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Parallel Helix Bundles and Ion Channels: Molecular Modeling via
Simulated Annealing and Restrained Molecular Dynamics
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ABSTRACT A parallel bundle of transmembrane (TM) a-helices surrounding a central pore is present in several classes of
ion channel, including the nicotinic acetylcholine receptor (nAChR). We have modeled bundles of hydrophobic and of am-
phipathic helices using simulated annealing via restrained molecular dynamics. Bundles of Ala20 helices, with N = 4, 5, or 6
helices/bundle were generated. For all three Nvalues the helices formed left-handed coiled coils, with pitches ranging from 160
A (N = 4) to 240 A (N = 6). Pore radius profiles revealed constrictions at residues 3, 6, 10, 13, and 17. A left-handed coiled
coil and a similar pattern of pore constrictions were observed for N = 5 bundles of Leu20. In contrast, N = 5 bundles of lIe20
formed right-handed coiled coils, reflecting loosened packing of helices containing ,8-branched side chains. Bundles formed by
each of two classes of amphipathic helices were examined: (a) M2a, M2b, and M2c derived from sequences of M2 helices of
nAChR; and (b) (LSSLLSL)3, a synthetic channel-forming peptide. Both classes of amphipathic helix formed left-handed coiled
coils. For (LSSLLSL)3 the pitch of the coil increased as N increased from 4 to 6. The M2c N = 5 helix bundle is discussed in
the context of possible models of the pore domain of nAChR.

INTRODUCTION

A parallel bundle of transmembrane (TM) helices surround-
ing a central pore is a structural motif present in several,
although not all, classes of ion channel (Oiki et al., 1990;
Montal, 1990). This motif is of particular importance with
respect to the nicotinic acetylcholine receptor (nAChR) in
which the central pore is formed by a bundle of five parallel
helices (Unwin, 1989, 1993; Stroud et al., 1990; Sansom,
1992a, c). A similar motif may occur in other ion channel
proteins. For example, the influenza M2 channel is thought
to consist of a bundle of four parallel helices (Sansom and
Kerr, 1993). Parallel helix bundles are also formed by a num-
ber of channel-forming peptides (CFPs) that self-assemble
within lipid bilayers to form transbilayer pores (Sansom,
1991). Such CFPs include, e.g., alamethicin (Sansom,
1993a, b) and Staphylococcus aureus 8-toxin (Mellor et al.,
1988; Sansom et al., 1991). Furthermore, certain de novo
designed synthetic peptides also act as CFPs via formation
ofbundles of highly amphipathic a-helices (Lear et al., 1988;
Akerfeldt et al., 1993; Kienker et al., 1994). Amphipathic
CFPs have also been employed as elements of helix bundles
assembled on a covalent peptide template (Montal et al.,
1993; Grove et al., 1993) to create peptide channels of fixed
subunit stoichiometry. To understand the molecular basis of
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ion channel function in all of these systems, it is important
to model bundles of parallel TM helices, particularly in the
absence of atomic resolution structures for such ion channel
proteins.
One approach to exploring possible structures of bundles

of parallel helices is to model specific ion channels. This has
been undertaken for several systems, e.g.: (a) models of the
nAChR pore (Furois-Corbin and Pullman, 1989; Eisenman
and Alvarez, 1991; Montal et al., 1993); and (b) models of
channels generated by CFPs (Raghunathan et al., 1990;
Akerfeldt et al., 1993). Such studies have yielded valuable
insights into possible channel structure/function relation-
ships. A complementary approach is to investigate possible
general principles underlying specific channel structures.
Such investigations extend studies on helix-helix interactions
in: (a) simple helix dimers (Chou et al., 1984); (b) 4-helix
bundle proteins (Chou and Carlacci, 1991); and (c) anti-
parallel helix bundles (Furois-Corbin and Pullman, 1986b) to
an investigation of channel-like structures. The primary aims
of our investigations are to determine: (a) how the general
rules of helix packing may be applied to parallel helix
bundles; and (b) whether the presence of potential H-bonding
residues influences the geometry of parallel helix bundles. In
this manner, we hope to isolate some of the factors under-
lying helix-helix interactions in the more complex channel
models mentioned above.

Parallel helix bundles are related in structure to a-helical
coiled coils. The latter have been widely investigated from
a theoretical viewpoint (Cohen and Parry, 1990; Lupas et al.,
1991; Phillips, 1992; Adamson et al., 1993; Seo and Cohen,
1993; Zhang and Hermans, 1993; Cohen and Parry, 1994).
Furthermore, x-ray and related structural data are available
for the coiled coils formed by the leucine-zipper GCN4
(O'Shea et al., 1991) and by related peptides (Lovejoy et al.,
1993; Harbury et al., 1993; Rozzelle et al., 1994). Thus,
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coiled coils provide some experimental and theoretical data
against which to compare structure predictions for parallel
TM helix bundles.
A number of different modeling methods have been em-

ployed to study packing of a-helices. For example, energy
minimization techniques were applied to dimers of simple
hydrophobic helices (Chou et al., 1984; Furois-Corbin and
Pullman, 1986a). The latter authors extended this approach
to bundles of helices as models of ion channel proteins
(Furois-Corbin and Pullman, 1986b, 1987). More recently,
simulated annealing via restrained molecular dynamics
simulations (SA/MD) has been developed as a modeling tool
and has been applied to GCN4 (Nilges and Brunger, 1991)
and glycophorin TM helix (Treutlein et al., 1992) dimers.
Simulations of GCN4 dimers enabled successful prediction
of the subsequently determined x-ray structure (O'Shea et al.,
1991; Nilges and Briinger, 1993). An advantage of SANMD
is that it enables exploration of a wider range of conforma-
tional space than is feasible using constant temperature mo-
lecular dynamics simulations.

In the current study, SA/MD is used to generate models
of pores formed by parallel bundles of simple hydrophobic
TM helices. These models are analyzed in terms of their
geometric and energetic properties, with particular emphasis
on helix packing and on the dimensions of the central pore.
Simulations are extended to embrace simple amphipathic
TM helices. A preliminary account of some of these results
has appeared in abstract form (Kerr et al., 1994).

MATERIALS AND METHODS

Programs
Molecular dynamics (MD) simulations and model building were carried out
using Xplor V3.1 (Brunger, 1992) with the CHARMM PARAM19 (Brooks
et al., 1983) parameter set. Only those H atoms attached to polar groups were
represented explicitly; apolar groups were represented using extended at-
oms. Display and examination of models was carried out using Quanta V3.2
(Molecular Simulations), and diagrams of structures were drawn using Mol-
script (Kraulis, 1991). Pore dimensions were calculated using HOLE (Smart
et al., 1993). MD simulations were performed on Convex C2 and DEC 3000
400 computers. All other calculations were carried out on Silicon Graphics
Indigo R3000 workstations.

Simulated annealing/molecular dynamics
The SA/MD method used is similar to that of Nilges and Brunger (1991)
and has already been described in the context of modeling single TM helices
(Kerr and Sansom, 1993). In Stage 1 of SA/MD a Ca, template is con-
structed corresponding to a bundle of Nexactly parallel (Qi = 00), idealized
(rise/residue = 1.5A; 3.6 residues/turn) a-helices. Remaining backbone and
side-chain atoms are superimposed on the Ca atoms of the corresponding
residues. These atoms explode from the Ca atoms, the positions of which
remain fixed throughout Stage 1. Annealing starts at 1000 K, during which
weights for bond lengths and bond angles, and subsequently for planarity
and chirality, are gradually increased. A repulsive van der Waals term is
slowly introduced after an initial delay. Once the scale factors of these
components of the empirical energy function reach their final values, the
system is cooled from 1000 to 300 K, in steps of 10 K and 0.5 ps. During
this cooling, the van der Waals radii were reduced to 80% of their standard
values to enable atoms to pass by one another. Electrostatic terms are not
included during Stage 1. Five structures are generated for each bundle.

