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Abstract 

The transbilayer pore of the nicotinic acetylcholine receptor (nAChR) is formed by a pentameric bundle of M2 helices. Models of 
pentameric bundles of M2 helices have been generated using simulated annealing via restrained molecular dynamics. The influence of: (a) 
the initial C a template; and (b) screening of sidechain electrostatic interactions on the geometry of the resultant M2 helix bundles is 
explored. Parallel M2 helices, in the absence of sidechain electrostatic interactions, pack in accordance with simple ridges-in-grooves 
considerations. This results in a helix crossing angle of ca. + 12 °, corresponding to a left-handed coiled coil structure for the bundle as a 
whole. Tilting of M2 helices away from the central pore axis at their C-termini and/or inclusion of sidechain electrostatic interactions 
may perturb such ridges-in-grooves packing. In the most extreme cases right-handed coiled coils are formed. An interplay between 
inter-helix H-bonding and helix bundle geometry is revealed. The effects of changes in electrostatic screening on the dimensions of the 
pore mouth are described and the significance of these changes in the context of models for the nAChR pore domain is discussed. 
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1. Introduct ion 

The nicotinic acetylcholine receptor (nAChR) is a 
cation-selective, ligand-gated ion channel, with subunit 
stoichiometry a2/~'~6 [l]. The subunits are arranged 
quasi-symmetrically about a 5-fold axis, which coincides 
with the central trans-bilayer pore [2]. Chemical labelling 
experiments [3,4] and site-directed mutagenesis studies 
[5-7] suggest that the second putative transmembrane do- 
main (M2) within the sequence of each subunit forms the 
lin!ng of the channel [8-10]. Electron diffraction studies at 
9 A resolution reveal that five M2 helices, one from each 
subunit, form an approximately parallel bundle surround- 
ing a central pore [11,12]. In the absence of atomic resolu- 
tion structural data for nAChR, investigation of possible 
modes of packing of M2 helices within parallel bundles 
will facilitate modelling studies of the nAChR per se. 
Furthermore, the structural motif of a bundle of parallel 
transmembrane helices is of general importance, as it 
appears to occur in several ion channel proteins in addition 
to the nAChR [13-16]. Parallel helix bundles are also 
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generated by a number of channel-forming peptides which 
self-assemble within lipid bilayers to form aqueous pores 
[17-20]. 

c~-Helical coiled coils related to parallel helix bundles 
have been studied by several investigators both experimen- 
tally [21-23] and theoretically [24-27]. The packing of 
helices within such coiled coils may be compared with 
models for transmembrane (TM) helix bundles. In a previ- 
ous study we modelled parallel bundles of simple hy- 
drophobic and amphipathic helices [28]. These studies 
revealed a preference of simple hydrophobic TM helices 
(Ala20 and Leu20) for left-handed coiled coils. However, 
the presence of polar side chains (Ser and Thr) within 
simple amphipathic helices appeared to perturb ridges-in- 
grooves helix packing. It is therefore of interest to investi- 
gate how electrostatic interactions of polar side chains 
within TM helices may alter the geometry of such helix 
bundles. As the M2 helices of nAChR contain several 
polar side chains (both charged and uncharged) they pro- 
vide ideal candidates for such a study. 

There is a long history of attempts to model the pore 
domain of the nAChR [4,14,29-31]. Such studies have 
employed a number of different methodologies in order to 
pack together the M2 helices. In this paper, we use simu- 
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lated annealing via restrained molecular dynamics 
( S A / M D )  to model pentameric bundles of  M2 helices. In 
this way we hope to automatically generate pore models 
consistent with a number of input assumptions and re- 
straints, the latter derived by consideration of  experimental 
(e.g. mutagenesis) data. The M2 sequence employed is that 
of  chick ot 7 nAChR. Th!is neuronal nAChR forms homo- 
pentameric channels (i.e. a 5) and has been the subject of  
extensive mutagenesis studies [9,10]. The S A / M D  proce- 
dure employed generates an ensemble of  structures which 
is amenable to statistical analysis. Several ensembles of  
M2 helix bundles have been generated, by varying factors 
such as: (a) the orientation of  polar side chains relative to 
the centre of  the pore; (b) the tilt angle of the M2 helices 
away from the central pore axis; and (c) the degree of  
screening of  sidechain electrostatic interactions during MD 
simulations. The geometric and energetic properties of  the 
resultant structures are analyzed in order to explore corre- 
lations between the extent of  inter-helix electrostatic inter- 
actions and the deviation of  M2 bundle geometry from that 
of  an ideal left-handed coiled coil. 

2. Methods  

2.1. Computational 

Molecular dynamics (MD) simulations and model build- 
ing were carried out using XPLOR V3.1 [32] with the 
CHARMm PARAM19 parameter set [33], Only those hy- 
drogen atoms attached 1:o the polar groups were repre- 
sented explicitly; apolar groups were represented using 
extended atoms. Display and examination of  bundles was 
carded out using QUANTA V4.0 (Molecular Simulations) 
and diagrams of  the structures were drawn using 
MOLSCRIPT [34]. MD simulations were performed on 
DEC 3000 400 computers. All other calculations were 
carried out on Silicon Graphics R3000 workstations. 

