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Synthetic Amphiphilic Peptide Models for
Protein Ion Channels

J. D. LEAR, Z. R. WASSERMAN, W. FE. DEGRADO

Ion channel proteins are important for the conduction of
ions across biological membranes. Recent analyses of
their sequences have suggested that they are composed of
bundles of a-helices that associate to form ion-conduct-
ing channels. To gain insight into the mechanisms by
which «a-helices can aggregate and conduct 1ons, three
model peptides containing only leucine and serine resi-
dues were synthesized and characterized. A 21-residue
peptide, H,N-(Leu-Ser-Ser-Leu-Leu-Ser-Leu);-CONH,,
which was designed to be a membrane-spanning amphi-
philic a-helix, formed well-defined ion channels with ion
permeability and lifetime characteristics resembling the
acetylcholine receptor. In contrast, a 14-residue version
of this peptide, which was too short to span the phospho-
lipid bilayer as an a-helix, failed to form discrete, stable
channels. A third peptide, H,N-(Leu-Ser-Leu-Leu-Leu-
Ser-Leu);-CONH,;, in which one serine per heptad repeat
was replaced by leucine, produced proton-selective chan-
nels. Computer graphics and energy minimization were
used to create molecular models that were consistent with
the observed properties of the channels.

generation and transmission of electrical activity in the nervous
system and also in the hormonal regulation of cellular processes

(1). A number of physiologically important channel proteins have
been cloned and sequenced (2-7). The molecular architectures of
these proteins, as deduced from hydrophobicity profiles of the
amino acid sequences, have many similarities. All of the channel
proteins are composed of four or five homologous domains or
subunits, each of which appears to contain numerous membrane-
spanning a-helices. One or more of these proposed a-helices on
each subunit contains polar residues in addition to apolar residues,
and the polar residues line up along one face of the helix forming a
hydrophilic patch. In structural models for the assembled, functional
proteins (Fig. 1A), the polar faces of w-helical segments from
neighboring subunits aggregate to form an ion-conducting pore (8).
The degree of polarity of the side chains involved in pore formation
differs from model to model. In some models, highly charged,
amphiphilic a-helical segments are believed to line the pore, whereas
other, more recent models invoke amphiphilic a-helices with less
polar faces, composed primarily of Ser, Thr, and Cys residues (9).
Studies with several natural peptides such as alamethicin (10) and
melittin (11) suggest that small, amphiphilic a-helices may aggre-
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gate to form ion channels. However, only 2 of the 20 residues in the
sequence of alamethicin contain side chains bearing polar groups
(Gln” and Glu'®), and this peptide also contains eight a-amino-
isobutyric acid residues. This amino acid has conformational and
packing properties that differ markedly from the commonly occur-
ring, chiral amino acids found in proteins (12). Melittin, a 26-
residue peptide from bee venom, is amphiphilic and has been
reported to form multistate ion channels, but these channels appear
to vary over two orders of magnitude in their conductances (13).
Furthermore, the complex sequences of natural peptides make it
difficult to determine which side chains or structural features are
important for function. Some “designed” synthetic peptides have
also been reported to form ion channels (14), but channel character-
ization at the level of detail needed for comparison to natural
channel proteins has been lacking. Thus we designed some model
peptides and characterized their ion conduction properties, and
found that these peptides embody many of the features thought to
be required for conduction of ions through the presumed aggregates
of a-helical segments occurring in natural 1on channel proteins.

Design and synthesis of model ion channels. Several features
were included in our design of ion channel peptides. A peptide
should be approximately 20 residues in length to provide a helix that
can span the hydrocarbon portion of the lipid bilayer. The helix
should be amphiphilic to provide the desired transmembrane aggre-
gation of polar faces, but also should have a high degree of
hydrophobicity to allow partitioning into the membrane in a vertical
orientation (15). Finally, the peptide sequence should be simple and
repetitive for structural interpretation of channel properties. Leucine
was chosen for the apolar face of the helix because of its high
hydrophobicity (16) and helix-forming propensity (17). Serine was
chosen for the polar face of the helix because it is polar but
uncharged, satisfying the design requirement for a high overall
hydrophobicity. A sequence repeat of seven residues was chosen to
provide registry of the polar and apolar faces in linked heptamers.
Two different sequence repeats, LSSLLSL and LSLLLSL (L,
leucine; S, serine), were chosen to explore the effect of the ratio of
polar to apolar residues on channel properties (Fig. 1, B and C). We
synthesized the 21-residue peptides of each heptameric repeat,
which provided peptides long enough to span lipid bilayers as
helices, and we made a dimer of the LSSLLSL sequence to test the
proposed length requirement for ion channel function.

