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ABSTRACT An analogue of melittin synthesized in the group of E. T. Kaiser (DeGrado, W. F., F. J. Ke2dy, and E. T. Kaiser. 1981. J. Am.
Chem. Soc. 103:679-681) was investigated by Raman spectroscopy and fluorescence anisotropy decay. In water, the analogue is
completely a-helical and aggregates in large oligomers of about 50 monomers. In vesicle membranes, it undergoes orientational
fluctuations similar to melittin. The most significant difference from melittin, therefore, is the formation of straight helixes and their
aggregation in large oligomers in water. We interpret this as a consequence of the lacking proline residue in the analogue. We,
furthermore, hypothesize that the increased tendency for aggregation causes the increased hemolytic activity of the analogue.

INTRODUCTION

About 10 years ago, E. T. Kaiser and his co-workers be-
came engaged in assessing the role of the amphiphilic
a-helix as a structural feature that effects or improves the
binding of peptides and proteins to amphiphilic surfaces
( 1-4). For this purpose, they designed nonhomologous
analogues of amphiphilic a-helixes that had been pro-
posed to occur in peptides or proteins and to serve a
special function. The analogues were synthesized and
tested for their function to find out whether it was altered
or not.
One of the peptides that Kaiser and co-workers de-

cided to work on was melittin, the main component of
bee venom (3, 4). Melittin, depicted in Table 1, consists
of 26 amino acid residues the NH2-terminal 20 ofwhich
show the pattern of an amphiphilic a-helix, while the 6
residues at the COOH-terminus are strongly hydro-
philic. The amphiphilic a-helix is actually formed upon
tetramerization in water and upon binding to mem-
branes (for a review, see reference 5). In the former case,
two pairs of antiparallel helixes pack crosswise on top of
each other, with the hydrophobic sides facing the interior
(6). In the latter case, the helixes may either lie flat on
the membrane surface or insert into the membrane upon
aggregation (7-10). The action of melittin on mem-
branes may be subdivided into two classes, depending on
concentration. At low concentration, melittin induces
ion channel activity, at high concentration it leads to
hemolysis and micellation of membranes. Recently, a
molecular model for hemolysis has been proposed ( 1 1).
Pairs of antiparallel helixes would line up on the mem-
brane surface forming "rafts," which upon interaction
would dip into the membrane and thus form large chan-
nels. These channels may permit proteins such as hemo-
globin to cross the membrane leading to cell lysis. In the
case of micellation, the membrane is completely de-
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stroyed ( 12). The amphiphilic a-helixes are supposed to
form rings around regions oflipid and thus cut the mem-
brane into disc-shaped micelles.

Kaiser and co-workers asked themselves if the func-
tions ofmelittin are consequences ofthe formation ofan
amphiphilic a-helix. Therefore, they synthesized an ana-
logue with the ability still to form an amphiphilic a-helix
over the NH2-terminal 20 residues, but without any se-
quence homology to melittin (apart from the Trp resi-
due at position 19) (3). The COOH-terminal hydro-
philic segment was retained as such (Table 1 ). Physico-
chemical studies of this analogue, called peptide 1,
indicated that it resembled melittin in structural aspects
such as a-helix content or aggregation in water, and in
functional aspects such as hemolysis. However, slight
differences were also detectable. The a-helix content of
peptide 1 was higher than that of melittin, as might have
been expected from the lack of the helix-breaking pro-
line residue at position 14. Somewhat unexpected was
the observation that peptide 1 was even more effective in
hemolysis than melittin, the concentration required for
50% lysis being lower by about a factor of two.
More recently, another analogue of melittin has been

synthesized in which only the proline residue at position
14 was replaced by alanine ( 13 ). It was called P 14A. To
the extent that the structural and functional differences
between melittin and peptide 1 are caused by the lacking
proline residue, the analogue P14A should behave like
peptide 1. Indeed, P14A was found to be a-helical
throughout the amphiphilic region ( 14). The hemolytic
effect was found to be twice as strong as for melittin, in
consonance with peptide 1. The ion channel activity of
P14A was reduced compared to melittin and the process
of micellization slowed down.

