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1. Introduction 

Alamethicin, a 20 residue polypeptide ionophore 
forms transmembrane channels and has been shown 
to induce excitability phenomena in artificial lipid 
membranes [ 11. The discovery of a number of related 
polypeptides, containing cy-aminoisobutyric acid 
(Aib) [2], has stimulated considerable interest in the 

conformational analysis of Aib peptides, with a view 
towards establishing the structural requirements for 

Abbreviations: Aib, oraminoisobutyric acid; CTC, chlortetra- 
cycline; Z, benzyloxycarbonyl; Ac, acetyl; OMe, methyl ester; 
Hepes, N-2_hydroxyethylpiperazine-N’-2 ethane sulfonic acid; 
TLC, thin-layer chromatography 
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formation of membrane channels [3-51. The natural 
peptides, listed in fig.1, vary in length from 15 resi- 
dues in emerimicin [6] to 24 residues in suzukacillin 
[ 71. Alamethicin , suzukacillin and hypelcin [8] are 

negatively charged at neutral pH due to the presence 
of a glutamic acid residue, whereas the others are neu- 
tral. It is therefore relevant to explore the effect of 
chain length and charge on ionophore properties. 
Here, we describe studies on the effect of synthetic 
alamethicin fragments on the divalent cation perme- 
ability of phospholipid vesicles, using chlortetracycline 
(CTC) as fluorescent probe [ 1 l-l 31. We show that 
small fragments have no effect, the 1- 13 fragment 
weakly affects membrane permeability and the 1 - 17 
fragment and alamethicin have a pronounced effect. 

1 5 10 15 
Alsmsthicin I (2) : ~lc-Ai'~-Pro-i~iS-Ala-~~i'~-Als-Gln-lli‘~-Val-Ai~~~l~-Leu-Ai~~-Prc-Val- 

20 
Aih-Aib-Glu-Gln-Phol 

Alaethicin II (2) : bY3) 

Suzukecillin (7) : AC-Ai',-Pro-Val-Ai--V~l-Al ~-ni:~-Aln-Aii-Ai:~~ln-Ai:~-Leu-Aih-c;ly-Leu-.Zi‘~-Pro- 

Val-Xi',-Ai‘;-Glu-Gln-Phol. 

Antiamoebin (9) : Ac-Phe-Ai'7-Ai?J-.~i'- -I~~~1~~-Leu-Ai'-~-Ai'~-H~~-G1n-:-Iy~-Xi‘~-Pro-Phol 

Emerimicin III (6) : AC-Phe-Ai‘kAi'>-Ai:-I-Valal -Leu-Ai-:-Ai-i-i<ypdln-Hyp-Ala-3101 

Emerimicin IV (6) : (Ail3) 

Trichotoxin A-40(10): Ac-Aib-Gly-Aib-A1a-Aih~lu-Aib-~li~~-Aib-Ala-Aib-Ai:~-Pro-Leu-Aib-Iva-Gln-Valol 

Hypulcin-A (8) : Ac-Ai:~-Pro-Ai‘~-Ala-AiS-Ai‘~-Sln-Leu-AiS-Sly-kib-?,i~,-Pr~.--Vcl-~i'~-.~i'~-Glil- 

Gln-Leuol. 

Fig.l.Sequences ofalamethicinandrelated polypeptides. 
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2. Experimental 

The protected 13 and 17 residue fragments Z-l -13- 
OMe, Z-l-13-OH, Ac-1-17-OMe, Z-I-17-OMe and Z-l- 
17-OH and alamethicin I were synthesized by solution 

phase procedures in [ 141. All peptides were checked for 
homogeneity by TLC and characterized by 270 MHz 
‘H NMR and amino acid analysis. A sample of natural 

alamethicin was kindly provided by Dr J . E. Grady, 
Upjohn Co ., Kalamazoo, MI. Egg phosphatidylcholine , 
Sephadex G-50 and CTC were from Sigma (St Louis, 

MO). LaCla was from Ventron. All other chemicals 
were of analytical grade. All metal salts were chlorides. 