2.2. Simulated annealing via restrained molecular dynam- 
ics 

helices are superimposed upon the C c~ atoms of  the corre- 
sponding residues. These atoms 'explode' from their C a 
atoms, the positions of  which remain fixed throughout 
Stage 1. Annealing starts at 1000 K, during which weights 
for covalent terms 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 empiri- 
cal 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 the cooling, the van der Waals radii are reduced to 
80% of their standard value to enable the atoms to pass by 
one another. Electrostatic terms are not included during 
Stage 1. Five structures are generated from a given C a 
template. 

Structures from Stage 1 are each subjected to four 
restrained MD runs during Stage 2, resulting in an ensem- 
ble of 5 X 4 = 20 final structures. Initial velocities are 
assigned corresponding to 500 K. Harmonic restraints are 
imposed on C a atoms at the beginning of Stage 2 and are 
progressively relaxed as the temperature is reduced from 
500 to 300 K. Inter- and intra-helix distance restraints are 
also introduced at this point (see below). On reaching 300 
K, a 5 ps burst of  constant temperature dynamics is 
performed, followed by 1000 steps of  conjugate gradient 
energy minimization. During the latter burst of  dynamics 
and energy minimization, no positional restraints are im- 
posed on the C a atoms, but inter- and intra-helix distance 
restraints are retained. 

During Stage 2 electrostatic interactions are introduced 
into the potential energy function. All main-chain atoms 
are assigned partial charges as defined by PARAM19 
parameter set. Partial charges for sidechain atoms of polar 
residues are gradually scaled up, while the temperature is 
reduced from 500 to 300 K. In order to study the influence 
of  electrostatic interactions involving polar side chains on 
helix packing a number of  different electrostatic models 
have been employed (Table 1). These models differ in the 
degree of screening of  electrostatic interactions between 
polar side chains. Such screening is controlled by: (a) 
varying the final scale factor applied to polar sidechain 
atoms; and (b) varying the dielectric model. 

Our implementation of  the S A / M D  method is similar 
to that of  Nilges and Briinger [35], and has been used to 
model single TM helices [36-38], simple TM helix dimers 
[39] and simple TM helix bundles [28,40]. S A / M D  is 
carried out in two stages. In Stage 1 a slow annealing 
simulation is used to generate approximate coordinates for 
the polypeptide backbone and for the side chains, whilst 
the overall orientations of  the helices remain fixed. In 
Stage 2, a restrained MD simulation, the helices are al- 
lowed to move and the sidechain and backbone conforma- 
tions are refined. 

The starting point for Stage 1 of an S A / M D  run is a 
C a template corresponding to an ideal pentameric bundle. 
The remaining backbone and sidechain atoms of the TM 

Table 1 
Polar sidechain electrostatic models 

Simulation Scaling of charges a Dielectric model 

I 0 . 0  e = r 

II 0.05 ~ 0.4 6 = r 
III 0.05 ~ 1.0 e = r 
IV 0.05 ~ 1.0 e = 2 
V 0.05 ~ 1.0 e = 1 

a Scaling of charges refers to the scale-factor applied to the partial atomic 
charges of polar side chains during Stage 2 of SA/MD. To truncate 
distant interactions, models I, II and III employed a switch function from 
5 ,~ to 9 ~,, whereas models IV and V used a shift function with a 9 
cutoff. 
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2.3. Distance restraints 

Intra- and inter-helix distance restraints are imposed 
during Stage 2. Both classes of restraints are implemented 
using a biharmonic restraining function. Intra-helix re- 
straints are used to maintain a-helical geometry and so act 
between the carbonyl O of residue i and the amide H of 
residue (i + 4). Target distance for these restrains are 
derived from a-helical H-bonding geometries observed in 
crystal structures of globular proteins [41]. 

Inter-helix restraints act between pairs of virtual atoms 
defined as the geometric centres of two groups of C a 
atoms, one group within each of a pair of helices. The 
inter-helix restraints employed in the various simulations 
are defined in Table 2, and are discussed in more detail 
below. Note that in Table 2: (a) e.g. H i ( C a : 2 - 8 )  implies 
the geometric centre of C ce atoms of residues 2 to 8 of 
helix i; and (b) the pattern of restraints is cyclic, i.e. for a 
pentameric helix bundle, H i tO H/+ 1 implies restraints 
linking helix 1 to 2, 2 to 3, 3 to 4, 4 to 5 and 5 to 1. 

3. Results 

z 
t 

\ ~ I 

\ i \ !  
\ i  
\J 

Fig. 1. Helix orientation parameters used to generate C o~ templates. (A) 
illustrates the definition of 0; (B) the definition of ~'. The 5-fold axis of 
the helix bundle is labelled z. 

3.1. M2 sequence and Ca templates 

The starting point for generation of an ensemble of 
structures by S A / M D  is a template which specifies the 
initial C a  coordinates of the helices. Several such C a 
templates have been explored, taking into account experi- 
mental data on channel-lining side chains and on the 
approximate shape of the nAChR pore. Each template 
consisted of a pentameric bundle of chick a 7 nAChR M2 
helices, the sequence of which is: 

Ac-E-K-I-S-L-G- I-T-V-L-L-S-L-T-V-F-M-L-L-V-A-E-NH 2 
1' 4' 8' 12' 

The numbers below the sequence correspond to the chan- 
nel-lining side chains shown in bold type and define the 
numbering scheme used throughout this paper, in which 

the glutamate residue of the cytoplasmic intermediate ring 
[10] of M2 is numbered 1'. The N-terminus of the helix is 
blocked with an acetyl group and the C-terminus with an 
amide group in order to mimic the effects of the preceding 
and following peptide bonds within the intact protein. The 
length of M2 and its position within the a 7  nAChR 
sequence are consistent with current structural and mutage- 
nesis data [10,11]. 

