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Abstract. The peptides Boc-(L-Ala-Aib-L-Ala-Aib- 
L-AIa),-OMe, with n = 2  (PI0) and n = 4  (P20), 
have been synthesized as purely hydrophobic models 
of the antibiotic alamethicin, which is known to be a 
voltage-dependent pore former in membranes and is 
apparently s-helical in lipophilic media. These pep- 
tides were investigated in 1-octanol, a solvent which 
resembles the membrane environment. From dielec- 
tric dispersion studies quantitative information on 
the molecular shape and dipole moments could be 
derived. Further independent data concerning con- 
formation and extent of aggregation of the peptides 
were obtained by circular dichroism and ultracen- 
trifuge measurements. The results suggest that the 
peptides assume the form of elongated particles 
having a significant amount of ordered secondary 
structure and carrying a dipole parallel to the long 
axis. Apparently the monomeric peptide molecules 
undergo, to some extent, a head-to-tail aggregation 
which is slightly enhanced at lower temperatures. 
Based on the high-frequency parts of the dielectric 
dispersion curves the lengths, diameters, and dipole 
moments of the monomer particles have been deter- 
mined as 22.5A, 10A, 36D (P10) and 28.5A, 12A, 
64 D (P 20). 
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1. Introduction 

Alamethicin (Meyer and Reusser 1967), trichotoxin 
(Briickner and Jung 1982) and other peptide anti- 
biotics containing the e-amino-isobutyric acid resi- 
due (Aib) have been found to form voltage-depen- 
dent pores in membranes (for references see: Boheim 
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and Kolb 1978; Hanke et al. 1983). From an analysis 
of experimental data obtained with black lipid 
membranes, it has been concluded that alamethicin 
pores are formed by aggregation of several (prob- 
ably 6 to 10) monomeric peptide chains. These 
channels are usually promoted by a positive electric 
potential on the side of application of the peptide. 

Extensive conformational studies on alamethicin 
and its natural and synthetic analogs have shown 
that the secondary structures are largely :~-helical in 
lipophilic solution (for references see: Jung et al. 
1984). This feature appears to be related in a direct 
way to the high Aib content of these peptides (Jung 
et al. 1983a). It should be emphasized that the elec- 
tric dipole associated with such a conformation has 
been incorporated into various models proposed for 
the alamethicin gating process (Fox and Richards 
1982; Boheim etal. 1983; Mathew and Balaram 
1983; Hall et al. 1984). At the present time we shall 
not critically review their different proposals. 

Structural information concerning the details of 
field induced modulation of the properties is not 
available. Accordingly this point is the subject of 
most speculations with regard to a possible gating 
mechanism. A thermodynamic analysis (Schwarz 
1977) reveals that a field-dependent conformational 
equilibrium is a necessary consequence of differ- 
ences in dipole moment occurring among different 
conformers. The apparent significance of the dipolar 
properties of alamethicin and related peptides 
prompted us to carry out dielectric dispersion mea- 
surements in solution. Previous studies have been 
done with alamethicin (Schwarz and Savko 1982) 
and trichotoxin (Schwarz etal. 1983) in octanol/ 
dioxane, whereas metittin, another electrically sensi- 
tive pore-forming peptide (which, however, does not 
contain Aib) was investigated in n-butanol saturated 
with water (Sano and Schwarz 1983). In the present 
article we report results of dielectric measurements 
on two synthetic peptides (P10; P20) with the fol- 
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lowing sequences: 

Boc- (L-Ala-Aib-L-Ala-Aib-L-A/a)~-OMe 
(P10: n=2;  P20: n = 4 ) .  

They, too, have been shown to induce voltage- 
dependent ion-conducting channels in black lipid 
membranes (Jung et al. 1983 b). The most interesting 
point lies in the complete lack of ionizable or 
strongly polar side chains. This permits structural 
features and dipole moments to be interpreted in 
terms of main-chain contributions. 

2. Materials and methods 

The synthesis and chemical characterization of the 
peptides P10 and P20 will be described elsewhere 
(Voges and Jung, unpublished), l-Octanol puriss, 
obtained from Fluka (Buchs, Switzerland) was re- 
distilled under reduced pressure and stored dry. 
Complete dissolution into 1-octanol was achieved 
for both peptides, lyophilized from t-butanol, after 
treatment for ten minutes in a sonicator water bath 
(Elgasonic from Elga, Bienne, Switzerland). The 
concentration was routinely determined by mea- 
suring the elliptictity at 222 nm with a circular di- 
chrograph (Cary6I). Determination of the molar 
ellipticity and testing the linear concentration de- 
pendence had been performed beforehand with a 
stock solution prepared by weight. 