Structures from Stage1 are each subjected to four molecular dynamics
runs (Stage 2), resulting in an ensemble of 5 X 4 = 20 final structures. Initial
velocities are assigned corresponding to 500 K. Harmonic restraints are
imposed on Ca atoms at the beginning of Stage 2 and are gradually relaxed
as the temperature is reduced from 500 to 300 K. Distance restraints were
also introduced at this point (see next section). On reaching 300K, a 5-ps
burst of constant temperature dynamics is performed, followed by 1000
steps of conjugate gradient energyminimization. During the latter burst of
dynamics and energy minimization, no restraints are imposed on the po-
sitions of the Ca atoms.

During Stage 2 electrostatic interactions are introduced into the potential
energy function. All main-chain atoms are assigned partial charges as de-
fined by the PARAM19 parameter set. Partial charges on side-chain atoms
of polar residues are gradually scaled up, from 0.05 to 0.4 times their full
value, while the temperature is reduced from 500 to 300 K A distance-
dependent dielectric function was used, with a switching function to
smoothly truncate distant electrostatic interactions. Note that in each case
the final scale factor (0.4) for polar side-chain partial charges applied at the
end of the 500-300 Kcooling period is also used during the subsequent 5-ps
burst of dynamics andenergy minimization. This is intended to mimic elec-
trostatic screening of side-chain charge-charge interactions within the trans-
bilayer pore by water and counterions.

Distance restraints

Intra- and inter-helix distance restraints are imposed during Stage 2. Both
classes of restraint are implemented using the Xplor NOE potential energy
function:

ENOE = min EMAX SKBT](d - drARGr),

where EmAx = 50 kcal/mol, S = 2.5, and or = 1.0 A. In this expression, d
is the distance between the two restrained pseudo-atoms and dTARGLr is the
target distance for the restraint. Intra-helix restraints are used to maintain
a-helical geometry and so act between the carbonyl 0 of residue i + 4 and
the amide H of residue i. Target distances for these restraints are derived
from a-helical H-bonding geometries observed in crystal structures of
globular proteins (Baker and Hubbard, 1984).

Inter-helix distances restraints act between pairs of virtual atoms. These
virtual atoms are defined as the geometric centers of two groups of Ca
atoms, each group within one of a pair of helices. In describing the inter-
helix restraints, models are named on the basis of the number of helices per
bundle and the number of distance restraints per helix. For example,
A2,N2R3 corresponds to an A., dimer with three inter-helix distance re-
straints. For dimers, N2R1 and N2R3 models were explored. N2R1 models
had only one distance restraint linking the constituent monomers, whereas
N2R3 had three such restraints. The exact nature of the restraints is given
in Table 1, in which, e.g., Ca:3-9 implies the geometric center of the Ca
atoms of residues 3-9. In Table 1, distance restraints from helix i to helix
j are given as Hi to Hj. Note that the pattern of restraints is cyclic. Thus, for
a bundle of five helices, Hi to Hi,, implies restraints linking helix 1 to 2,
2 to 3, 3 to 4, 4 to 5, and 5 to 1. Target distances for adjacent helices (i.e.,
Hi to Hi+J) are dTARGET = 9.4A unless specified otherwise in Results. Target
distances across a bundle (i.e., Hi to Hi+2 or HJ+3) are obtained from these
distances by simple geometry. Studies on a number of helix bundle systems
(J. Breed and M. S. P. Sansom, unpublished observations) suggest that the
final structures from SA/MD are not over-dependent on the value ofdAGE
employed.

Analysis of structures

Helix crossing angles (fQ) were determined as described by Chothia et al.
(1981). Inter-helix separations between adjacent helices of a bundle (D)
were determined by calculating the distance between a pair of virtual atoms
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TABLE 1 Inter-helix restraints

Model Restraints

N2R1 Hi(Ca:10-16) to Hi+1(Ca:10-16)
N2R3 Hi(Ca:3-9) to Hi+,(Ca:3-9)

Hi(Ca:10-16) to Hi+,(Ca:10-16)
Hi(Ca:17-20) to Hi+1(Ca:17-20)

N5R1 Hi(Ca:8-14) to Hi+1(Ca:8-14)
N5R3 Hi(Ca:3-9) to Hi,1(Ca:3-9)

Hi(Ca:8-14) to Hi,+(Ca:8-14)
Hi(Ca:15-21) to Hi+1(Ca:15-21)

N5R6 & N4R6 Hi(Ca:3-9) to Hi+,(Ca:3-9)
Hi(Ca:8-14) to Hi,1(Ca:8-14)
Hi(Ca:15-21) to Hi+,(Ca:15-21)
Hi(Ca:3-9) to H1+2(Ca:3-9)
Hi(Ca:8-14) to H1+2(Ca:8-14)
Hi(Ca:15-21) to Hi+2(Ca:15-21)

N6R6 Hi(Ca:3-9) to Hi+,(Ca:3-9)
Hi(Ca:8-14) to Hi+,(Ca:8-14)
Hi(Ca:15-21) to H1+,(Ca:15-21)
Hi(Ca:3-9) to Hi+3(Ca:3-9)
H,(Ca:8-14) to H,+3(Ca:8-14)
Hi(Ca:15-21) to Hi+3(Ca:15-21)

defined, in each helix, by the geometric centre of the Ca atoms of the helix.
Ensemble averages of fl and D were determined across all adjacent helix
pairs within an ensemble. The pitch of coiled coils was determined as de-
scribed by Seo and Cohen (1993; Method 2). Helix-helix interaction en-
ergies were calculated as

AE = EBUNDLE l E

where EBUNDLE is the potential energy of the intact bundle, Ei is the potential
energy of constituent helix i in isolation, and where summation is over the
N helices of the bundle.

An important aspect of analysis of SA/MD-generated structures is de-
termination of the variation in geometrical and energetic parameters within
an ensemble. Such variation should not be viewed as a failure to converge,
but rather as an indication of the shape of the potential energy surface in the
vicinity of the average structure. Indeed, one might employ the transfor-
mation described by, e.g., Sippl (1990) to obtain empirical potentials from
such parameter distributions, which describe the geometry of helix bundles.
Thus, measurements of ensemble parameter distributions provide an indi-
cation of how tightly the helices of a bundle interact.

For display of structures and calculation of pore radii (see below), it was
convenient to select a representative structure for each ensemble. Because
ion channels are quasi-symmetrical about the pore axis (Unwin, 1989,
1993), it was decided to select the structure with the highest degree of
rotational symmetry. Members of an ensemble were ranked in order of their
N-fold rotational symmetry by evaluation of

1 N-1

RSYM = - 2 RMSDj.
Ni = I

RMSDj is the a-carbon RMSD (after superposition of structures) between
a bundle structure and the same structure in which helix 1 is relabeled as
helix 1+i, helix 2 as helix 2+i, i.e., with the helix labels permuted in a
circular fashion. Summation is over the N - 1 such circular permutations
of the labeling of N helices. The radius of the pore through helix bundles
was determined by HOLE (Smart et al., 1993) using the van der Waals
atomic radii of Weiner et al. (1984). Pore radii are displayed as a function
of the distance moved parallel to the axis of rotational symmetry of the Ca
template (z), thus generating pore radius profiles.

RESULTS

Helix dimers

SA/MD was used to generate dimers of hydrophobic TM
helices. The aims of this were: (a) to evaluate the potential
of the methodology; (b) to investigate the use of distance
restraints to guide helix packing; and (c) to analyze helix
packing within dimers to provide a comparison with helix
bundles. Simple hydrophobic helices were used so as to fa-
cilitate comparison of our results with: (a) earlier studies of
packing of AlaN and related helices (Chou et al., 1984;
Furois-Corbin and Pullman, 1986a, b); and (b) recent studies
of formation of H+-permeable channels in lipid bilayers by
poly-Ala and poly-Leu (Oliver and Deamer, 1994).

