Biochemistryl996, 35, 6225-6232 6225

Engineering Stabilized lon Channels: Covalent Dimers of Alamethicin

Shaochun Yod,Shuyun Peng,Linda Lien} Jason Bree8,Mark S. P. Sansorhand G. Andrew Woolley*

Department of Chemistry, Usersity of Toronto, 80 St. George Street, Toronto, M5S 1A1, Canada, and Laboratory of
Molecular Biophysics, Unkersity of Oxford, South Parks Road, Oxford, OX1 3QU, U.K.

Receied December 12, 1995; Reed Manuscript Recee¢d March 11, 1998

ABSTRACT. The peptide alamethicin forms channels with a variety of conductance states. Selective
stabilization of a particular state should simplify the task of understanding conductance in terms of channel
structure. We synthesized two different covalent dimers of alamethicin in which peptides were linked at
their C-terminal ends by flexible tethers. Both dimeric peptides formed channels with conductances that
matched those of alamethicin channels. Particular conductance states were selectively stabilized, however,
with lifetimes up to 170-fold longer than the same states observed with monomers. In addition, tethering
appeared to limit the size of the structures formed so that, even at higher peptide concentrations, a single
predominant conductance state was obtained. We suggest this state corresponds to a channel made from
six alamethicin molecules (three dimers).

The peptide alamethicin, fromirichodermaviride, has in the conducting bundle (Hall, 1975; Fox & Richards, 1982;
been studied intensively as a model ion channel (Latorre & Hall et al., 1983) and/or the breakdown of correlated fluxes
Alvarez, 1981; Woolley & Wallace, 1992; Sansom, 1993b; in a bundle of parallel pores (Gordon & Haydon, 1976; Berry
Cafiso, 1994). Alamethicin can adopt a bemthelical & Edmonds, 1993).
structure, and various lines of evidence indicate that a channel
is formed by several such beathelices that self-assemble Detailed understanding of the properties of this model ion
into a “barrel” or “bundle” structure that traverses the channel would be facilitated if just one type of conducting
membrane. The recently reported structure of the acetyl- structure could be selectively stabilized. If the “barrel stave”
choline receptor channel contains just such a bundle, model is correct, then it should be possible to selectively
composed of five benti-helical segments (Unwin, 1995).  stabilize a conducting state by defining the number of
The alamethicin channel can thus be viewed as a prototypicmonomers in a barreli.e., by chemically cross-linking
pore with all the surrounding mass of protein removed. A monomers. Specification of oligomeric number by attach-
thorough _un_derstanding of the properties of §uch channglsmem of channel-forming peptides to templates [the “TASP”
desaripion of the siructure were.avaiable (Cooper of al, 22P102Ch (Mutter, 1989) has been reported for melitin

o - o " (Pawlak et al., 1994), a synthetic proton-channel-forming
1985; E|ser_1berg, 1995; Syganow &_von_ Kltz_mg, 1995). To peptide (Akerfeldt et al., 1993), and for several peptide
date, theories have been tested primarily with reference to L i

segments of protein ion-channels (Akerfeldt et al., 1993;

the gramicidin channel systene.fj, Roux and Karplus .
(19991)] the only Well-defir{ed sysbtem small enougrrl)to be Oblatt-Montal et al., 1993). Given the wealth of structural
’ and functional data on alamethicin and the quality of single-

computationally tractable. Unfortunately, gramicidin has a X ) ) ) .
structure quite different from most ion channel proteins. In ¢hannel recording that can be obtained with this peptide, we

addition to providing a model for understanding ion perme- felt that an analogous approach with alamethicin might lead
ation, an atomic description of the alamethicin channel could to a particularly well-defined model ion channel. Preliminary
serve as a starting point for the design of channels with novel reports of other attempts to link alamethicin helices have
activities (Woolley et al., 1995). appeared (Leplawy et al., 1994; Marshall & Beusen, 1994,
The process of self-assembly of alamethicin channels doesand references therein).
not lead to a unique number of peptide monomers per pore. . o .
Single-channel recordings of alamethicin show multiple Since the stability of the alamethlc_ln channel stru_cture
conductance levels; frequent current steps are observedNUst presumably depend on a detailed close packing of
between adjacent levels. Boheim and others have suggeste@diacent helices (Sansom, 1993a), we were concerned that
that the origin of these steps is the uptake and release of2n inappropriate linker could impose restrictions on helix
peptide monomers from a conducting burdiee “barrel helix packing and actually destabilize helix-bundles. Atthe
stave” model (Baumann & Mueller, 1974; Boheim, 1974)  outset, we felt the simplest approach would be to covalently
that is, self-assembly is being directly observed through its link just two peptides with a flexible linker long enough to
effect on ion flux. Alternative explanations for the current permit normal helix packing. The behavior of alamethicin
steps include conformational changes or solvation changesderivatives with charged groups at the C-terminus has
suggested that channels can form by N-terminal insertion
* This work has been supported by the Canadian Cystic Fibrosis and form all-parallel bundles of helices (Woolley et al.,