Unilamellar vesicles of egg phosphatidylcholine 
were prepared according to [ 151 by removal of cho- 
late from mixed phospholipidcholate dispersions, by 
Sephadex G-50 chromatography. Ion transport was 
followed using 25 PM CTC, 200 pg/ml vesicles in 5 mM 
Hepes, 100 n&f NaCl (PH 7 .O). After CTC had equili- 
brated across the membranes, metal was added at 
1 mM, following which ionophore was?ntroduced. 
The fluorescence of the CTC-metal complex was 
monitored on a.Perkin-Elmer MPF44A spectrometer 

operated in the ratio mode with 10 nm excitation and 
emission band pass; hex = 390 nm, hem = 530 nm. 
1 cm cells were used and solutions were stirred with a 

magnetic pellet to minimise settling. Vesicle integrity 
was checked by a flat response after adding metal, fol- 
lowed by a sharp rise on adding X537A [ 161. 

The use of the CTC method as a probe of trans- 

membrane fluxes is based on the ability of CTC to 
permeate lipid membranes, while the vesicles used 
remain impermeable to cations, in the absence of ion- 

ophore. Attempts to generate vesicles with entrapped 
CTC, followed by gel filtration were not successful 
due to equilibration of CTC across the membranes, 
during chromatography. The presence of external 
CTC leads to a large basal fluorescence in the presence 
of metal ions. This was compensated using background 
suppression. Fig.2 shows the effect of synthetic ala- 
methicin fragments on the time-dependent changes in 
CTC fluorescence, in the presence of unilamellar lipid 
vesicles and Ca2+. In the absence of peptides there is 
no change in emission intensity, supporting the view 
that the membranes are impermeable to cations. This 
is confirmed by a large increase in fluorescence, reach- 

c 

Fig.2. Timedependent changes in CTC-Ca*’ fluorescence in response to ionophore addition: lipid 200 pg/ml; CTC 25 PM; Ca** 
1 mM.(a) Naturalalamethicin 10 PM;(~) AC-1-17-OMe 16 @M;(e) Z-l-17-OH 10 PM; (d) Z-l-13-OH 20 PM;(~) syntheticalamethi- 
cm 10 PM; (f) Z-l-170Me 10 PM; (g) Z-l-134Me 20 PM. Time scales indicated at the top refer to traces (a) and(e) with the scale- 
change indicated by an arrow, while the lower scales are for the other traces. Ionophore was added just before the start of the 
recording. 
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ing a saturation value in -1 mm, on the addition of 
the divalent cation ionophore X537A [ 161 (not 
shown). From fig.1 it is observed that the protected 
13 residue peptide acid, Z-l -13-OH does not cause 
any fluorescence changes even at 20 PM. The corre- 
sponding ester, Z-l -13-OMe, however has a long lag 
time followed by a slow increase in fluorescence, sug- 
gesting that there is an increased permeability of the 
membrane to Ca2+_ Addition of the 17 residue pep- 
tides, Z-1-17-OMe, AC-1-17-OMe and Z-l-170Me 
resulted in considerable increase in CTC emission, as 
a function of time. 

Fig.3 shows the dependence of the ion transloca- 
tion process on peptide concentration for AC-l-17- 
OMe. At <5 PM, there does not appear to be any ion- 
ophore activity. At 5-10 PM, the emission intensity 
changes occur after an initial lag time, which decreases 
with increasing peptide concentration. At higher con- 
centrations there is a steady increase in fluorescence 
and no initial lag is observed. Fig.4 shows a plot of 
the initial slope of the fluorescence vs time curves, as 
a function of peptide concentration, for the 17 resi- 
due fragments. While the peptide ester Z-l -17-OMe 
appears to act as an ionophore even at 2 M, a mini- 
mum level of -14 PM is required in the case of Z-l- 
17-OH and AC-1 -17-OMe. Both synthetic [ 141 and 
natural alamethicin (Upjohn) showed high ionophore 
activity (fig.2). Since the amount of CTC incorporated 
in the vesicles is small all of it may be complexed 
before cations attain equilibrium across the membrane. 
This deprives the plateau values of information con- 
tent. Further, as the vesicles are reportedly <150 A in 
radius [ 15 f , rapid break down of the concentration 
gradient is expected even at low cation translocation 
rates, so that only the Initial rate of influx is related 
to ionophore concentration. The selectivity of the 
peptides for different ions was also tested. The differ- 
ential response of CTC to various ions 112) was com- 
pensated by dividing the initial slopes of transport by 
the relative intensities of CTC-metal emission. The 
rates of translocation by Z-1-1 7.OMe with respect to 
that for Ca2+ are Zn2+ = 0.75 and La3+ = 0.95. This is 
in agreement with earlier studies suggesting a lack of 
specificity in alamethicin charmels 1171. It may be 
noted that the assay used here is not suitable for study- 
ing alkali cation transport, as these ions do not signif- 
icantly alter CTC fluorescence. 