Three hydrophobic TM helix sequences were used:
Ac-A20-NH2,Ac-L20-NH2, and Ac-I20-NH2. The 20 sequence
was included as Li and Deber (1992, 1994) have shown that
3-branched side chains are helix-promoting when present in
a bilayer environment. The N- and C-termini are blocked
with an acetyl group and an amide group, respectively, so as
to mimic the effects of preceding and following peptide
bonds within an intact protein. The initial inter-axial sepa-
ration of the helices was 9.4 A (based on analysis of helix-
helix packing in globular proteins (Chothia et al., 1981;
Chothia, 1984). Helices were initially oriented such that they
were related by a twofold axis running parallel to and mid-
way between the helix axes. Thus, the helices were exactly
parallel, i.e., the initial crossing angle was Q = 00. These
initial models consisted of Ca templates corresponding to
ideal a-helices with a rise/residue of 1.5 A and 3.6 residues/
turn (Schulz and Schirmer, 1979).
When generating helix dimers via SA/MD inter-helix dis-

tance restraints were included, to prevent the two helices
from drifting apart. This was carried out in a similar fashion
to that described by Nilges and Brunger (1991), i.e., a NOE-
like distance restraint was employed (see Materials and
Methods for details). For each sequence, two patterns of re-
straints were investigated: (a) one restraint per helix pair
(N2R1, see Table 1); and (b) three restraints per helix pair,
acting between the N-termini, the centers, and the C-termini
of the helices (N2R3, see Table 1). For each model an en-
semble of 50 structures was generated, corresponding to 10
runs of stage I and 10 X 5 runs of stage II.

Fig. 1, A and C illustrate 10 structures, each selected from
the A20N2R1 and A20N2R3 ensembles, shown as Ca traces.
It is evident that there is variation within an ensemble and that
this variation is somewhat greater for the N2R1 ensemble.
However, the structures are all broadly similar. In particular,
they all exhibit a positive helix crossing angle (fQ; Chothia,
1984), as illustrated for single members of the same two
ensembles in Fig. 1, B and D. This confirms that SA/MD is
able to generate structural features not included in the initial
Ca template.
A summary of the results obtained for the six ensembles

of hydrophobic helix dimers is given in Table 2. Comparing
the results for the A20N2R1 and A,IJN2R3 models, it can be

Kerr et al. 1 503



Volume 67 October 1994

E

F

G

20

10

-30 -20 -10 0 10 20 3C
9) (0)

30

20

10

-30 -20 -10 0 10 20 3(
fi (0)

30-

2(

11

0

0 i

[ fZ El
-30 -20 -10 0

Q (0)

FIGURE 1 Helix dimers. A shows A2ON2R1 structures selected from an ensemble of 50 generated. The Ca backbones of the helices are shown super-

imposed. B shows a representative structure from the same ensemble, selected such that its crossing angle is equal to the mean for the ensemble ((Ql) =
+26°). C and D are the corresponding diagrams for the A2ON2R3 ensemble. E, F, and G show the distributions of helix crossing angles for A20, L,n, and
I20 N2R3 ensembles, respectively. In each case, an ensemble of 50 structures was generated.

TABLE 2 Helix dimers

(AEVDW) %X1

Model RMSD* (A) (Ql) (0) (D) (A) (P) (A) (kcal/mol) g+ t g-

A2ON2R1 1.8 +27 (18) 8.2 (0.7) 163 (157) -18 (6)
A2ON2R3 1.3 +14 (8) 7.8 (0.4) 108 (237) -23 (3)
LIoN2R1 0.7 +26 (6) 9.4 (0.3) 142 (29) -36 (4) 53 45 2
L2ON2R3 0.4 +20 (2) 9.2 (0.1) 174 (30) -39 (1) 52 46 2
I,DN2R1 1.5 +26 (15) 10.3 (0.3) 40 (2350) -21 (5) 71 6 23
ImN2R3 0.8 +10 (6) 9.6 (0.2) 346 (1030) -30 (3) 69 8 22
* The RMSD values refer to backbone atoms (i.e., N, Ca, C, and 0) only.

seen that in both cases the helices pack with a positive mean
crossing angle, at an inter-helix separation of -8 A. This is
close to the anticipated crossing angle of QI = +230 de-
scribed by Chothia (1984) for class 3-4 ridges-in-grooves
helix packing. However, comparison of the SDs of (l and D
suggest that there is much greater variability for the N2R1
ensemble than for the N2R3 ensemble. It appears, therefore,
that using three restraints per helix results in a less disparate
ensemble of models. This is confirmed by comparison of the
main-chain RMSDs. Furthermore, because the aim of this
study is to model helix dimers constrained to pack in an

approximately parallel fashion by their presence within a

lipid bilayer, the imposition of the additional distance re-

straints so as to favor such models is justified. Examination
of the interaction energies reveals that the mean interaction
energy (AEvDw) is lower for the N2R3 ensemble than for the
corresponding N2R1 ensemble. Similar results were ob-
tained for the N2R3 and N2R1 ensembles for L20 and I20
ensembles.

It is also informative to consider the variation in crossing
angles within a given ensemble. The distributions of fQ for
the N2R3 ensembles of A20, L2o, and 120 are given in Fig. 1,
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E, F, and G, respectively. The distribution for A20 is still
relatively broad, indicating that the use of three restraints
does not force the final structure, with a mode ofQ -~+ 150,
i.e., reasonably close to the theoretical 3-4 crossing angle.
The distribution for L20 is centered about fl = + 200, and is
somewhat less disperse. The distribution for 120 peaks in the
vicinity of Q = + 150, but is much broader than that for A20.
Thus, even at the level of helix dimers there is a difference
in the preferred packing of I20 and the other two hydrophobic
helices.

Differences in packing of the three different sequences are

also reflected in their coiled coil pitches. Note that a positive
crossing angle results in a left-handed coiled coil (i.e., P >

0). For both A20 and 120, the N2R3 ensembles have mean

pitches of -170 A, whereas for 120 this is increased to -350
A. Furthermore, the SD of the pitch is much greater in the
latter case.

Also tabulated are the torsion angles (X1) for the side
chains of the L20 and I20 dimers. For the 120 dimers, most side
chains were in the preferred conformations (i.e., g+ or t;
McGregor et al., 1987). For both ensembles, the ratio of t:g+
was 1:1 (cf. 4:6 for high resolution x-ray structures of pro-
teins; McGregor et al., 1987). The unfavorable g- confor-
mation was largely absent. For the I20 dimers, the X1 distri-
bution shifted towards the g- conformation. This is
consistent with modeling studies of isoleucine in GCN4-like
coiled coils, which suggest that isoleucine adopts less fa-
vored conformations at helix-helix interfaces (Harbury et al.,
1993).

Overall, studies on hydrophobic TM helices suggest that
both A20 and L20 form dimers exhibiting classical ridges-in-
grooves helix packing. The larger side chains of L20 result in
tighter helix-helix interactions, as evidenced by a more nega-

tive AEvDw and by a narrower Ql distribution. In contrast, the
/3-branched side chains of I20 result in looser helix packing.
Furthermore, the Ile side chains are perturbed from their pre-

ferred rotamers at the helix-helix interface. This suggests that
,B-branched side chains in TM helices might play a role in
modulating the geometry of helix-helix interactions.

