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Abstract. The ion channel of the nicotinic acetylcholine 
receptor (nAChR) is believed to be lined by transmem- 
brane M2 helices. A "4-8-12" sequence motif, comprising 
serine (S) or threonine (T) residues at positions 4, 8 and 
12 of M2, is conserved between different members, anion 
and cation selective, of the nAChR superfamily. Parallel 
bundles of 4-8-12 motif-containing helices are considered 
as simplified models of ion channels. The relationship 
between S and T sidechain conformations and channel- 
ion interactions is explored via evaluation of interaction 
energies of K ÷ and of C1- ions with channel models. 
Energy calculations are used to determine optimal Zz 
(C~-C/~-O7-H7) values in the presence of K + or C1- ions. 
4-8-12 motif-containing bundles may form favourable 
interactions with either cations or anions, dependent 
upon the ~2 values adopted. Parallel-helix and tilted-helix 
bundles are considered, as are heteromeric models de- 
signed to mimic the Torpedo nAChR. The main conclu- 
sion of the study is that conformational flexibility at Z2 
enables both S and T residues to form favourable interac- 
tions with anions or cations. Consequently, there is ap- 
parently no difference between S and T residues in their 
interactions with permeant ions, which suggests that the 
presence of T vs. S residues within the 4-8-12 motif is not 
a maj or mechanism whereby anion/cation selectivity may 
be generated. The implications of these studies with re- 
spect to more elaborate models of nAChR and related 
receptors are considered. 
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Abbreviations: nAChR, GluR, NMDA-R, 5HT3-R , GABAAR, 
GlyR - nicotinic acetylcholine, glutamate, NMDA, 5HT3, GABAA 
and glycine receptors, respectively; PhTx philanthotoxin; M2 - 
second membrane-spanning helix of receptor-channel subunits. 

Introduction 

Receptor-gated ion channels form the basis of fast synap- 
tic neurotransmission. They are multi-subunit, integral 
membrane proteins which permit selected ions to move 
rapidly (ca. 5 x 107 s 1) down electrochemical gradients 
across membranes. Their molecular properties are the 
subject of intense scrutiny, following expansion of the 
sequence database for this superfamily of proteins. In 
particular, the nicotinic acetylcholine receptor (nAChR) 
is the focus of investigations employing a range of bio- 
chemical and biophysical techniques (Stroud et al. 1990; 
Galzi et al. 1991). 

Sequence comparisons between different members of 
the receptor-channel superfamily suggest that four puta- 
tive membrane spanning regions (M1 to M4) are con- 
served (Betz 1990; Unwin 1989). On the basis of low res- 
olution structural studies (Toyoshima and Unwin 1988, 
1990; Mitra et al. 1989) and of chemical labelling experi- 
ments (Giraudat et al. 1987; Hucho et al. 1986) it is pro- 
posed that five M2 helices form a bundle of approximate- 
ly parallel helices surrounding a central ion channel. This 
is supported by site-directed mutagenesis studies (Imoto 
et al. 1988; Leonard et al. 1988; Charnet et al. 1990; Re- 
vah et al. 1991) which correlated changes in amino acid 
sequence at and around the M2 region with changes con- 
ductance and selectivity. Recent sequencing studies on 
glutamate receptors (GluR; Hollman et al. 1989; Keina- 
nen etal. 1990), on NMDA receptors (NMDA-R; 
Moriyoshi etal. 1991) and 5HT3 receptors (5HT3-R; 
Maricq et al. 1991) demonstrate that the M2 region is 
conserved in distantly related members of the nAChR 
superfamily. 

M2 helices are amphipathic. The hydrophilic faces, 
which are believed to line the channel, contain several 
serine (S) and/or threonine (T) sidechains (Unwin 1989; 
Betz 1990). Mutagenesis studies (Leonard et al. 1988; 
Charnet et al. 1990; Villarroel et al. 1991; Imoto et al. 
1991) demonstrate that these sidechains interact with per- 
meant ions and with channel-blocking drugs. Interesting- 
ly, serine and threonine sidechains are present in both 
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cation selective (nAChR, Glu-R, NMDA-R, 5 HTa-R) and 
anion selective (GABAA-R, Gly-R) channels. Anion selec- 
tive channels seem to contain a higher proportion of 
T residues, a feature which has been suggested to be of 
functional importance (e.g. Stroud et al. 1990). 

In a study of the conformation of S and T sidechains 
in helices, Gray and Matthews (1984) discussed how such 
hydrophilic sidechains might be buried in a hydrophobic 
milieu. They concluded that S and T residues, when pres- 
ent in an e-helix, have a propensity for forming hydrogen 
bonds between the hydroxyl hydrogen atom, H ~ : n, of the 
sidechains and a carbonyl oxygen atom, O:(n-3) or 
O:(n-4), of the mainchain. The current study is an at- 
tempt to incorporate such stereochemical information 
within a simplified model of M2 helix bundles in an effort 
to understand how M2 helices containing S and/or T 
residues may interact favourably with anions and/or 
cations. As in an earlier paper (Sansom 1992) emphasis is 
placed upon obtaining a structural model of a given se- 
quence motif, in this case the S/T-containing region of M2 
helices. This investigation differs from attempts to model 
nAChR M2 helix bundles (Furois-Corbin and Pullman, 
1989 a, b, 1991; Eisenman and Alvarez 1991; Stroud et al. 
1990) in that an isolated motif is investigated rather than 
complete M2 helices (plus adjacent residues). The mod- 
elling strategy employed is similar to that used in an 
earlier study of channel-forming peptides (Sansom et al. 
1991). 

Methods 

General computational methods 

The following section provides a brief account of the com- 
putational methodology employed in this study. A more 
detailed account is provided in an earlier publication 
(Sansom et al. 1991). Modelling was carried out using 
QUANTA 3.2 (Polygen, Waltham, MA), run on a Silicon 
Graphics (Mountain View, CA) Personal Iris work- 
station. Energy minimization and empirical energy func- 
tion calculations were performed using the molecular me- 
chanics program CHARMm (V21.3; Brooks et al. 1983). 
Diagrams of molecular structures were drawn using 
MolScript (Kraulis, 1991). All auxiliary programs were 
written in Fortran77. 

Helix bundle models 

Helix bundle generation was carried out using the pro- 
gram bndlq (Sansom et al. 1991). The first stage of this 
requires definition of the helix axis of the monomer. This 
is calculated from the midpoint of selected C e atoms. For 
example, for a 23 residue e helix, the helix axis may be 
defined by a vector from the helix centre, given by the 
midpoint of C e:1-23, to the end of the helix, given by the 
midpoint of C e: 20-23. The helix is aligned such that its 
axis is coincident with the z-axis of the coordinate system. 
It is rotated about z by an angle 0 such that the centre of 
the hydrophilic face of the helix is directed along the 

x-axis. Thus oriented, the helix may then used to generate 
a parallel-helix bundle, with N monomers and with an 
interaxial separation of R between the centres of the con- 
stituent helices. There also exists the option to tilt the 
helix by rotation through an angle f2 about y axis prior to 
bundle generation, resulting in a (truncated) conical helix 
bundle (see below). Thus, the bundle is made up of helices 
A, B .. . .  with helix A positioned such that its centre lies on 
the x-axis, its axis is parallel to (or makes an angle f2 with) 
z, and its hydrophilic face points along x. The axis of the 
pore running down the centre of the bundle is coincident 
with the z-axis. 

Ion-channel interactions 

The aim of these calculations is to probe for possible 
ion-liganding sites within the pore defined by a helix bun- 
dle. They are not intended to calculate true permeation 
profiles for ions moving through the pore, as the models 
used to not include water and so fail to take into account 
solvation/desolvation energies of the ion. However, the 
results are of value in that they permit one to focus on 
possible ion-protein interaction within the bilayer region. 

In these calculations, the channel model is treated as a 
rigid body (i.e. "frozen" coordinates). Polar hydrogen 
atoms are explicitly included, whereas non-polar hydro- 
gens are included via an extended atom representation. 
An ion probe is placed at points along the z-axis. The 
empirical energy of interaction between ion and channel 
(Er) is evaluated as the sum of a van der Waals (Ev) and 
an electrostatic (E~) term: 

E r = E v + EE. 

