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using model membranes of phosphatidylcholine

Colin J. Barrow, Koji Nakanishi and Kazuo Tachibana

Suntory Institute for Bioorganic Research, Shimamoto-cho, Mishima-gun, Osaka (Japan)

(Received 4 June 1$92)

Key words: Membrane perturbation; Pardaxin; Phosphatidylcholine; Model membrane

Thirtcen synthetic pardaxin analogues were assayed for their ability to interact with model membranes of phosphatidylcholine.
The results suggested the following: An amphipathic a-helix from isoleucine-14 to leucine-26 is responsible for most of the
membrance perturbing propertics of pardaxin. A hydrophobic N-terminal region enhances the activity of the isolcucine-14 1o
leucine-26 «-helix by binding the pardaxin melecule to the lipid bilayer. A bend centered around '*Ser-'*Pro appears 10 create
overall amphipathicity for the two different helical regions of pardaxin, but this contributes only slightly to potency. The
C-terminal amino acids are unimportant for membranc perturbing activity and may be present only io cuhance transportation in
an aqueous environment prior to membrane binding in the native system.

Introduction

Pardaxins are a class of peptides which were iso-
lated together with steroid glycosides as the com-
pounds responsible for the shark repellency of defence
secretions irom soles of the genus Pardachirus. Three
pardaxins (pardaxin P-1, P-2, and P-3) isolated from
the pacific sole, Pardachirus pavoninus, were deter-
mined to be peptides, each containing 33 amino acid
residues [1]. The major pardaxin from the moses sole,
Pardachirus marmoratus, differcd from pardaxin P-1 by
replacement of a single residue [2].

Pardaxins exhibit a variety of biological activity in-
cluding ichthyotoxicity and hemolytic activity. They also
have strong surfactant properties [3). The biological
activity of the pardaxins is attributed to their ability to
perturb biomembranes. In this regard pardaxins have
been shown to induce aggregation, but not fusion, of
phosphatidylserine vesicles {4], and to cause the release
of entrapped hydrophilic molecules from phosphotidyi-
choline vesicles [5]. Pardaxins were also shown to inter-
fere with ion transport in both epithelium [6] and nerve
cells [7].

In unilamellar liposomes made from egg yolk phos-
phatidylcholine, pardaxins appear to form voltage-de-
pendant, ion-permeable channels at concentrations be-
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low 10~7 M, with lysis occurring at higher concentra-
tions [5]. Lysis occurs in unilamellar liposomes at ap-
prox. 100-times as low a concentration as that causing
hemolysis to rabbit erythrocytes [8]. These observations
suggest that the phospholipid bilayer is the main target
of pardaxins at plasma membranes of erythrocytes and
other biological cells. Although the structure of the
channels have not yet been determined, recent results
[9,10] suggest that a helix-bend-helix structure is the
active conformation of pardaxin.

Although the properties of the pardaxins are similar
to those of other membrane interactive peptides such
as melittin [11], gramicidin [12} and alamethicin [13],
the primary structures, net charge and lengths of these
peptides are quite different. We have therefore tried to
evaluate the influence of these factors on the ability of
pardaxins to interact with membranes. We describe
here the action of various synthetic pardaxin analogues
on unilamellar vesicles of phosphatidylcholine as an
aid to elucidating which structural features are impor-
tant for membrane perturbation.

Experimental procedures

Peptide synthesis and purification. All peptides were
synthesized on solid-phase in an automated fashion
using a peptide synthesizer (Applied Biosystems model
430A) with the ready made standard microcomputer
software, using the conventional terr-butyloxycarbonyl
(t-Boc) strategy. The peptides were synthesized starting
with 0.5 mmol of the C-terminal amino acid bonded to
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TABLE 1