N = 5 A20 helix bundles

Ion channels are believed to be formed by approximately
symmetrical bundles of parallel helices. To investigate the

necessary inter-helix distance restraints for generating sym-

metrical bundles, ensembles ofN = S A20 helix bundles were
generated with 1, 3, and 6 such restraints per helix (i.e.,
N5R1, N5R3, and N5R1, see Table 1). The primary aim of
these investigations was to determine which pattern of re-

straints was optimal for generating helix bundles with a cen-

tral pore comparable with those thought to be present in ion
channels.
Ca templates were constructed from exactly symmetrical

bundles of five parallel (f- = 0°) helices. The interaxial
separation of the helices was 9.4 A. These templates were

used in SANMD to generate ensembles of 20 structures for
each model, corresponding to 5 runs of Stage 1 and 5 X 4
runs of Stage 2.
N5R1 and N5R3 ensembles were generated, in both cases

using dTARGET = 9.4 A. The geometric and energetic prop-

erties of these are summarized in Table 3, from which it can
be seen that there is no significant difference in the results,
other than slightly smaller SDs for the fl and D distributions
for the N5R3 ensemble. Consequently, subsequent discus-
sion focus on the N5R3 ensemble. For both the N5R1 and
N5R3 ensembles, it was also found that only 1 of the 20
structures generated corresponded to an approximately sym-

metrical bundle of helices surrounding a central pore. This
can be seen in Fig. 2 A, where the 20 members of the N5R3
ensemble are represented. Using the RSYM analysis described
above, the structure labeled a was shown to be the most
symmetrical bundle, with an open pore.

On this basis, it was decided to use further inter-helix
restraints to generate a larger population of open bundles.
One way of achieving this would have been to apply sym-

metry constraints, but we were concerned that this might
impose too severe a restriction on helix packing. Instead, an

additional three restraints per helix (at the N-terminus, cen-

ter, and C-terminus) were imposed, yielding six restraints per
helix in total. The additional distance restraints acted across

the bundle (i.e., N5R6, see Table 1). Target distances for the
latter set of restraints were calculated on the basis of ideal
pentagonal geometry. In the N5R6 model, the i, i + 1 re-

straints used a target distance of dTARGET = 8.1 A (on the basis
of results with A20 dimers and with the previously described
A20 bundles), and the i, i + 2 restraints used dTARGET = 13.1
A. Again, an ensemble of 5 X 4 structures was generated.

TABLE 3 Hydrophobic TM helix bundles

(AEVDW) 1

Model (ft) (0) (D) A (kcal/mol) g+ t g-

A2ON5R1 +10 (14) 8.5 (0.6) -105.7 (6.9)
A2ON5R3 +14 (10) 8.2 (0.5) -109.5 (8.3)
A2ON5R6 +13 (2) 7.9 (0.2) -120.5 (13.6)
A.2ON4R6 +10 (12) 8.1 (0.4) -91.1 (10.1)
A2ON6R6 +11 (6) 8.1(0.3) -127.0 (5.0)
L,2oN5R6 +13 (2) 9.7 (0.2) -199.7 (5.5) 48 39 1
I2ON5R6 -1 (5) 10.3 (0.2) -132.1 (6.5) 63 6 28
* Values of X must fall within ±300 of the canonical values for a side chain to be defined as g+, t, or g-.
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A schematic diagram of the N5R6 ensemble is given in
Fig. 2 B. It can be seen that all 20 members of the ensemble
form approximately symmetrical helix bundles. Using the
RSYM analysis to rank the members of the ensemble in order
of symmetry, it was shown that both the least and the most
symmetrical bundles were open, i.e., possessed an unoc-
cluded central pore running through the center of the bundle.

It is also informative to compare the geometric and
energetic properties of the N5R3 and N5R6 ensembles
(Table 3 and Fig. 2, C and D). There is no significant dif-
ference in the mean values of fl andD for the two ensembles.
However, the range of crossing angles is considerably re-
duced for the N5R6 ensemble. The mean of fl = + 130 for
theN = 5 bundles corresponds very closely to the mean value
for the A2oN2R3 ensemble of dimers. Thus, theN = 5 bundle
also exhibits left-handed coiling of the helices (see below).
Interestingly, the van der Waals component of the helix in-
teraction energy is somewhat lower for the N5R6 ensemble.
This suggests that additional inter-helix restraints favor for-
mation of a tighter packing arrangement during the SANMD

simulation, as also indicated by the narrower range of Q
values. Helix interaction energies are just over 5 times those
for the A20 dimers, also supporting the proposal that packing
in the bundle is similar to that in the dimer.

A20 N = 4, 5, and 6 bundles compared

Having established a protocol for generation of symmetrical,
open bundles, it was employed to generate bundles with
different stoichiometries. In particular, it was of interest to
examine whether helix packing changed with number of he-
lices and, also, how the pore dimensions changed. Accord-
ingly, N = 4 and 6 bundles of A20 helices were generated in
the same manner as for A2oN5R6 (i.e., A20N4R6 and
A2ON6R6, Table 1).

First, let us examine theN = 5 bundle in more detail. Fig. 3
is a schematic representation of the most symmetrical mem-
ber of the ensemble (labeled a in Fig. 2 B). It can be seen
that the positive crossing angles of the helices ((fQ) = + 120;
Table 6) result in an overall bundle corresponding to a left-
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Parallel Helix Bundles and Ion Channels

A

FIGURE 3 The most symmetrical A2ON5R6 helix bundle, displayed using
helical ribbons. A shows the bundle viewed down a perpendicular to the pore
(z) axis with the N-termini of the helices at the top of the diagram. B is a
view along z from the N-termini towards the C-termini.

handed coiled coil, with mean pitch (P) = 234 A. The mean
inter-helix separation, (D) = 7.8 A, indicates close packing
of the constituent helices of the bundle. Examining the struc-
ture in more detail (Fig. 4 B) reveals that the C,B atoms of
the residues interdigitate to give ridges-in-grooves packing.

Fig. 4 displays the most symmetrical bundles from the
N = 4 and 6 ensembles in addition to that for N = 5, and
the corresponding geometric and energetic properties are
summarized in Tables 3 and 6. It can be seen that for all three
stoichiometries the ensemble mean of the helix crossing
angles is - + 110. However, consideration of the most sym-
metrical bundles (Table 6) reveals a small but significant
trend in the bundle geometry as function of the number

A B

4

c

S3

8.2

of helices. AsN increases, Ql decreases (from + 180 forN = 4
to + 120 forN = 5 and 6), and the coiled coil pitch increases
(from 161 to -240 A). A similar trend is observed in the LS
helix bundles (see below) and in models of alamethicin chan-
nels (J. Breed and M. S. P. Sansom, unpublished observa-
tions). This suggest that although the same overall packing
mode (3-4, corresponding to a left-handed coiled coil) is
found in all three bundles, for higher N the requirement for
a symmetrical bundle places additional constraints on helix
packing. Despite this difference, the interaction energy per
helix-helix interface, AEvDw/N, is independent of N. For the
dimer, and for the N = 4, 5, and 6 ensembles AEvDw/N =
-22, -23, -24, and -21 kcal/mol, respectively.