The van der Waals energy is given by a Lennard-Jones 
6-12 potential function: 

where sw is a switching function (Brooks et al. 1983), with 
a cutoff distance of 20/~. The electrostatic energy is given 
by: 

E ~ = X  j 

where sh is a shift function (Brooks et al. 1983), with a 
cutoff distance of 20 ~. Note that the electrostatic energy. 
is calculated using a distance dependent dielectric, i.e. 
e = e o r (Brooks et al. 1983, 1988; Rogers 1986) in order to 
mimic the effect of solvent-screening on ion-channel in- 
teractions at larger distances. The van der Waals parame- 
ters (A~j and Bi~) and partial charges (q~) of the constituent 
atoms were taken from the CHARMm parameter set 
PARM21. It should be noted that this method of probing 
the channel for potential liganding sites is closely related 
to the GRID program of Goodford (1985) and to the 
method of Furois-Corbin and Pullman (1986). 

Ion-channel interaction energies are evaluated as the 
difference between the energy with the ion at a given point 
and the energy when ion and channel are separated by a 



considerable distance (typically > 50,~). Energy profiles 
are generated by translating the ion along the pore (i.e. z) 
axis, the interaction energy being evaluated as a function 
of z. 

Results 

M2 sequences 

The sequences of several M2 regions are given in the first 
half of Table 1, They are of: the four subunits of the Tor- 
pedo nAChR (nAChR-c~ etc.; Noda  et al. 1983); a kainate 
(i.e. glutamate) receptor channel (GluR-1; Hol lman et al. 
1989); the N M D A - R  (Moriyoshi et al. 1991); the 5HT3-R 
(Maricq et al. 1991); three GABAA-R subunits (Schofield 
et al. 1987; Pritchett et al. 1989); and a Gly-R subunit 
(Grenningloh et al. 1987). The ion selectivities (anion vs. 
cation) of the corresponding channels are noted. The 
numbering scheme at the top of Table 1 refers to the Tor- 
pedo nAChR-c~ sequence. Thus the M2 region shown runs 
from residue E259 (the "intermediate ring") to one residue 
past residue E280 (the "extracellular ring"). These two 
rings of anionic residues have been implicated in ion se- 
lectivity of the nAChR (Konno et al. 1991). The number-  
ing scheme used throughout  the remainder of this paper  
is defined at the bo t tom of the table. This refers to the 
positions within the M2 helix, and thus is independent of 
any particular receptor subunit sequence. 

The hydroxylated sidechains believed to line the cen- 
tral pore are underlined in Table 1. Mutagenesis experi- 
ments have implicated residues at positions 4 (Villaroel 
et al. 1991; Imoto  et al. 1991), 8 and 12 (Leonard et al. 
1988; Charnet  et al. 1990) in ion-channel interactions. It 
can be seen that these residues are strongly conserved. 
Residue 4 is generally T or S (more rarely G, A or V), 
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residue 8 is generally S or T (rarely A), and residue 12 is 
generally A, S or T (rarely G). It  should also be noted that 
in the anion channel sequences, residues 8 and 12 are T 
rather than S. 

On the basis of the above conserved features simplified 
M2 sequences were designed, given in the lower part  of 
Table 1 (p2 to p6). The aim of these models is to explore 
the properties of the central region of the putative ion 
channel i.e. that between the selectivity filters defined by 
the intermediate (position 1) and extracellular rings (posi- 
tion 22) of anionic residues. In these models the helix was 
extended one residue beyond the extracellular ring, to 
position 23. A synthetic 23-mer peptide corresponding to 
the Torpedo nAChR-6 sequence forms cation selective 
channels in planar bilayers (Oiki et al. 1988). Further-  
more, it transpires (see below) that the results obtained 
are not strongly dependent upon the exact length of the 
M2 model. In order to focus on the " 4 - 8 - 1 2 "  motif, all 
other residues are alanines. Model p2 has serine residues 
at positions 4, 8 and 12, whereas model p3 has threonine 
residues. Model p2' is a truncated version of p2 (15 
residues rather than 23). Models p4, p5 and p6 are intend- 
ed to represent the 4 - 8 - 1 2  motifs in the Torpedo nAChR 
c~, fl/6 and 7 subunits respectively. 

Model  M2 helices (for p2 to p6) were constructed with 
the backbone in a r ight-handed e-helical conformat ion 
(Arnot t  and Wonnacot t  1966), and subjected to at least 
50 cycles of  steepest descents energy minimization. This 
resulted in only minor  changes to the backbone confor- 
mation,  mainly at the N-  and C-termini. Atomic 
charges were assigned according to the C H A R M m  pa- 
rameter  set. The N- and C-termini were set to be in their 
ucharged forms. Initially, the S and T sidechains were set 
in their extended (i.e. Zl = t, ~2 = t )  conformations (see 
Fig. 1 A). 

Table 1. Sequences of M2 helices 

Channel Ion Sequence 

nAChR-~ 
nAChR-fl 
nAChR-v 
nAChR-6 
GlurR-1 
NMDA-R 
5HT a 
GABAA-R-~ 
GABAA-R-fl 
GABAA-R-y 2 
Gly-R-c~ 

p2 
p2' 
p3 
p4 
p5 
p6 

cation 
cation 
cation 
cation 
cation 
cation 
cation 
anion 
anion 
anion 
anion 

262 266 270 
E -K-M-T-L-S -  I - S - V -  L - L - S -  L -T-V-F-  L-L-V-  I -V-E-L 
E - K - M - S - L - S -  I - S - A -  L-L-A-  V-T-V-F-  L-L-L-L-A-D-K 
Q - K - C - T - L - S -  I - S - V -  L - L - A - Q - T -  I - F -  L - F - L -  I -A-Q-K 
E -K-M-S-T-A- I -S- V- L -L-A- Q-A-V-F-  L -L-L-T-  S-Q-R 
N-E- F -G- I -F-N-S-  L -W-F-S-  L -G-A-F-M-Q-Q-G-C-D- I 
D-A- L -T-L-S-  S-A-M-W-F- S-W-G-V-L- L 
E-R- V-S-F-K-  I - T -  L-  L-L-G-  Y- S-V-F- L 
A-R- T -V-F-G-V-T- T-  V - L - T - M - T - T -  L- S 
A-R- V-A-L-G- I -T- T-  V - L - T - M - T - T -  I - S 
A-R- T-  S-L-G- I -T- T - V - L - T - M - T - T - L -  S 
A-R-V-G-L-G-  I-_T- T - V - L - T - M - T - T - Q -  S 

A-A- A- S-A-A-A- S - A - A-A- S- A-A-A-A- A 
A-A- A-S-A-A-A- S- A- A-A-S-  A-A-A 
A-A- A -T-A-A-A- I -  A - A -A-T- A -A-A-A- A 
A-A- A -T_-A-A-A-S - A - A -A- S- A -A-A-A- A 
A-A- A- S -A-A-A- S- A- A -A-A- A -A-A-A- n 
A-A- A- T-A-A-A- S- A- A -A-A- A -A-A-A- A 

~ F2 

- N - S - G - I - G - E  
- I - I - V - S - D - T  
- I - S - A - R - N - S  
-T-H-L-R-E-T 
- T - I - A - R - K - S  
-S-G-S-R-A-S 

