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Abstract 

Pore formation in lipid bilayers by channel-forming peptides and toxins is thought to follow voltage-dependent insertion 
of amphipathic cY-helices into lipid bilayers. We have developed an approximate potential for use within the CIlARMm 
molecular mechanics program which enables one to simulate voltage-dependent interaction of such helices with a lipid 
bilayer. Two classes of helical peptides which interact with lipid bilayers have been studied: (a) S-toxin. a 26 residue 
channel-forming peptide from Stu&lococcus aureu.s; and (b) synthetic peptides corresponding to the (rS and u 7 helices of 
the pore-forming domain of Baci//us thut-ingirnsis CryIIIA 8-endotoxin. Analysis of &toxin molecular dynamics (MD) 
simulations suggested that the presence of a transbilayer voltage stabilized the inserted location of S-toxin helices. but did 
not cause insertion per se. A series of simulations for the (~5 and (Y 7 peptides revealed dynamic switching of the a5 helix 
between a membrane-associated and a membrane-inserted state in response to a transbilayer voltage. In contrast the LY 7 helix 
did not exhibit such switching but instead retained a membrane associated state. These results are in agreement with recent 
experimental studies of the interactions of synthetic cu5 and a7 peptides with lipid bilayers. 

Kqword~: &Toxin; SEndotoxin; Channel-forming peptide; Molecular dynamics; Transbilayer potential 

1. Introduction 

Many channel-forming peptides (CFPs; e.g. melit- 
tin, alamethicin, &toxin [I]) and membrane-active 
toxins (e.g. colicins, Gendotoxin [2]) interact with 
lipid bilayers in a voltage-dependent fashion. The 
structures adopted by several such peptides and tox- 
ins when in an aqueous environment have been 
determined [3]. The properties of the channels formed 
when these molecules interact with lipid bilayers and 
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cell membranes have been characterised. However. 
rather less is understood of the mechanisms of their 
interaction with lipid bilayers [4] and of how such 
interactions are promoted by the presence of a trans- 
bilayer voltage difference. The difficulties of direct 
structural investigations of transient voltage-induced 
events lead us to adopt a simulation-based approach 
to investigating possible mechanisms of peptide-bi- 
layer interactions. 

&Toxin is a 26 residue peptide produced by 
Stuph$ococc~us uuwu~s [5]. At concentrations lower 
than 2 PM S-toxin forms weakly cation selective 
ion channels in planar lipid bilayers [6]. At higher 
concentrations (> 2 PM) &toxin induces lysis of 
cells [7] and also of synthetic vesicles [X]. However. 
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recent studies of synthetic &toxin analogues suggest 
that channel formation and membrane lysis are inde- 
pendent events [9]. NMR and other spectroscopic 
studies of the conformation of a-toxin reveal that it 
forms an amphipathic a-helix The S-toxin sequence 
is: 

fM-A-Q-D-I-I-S-T-I-G-D-L-V-K-W-I-I-D-T-V-N-K- 

F-T-K-K 

where fM indicates formyl-methionine. Thus at neu- 
tral pH the net charge of the peptide is expected to 
be zero. Channel formation by &toxin requires the 
presence of a transbilayer voltage difference [6]. As 
for many such CFPs this has been interpreted in 
terms of voltage-dependent insertion of &toxin he- 
lices into a bilayer coupled with self-assembly of 
parallel helix bundles to generate transbilayer pores 
[lOI. 

The S-endotoxins are a group of membrane toxins 
that exert their toxic effect by the formation of pores 
[ 11,121 in the epithelial cell membranes of various 
target insects. The structure adopted by &endotoxin 
CryIIIA in aqueous solution has been det$rmined by 
X-ray diffraction to a resolution of 2.5 A [ 131. The 
toxin is comprised of three domains. The first do- 
main is the pore-forming domain. It is made up of 
bundle of 6 cY-helices surrounding a central a-helix, 
a5. Significantly, the sequence of the cr.5 helix is 
highly conserved throughout the &endotoxin family 
[13]. It has been suggested that a5 may play a key 
role in membrane insertion and channel formation. In 
particular, the (~5 helix is amphipathic (a common 
feature of CFPs) and mutations of the toxin sequence 
in this region affect the toxic activity of the protein 
114,151. 