In the context of modeling possible structures of ion chan-
nels, it is important to estimate the dimensions of the central
pores. This has been achieved by using HOLE (Smart et al.,
1993), which determines the pore radius (R) as a function of
the distance traveled parallel to the pore, i.e., z, axis. Note that
this is achieved by allowing the center of the pore, for each
z value, to move in the xy plane so as to maximize the size
of a sphere within the van der Waals surface of the pore. This
produces the radius profile and defines an irregular trajectory
for the center of the pore. The results presented (Table 6 and
Fig. 5) are for the most symmetrical member (as defined by
the RsYM) of each ensemble. However, the same analysis
applied to the least symmetrical members of the same en-
sembles does not generate significantly different results.
The mean and minimum pore radii ((R) and RMN) reveal

that the pore radius increases approximately linearly with the
number of helices in the bundle, as one would expect. Thus,
the N = 4 pore has a radius of -1 A and would not allow
passage of, e.g., monovalent cations without significant dis-
tortion of the bundle. The N = 6 pore is wide enough to
permit passage of fully hydrated ions. These differences are
reflected in the variation in the mean deviation of the center
of the pore from the z axis (-0.7, 0.2, and 0.3 A for
theN = 4, 5, and 6 bundles, respectively). The larger value

51

0

FIGURE 4 The most symmetrical A2ON4R6 (A), A2ON5R6 (B), and
A2ON6R6 (C) bundles, viewed down z from the N-termini towards the
C-termini of the helices.
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FIGURE 5 Pore radius profiles calculated using HOLE for the most sym-
metrical A20N4R6, A,2N5R6, and A20N6R6 helix bundles. The N-termini of
the helices are at z -0 A and the C-termini at z -30 A.
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of the mean deviation for the N = 4 bundle reflects the more
labyrinthine trajectory of the center of the pore.
Of particular interest in the context of the pore-lining resi-

dues of ion channel proteins (Sansom, 1992; Bertrand et al.,
1993) is the variation in the pore radius as a function of z
(Fig. 5). For each of the three models, this reveals a pore
running from z -0 A (the N-terminal mouth) to z -30 A (the
C-terminal mouth), with a periodic variation in the pore ra-
dius. The closest contact atoms at the minima in the pore
radius profile are, for all three models, the Co3 atoms of resi-
dues 3, 6, 10, 13, and 17. This 3- or 4-residue periodicity
clearly reflects that of the constituent helices and indicates
the positions at which one might expect to find pore-lining
side chains in channel proteins. There is an additional con-
striction at the C-terminal mouth of theN = 6 pore, for which
the closest contact is Cf:20. As can be seen from Fig. 4 C,
this is a result of the slight distortion of the C-terminus of one
of the helices of the bundle.

L20 and 120 N = 5 bundles

N = 5 bundles of L20 and of 120 helices were generated (20
structures in each ensemble) using six distance restraints per
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helix (Tables 3 and 6). The i,i+ 1 restraints used dTARGET
values of 9.4 and 9.9 A, respectively, based on the results
with the corresponding helix dimers. The geometrical prop-
erties of the L2ON5R6 ensemble were similar to those for
A2ON5R6, the major difference being an increase in inter-
helix separation to D = 9.7 A. The distribution of crossing
angles for L20 (Fig. 6 A) was almost identical to that for A20.
Furthermore, the most symmetrical L20 bundle had a coiled
coil pitch (P = 283 A) close to that of the corresponding A20
bundle (P = 234 A). The helix-helix interaction energy
(AEvDw) was larger for L20 than for A20 bundles (- -40 and
-20 kcal/mol/helix, respectively). Comparison of L20
bundles with L20 dimers revealed a lower helix crossing angle
and higher coiled coil pitch in the former. The distribution
of side-chain torsion angles in the bundles was much the
same as in the dimers, with the g+ and t conformations
favored.

120 bundles differ markedly from A20 and L20 bundles.
Their mean helix crossing angle is close to 00, corresponding
to parallel helices. The crossing angle distribution (Fig. 6 B)
is much broader than for A20 and L20, with fl ranging
from -120 to + 120. Indeed, the most symmetrical 120
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FIGURE 6 L2ON5R6 and I2ON5R6 helix bundles.A and B show the distributions of helix crossing angles for ensembles of20 L20 and I20 bundles, respectively.
C and D show the most symmetrical bundles from the 120 and 120 ensembles, respectively. E shows the pore radius profiles for the same two bundles. The
N-termini of the helices are at z -0 A and the C-termini at z -30 A.
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Parallel Helix Bundles and Ion Channels

bundle (Table 6) has a mean crossing angle of -5°, corre-
sponding to a right-handed coiled coil. It seems that the
13-branched isoleucine side chains hinder efficient packing of
the helices within the bundle. This is reflected in the in-
creased mean helix-helix separation (10.3 A) and decreased
AEvDw (- -26 kcal/mol/helix) relative to L20. Difficulties of
packing of I20 helices together are also revealed by adoption
of the unfavorable g- conformation by side chains at the
helix-helix interfaces, as was also found for the 120 dimers.
The most symmetrical L20 and 120N = 5 bundles are shown

in Fig. 6, C and D. Failure of the 13-branched side chains to
fully interdigitate in the 120 bundle is evident. The corre-

sponding HOLE trajectories are shown in Fig. 6 E. The L20
profile resembles that for the A20 bundle, with minima in the
pore radius corresponding to the side chains of residues 3, 6,
10, 13, and 17. Interestingly, despite the greater helix-helix
separation of the L20 bundle, the mean and minimum pore
radii are less than for the A20 bundle. The minimum radius
(RMIN = 1.3 A) of the L20 pore corresponds to, e.g., the crystal
radius of a K+ ion. The I20 pore is wider (RMIN = 1.8 A), and

the HOLE profile does not exhibit as regular a pattern of
minima as for L20.

Overall, comparison of the N = 5 bundles of A20, L20, and
120 suggests that: (a) helix-helix packing in symmetrical, open
bundles is equally tight for A20 and L20 helices, despite the
larger side chains and, hence, stronger van der Waals inter-
actions, in the latter; and (b) helix-helix packing is much
looser in 120 bundles. The latter reflects the results with 120

dimers, in that 13-branched side chains do not readily par-

ticipate in ridges-in-grooves interdigitation.

Amphipathic helices

Several classes of ion channel are formed by bundles of am-
phipathicTM helices. Two types of sequence have been used
to model bundles of amphipathic helices (Table 4). M2a,
M2b, and M2c are derived from the sequence of the pore-
lining M2 helix of the nicotinic acetylcholine receptor
(nAChR; Stroud et al., 1990; Lester, 1992; Unwin, 1993).
Site-directed mutagenesis (Leonard et al., 1988; Charnet
et al., 1990; Villarroel et al., 1991), chemical labeling (Hucho
et al., 1986; Giraudat et al., 1987; Changeux et al., 1992;
Bertrand et al., 1993), and molecular modeling (Sansom,
1992) studies suggest that serine and/or threonine side chains
at positions 4, 8, and 12 of nAChR M2 helices interact with
ions as they pass through the channel. M2a and M2b are

amphipathic analogs of A20 and L20 with serine residues at
positions 4, 8, and 12. M2c is a consensus sequence derived
by comparison of M2 helices from different nAChRs. How-

ever, unlike nAChR M2 sequences, M2c does not contain
ionizable side chains near the termini of the helix. These were
excluded to focus on properties of polar groups within the
transbilayer region of M2.

It is important to consider whether M2a, M2b, and M2c
would be expected to form a-helices within a bilayer. Recent
work by Li and Deber (1994)) suggests that the amino acids
Leu, Ile, Val, Phe, and Ala all have a high propensity for helix
formation in the presence of SDS micelles or DMPG
vesicles. Thus, given the amino-acid composition of the three
M2-derived sequences (Table 4), it is highly likely that they
would form helices in a bilayer environment. Of course, this
could be evaluated experimentally by peptide synthesis com-
bined with CD or FTIR spectroscopy.
The second type of amphipathic sequence (LS; Table 4)

is that of the 21-residue, channel-forming peptide designed
de novo by DeGrado and colleagues (Lear et al., 1988;
DeGrado et al., 1989; Akerfeldt et al., 1993). This has been
shown to adopt an a-helical conformation in methanol and
to form cation-selective channels in planar lipid bilayers. The
alternation of leucine and serine residues within the sequence
results in an ideal amphipathic helix. Previous modeling
studies (Akerfeldt et al., 1993) using an energy-minimization
based technique, have examined N = 3, 4, 5, and 6 bundles
of LS helices. The results of these studies may be compared
with the results of SA/MD modeling described below.