In the present study, the physicochemical investiga-
tions of peptide 1 are extended. The a-helix content of
peptide 1 in water is determined by Raman spectroscopy
and the degree of aggregation is determined by fluores-
cence anisotropy decay (FAD). The dynamics of pep-
tide 1 in lipid membranes is also investigated by FAD.
Such studies have been performed previously on melit-
tin (15, 16). The most significant difference between
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TABLE 1 Amino acid sequences of melittin, peptide 1, and 6-hemolysin

Number 1 5 10 15 20 25

Melittin G I G A V L K V L T T G L P A L I S W I K R K R Q Q
Peptide l L L Q S L L S L L Q S L L S L L L Q W L K R K R Q Q
5-Hemolysin M A Q D I I S T I G D L V K W I I D T V N K F T K K

peptide 1 and melittin is found in the stronger tendency
for aggregation of peptide 1 in water. We hypothesize
that this stronger aggregation causes the enhanced hemo-
lytic activity of peptide 1 compared to melittin.

MATERIALS AND METHODS

Chemicals
Dimyristoylphosphatidylcholine (DMPC) was purchased from Fluka
(Neu-Ulm, Germany) and used without further purification. Para-ter-
phenyl (PTP) was from Sigma (Munchen, Germany) and phen-
anthrene from Serva (Heidelberg, Germany). All solvents were from
Merck (Darmstadt, Germany) and were of spectroscopic grade. The
melittin analogue, peptide 1, was a generous gift of Prof. E. T. Kaiser
(The Rockefeller University, New York). Synthesis and purification of
peptide 1 have been described (3).

Sample preparation
For Raman measurements, 1 mg of peptide 1 was dissolved in 10 M1 of
distilled water, yielding a peptide concentration of 35 mM. The solu-
tion was sealed in a glass capillary. For FAD measurements on peptide
1 in water, a 20,uM solution ofthe peptide in buffer (10mM potassium
hydrogen phosphate, pH 7.4) was used. The solution was filled in 1 x 1
cm quartz cuvettes.

For FAD measurements on peptide 1 in lipid vesicle membranes,
DMPC was dissolved in chloroform and the solvent evaporated under
a stream of nitrogen. Buffer (10 mM potassium hydrogen phosphate,
pH 7.4) was added to obtain a lipid concentration of 12 mM, then the
sample was sonicated in a bath sonicator for 30 min followed by incu-
bation for 2 h at 36°C. Peptide 1 in the same buffer was added to obtain
a final lipid concentration of 3 mM and a peptide/lipid mole ratio of
I / 150. Before starting a series ofFAD measurements, the samples were
cooled below the lipid phase transition at 24°C and warmed up to 36°C
to avoid any hysteresis effect ofthe phase transition. After finishing the
measurements, the size and shape of the vesicles were controlled by
electron microscopy. Almost all vesicles were unilamellar, with diame-
ters between 50 and 200 nm.
The sample used as fluorescence standard was a 5 MM solution of

PTP in cyclohexane and the sample used as anisotropy standard was a
160 MM solution of phenanthrene in cyclohexane.
To each sample, a control sample was prepared without the fluoro-

phore.

Raman measurements
The Raman measurements and data analysis were performed as de-
scribed previously for melittin (15). The sample was irradiated with
the 514.5-nm line of an Ar ion laser, the light intensity at the sample
being 100 mW. The slit width ofthe double monochromator was set at
5 cm-'. The scan speed was I step per s with a step size of 0.2 A.
Typically, 100 scans across the region of the amide I band between
1500 and 1800 cm-' were recorded. After every 10 scans, I scan across
the water band between 2,800 and 3,400 cm-' was recorded. The inten-
sity of this water band was used as a scaling factor for the contribution
of the weak water band around 1,635 cm-' to the measured spectrum.
Its contribution was subtracted. The fluorescence background was

about 10 times higher than the amide I band, but was relatively
smooth, so that it could be subtracted as a flat baseline yielding the
amide I spectrum of the peptide.
For the data analysis in terms of secondary structure of the peptide,

the second method of Williams ( 17) was used with 15 reference pro-
teins and k,. = 7. The percentages of secondary structure classes are
obtained with an error of ±4%. If one class dominates strongly, the
error may become as large as ± 15%.