A possible model for ion channel formation by 
6-endotoxin involves insertion of the a5 helix into a 
membrane [16]. It has been shown that a peptide 
corresponding to the ~5 helix will insert into and 
self-associate within a membrane [ 171. Furthermore, 
synthetic cu5 peptide forms ion channels in lipid 
bilayers in a voltage-dependent manner [ 161. In con- 
trast, a peptide corresponding to (~7 does not insert 
or self-associate but instead adopts a membrane-as- 
sociated state on the bilayer surface. These two 
peptides: 

a! 5: F-L-T-T-Y-A-Q-A-A-N-T-H-L-F-L-L-K-D- 
A-Q-I-Y-G 

cr 7: Y-E-S-W-V-N-F-N-R-Y-R-R-E-M-T-L-T-V- 
L-D-L-I-A-L-F 

thus provide a good model system for investigating 
contrasting modes of helical peptides with lipid bi- 
layers. 

In this paper we describe MD simulations on 
&toxin and on a5 and a7 helices in which approxi- 
mate terms representing the hydrophobic core of a 
lipid bilayer and a transbilayer voltage are included 
in the potential energy function. Such simulations 
suggest plausible models for the effects of a transbi- 
layer voltage difference on the interactions of a-heli- 
cal peptides with lipid bilayers. Our results are in 
agreement with available experimental data, suggest- 
ing that simulations may aid the formulation of 
molecular mechanisms for pore formation by CFPs 
and by more complex toxins. 

2. Methods 

All simulations were performed using CHARMm 
V23.3 run on a DEC 3000 400 workstation or a 
Silicon Graphics (Mountain View, CA, USA) Indigo 
R3000 workstation. Molecular modelling and view- 
ing was performed using Quanta V4.1.1 (Molecular 
Simulations). All auxiliary programs were written in 
Fortran 77. 

2.1. Additions to the charmrn potential energy ,func- 
tion 

MD simulations and potential energy calculations 
were performed using the Charmm V23.3 potential 
energy function (EcnARMM), modified to include 
terms representing: (a) the interactions of the 
sidechains of an a-helical peptide with the hy- 
drophobic core of a lipid bilayer (,!?a,,_); and (b) a 
difference in voltage between the two faces of the 
lipid bilayer (E,,). Thus, 

The bilayer core was modelled as a hydrophobic 
continuum spanning from z = -d to z = fd (where 



Table I 
Hydrophohicity scale for E,,, 
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F 

L 

w 
v 

M 

A 
P 

G 

H 

Y 

D 

Q 
K 

E 

N 

R 
Terminus ” 

- 3.09 
- 2.97 

_ 1.97 

~ 2.x1 

_ 2.33 

_ 2.05 

~ I .‘)I? 
- 0.81 
- 0.60 
- 0.57 

- 0.55 

- 0.0: 

+ I.54 
+ I .63 

+ I .82 
+ 2.27 

+2.31 

+ 2.53 

f 2.62 

+ 3.64 

+-I.10 

For each residue. the change in free energy on transfer from an 

interfacial to a hilayer location i\ listed. using the values from 

Ref. [?I]. 

” Thih term reHecta the energetic cost of transfer of the potential 

H-bonding gw~ps ut the terminw of an a-helix 

- is the bilayer normal axis and 2cl is the bilayer . 
thickness). This approximation is similar to those 
used by e.g. Edholm and JEhnig [ 181 in MD studies 
of bilayer-spanning peptides and by Milik et al. [l9] 
in Monte Carlo simulations of peptide/bilayer inter- 
actions. A hydrophobicity index, H,, is applied to 
the sidechain of each residue, and to the two exposed 
termini of the helix (see Table I>. The potential 
energy of a residue is a function of the z-coordinate 
of the geometric centre of its sidechain <f( :,)I. Thus 
the peptide/bilayer interaction energy is given by: 

E HII = c HA c) 

where summation is over the residues of the helix. 
where z = 0 corresponds to the centre of the bilayer, 
and where 

.f( :) = 1 if I;/ <<d 

.f‘( : ) = 0 if (,7/Bd (3) 

Thus, for a residue i the bilayer energy is Hi within 

the bilayer (I;/ < d), is zero outside the bilayer 
B d), and varies smoothly (see Appendix) in 
‘interfacial’ region (Irl ca. (/I. 