Amino acid sequence of pardaxin and analogues

Peptide No. Peptide designation Sequence

1 Pardaxin P-1 GFFALIP’ K11ssp'3 LFKTLLSAVG?S SALSSSGEQE
2 Des[24-33]pardaxin GFFALIP KIISSP LFKTLLSAVE = ===eeeoe--
3 Des|1-4]pardaxin w===LIP KIISSP LFKTLLSAVG SALSSSGEQE
4 Des{ 14-33]pardaxin GFFALIP KIISSP =  ==smcmcccmccccscnccccenemces
5 Fmoc-pardaxin Fmoc-GFFALIP KIISSP LFKTLLSAVG SALSSSGEQE
6 Acetyl-pardaxin Ac-GFFALIP KIISSP LFKTLLSAVG SALSSSGEQE
7 [Ser®Jpardaxin GFFALIP SIISSP LFKTLLSAVG SALSSSGEQE
8 Des{14-23]pardaxin GFFALIP KIISSP ~ ===-c-ccoca- SALSSSGEQE
9 Des[8-13,24-33}pardaxin GFFALIP = ==ccmow- LFKTLLSAVG = sec-=c-cme-
10 Des[8-13]pardaxin GFFALIP = ==s~waw- LFKTLLSAVG SALSSSGEQE
1n Des{Pro'Jpavdaxin GFFALIP KI1ISS LFKTLLSAVG SALSSSGEQE
12 [Leu"*)pardaxin GFFALIP K1ISSL LFKTLLSAVG SALSSSGEQE
13 {KYLLE}pardaxin GFFALIP KKLLESP LFKTLLSAVG SALSSSGEQE
14 [S*SSSSIpardaxin GFFALIP KS$SSSSP LFKTLLSAVG SALSSSGEQE

phenylacetamidomethyl (PAM)-resin to give the resin-
linked protected peptides. The free peptides were ob-
tained by deresination and simuitaneous deprctection
with anhydrous hydrogen fluoride (}.F). These pep-
tides and their amino acid sequences are fisted in
Table I.

All peptides were purified using reverse phase high
pressure liquid chromatography (rpHPLC) using gradi-
ents of acetonitrile in 0.05% aqueous trifluoroacetic
acid (TFA) on a Cosmosil 5C,-300 coiumn (Nacalai
tesque, Osaka). The syaihetic samples to be putified
were injected as solutions in cither neat dimethylsulf-
oxide or 27% ajqueous n-nropanol. The homogceneity of
cach purified peptide was confirmed by rpHPLC using
a Vydac Protein C4 column and a LiChiosorb RP-18 (7
@m) column and by quantitative amino acid analysis on
a Tosoh CCP & 8000 amino acid analyzing svstem (Ta-
ble 11). Sequences were confirmed by sequence analysis
on a Shimadzv PSQ-1 Protein Sequencer. Mass specira
were obtained for the N-terminal derivatized peptides

TABLE U

Amino acid analysis of pardavin and analogues

on a ZAB SEQ mass spectrometer, using fast atom-
bombardment (FAB) ionization.

Pardaxin with acetylated N-terminal (peptide 6).
Resin-linked protected Pardaxin P-1 (150 mg) was
stirred for 30 min in 50% TFA in dichloromethane (4
ml). The solvent was removed and the resin-linked
peptide was washed with ether (Z X ) followed by 10%
diisopropylethyiamine (DIEA) in diethyl ether (2 x)
and finally dimethylformamide (DMF). Then acetic
anhydride (500 p!) in DMF (2 ql) was added and the
mixture stirred for 20 min. After washing with DMF
(3 x) and diethyl ether (3 X ) the resin-linked peptide
was deprotected and purified using rpHPLC as before,
to give mornoacctylated pardaxin P-1 (peptide 6); fabms
m/z 343641 M+ HI* (C H N, O, requires
3436.88).

Paidaxin  P-1 with 9-fluorenylmethyloxycarbonyl.
(Fmee) derivatized N-terminal (peptide 5). Resin-link-
ed protected pardaxin P-1 (150 mg) was stirred for 30
min in 50% TFA in dichloromethane (4 ml). The

Peptide Thr Ser Glu Pro Gly Ala Val Ile Leu Phe Lys

l 0.8(1) 6.2 (M 3.3 1.8(2) 3.4(3) 3.3) 1L.(1) 2.9(3) 4.8(5} 2.53) 1.5(2)
4 20 1.8(2) 1.0(1) LA1) 2.6(3) 1.3(1) 2.2(2) LM
7 0.%1) 7.2 (8) 333 1.9Q2) 31.503) 3.(3) LD 36 5005} 2.:443) 0.9(1)
8 5.1 (6) 3403) 1.8(2) 2.4(2) 2.(2) L3) 2.002) 1.7Q2) 0.9(1)
¢ 0.9(1) 0.8 (1) 0.9(1) 2.42) 20(2) 1.OC1) C9(i) 31.8(4) 2.6(3) 0.9(1)
11 03 64 (7) 3.3%3) L1 3.403) 3.3 L(1) 2.93) 5.0(5) 2.6(3) 1.6(2)
12 09(1) 73 3.5(3) 0.8(1) 3.2(3) 3103 1.6(1) 2.6(3) 6.4(6) 3.0(3) 2.2
13 0.801) 6.3 {&) 4.5(4) 1.6(2) 3.13) 3.23) 1.6(1) LD Ty 3 3.2
14 091 11.101) 3.43) 1.72) 3.2(3) 3.003) 1.(1) 0.9(1) 5.55) 3.13) 2.1Q2)