Foundation, NSERC Canada, and the Wellcome Trust. 1994). Cross-linking the C-terminal ends should not inter-
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alamethicin (Rf50) with two different linkers (alm-PAPDA, A B
alm-BAPHDA)! In both cases selective stabilization of -
specific current levels is observed. The currentltage (F
V) relationships of these levels match those of channels /
formed by alamethicin monomers, indicating the linkers do

not affect the pore structure of the channel. Tethering

appears to limit the size of bundles formed so that only |
relatively small sized structures predominate. The most j\AJU

1067.2

common state found at higher peptide concentrations has a
lifetime 48-fold (alm-PAPDA) and 170-fold (alm-BAPHDA)
longer than the corresponding state in channels formed from
alamethicin monomers. We suggest this conducting state is "
a channel made from six alamethicin molecules (three
dimers).

MATERIALS AND METHODS

Alamethicin was obtained from Sigma Chemical Co.
Diphytanoylsnglycero-3-phosphatidylcholine was pur-
chased from Avanti Polar Lipids Inc. All other chemicals . ,
were obtained from Aldrich Chemical Co. and were the S o ume (i)
highest grade available. Ficure 1: (A) HPLC chromatograms of (i) alm-BAPHDA, (ii) the

Synthe§|s of the Linker, (BIS(N-3—ammopropy|)-1,7-hep— central peak of i rechromatographed (this sample was used for mass
tanediamide (BAPHDA)A 25 mL dried flask was charged  spectrometry and ion channel measurements), and (i) monomeric

with 0.16 g (1 mmol) of pimelic acid, one drop of DMF,  alamethicin Rf50 from Sigma. For chromatography conditions see
and 5 mL of CHCI,. The resulting suspension was cooled text. (B) Electrospray mass spectrum of the HPLC purified alm-
in an ice-water bath for 15 min. To it was added 0.31 mL BAPHDA dimer (HPLC trace ii). Only one family of peaks

. . . (+5,+4,+3 charge states) is seen. Each charged species is also
(2.4 mmol) of oxalyl chloride, dropwise. The mixture was associated with a range of Na adducts (inset). The parent species

stirred at room temperature for 1 h to give a clear solution. has an observed average mass of 4264.8 daltons (calculated 4265.1).
The solvent and excess oxalyl chloride were evaporated, and

the residue was redissolved in 5 mL of THF. Another dry (LH-20in MeOH), and the first fraction, containing mainly
25 mL flask was charged with 3 mL of THF, 1.67 mL (20 dimer, was collected and concentrated. After lyophilization,
mmol) of 1,3-diaminopropane, and 0.30 mL (2 mmol) of 2.7 mg of crude dimer was obtained. This material was
triethylamine. The mixture was cooled, and the solution of Purified by reverse-phase HPLC (Zorbax C-18 column, 90%
acid chloride prepared above was added dropwise. After MEOH/10% HO, 0.1% TFA+ TEA to pH 3). Unreacted
addition, stirring was continued overnight. The mixture was Mmonomer and monomer plus linker eluted well before the
then filtered and concentrated to give 0.102 g of crude dimer fraction. The dimer appeared as a family of three
product. This product was purified using an Alox column Peaks with areas in the approximate ratio 1:2:1 (Figure 1A).
(2.5 x 10 cm) eluted first with 100 mL MeOH and then This was expected, since the monomeric peptide (Rf50 from
with 1 N NH,OH in MeOH to give 81 mg of pure product. SI9Ma) contains an approximately equal mixture of®Ala
1H-NMR (D0, 200 MHz): 3.16 (t, 4H), 2.59 (t, 4H), 2.18 and AilP-alamethicin (Pandey et al., 1977), which are readily
(t, 4H), 1.58 (m, 4H), 1.50 (m, 4H), 1.22 (m, 2H). separated b_y reverse-phase HPLC (Figure 1A). The most
Synthesis of the AlamethieBAPHDA Dimer. A 10 mL prevalent dlm_er species contains one of each type of
dried flask was charged with 54 mg gfnitrophenyl monomer. This was cor_lflrmed by electrospray mass spec-
chloroformate, 1.8L of water, and 1 mL of THF. The trometry of the crude mixture which shows mass peaks in
mixture was cooled in an ice-water bath for 15 min. the same 1:2:1 ratio that differ by 14 mass units. This dimer
Triethylamine (0.1 mL) was then added dropwise to give an SPECies (the Aib-Ala® hybrid) was rechromatographed with
almost colorless suspension. A cooled solution of 8.1 mg the same solvent system for use in single-channel measure-