The peptides were synthesized by coupling protected segments on
a solid support. The protected heptamers were prepared with a p-
nitrobenzophenone oxime resin support (18). Purified heptamers
were then attached to a p-methylbenzhydrylamine resin and dimer-
ized or trimerized with the use of diisopropylcarbodiimide-hydroxy-
benzotriazole as a coupling agent. The peptides were cleaved from
the support and deprotected with anhydrous HF, and purified by
reversed-phase high-performance liquid chromatography (HPLC).
High peptide purity was essential for obtaining reproducible chan-
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Fig. 1. (A) A highly schematic rep-
resentation of a typically proposed
structure for ion channel proteins.
Helices are depicted as cylindrical
segments, and the nonhelical inter-
vening sequences are depicted as
heavy lines. Four helices (indicated
by dark shading) come together in
the center of the structure to form a
channel for conduction of ions. (B
and C) Helical wheel projections of
the heptamer repeats and the amino
acid sequences of the peptides (B)
(LSSLLSL), and (LSSLLSL); and
(C) (LSLLLSL);.

nel recordings. Peptides that appeared homogeneous by gradient
HPLC were found to contain impurities that could be resolved by
isocratic reversed-phase HPLC. Only peptides that were homoge-
neous by this criterion as well as by fast atom bombardment mass
spectrometry gave channel records suitable for analysis.

The circular dichroism spectra of the peptides at 25 M in
methanol were typical of a-helical peptides, with a double minimum
at 208 and 222 nm (* 2 nm) and a maximum at 190 nm (19). Mean
residue molar ellipticities at 222 nm were —27,000 degree cm?/
dmole for both 21-residue peptides and —21,000 degree cm?*/dmole
for the 14-residue peptide.

(LSSLLSL); forms ion channels. The Mueller-Montal planar
bilayer method (20) was used to determine whether the model
peptides formed ion channels in diphytanoyl phosphatidylcholine
bilayer membranes. This technique involves the formation of a
phospholipid bilayer across a pinhole orifice in a thin film of Teflon
that separates two aqueous electrolyte solutions. Application of a
voltage across a typical bilayer (Fig. 2A; 100-mV transmembrane
voltage) gives rise to little current, indicating that the bilayer greatly
impedes the diffusion of ions between aqueous compartments.
Incorporation of the 14-residue peptide, (LSSLLSL),, into the
bilayer (20) gave rise to erratic increases in current across the
membrane (Fig. 2B); similar traces have been observed for a variety
of membrane-disruptive agents such as detergents and melittin (21).
Evidently, this peptide is capable of interacting with phospholipid
bilayers, but is too short to form stable, discrete transmembrane ion
channels. In contrast, the longer peptide, (LSSLLSL);, produced
the square-wave current pulses characteristic of transmembrane
channels (Fig. 2C) switching between conductive and nonconduc-
tive states.

The detailed characteristics of the ion channels formed by
(LSSLLSL)3 were further examined by computer analysis of a large
number of single channel openings (22). A histogram illustrating
the channel conductance frequency distribution in 0.5M KCI
showed a major peak at 70 pS (4.3 X 107 ions per second, Fig. 3A),
indicating that the channels formed by these peptides had one
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Table 1. Comparison of channel characteristics. The conductance values for
the muscle end-plate acetylcholine receptor and giant squid nerve sodium
channel were measured under physiological conditions (34). The
(LSSLLSL)3 channel conductance was calculated for 0.15M KCl concentra-
tion and 100-mV transmembrane potentials by interpolation of data at 0.1
and 0.5M KClI and voltages between 50 and 150 mV. The state reported
corresponds to the dominant state observed (23). The open-state lifetimes
correspond to single exponential decay parameters calculated for the acetyl-
choline receptor of rat embryonic muscle cells (35), the sodium channel of
neuroblastoma cells (36), and (LSSLLSL); channels in 0.5M KCI.