-A-A-A-A-A-A 

-A-A-A-A-A-A 
-A-A-A-A-A-A 
-A-A-A-A-A-A 
-A-A-A-A-A-A 

In the models, p2 to p6, the N and C terminal groups are in their 
uncharged forms, i.e. H2N- and CO2H respectively. The numbering 
at the top of the table corresponds to that of the Torpedo nAChR-~ 

sequence. The numbering at the bottom corresponds to that used in 
this paper. For other details, see main text 
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Fig. 1 A - D .  Illustration of the model building procedure using a 
p2t helix. (A) shows the helical monomer.  The N- and C-termini are 
labelled, as are the positions of residues $4, $8 and S12. (13) depicts 
a p2t helix bundle, viewed down the z-axis (i.e. down the axis of the 
central pore). The sidechains of $4, $8 and S12 of helix A are 
labelled. (C) and (D) are stereo pairs illustrating the geometries of 
packing parallel- and tilted-helix models respectively. In bo th  dia- 
grams, the helices are represented by Cot a tom traces. Three dummy 

atoms are defined for each helix: D1 at the midpoint  of Ca  atoms 
of residues 1 to 4, D2 at the midpoint  of Ca  atoms of residues 1 to 
23, and D3 at the midpoint  of C = atoms of residues 20 to 23. These 
dummy atoms may be employed to construct three pentagons which 
describe the overall shape of the bundle. (C) shows a bundle of 
parallel helices, as in p2to5 etc. (D) shows a bundle in which each 
helix is tilted relative to the z-axis (9  = 7 °, see text for details), as in 
p2to5o etc. 
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Helix  bundles Table 2. Sidechain conformations of monomers 

The procedure for generation of  helix bundles is illustrat- 
ed using the p2 monomer  with its S sidechains in the 
extended, i.e. g~ = t, conformat ion  (p2t  - see below). The 
sidechains of  residues 4, 8 and 12 lie on the same face of 
the helix (Fig. 1 A). A parallel, N = 5, helix bundle was 
generated after rotat ing the monomer  through 0 = + 20 ° 
such that  the face of  the helix defined by the C a a toms of 
$4, $8 and $12 was directed along the x-axis. The inter- 
axial separation of  the helices was R = 10 ~ .  A space-fill- 
ing model  of  the bundle showed that  this placed the he- 
lices in close contact  without any atomic overlaps. These 
parameter  values were employed in all subsequent mod-  
els of  parallel-helix bundles. Viewing the resultant model 
down the z-axis (Fig. 1 B) shows that the sidechains of  $4, 
$8 and S12 are directed towards the central pore. 

Two classes of  model were explored. Those with paral-  
lel helices were constructed as above, resulting in the 
bundle geometry illustrated in Fig. 1 C. I f  for each helix 
three dummy atoms are defined, D1 at the midpoint  of  
Ca:  1-4 ,  D2 at the midpoint  of  Ca:  1 -23  and D3 at the 
midpoint  of  C a : 2 0 - 2 3 ,  then three pentagons may  be 
constructed to describe the overall shape of the bundle. 
For  the parallel-helix bundle the three pentagons are al- 
most  identical, with D 1 - D 1  = 9.72k, D 2 - D 2  = 9 .9~ ,  
and D 3 - D 3  = 10.0 ~ .  

The second class of  model constructed had their he- 
lices tilted relative to the z-axis by an angle of  f2 = + 7 ° 
(Fig. 1 D). This value was selected in order to generate a 
model comparable  to that  constructed by Furois-Corbin 
and Pullman (1989a), the dimensions of  which the au- 
thors selected so as to permit  access of  the open-channel 
blocker and photoaffinity label chlorpromazine (CPZ) to 
residues 8 and 11. The interaxial separation at the centre 
of  the helices (defined by the midpoint  of  C a : 1 - 2 3 )  was 
set to R = 1 2 . 4 , ~ .  As before, one may  construct three 
pentagons to describe the overall geometry of  the bundle. 
The bundle is narrower at the N-termini  than at the C- 
termini: D I  -D1 = 10.1 ~ ,  D 2 - D 2  = 12.4/~, and D 3 - D 3  
= 14.4 ]k. Site-directed mutagenesis studies suggest that  
the nAChR pore  is constricted close to the N-termini  of  
the M2 helices ( Imoto  et al. 1991; Konno etal .  1991). 

The two classes of  models, parallel and tilted, were 
used in all subsequent studies. In both  models it as as- 
sumed that  the M2 helix bundle is pentameric and ap- 
proximately parallel, as supported by the biochemical 
and structural evidence. 

Sidechain conformations 

In order to explore possible interactions of  S and T 
sidechains with pcrmeant  ions, it is necessary to consider 
in some detail possible conformat ions  of  these sidechains. 
Sidechain conformat ions  are defined by two torsion an- 
gles: X1 = N - C a - C f l - O 7  and )~2 = C a - C ] ~ - O ? - H ? .  
Thus g~ determines the locations of  the non-hydrogen 
a toms of  the sidechain, and g2 fixes the position of  the 
terminal HT. 

Model Zl Z2/° 

4 8 12 

p2to t + 50 -- 25 -- 70 
p2th t -145 +165 + 95 
p29po g+ - 70 + 70 + 80 
p29ph 0+ -- 160 -- 160 -- 160 
p2gmo 0-- + 36 -- 65 - 80 
p2gmh 0 - + 145 + 175 - 150 

p3gpo g+ - 70 + 65 + 75 
p39ph g + - 165 - 170 - 175 
p3gmo g-- + 45 - 70 - 80 
p3gmh g - + 150 + 175 - 100 

The sidechain torsions angles are defined as follows: Z1 = N-Cct-  
Cfl-Oy and •2 = C~-Cfl-OT-H7 . For Xl, the three conformers 
are defined as: t, ~(1 =180°; g--, )(1: +60°; and g+,  Xx= --60 ° 

Gray  and Matthews (1984) examined the Z1 values of  
S and T residues located in helices. They showed that for 
S residues, Z1 could adopt  values typical of  either the g - ,  
t, or 0 +  conformations (centred about  Z I =  + 6 0  °, 180 ° 
and - 6 0  ° respectively). The g -  and g + conformations 
were somewhat  favoured over t as they permitted hydro- 
gen bonding f rom H 7 : n to O: ( n -  3) and /or  O: ( n -  4) (see 
also Baker and Hubba rd  1984). T residues were shown to 
adopt  mainly the g -  and g + conformations,  as a result 
of  a steric clash between C7: n and O: ( n - 3 )  when X1 = t. 

On the basis of  these stereochemical constraints, he- 
lices have been constructed (see Table 2) for p2 with Z~ 
= O -  (p2gm. . . ) ,  t (p2 t . . . )  or g + (p2gp. . . ) ,  and for p3 
with Zl = g -  ( p 3 g m . . . )  or g + (p39p. . . ) ,  thus defining 
the positions of  the non-hydrogen atoms of  the S/T 
sidechains. Clearly the Z2 values (i.e. the positions of  the 
H 7 atoms) have a major  influence on potential  interac- 
tions of  M2 helices with permeant  ions. Accordingly, a 
conformat ional  search procedure was employed which 
permitted "opt imizat ion"  of  Z2 values for a given species 
of  permeant  ion, so as to maximize possible channel-ion 
interactions. 

The conformat ional  search procedure is illustrated in 
Fig. 2, for residue T8 o f h e l i x p 3 g m  (i.e. m o n o m e r p 3  with 
Z~ = g - ) -  The empirical energy of  the monomer  was eval- 
uated as a function of  Z2, using a torsion angle increment 
of  AZ = 5 °. These case were considered: (A) a p3gm helix 
in isolation; (B) a p3gm helix taken f rom a parallell-helix 
bundle with a K + ion placed on the z-axis level with the 
0 7  a tom o f T 8  (at z = - 7 . 5 5 ~ ) ;  and (C) a p3gm helix 
with a C1- ion at z = - 7.55/~. Thus in (B) and (C) the ion 
is in its position of  closest approach to O7:8  as it moves 
along the central axis of  a parallel-helix bundle. The re- 
sultant energy vs. Z2 curves are given in Fig. 2 D. Note  
that  the energies have been normalised so that E = 0 for 
Z2 = 0 °. 

