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Abstract

In order to test the influence of chemical modifications designed to allow covalent coupling of channel-forming peptide
motifs into variable sized oligomers, a series of alamethicin derivatives was prepared. The building block encompassing the
N-terminal 1-17 residues of alamethicin behaved normally in the conductance assay on planar lipid bilayers, albeit at higher
concentration and with a slightly reduced voltage-dependence. A linker Ac-K-OCH,C¢H4CHj3p attached via the epsilon
amino group of lysine to the C-terminus of alamethicin(1-17) increased membrane affinity. The latter was further enhanced
in a dimer and a tetramer in which alamethicin(1-17) chains were tethered to di- or tetra-lysine linkers, respectively, but
macroscopic current-voltage curves displayed much reduced voltage-dependencies and reversed hysteresis. An usual
behaviour with high voltage-dependence was restored with the modified dimer of alamethicin(1-17) in which alanine
separated the two consecutive lysine residues in the linker. Of special interest was the development of a ‘negative resistance’
branch in macroscopic current-voltage curves for low concentrations of this dimer with the more flexible linker. Single
channel events displayed only one single open state with fast kinetics and whose conductance matches that of the alamethicin
heptamer or octamer. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction dues, rich in a-aminoisobutyric acid (Aib, U or o-
methylalanine, MeA), whose ability to form pores in
Alamethicin is a peptaibol antibiotic of 20 resi- planar lipid bilayers has been studied for a number

of years [1-3] (and for reviews, see [4-6]). Pore for-

mation by alamethicin is characterised by both a

Abbreviations: Boc, t-butoxycarbonyl; Bzl, benzyl; DMF, di- high voltage-dependence of its macroscopic conduct-

methylformamic.le; Fmoc, 9-ﬁuorenylmetho?;ycarbonyl;. HOBt, ance reﬂecting the steep recruitment of many chan-

hyd.roxybenzotnazol; TBTU, N[(lH-b?nzotrlazol-l-yl)(dlmethyl- nels [7,8] and multiple open states at the single-chan-
amino)methylene]- N-methyl-methanaminum tetrafluoroborate .

N-oxide; U, a-aminoisobutyric acid or o-methylalanine nel level, whose conductances obey a geometrical
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monomers account for the multi-state behaviour now
serves as a paradigm for many other pore formers
(for review see [12]), although the open channel
structure itself still remains a matter of debate [6,13].

The preparation of covalently bound oligomers of
alamethicin has been an active field of research in
recent years [14-16]. One of the main goals is to
assign a particular conductance state to a given ge-
ometry of the conducting bundle in accord with the
high voltage-dependence of pore-formation. The
template approach in assembling functional motifs
in well-defined spatial arrangements [17] has been
applied with some success in oligomers mimicking
the pore region of physiological channels such as
the dihydropyridine-sensitive calcium channel [18]
and the acetylcholine receptor [19]. In the case of
alamethicin, templates most often showed a signifi-
cantly reduced voltage-dependence [16]. In general,
and apart from a recent study assaying different rigid
aromatic templates for their capacity to enhance the
helicity of an amphipathic peptide [20], little atten-
tion has been paid to the influence of the linkers on
the resulting properties of covalent oligomers as
compared to that of self-assembled monomers.

We herein report the chemical synthesis and com-
parative conductance assays of a series of alamethi-
cin derivatives tethered to different linkers. In some
cases, specifically when more flexibility was provided,
a high voltage-sensitivity was preserved and de-
coupled from the multi-state behaviour. In addition,
other interesting features such as ‘negative resist-
ance’, a signature of regenerative or excitable systems
were much easier to obtain than with native alameth-
icin.

2. Materials and methods
2.1. Peptide synthesis

Formulas and analytical data of alamethicin deriv-
atives and oligomers are shown in Fig. 1 and Table
1, respectively.

