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The interaction and orientation of a membrane protein ion channel model, an a-aminoiso-
butyric acid analogue of gramicidin B (GBA), in egg yolk phosphatidylcholine vesicles was
studied by means of fluorescence spectroscopic techniques. GBA helices form stable ion-
conducting pores in membranes [Jelokhani-Niaraki et al. (1995) J. Chem. Soc. Perkin
Trans. 2, 801-808]. In an a-helical model for the peptide, all Trp residues (intrinsic
fluorophores) are distributed near the C-terminus. Fluorescence quenching experiments
revealed the exposure of the helical peptides' C-termini to aqueous environments. Dansyl-
labeled vesicles were used to investigate the GBA dynamism of the interaction with mem-
branes. It was shown that considerable amounts of peptide reside on and in the vicinity of
the outer surface of lipid bilayers. The transmembrane transfer to the inner layer is slow
due to the high affinity of Trp residues for bilayer interfaces which anchor the peptide to the
outer surface. A structural-functional interpretation of the GBA interaction with mem-
branes is presented.

Key words: fluorescence quenching, gramicidin B Aib analogue (GBA), helical peptide
pore-former, peptide-lipid interaction, vesicle surface adsorption.

Protein ion channels and pores, normally large macromole-
cules, authentically interact with biological lipid bilayers,
and form gateways for ions and molecules of different sizes
to pass through the cell membrane. The intermembrane
sections of protein channel and pore structures normally
adopt the common secondary structures, i.e. ^-helices and
/?-sheets, the former being much more widespread (1-3).

One way to model the helical transmembrane segments
of protein pore-formers and to investigate their functional
properties is to use simple natural and synthetic helical
peptides (4). Gramicidin and alamethicin, and various
natural and synthetic analogues of them, as well as syn-
thetic amphiphilic helical peptides have been used for this
purpose in the last two decades (5-7). Peptaibols, such as
alamethicin, are natural a -aminoisobutyric acid (Aib)-
containing peptides that form stable helical secondary
structures in a variety of environments. These peptides are
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considered to be candidates for modeling of the barrel-
stave pore structures in lipid bilayers (8). The helical
stability of peptaibols is basically due to the presence of
Aib, an unusual amino acid that induces 3i0- and a-helical
structures in peptides (9, 10).

Tryptophan (Trp), with its amphiphilic character and
affinity for lipid bilayer surfaces through both nonpolar and
polar interactions, may act as a transmembrane super-
secondary structure stabilizer (11, 12). Trp residues are
located in a variety of membrane proteins near the bilayer
surfaces (13-15). It has been suggested that the Trp mi-
crodipole (~2 Debye), as well as its hydrophobic part, can
stabilize the overall transmembrane structures of certain
protein pore formers, such as gramicidin and porins,
through interactions with lipid bilayer surfaces (14, 15).

We have used Trp and/or Aib to design stable functional
helical pore-forming synthetic peptides to model mem-
brane protein ion conducting segments (16, 17). Aib in-
duces stable helical local structures in the peptide back-
bone; whereas Trp, when situated near the helical peptide
termini, may promote the stability of transmembrane
tertiary structures through interhelical packing effects and
peptide-lipid interactions. The interaction of an Aib- and
Trp-containing peptide pore-former, a gramicidin B Aib
analogue (GBA), in lipid bilayers is examined in this study.
GBA preserves the basic primary structure of a gramicidin
B molecule in which all D-amino acids are replaced by Aib
(Fig. 1). The gramicidin analogue takes on rigid helical
structures in lipid vesicles, and organic and aqueous sol-
vents (26). Moreover, GBA forms stable tight pores in lipid
bilayers despite its short length (2.4 nm for a 16 residue
a -helix) to span the membrane (average, 3-4 nm) (16).
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Gramicidin B: Formyl-L-Val-Gly-L-Ala-D-Leu-L-Ala5-D-Val-L-Val-D-Val-

L-Trp-D-Leul0-L-Phe-D-Leu-L-Trp-D-Leu-L-Trp15-Glyol

Gramicidin B Aib Analogue: Formyl-L-Val-Gly-L-Ala-Aib-L-Ala'-Aib-L-Val-

Aib-L-Trp-Aib'°-L-Phe-Aib-L-Trp-Aib-L-Trpl5-Glyol

<
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O

Fig. 1. Primary structures of the peptides, and a schematic
representation of the relative locations of aromatic side chains
in the GBA a-helix, shown as a cylinder (lower left) and as a
cross-section seen from the N-terminus (lower right) (numbers
on aromatic side-chains indicate the residue numbers in the
primary structure of the peptides).