Dielectric dispersion measurements were carried 
out in the range 5 kI--Iz to 50 MHz using three dif- 
ferent impedance bridges: 75C and 33A/1 from 
Boonton Electronics (Parsipanny, N.J.) and B201 
from Wayne Kerr Corp. (Montclair, N.J.). The cell 
and calibration details have been described before 
(Schwarz and Savko 1982). Data from two bridges 
whose frequency range did not overlap generally 
differed by a small constant quantity, which how- 
ever never exceeded the absolute calibration error. 
This small difference was corrected for with a 
suitable extrapolation procedure. 

Preliminary studies had shown that a rather 
peculiar increase occurred at frequencies higher 
than 10 MHz when the peptide contribution to the 

t p relative permittivity, epela, was evaluated as epep 
t P 

---- 8 to t  - -  8sol  ( e t o t ,  8sol' being the corresponding permit- 
tivities of  the total solution and the pure solvent, 
respectively). This undesired effect was traced to 
some contamination of. the peptide solutions with 
small amounts of water (up to a few mg/ml) which 
was found to appreciably alter the dielectric re- 
laxation properties of 1-octanol. Therefore the de- 
pendence on the water content, x, was explicitly 
taken into account for the solvent permittivity and 
dielectric loss. These were found to be well re- 

presented by a single Debye relaxation function ac- 
cording to the relations 

zle0 
e~oi = e ~  + 1 + ( f / f o ) :  ' (1 a) 

f/fo 
es'~l = I + (f/j~)2 A e0, (1 b) 

where f is the applied frequency. Note that e~: the 
high frequency permittivity, Ae0: the dielectric re- 
laxation amplitude, and f0: the relaxation frequency, 
depend on the water content. A careful quantitative 
investigation of these dielectric parameters for 
1-octanol containing known small amounts of water 
(0 to 10 mg/ml) showed that their dependence on x 
could be very well described by a quadratic poly- 
nomial. In this way, the solvent contribution to g 
and e", respectively, became a function of a single 
parameter, x. A non-linear least-squares procedure 
(Bevington 1969) was then used to determine the 
value of x which produced the best Cole-Cole pIot 
of ep~p" vs. epep' in each set of data. After such a treat- 
ment, the reproducibility of the data was compar- 
able to that expected from the known bridge ac- 
curacy. However, because of this empirical data cor- 
rection, the peptide contribution to the high fre- 
quency dielectric constant of the solution, de~o (see 
Eqn. 2 below), was rather poorly determined. There- 
fore this quantity is not reported nor has it been 
used in the discussion. 

Apparent molecular weights of the solute parti- 
cles were determined by equilibrium sedimentation 
with an analytical ultracentrifuge (Beckman, Model 
E) using both schlieren and interference detection 
methods. From density measurements the partial 
specific volume of the two peptides in 1-octanol was 
found to be g -- 0.805 ml/g. 

3. Results 

As pointed out in the experimental section, the pep- 
tide contributions to the relative permittivity, e~,cp, 
and to the dielectric loss, e~,'~p, follow the Cole-Cole 
relation 

Aeo 
e;cp - i e~r, = 1 + (i f / f o )  l -~  ~- d e ~  (2) 

(i = g-ST). This is illustrated in Fig. 1 where data 
obtained from solutions of the two peptides with 
comparable concentrations are shown to fit the 
Cole-Cole arc. The parame.ters Aeo (relaxation am- 
plitude), ~ (dispersion frequency), ~t (spectral dis- 
tribution coefficient of the relaxation processes), 
and Aeo: (peptide contribution to the high frequency 
dielectric constant relative to solvent) were deter- 
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Fig. 1. Cole-Cole plots of the peptide contribution to the di- 
electric dispersion between 0.1 and 50 MHz. The data refer to 
1-octanol solutions at 25 °C with a concentration of 5.1 mg/ml 
for P I0 and 4.4 mg/ml for P20 
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Fig. 2A and B. Concentration dependence of the relaxation 
frequency .,Co (A) and of the relaxation amplitude A % (B) for 
the two peptides, P 10 (o) and P20 (~), dissolved in l-octanol 
at 25 °C 

Table I. Dielectric dispersion parameters of the investigated peptides in 1-octanol 

T P 10 P20 
[°C] 

Aeo/C fo o~ A~olC fo 
[ml/mg] [Mt-lz] 

10 0.249 (0.008) 4.3 (0.1) 0.12 0.307 (0.013) 2.2 (0.1) 0.14 
25 0.202 (0.005) 8.1 (0.2) 0. I0 0.279 (0.011) 4.4 (0.2) 0.08 
40 0.170 (0.005) 15.4 (0.6) 0.10 0.263 (0.008) 8.0 (0.3) 0.08 

These are concentration averaged values in the ranges 1 to 8 mg/ml for P 10 and 1 to 5 mg/ml for P20 with standard deviations 
given in parentheses. Reproducibility of e was better than 0.05 

mined using non-linear least-squares regression 
techniques (Bevington 1969). 