C a  templates were generated using idealized helix 
parameters (rise/residue = 1.5 A; 3.6 residues/turn). The 
initial inter-axial separation of adjacent helices within a 
bundle was 9.4 A, consistent with the results of crystallo- 
graphic analyses of helix/helix packing in globular pro- 
teins [42]. Two parameters define the orientation of M2 
helices within a C a template: (a) 0, the angle of rotation 
of M2 about its major axis relative to the centre of the 
pore; and (b) r ,  the tilt angle of M2 away from the central 
pore (z)  axis (see Fig. 1). 

Table 2 
Target distances for inter-helix restraints 

Restraint Target distance (~i) 

M2c~7/rO0+ 20 M2c~7/r30+ 20 M 2 a 7 / r 6 0  + 20 
M2ce7/rO00 M 2 a 7 / r 3 0 0  M2c~7/r600 
M 2 c e 7 / r O 0 -  20 M 2 a 7 / r 3 0 -  20 M2 o e 7 / r 6 0 -  20 

Hi(C oe:2-8) to Hi+ i(C~:2-8) 
Hi(C oe:9-15) to Hi+ i(C c~:9-15) 
Hi(C oe:16-22) to Hi+ l(C oe:16-22) 
Hi(C ot:2-8) to Hi+ 2(C a :2-8)  
Hi(C a:9-15) to Hi+ 2(C oe:9-15) 
Hi(C ce:16-22) to Hi+ 2(C 0e:16-22) 

9.5 9.5 9.5 
9.5 10.4 11.8 
9.5 11.3 13.9 

15.2 15.2 15.2 
15.2 16.8 19.0 
15.2 18.3 22.5 
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The hydrophilic face of  M2, defined by residues 1', 4', 
8' and 12', has been demonstrated to form the lining of  the 
channel [5,10]. In particular, residues 8' and 12' have been 
implicated in interactions with a non-competitive blocker, 
QX-222, which binds within the lumen of the channel 
[6,7]. Thus, O = 0 ° was defined to correspond to an M2 
orientation in which C a of  T8' pointed directly towards 
the pore (z )  axis. Three values of  0 were used in con- 
structing C c~ templates: 0 = + 20 °, 0 ° and - 2 0  ° (see Fig. 
2). Thus, for 0 = + 20 ° the C a atoms of residues T8' and 
S12', for 0 = 0  ° Cot T8' and for 0 =  - 2 0  ° C a  $4' and 
T8' point towards the centre of  the pore. 

Three values of  r were considered: r =  0 ° (i.e. M2 
parallel to z), 3 ° and 6 °. The latter two values correspond 
to tilting of the C-termini of  the helices away from the 
pore axis, thus producing: a wider mouth at the C-termini 
than at the N-termini. This is consistent with: (a) entry of  
bulky channel-blocking drugs, e.g. QX-222, into the lumen 
of the channel from the extracellular (i.e. C-terminal) side 
[7]; and (b) combined mutagenesis and electrophysiologi- 

cal studies which suggest that the narrowest region of  the 
channel is closest to the N-termini of  M2 [43]. The inter- 
helix distance restraints required to maintain these r val- 
ues during the simulations are given in Table 2. 

Overall, nine different C a  templates were generated 
(three 0 values and three r values) using a grid search of  
Eulerian angles defining the helix orientations. The O = 0 ° 
orientation was defined as that for which the sum of 
H i(C ot :8') to Hi+ l(C ot :8') distances across all helices of  
the bundle was at a minimum. Inter-helix distance re- 
straints defining the r values are given in Table 2. 

3.2. Generation of ensembles 

In generating ensembles of  structures by S A / M D ,  the 
influence of electrostatic interactions between polar side 
chains on pore geometry was explored by employing 
different models for the screening of such interactions 
(Table 1). Model I omits sidechain electrostatic interac- 
tions entirely, providing a baseline against which the ef- 

0 = + 2 0  0 = 0  

0 = - 2 0  

e 

Fig. 2. Effect of the helix orientation angle 0 on the positions of  side chains $4',  T8' and S12' relative to the channel lumen. Selected structures are shown 
for 0 = + 20 ° (A; C ot template M2 a 7~tO0 + 20), 0 ° (B; M2 a 7~tO00) and - 2 0  ° (C; M2 a 7~tO0 - 20). Note the numbering of the helices, which are 

shown with their C-termini towards the viewer. 
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fects of  such interactions may be evaluated. In models II 
and III such interactions are screened (as in e.g. S A / M D  
studies of GCN4 helix dimers [35] and related coiled coils 
[44]), whereas in IV and V the sidechain electrostatic 
interactions are unscreened. 

Together, nine C a templates in combination with five 
electrostatic models were used to generate 45 distinct 
ensembles of  M2 helix bundles, each containing 20 struc- 
tures. In discussing the properties of  these ensembles e.g. 
M2c~7/~-00 + 2 0 / I V  will be used to refer to the ensem- 
ble generated from the ~-= 0 °, 0 = + 20 ° C a template, 
using sidechain electrostatic model IV. A typical ensemble 
( M 2 a 7 / ' r 3 0 0 / I I )  is shown in Fig. 3, illustrating the 
variation in bundle geometry which remains possible within 
a given set of  restraints. In analyzing the ensembles thus 
generated, we will first consider patterns of  inter-helix 
H-bonding interactions, and then relate these to geometric 
and energetic properties of the bundles. 