of alamethicin [Rf50 (GI#), Sigma] in 2 mL of THF was ments. Elect_rospray_ MS _of this peptide (Figure 1B) con-
added, and the mixture was stirred @Governight. Water firmed its purity and identity: observed molecular weight,
(0.1 mL) was then added to destroy unreagiedtrophenyl ~ 4264.8 (calculated, 4265.1) _ ,
chloroformate and the corresponding anhydride. The result- SYNthesis of Alamethicin Piperaziné. 10 mL dried flask
ing clear solution was stirred for 2 days at@. A solution  Was charged with 54 mg gknitrophenyl chioroformate, 1.8
of the linker (BAPHDA, 0.5:mol) in DMF was then added.  #L Of water, and 1 mL of tetrahydrofuran (THF). The
After being stirred at room temperature for an additional 2 Mixture was cooled in an ice-water bath for 15 min.
days, this solution was passed through a gel filtration column T7€thylamine (0.1 mL) was then added dropwise to give an
almost colorless suspension. A cooled solution of 8.1 mg
1 Abbreviations: Aib, aminoisobutyric acid; alm, alamethicin; alm- of alamethicin [F5.O (GIFD), Slgr_na] in 2 mL Of.THF was
PA, alamethicin piperazine; BAPHDA, bN-aminopropyl)-1,7-  added, and the mixture was stirred at@ overnight. The
heptanediamide; DCC, dicyclohexylcarbodiimide; DMF, dimethyl- suspension was filtered through Celite and added slowly to
formamide; FAB, fast atom bombardment; HOB, hydroxybenzotri- another 10 mL flask containing 100 equiv of piperazine, 100

azole; HPLC, high-performance liquid chromatography; MS, mass | of triethylamine, and 1 mL of THF cooled in an ice-
spectrometry; MeOH, methanol; PAPDA, pimelic acid piperazine . . . .
diamide; Pheol, phenylalaninol; THF, tetrahydrofuran; TEA, triethyl- Water bath. The resulting suspension was stirred for 30 min

