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We have recently adopted a "minimalist" approach 
to protein design.' As applied to the analysis of natural 
proteins, this approach involves two steps: first, the 
structural basis for a given function is predicted; then, 
a highly simplified peptide or protein sequence is 
designed that embodies the predicted structural fea- 
tures, while lacking much of the complexity of natural 
proteins. Features predicted to be superfluous for 
structure or function are either eliminated or replaced 
with sequences of minimal complexity. The activities 
and properties of the minimal designs serve to test the 
guiding structural hypotheses. This approach has been 
applied to the design of four-helix bundle proteins,' 
calmodulin-binding peptides: and DNA-binding pep- 
t i d e ~ . ~  This Account will discuss the application of this 
and related approaches toward understanding some of 
the structural features underlying the function of ion 
channel proteins. 

Ion channel proteins4 facilitate the diffusion of ions 
across cell membranes. These proteins are critical for 
cell regulation and intercellular communication, and 
they mediate all electrical excitability of the nervous 
and muscle systems. Defects associated with ion 
channel proteins can have severe pathological conse- 
quences. For example, a defect in a putative chloride 
channel is implicated in cystic fibrosis, the most 
common lethal inherited disease among Caucasian~.~?~ 
Another example is myasthenia gravis, an autoimmune 
disorder in which antibodies are produced against the 
muscle nicotinic acetylcholine re~eptor .~  Despite their 
central role in biology, a structural understanding of 
the mechanisms of action of ion channel proteins has 
only recently begun to be elucidated as a result of 
improved molecular biology and single channel analysis 
techniques. 

The ion channel proteins of the nervous system are 
proposed to consist of four or five homologous subunits 
radially arranged around a central hydrophilic pore. 
The membrane-spanning portions are predicted from 
the amino acid sequences to be predominantly a-helica16 
(Figure 1). A four-subunit structure appears to form 
the voltage-gated Na+, K+, and Ca2+ channels, while 
the channels of the ligand-gated acetylcholine receptor 
and other homologous receptors are five-subunit struc- 
tures. 

The acetylcholine receptor is one of the most studied 
ion channel proteins. This protein forms ligand-gated 
channels that are selective for cations smaller than 
approximately 7 A in diameter. A 5-fold pseudosym- 
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metric channel model has evolved as a result of intensive 
photoaffinity 1abeling:JO site-directed mutagenesis,ll 
and electron microscopy studies1214 and by comparison 
of amino acid sequences.l5 In the proposed model the 
channel is composed of five homologous a-helices which 
contain several conserved serine residues lining the pore. 
The hydroxyl group of this residue might serve to solvate 
permeant cations. In addition, the model suggests the 
presence of several negatively charged residues near 
the entrance of the channel which may serve to increase 
the local concentration of cations, thereby increasing 
their conductance relative to anions. Indeed, mu- 
tagenesis of these residues causes a decrease in the 
conductance rate.I6 

Unfortunately, there are no crystal structures avail- 
able for channel proteins from electrically excitable 
tissue, although the structure of porin isolated from 
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Figure 1. Proposed general model of a 4-fold symmetric ion 
channel protein. The cylinders represent membrane-spanning 
a-helices connected by intervening nonhelical peptide sequences 
(drawn as loops). The four pore-lining a-helices are depicted as 
dark cylinders. Reprinted with permission from ref 53. Copyright 
1988 American Association for the Advancement of Science. 

Rhodobacter capsulatus has been determined.17 Unlike 
the above-mentioned channel proteins, porin allows the 
diffusion of a variety of molecules with molecular 
weightssmaller than 600 daltons (Da) and is composed 
of a %fold symmetric array of @-barrel subunits. 

Conductance Measurements 
Recent technological developments have made it 

possible to examine the channel properties of a single 
molecule. In the patch clamp techniquel8Jg a micropi- 
pet is attached to a patch of cell membrane. Electrodes 
placed on either side of the patch permit investigation 
of the electrical properties of the channel protein. An 
electrical potential is applied across the membrane, and 
the ion flux (current) is monitored with time. Single 
channels can be detected electrically because they have 
a very high turnover rate (lo8 ions/s, giving rise to a 
current of approximately 20 PA). Ion-conducting 
molecules can also be studied in artificial planar bilayers 
formed across a 150-pm-diameter hole in a Teflon 
film.20v21 Using this method, the voltage and the peptide 
or protein concentration in the bilayer can be adjusted 
to allow the measurement of single ion channels. 

