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Structural features of isolated M2 helices of nicotinic receptors. 
Simulated annealing via molecular dynamics studies 

Abstract 

The nicotinic acetylcholine receptor is an integral membrane protein and a ligand-gated cation channel. It has 

stoichiometry LY? Py8, the subunits arranged symmetrically around an approximate five-fold axis. Five M2 helicea, one from 
each subunit. form a parallel helix bundle surrounding a central pore. Simulated annealing via restrained molecular dynamics 

(W/MD) has been employed to generate ensembles of isolated M2 transmembrane helices. Four ensembles of two different 

M? helix sequences, M26 and M2y, have been generated by SA/MD. The ensembles differed in their treatment of 

electrostatic interactions. Analysis of the simulated structures showed that intra-helical H-bonds were more strongly 

conserved in the C-terminal (and more hydrophobic) segment of M2 helices. Conformations of polar sidechains have been 

analyzed, placing particular emphasis on EK (and QK) pairs at the N-termini of M2 6 (and M2y) helices. Conformations of 

EK sidechain pairs were obtained for the high resolution structures in the protein database in order to guide our analysis of 
simulated structures. Serine and threonine sidechain conformations in the M2 models also have been determined. 
Implications of studies of isolated M2 helices for models of the intact pore region of the nicotinic receptor are discussed. 

k~~n~o~t/,s~ Ion channel; Trammembrane helice; Molecular dynamics: Elcctrostatich: Salt-hridgc; Sidcchain conformatwn 

1. Introduction 

There has been considerable progress in unravel- 
ling the principles of membrane protein structure 
over the past decade. Experimentally determined 
structures are known for several integral membrane 
proteins formed by bundles of transmembrane (TM) 
cu-helices, and more such structures will be solved at 
high resolution in the near future. Furthermore, there 
is now a good understanding of how TM helices 
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assemble within lipid bilayers. Considerable evi- 
dence suggests that isolated TM helices form inde- 
pendent folding domains [ 11. In particular, studies on 
synthetic single TM helices from bacteriorhodopsin 
[2,3] and on a-helical channel-forming peptides [4] 
support this theory. 

One isolated TM helix which has been the subject 
of several investigations is the M2 helix of the 
nicotinic acctylcholine receptor (nAChR). The 
nAChR is a cation-selective ion channel which medi- 
ates signal transmission at chemical synapses (for a 
recent review see [S]). The nAChR is a pentamer, 
with stoichiometry LY, Pr6, the four subunit types 
showing strong sequence similarities. (‘ryoelectron 
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microscopy studies reveal that the intact receptor has 
approximate five-fold symmetry, the symmetry axis 
coinciding with the central transbilayer pore [6]. 
Hydrophobicity analysis suggested the presence of 
four hydrophobic regions (Ml to M4), within the 
nAChR sequence. On the basis of 9 A resolution 
structural studies [7], chemical labelling experiments 
[8,9], and site-directed mutagenesis studies [lo-131 it 
is believed that five M2 helices, one from each 
subunit, form a bundle of approximately parallel 
helices surrounding a central pore [14]. A synthetic 
peptide corresponding to M2 6 from Torpedo nAChR 
has been shown to self-assemble within planar lipid 
bilayers to form channels with conductance proper- 
ties similar to those of the intact protein [15]. Circu- 
lar dichroism studies [16] and solid state NMR ex- 
periments [17] suggest that M26 adopts an a-helical 
conformation when in a membrane mimetic environ- 
ment. On this basis, it is of interest to study the 
structural features of isolated M2 helices, which in 
turn may be used to understand the properties of 
these helices when present in bundles. 

The methodology we have employed to generate 
M2 helices is one of simulated annealing via re- 
strained molecular dynamics (SA/MD). This has the 
dual advantages of: (a> sampling a wide region of 
conformational space; and (b) producing an ensem- 
ble of final structures which is amenable to statistical 
analysis. The method is based on those employed to 
generate protein structures on the basis of internu- 
clear separations derived from NMR experiments 
[18] and to refine X-ray diffraction based models 
[19]. We have investigated the effects of different 
treatments of electrostatic interactions during 
SA/MD on conformations of polar sidechains. We 
believe it is important to characterize the influence 
of electrostatic interactions on the conformations of 
functionally important polar sidechains eg. the EK 
(ie. Glu-Lys) pair which occurs near the N-terminus 
of the transmembrane M2-helix. 

2. Methods 

2.1. A42 sequences 

M2 helices of 6 and y subunits of Torpedo 
nAChR have been generated using the SA/MD 

procedure. M26 was selected to enable comparison 
with studies of the corresponding synthetic peptide 
[15]. M2y was selected in order to allow comparison 
of the conformation of the EK (in M2 S > and QK (in 
M2y) sidechain pairs at the N-termini of the helices. 
M2 helices were generated as running from El’ (in 
M26) or Ql’ (in M2y) to Q22’: 

(where the numbering scheme refers to the position 
within the M2 helix rather than within the parent 
protein). N-termini were blocked with an AC group 
and C-termini with an amide so as to mimic preced- 
ing and following peptide bonds within the intact 
protein. 

2.2. Simulated annealing/molecular dynamics 

The SA/MD method used is similar to that of 
Nilges and Briinger [20], and was implemented using 
XPLOR version 3.1 [21] running on a Silicon Graph- 
ics R3000 Indigo. The CHARMM PARAM [22] 
parameter set was employed, with all H atoms ex- 
plicitly included. 