FAD measurements
The FAD measurements and data analysis were performed as de-
scribed previously for melittin ( 16). A mode-locked Ar ion laser syn-
chronously pumps a cavity-dumped dye laser to generate light pulses at
a repetition rate of8 MHz. To excite Trp fluorescence, we used Rhoda-
min 590 (Exciton Chemical Co. Inc., Dayton, OH) as laser dye and set
the wavelength of the exciting light, after frequency doubling, at Xex =
300 nm. The emission wavelength was selected by a monochromator,
slit width 8 nm, and a cutoff filter as Xe, = 360 nm.
An FAD measurement of one selected sample involved measure-

ments on that selected sample, as well as the control sample, the fluores-
cence standard sample, and the control sample for the fluorescence
standard. The measured intensities of the samples were corrected for
background by subtracting the intensities of the control samples. The
intensities thus obtained were deconvoluted, using the fluorescence
standard. This yielded the intensities I,(t) and I1 (t) ofthe fluorescence
light polarized parallel and perpendicular to the exciting light. The total
intensity or sum and the difference were obtained as S = I, + 2(3I, and
D = I, - fII1, with the correction factor, = 1.03 + 0.01. They were

fitted by assuming analytical expressions for the sum

N

s(t) = z a1e-/7i
i=1

(1)

and the anisotropy

M

r(t) = z bie-&/*i + rc,
i-I

(2)

so that d(t) = r(t)s(t). The partial amplitudes ai ofthe sum, the aver-

age lifetime T, the initial anisotropy ro, and the average relaxation time
are obtained as

/N
= ai/, aj

j=l
N

T = °iTi
i-i

M

rO= z b, + rX,
i-i

IM M

(D= z bi,1i I bi.
i-i l i-i

(3)

In the case ofone fluorescence transition and one relaxation process,

the initial and residual anisotropies ro and ra, can be analyzed in terms
ofthe angles 0a and 0e ofthe absorption and emission dipole moments
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relative to the symmetry axis of the fluorophore and of the orienta-
tional order parameter (P2> of the fluorophore axis

ro = 2/5P2(cos((a - Oe))
ro0 = 2/sP2(cos Ea)P2(cos 0")KP2>2.

(4)

(5)

3-

Ln

Here, P2(cos 0) = (3 cos2 0- 1)/2 denotes the second order Legendre
polynomial.
As shown previously for melittin, the anisotropy of the Trp fluores-

cence at long times requires a more sophisticated analysis (16). To
compare with melittin, we introduced the same assumptions, namely
that two fluorescence transitions exist, a fast and a slow one with T f <

T., and that the absorption dipole moments of both fall into the sym-
metry axis of the fluorophore, Ef = e = 0. Then the anisotropy is
given by the expression

afe1/'fP2(cos 0ef) + a,e-t/7sP2(cos 0e)

afe-t/vf + a e-t/I8

[L j,e-tli + flM+1] (6)

with (m+, = 2/5KP2>2 and the normalization condition J 2/5.
The initial and final anisotropies result as

rO = 2/S[afP2(cos 0cf) + asP2(cos Oes)]
r. = 2/5P2(cos es)<P2>2.

(7)
(8)

In the analysis ofthe anisotropy ofthe Trp fluorescence ofpeptide I in
vesicle membranes, we attributed the same emission dipole angle (fto
the three short lifetime components and the angle e%, to the fourth long
lifetime component.

RESULTS

Raman spectroscopy on peptide 1
in water
The Raman spectrum in the range 1,500-1,800 cm-' of
peptide 1 in water is shown in Fig. 1 A. The peptide
concentration is 100 mg/ml or 30 mM, hence by anal-
ogy to melittin the peptide is expected to be aggregated.
The strong band around 1,650 cm-' represents the
amide I band, while the band around 1,550 cm-' repre-
sents a Trp band. The position of the amide I band at
1,650 cm-' indicates a high a-helix content ofpeptide 1.
For a quantitative analysis, the amide I band was fitted

by a superposition ofthe spectra of 15 reference proteins
as shown in Fig. 1 B. From this fit, the percentages of
secondary structure classes were obtained as listed in Ta-
ble 2. For comparison, the data for melittin and polygly-
cine in water were included. Peptide 1 has an a-helix
content of nearly 100%. In this case, the percentages of
the other structure classes should vanish. Actually, they
are finite but compensate each other. Their finite size is
an artefact of the analysis that occurs in the same man-
ner for polyglycine. Hence, the result ofthe Raman stud-
ies is that peptide 1 is completely a-helical. Under the
same conditions, melittin has an a-helix content of
only 75%.

z 1000 .