No significant concentration dependence could 
be detected for f0, as shown in Fig. 2A. Within the 
experimental accuracy, Aeo was found to depend 
linearly on the peptide concentration in the range 
under investigation (see Fig. 2 B). The values of j';, 
e, and of the specific relaxation amplitude, /leo~C, 
are collected in Table 1 for the two peptides dis- 
solved in l-octanol at three different temperatures. 

As is the case with alamethicin (Schwarz and 
Savko 1982) and trichotoxin (Schwarz et al. 1983) 
dissolved in 1-octanol, the peptides P 10 and P20 are 
not in a pure monomeric state at the concentrations 
used for the dielectric measurements. An estimate of 

the extent of aggregation can be obtained from the 
apparent weight averaged molecular weight, M~, as 
determined in the ultracentrifuge (see Table2). 
Using a simple monomer-dimer model one may cal- 
culate a lower bound of y~, i.e. the mass fraction of 
the monomeric particles. The results reported in 
Table 2 are indeed comparable to the values ob- 
served for alamethicin and trichotoxin, respectively. 

The CD spectra of the two peptides dissolved in 
l-octanol (Fig. 3) indicate the presence of some 
secondary structure. In close agreement with the 
case of alamethicin (Jung et al. 1975), a pronounced 
negative shoulder around 220 nm, followed by a 
second negative peak at 207-205 nm are highly in- 
dicative of the right-handed :~-helical conformation of 
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Fig. 3. Circular dichroism spectra of the two peptides, P I0 
and P20, dissolved in 1-octanol at 25 °C. Data were collected 
on solutions with a concentration of 4.6 mg/ml for P 10 and of 
4.4 mg/ml for P20, using a water-jacketed cylindrical cell with 
0.12 mm pathlength. Molar ellipticities per residue, with units 
of deg cm2/dmole, are reported in the ordinates 

Table 2. Results from ultracentrifuge and CD studies. (Stan- 
dard deviations given in parentheses) 

Peptide M~, MI Y~ [0]222 

P10 1100 (50) 899 0.78(0.05) -4,800 
P20 2400 (100) 1,666 0.56 (0.06) -11,800 

The apparent weight averaged molecular weight, Mw, was 
determined at 20 *C and a concentration of 6.8 mg/ml for 
P I0, 3.3 mg/ml for P20. Mt means the value for a monomeric 
particle calculated from the chemical formula. The mass frac- 
tion of monomers, Yl, is a lower bound as derived by 
assuming a monomer-direct system. Molar ellipticity per 
residue at 222 nm, [8]222, is given in deg cm:/dmol 

polypeptides. With the help of one simple published 
procedure (Chen et al. 1974), an estimate of  the 
helical fraction can be determined from the experi- 
mental molar ellipticity per residue at 222nm 
( -  4,800 deg dmole -~ cm: for P 10, - 11,800 deg 
dmole -1 cm 2 for P20). With the further assumption 
that only one helical segment can be present in each 
peptide molecule, the amount of e-helical structure 
is calculated to be 38% for P t0 and 43% for P20. 

Unlike alamethicin the present peptides are not 
sufficiently soluble in dioxane. We could, however, 
prepare solutions in dioxane/octanol mixtures where 
the volume ratio was 1:2 or less. Dielectric dis- 
persion measurements of these systems generally 
reflected the phenomenon already observed with the 
natural analogues, namely that the addition of 
dioxane induces a pronounced formation of large 
aggregate particles. 