amine. and then concentrated to about 0.5 mL. This concentrated
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solution was then passed through an LH-20 gel filtration molecular dynamics (SA/MD) has been described for model-
column (3.4 x 18 cm) and eluted with methanol. The ing bundles of hydrophobic helices (Kerr et al., 1994). In
peptide-containing fractions were combined, concentrated,stage 1 of SA/MD a @ template was constructed corre-
and lyophilized to give a white powder that was stored at sponding to a bundle of six parallel helices, starting from
—20°C. Fast atom bombardment mass spectrometry (FAB- the G coordinates of a single alamethicin helix [monomer
MS) gave the expected molecular weights: alm-PA,6Ala C from the X-ray structure of Fox and Richards, (1982)].
(CorH15N250,5), 2076; AilP, 2090. The orientation of the helices within the helix-bundle is
Synthesis of AlamethicifPAPDA Dimer. A 10 mL flask discussed below. Remaining backbone and side chain atoms
was charged with 4 mg (2mol) of alamethicin piperazine, were superimposed on thexGitoms of the corresponding
4.6 mg of HOBt, 12.4 mg of DCC and 1 mL of DMF. 160 residues. These atoms “grew” from thex Gitoms, the
uL (1 umol) of pimelic acid solution in DMF (6.25 mM)  positions of which remained fixed throughout stage 1.
was added, and the resulting mixture was stirred at room Annealing started at 1000 K, during which weights for bond
temperature for 4 days. The reaction mixture was passedlengths and bond angles, and subsequently for planarity and
through the LH-20 column and eluted with methanol. The chirality, were slowly increased. A repulsive van der Waals
first fraction, containing mainly dimer, was collected, term was introduced after an initial delay. Once the scale
concentrated, and lyophilized to give 1.2 mg of product. As factors of these components of the empirical energy function
with alm-BAPHDA, this material was purified by reverse- reached their final values, the system was cooled from 1000
phase HPLC (Zorbax C-18 column, 92% MeOH/8% to 300 K, in steps of 10 K and 0.5 ps. During cooling, the
The central peak of the dimer elution profile (retention time, van der Waals radii were reduced to 80% of their standard
12 min) was collected, repurified under the same conditions, values in order to enable atoms to “pass by” one another.
and characterized by electrospray MS: observed molecularElectrostatic terms wenaot included during stage 1. Five
weight, 4288.8 (calculated ,6;0s,Ns5oH328 4289.13) (not structures are generated for eaoh ©mplate.
shown). Structures from stage 1 were each subjected to 5 molecular
Circular Dichroism. Spectra of the peptides in dioleoyl- dynamics runs (stage 2), resulting in an ensemble gf B
phosphatidylcholine sonicated vesicles (1:20 mole ratio; = 25 final structures. Initial velocities were assigned
concentrations determined by weighing the lyophilized corresponding to 500 K. Harmonic positional restraints were
powders) were recorded with an AVIV 62-DS spectro- imposed on @ atoms at the beginning of stage 2 and were
polarimeter using quartz cells of either 0.1 cm or 1 cm gradually relaxed as the temperature was reduced from 500
pathlength as described (Woolley et al., 1994). The spec-to 300 K. Distance restraints were also introduced at this
tropolarimeter was calibrated using)-10-camphorsulfonic ~ point (see below). On reaching 300 K, a 5 ps burst of
acid, and all measurements were made at room temperature€onstant temperature dynamics was performed, followed by
(22 £ 2 °C). 1000 steps of conjugate gradient energy minimization.
Single-Channel Measurementfeptides £0.1 uM in During the latter burst of dynamics and energy minimization
MeOH) were added to both sides of membranes formed fromno positional restraints were imposed on the &toms.
diphytanoylphosphatidylcholine/decane (50 mg/mL) using During stage 2 electrostatic interactions were introduced into
established techniques (Seoh & Busath, 1993). Solutionsthe potential energy function. All main chain atoms are
were unbuffered 1 M KCI (pH= 5.8), and all measurements assigned partial charges as defined by the PARAM19
were made at 22C (+£2 °C). Currents were measured and parameter set. Partial charges on side chain atoms of polar
voltage was set using an Axopatch 1D patch-clamp amplifier residues were gradually scaled up, from 0.05 to 0.4 times
(Axon Instruments). Data was filtered at either 2 kHz or their full value, while the temperature was reduced from 500
500 Hz, sampled atb the filter frequency, stored directly to 300 K. A distance-dependent dielectric function was used,
to disk, and analyzed using the program Synapse (Synergistiovith a switching function in order to smoothly truncate
Research Systems). State lifetimes were estimated bydistant &9.5 A) electrostatic interactions. Note that in each