The a -helical model for GBA assumes that the aromatic
residues (three Trps and a Phe), located near the C-ter-
minus, are distributed in a pseudo-symmetric manner with
Trp 9 and Trp 13 on one side, and Phe 11 and Trp 15 on the
other, as shown in Fig. 1.

The bilayer surface oriented helical Aib-containing
peptides with Trp residues located in the vicinity of their
termini can act as potential protein pore-forming unit
mimics with moderate conductance comparable to that of
elaborate membrane proteins. In the present study, we
employ fluorescence spectroscopic methods to investigate
the structure and orientation of GBA molecules in phos-
phatidylcholine vesicles, using Trp residues at the C-ter-
minus end of the peptide as intrinsic fluorophores. Fluores-
cence quenching strategies are effectively used for inves-
tigating the relative orientation and the degree of exposure
of GBA in membranes. Moreover, energy transfer from
Trp residues to dansyl-labeled lipids is employed to study
the dynamic aspects of GBA-lipid bilayer interactions. A
further interpretation of the structure-function relation of
GBA in lipid membranes, in addition to what has been
discussed previously (26), is presented on the basis of the
results of fluorescence studies.

MATERIALS AND METHODS

Reagents—GBA was synthesized and purified in a previ-
ous study (18). Gramicidin A (GA) was from Fluka (>90%
GA). Egg yolk phosphatidylcholine (EYPC) (lOOmg/liter
chloroform solution) was from Sigma. JV-(5-Dimethyl-
aminonaphthalene-l-sulfonyl)-l,2dihexadecanoyl-sn-glyc-
ero-3-phosphoethanolamine, triethylammonium salt (dan-
syl-DHPE), was from Molecular Probes. All other reagents
were of reagent grade and used without further purifica-
tion. The ethanol used in the fluorescence measurements
was of spectroscopic grade. Water was deionized.

Vesicle Preparation—Large unilamellar vesicles (LUV)
were prepared with a small-volume extrusion LiposoFast
apparatus (Avestin, Canada) using 100 nm pore filters
(average diameter of liposomes, 70-80 nm), as described

previously (19). The initial concentration of EYPC lipids
was 3.5 mM (average mol. wt., 750) in Tris-HCl buffer (10
mM, pH 7.4) throughout the experiments. Liposomes were
stable for at least a week when stored at 4°C.

Symmetrically labeled EYPC vesicles were prepared by
initial mixing of dansyl-DHPE and EYPC chloroform
solutions in a 1:10 molar ratio. LUV were then prepared
through the hydration of dried lipid films in buffer as
described above.

Asymmetrically labeled EYPC vesicles were prepared
by the addition of a dansyl-DHPE lipid solution in tetra-
hydrofuran (THF) (5 mM) to a suspension of EYPC vesi-
cles (3.5 mM) in a 1:20 molar ratio. Due to the slow lipid
flip-flop rate during the course of experiments (within 30
min to 1 h after preparation of the labeled vesicles) the
majority (80%) of the labeled lipids reside on the outer
layer of the vesicles, thus producing an asymmetrical
distribution of the chromophore in the inner and outer
vesicle monolayers (20).

Small unilamellar vesicles (SUV) were prepared by
sonication with a probe sonicator, as described previously
(16).