Model Peptide Ion Channels 

The large size and complexity of natural ion channel 
proteins has made it attractive to study smaller natural 
or designed peptides to serve as model systems. 
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Natural Peptides. The classic example of a nat- 
urally occurring ion channel-forming peptide is gram- 
icidin A, a pentadecapeptide consisting of an alternating 
sequence of D- and L-amino a ~ i d s . ~ ~ - ~ ~  The conducting 
pore, which is cation selective, is formed by a highly 
unusual “head-to-head” @-helical dimer structure that 
places all the amino acid side chains on the outside of 
the helix. The ions pass through the center of the helix 
and are solvated by the peptide amide carbonyls (Figure 
2) 

Many natural channel-forming peptides adopt am- 
phiphilic a-helices which form assemblies more similar 
in structure to channel proteins than the gramicidin 
@-helix. Several microbial channel-forming peptides 
(e.g., alamethicins,26 s~zukacillins,~~ trichotoxins,28 and 
zervamicins29) contain a-aminoisobutyric acid (a,a- 
dimethylglycine, abbreviated Aib, or B) residues which 
strongly promote helix formation.30 One of the earliest 
studied Aib-containing peptides is alamethicin, a 20- 
residue peptide which forms discrete ion channels of 
multiple conductance states thought to consist of 
bundles of helices.31 Other natural peptides that 
interact with membranes as a-helices include melittin,32 
c e c r ~ p i n s , ~ ~  ma gain in^,^^ and p a r d a ~ i n . ~ ~  

Synthetic Peptides: Putative Pore-Lining Se- 
quences. Peptide segments corresponding to the 
postulated pore-lining sequences of the sodium chan- 
nel,36 the acetylcholine receptor and the 
glycine receptor38 have been synthesized and charac- 
terized in planar bilayers. This approach assumes that, 
in the absence of the rest of the protein, these segments 
will self-associate to produce a channel resembling the 
pore of the native protein. The putative pore-lining 
sequences of the acetylcholine receptor &subunit, the 
sodium channel, and the glycine receptor form discrete 
ion channels with some similarities to their cognate 
proteins. However, it should be appreciated that many 
amphiphilic peptide sequences can form channels in a 
bilayer. For example, a synthetic peptide corresponding 
to the putative membrane-spanning voltage sensor 
segment of the sodium channel forms ion-conducting 
channels.39 Another concern is that in the absence of 
the rest of the protein the pore-lining peptides may 
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Figure 2. The ion-conducting structure of gramicidin A viewed down the axis of the pore. Due to the alternating D- and L-amino 
acid sequence, all of the side chains are located on the outside of the P-helix. The hydrogen-bonded peptide backbone lines the channel, 
which is approximately 4 A in diameter. Reprinted with permission from ref 22. Copyright 1972 National Academy of Sciences. 

form multiple oligomerization states rather than a 
unique channel structure. 

Tethered Peptide Assemblies. To address the 
problem of multiple aggregation states, Montal and co- 
workers utilized Mutter's TASP (template-assembled 
synthetic proteins) t e ~ h n o l o g y 4 ~ ~ ~ ~  in which secondary 
structure-forming peptides are attached to a template, 
promoting their association in a specific tertiary fold. 
Four copies of the putative pore-lining residues of the 
acetylcholine receptor or the calcium chan- 
ne143 were attached to one face of a P-hairpin peptide 
template, constraining the four a-helices to form a 
bundle of parallel helices. The conductance and 
pharmacological properties of the assembly built to 
mimic the calcium channel were remarkably similar to 
those of the native channel protein. In contrast, 
assemblies built by attaching other fully hydrophobic 
peptide sequences of the native channel proteins to the 
template did not result in the formation of channels. 