maximum likelihood fitting of histograms of log(channel case the final scale factor (0.4) for polar side chain partial
duration) using MacTac (Skalar Instruments) as described charges applied at the end of the 500 to 300 K cooling period
(Sigworth & Sine, 1987). was also used during the subsequent 5 ps burst of dynamics
and energy minimization. The charge scaling procedure
MOLECULAR MODELING mimics electrostatic screening of chargeharge interactions
(1) Programs. Molecular dynamics (MD) simulations and  within the transbilayer pore by water and counterions.
model building were carried out using X-PLOR V3.1 (3) Helix Orientations and Distance Restraints general,
(Brunger, 1992) with the CHARMM PARAM19 (Brooks et modeling a channel formed by a bundle of amphipathic
al., 1983) parameter set. Only H atoms attached to polarhelices requires several assumptions to be made (Kerr et al.,
groups were represented explicitly; apolar groups were 1994): (a) the number of helices in the bundi, (b)
represented by extended atoms. Display and examinationwhether the helices run parallel or antiparallel to one another;
of models was carried out using Quanta V4.0 (Biosym- (c) the orientation of the helices (by rotation about the helix
Molecular Simulations), and diagrams of structures were long axis) relative to the center of the pore; and (d) in the
drawn using Molscript (Kraulis, 1991). Pore dimensions case of kinked helices such as that of alamethicin, whether
were calculated using HOLE (Smart et al.,, 1993). MD the N- or C-terminal helices are close packed within the
simulations were performed on DEC Alpha workstations, bundle. In the SA/MD procedure these assumptions were
and all other calculations were carried out on Silicon embodied in the initial G-template and, to a lesser extent,
Graphics workstations. in the distance restraints employed during stage 2. We now
(2) Simulated Annealingia Restrained Molecular Dy-  describe in detail the assumptions used in modeling channels
namics. The method of simulated annealing via restrained formed by bundles of six helicege., by bundles of three
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covalent dimers. These are based on consideration of a large (4) Modeling of Linkers. A hexameric bundle of linked
body of experimental data for alamethicin [reviewed in, e.g., alamethicin dimers was constructed by generatingoa C
Woolley and Wallace (1992) and Sansom (1993b)]. template for an unmodified alamethicin bundle, using the
The first assumption is that the channel is formed by six criteria outlined above, to which a template for the three
alamethicin monomers. This is not the only possible linkers was added. The linkers between adjacent helices of
stoichiometry but is representative of the range of conduc- the three dimers making up the hexameric assembly were
tance levels observed for alamethicin and for alamethicin generated during the SA/MD procedure. X-PLOR topology
dimer channels (see Results). The assumption that neighborpatches were written to represent the covalent structure of
ing helices in the bundle are approximately parallel, rather the linkers. In the @-template the central methylene carbon
than antiparallel, is consistent with current models of of the linker was treated in a manner akin to that for the C
alamethicin channel structure and gating and also with the atoms of the helices in that all the other atoms of the linker
maximum length of the covalent linker, which precludes were initially superimposed upon it. However, its position
antiparallel helix-bundles (see below). The orientation of wasnotfixed during SA/MD, thus allowing the conformation
the helices, as defined by rotation about their long axes, is of the linker to be determined by its endpoints (i.e., links to
based upon the reasonable assumption that the hydrophiliche helices) and by the covalent structure of the linker as
face of the alamethicin helix, as defined by residue GIn-7, defined in the X-PLOR patch.
is oriented toward the center of the pore. Note that this (5) Conductance CalculationsMaximum limiting con-
places the exposed carbonyl oxygen of Gly-11 and the ductances for the hexamer models were calculated by treating
C-terminal GIn-18 side chains in the pore lining. The final the pore as an irregular cylinder filled with electrolyte of
assumption concerns the packing of alamethicin helices constant resistivity. Integration of the resistance along the
within the bundle. The N-terminal segments of the helices pore axis and addition of the access resistance at the mouths
are close-packed, while the C-terminal segments splay of the pore gives the total resistance, of whiBha.x is the
outward so as to form a wider channel mouth. By packing inverse:
the helices in this manner it is possible for GIn-7 side chains