Z 500.
ci

WAVENUMBER (cm-')

FIGURE 1 (A) The Raman amide I band of 1.0 mg peptide 1 in 10lA
water at 20°C. (B) 15-point representation of the amide I band of
peptide 1 together with the fit by a superposition ofthe amide I bands of
15 reference proteins (+).

FAD measurements on peptide 1
in water
Fig. 2 shows the intensity and anisotropy ofthe Trp fluo-
rescence of peptide 1 at a concentration of 20 uM in
buffer at low ionic strength. Under these conditions, me-
littin would be monomeric. The results of fits of the in-
tensity and anisotropy by sums ofexponentials are listed
in Table 3.
For the intensity, a good fit was obtained by using

three exponentials. The three lifetimes are in good agree-
ment with earlier findings for melittin (16, 18). The
corresponding amplitudes, however, differ somewhat
from the case of melittin in being larger for the short
lifetime. Therefore, the mean lifetime ofpeptide 1 results
as T = 1.9 ns, while monomeric melittin has a mean
lifetime of r = 3.0 ns ( 16). The value for peptide 1 is
closer to the mean lifetime r = 2.3 ns of tetrameric me-
littin.
When the anisotropy was fitted by two exponentials, a

short relaxation time, 'I, = 1.8 ns, and long one, 42 = 78
ns, were obtained. Inclusion of a third exponential did
not alter the result, the short relaxation time was simply
found twice. By contrast, melittin exhibited a subnano-
second relaxation process and a slower process with a
relaxation time of 1.5 or 5.6 ns at low or high ionic
strength, respectively ( 16). The subnanosecond process
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TABLE 2 Secondary structure of peptide 1 in water, as determined from the Raman amide I band. For comparison, the secondary
structure of melittin and of polyglycine in water is included (data taken from reference 15)

Ho Hd Sa Sp T U Htt Stt T+U

Peptide 1 % 64.7 33.7 -4.3 -5.0 8.1 2.8 98.4 -9.3 10.9
Res 17 9 -1 -1 2 0 26 -2 2

Melittin % 58.5 17.8 8.0 -1.3 8.4 8.6 76.3 6.7 17.0
(low salt) Res 15 5 2 0 2 2 20 2 4

Melittin % 68.5 23.8 -15.1 7.2 7.4 8.1 92.3 -7.9 15.5
(high salt) Res 18 6 -4 2 2 2 24 -2 4

Polyglycine % 79.0 19.8 -15.0 0.2 8.1 7.9 98.8 -14.8 16.0

Abbreviations: Ho = ordered helix, Hd = disordered helix, Sa = antiparallel strand, Sp = parallel strand, T = turn, U = undefined, Htot = H. + Hd,
StOt = Sa + Sp.

of melittin was interpreted as orientational fluctuations
of the Trp side chain relative to the backbone, and the
slow process as rotational diffusion of the monomer or

the tetramer at low or high ionic strength, respectively.
Adopting the same interpretation for peptide 1, the relax-
ation time of 1.8 ns would indicate slower fluctuations of
the Trp side chain compared to melittin, and the relax-
ation time of 78 ns a much stronger aggregation, even at
low ionic strength. In simplest approximation, consider-
ing the aggregate as a sphere, the relaxation time for rota-
tional diffusion is proportional to the volume V of the
sphere, 4) = XV/kT with v denoting the viscosity of the
surrounding medium. Since for monomeric melittin the
rotational relaxation time was 1.5 ns, the aggregation
number ofpeptide 1 would follow as 78/1.5 = 52. How-
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ever, smaller numbers may be obtained for a nonspheri-
cal shape of the aggregate. For a disc-like shape with an
axial ratio of 3, one would obtain a value of 35 (19).