A potential problem with the TASP method is that 
the peptides are simultaneously built up on the template 
by stepwise solid-phase synthesis, giving rise to het- 
erogeneous mixtures of closely related peptides. Mutter 
and ~o-workers~~ have shown that the purification to 
homogeneity of an assembly of four 16-residue water- 
soluble helices required especially stringent chroma- 
tography procedures. Such purification protocols have 
not yet been applied to the larger and more hydrophobic 
ion channel assemblies prepared by Montal and co- 
workers. 
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De Novo Designed Peptide Models.45 We have 
taken an additional step toward the design of peptide 
models for ion channel proteins. Our method is to test 
current hypotheses by building the simplest system 
capable of addressing the following questions: (1) Can 
ion channels be formed by the association of uncharged 
amphiphilic a-helical peptides? (2) What factors are 
important for ion selectivity? In particular, are charged 
residues necessary to effect anion versus cation spec- 
ificity? (3) Is it possible to design ion channel-forming 
peptides that favor the formation of a given aggregation 
state? 

Design Considerations. At the time we began this 
work the acetylcholine receptor was the best-charac- 
terized ion channel protein. The membrane-spanning 
portions of this protein are predicted from the amino 
acid sequence to be predominantly a - h e l i ~ a l ; ~ ~  hence, 
we chose an a-helix as the basic structural module. An 
a-helical peptide should be at  least 20 amino acid 
residues long to span a 30-A lipid bilayer, and it should 
be sufficiently hydrophobic to be able to insert into the 
bilayer in a transmembrane orientation. Furthermore, 
the individual peptides should be able to pack together 
to produce a well-defined three-dimensional channel 
structure. We therefore chose hydrophobic and neutral 
side chains and a 7-residue repeat which would stabilize 
a coiled-coil structural motif47 such as that found in the 
two-stranded GCN4,48 the three-stranded hemagglu- 
tini11,4~ and the four-stranded ColEl RopF' The unique 
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T. M.; James, T. D.; Swan, J. A.; Zojaji, M. J. Am. Chem. SOC. 1989,111, 
767-769. (c) Jullien, L.; Lehn, J.-M. Tetrahedron Lett. 1988,29,3803- 
3806. (d) Neevel, J. G.; Nolte, R. J. M. Tetrahedron Lett. 1984,25,2263- 
2266. 
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Figure 3. Helical wheel projections of (A) (LSSLLSL13 (X = S) 
and (B) (LSLLLSL)3 (X = L) heptad repeats. (Modified from 
ref 53.) 

characteristic of the coiled coil is a repeating heptad 
sequence pattern containing residues that pack well in 
a “knobs-into-holes” fashion. The supercoiled helix 
arrangement is energetically favorable because it main- 
tains maximum interactions along the entire length of 
the helices, which would otherwise diverge. 

In choosing the channel-lining residues it is instructive 
to consider the energy profile of an ion going through 
a channel. For fast ion transport, the initial rate- 
determining step should be ,diffusion into and out of 
the channel. The channel interior should provide a 
solvation structure that is as similar as possible to what 
the ion experiences in bulk water: too weak an 
interaction between the entering ion and the channel 
interior provides a high energy barrier for the incoming 
ion, whereas too tight binding would make the ion fall 
into an energy well and get trapped. 

On the basis of the above considerations the peptide 
H2N-(LeuSerSerLeuLeuSerLeu)3-CONH2, (LSSLLSL)3, 
was designed (Figure 3A). The repeating heptad 
sequence should encourage the formation of coiled coils. 
Serine was chosen as the pore-lining residue because 
its hydrophilic side chain should serve to solvate mobile 
ions. Leucine was selected for the remaining positions 
since it is hydrophobic and packs very well in a “knobs- 
into-holes” f a s h i ~ n . ~ ~ ? ~ ~  

(LSSLLSL)3 was synthesized by a polymer-supported 
segment condensation of protected heptamer units 
prepared on the p-nitrobenzophenone oxime resin.51 
The peptide has also been synthesized by standard 
stepwise solid-phase methodology. The crude peptide 
(LSSLLSL)3 was purified by high-performance liquid 
chromatography employing styrene-based reversed 
phase supports. 