4. D i s c u s s i o n  
4.1. Effective molecular shape and dimension 

In line with our previous studies on the dielectric 
dispersion of alamethicin and trichotoxin, we inter- 
pret the observed relaxation process on the basis of 
a rotary diffusion controlled orientation of per- 
manent dipoles which are carried by the peptide 
molecules. When we further assume a rigid ellipsoid 
of revolution as a model to approximate the hydro- 
dynamic properties of the solute particles, the re- 
levant geometrical parameters, namely the two 
semi-axes a and b (parallel and perpendicular, re- 
spectively, to the direction of symmetry), can be 
derived from the dispersion frequency, ~ ,  and the 
partial specific volume, ~r. It can be shown that 

fo = (k T/6 rc ~7 to)" ~ (p) (3) 

(k: Bottzmann's constant; r/: solvent viscosity; ~(p) 
= explicit function of the axial ratio, p = a/b; vo = 
molecular volume = 7sM~/NA; M = molar mass; 
NA = Avogadro's number; ;,s = empirical solvation 
factor) (Schwarz and Savko 1982). Because v0= 
(4/3) zt ab 2 = (4/3) r~ a3/p 2, effective values of  a and 
b can be determined once a suitable value of Ys has 
been chosen. According to this model, the dispersion 
frequency of peptide P 10 or P20 can be interpreted 
in terms of the length L =  2a and the diameter, 
d = 2 b, of an equivalent prolate ellipsoid of revolu- 
tion (p > 1) where the dipole is directed parallel to 
the symmetry axis. Based on literature data for the 
solvent viscosity (Mumford and Phillips 1950; Rid- 
dick and Bunger 1970), and using the monomer 
molar mass and the experimental partial specific 
volume, the resulting dimensions have been calcu- 
lated as compiled in Table 3. 

4.2. Effective dipole moments 

The amplitude of  the dielectric relaxation process, 
Ae0, is related to the permanent dipole moment,/z. 
For a dilute solution/.z may be evaluated from Ae0 

Table 3. Effective dimensions (length and diameter in Ang- 
strom units) and dipole moments (in Debye units) of the in- 
vestigated peptides in 1-octanol (see text) 

Peptide 10 °C 25 °C 40 °C 

P I0 L [A] 31.0 (0.5) 30.8 (0.5) 29.6 (0.5) 
d [A] 9.0 (0.5) 9.0 (0.5) 9.2 (0.5) 
:z [D] 50.3 (0.6) 46.5 (0.6) 43.2 (0.6) 

P20 L [A] 38.9 (0.6) 37.7 (0.6) 37.1 (0.6) 
a [A] 11.0 (0.6) 11.1 (0.6) 11.2 (0.6) 
u [D] 76.3 (I.1) 74.2 (1.1) 73.8 (1.1) 

The numbers in parentheses refer to the maximum deviation 
(_+) due to a variation of the solvation factor Ys in the range 
between 1.0 and 1.2 
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data by means of the Debye-Onsager approach 
(Schwarz and Savko 1982). Within this approxima- 
tion the specific relaxation amplitude becomes 

/I eolC = NA 9 S "13 ev M k  T (4) 

involving an appropriate correction factor, g, whose 
dependence on p and on the dielectric constant of 
solvent (~ 10) and solute (~ 2.5) has been already 
discussed (Schwarz and Savko 1982). e~ is the ab- 
solute permittivity of the vacuum. Accordingly effec- 
tive dipole moments of the two peptides have been 
calculated from the experimental values of Aeo/C 
and monomeric molar masses. The results are 
presented in Table 3. 

4.3. Analysis of data in terms of aggregation 

The effective particle lengths according to Table 3 
appear too large for a monomeric particle, particu- 
larly in the case of P 10. We also note a small but 
significant increase of L and ,u at decreasing tem- 
perature whereas d remains practically constant. 
These points can be readily understood once a 
certain extent of head-to-tail aggregation of mono- 
meric peptide molecules is taken into account. The 
effective dimensions and dipole moments then turn 
out to be values which are averages over the dis- 
tribution of monomers and possible higher aggre- 
gate forms. Apparently the aggregation becomes 
somewhat enhanced when the temperature is re- 
duced. Additional information with respect to the 
extent of  aggregation can be deduced from the sedi- 
mentation experiments. 

Under these circumstances the measured di- 
electric relaxation curves should be composed of a 
number of simple Debye functions (of the types 
presented in Eqn. (I)) contributed by the various 
different aggregate dipoles. Neglecting dipolar com- 
ponents perpendicular to the long axes we can then 
assign a set of appropriate Be,0, j~ to each individual 
aggregation mode. The dispersion frequency asso- 
ciated with the monomeric particles, J01, is expected 
to be about a factor of 4 larger than J02, the disper- 
sion frequency of (head-to-tail) dimers. We may 
therefore assume that a single Debye function in- 
volving J0t and a corresponding amplitude, zle01 
=/?~ Ae0, largely describes the dispersion data in the 
higher frequency range. Accordingly we arrive at 
J;I ~ f (~,~p- A e~)/e~,~p for f > 20 MHz. This yields 
~t  ~ 15 and ~ 6.5 MHz as a first approximation for 
P 10 and P20, respectively. The amplitude factor fit 
may be estimated from the original Cole-Cole plot 
by drawing a semicircle (representing a single 
Debye function) so that it approximates only the 
high-frequency data points. From data obtained at 
concentrations close to those of the ultracentrifuge 
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Fig. 4. Results of fitting the total peptide contribution to the 
solution permittivity in terms of two Debye functions. The 
curves plotted correspond to ~z = I4.7 MHz, fo2 = 3.9 MHz 
and fll -- 0.58 for P 10, and to f0t -- 7.6 M1--Iz, foz = 2.7 MHz 
and fll = 0.49 for P20 