FAD measurements on peptide 1
in vesicle membranes
The intensity and anisotropy of the Trp fluorescence of
peptide 1 in vesicle membranes of DMPC at a molar
ratio of 1 / 150 is shown in Fig. 3, for the temperatures
190 and 360C, i.e., below and above the lipid phase tran-
sition at 24°C. Since by analogy to melittin a slow relax-
ation process in the range of tens of ns was expected
(16), the time window was extended to 60 ns and the
measuring time to 12 h. Indeed, the anisotropy decreases
over this time range, suggesting the existence of such a
slow process. The results of fits of the intensity and the
anisotropy are listed in Table 4.
The intensity involves three lifetimes that closely agree

with those found for peptide 1 in water. In addition, how-
ever, a fourth lifetime of about 20 ns appears, although
with a very small amplitude. The intensity at t > 30 ns is
dominated by this slow component. A similar behavior
has been observed for melittin in vesicle membranes
(16). There, the long lifetime was about 10 ns.
When the anisotropy at 36°C was fitted in the usual

way by two relaxation times and a residual anisotropy,
the residual anisotropy was obtained as r. = -1.6. This
value lies outside the physical range of rO,O extending

TABLE 3 Results of fits of the intensity and anisotropy
of the Trp fluorescence of peptide I in buffer
(data shown in Fig. 2)

T, (ns), a, 0.51 ± 0.01 0.411 ± 0.002
T2 (ns), a2 1.89 ± 0.03 0.429 ± 0.007
13 (ns), a3 5.40 ± 0.06 0.159 ± 0.005
T (ns) 1.88
x.2 3.03
4t (ns), b, 1.8 ± 0.3 0.056 ± 0.002
4)2 (ns), b2 78 ± 11 0.137 ± 0.001
r., 0.0 (fixed)
ro 0.193
1(ns) 56

Xd 1.03

JonadJhi ytei nlgu fMlti grgts13

FIGURE 2 Intensity and anisotropy of the Trp fluorescence of 20 ,M
peptide 1 in buffer at 19°C. The experimental data including the fluo-
rescence standard are shown ( ... ) together with the fits ( ) and the
residuals. The intensity was fitted by three exponentials and the anisot-
ropy by two exponentials.
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FIGURE 3 Intensity and anisotropy ofthe Trp fluorescence ofpeptide 1 in vesicle membranes ofDMPC at a molar ratio of 1: 150 and 19°C (A) or
36°C (B). The experimental data including the fluorescence standard are shown ( ... ) together with the fits ( ) and the residuals. The intensity
was fitted by four exponentials and the anisotropy by two exponentials and a residual anisotropy according to Eq. 6.

from 0.4 to -0.2. Therefore, as in the case of melittin Ees between the emission dipole moment ofthe long life-
( 16), another fit was performed, permitting the emission time component and the symmetry axis of the fluoro-
dipole moment of the long lifetime component to differ phore became 590, so that the Legendre polynomial be-
in direction from the dipole moments of the three comes negative, P2(cosOs)= -0.I1, leading to the nega-
shorter lifetime components. With this additional degree tive anisotropy at long times. For melittin, the
offreedom, a reasonable fit could be obtained. The angle corresponding angle was 440 and the Legendre polyno-

TABLE 4 Results of fits of the intensity and anisotropy of the Trp fluorescence of peptide l in vesicle membranes of DMPC at 190C and
360C (data shown in Fig. 3)

190C 360C

Tr (ns), a, 0.493 ± 0.002 0.561 ± 0.001 0.543 ± 0.003 0.546 ± 0.002
2 (ns), a2 2.05 ± 0.01 0.273 ± 0.001 1.80 ± 0.01 0.318 ± 0.002
T3 (ns), a3 5.25 ± 0.02 0.162 ± 0.001 4.18 ± 0.01 0.134 ± 0.002
4 (ns), a4 18.6 ± 0.2 0.0044 ± 0.0002 21.7 ± 0.1 0.0027 ± 0.0001
T (ns) 1.77 1.48
x.' 27.6 15.6
4t (ns), b, 1.41 ± 0.03 0.038 ± 0.001
'2 (ns), b2 307 ± 300 1.8 ± 2

r., -1.6 ± 2
rO 0.19
Ci (ns) 301
x2 2.74
4t (ns), #I 1.6 ± 0.9 0.068 1.9 ± 2 0.092
'P2 (ns), 2 81 ± 11 0.157 ± 0.001 24 ± 8 0.184 ± 0.008
<P2>, #3 0.66 0.18 ± 0.10 0.56 0.12 ± 0.25
P2(0Cf),E,f 0.43 ± 0.14 380 0.50 ± 0.12 350
P2 (0.e), 0e. 0.08 ± 0.20 520 -0.11 ± 0.20 590
r<,O 0.014 -0.013
ro 0.171 0.200
4 (ns) 57 17
X2 2.30 1.79

154 B540ilJunlV~m 3Dcebr19

10'