to stabilize the helix-bundle by interhelix H-bonds. This was P b p o |
proposed by Fox and Richards (1982) on the basis of their Gmax= R +5 —dz+ R 2)
crystal structure for alamethicin and has recently been Ra T aR Ry

confirmed experimentally by Molle et al. (1996) using
various side chain substitutions at residue 7. where the pore extends froaw a to z = b, whereR. and

Intra- and interhelix distance restraints were imposed Roare the radii at the pore mouttithe radius as a function
during stage 2. Both classes of restraint were implemented©f Z in the pore, and wherg is the resistivity of the

using the X-PLOR NOE potential energy function gleptrc_)lyte solution. Note that corrections for diffusion
limitation, to be expected at higher voltages, and the effects
SKT

) of a potential barrierd.g, ion dehydration) are ignored in
Envax: —2 2 (d — drarcer) 1) this simple model (Laver, 1994; Kuyucak & Chung, 1994;
o Sansom & Kerr, 1995). Thus the calculated conductance

withEyax = 20 kcal/mol,S= 2.5, ando = 5.0 A ford < may be regarded as an upper limit.

dTARGET oro = 0.5 A ford > drarger. In th_|s exXpression,  peo LTS AND DISCUSSION
d is the distance between the two restrained pseudoatoms

Enog = Min

and drarcer is the “target” distance for the restraint. Design and Synthesis of Alamethicin DimeWe wished
Intrahelix restraints were used to mainteihelical geometry  to link two alamethicin monomers by their C-terminal ends
and so acted between the carbonyl O of residuand the in such a way that the link itself did not interfere with inter-

amide H of residué. Target distances for these restraints helical packing. Detailed modeling of various bundle
were basedo-helical H-bonding geometries observed in geometries using the method of simulated annealing with
crystal structures of proteins (Baker & Hubbard, 1984). molecular dynamics provided an estimate for the distance
Interhelix distances restraints acted between pairs of virtual between the hydroxyl groups of the C-terminal phenyl-
atoms. These virtual atoms were defined as the geometricalaninol residues of the peptide in a channel (Breed &
centers of two groups of €atoms, each group within one  Sansom, 1994; Kerr et al., 1994; Breed et al., 1995). Two
of a pair of helices. Two sets of interhelix restraints were different linkers were then designed that could span this
applied to maintain the overall shape of the helix-bundle. distance (PAPDA, pimelic acid piperazine diamide; BAP-
The first was between the N-terminal segments of adjacentHDA, bis(N-3-aminopropyl)-1,7-heptanediamide (Figure 2).
helices within a bundle (specifically between the geometric The BAPHDA linker is very flexible while the PAPDA
centers of atoms & 2—14 of helices andi+1, with a target linker is less so because of the two piperazine rings it
distance oftrarcer = 10 A); the second was between helices contains. Synthesis of these dimers employed a novel
on opposite sides of the bundle (between the geometriccarbamate-based coupling method that targeted the C-
centers of atoms & 2—14 of heliced andi+3, with a target terminal hydroxyl group of alamethicin (see Materials and
distance oftharcer = 20 A). The use of such restraints to  Methods section). Conversion gf-nitrophenyl chloro-
bias helix packing toward a given overall geometry is formate to the corresponding anhydride situ permitted
discussed in more detail by Kerr et al. (1994). Studies on derivatization of this hydroxyl group without dehydrating
bundles of unmodified alamethicin helices (Breed et al., GIn residues elsewhere in the peptide. Electrospray mass
manuscript in preparation) suggest that the final structuresspectrometry was used to confirm the identity of the products
yielded by SA/MD are not over-dependent on the value of after purification by HPLC. Circular dichroism spectra of
drarcer employed. the membrane-bound dimers had the same distinctive shape
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FiGURE 2: Primary structures of the alamethicin dimers. 600 Bt b
-300 -200 -100 0 100 200 300

A Voltage (mV)

- M ”I l HN] ‘t H ﬂ Ficure 4: Single-channel current/voltage relations for channels
- formed by monomers®), alm-PAPDA dimers [{), and alm-

B

BAPHDA dimers ©) (1 M KCI, pH 5.8). Only the second and
third conductance levels are shown; the first level is near zero on
» r— this scale. Peptides were added to both sides of the membrane.

_ |
- 'rU u w in the intermediate state (level 2) are brief with a lifetime
c similar to the corresponding state of monomer channels.
B l — . Selective stabilization of alternate current levels can be
- T | rationalized by the barrel stave model as follows: Stabiliza-
- | 20098 tion implies that the likelihood of a monomer either joining
500 ms the conducting structure or leaving it is reduced. If a
FiIGURE 3: Continuous single-channel recordings of channels formed Structure contains an integral number of dimers (an even
by alamethicin monomers (alm-AlaGIn'8) (A), alm-PAPDA number of monomers), then each monomer is tethered to
dimers (B), and aim-BAPHDA dimers (C). Conditions: 1 MKCI, = part of the conducting structure. This should reduce the
gg'cir?é ﬁgr;ntxéﬂlged at 2 kHz; diphytanoylphosphatidylcholine/ oo ce of 3 monomer leaving. In addition, a monomer that
is part of an un-incorporated dimer must presumably join
the conducting structure by inserting between two monomers
in the helix-bundle. Insertion can only occur between two
monomers that are not tethere@,, there are half as many
sites for insertion as there are in channels formed entirely
of monomers. Conversely, stabilization should not occur if
the conducting structure contains an odd number of mono-

