and R, /R, = 0, (|) free diffusion and R,/R, = 0.8, (@) free
diffusion and R,/R, = 1.3, (O) binding with donor density C;, = 0.5,
(—) binding with donor density C, = 0.1. In the cases of binding we
assumed &= 0 andx = 1.0in Eq. 12.

with f* and f® denoting the fractions of unbound and bound donors so
thatf* + f* = 1. The relative quantum yield ¢, of unbound donors may
be obtained from Eq. 9 with C,, given by the two-dimensional density of
all acceptors. This implies that all acceptors, irrespective of being
unbound or bound, participate in energy transfer from unbound
donors. The relative quantum yield ¢, of bound donors may be
obtained from Eq. 3.

In the case of not too high acceptor concentrations, C, < C,, one
may assume the fraction of bound donors to be proportional to C,/C,,
(Wolber and Hudson, 1979) and to an additional factor x to account
for a finite affinity between acceptors and donors,

C
L.
f'= xCD. (11)
Eq. 10 then becomes
1 _ _C_‘é u Eﬁ b
¢1_ l_xCD ¢r+xCD¢r' (12)
RESULTS
FET between melittin and

A-melittin in water

As a test for FET between melittin and A-melittin, we
performed time-resolved fluorescence measurement at a
melittin concentration of 107° M in water at low and high
ionic strength. Under these conditions, melittin is mono-
meric or tetrameric, respectively (Talbot et al., 1979;
Quay and Condie, 1983). Fig. 3 shows the intensities of
the Trp fluorescence at high ionic strength, without
A-melittin and with A-melittin added equimolar to
melittin. To facilitate the comparison, the two data sets
were normalized to the same initial intensity. It is
obvious that addition of A-melittin causes a faster decay
of the Trp fluorescence. The results of fits by a sum of

INTENSITY (counts)

<1 " I " L L L " " s
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TIME (hs)

RES

RES

FIGURE3 Intensity of the Trp fluorescence of 10 uM melittin in
buffer (10 mM KPP, pH 7.4) with 2 M NaCl at 25°C. The experimental
data (--) for the Trp intensities without and with A-melittin at an
equimolar concentration to melittin and for the fast decaying fluores-
cence standard are shown in the upper part. Fits (—) of the Trp
intensities are included. The corresponding residuals are shown in the
lower part.

three exponentials are listed in Table 1. Three exponen-
tials yielded a better fit than two exponentials, whereas
four exponentials led to no further improvement. The
values obtained without A-melittin are in agreement
with earlier results (Georghiou et al., 1982; Tran and
Beddard, 1985; Lakowicz et al., 1986; John and Jahnig,
1988). The value for the average life time T was almost
identical using two, three, or four exponentials. How-
ever, for further analysis we always used the value
obtained with three exponentials. The average lifetimes
T, = 1.98 ns and 7 = 1.63 ns without and with A-melittin,
respectively, lead to the relative quantum yield ¢, =
7/7, = 0.82. In Fig. 4, the relative quantum yields are
plotted as a function of the concentration of A-melittin.

The relative quantum yields obtained at low ionic
strength are included in Fig. 4. No significant FET could
be detected in this case.

In analyzing these data, one has to keep in mind that
in three dimensions, FET between randomly distributed
donors and acceptors is negligible at concentrations
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VABLE 1
at 10 uM A-melittin (data shown in Fig. 3)

Results of fits of the intensity of the Trp fluorescence of 10 uM melittin in water with 2 M NaCl at 25°C, without A-melittin and