2.1.1. Alamethicin(1-17) (1)

We used the Boc/OBzl protection strategy, TBTU
or TBTU/HOBt coupling reagents and solution syn-
thesis protocol throughout the preparation of all in-

termediate peptides (1-3+4-5)+(6-8+9-11) and (12—
14+15-17). The acyl donor segments had racemisa-
tion resistant or achiral residues (U, P, G) on their
C-termini. In the final condensation step, the acyl
donor and acceptor segments (1-11)-OH and (12—
17)-OBzl having C-terminal G and N-terminal L,
respectively, were coupled (12 h) on an unprece-
dented gram scale by means of TBTU in DMF af-
fording nearly pure alamethicin(1-17)-OBzl in a yield
of 90%. After debenzylation (H,/Pd/CH3;OH) and
recrystallisation (AcOEt/MeOH/hexane), the ob-
tained alamethicin(1-17) was chromatographically
identical with a highly pure standard sample of ala-
methicin prepared via enzymatic segment condensa-
tion [21]. The chemical methodology to overcome
synthetic difficulties in the preparation of alamethicin
segments is discussed in previous papers [21-25] on
the total solution synthesis of this peptaibol antibi-
otic.

2.1.2. Alamethicin(1-17)-AUA (2)

Coupling of Boc-(12-17)-OH segment and A-U-A-
OBzl tripeptide in equimolar amounts (TBTU,
DMEF, 48 h) afforded Boc-(12-20)-OBzl nonapeptide.
After deprotection, this was condensed with Ac-
(1-11)-OH in analogy to alamethicin(1-17). The
yield was 91%

2.1.3. Monomer 3, dimer 4 and tetramer 6

All couplings were performed (20 h) using TBTU/
HOBt activation in DMF as a solvent. Boc-
K(Fmoc)-OH was transformed into Boc-K-
OCH,C¢H4CHj3p which was further used for deriva-
tisation of (1-17)alamethicin to furnish the key inter-
mediate Boc-K(g-1-17alamethicin)-OCH,C¢H4CHjp.
Replacement of Boc protection by the acetyl group
afforded monomer 3. After separately performed C-
deprotection and N-deprotection, the two building
blocks Boc-K(e-1-17alamethicin)-OH and H-K(e-1-
17alamethicin)-OCH,C¢H4CHj3p for construction of
the dimer were obtained. They were coupled to give
covalently bound dimer 4 (in Boc-derivative form)
with simultaneous formation of the dilysine template.
After hydrogenolytic cleavage of the benzyl ester
group, the dimer with free carboxylic group and
the monomeric derivative H-K(e-1-17alamethicin)-
OCH,C¢H4Cy3p were used for stepwise assembly
in DMF solution of the covalently bound trimer
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1 2

Ac-K-OCH,C4H,-CH,-p Ac-K —K-OCH,C¢H,-CH,-p

Ac-K-A-K-OCH,C¢H,-CH,-p

Monomer 3 Dimer 4 Dimer 5

Ac-K—K—K—K~-OCH,C¢H,-CH,-p

Tetramer 6

denotes Alamethicin(1-17)-

Fig. 1. Alamethicin derivatives and oligomers of (1-17)alamethicin on templates. Products are referred in the text by the bold numbers
shown in this figure and the table below. The building block 1, encompassing N-terminal 1-17 residues of alamethicin is attached to
the e-amino group of lysine yielding monomer 3. Two or four contiguous lysines allow the construction of dimer 4 or tetramer 6. In

another dimer (5), there is an intervening alanine between the two lysines.