Channel
Characteristic (LSSLLSL), icclt'}d- Sodium
peptide choline channel
receptor
Conductance (pS) 21 28 7
Open-state lifetime (ms) 4 23 0.5
Permeability relative to Na™*
H* 5
Li* 0.9 0.86 1.0
Na* 1.0 1.0 1.0
K* 1.2 1.11 0.08
Cs* 1.2 1.42 0.016
Guanidinium™ 1.3 1.59
Tris* 0. 0.18
Glucosammonium* <0.01 0.03

*Natural channel ion selectivity ratios, determined by reversal potential measurements,
are for the end-plate acetylcholine receptor (37) and squid axon sodium channel [from
summary in (34)]. Peptide channel selectivities could not be determined from reversal
potentials because the frequency of channel formation was so strongly voltage
dependent and also because the single channel conductance was itself voltage depen-
dent. Instead, relative selectivities (estimated error, *15 percent) were calculated as
ratios of single channel conductances at the peak value of histograms. Values for Li*
and Cs* were determined under biionic conditions with 0.5 NaCl constant on the
negative potential side of the bilayer. Values for tris* and glucosamine® were
determined by partially replacing the 0.5M KCl on the positive side of the bilayer with a
0.5M solution of trissHCl or glucosamine-HCI and observing the resulting change in
the single channel conductance. Chloride conductance was less than one-tenth of the
total, as judged by data in which the single channel conductance changed from 85 to 45
pS when the KCI concentration was reduced from 0.5 to 0.28M on the side of the
membrane that was held at 100-mV positive potential.

predominant conductance state, although lower conductance chan-
nels were observed to varying degrees in different records (23).
Measured frequency distributions of the time that channels re-
mained open (Fig. 3B) and of the time between channel openings
(Fig. 3C) were well described by single exponentials, suggesting
that stochastic, first-order processes were involved in channel open-
ing and closing (24). The average open lifetime of the (LSSLLSL);
channels, as measured by the decay constant for the exponential
distribution, was between 3 and 8 ms for most experiments, and no
systematic changes in lifetime were evident over a wide range of
transmembrane voltages (25 to 175 mV) with several different salts
(HCI, LiCl, NaCl, KCl, and CsCl) in concentrations ranging from
0.1 to 0.5M. In contrast, the time between channel openings
depended on the transmembrane voltage and on the peptide concen-
tration (25). At a given peptide concentration, the frequency of
channel openings increased when the voltage was increased, indicat-
ing that a significant reorientation of electrical dipole accompanies
channel formation (26). Also, channels occurred far more frequently
when the voltage was held negative on the side of the bilayer to
which the peptide had been added, an indication of an asymmetric
orientation of the peptides in the bilayer.

The ion selectivity of the channels was investigated by measuring
conductance distributions with different chloride salts as electro-
lytes. The channel conductances observed for HCI, LiCl, NaCl, KClI,
and CsCl were approximately proportional to the conductances of
the corresponding cations in aqueous solution, suggesting that the
channels were cation selective. The cation selectivity was confirmed
in experiments in which there were (i) different concentrations of
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Fig. 2. Single channel data record examples for A _|10pA
(A) diphytanoyl phosphatidylcholine bilayers and Sms

for such bilayers incorporating the synthetic pep- B

tides (B) (LSSLLSL),, (C) (LSSLLSL)3, and (D) ‘ T U N
(LSLLLSL);. Peptides were incorporated (20) et A At 2—01 :nospA
into planar bilayers of diphytanoyl phosphatidyl-

choline (Avanti Polar Lipids) separating 2 ml of C

0.5M NaCl or 0.5M HCI for (LSLLLSL);. Bi- 1L . | L N VPO _l10pA
layers of approximately 100-pF capacitance and 100 ms
>1000-gigohm resistance were formed by mono-  p

layer apposition across approximately 100-pwm- ) | i I | L _J20pA
diameter holes that were pretreated with a squa- 20 ms

lene-pentane solution and made by electrical discharge through 19-pm-thick
polytetrafluorocthylene film (Dielectrix Corp.). Bilayer conductance was
monitored under voltage clamp conditions with the 100 mV/pA setting on a
List EPC-7 amplifier (Medical Systems Inc.) with an eight-pole, low-pass
Bessel filter (Frequency Devices Inc.) setting of 1.6 kHz. Wire electrodes of
Ag/AgCl were used without salt bridges. Voltages are defined with the

“trans” side at virtual ground (zero). Current monitor output was digitized
at 16 kHz (Data Translation DT-2821-F-8DI A/D Board) and processed
with C language programs (22). The displays are processed only to the
extent of connecting successively displayed data points with lines.
(LSSLLSL), records, which lack defined single channels, were chosen to
represent conductance activity in the single channel range.