3.3. Inter-helix H-bonds 

Intra- and inter-helical interactions of  polar side chains 
were identified by calculation of  distances between pooten- 
tial interacting atom pairs, using a cut-off of 3.5 A be- 
tween non-H atoms. Three interactions were predominant 
within the ensembles: (a) an intra-helical ion pair between 
residues El '  and K2'; (b) a H-bond from $4' of helix i to 
El '  of  helix (i - 1); and (c) a H-bond between $4' of  helix 
i and K2' of  helix ( i -  1). These interactions are desig- 
nated as EK, SE and SK, respectively, and they are 
illustrated in Fig. 4. Their frequencies of occurrence in the 
different ensembles are provided in Table 3. 

First consider the intra-helical interaction, EK. As in 
previous S A / M D  studies of  isolated M2 helices [38] the 
main influence on the frequency of this interaction is the 
degree of  screening of  electrostatic interactions. Model I, 
which excludes sidechain electrostatic interactions, indi- 
cates that close approach of El '  and K2' on the basis of 
purely steric criteria occurs relatively infrequently. As the 
degree of electrostatic screening is reduced (from II to V) 
the frequency of EK interactions increases, until in V such 
ion pairs are found in almost all helices of  the nine 
ensembles. With intermediate degrees of  screening, there 
is some dependency of  EK pair formation on the C a  
template geometry (e.g. M 2 a 7 / ~ ' 3 0 -  2 0 / I I  vs. 
M2 a 7 / ' r 3 0  + 20/ I I ) ,  which may in turn reflect changes 
in the frequency of  competing inter-helix interactions in- 
volving the El '  and K2' side chains. 

Turning to inter-helical interactions, the situation is 
more complex, with an interplay between the initial C a  
template and the electrostatic model in determining the 
final structure. For 0 = + 2 0  °, $4' is positioned at the 
h e l i x - i / h e l i x - ( i - 1 )  interface (see Fig. 2). As 0 is re- 
duced, $4' is rotated away from the interface towards the 
lumen of  the pore. At the same time residue S 12' is moved 
away from the lumen, towards the hel ix - i /he l ix - ( i  + 1) 
interface. This rotation alters the frequency of  inter-helix 
H-bonds formed by $4'. In general, the frequency of  SE 
and SK H-bonds falls as 0 is decreased and $4' is moved 
away from the interfacial region. Furthermore, for 0 = 0 °, 
the frequency of  SE and SK interactions increases as ~- is 
increased. Both of  these trends are most evident for elec- 
trostatic models III and IV, which perhaps may be consid- 
ered as approximations to the degree of screening expected 
within a transbilayer helix bundle. 

Fig. 3. Example of an ensemble of structures (M2a7/'r300/II) shown as Ca traces with their C-termini towards the viewer. In the array of structures, 
the four rows correspond to the four Stage 1 runs, and five columns to the subsequent five Stage 2 runs used to generate the final ensemble of twenty 
structures (see Methods for details). 
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A 

0 = + 2 0  

B 

0 = 0  

0 = - 2 0  

Fig. 4. Inter-helix H-bonding patterns. The first two turns of the helix and the side chains of residues El', K2' and $4' are shown for structures from 
ensembles (A) M2a7 /~ '30  + 710/Ill, (B) M2ct7/T300/III ,  and (C) M2 C~7/T30- 20/III.  For simplicity, H atoms are omitted from the side chains. 

Overall, this analysis reveals that statistical patterns of 
H-bond formation within M2 helix bundles depend upon 
both the initial orientations of the helices in the C a  

templates, and on the strength of sidechain electrostatic 
interactions. Previous studies on simple amphipathic helix 
bundles suggested that inter-helix H-bond formation may 

Table 3 
Intra- and inter-helical interactions of polar side chains a 

C a template Model I Model II Model III Model IV Model V 

EK SE SK EK SE SK EK SE SK EK SE SK EK SE SK 

M 2 a 7 / z O 0  + 20 3 14 13 27 40 35 93 87 78 100 75 67 100 90 88 
M 2 a 7 / T 3 0  + 20 10 15 16 34 32 35 98 83 81 100 88 78 100 98 99 
M 2 a 7 / z 6 0  + 20 3 31 21 30 51 31 94 90 78 98 80 63 100 96 93 

M2Ol7/TO00 4 55 1 34 48 1 81 39 9 89 34 6 92 42 25 
M 2 a 7 / T 3 0 0  4 41 0 28 44 2 80 50 27 89 36 10 88 60 37 
M 2 o t 7 / r 6 0 0  0 45 2 29 37 7 88 49 29 87 47 21 95 62 43 

M 2 a 7 / z O 0 -  20 9 40 0 55 33 0 93 21 1 97 15 0 100 20 6 
M 2 a 7 / T 3 0 - - 2 0  13 30 0 57 11 0 92 9 0 95 13 1 98 11 3 
M2 a 7 / r 6 0  - 20 9 17 0 54 11 1 92 10 3 95 7 2 97 6 4 

a The tabulated numbers are the frequencies of interactions EK, SE and SK in the ensembles. EK is an intra-helical El' to K2' ion pair. SE and SK are 
inter-helical H-bonds between $4' of the ith helix and El' of the (i - 1)th helix (SE), and between $4' of the ith helix and K2' of the (i - 1)th helix (SK). 
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Table 4 
Crossing angles (O) for adjacent helices in bundles a 