For  t h e p 3 g m  helix on its own (Fig. 2 D;  curve A) three 
energy minima are seen, corresponding to Z2= + 70°, 
+ 170 ° and - 8 0  ° ( + 2 8 0  °) i.e. the g - ,  t and g +  confor- 
mations respectively. Of  these, Z2 = - 80° is the most  sta- 
ble conformat ion  and is shown in Fig. 2 A. It  can be seen 
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Fig. 2 A-D. The method employed to "optimize" the values ofZz = 
C~-Cf l -Ov-Hv ,  exemplified for residue T8 of helix p3gm. In (A) 
the lowest energy conformation from a grid search on )C2 of T8 
(Az = 5 °) is shown. The T4, T8 and T12 sidechains are labelled and 
oxygen atoms O 7: 8 and O: 4 are shaded. It can be seen that, in the 
absence of any ion, Xz is such that HV: 8 can form a hydrogen bond 
to 0 :4  (broken line; see Table 3 and text). (B) is the equivalent 
diagram illustrating the result of a Zz search conducted in the pres- 
ence of a K + ion. The p3gm he!ix occupied the position it would in 
a parallel helix bundle (0 = 20 , R = 10/~ - see text), with the ion 

8 
placed on the z-axis level with Or:8. The minimum energy confor- 
mation depicted is similar to that in (A), with a hydrogen bond 
(broken line) from HV: 8 to O: 4. (C) shows the minimum energy 
conformation when the K + ion is replaced by C1-. HV: 8 is oriented 
towards the C1- ion, pointing away from O: 4. (D) depicts potential 
energy vs. Z2 curves for the cases considered in A, B and C. For A, 
the minimum is at 1:2 = -  80 °, i.e. approximately g +; for B, the 
minimum is at X2 = - 70°, i.e. approximately g + ; whereas for C, the 
minimum is at X2 = 175°, i.e. approximately t 

tha t  this c o n f o r m a t i o n  is such that  a hydrogen  b o n d  is 
formed f rom HT: 8 to O: 4, in agreement  with the analysis  
of G r a y  and  Mat thews  (1984). 

The result  when  a K ÷ ion is present  is shown in 
curve B of Fig. 2 D. There  is a b road  energy m a x i m u m  
cor responding  to the Z2 = t, ar ising f rom electrostatic re- 
pu ls ion  between H 7 : 8  and  K ÷ . There  is an  energy mini -  
m u m  at )~2 = - 70°. The cor responding  s t ructure  is shown 
in Fig. 2 B. As before, a hydrogen  b o n d  is formed be- 
tween HT: 8 and  0 : 4 .  Consequent ly ,  the lone  pai r  elec- 
t rons  of  0 7 : 8  are directed towards  the K ÷ ion. 

A marked ly  different  m i n i m u m  energy c o n f o r m a t i o n  
is found  when a C I -  ion is present  (Fig. 2 C, curve D). 

There  is a deep energy m i n i m u m  at  Z2 = + 1 7 5  °. This  
results in H 7 : 8  being directed towards  the C1- ion, and  
hence a hydrogen  b o n d  to O: 4 is no t  formed. Thus  it can 
be seen that  electrostatic in teract ions  between pe rmean t  
ion and  sidechain H 7 a tom determine  the preferred con-  
fo rma t ion  of  tha t  sidechain. 

The above procedure  was used to define sidechain 
con fo rma t ions  for helices in ca t ion  and  a n i on  selective 
channe l  models.  F o r  example,  a K ÷ ion was placed adja- 
cent to helix p2t. I t  was pos i t ioned on z level with 0 7 : 4 ,  
0 7 : 8  and  0 7 : 1 2  (successively), and  the m i n i m u m  energy 
con fo rma t ions  ob ta ined  by con fo rma t iona l  searches on  
XE were selected in order  to generate helix p2to (i.e. 
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monomer p2, Zl = t, 07 atoms of 4, 8 and 12 directed 
towards the permeant ion). Repeating this procedure 
with a C1- ion yielded helix p2th, with the H7 atoms 
directed towards the central ion. This procedure was re- 
peated for p2t through to p3gm to generate the helices 
defined in Table 2. It can be seen that these fall into two 
classes. For "o" models (i.e. i on - -K  +) the Z2 values are 
clustered around g + and 9 - ,  whereas for "h" models 
(i.e. ion = C1-) Z2 is clustered around the t conformation. 
In the "o" models the H~, atoms are directed away from 
the permeant ion, whereas in the "h" models they point 
towards the permeant ion. 

Hydrogen bonding patterns of model helices are given 
in Table 3. The criteria for hydrogen bond formation 
were based on those described by Baker and Hubbard 
(1984), with a maximum'O-.. H distance of 2.5 ~ and a 
minimum value of the angle C - O - ' -  H of 90 °. No hy- 
drogen bonding is found in the p2t helices (in agreement 
with Gray and Matthews, 1984) or in the "h" helices 
(with the exception of T12 ofp3gmh). Hydrogen bond- 
ing, both HT:n . . .O : (n -4 )  and (less frequently) 
HT:n--. O: (n-3) is seen in the p29p, p29m, p39p and 
p3gm "o" helices. This is most extensive in p29mo in 
which Hy: 8 forms a bifurcated hydrogen bond to both 
0:5  and 0:4.  

Overall, it is evident that the minimum energy confor- 
mation around Z2 is determine by the balance between 
hydrogen bond formation to preceding mainchain car- 
bonyl atoms, and electrostatic interactions with the near- 
by ion. Hydrogen bonds are formed when a cation is 
present, but not when an anion is present. Interestingly 
there appear to be no significant differences between the 
conformations adopted by the corresponding p2 and p3 
helices. 

Ion profiles and helix dipoles 

The energy profile for an ion is obtained by translating 
the ion along the central axis of the pore, evaluating the 
channel-ion interaction energy as a function of z. As dis- 
cused by Furois-Corbin and Pullman (1989b) and by 
Eisenman and Alvarez (1991), with a channel formed by 
a bundle of parallel, or approximately parallel, helices, 
this energy profile is dominated by the effect of the aligned 
helix dipoles. The latter may be approximated by charges 
of + 1/2 at the N-termini and of - 1/2 at the C-termini of 
the helices (Hol et al. 1978). However, there are several 
reasons for believing that such interactions are of much 
lesser importance in intact receptor-channel proteins. 
Eisenman and Alvarez (1991) have shown that the pres- 
ence of rings of charged sidechains at the mouth of the 
pore cancels the helix dipole effect in a nAChR M25 helix 
bundle model. Furois-Corbin and Pullman (1989 b) sug- 
gest that in the intact nAChR presence of an outer bundle 
of MI or M3 helices cancels the helix dipole effect as a 
result of a bundle of dipoles pointing in the opposite 
direction. In the current study the focus is on the 4-8-12 
motif and channel-ion interactions when the ion is within 
the pore. Thus a method for subtracting the helix dipole 
effect has been devised. 
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Table 3. Sidechain-mainchain hydrogen bonding of monomers 

Models Sidechain d//~ 

O 7 - O : ( n - 3 )  

°'o" Models (K ÷) "h"  Models (C1-) 

O 7 - O : ( n - 4 )  H T - O : ( n - 3 )  H y - O : ( n - 4 )  H y - O : ( n - 3 )  H T - O : ( n - 4 )  

p2to 4 5.0 - 5.7 - 5.2 - 
& 8 5.1 4.7 5.4 5.4 5.5 4.8 
p2th 12 5.1 4.8 5.1 5.4 5.9 5.0 

p2gpo 4 4.8 - 5.6 - 5.3 - 
& 8 4.8 2.9 4.4 2.0* 5.4 3.5 
p2gph 12 4.8 2.9 4.4 2.0* 5.4 3.5 

p2gmo 4 3.0 - 2.4* - 3.6 - 
& 8 3.0 3.1 2.4* 2.2* 3.6 3.4 
p2gmh 12 3.0 3.1 2.6 2.2* 3.5 2.9 

p3gpo 4 4.9 - 5.7 - 5.4 - 
& 8 4.9 3.0 4.5 2.1" 5.4 3.5 
p3gph 12 4.9 4.0 4.5 2.1" 5.3 3.4 

p3gmo 4 3.1 - 2.7 - 3.8 - 
& 8 3.1 3.1 2.7 2.1" 3.8 3.5 
p3gmh 12 3.1 3.1 2.8 2.1" 3.1 2.2* 