In Stage 1 of SA/MD a Ca template was con- 
structed by placing Ca atoms of an M2 sequence at 
their positions in an idealized a-helix. The remain- 
ing backbone and sidechain atoms were superim- 
posed on the Co atoms of the corresponding 
residues. These atoms ‘grow out’ from the C (Y atoms, 
the positions of which remained fixed throughout 
Stage 1. Annealing started at 1000 K, during which 
weights for bond lengths and bond angles, and sub- 
sequently for planarity and chirality, were gradually 
increased. A repulsive van der Waals term was 
slowly introduced after an initial delay, the van der 
Waals radii being reduced to 90% of their standard 
values. Once the scale factors of these components 
of the empirical energy function reached their final 
values, the system was cooled from 1000 K to 300 
K, in steps of 10 K and 0.5 ps. Electrostatic terms 
were not included during Stage I and thus the 



Table I 

Sidechain electrostatics 

Simulation Scaling of Dielectric Truncation ’ 

charges ,’ model 

I 

II 

III 

IV 

0 0 
0.0 + 0.0 ??= I’ SW; roN = 5 A: ror, = Y A 

0.05 -+ 0.1 6 = I SW: I ()N = 5 A; rol.,. = ‘1 A 
0.05 -+ I.0 ??= I SW: Top+ = 5 A; )‘(),.,. = Y A 

0.05 -+ I .o ??= I sh: ,-,)rr = 0.0 A 

” Scabfactor applied to the partial atomic charges of polar 

sidcchairw during .Stap _7 of SA/MD. 

” Method USCII to truncate electrostatic interactions hctwccn dis- 

tant atom pairs during the same stage: SW = switch function. 

sh = shift function 

All other parameter\ arc‘ a\ defined in the Xplor 3. I (Rd. [?I]). 

energy function was purely geometric in nature. Ten 

structures were generated for each M2 helix. 

The resultant structures from Srugr 1 were each 

subjected to 5 molecular dynamics runs (Stug~p 21, 

resulting in an ensemble of SO final structures. Initial 

velocities were assigned corresponding to 500 K. 

Harmonic restraints were imposed on Ccr atoms at 

the beginning of Stuge 2, and were gradually relaxed 

as the temperature was reduced from 500 to 300 K in 

steps of SO K and 4 ps. On reaching 300 K, a 5 ps 

burst of constant temperature dynamics was per- 

formed, followed by 1000 steps of conjugate gradi- 

ent energy minimization. During the latter burst of 

dynamics and energy minimization no restraints were 

imposed on the Ca atoms. 

During Stuge 2 electrostatic interactions were 

introduced into the potential energy function. All 

mainchain atoms were assigned partial charges as 

defined by the PARAM parameter set. Partial 

charges on sidechain atoms of polar residues were 

gradually scaled up (see Table 1) as the temperature 

was reduced from 500 to 300 K. In order to mimic 

possible solvent screening of polar sidechain electro- 

static interactions, four schemes for treatment of 

electrostatic interactions were introduced. As shown 

in Table 1, three classes of sidechain interactions 

were explored: (al zero sidechain electrostatic inter- 

actions (simulation I) (b) screened interactions 

(simulations II and III) and (cl un-screened interac- 

tions (simulations IV). Simulations I, II and III differ 

in the scaling of partial charges of sidechains. Note 

that in each case the final scale factor for polar 

sidechain partial charges applied at the end of the 

500 to 300 K cooling period was also used during 

the subsequent 5 ps burst of dynamics and during 

energy minimization. Each scheme (from I to IV) 

was applied for both M26 and M3y, resulting in X 

ensembles (M26-I, etc. and M?y-I. etc.), each con- 

taining SO structures, i.e. 400 structures in total. 

The ensembles of structures thus generated were 

investigated with respect to their conformational 

properties. Root mean square deviations (RMSDS) 

from the average structure of an ensemble were 

determined separately for mainchain and sidechain 

atoms. Sidechain dihedral angles for polar residues 

were measured. Possible formation of ion pairs or 

H-bonds within N-terminal EK (in M3Sl or QK (in 

M7y) pairs was evaluated. <‘onformational proper- 

ties of EK and QK pairs from the high-resolution 

protein structures were obtained to aid our analysis 

of different simulations. The selection of protein 

structures from the PDB used in this study is de- 

scribed in the following section. 

Proteins h hose structures have been determined 

to a resolution of 2.0 A or better were extracted from 

the Brookhaven Protein Data Bank (January lYY2 

release; [23]). Ail EK and QK sequence pairs were 

identified and side dihedral angles were evaluated. 

Dihedral angles x,, x1 of E/Q and ,v,, ,y: and x; 

of K have trimodal distributions. and may adopt one 

of the three preferred conformers: <q ( + 60” 1, I 
(1X0” ) and g ’ ( - 60” ) ([24]. definition of sidechain 

dihedral angles is according to IUPAC-IUB conven- 

tion. 1070). Analysis of the stereochemical quality of 

protein structures suggests that very unusual x’s 

may signify a local error in a structure, even at 2.0 A 

resolution [z]. Consequently. dihedrals which devi- 

ated from preferred conformers by more than i30;’ 

were flagged and the corresponding pairs were not 

considered for further analvsis. 