A-Melittin oM 10 uM
7, (ns), a, 0.81 + 0.03 0.29 + 0.03 0.67 + 0.01 0.39 £ 0.02
7, (ns), a, 2.05 £ 0.07 0.58 + 0.02 1.86 + 0.04 0.51 + 0.01
75 (ns), oy 433 £ 0.15 0.13 = 0.01 4.11 = 0.08 0.11 + 0.01
T (ns) 1.98 1.63
X’ 1.95 232

below ~107°> M (Forster, 1949). Hence, in our case this
mechanism does not contribute and a finite FET indi-
cates aggregation of donors and acceptors. At low ionic
strength, melittin is monomeric and, accordingly, FET is
not observed. At high ionic strength, melittin is tet-
rameric and gives rise to a considerable FET. Assuming
the structure of the tetramer to be identical with the
crystal structure of melittin (Terwilliger et al., 1982) and
using Eq. 4 with R, = 26 A to calculate the transfer
efficiency within the tetramer, one obtains for the
aggregation constant K, = [M,J/[M,]* = 3 x 10" M,
This value is comparable to the value K, = 1.1 X 10 M~
obtained by Quay and Condie (1983) at pH 7.

FET between melittin and DPH in lipid
vesicle membranes

To study the case of a random distribution of donors and
acceptors in lipid membranes, we performed FET mea-
surements on melittin and DPH as donor/acceptor pair.
DPH incorporates into the hydrophobic core of lipid
membranes and is located at the end of the fatty acid
chains of the lipids (Davenport et al., 1985). Due to its
high absorbance around 360 nm, it is an appropriate
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FIGURE4 Plot of the ratio 7/7, of the average fluorescence lifetime
with and without acceptors versus the molar ratio of acceptor to donor
melittin. The experimental conditions were: (O) 5-pM melittin in
buffer without NaCl at 25°C with A-melittin as acceptor; (@) 10 puM
melittin in buffer with 2 M NaCl at 25°C with A-melittin as acceptor;
(O) 5-pM melittin in vesicle membranes of DMPC at 36°C and L/M =
200 with DPH as acceptor. Buffer in all cases was 10 mM KPP, pH 7.4.

acceptor for the Trp fluorescence of melittin. The
average lifetime of the fluorescence of melittin in vesicle
membranes of DMPC at 36°C and low ionic strength is
T, = 2.06 ns, in agreement with previous results (John
and Jahnig, 1988). Addition of an equimolar amount of
DPH decreases the average lifetime to T = 1.30 ns,
leading to ¢, = 0.63. The data obtained at different DPH
concentrations are included in Fig. 4. It is obvious from
these data that in two-dimensional systems such as
membranes a large FET may occur in the absence of
aggregation, hence, a random distribution of donors and
acceptors is sufficient to produce a large effect.

FET between melittin and A-melittin in
lipid vesicle membranes

The donor/acceptor pair melittin/A-melittin in vesicle
membranes of DMPC at 36°C was investigated at low
and high ionic strength and at different lipid/donor and
lipid/acceptor mole ratios. Fig. 5 shows the intensities of
the Trp fluorescence of melittin at high ionic strength
and L/D = 200, without and with A-melittin at L/4 =
500. The results of fits by a sum of three exponentials are
listed in Table 2. The average lifetimes 7, = 2.44 ns' and
7 = 2.15 ns without and with A-melittin, respectively,
lead to the relative quantum yield ¢, = 0.88.

To test whether this effect is caused by freely diffusing
or by aggregated donors and acceptors, the deconvo-
luted fluorescence intensities I(¢) and I(¢) without and
with A-melittin are plotted in Fig. 6 A, and the function
{In[I,()/1(1)]} is plotted in Fig. 6 B. According to Eq. 6,
the latter function should yield a straight line if the FET
arises from freely diffusing donors and acceptors. The
experimental curve indeed follows a straight line closely,
hence, the FET observed is caused predominantly by
freely diffusing melittin and A-melittin molecules.

In the opposite case of aggregated donors and accep-

'That this number deviates somewhat from the above value 2.06 ns
obtained without DPH is a consequence of sample preparation.
Hence, only data obtained from one sample can be compared.
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FIGURES Intensity of the Trp fluorescence of 5-pM melittin in
vesicle membranes of DMPC in buffer with 1 M NaCl at 36°C and
L/M = 200. The experimental data () for the Trp intensities without
and with A-melittin at L/4 = 500, which corresponds to an acceptor
density per R, of C, = 0.047, and for the fast decaying fluorescence
standard are shown in the upper part. Fits (—) of the Trp intensities
are included. The corresponding residuals are shown in the lower part.

tors, the plot of Fig. 6 B should yield a cubic curve
according to Eq. 4. This is demonstrated in Fig. 6 B
(dashed line) where we have introduced the wrong
assumption that the fluorescence intensities before and
after the addition of A-melittin are monoexponential

with lifetimes 1, = 7, and T = 7, respectively (Fig. 6 A4,
dashed lines). Indeed, a cubic curve is obtained.