experiments we calculate BI ~ 0.6 (P 10) and ~ 0.4 
(P20). These fll and f01 values are then used as 
starting points in a non-linear fitting of the total di- 
electric dispersion curves of P 10 and P20 by means 
of two Debye functions. The result is illustrated in 
Fig. 4, where the final values of the parameters J;~, 

f02 and fll are also reported. The dimensions and 
dipole moment of monomeric and dimeric particles 
are calculated as before from Eqns. (3) and (4), after 
taking into account the concentration of the two 
species as derived from the ultracentrifuge measure- 
ments (see Table 2). We obtain for the monomeric 
particle: 

P10: L = 2 2 . 5 A  d = 1 0 . 0 A  / .q=36D 

P20: 28.5 A. 12.0 A 64D 

with an estimated uncertainty of about 5% in the 
length or diameter and of about 10% in the dipole 
moment. Less reliable are the corresponding dimen- 
sions and dipole moments which can be calculated 
for the aggregate form (dimer) from J02 and the 
remaining portion of the relaxation amplitude 
(1 - ~ ) " ~ e o :  

P10: L = 4 0 A  d = l l A  ~q= 92D 

P20: 44A 14A l l 0 D .  
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In this case the uncertainty is due in part to the 
limits of a monomer-dimer model as a description 
of the real aggregation of the two peptides, and in 
part to the low abundance of the aggregated species, 
particularly for P 10. With this caveat, a head-to-tail 
dimerization process explains reasonably well the 
trend observed on going from the monomeric to the 
dimeric particle: a considerable increase in length 
and dipole moment accompanied by only a slight 
change in diameter. 

5. Conclusions 

Quantitative analysis of dielectric dispersion data on 
solutions of the two peptides in l-octanol has shown 
in both cases that a considerable fraction of the 
dipole moment of the constituent peptide bonds lies 
parallel to the main axis of the equivalent hydro- 
dynamic ellipsoid, a conformationally averaged re- 
presentation of the molecules. In fact, the dipole 
moment per residue as derived from data on the 
monomeric particles (3.6D for P10, 3.2D for P20) 
are close to the value (3.5 D) assumed for the pep- 
tide bond dipole moment on the basis of studies 
with model compounds (Wada 1976). Because of 
their CD spectra, the presence of one single con- 
formation such as an ~-helix may be excluded for 
both P10 and P20. Therefore, the high dipole 
moment-cannot be explained with a full allignment 
of the peptide dipoles along the helical axis of the 
molecule. On the other hand, a substantial increase 
of the contribution per residue in short regular 
hydrogen-bonded structures (Wada 1976) is a pos- 
sible compensation for the necessary loss of direc- 
tional correlation in the aperiodic portions of the 
average structure of the two peptides. It should be 
pointed out, however, that other experimental 
evidence (Jung etal. 1984) indicates that, under 
suitable conditions, the peptides P 10 and P20 form 
highly or fully helical structures. For instance, 
13C-NMR relaxation (Tl) data obtained with chloro- 
form solutions of the two peptides strongly suggests 
a uniform 0~-helical structure in this medium. 
Furthermore, the P10-related undecapeptide Boc- 
Ala-Aib-Ala-Aib-Ala-Glu (OBzl)-Ala-Aib-Ala-Aib- 
Ala-OMe crystallizes in the ~-helical conformation. 

In the absence of any better definition of the 
conformation of P10 and P20, a useful conclusion 
may be derived from a direct comparison with the 
experimental dipole moment determined for ala- 
methicin in 1-octanol. This latter value (75D) is 
indeed close to that attributed here to the mono- 
meric form of P20, a peptide with the same number 
of residues as alamethicin. This comparison is 
reassuring evidence of similar conformational prop- 

erties of the two peptides and an indication that the 
dipolar properties of alamethicin are essentially 
determined by its main chain. 
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