Among the high-resolution structures thus sc- 

lected, there are many from the same or very similar 

proteins. To avoid bias, ;I list of irdqwdcr~t 

sidechain pairs was compiled. A pair was defined as 

independent from another pair if: (i) the two pairs 

were from different proteins: (ii1 the two pairs oc- 



218 

Table 2 

R. Sankarammakrishnan. M.S.P. Sansom / Biophysical Chemistry 55 (1995) 215-230 

EK and QK pairs selected from PDB 

Protein name PDB code Chain EK/QK pairs 

IALD 01 1, K12; QXS, KX6; E206, ~207; ~241, ~242 Aldose A 
Carbonic anhydrasc 
Chymotrypsin-alpha 

Chymotrypsinogen A 2CGA 

Citrate synthase 
Cytochrome C 
Cytochrome C2 
Cytochrome C3 
Cytochrome C peroxidase 
Cytochromc P 450 

ICTS 
1 CCR 
2c2c 
2CDV 
2CYP 
2CPP 
3CPP 
XDFR 
4DFR 
3EST 
3FXN 
2FCR 
IGPl 
3GRS 
1 GOX 
2HHB 
ITHB 
2LHB 
2FB4 
2MCG 
111s 
211B 
2PKA 
6LDH 
1LOl 
1 MBD 
SMBN 
1 MBW 
1MBA 
9PAP 
2LTN 
1 PAZ 
3PCY 
3RP2 

Dihydrofolate rcductasc 
Dihydrofolate rcductasc 
Elastasc 
Flavodoxin 
Flavodoxin 
Glutathione peroxidase 
Glutathione rcductase 
Glycolate oxidasc 
Hacmoglobin 

Haemoglobin V 
Immunoglobulin-FAB 
Immunoglobulin-lambda 
Interleukin-l-beta 

Kallikrien A 
Lactate dehydrogcnasc 
Lysozyme T4 
Myoglobin (sperm whale) 

Myoglobin (sea hare) 
Papain 
Pea &tin 
Pscudoazurin 
Plastocyanin 
Rat mast cell protease 

Ribonucleasc A 

Superoxide dismutase 
Staphylococcal nuclcasc 
Thermolysin 
Thymidilate bynthasc 
Tonin 
Trypsin beta 

Trypsinogen-inhibitor 
Ubiquitin 

2CA2 
SCHA 

ISRN 
XRSA 
2SOD 
1SNC 
ITMN 
2TSC 
ITON 
3PTN 
2PTC 
ITPA 
I TGS 
ITGS 
IUBQ 

A 
B 
A 
B 

B 

A 

x 

C 

E 
A 

0158, K159 
E7X, K79 
081, K82 
E78, K79; 081, KX2 
E7X, K79 
E299, K300 
EIS, Klh 
EX. K9 
Q44, K45 
E267, K26X 
0343, K344 
Q213, K214 
E62. K63; E126, K127; Q183. K184 
QIOX, K109 
QXh, K87 
E13, Kl3 
E157, K158 
E109, KI 10; El 16, Kl 17; E161, Klh2 
E101, KlO2 
081, KX2 
E7, KX 
Q131. K132 
E135, K136 
E205, K206 
E207, K208 
015. Klh 
Eh4. K65 
E23. K24 
0324. K325 
Eh4. K65; Q123, K124 
E41, K42 
E41, K42 
E41, K42 
E34, K35 
Q9, KIO; E99, KIOO 
E29, K30 
El 16. K117 
E2S. K26 
E38, K39; 081, KX2; EX6. K87; El65, Kl66 
EIOY, Kt IO 
Q60, Kh I 
QhO. Kh I 
El IO. Kl20 
ES2, KS3 
017. KIX 
09, KlO 
El66. K167 
0221, K222 
Q22 1, K222 
Q221, K222 
Q22 I, K222 
QSI, KS2 
Q62, K63 



curred at different positions within the same 

polypeptide chain; or (iii) the pairs belonged to 

different mutants/species/subunits of the same pro- 

tein and differ in at least one of their sidechain 

dihedral angles ( ,.v,(E/Q). x~(E/Q). x,(K), x?(K)). 

The 67 independent pairs thus selected are listed in 

Table 3. 

The possibility of forming an ion pair or H-bond 

was tested for each pair by measuring the distances 

between the end groups of E/Q and K sidechains. 

a b 

Fig. I. 1-w randomly xlcctcd SA/MD structures ycncratcd hy simulation\ (a) M7%II and (h) M?&lV Rc\iduc\ F I’ ami K? (the 

N-terminal EK pair) and Flh’ arc indicated. 



220 R. Sankararamakrishnan, M.S.P. Sansom /Biophysical Chemistry 55 11995) 215-230 

Backbone RMSD 
a 
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residue 

Sidechaln RMSD 
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u IV 
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4- - II 
-1 

0 ‘...‘.,.“.‘..‘....“’ 
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residue 
Fig. 2. RMSD vs. residue number for the four M2S ensembles. RMSDs arc shown for (a) mainchain atoms and (b) sidechain atoms 
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Table 3 
RMSDs within ensembles 

Enscmblc Mainchain RMSD Sidechain RMSD 
(A, (A, 

- 

ditions are defined in Table 1. Each ensemble of 
structures was analyzed as described in the Methods 
section. 

M2&I 
M2S-II 
M2&Ill 
M2 &IV 

M2y-I 
M2-pII 
M2y-III 
M?y-IV 

0.74 
0.66 
0.x0 
I.50 

0.8 I 
0.64 
0.78 
I.32 

1.82 
1.75 
I .x2 
2.77 

I .72 
I .6.3 
1.78 
2.39 

Atoms OE 1 and 062 of E, 0~1 and Ne2 of Q and 
Nl of K were considered for this purpose. Pairs 
were also examined to determine whether they inter- 
act with other parts of the protein or crystallographi- 
tally observed water molecules. Distances were cal- 
culated between the sidechains of the pairs and 
possible H-bonding groups from the rest of the pro- 
tein and a cut-off of 4.0 A was used. 