Sample Preparation—GBA was used as an ethanolic
stock solution (0.7 mM), and diluted accordingly in aqueous
solvents. The alcohol/water (or aqueous buffer) ratio was 1:
200 (v/v) in all experiments. Samples for fluorescence
quenching measurements were routinely prepared by
adding the desired amount of a quencher to a solution
containing constant amounts of the peptide and vesicles.
For fluorescence energy transfer measurements, appropri-
ate amounts of dansyl-labeled or dansyl-free vesicles were
added to solutions containing a fixed amount of the peptide.
The GBA/lipid molar ratio was 1:100 throughout the
experiments. Due to their hydrophobicity and the fluores-
cence intensities at different peptide to lipid ratios, and in
accordance with concentration-dependent CD measure-
ments (data not shown), GBA molecules are totally com-
bined with liposomes in a 1:100 molar ratio.

Instrumentation—Fluorescence spectra were measured
with a Hitachi F-4000 spectrofluorimeter in cuvettes of 1
cm pathlength, as described previously (21-23). The
excitation and emission bandpasses were both 5 nm. The
fluorescence lifetimes were recorded, using a time-cor-
related single photon counting method, on a Horiba NAES
1100 nanosecond time-resolved spectrofluorimeter. Emis-
sion in lifetime measurements was monitored through a
Toshiba UV-34 cut-off filter. Excitation for both steady-
state and time-resolved measurements was at 280 nm. As
both acrylamide and iodate ion quenchers absorb at this
excitation wavelength, the data are corrected for the inner
filter effect (24).

Fluorescence Quenching Analysis—In general terms,
quenching mechanisms can be interpreted as either static
or dynamic, and sometimes a combination of both (24-26).
These mechanisms are formalized in the following equa-
tions:

Static quenching Fo/F = 1 + Ks [Q]; r0/ r = 1 (1)
Dynamic quenching Fo/F= 1 + Ksv [Q] = tjr (2)

where Fo, F, r0, and r are the fluorescence intensities and
lifetimes in the absence and presence of a quencher,
respectively. Q represents the quencher. IQ is the static
quenching constant, which can be interpreted as the equi-
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librium constant of the complex between the quencher and
the probe prior to excitation. Ksv is the dynamic quenching
constant, often termed the Stern-Volmer constant.

A linear curve in the plot of Fo/F vs. [Q] (Stern-Volmer
plot), fulfilling the conditions in Eq. 2, indicates a dynamic
quenching mechanism. However, in many cases the curve
in a Stern-Volmer plot shows some deviation, which makes
the interpretation less straightforward. Upward positive
deviation of the curve was observed in all of the experi-
ments in this study. If the r0/ r = 1 condition in Eq. 1 is held,
the quenching is basically static and the equilibrium con-
stant can be calculated from the F vs. [Q] curve at 50%
quenching: ifs = l /[Q]5 0 . However, a concentration-depen-
dent lifetime ratio implies a combined static-dynamic
mechanism for the quenching. Modified Stern-Volmer plots
can account for the latter combined mechanism:

Modified Stern-Volmer Equation

where V is the static constant. V is different from Ks in
that it can account for weak associations between the
fluorophore and the quencher. V represents the active
volume around the excited fluorophore, in which the
presence of a quencher may cause instantaneous quenching
at the time of excitation. Non-exponential rapid decay can
also occur in this sphere of action due to time-dependent
diffusion processes. This transient effect is mostly observ-
able in viscous environments and is normally not included
in the modified Stern-Volmer equation (26).

RESULTS

The fluorescence spectra of GBA in three environments are
shown in Fig. 2. The emission with the highest intensity was
seen in ethanol despite that the absorbance of GBA at 290
nm (for excitation of the ethanolic solution) is lower than

250

200 -

150 -

§1
100 -

350 400 450

Wavelength (nm)

Fig. 2. Fluorescence emission spectra of GBA (3.5 pM) in
ethanol (upper trace), large unilamellar EYPC vesicles (350
/xM) in Tris-HCl buffer (middle trace), and Tris-HCl buffer
(lower trace) at 25'C; excitation was at 290 nm for ethanol, and
280 nm for vesicles and buffer.

that at 280 nm (for excitation of the others). The GBA
spectrum in EYPC liposomes was considerably more in-
tense than that in buffer. In spite of their negligible relative
shifts (all maxima around 340-342 nm), the maximum
emission values showed a considerable blue shift when
compared to Trp in aqueous environments (around 350
nm).