* Structurai analysis fo: the natural product, peptide 3, and the synthctic compounds, peptides 2 and 10, were reported previousiv [1.8).



solvent was removed and the resin-linked peptide was
washed with diethyl ether (2 X ) followed by 10% DIEA
in diethyl ether (2 X ) and finally DMF. An ice-cooled
solution of Fmoc-Cl (20 mg) in dioxane (0.4 m}), water
(0.07 ml) and triethylamine (7 1) was then added to
the resin. Basicity was monitored with pH paper and
the mixture was stirred for 2 h at room temperature.
After washinig with DMF (3 X ) and diethyl ether (3 X))
the resin-linked peptide was deprotected and purified
as before to give N-termina! Fmoc derivatized pardaxin
P-1 (peptide 5); fabms 'm/z 3653.41 [M + Nal]*
(C,73H 552 N3,04;Na requircs 3653.11).

Interaction of peptides with lipid vesicles. The follow-
ing proceduie was employed based on a method re-
ported by Kanellis et al. [i4]. A mixture of 5- and
6-carboxyfluorescein (1 mmol) was suspended in a 4 ml
solution of 2 mM N-(2-hydroxy-1,1-bis(hydro-
oxymethylethyltaurine and 2 mM histidine {Tes-His
buffer). The suspension was brought to pH 7.4 with
approximately | ml of 2 M aqueous sodium hydroxide,
lcading to the dissolution of the acidic dye. Egg yolk
lecithin (Sigma) was suspended in this 0.2 M dye solu-
tion (2 ml) with vortex mixing. and ulirasonicated at
0°C under anaerobic atmosphere at 50 W power dis-
continuously for 30 miin. The mixture was then cen-
trifuged at 1000 X g for 5 min and unilamellar lipo-
somes were fractionated from the resuliant super-
natant using gel filtration through Sepharose 4B cluted
with the Tes-His buffer containing 0.5 M sodium
chloride. This solution was then diluted with the same
saiine buffer to a desired phospholipid content based
on an enzymocolorimetric quantification of the mother
sofution. The sample solution of a known concentra-
tion in 50% aqueous trifluoroethanol (I'FE) (50 ul or
below) was added to the dilute liposome solution (2.5
ml) with immediate stirring, and the increase in fluo-
rescence from the solution was monitored at 25°C with
excitation at 490 nm and emission at 517 nm. 10%
aqueous Triton X-100 (20 wl) was added to the solu-
tior: later to obtain the fluorescence increase equiva-
lent to 100% leakage. This was repeated at several
peptide concentrations for each sample. Addition of
the solvent alone elicited no leakage. ECy, values,
referring to the concentration required co elicit 50%
dyc leakage after 2 min from the time of peptide
addition, were intrapolated from the obtained results
(Table I1I).

Circular dichroic (CD) spectroscopy. CD spectra were
recorded on a Jasco J-600 spectropolarimeter in cells
of light path length 0.5 cm. The concentration of the
peptide stock solutions was determined by quantitative
amino acid analysis. Results were obtained from sam-
ples using three different solvent ratios (3:1, 1:1, 1:3
water/ TFE) and two different pH levels (3.5 and 7.2)
with 5 mM sodium phosphate buffer. Percent a-helix,
B-sheet and random coil were calculated based on the

- 3
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method of Greenficld and Fasman [15} and are given
in Table IV for the case of 1:1 water/TFE at pH 7.2.