e 2 Y mers, that is, the tethered partner of one dimer is not actually
alm-BAPHDA, alm-PAPDA, and alamethicin itself in di- part of the pore. Then, the current may readily step up a

phytanoyl-PC/decane membranes (1 M KCI, 160 mV, 22 |oyq| if the un-incorporated, but tethered monomer joins the
°C) are shown in Figure 3. Under these conditions, each structure, or the current may step down a level if the
peptide forms channels with predominantly three different \,onomer that is part of the pore, but not covalently
conductance states. With aim-PAPDA, channel events were.gnnected to it, leaves. '

occasionally observed with conductances larger by 20% |t the concentration of alamethicin dimers is increased,
20% than those of the most common channels, but with the o it the applied voltage is increased [see Wooley and
same overall appearancee], selective stabilization of  \ygjiace (1992)], further step increases in single-channel
particular levels (see below)]. Even with this variability, cyrrentare seen. The distinctive feature of these is that they
the current-voltage relations of the different conductance g, ail of the same size (shown for alm-BAPHDA in Figure
states of all three types of channel are nearly superimposable;a)  |n contrast, channels formed by alamethicin itself
(Figure 4). This result is good evidence that the conforma- gisp|ay current steps that continue to increase in size (Figure
tion of the conducting channel is minimally perturbed by 5g)  Apparently, tethering results in a preferred maximum
the linker. size of the helix-bundle, so increasing the concentration of
There are large differences, however, in the lifetimes of dimers increases the number of these bundles in the
different states of dimer and monomer channels. This is membrane instead of increasing the size of each bundle.
immediately evident from the single-channel recordings in  State 3, the preferred maximum conductance level, has a
Figure 3. The upper and lower states of dimer channels mean lifetime of 287 ms for alm-BAPHDA and 80 ms for
appear to be selectively stabilized (levels 1 and 3); sojournsalm-PAPDA, 170-fold and 48-fold longer, respectively, than

as that of alamethicin (Woolley & Wallace, 1992), indicating
no major conformational effect of the linker (not shown).
These dimers are designated alm-BAPHDA (alamethicin
bis(N-3-aminopropyl)-1,7-heptanediamide) and alm-PAPDA
(alamethicin-pimelic acid piperazine diamide).
Single-Channel MeasurementSingle-channel records of
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Ficure 7: Expanded view of one channel formed by the alm-
BAPHDA dimer showing a transition to the bare membrane
conductance (state 0). The other conductance states are labelled.
Conditions as in Figure 5.

sufficient nonetheless to greatly simplify the single-channel
behavior.

Structural Interpretation. The fact that both dimers behave
similarly and that the states they adopt correspond closely

0 500 1000 1500 2000 2500

Gurrent (pA) to states adopted by self-assembled monomers indicates that
the role of the linkers is a benign stabilization of structures
FIGURE 5: Single-channel currents of channels formed by alm- that occur, in any case, as a consequence of hakeix
BAPHDA dimers (A) and monomers (B). Conditions as in Figure packing. The single-channel records demonstrate the exist-
3 except the voltage was 250 mV. Step changes in current areence of homogeneous, well-defined channel structures formed

indicated by the horizontal bars. The same data in histogram format

demonstrates that current steps of dimer-channels (outlines) are allpy these tethe_red alameth.|cm molecules._ _State 3, .|n p_ar-
of uniform size whereas those of monomer-channels increase inticular is consistently obtained when sufficient peptide is

size (filled bars). The alm-PAPDA dimer shows similar behavior. present. We now attempt to develop a structural model of
this conducting state.

An examination of molecular models suggests that the
smallest helix-bundle that contains a distinct pore is a 4-mer
(Hanke & Boheim, 1980; Sansom, 1993b). The first current
step observed in the present single-channel records is a
transition from the bare membrane conductance to level 1
(Figure 7). We therefore tentatively assign level 1 to the
4-mer (two dimers). The intermediate level, which is less
stable, is proposed to be an odd-numbered 5-mer, and the
preferred upper state a 6-mer (three dimers).