3. Results 

SA/MD generated ensembles of 50 M26 and 50 
M2-y structures for each of the four simulation con- 

Table 1 
Intra-helical H-bond distances in M2Bensembles 

3. I. RMSD between members of un ettsetnhle 

Analysis of RMSDs provides an overall estimate 
of the effect of different electrostatic models on 
variations in structure between different members of 
an ensemble. The results (Table 3) show that the 
overall backbone RMSD is lowest for simulations 
M2 S-II and M2y-II (0.66 A and 0.64 A respectively). 
Corresponding RMSDs were somewhat higher (ca. 
0.76 A) in sim$ations I and III. and considerably 
higher tea. 1.3 A) in simulation IV. Overall, simula- 
tions which used a distance-dependent dielectric con- 
stant showed considerably smaller RMSDs than sim- 
ulations with constant dielectrics. Such a difference 
has been observed in studies of myoglobin by Ion- 
charich and Brooks [26] who found that simulations 
using a constant dielectric resulted in a larger RMSD. 
both from the average and the X-ray structures. 

Ten randomly selected M2S structures generated 
from simulations II and simulation IV (and thus 
exhibiting the smallest and the largest RMSDs re- 

H-bond M2SI M26-II M26111 M2 &IV 

Ol’...HNS’ 2.11 (L-0.62) 2.09 ( * 0.69 2.21 (tO.68) ?.YJ(*l25) 
O?‘...HNh 2.72 ( f 0.97) 2.48 ( i_ 0.88) 2.70 ( 
03’...HN7’ 2.19 (+0.x1) 2.03 (~0.51) 2.24 
04’...HNX’ 2. II ( i 0.57) l.Y6(fO.41) 2.02 
OS’...HNY I .Y2 ( f 0.25) I .8Y ( 5 0.27) 2.02 
Oh’...HNlO’ I .8Y ( f 0.2’)) 1.86 ( f 0.03) I.01 
07’...HNll 1.83 ( i 0.04) 1.83 ( + 0.03) 1.83 
OS’...HNlZ’ 1.86 ( + 0.05) 1.87 ( + 0.08) 1.84 

-+ I .OY) 3.73 ( + 1.63) 
+ 0.82) 3.1 I (* I.701 
_tO.60) 2.41 (+0.76) 
tO.51) 2.57 ( * 1.24) 
tO.16) 2.3’) ( &0.X7) 
1’ 0.04) 1.99 (kO.33, 
+ 0.04) 1.98 ( * 0.34) 

09’...HN13’ 1.86 ( f 0.05) 1.86 ( f 0.07) 1.89 ( -t 0.17) 2.08 ( + 0.38) 
OlO’...HN14’ 1.83 ( * 0.04) 1.84 ( + 0.05) 1.87 ( t 0.08) 1.92 ( f 0.09) 
01 l’...HN 15’ 1.86 ( + 0.04) 1.87 ( + 0.06) 1.87 ( t 0.09) 1.93 ( ) 0.08) 
012’...HN16’ 1.88 ( f 0.13) 1.86 ( f 0.05) 1.85 ( t 0.05) 1.91 ( kO.07) 
013’...HN17’ 1.83 ( * 0.04) 1.83 ( f 0.04) 1.85 ( -t 0.05) 1.94 ( + 0.13) 
014’...HN18’ 1.85 ( * 0.05) 1.85 ( rt 0.06) 1.85 ( t 0.05) 1.93 ( + 0.20) 
OlS’...HN19’ 1.88 ( f 0.12) 1.85 (kO.12) 1.84 ( i 0.06) 1.92 (kO.16) 
016’...HN20’ 1.84 ( * 0.05) 1.95 ( f 0.29) I.91 (tO.12) 2.08 ( + 0.39) 
017’...HN21’ l.Y2(+0.18) I.94 (*0.19) 7.01 ( t 0.27) 2. I I ( * 0.40) 
OlH’...HN21’ 2.26(k0.71) 2.07 (+0.61) 2.42 ( t 0.78) 2.02 ( + 0.O.i) 
OlY’...HN23’ 2.19 (kO.66) 2.54 ( rt 0.90) 2.21 ( t0.73) 2.34 ( + I .O?) 

Average H-bond distances (*SD) are listed in A for the four M2S ensembles. Those H-bonds 
simulations are shown in bold. 

which are conserved across all four 
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spectively) are shown in Fig. 1. The difference in 
backbone RMSDs is clearly visible. Furthermore, it 
is evident that even in ensemble M26-II there is 
variation in sidechain conformations, e.g. El’, K2’ 
and F16’. Such variations are more marked in M26- 
IV. More detailed examination of RMSDs (Fig. 2a) 
reveals that, as anticipated, there is greater structural 
variation at the N- and C-termini. The overall pattern 
of variation of backbone RMSDs along the length of 
the helices are in accord with those seen in previous 
MD simulations of cY-helices [27]. Sidechain RMSDs 
are low for residues 6’, 12’ and 14’, because these 
are alanine residues and hence show limited flexibil- 
ity. Higher sidechain RMSDs are seen (Fig. 2bl for 
those residues, e.g. Q13’ and F16’, which are antici- 
pated to adopt multiple conformations [28]. 

Intra-helical H-bonds formed between backbone 
carbonyl 0 and amide H atoms were also evaluated 
for each ensemble. Average H-bond distances be- 
tween the ith carbonyl 0 and the (i + 41th amide H 

Table 5 
Distribution of EK and QK rotamers in M28-ensembles 

atoms for the M26 models are given in Table 4. 
H-bonds near the N- and C-termini are somewhat 
longer, as observed in the protein crystal structures 
[29] and the standard deviations in H-bond length are 
high in these regions. Simulations IV in which E = 1, 
show longer H-bond distances (and larger standard 
deviations) even near the centre of the helix. We 
defined a H-bond as ‘conserved’ if, for each of the 
four ensembles, th,e mean O-H distance plus one SD 
was less than 3 A. Those H-bonds which are con- 
served across all four simulations (indicated in bold 
in Table 4) are in the more hydrophobic C-terminal 
half of the helix (from 07’...HNll’ to 016’...HN20’). 
Similar results were obtained from the M2y simula- 
tions (data not shown). 