Model M2a7 / r00+20  M2a7/z30+20 M2a7/z60+20 

I +10.3(_+3.8) +12.8(_+3.5) +0.9(_+8.6) 
II +7.9(_+2.2) +11.5(_+2.9) -3.9(_+8.8) 
III +4.8(_+2.2) +8.5(_+2.9) -9.6(±7.4) 
IV +3.6(_+2.3) +10.3(±1.9) -5.2(±8.1) 
V -0.8(±2.6) +7.8(_+2.4) -15.5(±3.3) 

Model M2a7/rO00 M2a7/z300 M2a7/T600 

I +11.9(_+1.6) +8.3(_+2.3) +6.6(_+8.5) 
H +11.1(_+1.3) +8.9(_+2.6) +5.6(_+7.1) 
III +10.2(±2.1) +4.7(_+3.4) +6.9(_+6.5) 
IV +10.3(±2.7) +5.3(_+3.7) +5.5(±8.3) 
V +8.5(±1.8) +1.9(_+3.7) +1.8(±8.2) 

Model M2ot 7/~'00 -20  M2a7/'r30 -20  M2 ot 7/~'60 -20  

I +14.9(_+1.6) +5.9(+6.0) +2.8(_+8.2) 
II +14.2(_+1.5) +4.9(_+6.3) +6.6(_+7.7) 
III + 13.0 (_+2.3) +6.2 (_+7.1) -0.2 (_+7.7) 
IV + 13.7 (_+2.3) +5.2 (_+5.5) +0.4 (_+7.2) 
V +13.8(_+1.9) +6.1(_+6.5) +1.5(_+7.3) 

a Crossing angles (in degrees) are given as the mean (+ standard 
deviation) for all adjacent helix pairs within an ensemble. 

perturb packing of  helices away from that anticipated on 
the basis of  r idges-in-grooves considerations [28]. The 
variation in patterns of  H-bonding between M2 t~ 7 ensem- 
bles enables this effect to be analyzed in greater detail. 

angle r .  For 0 = 0 ° and - 20 ° the main effect of increasing 
~- is to weaken the ridges-in-grooves packing observed for 
the r =  0 ° template. This is evident from the increased 
standard deviation of  12, indicating a greater heterogeneity 
of  helix packing within these ensembles. For  0 = + 20 °, 
both ~- and the strength of  sidechain electrostatic interac- 
tions influence helix packing. In the most extreme compar- 
ison, between M 2 t ~ 7 / r 0 0 + 2 0 / I  and M 2 a 7 / , c 6 0 +  
2 0 / V ,  this results is a switch from a left-handed ((  12 ) = 
+ 10 °) to a right-handed coiled coil ( ( 1 2 ) =  - 1 6 ° ) ,  Fig. 
5. This correlates with nearly 100% formation of inter-helix 
SE and SK H-bonds in the latter ensemble, compared to 
no such interactions in the former. Furthermore, the change 
in ~- from 0 ° to 6 ° results in loss of  r idges-in-grooves 

0 0  

0 

3.4. Geometric properties 

The crossing angle (12) between adjacent helices may 
be used to describe the geometry of  packing of  helices 
within a bundle. In particular, this indicates the handedness 
of a coiled coil, with a positive 12 corresponding to a 
left-handed coiled coil. Helix crossing angles were deter- 
mined for each helix pair as described by Chothia et al. 
[42], and ensemble averages of  12 were determined across 
all adjacent helix pairs within an ensemble, as summarized 
in Table 4. 

The results of  this analysis reveal an interdependence of  
the geometry of  helix packing and of  the pattern of  inter- 
helical H-bonding. Consider first the parallel ( r  = 0 °) helix 
bundles. For  0 = - 2 0  ° and 0 ° in the absence of  strong 
sidechain electrostatic interactions (models I and II) these 
ensembles exhibit approximate class 3 - 4  ridges-in-grooves 
helix packing (for which (12 )  = + l0  to + 20°), as is seen 
in pentameric bundles of  simple hydrophobic helices [28]. 
However,  if  0 = + 20 °, the presence of  strong inter-helix 
electrostatic interactions (in III to V) perturbs such packing 
towards lower 12 (less supercoiled) values. The extent of  
such perturbation correlates well with the frequency of  SE 
and SK inter-helical H-bonds in these ensembles. Thus, 
with parallel M2 helices, the presence of  $4' at the 
he l ix /he l ix  interface can perturb simple ridges-in-grooves 
packing. 