Determination of (LSSLLSL), Ion Channel 
Properties. When (LSSLLSL)3 is incorporated into 
diphytanoylphosphatidylcholine planar bilayers at  
peptide lipid molar ratios in the range of 1/100 to 1/1OOO, 
single channels are observed that resemble those of ion 
channel proteins. The peptide channel produces one 
predominant conductance state (around 70 pS at -100 
mV in 0.5 M KC1, corresponding to a turnover rate of 
4.4 X lo7 ions/s) with millisecond open lifetimes. The 
peptide length requirement was tested using the 14- 

residue peptide (LSSLLSL)z which contains two heptad 
repeats and is thus not long enough to span a lipid 
bilayer in an a-helical conformation. This peptide 
elicited erratic conductance changes in lipid bilayers 
rather than discrete channel formation. 

The (LSSLLSL)3-peptide produces cation-selective 
channels similarly to the acetylcholine receptor. The 
ion selectivity was determined by measuring the con- 
ductances of various-sized cations as their hydrochloride 
salts. These experiments showed that the channels are 
cation selective with an effective diameter of approx- 
imately 8 A, which is very similar to that observed for 
the acetylcholine receptor.52 

Single channels are formed far more frequently when 
the (LsSLLSL)~-peptide is added to the negative side 
of the bilayer, implying that it is the negative C-terminal 
end of the peptide that inserts toward the opposite, 
positively charged side of the bilayer. The asymmetric 
incorporation of the peptide in the bilayer provides 
evidence that the model peptides form parallel bundles 
in the membrane.26p53 If the formal charge of the 
protonated N-terminus of the peptide is neutralized 
by N-acetylation, the channel lifetime is prolonged, 
consistent with a reduction of charge repulsions between 
peptides of parallel ordering (unpublished results). 

Modeling the Structure of (LSSLLSL)3. Com- 
puter models of the (LSSLLSL)3-peptide in trimeric, 
tetrameric, pentameric, and hexameric aggregation 
states were generated by an iterative process of inter- 
active computer graphics and energy minimization. To 
achieve good interhelical side chain packing, each 
bundle of parallel helices, in which the polar side chains 
face the interior, was initially given a left-handed twist 
as in natural protein coiled coils. C, symmetry (n = 
the aggregation number) was maintained both to restrict 
the conformational space to be sampled and to maximize 
the pore diameter for any aggregation state. The trimer 
and the tetramer are well-packed with the side chains 
interdigitated in a ”knobs-into-holes” fashion, and the 
pentamer and hexamer are somewhat less well-packed. 
However, in the tetrameric model one serine residue is 
located in the hydrophobic region between helices rather 
than in the pore (Figure 4A), whereas in the hexamer 
all of the serine side chains face the interior of the 
channel (Figure 4B). Furthermore the hexameric model 
has a pore diameter of about 8 A, consistent with the 
ion permeation studies described above. 

The energy-minimized models of (LSSLLSL)s pro- 
vide a rationale for how uncharged amino acid residues 
might make a channel cation selective. In an a-helix 
the proton of a serine hydroxyl side chain i generally 
engages in hydrogen bonding to the backbone carbonyl 
at position i - 4.54 This arrangement projects the lone 
pairs of the serine hydroxyl oxygen atoms toward the 
pore, where they are accessible for solvation of cations. 

Design of (LSLLLSL)3, a Proton Channel Pep- 
tide. The initial stages of our modeling study of 
(LSSLLSL)3 were focused on tetrameric bundles. We 
were struck by the observation that in all of the well- 
packed models the hydrophilic serine residue of the 
third position of the heptad repeat was located in the 
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Figure 4. Minimum-energy models of (LSSLLSL)3 in (A) 
tetrameric and (B) hexameric aggregation states. For each model 
a single heptad is shown; heavy lines indicate the helix backbone, 
and dots indicate the van der Waals surfaces of the hydroxyl 
oxygen atoms of the serine side chains. In the tetrameric model, 
one serine hydroxyl per heptad is located in the hydrophobic 
region between the helices, whereas all the hydroxyls face the 
channel interior in the hexamer. 