3.2. EK and QK pairs in M2 models 

Dihedral angles x, and x1 of residues E/Ql’ 
and K2’ were evaluated for all 400 structures from 

EK pairs M26-I M261I M2 6-111 M2 &VI PDB * 

(I 1) , (f t) 
(tt),(g’ t) 
(g’ t),(tt) 
cg+ t),(g’ t) 
(tt),(* *) 
cg+ t),(* *) 
(* *),(1t) 
(* *j,cg+ I) 
(* *).(* *) 
Total number of pairs 

_ _ 

4.2 7.5 
8.3 2.5 
2.1 10.0 

16.7 17.5 
22.9 22.5 
12.5 17.5 
33.3 17.5 
48 40 

5.0 _ _ 10.5 
_ _ 15.8 

_ 13.2 
_ _ 10.5 
_ _ 13.2 

_ 18.4 
3.3 _ 2.6 

30.0 22.2 5.3 
66.6 77.8 10.5 
30 18 38 

Q,K pairs M2y-I M2y-II M2y-III M2y-IV PDB h 

(t t) , (t t) 
cttj,cg+ t) 
cg+ t),(tt) 
cg+ t),(g’ t) 
(tt),(* *) 
cg+ t),(* *) 
(* *),(tt) 
(* *),(g’ I) 
(* *),(* *) 
Total number of pairs 

6.4 
10.6 
_ 

12.8 
4.2 
8.5 
10.6 
21.3 
25.5 
47 

2.3 2.4 _ 
2.3 2.4 2.8 
4.6 2.4 2.8 
4.6 4.9 2.8 
4.6 7.3 2.8 
6.9 7.3 2.8 
16.3 9.7 2.8 
25.6 26.8 14.3 
32.6 36.6 68.6 
43 41 35 

6.9 
_ 

13.8 
27.6 
6.9 
20.7 
10.3 
10.3 
3.4 
29 

The percentage of EK or QK pairs falling into each of the rotamer combinations is listed, where ( * *) indicates a combination other than (t 
tJ or (g’ t). 
a EK pairs. h QK pairs. 
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the M2 ensembles. Pairs whose x, and xZ values 
fell within f 30” of the preferred conformations, g- 
( + 60” ), 1 (180” ) and g+ ( - 60” ), were identified. 
These pairs were analyzed in further detail and com- 
pared with those selected from the PDB. 

Sidechain dihedral angles 
Results of analysis of sidechain dihedral angles of 

EK and QK pairs are summarized in Table 5. In 
order to determine whether the conformation of 
sidechain 1’ influences or is influenced by the con- 
formation of sidechain 2’, dihedral angles x,(E/Q), 
x?(E/Q), x,(K) and x?(K) were grouped according 
to the corresponding combinations of rotamers. Thus, 
each dihedral angle may adopt one of three rotamers 
(R -3 f and s’), and consequently there are 81 
possible combinations of rotamers for the four dihe- 
dral angles. The frequency of occurrence of each 
combination was determined for all of the ensem- 
bles. 

Simulation I (in the absence of any charges on the 
polar sidechains) provides an indication of the extent 
of randomization of sidechain conformations. Analy- 
sis of the rotamer combinations shows that 70 to 
80%~ of EK and QK pairs occur either in (t t) or ( g+ 
1) in simulations I and II. Corresponding rotamer 
combinations for M26-III and M2S-IV showed sig- 
nificant differences with only 22 (M2S-IV) to 34%’ 
(M2ii-III) in (f t) or (g* t). Furthermore, the num- 
ber of EK pairs which remain within +30” of the 

three preferred conformations is lower in simulations 
IV (in which E = 1). In general, the frequency of QK 
pairs which deviate from the preferred conformations 
is less than that of EK pairs. Furthermore, the per- 
centage of QK pairs adopting ( * * ) ( * * 1 confor- 
mations is significantly lower than that of EK pairs 
in simulation III. 

Sidechain pairs in the PDB have a clear prefer- 
ence for certain rotamer combinations. The combina- 
tions ([ t) (f f), (t t) (g’ t). (g’ I) (I t), (g’ t) 
(g ’ t) together constitute about 50% of the total 
number of independent pairs. This is approximately 
the frequency expected on the basis of ( x,, x2) 
frequencies for single sidechains. as estimated by 
McGregor et al. [24]. Overall, E/Q and/or K adopt 
(t t) or (s* t) conformations in ca. O(Y% of the 
independent pairs. Again, this was anticipated from 
single sidechain frequencies. 

lnteractiotts of the EK and QK pairs 
Distances between the end groups of E(Q)l’ and 

K2’ sidechains were calculated in order to determine 
whether ion pairs and/or H-bonds were formed 
between the sidechains of a pair. The minimum 
distance between the end groups (d, 1 wx deter- 
mined for each pair of an ensemble. and a cutoff of 
3.5 A was used to define a possible ion pair or 
H-bond in EK and QK pairs in the simulated and 
PDB structures. 

The sidechain dihedral angles ,y, and x2 deter- 

Table o 

Analysis of approach of end-groups of sidechains Cd, < dZ ) 
d, <iI, Rclativc Ion pairs 

frequency or H-bonds 

(9) (r/r) 

MZ&l 20.2 2.1 
M2&II 32.5 17.5 
M26llI 83.3 73.3 

M26-IV 04.4 x3.3 
PDB” 76.3 0.0 

MZy-I 21.3 3.3 

M2y-II 27.‘) 11.6 
M2y-III 36.6 20.3 
MZy-IV 45.7 37.1 
PDB” 13.8 0.0 

Note that the mean values ( t SD) of d, and d, refer to those sidechain pairs for which d, < dz. 
’ EK pairs. h QK pairs. 
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mine the positions of sidechain atoms out to the C6 
atom. Residues E, Q and K have long sidechains and 
so have considerable flexibility beyond CS. Dis- 
tances (d,) between C6 atoms of E/Q and K were 
computed for each pair, and were compared with the 
minimum distance between the end groups (d,). 
When E/Q points towards K then d, < d2. Con- 
versely, when d, > d2 then the sidechain of E/Q 
points away from that of K. Results of this analysis 
are presented in Table 6, and examples of EK pairs 
from the PDB in which d, > d, and in which d, < d2 
are shown in Fig. 3. 