M2a, M2b, and M2c: N = 5 bundles

The nAChR pore is formed by five M2 helices, one from each
subunit. Therefore, N = 5 bundles of M2a, M2b, and M2c
helices were modeled. Ensembles of 20 structures were gen-

erated for each sequence, using six distance restraints per

helix. The Ca templates were constructed such that the center
of the hydrophilic face ofeach helix, defined by the Ca atoms
of S8, was directed towards the center of the bundle. Thus,
the serine side chains formed the lining of the resultant pores,
as can be seen in Fig. 7, A-C. The geometric and energetic
properties of the ensembles are summarized in Table 5. The
properties of the pores formed by the most symmetrical
members of the ensembles are given in Table 6.

All three M2 helices formed bundles corresponding to a

left-handed coiled coil. However, the mean crossing angles
for the three M2 ensembles are all lower than those of either
the A20 or L20 ensembles. For example, (fQ) = + 5.60 for M2b,
compared with + 130 for L20, the corresponding hydrophobic
TM helix. This difference between the amphipathic and hy-
drophobic helix bundles is most marked for M2a (vs.
A20N5R6) and least marked for M2c (vs. L20N5R6).

TABLE 4 Amphipathic helix sequences

Helix Sequence Comments

M2a Ac-A-A-A-S-A-A-A-S-A-A-A-S-A-A-A-A-A-A-A-A-NH2 Simplified M2
M2b Ac-L-L-L-S-L-L-L-S-L-L-L-S-L-L-L-L-L-L-L-L-NH2 Simplified M2
M2c Ac-L-L-I-S-L-A-I-S-V-L-L-S-L-T-V-F-L-L-L-I-NH2 Simplified M2
LS L-S-S-L-L-S-L-L-S-S-L-L-S-L-L-S-S-L-L-S-L-NH2 Synthetic CFP
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FIGURE 7 Amphipathic helix bundles. The most
symmetrical helix bundle structures for amphipathic
models M2aNSR6 (A), M2bNSR6 (B), M2cNSR6 (C),
and LSNSR6 (D). Polar residues are highlighted using
bold lines. The view is down z from the N-termini
towards the C-termini.

TABLE 5 Amphipathic TM helix bundles

(AEVDW) (AEES)
Model (Q1) (0) (D) (A) (kcal/mol) (kcal/mol)

M2aNSR6 +4.6 (6.5) 8.1 (0.3) -117.4 (9.4) -12.3 (7.3)
M2bNSR6 +5.6 (4.1) 9.6 (0.3) -166.5 (5.8) -8.2 (4.5)
M2cNSR6 +7.5 (4.7) 9.5 (0.7) -154.9 (7.5) -7.1 (3.2)
LSN4R6 +15.7 (5.4) 8.6 (0.5) -136.4 (13.6) -22.6 (10.3)
LSNSR6 +5.1 (7.4) 9.2 (0.6) -146.8 (11.6) -28.6 (8.7)
LSN6R6 +1.7 (7.4) 9.2 (0.5) -176.5 (9.1) -38.4 (7.7)

Furthermore, the distribution of crossing angles is broader
for all three M2 ensembles than for the A20 and L20 en-

sembles. This indicates looser helix packing within the M2
ensembles. Inter-helix separations for the M2 bundles do not
differ significantly from those for the corresponding hydro-
phobic helix bundles. The AEVDW value for the M2a en-

semble is close to that for A20, but those for M2b and M2c
are smaller than for L20, again suggesting looser helix
packing.
Somewhat surprisingly, comparison of the most sym-

metrical helix bundles (Table 6) does not reveal a significant
difference in crossing angles between M2 and hydrophobic
TM helix bundles. This suggests that although the presence

of serine residues results in greater variability in helix pack-
ing within an ensemble, the most symmetrical bundles re-

semble those of hydrophobic TM helices. The pore radius
profile for the representative M2c bundle (Fig. 8 D) reveals

TABLE 6 Symmetrical TM helix bundles

(Ql) (P)* (R) RMIN
Model (0) (A) (A) (A) Closest contact

A20N4R6 +18 161 1.1 0.6 C,3:A-17
A2ON5R6 +12 234 2.2 1.7 C,B:A-17
A2ON6R6 +12 245 3.3 2.3 Cf3:A-21
LwN5R6 +13 283 1.8 1.3 C81:L-10 & C81:L-17
12ON5R6 -5 -2250 2.6 1.8 C8I-17
M2aN5R6 +10 572 2.5 1.3 Oy:S-8
M2bN5R6 +11 285 2.0 1.0 C62:L-19
M2cN5R6 +15 323 2.2 1.0 C82:L-11
LSN5R6 +17 203 2.7 2.1 Oy:S-20
* A positive value of P corresponds to a left-handed supercoil, and a nega-
tive value to a right-handed supercoil.

a less regular pattern of minima than is seen for A20 or L20.
The constriction of the pore near its N-terminal mouth
(at z -3 A) is formed in part by the hydroxyl groups of S4
side chains. Mutagenesis studies suggest that residue 4 ofM2
may correspond to the narrowest region of the open channel
of nAChR (Villaroel et al., 1991). The central constriction of
the M2c bundle (at z = --15 A) is formed by the side chains
of residue Lli. The radius at this point falls to 1.0 A (i.e.,
less than the ionic radius of K+), effectively occluding the
pore. Residue 11 of nAChR M2 is a highly conserved
leucine, which has been implicated in occluding the channel
when the latter is in a closed (or desensitized) conformation
(Revah et al., 1991; Unwin, 1993). Thus, the model M2c pore
has several features reminiscent of the nAChR channel.

A B

DC
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... .. (Sansom, 1992). For the M2 helices, a maximum of three
such intra-helix H-bonds per helix could be formed. How-
ever, small distortions to the N-termini of the helices are
likely to result in disruption of H-bonds donated by S4 hy-
droxyls to the carbonyl oxygens of residues 1 (i i-3) and
0 (i -* i-4; residue 0 is the Ace group). Thus, one might
expect two intrahelical H-bonds per helix. This is indeed the
case for M2b and M2c. In M2a the closer approach of the
helices results in a higher frequency of inter-helix
H-bonding, and so a lower degree of intra-helix H-bonding.
Such inter-helix H-bonding occurs from the OH groups of the
serine side chains to both main-chain carbonyl and side-chain

i__________________________.__._ OH groups of neighboring helices within a bundle, albeit at
-20 -10 0 10 20 30 a relatively low frequency.

6 3

1._

a 2

0 10 20 30

z (A)

FIGURE 8 M2cN5R6 bundle. A shows the distribution of helix crossing
angles for the ensemble of 20 structures. B is the pore radius profile of the
most symmetrical member of the ensemble. The N-terminal mouth of the
pore is at z - -5 A and the C-terminal mouth at z -35 A.