Hydrogen bonds are indicated by a*. Criteria for hydrogen bond formation were based upon those of Baker and Hubbard  (1984), as 
described in the main text 
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shows the K ÷-profile for model p2to5 (see text), i.e. the interaction 
energy between the ion and the helix bundle as a function of dis- 
tance along the pore axis (z). This profile contains contributions 
bo th  from aligned helix dipoles of the bundle and from polar 
sidechains of the 4- 8-12 motif. N and C indicate the approximate 
positions on the z-axis of the N- and C-termini of the helices. Curve 
D shows the corresponding electrostatic energy profile for model 
pOn5, i.e. for a parallel bundle of polyalanine helices with the same 
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packing geometry as p2to5. This profile contains only the contribu- 
tion from the helix dipoles. Curve T - D  is the profile generated by 
the difference between profiles T and D. T - D  reveals interactions 
between the ion and sidechains of p2to5, unobscured by the helix 
dipole effect. It is the latter type of profile, with the helix dipole 
effect subtracted, which is used in the remainder of the paper. (B) 
shows the K ÷ profile for model p2to5 broken down into its compo- 
nent terms, i.e. E v (V), E E (E, dotted line), and E r (T). Note tha t  the 
helix dipole effect has been subtracted from E and T 
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The K + ion profile for model p2to5 (i.e. a parallel 
bundle of five p2to helices) is shown as curve T in Fig. 3 A. 
This profile includes the helix dipole contribution, It can 
be seen that there is an energy maximum at z - - -  1 8 / ~  

corresponding to the N-termini of the helices, and a min- 
imum at z =  + 1 7 ~ ,  corresponding to the C-termini. 
These reflect the interaction of the ion with the aligned 
helix dipoles and so, to some extent, interactions of the 
ion with the 4-8-12 motif  are obscured. 

The corresponding K + ion profile for model pOn5 is 
shown in curve D of Fig. 3 A. Model pOn5 is made up of 
five polyalanine (A23) helices, and has the same bundle 
geometry as p2to5. As there are no polar sidechains in pO 
this profile is entirely due to backbone i.e. helix dipole 
interactions. In evaluating the pOn5 profile only the elec- 
trostatic energy, EE, is employed. If one subtracts the 
pOn5 interaction energy profile from thep2to5 energy pro- 
file, curve T - D  (Fig. 3 A) is obtained. This reveals interac- 
tions between the ion and the sidechains, unobscured by 
the helix-dipole contribution. The maximum at z = 
- 18 ~ and the minimum at z = + 17/~ are thus removed, 

This procedure is used throughout  the remainder of 
this paper, i.e. for model X the interaction energy is de- 
fined by: 

E r (X) = E v (X) + EE (X) - E E (pO) 

where E E (pO) represents the helix dipole term, given by 
the electrostatic interaction energy of the corresponding 
pO (i.e. polyalanine) model. 

It is useful to examine the relative contributions of  the 
van der Waals and electrostatic components to the overall 
interaction energy. This is done in Fig. 3 B, again for 
model p2to5 with a K ÷ ion probe. The solid curve, V, 
represents the van der Waals energy and the dotted curve, 
E, the electrostatic energy. Curve T is the total interaction 
energy. Note  that the helix dipole contribution has been 
subtracted from both E and T. It is evident that although 
there is a weak favourable van der Waals interaction 
whilst the ion is within the pore, the overall interaction 
energy is dominated by the electrostatic term. Inspection 
of  the E v and E E components reveals that this is the case 
for all of  the models discussed in this paper. 

Parallel-helix models 

Ten parallel-helix models were constructed. It is useful to 
define the nomenclature used subsequently to refer to 
these. Thus, p2to5 is a bundle of  N = 5 parallel p2 helices 
with X~ = t and )~z in the "o"  (i.e. ion = K +) conforma- 
tion. Likewise, p2to5 is made up of  five p2 helices with 
gt = g  + and Z2 in the "o"  conformation. Table 4 lists the 
ten models thus defined. 

p2 Bundles, K + ion probe. K + ion profiles for the three 
p2"o'" models are given in Fig. 4A:  (T) p2to5; (P) 
p29po5; and (M)p2gmo5. The p2to5 profile has two dis- 
tinct minima, at z = - 7 I t  and z = 0/~, along with a 
shoulder at ca. z = - 11 A. These correspond to the O7 
atoms of  residues $8 (z = - 6 . 0  A), S12 (z = +0.1/~)  and 
$4 (z = - 12.0 ,~) respectively. Of  these minima, the deep- 
est is that associated with $8. The p2gpo5 profile shows 

minima in the same three positions. Those corresponding 
to $4 and $8 are not as deep as in the previous case, but 
that corresponding to S12 is somewhat deeper. The pro- 
file for p2gmo5 shows a well-defined energy minimum at 
$4, a shoulder at $8 and a small barrier at S12. 

These features can be explained by examination of the 
corresponding structures (Fig. 5 A - C ) ,  and by measure- 
ment of  closest approach distances as the K + ion is trans- 
lated along z (Table 4). Thus, in model p2to5 the O7:8 
atoms point directly towards the central axis of  the pore 
(Fig. 5A), and the O T - K  approach distance is closer for 
$8 than for $4 or S12. $8 thus generates the strongest 
interactions with the K + ion. For  model p2gpo5, O7:12 
points more directly towards the pore axis (Fig. 5 B) and 
the O T - K  approach distance is closer for S12 than for $4 
or $8. However, the approach distances for p2gpo5 are 
greater than those for p2to5 - hence the overall deeper 
minima for the latter model. The weaker interactions for 
p2gmo5 can be understood in terms of  more distant 
O T - K  approaches and, in the case of  S12, the O7 atoms 
being directed away from the central axis (Fig. 5 C). 

p2 Bundles, C1- ion probe. The corresponding C1- ion 
profiles for the three p2"h" models are given in Fig. 4 B. 
The p2th5 profile (curve T) has three distinct energy min- 
ima (at z = - 12, - 7 and 0/~), corresponding to residues 
$4, $8 and S12 respectively. The p2gph5 profile (curve P) 
has a pronounced minimum corresponding to $8, with 
lesser minima at $4 and $12. The p2gmh5 profile is simi- 
lar, but the $4 and $8 minima are of approximately equal 
depth. Once again, these features may be understood via 
inspection of the corresponding structures (Fig. 5 D - F )  
and measurement of  closest approach (H 7-C1) distances. 
In all three models the H7 atoms are directed towards the 
centre of  the pore. However, this is most pronounced for 
p2th5. The H ~-C1 approach distances correlate well with 
the relative depths of the energy minima. It is interesting 
to note that for both the "o"  and the "h"  models the 
closest O 7 - K  or H7-C1  approaches are obtained when 
)fi is in the t position. 

p3 Bundles. The K + ion profiles for the two p3"o" 
models and the C1- ion profiles for the two p3"h "models 
are shown in Fig. 4 C, D respectively. In both cases the 
profiles closely resemble those of  the corresponding p2 
models. This can be seen (Table 4) to reflect similar clos- 
est approach distances to those for the p2 models. Note 
that only Z1 = g + or g -  models are explored for p3. As 
discussed above, the )~1 = t conformation is stereochemi- 
cally disallowed for T residues (in helices). Thus it may be 
seen that, as far as Z: = g +  and g -  models are con- 
cerned, substitution of T for S does not substantially alter 
channel-ion interactions. 

Tilted-helix models 

The corresponding ten tilted-helix bundles, with f2 = 7 °, 
were also constructed. For  example, p2to5o (terminal o 
for omega) was constructed from the same p2to monomer  
as model p2to5, but with the constituent helices tilted 
relative to the z-axis. Ion interaction energy profiles for 
the tilted-helix models are shown in Fig. 6, and closest 
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p3gph5 and M -p3gmh5. In each case the corresponding "'pOrt5'" 
profile has been subtracted (see Fig. 3 A and text) 
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Fig. 5. p2 helix bundles, viewed down the z-axis, 
showing residues in the vicinity of the 4-8-12 mo- 
tif. The models shown are: (A) p2to5; (B) p29po5; 
(C) p29mo5; (D) p2th5; (E) p29ph5; and (F) 
p29mh5. In each case the permeant ion (K + in A, 
B and C; C1- in D-F)  is shown a shaded circle. 
The backbone is shown as a shaded coil, the view 
being from the N-termini down the helices. The 
$4, S8 and $12 sidechains are shown in ball-and- 
stick fashion 

approach distances are listed in the lower half  of  Table 4. 
Compar ison  of  the corresponding profiles for parallel 
and tilted-helix bundles is illuminating. In general, tilting 
of  the helices increases the closest approach distances, 
especially for residues 8 and 12. Consequently, the S/T4 
interactions are largely unchanged but the S/T8 and 
S/T12 interactions are weakened. This leads to broader,  
shallower energy minima for the tilted-helix models. For  
example, if  one compares  the C1- profiles for p2th5 
(Fig. 4B; curve T) and forp2thSo (Fig. 6B; curve T) it is 
evident that  for p2th5 the deepest min imum corresponds 
to $8 whereas for p2th5o it corresponds to $4. Further- 
more,  all of  the p2th5o minima are shallower than those 
for p2th5, particularly that  corresponding to S12. Thus, 
one may  conclude that  changing the overall geometry of 
the helix bundle alters the details of  the channel-ion inter- 

action energy profiles, but that  more general features 
remain unchanged. 