Fig. 3. Histograms of single channel conduc- A D
tances (A and D), open state (B and E), and 15001 2007
closed state (C and F) lifetimes for (LSSLLSL),
and (LSLLLSL)3;, respectively. Data for 1000 F
(LSSLLSL); were recorded with 0.5M KCl, cis- 100}
incorporated peptides, and a holding potential of 5001
—100 mV (22); data for (LSLLLSL); were re- -
corded with 0.5M HCI, cis-incorporated pep-
to‘ifls&uz':ﬁlci ?V(;lsd'?ﬁc lﬁg::g“:: glfrr;]ltz(zinm;]i: 1020 30 40 50 60 70 80 80 100 0 20 40 60 80 100 120 140
coamperes above baseline) divided by the trans- Singls onanne! cond;ctance °9)
membrane voltage. Data files of conductance, 600 T
open times, and closed times were sorted by 200
counting events within 5-pS conductance and 1- o 400
ms duration intervals; histogram points are de- 5
fined as counts between lower and upper limits of 8 100t
the characteristic with the lower limit used as the & 200
numerical value of the axis. Solid curves are least- -
squares fitted single exponential decay curves for 0 0
the open time durations. 15 20 0 5.0
Time channel is open (ms)
C F
400
40t
200 ol .
L]
0 bt T % 200

the same chloride salt or (ii) identical concentrations of different
cation chloride salts on the two sides of the bilayer (in both cases,
under transmembrane potentials greater than twice the calculated
maximum reversal potential, the flux of ions due to concentration
gradients alone would make a very small contribution). For exam-
ple, reducing the KCI concentration on only the positive side of the
bilayer resulted in a proportional decrease in the conductance (Table
1), indicating that cation flow from the positive to the negative side
of the bilayer was responsible for the observed current. Further-
more, the observed conductances of the channels depended on the
nature of the cations on the positive, but not the negative, side of the
membrane (Table 1). In separate experiments with the same concen-
tration of KCl on both sides of the bilayer, channel conductance was
linearly dependent on the potassium ion concentration for 0.1 and
0.5 KCl solutions. Taken together with the high magnitude of the
rates of conduction, this would indicate that the potassium ions pass
through the channels without encountering any significant energy
barriers or falling into any deep energy wells.

The effective diameter of the channel conducting region was
estimated with hydrochloride salt solutions of guanidine, tris-
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Time between consecutive openings (ms)

hydroxymethylaminomethane (tris), and glucosamine. Single chan-
nels measured with 0.5M guanidinium chloride had conductances
very close to those measured for the alkali metal salts, indicating a
channel larger than the approximately 5 A diameter of the guanidin-
ium ion. Substitution of 0.5M tris-HCI (approximately 7 A diame-
ter) reduced channel conductance by a factor of about 4, which
would suggest a channel diameter of about 8 A based on theoretical
treatments of ion flux in water-filled pores (27). This result is
consistent with the finding that the glucosammonium ion, which
has a diameter of approximately 10 A, was essentially impermeable.

(LSLLLSL)3; forms proton-selective channels. (LSLLLSL);
formed channels that were less conductive, of shorter open lifetime,
and more selective than those formed by (LSSLLSL);. In 0.5M
HCI, the channels formed by (LSLLLSL); had a single major
conductance state of 120 pS (Fig. 3D) as compared with a value of
900 pS for the channels formed by (LSSLLSL); at the same voltage
and HCI concentration. The average open lifetime (Fig. 3E) was
about 1 ms. Closed times (Fig. 3F) were, as with the (LSSLLSL)3
peptide, exponentially distributed and decreased with increasing
voltage. Most strikingly, within the experimental detection limits
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Fig. 4. Stereo-pair drawings of peptide ion chan-
nel models: (A) tetrameric model of (LSLLLSL),
and (B) hexameric model of (LSSLLSL);. The
models were built by applying the transforma-
tions of the C, point group (# is the aggregation
number) to a single ideal a-helix with the com-
puter graphics program MOLEDITOR (38), and
the resulting bundle was given a left-handed twist
to improve side chain packing (29, 3I). Side
chains were rotated to relieve steric interference,
and the aggregated structure was energy mini-
mized with a Cray 1-A computer and the program
AMBER with a 9.5 A cutoff for nonbonded
interactions (28). After visual inspection, addi-
tional side chain rotations and energy minimiza-
tions were performed until no further improve-
ments could be made with the criteria of low
potential energy and closeness of fit between van
der Waals surfaces of adjacent helices (38).

(approximately 5 pS), the channels formed by (LSLLLSL); ap-
peared to be impermeable to all of the other cations tested. For
example, channels could not be observed with 1044 LiCl, 5.0M
NaCl, or 2.5M KCI. The bulk solution conductance of 101 LiCl is
about twice that of 0.5 HC, so if the channels were not selective,
1021 LiCl would have given channel conductances of greater than
200 pS. Since we observed no conductance greater than the 5 pS
detection limit when 0.5M HCI was replaced with 10M LiCl, we
conclude that protons passed through the (LSLLLSL); channels at
least 40-fold more rapidly than lithium cations.