EK pairs from 10 randomly selected M26 struc- 
tures generated by simulations I to IV are shown in 
Fig. 4. Preliminary examination of these structures 
reveals that the end groups of the E and K sidechains 
approach one another more closely as one moves 
from simulation I to IV, i.e. as the degree of screen- 

a 

ing is reduced. Furthermore, the degree of formation 
of ion pairs increases, as is evident from the decrease 
in the mean value of d, in simulations III and IV 
(Table 6). The sharp increase in the number of EK 
pairs forming salt-bridges in simulations III is pre- 
sumed to reflect the change in scaling of polar 
sidechain partial charges. The number of EK ion 
pairs was maximal in simulation M26-IV (83%) 
corresponding to the use of a constant dielectric. 

QK pairs from 10 randomly selected M2-y struc- 
tures generated by simulations I to IV are shown in 
Fig. 5. Examination of these structures reveals a 
much less marked change in sidechain conformations 
on going from M2-y-I to IV than was observed for 
the M26 simulations. The number of QK pairs 
showing d, < d, increases only slightly as one moves 
from M2-y-I to M2y-IV (from 21 to 46%). Further- 
more, even in simulation IV only about 37% of QK 

Fig. 3. Examples of EK pairs from the PDB: (a) from entry 2HHB for which d, > d, (d, = 11.86 A; d, = 9.96 A); and (b) from entry 
ITON for which d, < d, (d, = 3.56 A; d, = 5.08 A). Both examples of EK pairs occur within a-heliccs. 
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K 

Fig. 4. EK pairs of 10 randomly selected structures from ensem- 
bles: (a) M2S-I, (b) M26-II, Cc) M26-III and Cd) M261V. The 
pairs were superimposed for display using the mainchain atoms of 
residues 1’ and 2’. 

d 

Fig. 5. QK pairs from 10 randomly selected M2y structures from 
ensembles: (a) M2y-I, (b) M2y-11. (c) M2y-111 and (d) MZy-IV. 
Other details as for Fig. 4. 
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pairs form H-bonds. This suggests that H-bond for- 
mation is less sensitive to the electrostatic model 
employed than is ion pair formation. 

Distances between E, Q and K end groups and 
backbone nitrogen and carbonyl 0 atoms were deter- 
mined for the M2 ensembles and for the selected 
sidechain pairs f:om the PDB. A cutoff of 3.0 A (M2 
models) or 3.5 A (PDB) was used to define possible 
sidechain-mainchain interactions. The percentage of 
El’ residues interacting with backbone nitrogen or 
carbonyl oxygen atoms vary between 35 and 50% 
between the four simulations. The situation is similar 
for Q sidechains in which about 35 to 65% of the Q’ 
residues interact with their own backbone atoms. An 
insignificant number of examples in which K2’ inter- 
acted with backbone carbonyl oxygen atoms was 
found amongst the K2’ sidechains in simulations I, II 
and III for both M26 and M2-y helices. In contrast, 

Table 7 
Ser/Thr interactions in M26 and M2y ensembles 

Residue Ensemble g+ t K 

Ser-4’ 

Thr-5’ 

Ser-8’ 

Thr-4’ 

Ser-6’ 

Ser-8’ 

M2 6-I 
M2 S-II 
M2 &III 
M2 &IV 

M2S-I 
M26-II 
M2 &III 
M2 &IV 

M2 S-I 
M2 &II 
M2 S-III 
M2S-IV 

M2y-1 
M2y-II 
M2y-III 
M2 y-IV 

MZy-I 
M2 y-11 
M2y-III 
M2y-IV 

M2y-I 
M2 y-11 
M2-pIII 
M2 y-IV 

12 (2,O) 
21 (3,O) 
12 (5,O) 
12 (6, 1) 

39 (l&O) 
31 (l&O) 
32 (19, 0) 
34 (12,3) 

30 (17,O) 
30 (28,O) 
22 (19, 1) 
27 (19, 0) 

47 NO) 
42 (5, 1) 
45 (3,O) 
40 (0, 1) 

31 (15,O) 
37 (33, 0) 
32 (26, 0) 
31 (17, 1) 

25 (16, 0) 
22 (21) 0) 
25 (25, 0) 
19 (18, 1) 

23 15 (0,5) 
24 5 Cl,41 
27 10 (3,5) 
20 18 (1, 11) 

1 10 (8,O) 
2 17 (14,3) 
2 16 (9,4) 
1 15 (5, 1) 

15 5 (2,O) 
13 7 (5,5) 
22 6 (3, 5) 
17 6 (I,41 

2 (2, 1) 
4 (2,4) 
5 (1.5) 
10 co,41 

15 4 (1, 1) 
10 3 (3, 1) 
12 6 (3, 4) 
14 5 Cl,31 

12 13 (3,4) 
19 9 (5, 9) 
17 8 (4, 6) 
23 8 (4,4) 

The figures in brackets indicate the number of serine/threonine 
residues interacting with the i - 4 (first figure) and i - 3 (second 
figure) carbonyl oxygens. 

e.g. M2y-IV showed ca. 35% of K residues interact- 
ing with backbone carbonyl oxygens. Indeed, inspec- 
tion of Fig. 5d suggests that the M2y-IV structures 
fall into two distinct classes: (a) those in which K2’ 
interacts with the backbone carbonyl 0 of the same 
residue; and (b) those in which K2’ interacts with the 
sidechain of Ql’. 