Heteromeric bundle models 

All of  the models examined so far have possessed exact 
fivefold symmetry.  However,  al though homomer ic  chan- 
nels have been demonstrated to occur in vivo (e.g. the 
neuronal  nAChR ~7 channel; Couturier etal .  1990), 
many  receptor-channels are known or believed to be het- 
eromeric. For  example, the Torpedo nAChR has stoi- 
chiometry ~2/~ ~ 6. Consequently it is o f  interest to explore 
heteromeric bundle models using the techniques dis- 
cussed above. 

Helices p4, p5 and p6 were used to construct such 
models. As discussed above, these contain the 4-8-12  



292 

0 

-5 

-10 

[ ( k c o l / m o l )  

5 I I 
N C 

/ 

i 
/ 

..... r. -- 
T 

- 1 5  i i i i i 

- 4 0  - 3 0  - 2 0  - 1 0  0 I0 

A z (Angstrom) 

I I 

20 30 40 

E (kco l /mo l )  
I 

N 

- 1 5  r I 

- 4 (  - 3 0  - 2 0  

- 5  

- 1 0  

C 

I 
C 

P 

I I I I I 

- 1 0  0 10 20 30 

z (Angstrom) 

40 

-5 

-10 

F ( k c o l / m o O  

N 
I 
C 

......... ~ T /"~"" " '""" .... 

M 

\,/ 

- 1 5  I T I I I I 

- -40 - -30 - -20 - -10 0 10 20 30 40 

B z (Angstrom) 

Fig. 6. Ion profiles for tilted-helix (Q = 7 °) models formed from p2 
(A and B) and p3 (C and D) helices. For  all of the models the 
approximate positions on the z-axis of  the N- and C-termini are 
marked. (A) shows K+-ion profiles for: T -p2toho (dotted line); P 
-p2gpoho; and M -p29mo5o.  (]3) shows C1- ion profiles for: T - 

E ( k c o l / m o l )  

N 

0 

I 
C 

-5 

-10 
M 

- 1 5  i t ~ I i i i 

-41 - 3 0  - 2 0  - 1 0  0 10 20 30 40 

D z (Angstrom) 

p2th5o ( d o t t e d  l i n e ) ;  P - p 2 g p h 5 o ;  a n d  M - p 2 g m h 5 o .  ( C )  s h o w s  

K+-ion profiles for: P - P39po5o and M - p39mo5o. (D) shows 
C1--ion profiles for: P - p3ophho and M - p39mhho. In each case 
the corresponding "pOnho" profile has been subtracted (see text) 
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Fig. 7 A, B. A heteromeric bundle model (A) is a schematic diagram 
of the positions of the three helix types used to make up the pen- 
tameric bundle. (B) shows K + ion profiles for a parallel helix (h5) 
and a tilted helix (h5o, f2 ~- 7 °) model 

motifs  o f  Torpedo n A C h R  a, fl/6 and y subunits  respec- 
tively. A l though  there is agreement  as to the stoichiome- 
try o f  Torpedo n A C h R ,  the relative posi t ions o f  subunits 
within the pseudo-symmet r ic  pen tamer  remains the sub- 
ject  o f  some debate.  Based on the model  described by e.g. 
Galzi  et al. (1991), heteromeric  bundle  models  were con-  
structed using the a r rangement  o f  m o n o m e r s  shown in 

T a b l e  4. Closest approach distances 

Model chain Side- ~k(O y-K)/  Model chain Side- /~(H~-C1)/ 

p2to5 4 4.9 p2th5 4 4.0 
8 3.9 8 3.1 

12 4.7 12 3.7 
p29po5 4 6.1 p29ph5 4 5.5 

8 4.7 8 3.8 
12 4.5 12 3.8 

p29mo4 4 5.2 p29mh5 4 4.3 
8 5.4 8 4.7 

12 5.4 12 6.0 
p39po5 4 6.2 p39ph5 4 5.5 

8 4.7 8 3.8 
12 4.4 12 3.9 

p3grno5 4 5.2 p3gmh5 4 4.3 
8 5.3 8 4.5 

12 6.3 12 6.2 
p2to5o 4 6.5 p2th5o 4 5.8 

8 5.8 8 4.9 
12 6.3 12 5.6 

p2gpo5 4 5.6 p2gph5o 4 4.7 
8 6.5 8 5.7 

12 8.2 12 7.7 
p29mo5o 4 5.4 p29mh5o 4 4.5 

8 5.3 8 4.4 
12 6.7 12 5.8 

p39po5o 4 6.6 p39ph5o 4 5.8 
8 5.8 8 4.9 

12 6.2 12 5.6 
p3gmo5o 4 5.6 p39mh5o 4 4.6 

8 6.4 8 5.6 
12 8.1 12 7.9 

Fig. 7 A. Sidechain confo rmat ions  were set such that  S 
residues had  gl and Zz values for the cor responding  
residues in p29po and T residues had gl and Z2 values for  
the cor responding  residues in p39po. Thus,  all Zx torsions 
were 9 + ,  Z2 torsions were g + for  residue 4 and were 9 - 
for  residues 8 and 12. Two heteromeric  bundle  models  
were cons t ruc ted  - h5 employing  a parallel-helix bundle  
( N -  5, 0 = + 2 0  °, R = 10A),  and  h5o employing  a tilted- 
helix bundle  (f2 = + 7°). 

K ÷ ion profiles for h5 and h5o are given in Fig. 7B. 
They  should  be c o m p a r e d  with those for  p29po5/p3opo5 
(Fig. 4A,  C) and for  p29po5o/p3gpo5o (Fig. 6A,  C) re- 
spectively. Consider ing h5, the energy m i n i m u m  at z = 
- 16/~ (corresponding to residue 4) is comparab le  to tha t  
seen for  p29po5/p39po5. This reflects the presence o f  an 
S or  T residue at posi t ion 4 in each of p4, p5, a n d p 6 .  A 
similar s i tuat ion holds for  the energy m i n i m u m  at z = 
- 7  ~ ,  cor responding  to residue 8. However ,  the energy 
m i n i m u m  at z = - 1 2k is m u c h  shallover than  the corre-  
sponding  min ima  for  p29po5/p39po5. Only  p4 has a hy- 
droxyla ted  residue at posi t ion 12 (S), whereas bo th  p5 
and p6 have A12. Thus  the five 0 7 : 1 2  a toms  ofp2gpo5/ 
p39po5 are replaced by only two Oy :12 a toms  in h5, 
resulting in a weakened channel- ion interaction.  

Turning to the K + ion profile for  h5o, this bears a 
similar relat ionship to the profiles for  p29po5o/p3gpo5o 
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Fig. 8 A, B. Illustration of the effect of reducing the length of the 
helices on ion profiles. In (A) the K + ion profiles for models p2gpo5 
(dotted line; 23 residues) and p2'opo5 (15 residues) are illustrated. 
(B) depicts the C1- ion profiles for models p2gph5 (dotted line) and 
p2' gph5 

in that the energy minimum corresponding to residue 12 
in the latter is reduced to a shoulder at ca. z = 0/~ for h5o. 
Overall, these results for heteromeric bundles suggest 
that the same general principles operate as for homomer-  
ic bundles, but  that detailed ion profiles for channels will 
depend upon their subunit composition. 