Further support for the notion that the FET observed
at high ionic strength arises predominantly from ran-
domly distributed donors and acceptors is obtained from
the variation of the FET with donor and acceptor
concentrations. In Fig. 7, the relative quantum yield is
plotted as a function of the acceptor concentration C,
for different values of the donor concentration Cy,. If the
FET is caused by randomly distributed donors and
acceptors, the data for all donor concentrations should
lie on a universal curve according to Eq. 9. This is
roughly found, but there is a slight difference between
the curves for the L/D ratios 200, 500, and 1,000. In
Table 3, we have listed the initial slopes Ad /AC, of the
various data sets as a measure for their difference. At
high donor content, the relative quantum yield &, is
lower and the slope Ad,/AC, larger. This is qualitative
evidence that some aggregation takes place at high
melittin content.

In an attempt to quantify this effect we assumed that
at L/D = 1,000 or higher, no aggregation occurs. The
initial slopes of the data were compared with the
theoretical slopes for randomly distributed donors and
acceptors to determine the exclusion radius R, according
to Eq. 9 and Fig. 2. Agreement was obtained for R, = 0.7
R,=18 A. The data at L/D = 200 were then analyzed by
permitting part of the melittin molecules to be aggre-
gated according to Eq. 12. For the contribution to the
FET from the random distribution of monomers and
oligomers the exclusion radius R, = 18 A was used. For
the oligomers we made the simple assumption of dimers
with an acceptor/donor distance R; = R, as lower limit
(Wolber and Hudson, 1979). This led to a fractionx =
0.12 + 0.03 of aggregated melittin molecules. The error
limit given here is derived from the uncertainty in the
initial slope of the curves of Fig. 7. Upon variation of the
exclusion radius within the range 15 A < R, < 21 A, the
result for x stays within the given error limit. If, further-
more, the assumption of a dimer is released and re-
placed by the assumption of a tetramer made of four

TABLE2 Results of fits of the intensity of the Trp fluorescence of 5 .M melittin In vesiclie membranes of DMPC at 1 M NaCl, without

A-melittin and at L/A = 500 corresponding to C, = 0.047

C, 0 0.047
7, (ns), a, 0.61 £ 0.02 0.27 £ 0.02 0.53 = 0.02 0.31 £ 0.01
7, (ns), a, 2.11 = 0.05 0.48 + 0.01 1.96 = 0.04 047 £ 0.01
7, (nS), a, 5.06 + 0.06 0.25 = 0.01 4.83 = 0.05 0.22 £ 0.01
7 (ns) 2.44 2.15
X2 2.49 1.90

The molar lipid to melittin ratio was L/D = 200 (data shown in Fig. 5).
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FIGURE 6 (A) Semi-logarithmic plots of the intensities described as a
sum of three exponentials (—) using the parameters listed in Table 2.
The upper curve corresponds to the case without A-melittin and the
lower one to an A-melittin density C, = 0.047. In addition, the
corresponding single exponential decays are shown (----) using the
averaged lifetimes 7, = 2.44 ns and 7 = 2.15 ns obtained without and
with A-melittin. (B) Plots of the function [In(/,/I))’, with I, and /
denoting the intensities without and with A-melittin, for the triple-
exponential (—) and single-exponential (----) decays.

parallel membrane-spanning helices, the fraction of
aggregated melittin molecules increases to x = 0.15,
hence, is still within the given error limit. So our
conclusion from this analysis is that of the order of 10%
of the melittin molecules are aggregated in membranes
of DMPC at high ionic strength. We cannot say any-
thing, however, on the kind of aggregation, i.e., whether
dimers or tetramers or other oligomers are formed.