Table I shows the fluorescence lifetimes of GBA in
various environments compared to those of Trp and GA.
Since the fluorescence of these compounds shows a double
exponential decay profile in all the solvents employed (each
component is not shown), we have introduced an averaged
lifetime, <r>:

As it was not a purpose of the present study to elucidate the
nature of decay curves, we will not be concerned with the
details of each decay component. We use the averaged

TABLE I. Fluorescence lifetimes of Trp, GA, and GBA in
different environments at 25*C.

Solvent
Ethanol

Ethanol/water
(1/1: v/v)

Tris-HCl buffer
(10 mM, pH7.4)

EYPC in Tris-HCl buffer0

Compound
Trp
GA
GBA
Trp
GA
GBA
Trp
GA
GBA
Trp
GBA

<r>/ns"
3.22
3.74
4.08
2.60
4.35
5.32
2.73
3.74
3.39
2.86
5.55

0.94
1.06
1.27
1.01
1.17
1.31
1.00
1.42
1.30
0.95
1.06

"Average lifetime calculated in accordance with: <r>=Sff,r,!/Sa,r,,
where a, and r, represent the pre-exponential factor and lifetime of
the ith component, respectively; "Least-square curve fitting value as
a criterion for goodness of fit; cthe molar ratios of Trp/lipid and GBA/
lipid were 1:35 and 1:100, respectively.

0 .1 0.2 0.3

[Q] / M

0.4 0.5

Fig. 3. Stern-Volmer and modified Stern-Volmer plots for the
quenching of GBA (3.5 fiM) fluorescence by acrylamide in large
unilamellar EYPC vesicles (350 juM) in Tris-HCl buffer at 25'C.
Excitation was at 280 nm, and emission was monitored at 342 nm.
The samples were stored in the dark for 30 min prior to the fluores-
cence measurements.
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lifetime, <r>, in the later discussion of the results of
lifetime measurements. In general, GBA has longer or
comparable (in one case) average lifetimes in aqueous and
nonaqueous milieus.

In order to assess the interaction and orientation of GBA
molecules in lipid environments, two series of experiments
were performed. In the first series, three aqueous quench-
ers of Trp (neutral, negatively charged, and positively
charged) were used to study the relative orientation and
location of GBA in neutral EYPC vesicles. In the second
series, symmetrically and asymmetrically dansyl-labeled
EYPC vesicles were employed to investigate some dynamic
aspects of the interaction of GBA with and within lipid
bilayers. The results are used for interpretation of the GBA
structure and function in membranes.

Figure 3 shows a Stern-Volmer plot and its modified form
for fluorescence quenching of GBA in liposomes by acryl-
amide. Acrylamide is an efficient quencher of indole and
Trp (25). The main plot has an upward bend, reflecting the
involvement of both static and dynamic mechanisms. The
Trp and protein fluorescence quenching by acrylamide, and
the mechanisms involved have already been studied in
detail (25, 26). A modified Stern-Volmer plot (Eq. 3) was
used to separate the static and dynamic parts of the
quenching. The static quenching constant, V, was esti-
mated to be 1.20 M"1 (radius of active volume, ~0.78 nm).
The modified and <ro>/<r> plots were superimposed to
yield a dynamic constant, Ksv, of 1.28 M"1. The bimolec-
ular quenching constant, Kq, was calculated to be 2.53 X 108

M-'-s-1 (Kq = Ksv/<r0».
Figure 4 shows the quenching of GBA in liposomes by

IO3~ ions (KIO3). The modified Stern-Volmer plot became
linear, and was superimposed on the {roy/<.T} plot. The
value calculated for V was 1.25 M"1 (radius of active
volume, ~0.79 nm). The Ksv constant calculated from the
<ro>/<T> plot was 0.57 M"1 (Kq = 1.12 X 108 M"1 -s"').

Interestingly, a different quenching mechanism can be
attributed to the interaction between Cu2+ ions (CuSO4)
and GBA in lecithin liposomes. This is shown in Fig. 5. The

0.1 0.2

[Q] / M
0.3 0.4

Fig. 4. Stern-Volmer and modified Stern-Volmer plots for the
quenching of GBA (3.5 /iM) fluorescence by IOy ions in large
unilamellar EYPC vesicles (350 fiM) in Tris-HCl buffer at 25'C.
The experimental conditions were as in Fig. 3.