Results and Discussion

Initially, we examined the secondary structure of
pardaxin P-1 in order io decide which derivatives to
synthesize and assay. The structure of pardaxin P-1 was
initially investigated by applying the predictive method
of Greenfield and Fasman {15] in conjunction with
circular dichreism (Table 1V). This investigation sug-
gested that the peptide forms a similar ordered struc-
ture in the presence of sodium dodecvl sulfate mice!les,
presumably a membrane-interacting environment, and
in aqueous trifluoroethanol [16). It consequently led us
to determine the solutiun structure of pardaxin P-2 in
aqueous trifluoroethanol, using 1H nuclear magnetic
resonance (NMR) spectroscopy and distance restrained
molecular dynamics [9]. One- and two-dimensional
NMR spectra of pardaxin P-1 were almost identical
with those obtained for pardaxin P-2 implying that the
solution structures of these peptides are very similar
(unpublished data). Indistingnishable bioassay results,
CD spectra, and chromatographic behavior for par-
daxir P-1 and P-2 [1] adds further support for very
similar secondary structures for these peptides. The
above NMR investigation indicated that parda..ins are
composed of four distinct regions: 'Gly-'Pro, ®Lys-
*Pro, “Ile-**Leu and ¥"Ser-**Glu. Both of the termi-
nal segments exist in flexible conformations while the
8Lys-"*Pro region has helicai characier and i> amiphi-
pathic. The "“lle-*"Leu region is an amphipathic a-
helix as predicted previously [16]. The hydrophobic and
hydrophilic sides of the *Lys-'*Pro and '“lle-*Leu
regioas are aligned with the aid of a bend of approxi-
mately 80° centered around '*Ser-'*Pro, so that the
entire *Lys-2°Leu region forms a boomerang-shaped
amphipathic configuration [9]. The synthetic peptides
below are analogues of pardaxin P-1, which is the
major pardaxin isolated from P. pavoninus. The par-
daxin analogues (Table I) were choser to allow an
assessment of the importance for membrane perturba-
tion of each distinct structural region within pardaxin.
We also investigated the contributions of the bend
centcred around proline-13, and the charges on lysine-8
and the N-tcrminal, to membrane pesturbation.

N-Terminal amino acids and charge

We began by investigating the importance of the
hydrophobic M-terminal amino acids and also the N-
terminal charge on the ability of pardaxins to perturb
phospholipic bilayers. Pardaxin P-1 and P-2 minus the
first four amino acids were previously shown to retain
the strong surfactancy oi the pardaxins, but to be
neither ichthyotoxic nor hemolytic [1]. Also, liposome:
are approximately 30-times less sensitive to perturba-
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TABLE 111 ¥

Ability of pardaxin and its analogues 1o release carboxyfluorescein from
unilamellar vesicles * .

ECS‘, (M)

13(35)¢
(48)
(1100)
16900
1
25
18
> 80000
80
10 130)
n 9%
12 10
13 100
14 4000

Peptide No. "

C-T- I - WV IR 7 &

 Phospholipid concentration was 3.95:10°5 M.

b Peptide numbering is according to Table 1.

¢ ECq, (50% fluorescence after 2 min) values are given in nM and
were obtained for cach sample using curve fitting of three 1o six
data points, with at least one point each between 30 and 50% and
between 50 and 70% leakage. Maximum error is +509% for ECg,
values.

The bracketed values were obtained in an earlier assay run with a
different phospholipid concentration [8}.

-

tion by the shorter peptide (peptide 3) than to the
complete pardaxins [8] (Table 1.

To investigatc whether the N-terminal amino acids
arc themselves responsibie for pardaxin activity or
merely necessary for it, we synthesized the N-terrina!
fragment 'Gly-"Pro (Tablc 1, peptide 4). This peptide
showed approximately a 1006-fold decreass in activity
relative to that observed for pardaxin, using our sipo-
somes assay. This result shows that although the N-
terminal is essential to pardaxins ability to interact with
phospholipid bilayers, this region is not the active
region of the pardaxin molecule. The most probable
explanation for the necessity of this region for activity
is that it anchors pardaxin onto the membrane by
acting as a hydrophobic binder.

To investigate the importance of the N-terminal
charge in the possible membrane binding roie of this
region, we synthesized pardaxin P-1 acetylated at the
N-terminal (peptide 6) and also pardaxin P-1 with the
large hydrophobic Fmoc gro:p at the N-terminal
(peptide 5). The structures of these derivatives were
confirmed by mass spectrometry after purification us-
ing rpHPLC. The activities of both these compounds
Were simitar  ihat of pardaxin P-1 (Table I1I), imply-
ing that the N-terminal charge is not of major impor-
tance in .nembrane oinding, at least in the case of

.