hydrophobic region between the helices (Figure 4A). 
We, therefore, sought to improve the stability of the 
tetramer structure by substituting leucine for this serine 
residue, giving the sequence H2N-(LeuSerLeuLeuLeu- 
S e r L e ~ ) ~ - c o N H ~ ,  or (LSLLLSLh (Figure 3B). The 
resulting ion channels did not conduct Li+ or other 
cations but were completely selective for protons. This 
finding could be rationalized if we assumed that 
(LSLLLSL)3 forms the originally designed tetramer 
(which in minimized models has a pore diameter of less 
than 1 A at the positions of closest approach), and that 
the main conductance s t i t e  of (LSSLLSL)3 is the above- 
mentioned hexamer. Consistent with this suggestion, 
the major conductance state of (LSSLLSL)3 has a much 
larger turnover for protons (900 pS, or 5.6 X lo8 protons/ 
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Figure 5. Plot of current versus time for the (LSSLLSL)s-peptide 
incorporated in a diphytanoylphosphatidylcholine bilayer mea- 
sured at -140 mV with l M HC1 as electrolyte. Channel openings 
are shown as downward current deflections. Two types of 
channels are observed with conductances of 70 and 1200 pS. 
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Figure 6. Plot of ln(Popen/Pc~osed) versus transmembrane po- 
tential, where Popen is the probability per unit time that the bilayer 
is in a conducting state with a single channel open, and Pcl-ed is 
the probability that the bilayer is closed in its resting state with 
no channels open. The measurements were made under the same 
conditions as described in Figure 5 in which the simultaneous 
opening of two channels is very rare. The data were analyzed 
by an Ono Sokki CFT 360 portable spectrum analyzer, and the 
lines were obtained by linear regression to provide gating charges 
(see text) of 3.8 for the large channels (circles) and 2.3 for the 
small channels (squares). 

s) than (LSLLLSL)3 (190 pS, or 1.2 X lo8 protons/s) in 
1.0 M HC1 at -100 mV. 

These findings stimulated us to search for alternate 
conductance states of (LSSLLSL)3, associated with 
aggregation states smaller than the postulated hexamer. 
Indeed, a proton selective channel state has recently 
been detected with a conductivity of 70 pS at -140 mV 
in 1.0 M HC1 (under these conditions the conductance 
of the larger channel is 1200 pS) (Figures 5 and 6). 

Testing the Helical Model. Circular dichroism 
spectroscopy studies indicate that (LSSLLSL)8 and 
(LSLLLSL)2 adopt predominantly a-helical confor- 
mations in diphytanoylphosphatidylcholine bilayers. 
However, it should be realized that the channel-forming 
state of the peptide is exceedingly rare: approximately 
lo8 peptide molecules are present in a typical planar 
bilayer, yet at moderate voltages the probability of 
finding a single channel open at any given time is less 
than 1. How do we know whether the channel-forming 
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state is not a rarely occurring conformational isomer of 
the predominant a-helical state? To test this possibility 
we substituted a-aminoisobutyric acid, a residue which 
strongly promotes a-helix formation,3O into (LSLLLSL)3 
to give (LSLBLSL)3.55 If the four-stranded coiled-coil 
model is correct for (LSLLLSL)3, it would place the 
Aib residue at exterior positions on the bundle. A 
mutation of this “outside position” from a leucine to an 
Aib residue should have a minimal effect on the channel 
interior while promoting helix formation. 

The (LSLBLSL)s-peptide produces channels that 
have properties similar to those of (LSLLLSL)B. Al- 
though the peptide makes proton-selective channels 
with significantly shorter lifetimes (xO.1 ms), the 
conductance rates (200 pS at -100 mV) are similar to 
those of (LSLLLSL)3. Furthermore, the circular 
dichroism spectra of (LSLLLSLh and (LSLBLSLh 
incorporated into phospholipid vesicles are identical. 
This finding suggests that the helical content of 
(LSLLLSL)3 is as high as that of the Aib analog and 
that the peptides in the active conducting state are 
a-helical. By inference, the (LSSLLSL)3-peptide may 
be assumed to form helical bundles in the conducting 
state as well since circular dichroism spectroscopy shows 
that the peptide adopts a helical conformation in 
phospholipid vesicles. 