Finally, the results on the FET at low ionic strength
are included in Fig. 7. There is no evidence for an energy
transfer in the range of the lipid/donor mole ratios
investigated. This may be due to a relatively strong
repulsion between melittin molecules at low ionic
strength. At L/D = 1,000, there is even a slight increase
of the relative quantum yield upon addition of A-melit-
tin. This may be interpreted as a slight change in the
exposure of melittin molecules to water upon increase of
their concentration.
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FIGURE7 Plot of the ratio 7/7, of the Trp fluorescence of 5-uM

melittin in vesicle membranes of DMPC at 36°C versus the A-melittin

density per R2, The experimental conditions in (4) were: (ll) L/D =

1,000 and 0 M NaCl; (@) L/D = 1,000 and 1 M NaCl; () L/D = 200
and 0 M NaCl; (O) L/D = 200 and 1 M NaCl. The broken line is the
theoretical curve for a random distribution of donors and acceptors

and an exclusion radius R, = 0 (Eq. 9). The arrows mark the A-melittin

densities where A-melittin was equimolar to melittin, i.e., (@) L/4 =
1,000 and (O) L/A = 200. The experimental conditions in (B) were:
(@) L/D = 3,000 and 1 M NaCl; (O) L/D = 500 and 1 M NaCl.

COMPARISON WITH DATA FROM THE
LITERATURE

The FET studies on the aggregation of melittin in
membranes which have been reported in the literature
were steady-state measurements. The results of some of
them are shown in Fig. 8 together with the results from
our own steady-state measurements and our time-
resolved measurements. Our steady-state measurements
were performed at L/D = 1,000 and at low and high salt

TABLE 3 Initial slope A$,/AC, of FET of the donor/acceptor
pair melittin/A-melittin in vesiclie membranes of DMPC at
36°C, at different ratios L/D and at 0 M and 1 M NaCl

LD [NaCl] (M) Ad/AC,
3,000 1 24209
1,000 1 -21+01
500 1 —27+02
200 1 -30 %02
1,000 0 +1.0 %02
200 0 —05 % 0.1

Ad,/AC, was determined in the range 0 < C, < 0.05.
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FIGURES. Comparison of different FET experiments. The data
shown in (A4) are: steady-state data of Vogel and Jihnig (1986) at low
jonic strength, pH 4.5, and L/D = 9,410 (V), L/D = 3,855 () and
L/D = 2,350 (A); steady-state data of Schwarz and Beschiaschvili
(1989) at high and low ionic strength, pH 4.5, and L/D = 200 (O); our
own steady-state data at high and low ionic strength, pH 5.0, and
L/D = 1,000 (®); time-resolved data (shown in Fig. 7 4) at low ([J)
and high (IB) ionic strength, pH 7.4, and L/D = 200. The lipid used was
always DMPC at 30°C, except for Schwarz and Beschiaschvili (1989)
who used DOPC at 20°C. The lines are drawn to guide the eye. The
data shown in (B) are: Steady-state data of Talbot et al. (1987) at
L/D = 3700 in egg PC (M) and DMPC (0) at 24°C; our own
time-resolved data (shown in Fig. 7A4) at L/D = 1,000 in DMPC at
36°C (@). All data in (B) were recorded at high ionic strength. The
broken line is the theoretical curve for a random distribution of donors
and acceptors and an exclusion radius R, = 0.7 R, (Eq. 9).

concentration. No dependence on the salt concentration
was observed. These data agree roughly with those of
Schwarz and Beschiaschvili (1989) who also found no
difference at low and high salt concentration. Their L/D
ratio was 200, but this difference is of minor importance
since the FET data lie approximately on a universal
curve if the small contribution of aggregation at L/D =
200 is neglected for a moment. A considerably larger
energy transfer was observed by Vogel and Jihnig
(1986) at higher L/D ratios and low salt concentration.
This was interpreted in terms of an aggregation of the
melittin molecules. It is important to note, however, that
all these steady-state measurements were performed at
pH 4.5-5.0 in order to increase the overlap between
emission of the donors and absorption of the acceptors.
Under this condition, the acceptor A-melittin absorbs

strongly also at the excitation wavelength of the donor
(280 nm) and this may have caused the large effect
observed by Vogel and Jihnig (1986).