phosphatidylcholine vesicles where the overall surface
charge is neutral. The N-terminal does not, therefore,
interact strongly with the ionic surface of the bilayer.
The binding may instead be due to hydiophobic inter-
actions where initial contact betweern pardaxin and the
lipid bilayer occurs via contact of the hydrophobic
N-terminal amino acids with the lipid chains. Once the
hydrophobic N-terminus is anchored into the bilayer,
the remaining peptide segments should be sufficiently
close to the membranc for helix formation 10 occur {in
high dilution in water, pardaxin is essentially random
coil, as seen by CD and NMR speciroscopy). Because
the N-terminal charge is not important for activity, the
mechanism of anchoring is probably one where the
N-terminal is buried within the hydrophobic core of
the membrane. This is also supported by a recent
result where pardaxin, derivatized to form an acidically
charged N-terminal appeared to insert more slowly
into liposomes [10}.

C-Terminal amino acids, central amphipathic a-helix,
and cuerall length

Pardaxin without the C-terminal amino acids
(peptide 2) has previously been shown to exhibit simi-
lar activity to that shown by pardaxin [8] (Table 1I1).
This suggests that the hydrophilic C-terminal is not
involved in membrane perturbation and may be pre-
sent only to enhance the solubility in seawater prior to
binding to th¢ membrane in the native system. In
contrast, peptide 8 (Table I), which is equivalent to
pardaxin with deletion of the main amphipathic a-heli-
cal region, was completely inactive in our assay. These
results show that the ceniral helical region is essential
to the membranc perturbing ability of the pardaxins
and is probably the main membrane disruptive region
in these peptides.

To investigate the effect of peptide length on the
liposome interactive ability of the pardaxins and also to
further cstablish the importance of the N-terminal
amino acids and the “*lie-**Leu helix for activity, we
synthesized a pardaxin analogue 17 amino acids in
length, containing only these two regions (Table I,
peptide 9). It is interesting to note that the end on end
lengths of pardaxin and melittin are almost identical.
[9], which led us to speculate that length may play an
important role in the activity of these peptides. How-
ever, the activity of peptide 9 was only about six times
lower than that of pardaxin (Tabie II). Because this
peptide is probably too short to span the lipid bilayer
this result suggests that pardaxin does not have to span
the bilayer membrane for activity, and that overali
length is not an important factor in the ability of
pardaxin to permeabilize lipid bilayers. The activity of
peptide 9 again supports the importance of the N-
terminal amino acids and central helical region for
pardaxins membrane perturbing ability.



The 8Lys~"3Pro region, including the ysine-8 charge and
the bend region

The six times lower activity of peptide 9, as com-
pared o pardaxin of' peptide 3. and the unusual bend
centered at preline-13, led us to investigate the role of
this small amphipathic partially helical region in par-
daxins activity. First, we decided to investigate the
potential role of the charge at lysine-8 in stabilizing the
membrane peptide interaction, possibly through assist-
ing in binding via interaction with the charged mem-
brane surface. To do this we synthesized a pardaxin
analogue with lysine-8 replaced with serine (peptide 7).
However, our assay gave no significant difference in
activity from that of pardaxin (Table IIl). The positive
charge here therefore appears to hiave no significant
role in the interaction of pardaxin, at least with lipo-
somes made from phosphatidylcholine. This, however,
does not climinate the possibility that this, and other
charges, plays a role in the ion selectivity of the par-
daxin channel at lower concentrations [17).

If this *Lys-"*Pro region were just a spacer rcgion
to separate binding and active regions, it should be
possible to replace it with a sequence of uninteractive
amino acids without loss of activity. To test this hy-
pothesis an analogue was synthesized with K®SSSSSSP
replacing K*IISSP (peptide 14). Serine was chosen so
that the bend would be retained, but the amphipathic-
ity lost in this region. The activity of this analogue in
the liposome assay was approximately 400 times lower
than that of pardaxin (Table III). Therefore this region
is not merely a spacer but has some neccssary struc-
tural elements that contribute to the ability of pardaxin
to perturb membranes. We suggest that a certain
hydrophobicity is necessary for this region and thai a
long serine region inhibits deep insertion of the active
amphipathic a-iiciical intc the membrane.