Now consider the effects of  increasing the helix tilt 

0 O  
%0 

Fig. 5. Effect of Ca template parameters (~',0) and of the sidechain 
electrostatic model on the final bundle geometry. Helix ribbon diagrams 
of bundles are shown for selected structures from ensembles (A) 
M2ot7/~'00 +20/III, (B) M2ot7/~'30 +20/III and (C) M2aT/'r60 
+20/111, for which the mean 12 values are +4.8 ° , +8.5 ° and -9.6 ° , 
respectively. For each ensemble, the left-hand diagram is a view down z, 
with the C-termini towards the viewer, whereas the right-hand view has 
the C-termini of the helices uppermost. 
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Table 5 
Helix-helix van der Waals interaction energies (AEvDw) a 

Model M2c~7/¢00 +20 iVI2ot 7/¢30 +20 M2ot7/r60 +20 

I -245.8 (4-9.1) -202.1 (4-8.8) - 146.9 (±7.7) 
II -220.2 (5:9.2) - 177.4 (48.2) - 133.8 (+6.5) 
III - 174.5 ( 5: 7.6) -- 143.9 ( + 5.6) - 100.6 ( ± 8.2) 
IV - 191.1 (5:5.5) --164.8(5:4.5) - 119.3 (+7.2) 
V -173.4(57.1) - 146.1 (+5.2) -100.0(4-7.3) 

Model M2a7/'rO00 IVl2ct7/r300 M2a7/r600 

I -232.0(5:8.6) --186.8(5:7.9) -127.2(5:6.6) 
II - 205.7 (+ 9.3) -- 173.9 ( 4- 8.5) - 117.7 ( + 10.3) 
III - 180.7 (5:5.9) -- 148.4 (4-7.0) -95.3 (+7.1) 
IV - 190.6 (±6.4) -- 150.4 (± 6.4) - 106.3 (-I-6.2) 
V - 172.9 (±7.2) - 139.9 (± 7.0) -98.5 (+4.9) 

Model M2 ot 7/700 - 2 0  M2ot7/':30 - 2 0  M2 ot 7 / r60  - 2 0  

I -231.4(5:11.9) -- 173.9 (± 14.1) - 111.2 (+ 11.3) 
II -209.3 (±8.4) - 157.1 (4-9.9) - 103.5 (+6.2) 
III - 189.3 (5:7.4) -- 149.1 (4-8.4) -96.8 (5:7.7) 
IV - 190.8 (5:6.3) -- 149.7 (5:8.5) -98.9 (+4.5) 
v - 182.7 (5:7.2) -- 143.3 (+9.3) -97.2 (5:7.5) 

a The mean (+  standard deviation) of AEvD w (kcal/mol) is given for 
each ensemble. 

interactions of  the p redominant ly  hydrophobic  side chains  

present  in the C-terminal  half  of  M2. 

3.5. Helix-helix interaction energies 

It is informat ive  to relate the strength of  interactions 
be tween  helices of  M2 bundles  to the geometrical  proper- 
ties of  such bundles .  H e l i x - h e l i x  interact ion energies were 
calculated as 

AE = E B U N D L E  - -  E Ei 
i 

where EBtmDLE is the potential  energy of  the intact  bundle  
and E i is the potential  energy of  const i tuent  helix i in 
isolation, and where summat ion  is over  all the five helices 

of  the bundle .  Both the van  der Waals  (AEvD w) and 
electrostatic components  (AEELEC) of  interact ion energies 
were evaluated and the results are presented in Tables  5 
and 6, respectively.  

Van  der Waals  energies provide a measure  of  the extent  
of  s imple packing interact ions be tween  helices. Two trends 
are evident  (Table  5)" (a) a decrease in the magni tude  of  

A E v D  w as  the strength of  electrostatic interactions in- 
creases (i.e. I to V); and (b) a decrease in the magni tude  of  

AEvo w as ~- is increased. The first t rend reflects competi-  
t ion be tween  electrostatic and van  der Waals  interactions; 
the latter trend a weakening  of  van der Waals  interactions 
as t i l t ing reduces the contact  areas of  the helices. This  
analysis  conf i rms the proposal  that the extent  of  perturba- 
t ion of  class 3 - 4  r idges- in-grooves packing (i.e. lef t -handed 
supercoil ing) correlates with weakening  of  van der Waals  
interact ions at the expense of  electrostatic interactions. 
This is evident  by compmison  of  the interact ion energies 

of  e.g. ensembles  M2 a7/~ 'O0 + 2 0 / 1  and M2 a 7 / ~ 6 0  + 
2 0 / V .  In this example  the total interact ion energies are 

approximately equal (ca. - 2 4 0  k c a l / m o l )  but  a shift from 

EVD w = -- 246 k c a l / m o l  (M2 c~7/~-00 + 2 0 / I )  to  EVD w 

= - 1 0 0  k c a l / m o l  ( M 2 c r 7 / ~ - 6 0 + 2 0 / V )  is correlated 
with a switch in ( g2 ) from + 10 ° to - 16 °. 

3.6. Pore radius profiles 

The radius of  the pore through the M2 helix bundles  

was determined using HOLE [28,45]. Average pore radius 
profiles were calculated for each ensemble ,  and are shown 

in Fig. 6 for models  M 2 c ~ 7 / ~ - 0 0 0  and M 2 a 7 / ¢ 6 0 0 .  As 
anticipated, the pore radius at the C-terminal  mouth  of  the 
bundle  increased as ¢ was increased from 0 ° to 6 °. The 
inf luence of  electrostatic interactions on the pore radius 
profiles at the N-terminal  mouth,  where E K  pairs are 
located, is evident  by  compar ison  of  models  I, 1I and III 