The above results suggest that a minimum peptide 
chain length of -13 iesidues is necessary before iono- 
phore activity is observed. The results also imply that 

* 

’ x”“” 
20PM 

1 min 

16pt.i 

Fig.3. Timedependent changes in CTC-Cal+ fluorescence in 
response to varying concentrations of Ac-1-17.OMe. Condi- 
tions as in fii.2. The top time scale is for 20 and 16 MM traces 
while the lower one is for the others. 

Fig.4. Plot of the initial slopes of CTC-Cal+ fluorescence 
changes against concentration of ionophore for 17 residue 
peptides. Note differences in scale for peptides: (o) 2-1-17- 
OH; (0) Ac-l-17itMe both using right scale; (A) Z-1-17.OMe 
using left scale. 
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a critical peptide concentration is necessary before 
ion translocation is possible. This may reflect the fact 
that the functional channel is an aggregate of peptide 
molecules or that preaggre~tion is necessary for inser- 
tion into the membrane. Evidence for the aggregation 
of alamethicin molecules to form pores in membranes 
as well as hexameric preaggregates at the membrane 
interface, exists [ 181. Studies with fluorescent labelled 
emerimicin fragments have also provided evidence for 
aggregation in aqueous solution [ 191. Conformational 
studies on alamethicin fragments strongly favour a 3,e 
helical structure in which ion passage through the helix 
interior is not possible [3-s]. This indirectly empha- 
sizes the importance of aggregation in generating 
tr~smembrane channels. The contrasting activity of 
Z-1 -13-OMe and Z-l-l 3-OH suggests that in the latter 
charge repulsion, between the terminal COOH groups, 
prevents effective aggregation necessary for channel 
formation. It had been shown that the amino terminal 
nonapeptide ester of emerimicin aggregates even at 
8 I.LM in aqueous solution, whereas the corresponding 
acid does not 1191. In the case of the 17 residue frag- 
ments both esters (Z-1-17-OMe and Ac-l-17-OMe) 
and the acid (Z-1 -17-OH) exhibit ionophore activity. 
Thus, it appears that with increasing chain length 
charge effects are no longer dominant. However, Z-I - 
17-OMe is effective as an ionophore even at 2 @ in 
contrast to Z-l -17.OH, which is appreciably active 
only at >14pM. The differences betweenz-1-17.OMe 
and AC-~ -17.OMe presumably reflect the more facile 
aggregation of the former to yield channels. This may 
be facilitated by the hydrophobic benzyloxycarbonyl 
(Z) group. Both synthetic and natural alamethicin are 
more effective ion translocators, than the 17 residue 
fragments (fig2), supporting the view that channel 
formation is favoured with increasing chain length. In 
charged peptides like alamethicin and suzukacillin the 
C-terminal negative charge, due to glutamic acid, may 
serve to orient the peptide in the membrane. An addi- 
tional interaction may involve hydrogen bonding 
between the terminal hydroxyl group and lipid car- 
bony1 or phosphate functions. Such an anchoring 
interaction may also be important in neutral peptides 
like antiamoebin, emerimicins, trichotoxin A40 and 
hypelcins. Additionally the helix dipole moment in 
these predom~~tly helical peptides would also play 
an important part in membrane orientation [ 181. 
These results provide some insight into the structural 
requirements of an alamethicin transmembrane chan- 
nel. Further studies are required to establish the 
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detailed structure of the channel, the molecular basis 
for charges in channel conductance states and the 
gating phenomenon [20]. 
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