<To>/<r> plot showed a constant value for the lifetime of
GBA fluorescence (inset) in the whole quencher concentra-
tion range, implying a static mechanism of the complex
formation (Eq. 1) (24). The Ks for this plot was 3,616 M"1,
which gives an apparent i£, = 7.12x 10" M"'-s -1 .

The second series of experiments involved time-depen-
dent fluorescence methodology. Figure 6 shows a two-phase
process for the interaction of GBA with symmetrically
dansyl-DHPE labeled liposomes. The dansyl fluorophore
was located at water-vesicle interfaces. In the first 10 min
the time-dependent course of the interaction showed a

150

0

100

50

o 0 0.1 0.2 0.3 0.4 0.5
[ 0 J / 10 "3M

0.1 0.2 0.3 0.4 0.5

[Q] / 10 3 M

Fig. 5. A plot of GBA (3.5 pM) fluorescence intensity vs. Cu2+

concentration in large unilamellar EYPC vesicles (350 fiM) in
Tris-HCl buffer at 25°C. The inset shows the Stern-Volmer plots;
the experimental conditions were as in Fig. 3.

10 15
Time(min)

Fig. 6. Time-dependent interaction of GBA (3.5 ^M) with
symmetrically dansyl-labeled large unilamellar EYPC vesicles
(350 fiM) in Tris-HCl buffer at 25°C. Open circles represent the
decrease in GBA fluorescence emission (monitored at 340 nm) upon
interaction with dansyl-labeled liposomes; closed circles represent
the gradual increase in GBA emission intensity upon interaction of the
peptide with a new population of dansyl-free liposomes (5 times in
excess), added 10 min after the initial mixing of GBA with dansyl-
labeled liposomes; excitation was at 280 nm.
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25

Fig. 7. Time-dependent interaction of GBA (3.5 /iM) with
asymmetrically dansyl-labeled large unilamellar EYPC vesi-
cles (350 jiM) in Tris-HCl buffer at 25°C. The upper and lower
traces represent the fluorescence emission of dansyl (monitored at
520 nm) and Trp residues in GBA (monitored at 340 nm), respective-
ly; the experimental conditions were as in Fig. 6.

constant decrease in fluorescence due to nonradiative
energy transfer from GBA Trp residues to dansyl-labeled
lipids. As the adsorption of peptides onto liposomes usually
takes place very quickly, the gradual decrease (~10 min)
in GBA fluorescence might reflect an orientational change of
GBA (and/or a peptide-peptide interaction) on the lipid
surface. After 10 min, a new population of dansyl-free
EYPC liposomes was added in a considerable excess (5
times molar ratio). The fluorescence intensity showed a
notable, but gradual, increase after another 10 min, but did
not return to the level at the beginning of the experiment.
The interaction of Trp and dansyl moieties was clearly
weakened by the addition of dansyl-free vesicles through
the redistribution of GBA among liposomes.

Figure 7 shows the interaction of GBA with asymmetric-
ally dansyl-DHPE labeled vesicles. In these vesicles the
majority of dansyl-labeled lipids were distributed on the
outer surface of the liposomes. In one experiment, the
decay of GBA fluorescence due to energy transfer to dansyl
was monitored for 15 min. In another experiment, the
increase in dansyl fluorescence due to the acceptance of
energy from GBA was monitored for 15 min. The presenta-
tion of these traces as one plot can illustrate part of the
molecular phenomenon occurring on the outer surface of or
within the lipid bilayer. As the critical energy transfer
distance between Trp and dansyl was estimated to be about
2 nm, in accordance with Forster theory (20), any consider-
able dynamic change in the distance between the energy
donor-acceptor pair might be reflected in both the Trp and
dansyl time-dependent emission patterns. This assumption
will be used to reach to some qualitative conclusions related
to the behavior of GBA in membranes.