Table 1
Analytical data of alamethicin derivatives and oligomers
Compounds MW (nominal)/MW MS (mlz) Purity by HPLC* HPLC data?®
(chemical) %)
Alamethicin(1-17) (1) 1572 1571 [M-H]~ 100 Column: Vydac RP-C18 (0.46X25 cm)
C73H124N18020 1573.90 LSIMS(—) RT =8.47 min, 60% B (iSOCI’atiC)
Rt =13.09 min, 50-80% B 25 min
Alamethicin(1-17)-AUA (2) 1799 1823 [MNa]* 100 Column: Vydac RP-C18 (0.46X25 cm)
Cs3H 41N, 023 1801.16 1839 [MK]*+ Rt =12.53 min, 65% (isocratic)
LSIMS(+) Rt =9.01 min, 70% (isocratic)
Monomer 3 1846 1848 [MH]* >95 Column: Vydac RP-C18 (0.46 X 25 cm)
C89H146N20022 1848.26 1871 [MNB.]+ RT =12.34 min, 75-90% B 25 min
1887 [MK]* Column: Vydac RP-C4 (0.46 <25 cm)
LSIMS(+) Rt =5.92 min, 75-90% B 25 min
Dimer 4 3528 3530.3 [MH]" 100 Column: Vydac RP-C4 (0.46 <25 cm)
C153H230N40042 3532.31 3553.3 [1\/[1\121]Jr RT =12.67 min, 75-90% B 25 min
3569.1 [MK]*"
LSIMS(+)
Dimer 5 3598 3601.7 [MH]"™ 100 Column: Vydac RP-C4 (0.46 <25 cm)
C171H284 Ny Oy 3602.38 3625.8 [MNa]* Rt =10.33 min, 75-90% B 25 min
LSIMS(+) Rt =7.66 min, 80-95% B 25 min
Tetramer 6 6904 6937 [MNa]* >70 Column: Vydac RP-C4 (0.46X25 cm)
C327H543N80082 6912.43 MALDI RT =17.16 IIliIl, 85-100% B 25 min

Rt =10.41 min, 100% B (isocratic)

4Chromatograph: LDC. Detection: UV 220 nm. Solvents: A, H,O+0.05% TFA; B, 90% CH3;CN/10% H,0+0.038% TFA. Flow rate:

1 ml/min.
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Fig. 2. Successive macroscopic current responses to slow voltage ramps of 140 mV (shown by the upper traces) induced by derivatives
1 and 2 (A and B, respectively). Peptide bath (cis-side) concentrations were 3X 1077 and 1077 M, respectively. The electrolyte was 0.5
M KCI both sides of a POPC/DOPE (7/3) bilayer. Note the different ranges of current amplitudes.

and tetramer 6. Final products were purified by size
exclusion chromatography, Sephadex LH-20, column
(110X 2.5 cm), methanol, 6-8 drops/min.

In this synthesis, only the first of four couplings
was performed using acetylated peptide with C-ter-
minal sterically hindered and slowly reacting o-ami-
noisobutyric acid. A further advantage of this strat-
egy is the controlled assembly of the dimer, trimer,
tetramer in one synthetic run. Any deletion sequence
differs from the desired product by at least 18 amino
acid residues which makes purification by size exclu-
sion chromatography efficient.

2.1.4. Dimer on K-A-K template (5)

This dimer was prepared in an analogous manner
as the dimer 4 except that Boc-A-OH was attached
to the e-amino group of lysine at the H-K(e-1-17ala-
methicin)-OCH,C¢H4CH3p stage.

2.2. Conductance assays in planar lipid bilayers

Conductance assays, both at the macroscopic (or

‘many-channels’) conductance and at single-channel
levels, were performed after equilibration of the de-
rivatives with virtually solvent-free planar lipid bi-
layers (‘folded’ or Montal-Mueller type [26]). A mix-
ture of neutral lipids from Avanti Polar Lipids
(Alabaster, AL, USA), 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (POPC) and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) with the ra-
tio 7/3 (w/w) was used as a rule to form the mono-
layers. The latter were formed by spreading the lipids
dissolved in hexane (10 mg/ml) on top of the electro-
lyte (either 0.5 or 1 M KCI) both sides of the cham-
ber. After solvent evaporation, bilayer formation was
achieved by lowering, then raising back, the electro-
lyte level in front of a 200-um hole in the PTFE
septum. After control of the bilayer stability and
electrical silence under applied voltage, derivatives
were added to the cis-side of the chamber from a
methanolic stock solution (final MeOH concentra-
tion below 1%). Bilayers were then either submitted
to slow voltage ramps for recording macroscopic cur-
rent-voltage curves, or to steady-state voltages for
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single-channel traces. Currents were amplified via a 3. Results

current-to-voltage converter (Keithley model 427;