* 10
4.)
c

0
o 4

101

1-
I--

z

10

10I

10'

w

0L
0

*lo
9-z

'
-Z.6

0A 1

0 10 20 30
T I ME (no)

Ofto --'% Mile- -"IV-.O-Wpw**4wAww ft- .-

--,Y v

OMj*jk%jAj'lPAI& i-I11- , ." -T-- jvwN
w -&I

Im- i- 46 d -

vw. VW w

40 so

1540 Biophysical Journal Volume 63 Descember 1992



mial positive, P2(cos O,,) = 0.26. The two relaxation
times result as 1.9 and 24 ns, and the orientational order
parameter associated with the slow relaxation process as

KP2> = 0.56. These numbers are very similar to the re-
sults obtained for melittin ( 16). There, the slow relax-
ation process with 30 ns was interpreted as resulting
from orientational fluctuations of the helices, and the
fast relaxation process as resulting from fluctuations of
the Trp side chains relative to the helix backbone. Apply-
ing the same assignment to peptide 1, the experimental
results indicate that peptide 1 also performs helix fluctua-
tions in membranes.

Similar results are obtained from fits ofthe anisotropy
at 19°C. The main difference is that here P2(cos O,,) is
positive, implying the residual anisotropy to remain posi-
tive. Furthermore, the slow relaxation process becomes
even slower, 42 = 81 ns, and the associated order parame-
ter higher, (P2> = 0.66. These results indicate a partial
immobilization of peptide 1 in the ordered lipid phase.
For melittin, the long relaxation time did not vary upon
passing through the lipid phase transition.

FIGURE 4 Schematic representation of the tetramer of melittin (A)
and of possible oligomers formed by peptide I (B and C). Rectangles
represent amphiphilic helices with hydrophobic (dotted) and hydro-
philic (white) surfaces. In the case of oligomers, bilayers might be
formed with the pairs ofantiparallel helices oriented either perpendicu-
lar (B) or parallel (C).

DISCUSSION

Peptide 1 was found to share many ofthe structural and
dynamic properties of melittin. This is not surprising,
since peptide 1 was designed as an amphiphilic a-helix
analogous to melittin, with the identical charged seg-
ment at the COOH terminus. At the same time, how-
ever, peptide 1 exhibits some distinct differences from
melittin: In water, peptide 1 (i) has a higher a-helix con-
tent; (ii) is more strongly aggregated, even at low ionic
strength; and (iii) has less motional freedom of the Trp
side chains. Additionally, in vesicle membranes below
the lipid phase transition, peptide 1 is more strongly im-
mobilized than melittin.
Attempting to interpret these differences, we focus on

the role ofthe single proline residue present in melittin at
position 14 and absent in peptide 1. This proline residue
is likely to cause the kink in the melittin helix, while the
helix of peptide 1 should be straight. Both kinds of he-
lixes may associate in antiparallel pairs and such pairs
may pack on top of each other to shield their hydropho-
bic sides from water. For kinked helixes, however, the
pairs have to pack crosswise and only two pairs can pack
favorably, leading to the tetramer of melittin (Fig. 4 A).
For straight helixes, as in the case of peptide 1, there
appears to be no such restriction in aggregation, and
large two-dimensional peptide bilayers may be formed
(Fig. 4 B and C). Whether the orientation of the helix
pairs in the two layers is parallel or perpendicular will
depend on details ofthe interaction, but a parallel orien-
tation seems to be more favorable (Fig. 4 C). Different
shapes of the peptide bilayers may also be envisaged,
ranging from disc-like to rod-like. In any case, however,
the stronger aggregation of peptide 1 seems to be inter-

pretable as a consequence ofthe straight helix and, thus,
the absence of the proline residue.
A dense packing ofthe helixes in a peptide bilayer may

also explain the other structural and dynamical differ-
ences between peptide 1 and melittin mentioned above.
The absence ofPro 14 in peptide 1 certainly increases the
a-helix content. This effect, however, does not seem to
be large enough to yield an a-helix content of nearly
100%. Presumably, the COOH-terminal segment has to
become a-helical in addition. For melittin, this has been
shown to occur at high ionic strength, where the electri-
cal charges of the COOH terminus are shielded (Table
2). For peptide 1, this may be achieved by a dense pack-
ing in the peptide bilayer. In an analogous manner, this
packing may reduce the motional freedom of the Trp
side chains.
The reduction of the mobility of peptide 1 in mem-