DISCUSSION

In accordance with one of the hydrophobicity scales (27),
GBA is a hydrophobic peptide with an average hydropho-
bicity of 0.75 and a hydrophobic moment of 0.076 (the
hydrophobicity value for Aib was assumed to be an average

of the Ala and Val hydrophobicities) (4). Due to its hy-
drophobicity and the presence of Trp residues the peptide
exhibits a high affinity for membrane surfaces (11, 12).
The intennolecular reaction of GBA molecules within lipid
bilayers has already been investigated by means of CD
measurements (16). It is assumed that GBA forms tight
barrel-stave shaped pores in membranes upon the appli-
ance of transmembrane potential, and that ions pass
through these pores. The moderate conductance of GBA
pores is mostly in the range of protein ion channels (16).

A two-stage model accounts for the stability and assem-
bly of integral protein a-helices in membranes (28). In the
first stage, hydrophobic helices interact with membranes
through a hydrophobic effect and then become thermody-
namically stabilized through strengthening of their intra-
molecular hydrogen bonds. In the second stage, after
reaching equilibrium in lipid environment, the helical
peptides further interact through non-hydrophobic forces
to form peptide assemblies which can have functional roles,
and may dictate the rest of the folding process of membrane
proteins (28). In addition, discrete hydrophobic and am-
phipathic a-helices may be autonomously assembled on
lipid membrane surfaces or in their hydrophobic interior
(28, 29). The assembly of helical peptides on the surface of
some lipid bilayers may have an overall stabilizing effect by
reducing the negative monolayer curvature strain (30). On
the other hand, transmembrane barrel-stave shaped self-
association of helical peptides can promote the lysis of cells
or vesicles directly, by forming pores with large diameters
(e.g. 31, 32), or indirectly, by forming small ion channels
for the ions to leak through, leading to osmotic lysis (30).

As can be observed in Fig. 2, GBA fluorescence in the
buffer was much weaker than that in vesicles and alcohol. In
comparison with the maximum emission of Trp in aqueous
solutions, the blue-shifted maximum emission of GBA in
three different solvent systems implies more hydrophobic
environments around Trp residues in all three milieus.
Interestingly, GBA adopts three different structures in
these solvents, as revealed by CD spectra (16). The
structural change can be also detected by monitoring the
fluorescence lifetimes in these environments (vide supra,
Table I). The shortest average lifetime for GBA was
observed in buffer. Despite the difference in structure (16),
the GBA fluorescence lifetimes in vesicles and 50% ethanol
were comparable, and longer than that in pure ethanol. The
blue-shift of the spectra of GBA implies a hydrophobic
microenvironment for Trps in aqueous solutions, which
could be a result of partial aggregation of the GBA
molecules. However, in liposomes the blue-shift could
mean an overall structural change [also observable in CD
spectra (16)] due to adsorption and partial incorporation of
the fluorophores on and into the lipid surface and interior.

Figures 3-5 show that the GBA fluorescence in liposomes
was quenched through different mechanisms, depending on
the nature of the quencher (i.e. neutral, negatively, or
positively charged). This is in contrast to the cases of
lipid-free solutions, in which quenching of the GBA fluores-
cence is due to a dynamic process for any of the three
quenchers. Despite the different mechanisms, however, the
fluorescence quenching results for all three types of
quenchers in the vesicles imply that a considerable amount
of Trp residues at the C-terminus of GBA are exposed to
aqueous environments. In the case of acrylamide (Fig. 3),
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the contributions of the static and dynamic parts of the
quenching mechanism are almost the same (1.20 M"1 vs.
1.28 M"1, respectively). However, it should be noted that
we are dealing with a group of three Trps (Phe is excluded
as it is not influential in emission, but it possibly interacts
with its Trp neighbors), which makes the system more
complex. The reported values of V for indole derivatives
and Trp- containing peptides' fluorescence quenching by
acrylamide are mostly in the range of 1-3 M"1 (25, 33). The
value of Kq in this fluorescence quenching system is 2
orders of mag- nitude less than the values suitable for a
dominantly diffusion-controlled collision. This can be
partly accounted for by the slow diffusion rate of vesicles
(6.10X 10"8 cm2-s"' for a sphere of 80 nm diameter) with
peptides adsorbed on their exterior surfaces. During
quenching, acrylamide collides with these giant liposomes,
but is unlikely to enter their hydrophobic interior (25).