Analysis of E, Q and K interactions in conjunc- 
tion with their sidechain conformations shows that 
when E/Q interacts with K or with its backbone 
atoms, the sidechain assumes ( * * 1 ( * * 1 or ( * * ) 
( gf t) conformations. Hence in simulations M2 6-111 
and -IV, in which ion pairs or backbone interactions 
are frequent, the percentage of EK pairs assuming ( * 
* 1 ( * * 1 and ( * * 1 (g+ t) conformations is also 
elevated. 

Analysis of EK and QK pairs from the PDB 
shows that no salt-bridges or H-bonds are found in 
the pairs of selected structures. But in about 25% of 
EK pairs and 14% of QK pairs, the sidechains do 
approach one another (Table 6). Only about 4% of 
E/Q residues are found to interact with their own 
backbone nitrogen or carbonyl oxygen atoms. Dis- 
tances between the end groups of the pairs and the 
potential hydrogen bonding groups from the rest of 
the proteins show that almost all pairs form salt- 
bridge or hydrogen bond either with the rest of the 
protein or with water molecules. This explains the 
increased percentage of extended conformations ob- 
served in the EK and QK pairs from the PDB 
structures relative to the simulated structures. 

3.3. Serine and threonine conformations in M2 mod- 
els 

The conformations of serine and threonine 
residues in the M2 models are of interest for two 
reasons. Firstly, as discussed by Gray and Matthews 
[30], when present in cu-helices, S and T residues 
have a propensity to adopt either a gt or g-- 
conformation, so as to enable H-bond formation to 
the carbonyl 0 of residue i - 3 or i - 4. On simple 
thermodynamic grounds this is expected to be partic- 
ularly favoured for S/T residues in TM helices 
when located in a bilayer. Analysis of the conforma- 
tions of these sidechains in simulated structures pro- 
vides information how the different electrostatic 
models influence these sidechains. Moreover, the S 
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(or more rarely T) residues at positions 4’, 8’ and 12’ 
of M2 are of functional importance in that they line 
the central ion channel of nAChR. It has been sug- 
gested [31] that changes in the conformation of these 
residues may occur upon passage of an ion. 

Values of x, were evaluated for S/T residues at 
positions 4, 5’ and 8’ of M26 and positions 4’, 6’ 
and 8’ of M2y (Table 7). Comparing S and T, it can 
be seen that T rarely occurred in a f conformation. 
This was as anticipated, because steric hindrance 
occurs between Cy and 0:i - 3 when T adopts this 
conformation whilst in an a-helix [30]. More de- 
tailed analysis of the results from all four simulations 
shows that S4’ in M26 is more likely to adopt a t 
conformation. This is presumed to be because residue 
4’ is in the first turn of the helix, and hence distor- 
tion of the N-terminus from the ideal helical confor- 
mation reduces the likelihood of i - 4 H-bonds. The 
conformation of S6’ residue in M2y models is pre- 
dominantly g+ as this residue has high propensity 
for H-bond formation to i - 4 carbonyl oxygens. 
Though S8’ in both M26 and M2y shows a prefer- 
ence for g’, significant numbers of them adopt t in 
all four simulations. This shows the inherent flexibil- 
ity of this residue which may be of importance with 
respect to ion channel function. 

Comparing simulations I to IV, for both M26 and 
M2y, no obvious trends are evident. Interestingly, 
despite the higher N-terminal RMSDs of simulations 
IV, there is no increase in the frequency of the t 
conformation for residue 4’. There is, however, a 
small increase in the frequency of the g- conforma- 
tion for this residue. This suggests that deviations for 
helical backbone geometry may be correlated with 
an increase in g- (i - 3) H-bonding. However, the 
overall similarity between the four simulations sug- 
gests that, as anticipated, the conformations of the 
less flexible polar sidechains do not seem to be 
greatly influenced by the electrostatic model em- 
ployed. 

4. Discussion 

4. I. SA /MD and M2-helix models 

An advantage of SA/MD is that it produces an 
ensemble of structures, statistical analysis of which 

provides estimates of the relative probabilities of 
different sidechain conformations, sub.ject to re- 
straints employed in generating the model. As men- 
tioned earlier, this method is derived from techniques 
used to determine molecular structures on the basis 
of NMR data [32] and also used to refine X-ray 
diffraction derived models [19]. A similar method 
has been used to predict the conformation of the 
dimerization domain of the GCN4 leucine zipper 
[20] in advance of the X-ray structure, and more 
recently has been employed to model dimerization of 
glycophorin transmembrane helices [33]. An analo- 
gous method has been used by Laughton [34], in the 
context of homology modelling, to generate amino 
acid sidechain conformations. We have employed 
SA/MD to model bundles of parallel transmem- 
brane helices as found in certain ion channels [35]. 
Overall, studies both by us and by other investigators 
demonstrate that this method will generate structural 
features not explicitly included in the initial Ca 
template. 

Molecular dynamics (MD) simulations comparing 
distance-dependent and constant dielectric models 
have been carried out on globular proteins such as 
myoglobin [26], the Trp repressor [36], and lysozyme 
[37]. MD simulations with a constant dielectric gen- 
erally show large RMSD values from average and 
X-ray structures. Our results on M2 models using 
SA/MD procedure strengthen this conclusion. Simu- 
lations using a constant dielectric (IV) resulted in 
large RMSDs from the average of the ensemble, 
whereas simulations using distance-dependent di- 
electrics (I to 111) resulted in significantly smaller 
RMSD values. 