NMR spectroscopic analysis of pardaxin showed that
the 8Lys—"3Pro region has a bend of approx. 83° cen-
terzd around '?Ser-"Pro [9). Structurally the effect of
this bend is to allow both amphipathic helical segments
to present their polar residues on one common face [9).
We hypothesized that an overall amphipathicity may be
necessary for pardaxins membrane perturbing ability.
The importance of this bend, and overall molecular
amphipathicity, was investigated by the synthesis of a
pardaxin analogue with deletion of proiine-13 (peptide
11) and also its replacement by leucine (pepiide 12).
Circular dicroism of these peptides supported in-
creased helical content for both peptides, as compared
to that of pardaxin (Table 1V), suggesting the forms-
tion of an extended helical region. Peptide 11 should
retain overall helical amphipathicity while ii siioaii be
twisted in peptide 12. The aciivity of peptide 11 in the
liposome assay was 6-fold lower than that of pardaxin
showing that the bend is an important feature in this
region and has some importance to the ability of par-
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TABLE IV

. . y .
Distribuiion of secondary sir'«cture for pardaxin and analogues esti-
mated from circular dichroic specira ™

Peptide % helix So beta sheet %% random coil
No. (+10%) (+10%)
1 40 20 40
4 15 10 75
7 55 5 40
8 5 20 75
9 45 25 30
11 55 10 35
12 &5 10 35
13 55 5 40
14 40 20 40

" Spectra were measured for peptide solutions in 1:1 water/
trifluoroethanol with potassium phosphate buffer (5 mM) at pH
7.2.

b Percentages of secondary structure were obtained acco-ding to the
method of Gicenficld and Fasman [15).

daxin to perturb lipid bilayers, but is not a crucial
element for activity. However, the activity of peptide 12
was indistinguishable from that of pardaxin (Table 1II),
despite the twisted pathicity dipole. A possible expla-
nation for the equivalent activity of these two peptides
is that once peptide 12 is placed in an environment like
the membrane surface, it adopts the more energetically
favorable bent shape similar to pardaxin, becoming
completely amphipathic. Another explanation is inat
combined amphipathicity between the two helical re-
gions of pardaxin is not important for activity.

To investigate whether we could make a more active
analogue by increasing the amphipathic helicity of the
8Lys-"*Pro region, we replaced K®IISSP with K*KL-
LESP (peptide 13). This should produce a pardaxin
analogue with two definite helical regions separated by
a bend, as is the case for melittin [18], and also retain
overall melecular amphipathicity. This sequence was
chosen because leucine has a high helix forming ten-
dency [19] and lysine-8 should form a salt bridge with
the glutamic acid three residues away stabilizing helix
formation in this region {20]. Increased helical content
for peptide 13, comparea with pardaxin. was confirmed
using CD (Table II). However, assay data showed a
lower activity for this peptide (Table III). This shows
that a second helical region between ihc N-terminus
and the main helix dn=s not necessarily increase par-
daxin membrane perturhing ability.

Althougn the “Lys-"*Fro region is not itseif very
important for pardaxin activity towar1 liposomes, it
cannot be replaced by a combination of any random
series of amino acids without loss of activity. Although
the role of this region is mot completely clear, it is
probably necessary that somc hyvdrophobicity together
with some rigidity caists in this region so that the
N-terminal residues do not interact unfavorably with
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the main active amphipathic a-helical region of par-
daxin, and /or that the spatial alignment between the
two regions is favorably maintained.

Pardaxins’ ability to form membrane pores and to
cause lysis of phopholipid bilayers is dependant on
several structural features of the pardaxin molecule.
The most important features wppear to be the presence
of a hydophobic N-terminal and an amphipathic a-
helix. In aqueous solution below a certain concentra-
{ion, pardaxins have been shown by CD spectroscopy,
to take the random coil structure {16]. Because pres-
cnce of the hydrophobic N-terminal amino acid
residucs are dosirable for pardaxins to perturb lipo-
somes, it appears to be this region, probabiy the
phenylanaline residues at position 2 and 3 in particu-
lar, which provide an initial hydrophobic contact with
the lipid bilayer. Once the hydrophobic N-terminus
cmbeds in the hydrophobic core of the bilayer, the
remaining amino acids are close enough to contact the
bilayer with spuntancous formation of an amphipathic
a-helix over the "lle-""Leu region. At this stage, it is
probably energetically favorsble for the residues from
lysine-8 to prolinc-13 to form an amphipathic partial
helix so that the overall molecule is amphipathic. Prob-
ably the C-terminal remains on the outer surface of the
bilayer, and may have some role in ion selectivity in the
cas¢ of channel formation.
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