In comparison with acrylamide, the IO3" quenching of
GBA (Fig. 4) shows a similar value for the static quenching,
but less than half the value for the dynamic quenching.
Here, the smaller slope of the lifetime ratio plot implies
less contribution by the collisional quenching and more
contribution by the static quenching. This difference in the
collisional quenching values of the quenchers might be due
to partial electrostatic interaction of IO3 ~ ions with the lipid
bilayer surface, as is the case with other charged ions (25,
26). Another cause for this disagreement could be that the
transient part of the diffusion process is often neglected in
the modified Stern-Volmer equation (26). This transient
part becomes especially important in viscous environ-
ments, in this case lipid bilayer interfaces and hydrophobic
parts.

The quenching of GBA fluorescence by Cu2+ ions (Fig. 5)
is more straightforward and is best resolved by considering
a complex-forming static mechanism, as the fluorescence
lifetime remains constant. The apparent Kq for this
quenching system is an order of magnitude greater than the
common values for diffusion-controlled reactions. Cu2+ ions
possibly quench peptide Trps located on the surface of
vesicles by forming non-fluorescent complexes.

An interpretation of the data shown in Fig. 6 is that a
considerable amount, but not all, of the GBA molecules is
transferred to added dansyl-free vesicles. On the transfer
of peptides to the newly added large excess of unlabeled
vesicles, the distance between Trp and dansyl increases,
and the energy transfer becomes less effective and fades
away (hence, increase in the fluorescence intensity). This
phenomenon occurs in the same manner, but faster, when
dansyl-free vesicles are added at shorter time intervals
(data not shown). The ease of peptide transfer among
vesicles, even 10 min after the initial mixing of the peptide
and liposomes, indicates that a considerable amount of the
peptide molecules resides loosely on the outer surface of
vesicles at this time, and thus not many are incorporated
deeper or transferred to the inner membrane layer.

As shown in Fig. 7, GBA interacts with outer-layer
labeled EYPC molecules in a dynamic manner. An initial
sharp decrease and increase in the Trp and dansyl emis-
sions, respectively, are expected. Peptides approach the
bilayer surfaces and interact with dansyl-labeled lipids,
and then energy transfer occurs. Following the traces after
this initial phase (continuing for —2 min after the initial
mixing of the peptide and liposomes) can reveal further

peptide-lipid interactions. The Trp emission decline con-
tinues and becomes reasonably constant after 15 min. If a
considerable amount of the peptides was transferred to the
inner layer, we would have expected an increase in the Trp
emission decay trace. The transmembrane transfer causes
an increase in the distance between the Trp and dansyl
(mostly distributed on the outer layer) moieties, and if this
separation increases to more than the critical energy
transfer distance (2 nm, almost the length of a lipid
monolayer) the energy transfer decreases considerably. In
the latter case, the fluorescence of Trp should be somehow
revived as it can not effectively transfer energy to the
dansyl moiety. Such an increase, or a change in the emission
decay pattern is not observed. In contrast, the data show a
constant decrease in the Trp fluorescence. Moreover, the
dansyl emission trace shows a gradual decrease after the
initial phase, it becoming relatively constant after 15 min.
The reason for this latter decrease is presently unclear. One
possible explanation is that a peptide-peptide interaction
takes place on the surface of membranes, which not only
makes Trp residues less accessible for interaction with
dansyl-labeled lipids distributed on the water-vesicle
interface, but also causes self-quenching of the Trp fluores-
cence due to the reduced distance between Trp residues.
The helix-helix interaction has already been suggested for
GBA in vesicle systems, by CD studies (16). This interac-
tion causes red-shifts and changes in the intensities of the
minima (at around 208 and 222 nm) and the maximum (at
around 192 nm) of the CD spectra of typical monomeric
a -helical motifs. Corresponding changes were observable
in the CD spectra of GBA transferred from alcoholic
solvents (monomeric GBA) to phospholipid vesicles (26).
The intermolecular interaction between peptide molecules
may result in partial shielding of Trp residues from the
energy transfer. The time-dependent progress of this
shielding can cause a constant and gradual decrease in the
dansyl emission without causing an increase in the Trp
emission intensity. The rate of decrease diminishes consid-
erably after 15 min, indicating an equilibrium for the
vesicle surface interactions. It can be assumed that at this
point peptide aggregates are formed on or near the inter-
face of the water and liposomes. The most simple aggre-
gates in lipid bilayers are parallel or antiparallel helix
dimers (28). Lateral packing of monomers through the
interlacing effect of Trp residues may yield partially buried
or interfacial larger aggregates. These structures can lead
to ion conducting pore structures, when a transmembrane
potential difference is applied (16, 34). The experiments
described so far were attempts to further clarify the
location and orientation of GBA molecules in lipid bilayers.
The results further support our conclusions on the mecha-
nism of pore formation by GBA, described elsewhere (16,
34). A general interpretation of the experiments leads to
the conclusion that the Trp residues of GBA, located at its
C-terminus, are mostly exposed to aqueous environments
in EYPC liposomes. As all of these peptides are adsorbed on
and incorporated into vesicles, it can be assumed that GBA
molecules are located at the water-liposome interface and/
or partially incorporated into the lipid bilayer with their
C-termini exposed. As a result, GBA is mostly anchored to
the outer surface of the bilayer, and thus its transmem-
brane transfer is likely to be slow. Both fluorescence and
previous CD studies (16) suggested peptide-peptide inter -
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actions, which can cause the formation of interfacial or
partly buried peptide aggregates in lipid membranes.