(in all cases the profiles for models  IV and V are similar  to 
those for model  III). The pore radius at the N-terminal  
mouth  is directly related to the presence or absence of  
salt-bridges be tween E l '  and K2'  side chains. Previous 
studies [38] on isolated M2 helices revealed that the extent  
of  E K  interactions was strongly inf luenced by the treat- 

ment  of  electrostatic interactions. In model  I, which ex- 
cludes sidechain electrostatic interactions, the frequency of  
EK interactions is negligible.  As a result, the glutamate 
side chains point  towards the centre of  the pore reducing 
its radius close to the point  of  occlusion.  In contrast,  in 
model  III, IV and V, for which electrostatic interactions 
are pronounced,  E K  salt-bridges are found in almost  all 

Table 6 
Helix-helix electrostatic interaction energies (AEELEC) a 

Model M2ot7/r00 +20 M2c~7/z30 +20 M2ot7/~'60 +20 

I +1.7 (+ 1.5) + 1.3 (+ 1 .4) )  +0.7(+3.9) 
II -0 .9 (+27.5) -5.9 (54.5) -7 .6 (+3.7) 
III - 116.1 (+22.9) - 125.8 (+ 21.9) - 122.1 (+24.4) 
IV -41.7 (± 11.2) -43.9 (+8.8) -47.6 (4-24.6) 
V - 129.7 ( 4-19. l) - 140.9 (4-6.6) - 131.2 (+ 8.5) 

Model M2ot 7/~'000 M2a7/¢300 M2c~7/z600 

I -1.2(4-2.0) +0.8(4-1.4) +1.8(+0.6) 
II -4 .7 (4-3.9) -5.5 (+4.3) -9.7 (+4.1) 
HI -50.6(4-26.4) -70.9(4-35.2) -59.8(4-22.7) 
IV -17.3(-t-10.6) - 19.4 (+ 14.7) -28.6(5:9.4) 
V -70.9 (5:22.1) -93.3 (5:34.5) -88.8 (5:18.8) 

Model M2aT/':O0 - 2 0  M2 ot 7/~'30 - 2 0  M2a7/r60 - 2 0  

I - 1.3 (5: 1.9) +0.8 (+ 1.8) +1.7 (+ 1.4) 
II -0.3 (±3.9) +0.6 (±2.6) -4.1 (±2.3) 
III - 29.9 (± 10.8) - 17.9 ( + 10.3) - 27.5 ( ± 22.3) 
IV - 19.7 (4  15.1) -14.3(+9.1)  -14.9(5:8.0) 
V -44.1 (±22.1) -33.8 (5:15.8) -42.9 (5:17.3) 

a The mean (+ standard deviation) of AEELEC (kcal/mol) is given for 
each ensemble. Note that in all cases AEELEC is calculated using the 
electrostatic models and final scaling of partial charges defined in Table 
I. 
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Fig. 6. Pore radius profile for ensembles M 2 a 7 / ~ ' 0 0 0  (A)  and 
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solid, broken and dotted lines, respectively. The N-terminal mouth of  the 
pore is at z ~- 0 J~ and the C-terminal mouth at z = + 30 J~. 
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helices of all ensembles irrespective of the starting tem- 
plate. When such interactions are present, the side chain of 
El '  curls back away from the lumen of the pore to form a 
salt-bridge with the K2' side chain. This results in widen- 
ing of the pore at the N-terminal mouth. Model II, which 
has an intermediate level of EK interactions exhibits an 
intermediate pore radius (Fig. 6). Thus it is clear that 
altering the treatment of electrostatic interactions can have 
a significant effect on the pore dimensions. 

The conformations of EK pairs are of especially impor- 
tance, since within intact nAChR, El'  residues form a 
functionally important 'intermediate ring' of side chains 
which is believed to constitute a narrow entrance to the 
channel. In intact nAChR, EK pairs are thought to lie in 
the mouth of the channel, close to membrane/water  inter- 
face. The dielectric constant e in the interface region may 
be expected to be somewhere between 2 and 80 [46]. Thus 
degree of screening of electrostatic interactions (as in 
model III) would occur in this region. However, it is 
difficult to estimate the extent of such screening. Further- 

more, changes in the local electrostatic field due to perme- 
ant cations may generate conformationai transitions in El' 
side chains, thus perturbing the pore radius. 

4. D i s c u s s i o n  

4.1. Col templates 

It is important to be clear about the role of the C a 
template in S A / M D  modelling of channels formed by 
parallel TM helix bundles. The C a template is constructed 
to represent available experimental (e.g. mutagenesis) data. 
S A / M D  is then used to automatically generate models 
consistent with this data. However, in the process of 
generating such models, structural features not explicit in 
the C a template emerge. For example, in all of the C a 
templates employed in the current study the initial helix 
crossing angle is ~ = 0 °, yet in the final ensembles coiled 
coils are present. Thus, the S A / M D  generated structures 
both satisfy experimentally derived restraints, and populate 
a (local) potential energy minimum. 