A molecular model for the channels. Computer graphics and
energy minimization were used to create a number of molecular
models for (LSSLLSL); and (LSLLLSL)3 in which the channel was
formed by a-helices arranged in bundles with the polar side chains
oriented toward the bundle center. The helices were oriented
parallel to one another to create structures with the qualitative
asymmetry suggested by the lack of symmetry in the formation of
channels with respect to voltage reversal across the bilayer. Model-
ing efforts were generally aimed at achieving minimum energy
conformations with close packing of side chains between neighbor-
ing helices. A variety of models of trimeric, tetrameric, pentameric,
and hexameric helical bundles were constructed and then energy
minimized (28); the resulting structures with the best side-chain
packing and the lowest energies all had rotational symmetry. The
side chains of neighboring helices packed together in a “knobs-into-
holes” fashion (Fig. 4), as has been previously observed for a variety
of helix-helix packings involving identical, parallel a-helices (29—
31). A single, highly efficient packing (Fig. 5) was found for each
aggregation number, and this packing was the same for both heptad
sequences. Channel diameters for each structure were defined by
calculating the maximum distance between van der Waals surfaces of
serine side chains at the narrowest part of the channel. The trimeric
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channel is completely closed, and the tetrameric channel, with a
diameter of less than 1 A, is almost closed. Pentameric and
hexameric channels have much larger diameters of 5 and 8 A,
respectively (Fig. 6). In the pentameric and hexameric models of
(LSSLLSL)3, the serine side chains can donate and accept hydrogen
bonds (32) to water molecules in the channel, and the channels are
wide enough to have waterlike interiors. In contrast, the trimeric
and tetrameric models of (LSLLLSL); have room for only isolated
water molecules among the serine side chains in the interior of the
channel.

The characteristics of the models, combined with the measured
conduction rates of various sized cations, lead us to the working
hypothesis that the channel formed by (LSLLLSL); is a trimeric or
tetrameric aggregate, whereas that formed by (LSSLLSL); is a
hexameric or possibly larger aggregate. An explanation for the
postulated tendency of (LSSLLSL); to form higher aggregates than
(LSLLLSL)3 can be inferred from an examination of the trimeric
and tetrameric (Fig. 4) models for (LSLLLSL)3. In these structures
the leucine at position 3 of each heptad repeat (Fig. 1, B and C)
packs between leucyl side chains of a neighboring helix in a knobs-
into-holes fashion (29). Replacement of this large, apolar side chain
with the smaller, polar seryl side chain could be expected to
destabilize the interhelical packing. Thus (LSSLLSL); might be
expected to form annular structures with larger radii to mitigate this
otherwise unfavorable interaction, as well as to allow more complete
hydration of the seryl hydroxyls.

Implications to the structures of ion channel proteins. The ion
channel conductance, lifetime, and cation selectivity of (LSSLLSL)3
are strikingly similar to those of the acetylcholine receptor (Table 1).
The drastic difference in conduction properties between
(LSSLLSL)3 and (LSLLLSL); show how a seemingly minor per-
turbation in amino acid sequence can give rise to large functional
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Fig. 5. Representative side views of the interhelical packing: (A) tetrameric
model of (LSLLLSL); and (B) hexameric model of (LSSLLSL);. Purple
and blue dots show the molecular surfaces calculated with the Connolly
algorithm (39) for two adjacent helices; note the good geometric fit. Because
of the rotational symmetry of the models, all of the interhelical packings in a
given model are identical.

Fig. 6. Axial views of the trimeric and tetrameric models of (LSLLLSL); and
of the pentameric and hexameric models of (LSSLLSL);. Backbone atoms
(Cos C, and N) are shown in white, leucine side chains in green, and serine
side chains in purple. For size comparison, a van der Waals surface
representation of the guanidinium jon is shown as a dotted surface at the
center of the diagram.

changes, and illustrates how functional diversity can be generated
within a simple structural paradigm. Both peptides form ion
channels similar to those of complex natural proteins, which pro-
vides support for models of natural ion channels in which the ion
conduction pathway is composed of transmembrane helical seg-
ments with aggregated, neutral, polar faces (9, 33). The large
difference in conductance and ion selectivity between our two model
channel peptides suggests that interhelical side chain packing and
the degree of polar side chain exclusion from the hydrophobic
membrane environment both interact to influence the size and
structure of the channel interior, and hence its function. It would be
helpful in the analysis of natural channels to determine whether

27 MAY 1988

these principles can be used to design new channel peptides with
different ion selectivities.
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