This direct absorption by the acceptor molecules is
difficult to correct and renders the steady-state measure-
ments of Vogel and Jahnig (1986) and of Schwarz and
Beschiaschvili (1989) questionable. It may also be the
reason for the deviation between our steady-state data
and our time-resolved data (Fig. 8 4). The latter was
obtained at pH 7.4 but the protonation state of melittin
should not differ between pH 5 and 7.4. The time-
resolved measurements showed a pronounced salt ef-
fect. The FET at low salt concentration was lower than
detected in the steady-state measurements, and at high
salt concentration, was higher.

Such a strong salt effect was also observed by Talbot et
al. (1987) in their steady-state measurements. As accep-
tor they used the oxidized Trp residue of melittin for
which the absorption problem is less severe. Their
measurements were performed at L/D = 3,700, pH 7.0,
and low and high salt concentrations. Moreover, dif-
ferent lipids such as DMPC and egg PC were investi-
gated at a temperature of 24°C. For DMPC, this
corresponds to the ordered fluid phase transition, while
egg PC is in the fluid phase. Hence, our time-resolved
measurements on DMPC at 36°C and L/D = 1,000 or
higher should be compared with their measurements on
egg PC. They are indeed in good agreement. Talbot et
al. (1987) interpreted their data as evidence for aggrega-
tion, but Fig. 8 B clearly shows that they lie on the same
universal curve for randomly distributed donors and
acceptors with R, = 0.7 R, as the time-resolved data for
L/D = 1,000. Therefore, they should also be interpreted
as a consequence of a random distribution of donors and
acceptors. Only a deviation from the universal curve as
observed in our time-resolved measurements at L/D =
200 can be taken as evidence for aggregation.

CONCLUSION

By time-resolved FET measurements, we could show
that melittin in fluid membranes of DMPC is predomi-
nantly monomeric. Only at melittin/lipid ratios of 1/200
or higher and high salt concentration, an indication for
aggregation was found, the percentage of aggregated
melittin molecules being of the order of 10% at L/D =
200 and 1 M NaCl. Previous reports on a strong
aggregation of melittin in membranes, which were based
on steady-state measurements, suffer either from high
direct absorption of the acceptors (Vogel and Jéihnig,
1986) or from misinterpretation of the data (Talbot et
al., 1987). Our result on a predominant monomeric state
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of melittin in membranes is in consonance with results
obtained by other techniques such as NMR (Stanislaw-
ski and Riiterjans, 1987) and ESR (Altenbach and
Hubbell, 1988).

Supposedly, melittin monomers lie more or less flat on
the membrane surface with the hydrophobic side of the
melittin helix making contact with the hydrophobic core
of the lipid bilayer. In the aggregated state, the melittin
helices are supposed to be shifted towards the hydropho-
bic core and become oriented more along the membrane
normal with the hydrophobic side still facing the lipids.
This would give rise to a polar pore in the membrane
(Vogel and Jahnig, 1986). Between the two states, there
would be a dynamic equilibrium, which, under the
condition of low melittin concentration or low salt
concentration lies completely on the monomeric state.
Only at high melittin content and high salt concentra-
tion, a small shift towards the aggregated state is
observed. A membrane potential, however, may act on
the helix dipoles and, if transnegative, orient them more
along the membrane normal (Kempf et al., 1982) so that
the equilibrium would be shifted more towards the
aggregated state. In this way, the action of melittin as a
voltage-gated pore might be explained. This proposal
corresponds closely to the model proposed for alamethi-
cin by Fox and Richards (1982). Certainly, more experi-
mental data, especially on the structure of melittin in
other lipids and in the presence of a membrane poten-
tial, are required to solve the problem of melittin in
membranes completely.

Received for publication 19 October 1990 and in final form 27
March 1991.
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