It is informative to examine the patterns of serine side-
chain H-bonding within M2 bundle ensembles (Table 7).
Serine side chains within a-helices may H-bond to the main-
chain carbonyl 0 of the preceding turn of the helix (i i-3
or i-4 H-bonds) by adopting either the g+ or g- conforma-
tion (Gray and Matthews, 1984). This exposes the Oy atom
of the side chain within the lining of the pore, providing a
possible site for favorable interactions with permeant cations

TABLE 7 H-Bonding in amphipathic TM helix bundles

Average number of H-bonds per helix

inter-helix inter-helix
Model intra-helix (OH -- OC) (OH -* OH)

M2aN5R6 0.90 0.39 0.22
M2bN5R6 1.83 0.05 0.12
M2cN5R6 1.83 0.09 0.03
LSN4R6 4.99 0.68 1.18
LSN5R6 4.85 0.52 0.88
LSN6R6 4.82 0.44 0.69

7 LS: N = 4, 5, and 6 bundles

Ion channels formed by CFPs, such as LS, generally exhibit
multiple conductance levels, corresponding to different num-
ber of helices per bundle, N (Sansom, 1991). Thus, N = 4,
5, and 6 bundles of LS helices were modeled. For each
model, the Ca template was constructed such that the center
of the serine-containing hydrophilic face was directed to-
wards the center of the pore. Thus, the pore is lined by the
Oy groups of the serine side chains (see Fig. 7 D).
The ensemble statistics for the LS bundles are given in

Table 5. All three ensembles correspond to left-handed
coiled coils. However, as with the M2 ensembles, the mean
crossing angles are considerably less than the values exhib-
ited by the L20 bundles. Also, as observed with the M2 en-

sembles, the fl distributions are wider than for L20 (Fig. 9 A),
indicating looser packing interactions. As N increases from
4 to 6, the ensemble mean crossing angle decreases (and,
hence, the coiled coil pitch increases), such that for N = 6
the helices are almost parallel. The van der Waals component
of the helix-helix interaction energy is ---30 kcal/mol/helix,
compared with -40 kcal/mol/helix for L,20. The decrease
reflects the reduced number of interdigitating leucine side
chains in LS. However, this is compensated for in part by
increased electrostatic helix-helix interactions (see below).

Analysis of the H-bonding patterns of the three LS en-

sembles is given in Table 7. Following similar arguments to
those for the M2 helices, one would expect -7 intra-helix
H-bonds for each LS helix. As can be seen, about five intra-
helix H-bonds are observed. However, 1 or 2 inter-helix
H-bonds are also found for each helix of a bundle. Such
inter-helix H-bonds are particularly frequent for serine resi-
dues 2 and 3, which cannot form intra-helix H-bonds. The
relatively high frequency of inter-helix H-bonds for the LS
bundles is reflected in the increased electrostatic component
to the helix-helix interaction energy (AEEs; Table 5).
The properties of the pore formed by the most symmetrical

member of the LS N = 5 ensemble are summarized in
Table 6, and the HOLE profile is given in Fig. 9 B. As with
the M2 models, the most symmetrical LS bundle shows a

crossing angle (+ 17°) and coiled coil pitch (203 A) close to

50
A

40

0

cr

30

20

10

0 -
-30

a (0)
B

Kerr et al. 1511



Volume 67 October 1994

50

40

a)

a-

30

20

10D

0-
-30

B

S 3
0

a)

k 2

-20 -10 0

(0)

0 10 20

z (A)

FIGURE 9 LSN5R6 bundle. A shows the disti
angles of the ensemble, and B shows the pore rn
symmetrical bundle.

the values for the corresponding L20 bu
A, respectively). The mean radius of the
that passage of monovalent cations in
state could occur. The minima in the po
respond to Oy atoms of residues S2, S6, S
i.e., the same 3 or 4 residue periodicity s

phobic helix bundles. The narrowest regic
C-terminus, where the closest approach is
close interactions of serine Oy atoms anc

be expected to confer cation selectivity on
as is indeed observed experimentally (Le

DISCUSSION

Evaluation of methodology

In the absence of an atomic resolution
an ion channel formed by a parallel bu

helices, the success or otherwise of SA/I
structures must be evaluated indirectly
sessment is to compare helix packing i
with helix packing in experimentally de

structures. In particular, one may compare helix crossing
angles (fQ) and coiled coil pitches (P). For A20 and L20 dimers
and bundles, (f) values lie in the range + 12 to + 200. This
compares reasonably well with fl = +23° predicted by
Chothia et al. (1981) for class 3-4 ridges-in-grooves helix
packing, and is in broad agreement with a more recent survey
of helix packing in protein crystal structures by Reddy and
Blundell (1993). A more subtle feature of SA/MD-generated
structures is the trend in coiled coil pitches. In general, P
increases asN increases. Thus, for A20 bundles, P = 108, 161,
and -240 A for N = 2, 4, and 5/6, respectively. Similarly,
for L20 P = 174 and 283 A for N = 2 and 5, respectively.
A similar trend has been observed in crystal structures of

10 20 30 coiled coils formed by peptides. The GCN4 dimer (O'Shea
et al., 1991) has Ql = +230 and P = 148 A, whereas the
GCN4-derived peptide p-LI, which forms a tetrameric coiled
coil (Harbury et al., 1993), has Ql = +260 and P = 205 A.
The up-up-down trimeric coiled coil formed by the peptide
coil-Ser (Lovejoy et al., 1993) has Ql -+20° and P -270
A. From a survey of six crystal structures, Seo and Cohen
(1993? concluded that for dimeric coiled coils (P) -150 A
(140A for tropomyosin), whereas for trimeric and tetrameric
coiled coils (P) -200 A. Thus, the simulated structures of
hydrophobic TM helix bundles are consistent with available
experimental data on coiled coils, even though exactly par-
allel helices (Ql = 00) were used in the Ca templates for the
former. This helps to support the validity of the methodology.
Such considerations suggest that predicted TM helix bundle

...30 structures merit detailed analysis.
One may also compare helix packing in SA/SD-generated

bundles with the somewhat sparse data for ion channels. In
ribution of helix crossing all of the helix bundles discussed above (with the exception
adius profile for the most of 120), left-handed coiled coils have been observed. This

correlates with two observations on ion channel structures.
First, in the 9 A resolution structure of the closed confor-

indle (+130 and 283 mation of the nAChR (Unwin, 1993), the N-terminal seg-
pore (2.7 A) is such ments of the five M2 helices form a left-handed coiled coil,
a partially hydrated corresponding to an approximate crossing angle of +170.

re radius profile cor- Second, Akerfeldt et al. (1993) modeled bundles of N = 3,
9 S13,S16 and S20 4,5, and 6 LS peptide helices by a combination of interactive
e in Siml hyd ro graphics and energy minimization. They found that left-

rn of the pore is at the handed coiled coils were required to obtain good inter-helical
; to S2O po Thus, the packing of side chains. Thus, LS bundle models generated by
;Itpermeant ion would SAIMD agree quite closely with those generated by a more

the resultant channel, interactive procedure.
ar etran,1988). An aspect of the SANMD procedure that merits discussion

is the use of inter-helix distance restraints during Stage 2.
Similar restraints were employed by Nilges and Brunger
(1991) in their successful structure prediction ofGCN4 helix
dimers. In the current study, restraints were used to favor a
packing mode corresponding to a symmetrical, open bundle

crystal structure for surrounding a central pore. Thus, restraints were em-
indle of transbilayer ployed to focus on a region of conformational space that is
AD in modeling such believed to correspond to possible channel structures. The
One method of as- restraints employed were relatively soft. Furthermore,

in simulated bundles SA/MD calculations on alamethicin helix bundles (J. Breed
termined coiled coil and M. S. P. Sansom, unpublished observations) suggest that
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final structures are not over-dependent on the exact value of
the target distances used in the inter-helix restraints.

Simulations using only three restraints per helix, i.e., with
restraints only acting between adjacent helices (Hi to Hi+,),
resulted primarily in distorted bundles. For example,
A20N5R3 and L20N5R3 bundles often consisted of an inner
bundle of four helices, with a fifth helix running alongside.
Many peptide-induced ion channels exhibit multiple conduc-
tance levels, with different conductance levels corresponding to
different numbers of helices/bundle. One might speculate that
distorted 4 + 1 bundles observed in the simulations may cor-
respond to intermediates in spontaneous transitions ofCFP chan-
nels between N = 4 and N = 5 conductance states.