Truncated M2 helix modles 

In all of  the previous models it has been assumed that the 
M2 helices are 23 residues (i.e. ca. 35 ]k) long. A length of  
20-25  residues for a transmembrane helix is a common 
assumption as it would permit such a helix to span the 
central hydrophobic region of  a lipid bilayer (Capaldi 
1982). However, it is uncertain whether the M2 helices of 
e.g. the nAChR extend to this length. The site-directed 
mutagenesis studies cited earlier support residues 1, 4, 8 
and 12 as forming the hydrophilic face of  an M2 helix. 
However an M2 helix extending not much further than 
residue 12 would be as consistent with these results as 
would a longer one. Conservation of T15 for anion selec- 
tive channels suggests that the M2 helix may be at least 15 
residues long, although there is no mutagenesis data to 
support  this. Although a 15-mer helix would not  on its 
own span an undistorted bilayer, it should be born in 
mind that within the intact protein a bundle of  such he- 
lices would be surrounded by other membrane spanning 
peptide chains, and so M2 helix-bilayer length mismatch 
need not be energetically unfavourable. 

In view of  these considerations, helix p2' was chosen as 
a 15-residue equivalent of p2. Monomers  p2'gpo and 
p2'oph were constructed, with Z~ = g + and Z2 values as in 
p29po and p29ph respectively. K + and C1- ion profiles 
for the respective parallel-helix bundles p2'gpo5 and 
p2'oph5 are shown in Fig. 8 A, B respectively. The pro- 
files for the truncated-helix models (solid curves) are 
compared with those of  the corresponding 23-residue he- 
lix models (dotted curves). It is clear that there is little 
difference between those regions of  the profiles corre- 
sponding to residues 1 -15.  Minor differences are seen in 
the regions corresponding to the C-terminal extensions of  
the longer helices. Thus one may conclude that observa- 
tions made within this paper are robust to the exact 
length of  the M2 helices, provided that the 4-8-12 motif- 
containing region is helical. 

D i s c u s s i o n  

Implications of modelling studies 

The modelling studies clearly indicate that channel-ion 
interactions in M2-analogue helix bundle models are 
strongly dependent upon the Z1 and ~2 values of polar 
sidechains at positions 4, 8, and 12. Permitted gl values 
are primarily determined by stereochemical criteria, with 
the constraints being greater for T sidechains. The gz 
values adopted are determined by electrostatic interac- 
tions between sidechain hydroxyl groups and permeant 
ions. It is of interest to note that neutron diffraction 
studies of hydroxyl hydrogen conformations in trypsin 
(Kossiakoff et al. 1990) revealed that, in situations where 
there was an incompatibility between steric and electro- 
static criteria, the latter were dominant  in determining 
H7 positions. Furthermore,  no correlations were noted 
between gl and Z2 values. Similar conclusions were ob- 
tained by Briinger and Karplus (1988) on the basis of 
empirical energy placement of  polar hydrogen positions. 



295 

The "optimization" procedure introduced to deter- 
mine gz values for use with different permeant ions is an 
approximation employed in order to enable ion energy 
profiles to be calculated using "frozen" coordinates for 
channel models. An alternative is to translate the ion 
along z, and for each position of the ion to perform an 
energy minimization in which sidechain atoms are al- 
lowed to move whilst mainchain coordinates are fixed. 
This was used by e.g. Furois-Corbin and Pullman (1991) 
in their study of the nAChR. A comparable approach has 
been evaluated (Sansom, unpublished results) on M2 he- 
lix bundle models, and on models of channels formed by 
zervamicin (a peptaibol related to alamethicin; Sansom 
1991; Balaram et al. 1992). Profiles thus obtained were 
similar to those derived via the "optimization" proce- 
dure. 

Implicit in the optimization procedure is the assump- 
tion that the conformation of the sidechains, i.e. Z2, is 
able to adjust as the ion moves through the channel. In 
the case of a permeant K + ion the conformational 
changes required are relatively small for the Z1 g -  and 
g + models, as hydrogen bonding in absence of the ion 
causes X2 to adopt values close to the "optimum". In the 
case of CI-, the requisite conformational changes are 
larger, as pre-existing hydrogen bonds must be broken in 
order to permit favourable HT-C1 interactions. Some 
support for the possibility of such a "wave" of conforma- 
tional change as the ion moves through the channel arises 
from molecular dynamics studies of gramicidin (Mackay 
et al. 1984; Jordan 1990; Roux and Karplus 1991) which 
indicate that local deformation of mainchain carbonyl 
groups occurs as Na + ions move along the channel. 

The main conclusion from the current study is that 
conformational flexibility at ~2 enables both S and T 
residues to form favourable interactions with anions or 
cations. A subsidiary conclusion is that there is thus no 
apparent difference between S and T residues in their 
interactions with permeant ions, other than the inability 
of the latter to adopt the ;~1 -- t conformation. As all three 
classes of model (i.e. X1 = 9 - ,  0 + and t) are capable of 
generating favourable interactions with both anions and 
cations, this suggests that the presence of T vs. S residues 
within the 4-8-12 motif is not a principal mechanism 
whereby anion/cation selectivity may be generated. 

The studies on 4-8-12 motif models described in this 
paper are related to two other investigations, both of 
which concern models of complete nAChR M2 helices. 
Furois-Corbon and Pullman (1989 a, b; 1991) have stud- 
ied a tilted-helix bundle model employing 21-residue Tor- 
pedo nAChR ~, fi, ~, and 6 M2 sequences. Negatively 
charged sidechains at position 1 were included in this 
model. Model coordinates were frozen except for the 
sidechains of 4, 8, 12, 15 and 19, and the probe was an 
Na + ion. The resultant energy profile showed energy 
minima corresponding to residues 4, 8 and 12 compara- 
ble to those seen in the current study, in addition to 
minima at positions i and 15. However, analysis of 
sidechain conformations was not presented, and anion 
probes were not explored. Eisenman and Alvarez (1991) 
performed an energy profile calculation on the Torpedo 
nAChR M2 6 model of Oiki et al. (1988), using the 

protein-dipole Langevin-dipole algorithm of Warshel 
and Russell (1984). Their approach resembled that em- 
ployed herein that two alternative Z2 values were ex- 
plored for hydroxyl sidechains, one for a Cs + ion probe 
and one for a C1-. However, detailed information on 
sidechain conformations (in particular Z1 values) was not 
reported. An important aspect of the current study is the 
attempt to relate conformational properties of channel- 
lining sidechains to their interactions with permeant ions. 

Overall, the current study complements and confirms 
the picture of nAChR channel structure emerging from 
site-directed mutagenesis and related studies. The latter 
suggest that ion selectivity is conferred on the channel by 
"rings" of charged residues at either entrance to the pore 

- the co-called cytoplasmic, intermediate and extracellu- 
lar rings. The 4-8-12 motif therefore provides a series of 
transient, non-selective binding sites for either anions or 
cations. Either S or T residues may be employed as lig- 
ands for the permeant ions. 

An interesting corollary of these conclusions is the 
prediction that a channel lined solely with S should be 
permeable to both anions and/or cations. Lear etal. 
(1988) synthesized a 21-mer S-rich peptide ( L - S -  S-  L -  
L - S - L ) 3 - N H 2 ,  and demonstrated that it formed cation 
selective channels in planar lipid bilayers. Model-build- 
ing studies suggested an N = 6 parallel-helix bundle for 
the structure of the channel. It is unclear why such a 
channel cannot permit, anions to pass through it, simply 
by switching the Z2 values appropriately. Conceivably the 
network of hydrogen bonds within the lining of the chan- 
nel is such as to lock the ~2 torsions into an "o" confor- 
mation, thus generating cation selectivity. 

Possible extensions of the models 

This paper focuses on the 4- 8-12 sequence motif. Clearly 
M2 helices of members of the nAChR superfamily are 
more complex with respect to their possible interactions 
with ions. Furthermore, ion channels interact not only 
with inorganic, ions but with larger, impermeable organic 
ions (i.e. open-channel blockers). There are two direc- 
tions in which the models employed in this paper may be 
extended: (a) incorporation of more complex M2 se- 
quence motifs; and (b) modelling of channel-blocker in- 
teractions. 