Gating. The frequency of channel formation de- 
pends strongly on voltage (Figure 6) and peptide 
concentration,& suggesting that the peptide helix dipole 
undergoes a major reorientation between the open and 
closed channel states. The lifetime of the open channel 
state is relatively independent of voltage and peptide 
concentration whereas the time in between the open 
states depends on these variables.56 We hypothesized 
that, in the predominant closed state of the channel, 
the peptide, P, is oriented with its a-helix parallel to 
the bilayer surface (P=), Scheme I. This orientation 
allows dehydration of the leucine residues and exposure 
of the serine residues to bulk water. Also present in 
low concentration are vertically inserted closed states 
of the peptide (PI,). An applied electrical field stabilizes 
a transmembrane orientation of those a-helices (which 
contain a large macrodipole) oriented with the negative 
end of their dipoles toward the positive side of the 
bilayer. Thus, the concentration of inserted peptides 
should increase with voltage, increasing the probability 
of the formation of an open channel (Plln(open,). The 
driving forces for pore formation are presumably the 
favorable interhelical packing interactions as well as 
self-association of the inserted peptides to bury their 
hydrophilic faces from the lipophilic environment: 

Scheme I 

nP= - nP11 - ..’ - P//n(open) 

A similar gating model has also been suggested for 
a lameth i~ in .~~ 

The proposed model makes three experimentally 
testable predictions. First, in the predominant, closed 
channel state the orientation of the helical peptide is 
parallel to the lipid bilayer. To test the orientation of 

(55) DeGrado, W. F.; Lear, J. D. Biopolymers 1990, 29, 205-213. 
(56) Lear, J. D.; Wasserman, 2. R.; DeGrado, W. F. In Membrane 

Protein Structural Methods; White, S.  H., Ed.; Oxford University Press: 
New York, in press. 

(57) Baumann, G.; Mueller, P. J. Supramol. Struct. 1974,2,538-557. 
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Figure 7. The calculated distance between the tryptophan 
residue and the center of the lipid bilayer (filled squares) as a 
function of sequence position, as determined by the parallax 
method. Note that the distance changes with a periodicity con- 
sistent with an a-helical peptide conformation. (From ref 58.) 

(LSSLLSL)3 in the closed state,58 we utilized the 
sensitivity of the tryptophan fluorescence emission 
wavelength to its surrounding dielectric envi r~nment .~~ 
Seven peptide analogs were synthesized in which each 
position of the middle heptad unit of (LSSLLSL)3 was 
replaced with a tryptophan residue, one per peptide 
analog. The peptide analogs were studied in di- 
phytanoylphosphatidylcholine phospholipid vesicles at  
a peptide/lipid ratio of 1/150. The positions of the 
tryptophan residues with respect to the center of the 
bilayer were determined using the “parallax method”.60 
This technique involves the calculation of the position 
of a fluorophore relative to two spin-labels (or other 
quenchers) located at two different positions on the 
lipid acid side chains of the bilayer. By this method 
it was determined that, in the predominant closed state 
of the channel, the peptide is an a-helix parallel to the 
bilayer with the long helix axis located approximately 
10 A from the bilayer center (Figure 7). 

It is important to note that the preferred orientation 
of our peptides depends on the concentration of the 
peptide in the bilayer, We conducted the fluorescence 
experiments at  relatively low peptide/lipid ratios similar 
to those used in our ion channel measurements, at such 
low peptide/lipid ratios that the monomeric, surface- 
bound state predominates. If the concentration of the 
peptide in the lipid bilayer is increased, the fraction of 
peptide in the self-associated transmembrane a-helical 
bundle will increase. 

Due to the peptide helix dipole, the C- and N-terminal 
ends carry effective charges of approximately -0.6 and 
+0.6, respectively.61 Reorientation of the dipole from 
a parallel to a perpendicular membrane orientation is, 
therefore, associated with the translocation of 0.6 
charges per peptide or 3.6 (6 X 0.6) for (LSSLLSLh, 
assuming that the conducting channel is hexameric. In 

(58) Chung, L.; Lear, J.; DeGrado, W. F. Biochemistry 1992,3I, 6608- 

(59) O’Neil, K. T.; Wolfe, J. H. R.; Erickson-Viitanen, S.; DeGrado, W. 

(60) Chattopadhyay, A.; London, E. Biochemistry 1987,26, 39-45. 
(61) Pethig, R. Dielectric and Electronic Properties of Biological 

6616. 