Values for the two parameters used to construct the C a 
templates were estimated on the basis of two categories of 
experimental data. Mutagenesis and chemical labelling 
data identify those side chains of M2 which line the lumen 
of the channel [8-10] thus allowing 0 to be specified quite 
precisely. From such data it is evident that side chains 4', 
8' and 12' point towards the channel lumen. Non-competi- 
tive blockers of nAChR, e.g. QX-222, have been demon- 
strated to interact with side chains in the central region of 
M2 [6,7]. To enable access of QX-222 to this region 
suggests that a degree of helix tilt ( r )  is required in order 
to widen the C-terminal mouth of the pore. Such tilting of 
the M2 helices has been explored in a number of other 
modelling studies of the nAChR pore [4,30] 

4.2. Electrostatic models 

Exactly how to model electrostatic interactions within a 
transbilayer pore raises some problems. Thus, the helix 
bundle is surrounded by a region of dielectric ca. s = 4. 
The mouths of the pore are exposed to bulk aqueous 
solvent (6 = 80) whilst inside the pore the effective dielec- 
tric will be somewhat lower [47,48] as a result of partial 
immobilization of water molecules. One solution to this 
problem might be to explicitly include bilayer, solvent and 
counterions in the MD simulations. However, this would 
be computationally expensive and difficult to implement in 
the absence of structural data for the remainder of the 
nAChR protein. In an attempt to clarify the role of electro- 
static interactions we have adopted an alternative approach 
in which we vary the degree of electrostatic screening. 
Utilization of this approach to study isolated M2 helices 
revealed that changes in the degree of screening produced 
marked changes in intra-helical interactions of polar side 
chains [38]. 
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In this context it is :interesting to note that in their 
simulations of GCN4 and of related coiled coil structures 
Bnqnger and colleagues [35,44] scaled polar sidechain 
partial charges (by 0.3) and used distance dependent 
screening of electrostatic interactions. In studies of gly- 
cophorin TM helix dimer,;, for which a fight-handed super- 
coil was proposed, electrostatic interactions were un- 
screened [49]. In view of our results concerning the effects 
of treatment of sidechain electrostatic interactions on bun- 
dle geometry, it might be interesting to perform similar 
analyses for these structurally related systems. 

4.3. Implications o f  results 

What are the implications of our simulation results for 
models of the nAChR transbilayer pore? The clearest 
conclusion is that the interplay between the C a template 
and the electrostatic model complicates modelling of M2 
helix bundle geometry. In this context it is valuable to 
compare the present results with the recent cryo-electron 
microscopy (EM) studies of the open [12] and closed [11] 
conformations of the nAChR. In the open state, the pore is 
formed by a bundle of o~-helices which has a pronounced 
fight-handed twist, where.as in the closed state, the helices 
twist around each other in a left-handed fashion. A change 
in sidechain-sidechain interactions between adjacent M2 
helices is proposed to occur when the transition between 
open and closed states is made. Although the proposed 
changes in interaction~ involve mainly hydrophobic 
residues, changes in interactions involving polar residues 
cannot be ruled out. i~,xamination of average crossing 
angles (Table 4) revealed that the template M2 a 7 / 7 6 0  + 
20 resulted in a negative crossing angle (i.e. fight-handed 
coiled-coil of helices) when sidechain electrostatic interac- 
tions were included (electrostatic models II to V). In a 
subsequent study [50] we demonstrate that this model 
permits passage of large permeant cations (e.g. trimethyl- 
amine [51 ]), as well as preventing permeation by non-com- 
petitive blockers (e.g. QX-222) as observed in experimen- 
tal studies [7]. 

It should be mentioned that the helices observed in the 
EM studies of both the open and closed states are kinked. 
MD studies on isolated M2 helices did not identify a 
unique kinked structure [37]. It has been suggested that the 
kink in M2 may be produced by small, cumulative distor- 
tions of the polypeptide backbone from an ideal c~-helical 
geometry [52]. The widening of the pore at the extracellu- 
lar mouth is in part due to the kink in the helices. The EM 
studies reveal that in the open state the pore narrows fairly 
uniformly from the outer to the inner face of the mem- 
brane [12]. Though we have not introduced any kink into 
the constituent helices of bundles, those models with ~- = 3 ° 
or 6 ° exhibit such a uniform narrowing of the pore. Thus 
such models provide an approximate representation of the 
open state of the nAChR. 

A second implication of the simulation studies is that if 

'channel-lining' side chains such as $4' participate in 
helix-helix interactions (e.g. at frequencies of ca. 80% for 
SE and SK in M 2 a 7 / ~ ' 3 0 +  20/111, see Table 3) then 
mutations of such side chains may not only alter the nature 
of the channel lining, but may perturb the overall pore 
geometry. This may complicate the interpretation of muta- 
genesis data and suggests that detailed modelling studies 
will be required to establish the extent to which various 
side chains fulfil a purely channel-lining role. 

Our results also have implications with respect to mod- 
elling studies of other ion channels. For example, it has 
been suggested that inter-helix H-bonds are important in 
stabilization of channels formed by bundles of the 20 
residue peptaibol alamethicin [19,53]. Molecular modelling 
studies using S A / M D  can reveal the influence of such 
H-bonds on the geometry of alamethicin helix bundles and 
thus on the properties of the channels [39]. 

4.4. Overall conclusions 

Studies on pentameric M2 bundles show that S A / M D  
may be used to analyze the influence of electrostatic 
interactions on TM helix bundle geometry. In particular, 
by varying the C a template and the electrostatic model it 
is possible to switch between a left-handed and a fight- 
handed coiled coil. Thus, in order to obtain a working 
model for the structure of the nAChR pore, it will be 
necessary to 'screen' S A / M D  generated structures with 
respect to their predicted interactions with permeant and 
with impermeant cations [54,55]. It will also be necessary 
to incorporate restraints derived from the low resolution 
EM structural data into our simulations [52]. The results of 
such calculations will form the subject of a future commu- 
nication. 
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