More complex motifs. The most immediate extension to 
the 4-8-12 motif is to incorporate residue 15. This is a 
conserved T in anion selective channels and is generally a 
V (more rarely I or A) in cation selective channels (see 
Table 1). On a helical wheel projection it lies between 
residues 4 and 8 and thus is directed towards the centre of 
the pore. Incorporation of T15 would be expected to add 
an additional energy minimum to ion profiles. 

In the current models residue 11 is located close to the 
helix-helix interface. Position 11 is a conserved hydro- 
phobic residue, generally L (more rarely F). Revah et al. 
(1991) constructed various LI1 mutants of nAChR a7. 
Mutant L11T had a decreased rate of desensitization and 
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exhibited an additional conductance level in single chan- 
nel recordings. A possible explanation is that L11 nor- 
mally occludes the channel when in the desensitized con- 
formation. Incorporation of L l l  in M2 bundle models 
may provide valuable clues as to changes in bundle geom- 
etry which occur during the sequence of conformational 
changes (closed => open =~ desensitized) which occurs 
following exposure of nAChR to acetylcholine. 

Finally, it would be of interest to incorporate E1 into 
the models. This residue forms the "intermediate ring" of 
anionic residues, which mutagenesis studies (Konno et al. 
1991) have shown to be a major determinant of nAChR 
ion selectivity. On a helical wheel projection E1 lies be- 
tween residues 8 and 12 and thus is directed towards the 
lumen of the channel. Several problems might be associ- 
ated with incorporation of E1 into the models: (a) it is a 
flexible sidechain and one might need to consider helix 
bundle models in which the five E1 sidechains adopt dif- 
ferent conformations (Sansom, unpublished results); 
(b) the local pK, of E1 is not known and may differ from 
its free solution value, given the presence of several such 
sidechains in relatively close proximity; and (c) at any 
one time, not all of the E1 sidechains in a bundle need be 
dissociated. If exploring the properties of single channels 
then (c) might have to be treated in a stochastic fashion. 

Open-channel blockers. Open-channel blockers are large 
organic ions which are believed to bind to the pore of an 
open channel in a voltage-dependent fashion, thus oc- 
cluding it and preventing passage of ions (Hille 1984). 
The local anaesthetic derivative QX-222 is an open-chan- 
nel blocker of nAChR which has been studied in some 
detail. It has a bulky aromatic residue linked to a 
trimethylammonium group. Mutations S8A and $12A 
(Leonard et al. 1988; Charnet et al. 1990) decreased the 
affinity of nAChR for QX-222, implicating these residues 
in hydrogen-bond interactions with the blocker. Certain 
mutations of L l l  of ~7 (L l lT  and LIlS,  but not L l lV  
and L11F) abolish block by QX-222 (Revah et al. 1991), 
implicating L l l  in hydrophobic interactions with the 
blocker. Combining such information with electrophysi- 
ological data on the voltage dependence of QX-222 block 
should enable development of a model for QX-222 inter- 
actions with simplified M2 bundle models in order to 
provide a reasonably accurate representation of the inter- 
actions of the blocker with the intact receptor. 

nAChR and various Glu-R (including NMDA-R) are 
blocked by a variety of toxins which are based upon a 
spermine-like polyamine group, of which the most inten- 
sively studied is philanthotoxin (PhTx; Eldefrawi et al. 
1988). As for QX-222, PhTx is believed to bind within the 
lumen of the open channel. Preliminary modelling studies 
(Sansom, unpublished results) suggest that the structure 
of spermine is closely complementary to that of the 
4-8-12 motif. Studies are currently underway to develop 
stuctural models of polyamine toxin interactions with 
M2 bundle models. These are of particular interest as 
quantitative structure-activity data is available for bind- 
ing of a wide range of PhTx analogues to nAChR and to 
NMDA-R (Anis et al. 1990). 

Methodological limitations 

Two aspects of the methodology merit further discussion. 
The first is the absence of any (explicit) representation of 
solvent in the models. The primary reason for this is that 
the study was designed to provide a structural rational- 
ization of a motif found in amino acid sequences of recep- 
tor-channel proteins, rather than to calculate true ion 
permeation profiles. Thus ion solvation/desolvation pro- 
cesses were not taken into consideration. An attempt to 
accommodate solvent screening of electrostatic interac- 
tions was made via use of a distance dependent dielectric. 
As demonstrated in an earlier paper (Sansom et al. 1991), 
although one may argue for and against such a model 
(e.g. Gilson and Honig 1988), adoption of different mod- 
els for the dielectric does not qualitatively alter the resul- 
tant channel-ion interaction profiles. 

The second aspect of the methodology meriting atten- 
tion is the "helix dipole subtraction" procedure. In one 
respect, this may be viewed merely as a computational 
device for "uncovering" the interactions of a permeant 
ion with the 4-8-12 motif. More rigorously, the proce- 
dure is justified given that: (a) rings of anionic residues; 
and (b) an outer bundle of oppositely oriented helix 
dipoles, are able to compensate for the helix dipole effect 
in the intact nAChR and related proteins. This has been 
demonstrated both using models similar to those ex- 
plored above (Sansom, unpublished observations), and 
for models or Torpedo nAChR (Eisenman and Alvarez 
1991; Furois-Corbin and Pullman 1989b; 1991). As dis- 
cussed by e.g. Richardson and Richardson (1989), gluta- 
mate residues at position 1 of a-helices tend to neutralize 
the helix dipole. 

Several possible improvements to procedures adopted 
in this study may be pursued. Generation of helix bundles 
may be refined so as to eliminate "intuitive" selection of 

• input parameters (0, R, f2). We are currently investigating 
the use of hydrophilic surface maps (Kerr and Sansom 
1992) in order to define 0 more objectively prior to con- 
struction of initial bundle models. These models may 
then be refined via simulated annealing methods (Chou 
and Carlucci 1991). Nilges and Br/inger (1991) have used 
a simulated annealing protocol to investigate the coiled- 
coil structure of a leucine zipper. Preliminary investiga- 
tions (Doak, Kerr and Sansom, unpublished observa- 
tions) suggest that a similar procedure may be successful- 
ly employed to refine a helix bundle model of the ion 
channel formed by Staphylococcus aureus b-toxin. It may 
prove necessary to incorporate a (simplified) representa- 
tion of the bilayer environment into such calculations 
(see e.g. Wang and Pullman 1991). 

Treatment of ion solvation/desolvation would enable 
true permeation profiles to be calculated. This has been 
achieved by several workers (~qvist and Warshel 1989; 
Roux and Karplus 1991) applying free energy perturba- 
tion calculations to gramicidin channels. However, it 
would probably be desirable to improve the 4-8-12 motif 
models (see above) before carrying out such calculations. 
A possible alternative to such calculations may lie in dif- 
fusion-based simulations of ion permeation using numer- 
ical solution of the linearized Poisson-Boltzmann equa- 
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t ion  to  eva lua te  e lec t ros ta t ic  in te rac t ions ,  fo l lowed  by  
B r o w n i a n  d y n a m i c s  s imula t ions  (Davis  et al. 1991). This  
a p p r o a c h  has  been  successful ly e m p l o y e d  in s tudies  o f  
enzyme- l igand  a s soc ia t ion  kinet ics  (e.g. M a d u r a  and  Mc-  
C a m m o n  1989). B r o w n i a n  d y n a m i c s  s imula t ions  o f  ion  
p e r m e a t i o n  have  a l r eady  been  ca r r i ed  ou t  for  r a the r  m o r e  
abs t r ac t  mode l s  o f  ion  channels  ( C o o p e r  et al. 1985). 
Overal l ,  one m i g h t  envisage a t t e m p t i n g  to combine  
mo lecu l a r  d y n a m i c s  s imula t ions  for  shor t  t imesca le  in- 
fo rma t ion ,  wi th  B r o w n i a n  dynamics  or  re la ted  s imula-  
t ion m e t h o d s  for  l onge r  t imescale  b e h a v i o u r  (see discus-  
s ion in D a n i  and  Levi t t  1990). 
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