F. Science 1987,236, 1454-1456. 

Material; John Wiley & Sons: New York, 1979; pp 49-53. 
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fact, the gating charge, z ,  was determined to be 3.2 
from the voltage dependence of the average time 
between channel openings, 7, according to the following 
equation:56 

z = (RT/F) d(ln 7)/dV 
The third prediction of our gating model is that 

features that stabilize the oligomeric channel state 
should increase channel lifetime and/or decrease time 
between channel openings. As discussed earlier, N- 
acetylation of (LSSLLSL)s, which removes charge 
repulsion between the N-terminal ends of the peptides 
of the helical bundle, increases the lifetime of the 
channels by approximately 10-fold. 

Chemicals of Defined Aggregation State. Al- 
though our model studies of (LSSLLSL)3 and (LSL- 
LLSL)s suggest specific packing arrangements that are 
in agreement with their channel properties, we would 
like to eliminate this uncertainty, in particular to be 
able to study the effect of amino acid substitution on 
ion selectivity. 

To provide assemblies of defined aggregation state 
we have attached ion channel-forming peptides to a 
tetraphenylporphine derivative carrier, which is con- 
siderably more rigid than the linear or cyclic44 peptide 
templates employed by Mutter and co-workers. Tet- 
raphenylporphine is also somewhat more rigid and 
chemically more stable compared to coproporphyrin, 
which was introduced to tether a water-soluble four- 
helix bundle in pioneering work by Sasaki and Kaiser.62 

To avoid the potential problem of microheterogeneity 
associated with the buildup of TASP assemblies by the 
stepwise solid-phase peptide synthesis methodology, 
the 21-residue (LSLBLSL)3 peptide was synthesized 
separately and the protecting groups were removed. 
After purification, the unprotected peptide was coupled 
to meso-tetrakis( 3-carboxypheny1)porphine to furnish 
tetraphilin 1 (Figure 

The four-helix bundle assembly forms discrete ion 
channels when incorporated into diphytanoylphos- 
phatidylcholine planar bilayers. Like (LSLLLSL)B, the 
porphyrin-peptide assembly is selective for protons. 
Further, tetraphilin 1 has a gating charge of 0.5, 
suggesting that the assembly is vertically inserted in 
the bilayer in its predominant state. If this is correct, 
the tether stabilizes the peptide in the inserted trans- 
membrane orientation. We are currently testing this 
hypothesis by examining the optical properties of the 
assembly as well as monomeric derivatives of (LSL- 
BLSL)3 in oriented multilayer films. 

Discussion 

These results indicate that neutral amphiphilic 
a-helical peptides can form ion channels in lipid 
bilayers. A surprising result is that neutral bundles of 
helices can form ion channels that are both large and 
cation selective. The small neutral peptide gramicidin 
A forms channels that are selective for alkali metal 

(62) Sasaki, T.; Kaiser, E. J.  Am. Chem. SOC. 1989, 1 1 1 ,  380-381. 
(63) Jameson, G. B.; Molinaro, F. S.; Ibers, J. A.; Collman, J. P.; 

Brauman, J. I.; Rose, E.; Suslick, K. S. J.  Am. Chem. SOC. 1980, 102, 

(64) Akerfeldt, K. S.; Kim, R. M.; Camac, D.; Groves, J. T.; Lear, J. 
3224-3237. 

D.; DeGrado, W. F. J .  Am. Chem. SOC. 1992, 114, 9656-9657. 
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Figure 8. The energy-minimized computer graphics model of 
tetraphilin 1. Reprinted with permission from ref 64. Copyright 
1992 American Chemical Society. 

cations, but in this case the mechanism of selectivity 
involves very specific solvation of the cations by 
backbone amide carbonyls. The channels formed by 
the association of amphiphilic a-helical peptides, such 
as (LSSLLSL)s, presumably orient neutral polar groups 
toward the interior of pores of larger diameter compared 
to gramicidin A, giving a broader size specificity while 
maintaining cation selectivity. 

The use of templates to assemble bundles of a-helices, 
or other secondary structure building blocks, is a 
particularly promising technique, because the aggre- 
gation state can be defined and varied using different 
templates (e.g., cyclodextrins). Ultimately, modifica- 
tions in existing synthetic approaches will allow the 
introduction of asymmetric arrays of secondary struc- 
tural units, providing additional control of the channel. 
This method also has promise for the design of models 
for membrane-associated proteins other than ion chan- 
nels. 
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