Cleveland, OH) and traces were delivered either as Macroscopic current responses to identical voltage
a function of time or as a function of voltage (cur- ramps of alamethicin(1-17) (1) and its extended form
rent-voltage or I-V curves, X-Y plotter from Lin- alamethicin(1-17)-AUA (2) are compared in Fig. 2A
seis, model 1600). and B. In both cases, the usual behaviour typical of

A W\/

10 nA 0-

10s

2s

200 ms

Fig. 3. Macroscopic current responses to 100 mV ramps induced by the dimer 4 at a concentration of 107% M (A) and by the tet-
ramer 6 at 2X 10~° M (C). Single-channel traces are shown in B and D (for derivatives 4 and 6, respectively) with a zoom for the lat-
ter on an approximately 10 times slower time base. Steady-state applied voltage =50 mV. Openings are upward deflections.
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Fig. 4. Macroscopic current-voltage (I-V) curves induced by dimer 5 (with an intervening Ala between the two branching Lys) in 1 M
KCI at peptide aqueous concentrations of 1078 M (A) and 2x 1078 M (B). Arrows indicate parts of the responses associated with the
ascending and descending limbs of the voltage ramps. Note the greatly increased current range and the drastic change of pattern in

curve B, with the development of a ‘negative resistance’ branch.

alamethicin was seen, i.e. a steep exponential branch
developing towards the extremity of the positive limb
of the voltage ramps. Nevertheless there are interest-
ing and significant quantitative differences. First, the
addition of the C-terminal three hydrophobic resi-
dues in derivative 2, greatly enhanced membrane af-
finity since the current density in B is nearly ten times
that in A, despite a reduced peptide concentration.
Second, whereas the voltage-dependence as estimated
by V., the voltage increment producing an e-fold
change in conductance of the exponential branch,
was only 10 mV for 1, it was back to the normal
value of 6 mV, typical for native alamethicin [27],
with derivative 2. A full analysis of the concentra-
tion-dependence of macroscopic conductance in-
duced by alamethicin(1-17)-AUA (2) indicated char-
acteristic voltages V. =143 mV, and V=77 mV to
reach a reference conductance of 120 nS at concen-
trations 1077 M and 3x 1077 M, i.e. a voltage shift
of V, =60 mV for an e-fold change in concentration.
Applying the relation (N)=V,/V., derived for ala-

methicin [§8] yielded the apparent number of mono-
mers for conducting aggregate, (N)=10.

Monomer 3 yielded a similar macroscopic con-
ductance behaviour as alamethicin(1-17) (1)
although the presence of the linker seems to increase
membrane affinity since equivalent concentrations
gave a ten times higher current. A different and quite
untypical behaviour is observed both for dimer 4 and
tetramer 6 containing contiguous lysines in the tem-
plate. As shown in Fig. 3A and C, the rising phase of
macroscopic currents is greatly slowed down and the
falling phase is steeper, such that now hystereses
(usually reflecting mean channel duration) between
the limbs are reversed. Also, although hardly re-
solved, only one single-channel conductance level of
very high amplitude (ca. 40 nS) is observed.

Usual macroscopic -V curves are retrieved when
the lysines in the linker are separated by an alanine
(Fig. 1, dimer 5). As shown in Fig. 4A, a typical and
asymmetrical /-7 curve with a high voltage depend-
ence (V=7 mV), can be recorded with dimer 5 at
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the concentration 10~® M. Doubling the concentra-
tion always in the cis-side (Fig. 4B), immediately
leads to both a greatly increased current—density
(note that the latter is now about 10° higher than
with derivative 1 in Fig. 2A) and the development
of a ‘negative resistance’ branch in the negative
quadrant of I-V curves. Indeed, along this branch,
the current is reduced with increasingly negative volt-
age giving a peak that is a standard characteristic of
excitable membranes [28]. As shown by Fig. 5, the
single-channel pattern is now quite different from
that of alamethicin: only one open state was re-
corded in agreement with the stabilising effect ex-
pected from such oligomers although the kinetics
were still fast, when compared to other recent alame-
thicin dimers [15].