Simulated annealing via restrained molecular dynamics
was used to construct hexamer models as described previ-
ously for models built from monomeric peptides (Breed &
Sansom, 1994; Kerr et al., 1994; Breed et al., 1995) (Figure
8). The results of these simulations suggest that the linker
is flexible and does not significantly perturb the model of a
hexameric bundle of alamethicin helices. Thus, although this

2 model of the channel formed by the linked dimer is
log Duration (s) dependent upon the model of the channel formed by unlinked
IR alamethicin monomers (Breed et al., manuscript in prepara-
tion), these simulations support the contention that the
presence of the linker is compatible with the pre-existing
pore geometry of an hexameric alamethicin helix-bundle.
Examination of the individual helices reveals no significant
differences in their structures between the linked and

- “unlinked” bundle models. In particular, examination of the

log Duration (s) corresponding Ramachandran plots provides no evidence for
FIGURE 6: Duration histograms of state 3 of monomer-channels S'_gn'flcant deviation fr_om an overadi—hellcal S_tructure n
(A), alm-PAPDA dimers (B), and alm-BAPHDA dimers (C). Under  €ither model. Comparison of pore radius profiles shows that
the conditions of the experiments (160 mV, 1 M KCI), the majority the presence of the linker increases the mean pore radius
of transitions from state 3 are to state 2; lifetimes appear to be (averaged across an ensemble of 25 structures) by at most
well-described by a single time constant. Calculated mean lifetimes 55 A yelative to the unlinked bundle. This is less than the
are 1.68 ms (monomer), 80 ms (alm-PAPDA), and 287 ms (alm- - S .
BAPHDA). s;andard d_eV|at|on for the_ variation in pore rad_lus across

either the linked or the unlinked ensemble, showing that the

the corresponding state adopted by the unmodified ala- presence of the linker does not significantly perturb the
methicin channel (Figure 6). Such changes in lifetime dimensions of the pore structure in our simulations. Com-
translate into relatively modest energy differences. It is not parison of the geometries of helix packing between the linked
surprising, therefore, that the different linkers lead to and unlinked ensembles also fails to reveal any significant
somewhat different state lifetimes. These small changes arechanges due to the linkers.

Counts

Counts

Counts
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Ficure 8: Model of the proposed hexamer channel (state 3) formed by three alm-BAPHDA dimers. Similar models can be built from
alm-PAPDA dimers. The alamethicin backbone is represented as a ribbon, and the linkers are black. Glutamine side chains lining the pore
are shown (Q18: light grey, Q7: dark grey). (A) Side view, (B) view down the pore from the C-terminal end, and (C) view from the
N-terminal end. For a description of the modeling see text.

An all-parallel arrangement of helices is favored because This putative hexameric pore has stability and conductance
the linker is too short to permit alternate helices to be homogeneity comparable to that of the conformationally
antiparallel without significant distortions in helix packing. well-described gramicidin channel (Woolley & Wallace,
The possibility that one dimer is oriented differently than 1992), although with significantly higher absolute conduc-
the other two cannot be completely excluded. Other, more tance. The success of the cross-linking strategy indicates
complicated models are also possibéeg], multiple con- that pores containing different numbers of monomers could
ductance pathways (Bezrukov & Vodyanoy, 1993)], but we also be selectively stabilized. We are currently preparing
feel they are not required at this stage to explain the availablecovalent trimer and tetramer derivatives of alamethicin to
data. test the models proposed here. The similarity of the

An estimate of the conductance of such a structure can bearchitecture of these channels to those of protein ion-channels
made by treating the pore as an irregular cylinder of constantshould make them relevant models for theoretical studies of
resistivity with corrections made for access resistance (seebiological ion permeation. The small size, conformational
methods section). State 3 has an observed conductance dfiomogeneity, and chemical accessibility of these structures
approximately 1 nS in 1 M KCI (measured at 100 mV; the should permit both detailed simulation and detailed biophysi-
I/V relations are somewhat supralinear). The conductancecal study €.g, by solid-state NMR) of their properties.
calculated from the models generated by simulated annealing,
is very close to this value (02 0.2 nS). For comparison, REFERENCES
a conductance of_approximately 140 pS would be eXpe(.:tedAkerfeldt, K. S., Lear, J. D., Wasserman, Z. R., Chung, L. A, &
for the hexamer in 150 mM NaCl. State 2, the putative  peGrado, W. F. (1993)cc. Chem. Res. 2891—197.
5-mer, would then have a conductance about one-third of Baker, E. N., & Hubbard, R. E. (198#®rog. Biophys. Mol. Biol.
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