To conclude this report and the previous results of a
patch-clamp experiments (16), and to get a more detailed
picture of ion-conducting behavior of GBA in lipid mem-
branes, a schematic model for the interaction and orienta-
tion of GBA in bilayers is presented in Fig. 8. As predicted
in the two-stage model (vide supra), GBA helices are more
stabilized in membranes (see Ref. 16 and Fig. 2 for the
fluorescence data), and exhibit signs of aggregation. GBA
shows moderate transmembrane dye-leakage in dipalmito-
yl phosphatidylcholine vesicles, compared to alamethicin,
even at high peptide/lipid molar ratios, suggesting smaller
pore sizes or different pore shapes (35). GBA aggregation
can be interfacial. This means peptides may form antipar-
allel dimers and aggregates of higher order on the outer
surface of vesicles. The major combining force in this case
could be interhelical dipole-dipole interactions, as well as
hydrophobic effects. GBA aggregation in membranes can
also occur in a partially buried form. The helix-helix
interaction may occur through the interlacing of aromatic
residues located at peptide C-termini. As the C-termini of
peptide are oriented towards the membrane interface, the

Appliance of a potential difference

Fig. 8. Schematic interaction and orientation of GBA mole-
cules in lipid bilayers. The upper scheme shows some of the
possible aggregated states of GBA molecules in the bilayer (Trp
residues enhance the peptide adsorption and incorporation processes,
and may further stabilize peptide assemblies through interhelical
packing effects); the lower scheme shows possible barrel-stave
tetrameric pore structures upon the appliance of a potential difference
across the bilayer (the electrical field thus applied forces the GBA
molecules, shorter than the average bilayer thickness, to form ion-
conducting units; this might be accompanied by structural changes in
individual helical molecules, shown as longer helices in this case, and/
or by changes in the lipid bilayer thickness).

effect of dipole-dipole repulsion of the interacting parallel-
oriented helices can be reduced by the dielectric shielding
of bulk solvent molecules or lipid polar heads. That is, GBA
can form half-buried barrel-stave structures through helix-
helix interactions and aromatic side-chain packing effects.
The appliance of an electrical potential through membranes
can further force these aggregated states to form ion
conducting units. Electrophysiological experiments have
indicated ion conducting pores mostly composed of 3 or 4
helices (16). These results and the ion conducting data
further suggested the possibility of the existence of tight,
flexible, but stable pores for this relatively short helical
peptide.

Finally, the structure and function of the hydrophobic
stable helical peptide pore-former, GBA (composed mainly
of a special arrangement of Trp and Aib residues), in lipid
bilayers will lead to some insight into the modes of interac-
tion of membrane proteins with lipid bilayers, and their
physiological functions.
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