4. Discussion
All the macroscopic conductance parameters is-
sued from alamethicin(1-17) (2) are strictly identical

to those of alamethicin in the same experimental
conditions [27]. Thus, the replacement of the last
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three alamethicin residues EQ-Pheol by AUA-OH
is of no consequence as far as macroscopic conduct-
ance is concerned, confirming that the C-terminal
part (after proline 14) of alamethicin has little spe-
cific involvement in channel formation. This extends
earlier findings with synthetic analogues of alamethi-
cin where all U residues were replaced by L residues
[29] and suggests a relatively wide outer mouth for
the conducting bundle, in agreement with molecular
modelling studies [30]. It was previously shown that
the N-terminal part, up to around Pro-14, is more
likely to make up the pore lining since selected sub-
stitutions in this part affect conductance parameters
[31].

The results with dimer 4 and tetramer 6 argue for
significantly distorted conducting aggregates, or in
any case, quite different from those of alamethicin.
The very large observed conductance may represent
some transient, detergent-like disruption of the bi-
layer. Note, however, that no dielectric breakdown
occurs and the reversibility of macroscopic re-
sponses. In any case, possibly reflecting enhanced
helicity (see e.g. [20]), membrane affinity is greatly
enhanced with these oligomers since similar current

180 pA

Fig. 5. Single-channel activity induced by dimer 5 at an applied voltage of +25 mV (A). Closed and open state currents are depicted
by C and O, respectively. The associated amplitude histogram is shown in B, disclosing a single open state of 95 pA, i.e. a conduct-

ance of 3.8 nS (open probability P, 0.6).
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densities are achieved with progressively reduced de-
rivative concentrations from about 1077 M for the
monomer 3 to 1078 M and 10~° M for dimer 4 and
tetramer 6, respectively.

The insertion of an alanine between the two lysines
presumably allows enough flexibility to the trans-
membrane alamethicin motifs to optimally align in
the bilayer. Under the influence of the electric field,
conducting aggregates (of dimer 5) behave essentially
as alamethicin monomers, at least as far as macro-
scopic conductances are concerned. Although rapidly
fluctuating between closed and open states, the chan-
nels seem to adopt a fixed geometry since only one
single-channel level can be recorded, thus without the
usual interplay between a conducting nucleus and
available monomers. The pore would be made up
of four such dimers 5 since the conductance they
induced (3.8 nS) is similar to that developed by an
alamethicin  heptamer or octamer (depending
whether the first conducting state is assumed to re-
sult from a trimer or tetramer, respectively) which
are two of the most probable conducting bundle in
this type of bilayers from an analysis of both macro-
scopic and single-channel data [27].

Finally, it is remarkable that the development of
the negative resistance peak can be achieved at con-
centrations much lower (two orders of magnitude)
that with alamethicin per se [2] and without the ad-
dition of polybasic peptides [1]. Negative resistance is
a ‘steady-state signature’ of excitable systems able to
develop regenerative responses or action potentials
when stimulated above a threshold in current-clamp
conditions [28]. Excitability and bistability phenom-
ena with the alamethicin—protamine system were first
described some 30 years ago [1], but the molecular
interpretation was partly based on a carrier mecha-
nism that is now ruled out for alamethicin. By anal-
ogy with ‘active’ electronic devices such as tunnel
diodes, a phenomenological theory was proposed
by the same authors [32] assuming: “(1) a free energy
difference (AF) between two stable channel configu-
rations of different conductivities...; and (2) this AF,
which can be changed by the applied voltage, deter-
mines the number of channels existing in either state.
This process... obey Boltzmann statistics”. Current—
voltage curves were calculated and the sign of AF
then simply determined whether the system is in

the low (rectifier-like) or high (associated with neg-
ative resistance) conductance state.

In summary, the chemical synthesis strategy em-
ployed in this work allowed to conveniently assay
the influence of various linkers bearing shortened
alamethicin motifs on the conductances induced in
planar bilayers. The results clearly show the minimal
requirements to be met for allowing sufficient flexi-
bility with a concomitant high-voltage dependence
that is typical of the parent molecule and the drastic
reduction in efficient concentrations, especially in de-
veloping the interesting feature of negative resistance.
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