It is evident that even when six restraints per helix are
used, there is variation in the values of, e.g., fl and D within
an ensemble (see, e.g., Fig. 2 D for the fl distribution of
ensemble A20N5R6). This reflects the extent to which non-
covalent interactions between the helices, while satisfying
the applied restraints, permit variations in the bundle geom-
etry. In the absence of either extensive subunit-subunit in-
teractions (as in the nAChR) or possible covalent restraints
on helix packing (as in, e.g., template-assembled bundles of
CFPs), it is perhaps not surprising that a bundle of helices
does not adopt a single, exactly defined conformation. In-
deed, it is possible that the relative looseness of helix-helix
interactions in TM helix bundles may correlate with the ob-
served heterogeneity of conductance levels seen for CFP
channels (see Oiki et al. (1988) for a detailed analysis of such
conductance heterogeneity in M26 peptide channels).

General conclusions

A number of general conclusions may be drawn. First, con-
sider the hydrophobic TM helices. Comparing A20 and L20,
as expected the larger side chains in the latter result in stron-
ger van der Waals interactions between helices. This, in turn,
leads to tighter packing of L20 helices, as evidenced by lower
ensemble RMSDs and lower SDs in fl than for A,,. Com-
parisons between dimers and N = 5 bundles of L20 suggests
that packing of helices within a bundle reduces the crossing
angle to some extent relative to the ideal ridges-in-grooves
value of - + 230. This should be taken into account when
generating a-helix bundle models of channels. Comparison
of I20 and L20 indicates that (3-branched residues may perturb
helix packing within a bundle, resulting in smaller fl and
AEvDw values. Such loosening of helix-helix interfaces by
(3-branched residues is of interest in the context of the rela-
tively high frequency of such side chains in TM helices
(Deber et al., 1986). Furthermore, a sequence motif contain-
ing (3-branched side chains (LIxxGVxxGVxxT), which is
present in several membrane proteins results in formation of
right-handed coiled coils (Q negative) ofTM helices (Treutlein
et al., 1992; Lemmon et al., 1994). Thus, changes in helix pack-
ing may result from quite subtle changes in TM helix sequence.
A major conclusion concerning amphipathic helix bundles

is that polar residues may perturb helices from classical

A20N5R6 (fl = +130), and M2aN5R6 (fl = +50). Polar
(Ser) residues in M2a result in a small crossing angle (and,
hence, increased coiled coil pitch) than in the corresponding
hydrophobic TM helix bundle. This correlates with the num-
ber of inter-helix H-bonds made by the Ser residues, as may
be shown by comparison of M2a, M2b, and M2c. The num-

ber of inter-helix H-bonds is greater in M2a because the
smaller side chains (Ala rather than Leu, etc.) allows closer
approach of adjacent helices. Perturbation of hydrophobic
helix packing by polar side chains is also seen in the LS
peptide models (Tables 5 and 7) in models of helix bundles
formed by nAChR M2 helices (R. Sankararamakrishnan and
M. S. P. Sansom, unpublished observations) and in alam-
ethicin channel models (J. Breed and M. S. P. Sansom, un-

published observations). A more detailed treatment of such
H-bonding interactions between adjacent helices will require
modeling of water molecules within the central pore. Current
studies are focusing on this problem in the context ofnAChR
M2 and alamethicin channels.

Relevance of these studies

What is the relevance of modeling bundles of simple hy-
drophobic and amphipathic helices to understanding real ion
channels? Studies on simple model helices reveal general
architectural principles of parallel helix bundles. Observed
deviations from the simple structures described above may
aid in identification of key amino acids in more complex
systems. For example, our investigations of simple am-

phipathic helices suggest that introduction of polar residues,
in addition to providing a hydrophilic lining for the central
pore, may result is smaller helix crossing angles than in
bundles of apolar helices. Comparable studies on bundles of
nAChR M2 helices, which contain ionized side chains in
addition to Ser and Thr, suggest that stronger electrostatic
interactions cause even greater deviations from classical
ridges-in-grooves packing (R. Sankararamakrishnan and
M. S. P. Sansom, unpublished observations).
An argument against the relevance of simple model

bundles is that ion channel proteins exhibit more complex
bundle structures, e.g., kinked pore-lining helices. Kinked
M2 helices have been observed in the nAChR when the latter
is a closed conformation (Unwin, 1993). However, it is pos-
sible that the degree of kink of the M2 helices may be reduced
when the channel changes to an open conformation. Indeed,
MD simulations of isolated M2 helices suggest that M2
switches between linear and kinked conformations, depend-
ent on the pattern of side-chain-backbone H-bonding
(Sankararamakrishan and Sansom, 1994). More permanent
kinks in-channel-lining helices may be induced by proline
residues, as in alamethicin (Fox and Richards, 1982; Sansom,
1993a, b), and in the S6 helix of voltage-gated K+ channels.
SAIMD has been used to model helix bundles formed by
proline-kinked alamethicin helices (Breed and Sansom,
1994) and to analyze the extent of kinking of Shaker S6 by
the central Pro-Val-Pro motif (I. D. Kerr and M. S. P.

ridges-in-grooves packing. For example, compare ensembles
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Sansom, unpublished observations). Thus, the methodology
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established in this study may be readily adapted to more
complex channel structures.

Helix bundles and ion channels

Two features of helix bundle structures are of particular
relevance to ion channels: (a) pore radius profiles, and
(b) analysis of pore-lining side chains.

It is informative to compare the radii of pores formed by
bundles of simple hydrophobic TM helices with those of
other ion channels. For example, N = 5 bundles of A20 and
of L20 have mean pore radii -2.2 and 1.8 A, and minimum
radii of -1.7 and 1.3 A, respectively. Thus, either pore is
wide enough to permit passage of, e.g., an unhydrated K+ ion
(radius 1.3 A). This may be compared with the *->36.3 model
of the gramicidin A (GA) channel (analyzed by Smart et al.
(1993), which has a mean pore radius of -1.5 A and mini-
mum radius of 1.2 A, and which conducts caesium and
smaller monovalent cations. Thus, N = 5 bundles of parallel
a-helices generate wider pores than does GA, even before
one takes into account, e.g., the presence of small polar side
chains in the pore lining.
Two interesting features emerge from analysis of pore ra-

dii of hydrophobic TM helix bundles. The first is that even
in simple models, rings ofpore-lining side chains are evident,
with a 3- or 4-residue periodicity. This echoes the results of
mutagenesis studies of nAChR (reviewed by Bertrand et al.,
1993), which provide experimental evidence for such pore-
lining rings. In the N-terminal half of M2, mutagenesis stud-
ies have implicated side chains 1', 4', 8', 11', and 12' (where
the numbering refers to the position within the M2 helix) as
pore-lining residues, i.e., also showing a 3- or 4-residue pe-
riodicity. Second, our simulations suggest that relatively
small distortions to the termini of the helices (where packing
interactions are weaker) can result in significant narrowing
of the pores. This is evocative of a possible gating mecha-
nism via small conformational rearrangements at the
mouth(s) of a channel. However, there are considerable limi-
tations to our models. For example, the mean radius of the
M2c N = 5 bundle is -2.2 A (cf. 1.8 A for L,), albeit with
a pronounced constriction in the vicinity of residue Lll.
However, electrophysiological studies suggest a pore radius
of -3.3 A for the nAChR (Hille, 1992). Thus, the M2c
bundle model requires considerable modification to provide
an accurate representation of the nAChR pore.

Other information from modeling studies of relevance to
ion channels concerns the role of inter-helix H-bonds in sta-
bilizing amphipathic helix bundles. Results with M2-like se-
quences suggest that inter-helix H-bonding occurs at a low
but significant frequency. Only when the number of polar
side chains is considerably increased, e.g., in the LS peptide,
is H-bond formation a significant component of bundle sta-
bilization energies. Thus, it is unclear whether inter-helix
H-bonds are likely to play a major stabilizing role in ion
channels in general.
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