Comparison of results from simulations I to IV 
allows analysis of the effects of varying the different 
components of the electrostatic models. Simulation I 
was carried out mainly to indicate the randomization 
of sidechain conformations in the absence of electro- 
static interactions. Comparison of simulations II and 
III enables one to assess the effects of scaling of 
polar sidechain partial charges (Table Il. There is 
little difference between the mainchain conforma- 
tions of II and III, as judged by both mainchain 
RMSDs and H-bond lengths. However, the EK (and 
to a lesser extent the QK) rotamer distributions and 
the degree of ion pair formation in III differ some- 
what from those in II. This suggest that scaling of 
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polar sidechain partial charges may be necessary to 
prevent overestimation of interactions in isolated TM 
helices. The most dramatic changes are seen for 
simulations IV in which a constant dielectric was 
employed. The simulations show changes in the 
backbone geometry relative to the other three simula- 
tions. If one considers the central 10 residues of M2, 
the mainchain RMSD is increased from ca. 0.5 A for 
simulations I to III to ca. 1 A for IV. For the same 
residues, the mainchain H-bond length increases from 
ca. 1.9 to ca. 2.1 A. Thus, in the absence of addi- 
tional terms to maintain backbone H-bonds, use of a 
constant dielectric results some distortion loosening 
of o-helices. Even more evident is the change in EK 
and QK interactions. The use of a constant dielectric 
leads to considerable overestimation of the frequency 
of ion pair (and to a lesser extent in M2y H-bond) 
interactions between polar sidechains. The pattern of 
intra-helical H-bonds in the C-terminal half of M2 is 
conserved in all four simulations, mainly due to the 
absence of competing polar sidechains from this 
region. 

4.2. Possible implications with respect to nAChR 
function 

Several theoretical studies have been reported on 
the importance of EK pairs in nAChR function [38]. 
For example, Furois-Corbin and Pullman investi- 
gated models of pentameric bundles of nAChR M2 
helices [39-411. Energy minimization studies on 
model cY-helices containing EK or QK pairs indi- 
cated that the lowest energy conformation contained 
a strong ion pair/H-bond between the sidechains of 
E/Q and of K. Hence, in their calculations on M2 
helix bundles it was assumed that the sidechains of 
E/Ql’ and K2’ form such intra-helix interactions. 
Subsequent calculations of the potential energy of an 
ion passing through the channel suggested that the 
EK pair at the N-terminus of M2 facilitates entry/exit 
of cations to/from the channel. 

In the present studies, simulations were carried 
out in vacua on isolated M2 helices employing dif- 
ferent dielectric models. Analysis of the simulated 
structures shows the extent of EK conformations 
depending upon the electrostatic interactions. Low 
dielectric (E = 1) simulations resulted in markedly 
enhanced formation of ion pairs and sidechain/ 

main-chain and sidechain/sidechain interactions for 
polar residues over those observed for the E = r 
dielectric models for isolated helices. 

EK pairs from the PDB structures show properties 
which are somewhat different from simulations II 
and significantly different from simulations III and 
IV. The difference in EK conformations in globular 
proteins is due to the predominant interactions of 
both E and K residues with the water molecules and 
other parts of the protein. The EK pairs in the 
nAChRs are present in an environment different 
from those represented within the PDB. In intact 
nAChR, EK pairs are thought to lie at the mouth of 
the channel. In the M2 peptide, which appears to 
span the lipid bilayer, they will lie close to the 
water/bilayer interface. MD simulations [42] and 
combined X-ray/neutron diffraction studies [43,44] 
on lipid bilayers suggest that there is some penetra- 
tion of water molecules into the lipid region, close to 
membrane-water interface. The dielectric constant 
in the interface region may be expected to be some- 
where between that of an alkane (E = 2) and water 
(~=80). 

Within intact nAChR, glutamate (El’) and glu- 
tamine (Ql’) residues form a functionally important 
‘intermediate ring’ of sidechains which is believed to 
constitute the narrowest part of the open channel 
[45,46]. Therefore, the interactions of these sidechains 
will affect ion transport through the pore and so 
attempts to understand such interactions assume sig- 
nificance. Previous theoretical studies [39] on nAChR 
channels assumed a salt-bridge (or H-bond) between 
the sidechains of El’ (or Ql’) and K2’. In contrast the 
current study has demonstrated the sensitivity of El’ 
(and K2’) sidechain interactions to the treatment of 
electrostatic interactions. This is especially impor- 
tant, given the location of these residues close to the 
membrane-water interface (see above) and in the 
light of very limited experimental data concerning 
their conformations. 

It is still not clear whether El’ residues interact 
directly with permeant ions or merely contribute to 
the overall electrostatic field. As observed in the 
present studies, a change in the screening of El’ 
sidechain electrostatic interactions is coupled to 
changes in the conformations of these sidechains. An 
extension of our studies to M2 pentameric helix 
bundles suggests that altering the electrostatic model 
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can change El’ orientations with respect to the pore, 
resulting in a variation in the pore radius (unpub- 
lished results). Thus the orientation of El’ sidechains 
is of functional importance. To complicate matters 
further, Hucho and Hilgenfeld suggest that upon ion 
transfer through the channel, the El’ sidechains may 
undergo conformational changes [47]. Furthermore, 
local pK, values of El’ should be considered when 
studying pentameric bundles of M2 helices. In the 
context of these numerous factors, it is essential that 
we fully comprehend the nature of electrostatic inter- 
actions both within and between M2 helices. This is 
only possible if one proceeds in a step-by-step man- 
ner. We are currently investigating the effect of 
different electrostatic models on the structural prop- 
erties of M2 helix bundles. 
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