branes below the lipid phase transition indicates a strong
interaction of the peptide with the ordered lipids. The
simplest interpretation would be to postulate that on
passing through the phase transition the peptide changes
its position from that of lying flat on the membrane to
being inserted into the membrane, presumably in a
membrane-spanning manner. Incorporated in the mem-
brane, it would be strongly immobilized by the ordered
lipids. Melittin, on the other hand, behaves differently
and does not become immobilized below the lipid phase
transition ( 16). One would then conclude that melittin
does not insert into the membrane below the lipid phase
transition. The reason for that may again lie in the shape
ofthe helix. The kinked helix ofmelittin maybe expelled
from the ordered lipids, while the straight helix of pep-
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tide 1 may be tolerated. In addition, peptide 1 contains a
longer stretch ofuncharged residues than melittin, which
also may facilitate insertion into the membrane. Further
studies on the position and orientation of the two pep-
tides are required to clarify this point. But it seems as if
all the differences in the structural and dynamical behav-
ior of peptide 1 and melittin may be traced back to the
absence or presence of the single proline residue in the
middle of the helix and the resulting shape of the helix,
straight or kinked.

If this is true, the analogue P14A should behave simi-
larly to peptide 1, and the same should hold for 6-hemo-
lysin, which also contains an amphiphilic helix without a
proline (Table 1). P14A was shown by NMR measure-
ments to form regular a-helixes ( 14), but information
on the aggregation state in water is not available. 6-He-
molysin, however, was found to form large oligomers in
water, with an aggregation number of about 70 (20),
very similar to peptide 1. Concerning the dynamic prop-
erties, the NMR data indicate that the helix of P14A is
more rigid around residue 14 than the melittin helix
( 14). The same behavior would be expected for peptide
1. The difference in rigidity between P14A or peptide 1
and melittin, however, does not extend up to Trp 19,
therefore it is not astonishing that the Trp fluctuations
are rather similar for peptide 1 and melittin.

Finally, one may try to correlate the structural and
dynamic differences between peptide 1 and melittin with
their functional differences. Peptide 1 was found to be
more effective in hemolysis than melittin (3). We pro-
pose, as a hypothesis, an interpretation of this effect
within the framework of the "raft" model ( 1). Within
this model it is essential that large monolayers ofpeptide,
the "rafts," form at the membrane surface. Peptide 1
aggregating in large oligomers, possibly bilayers, should
also be able to form "rafts" and therefore be very effec-
tive in hemolysis. Melittin, on the other hand, aggregates
in tetramers, thus should be less prone to form "rafts"
and be less effective in hemolysis.
The behavior of the analogue P14A and of 6-hemoly-

sin is compatible with this hypothesis. Both are expected
to form straight helixes and, therefore, rafts, thus imply-
ing a strong hemolytic effect as indeed observed (14, 20).

Unfortunately, the ion channel activity ofpeptide 1 is
not known. For the analogue P14A, however, which in
every respect seems to behave like peptide 1, this activity
was reduced in comparison to melittin ( 14). This was
interpreted as a consequence of the straight helixes of
P14A. In the ion channel structure, which presumably
involves a transmembrane arrangement and aggregation
of the helixes, straight helixes would bring the highly
charged COOH-terminal segments closer to each other
and thus would destabilize the channel. Likewise, micel-
lization was found to be slowed down for P14A, hence
also in micellization straight helixes are less effective
than kinked helixes.

In summary, melittin, peptide 1, Pl4A, and 5-hemoly-
sin all may form amphiphilic helixes. Therefore, they all
are soluble in water upon aggregation and, at the same
time, are able to associate with membranes. Melittin
forms kinked helixes due to a proline residue at position
14 and, therefore, aggregates in tetramers, while the
other three peptides lacking this proline residue form
straight helixes and aggregate in large oligomers. They all
induce ion channel activity, hemolysis, and micelliza-
tion of membranes, but with different efficiencies. The
kinked helixes of melittin are more effective in inducing
ion channel activity and micellization, while the straight
helixes ofthe other peptides are more effective in hemo-
lysis. Thus, by playing with one proline residue, one can
optimize one or the other activity in this family of pep-
tides.

Receivedfor publication 20 May 1992 and infinalform
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