A problem arises in selecting an appropriate 

(14 
the 

hy- 
drophobicity scale (ti, ) - over 40 such scales have 
been described [20]. We have elected to use the scale 
which was previously employed in Monte Carlo 
simulations of the interaction of sitnplified models of 
peptides with a bilayer [_l 3 .22]. This scale (Table I) 
is derived from that of Roseman [X] and takes into 
account two important factors: (a) amino acids arc 
assumed to be in a helical conformation; and (b) 
prior to bilayer insertions the helix occupies an 
interfacial location. These are important consideru- 
tions with in the context of our simulations in which 
we assume that: (a) the peptides arc tu-helical: and 
(b) the helice\ are present at the bilayer interface 
before insertion proceeds. In preliminary calculations 
we have consldered possible alternative hydropho- 
bicity scales. c.g, that of Engelman et al. [24]. Al- 
though these scales yield different absolute values ot 
E,,,, . the energy maps (see below) I’or rotation of a 
peptide helix relative to the bilayer were qualita- 
tively similar to those of the H, scale adopted. 

To include a transbilayer \,oltage difference (AV) 
in the simulations an additional term ( El,, ) LI’LIS 
incorporated into Charmm. The ~/UK\ face of the v 
bilayer ( : < - tl: where 2rl = 30 A is rhe hilayer 
thickness) was set to V = 0 mV. whereaa the c,i.r face 
of the bilayer (: > +rl) was set to C’:= A\‘. e.g. 
V = + I00 mV). The voltage was varied linearly 
across the bilayer region (-cl < ; < + r/:1 such that 
an atom j with partial charge y, and :-coordinate :, 
was subjected 10 a potential: 

y,E-lc’( Z. + II) 
E,,. _ p/ 

2,l - 
(4) 

where I; is Faraday’s constant. As it stands this 
potential is not differentiable at the water/bilayer 
‘interface’ (I:./ = (I’). A simple smoothing factor was 
applied in order to remedy this (see Appendix). 

lcitial models of the helices were generated by 
restrained MD simulations and simulated annealing. 
as described in previous papers [25,26]. In all simula- 
tions an extended atom representation was employed. 
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whereby only those H atoms bonded to non-carbon 
atoms are represented explicitly. In the MD simula- 
tions per se the SHAKE algorithm was employed 
[27]. The timestep of the MD simulations was 0.5 fs 
and coordinate sets were saved every 1 ps for subse- 
quent analysis. The heating phase was of 5 ps dura- 
tion, during which the system was heated from 0 K 
to 300 K in 15 K, 0.25 ps steps. The equilibration 
phase was of 5 ps duration, during which the veloci- 
ties were resealed every 0.05 ps in order to maintain 
a temperature of 300 + 10 K. The production phase 
of the MD runs was e.g. 500 ps duration, during 
which velocity resealing was not applied. 

3. Results 

3.1. Possible helix orientation 

Before discussing the simulations, it is helpful to 
consider possible orientations of a helix relative to 
the lipid bilayer. As we are concerned with insertion 
per se of membrane-active peptides into a bilayer, 
we do not consider the equilibrium of peptide helices 
between bulk solution and an interfacial location. 

A 

helix vector 
) cis 

bilayer 
vector 

I 

B 
cis 

bilayer 
vector 

t 

Fig. 1. Helix 

$=90-00 $ = 80 - 180” tra”s 

orientations. (A) shows the definition of the helix 
axis vector (from C to N terminus) and of the bilayer vector (from 
rrun~ to cis). Three orientation of the helix are show: membrane 
associated (4 = 90”). and two membrane inserted orientations 
($ = 0”; 4 = 180”). (B) shows the rotations performed during the 
energy ‘mapping’ procedure, from 4 = 90” + 0” and from 4 = 
90” --) 180”. 

Rather, we consider possible interactions of a helix 
already ‘bound to’ a bilayer, as illustrated in Fig. I. 
This may be described, albeit approximately, by the 
z coordinate of the centre of mass of the helix 
(recalling that the z-axis is equivalent to the bilayer 
normal), and by the angle, 4, between the helix axis 
vector (running from the C-terminus to the N- 
terminus, i.e. parallel to the helix backbone dipole) 
and the z-axis. In this fashion we may define two 
extreme orientations of a membrane bound helix: (a) 
membrane-associated, for which z = d and 4 = 
$90”; and (b) membrane-inserted, for which z = 0 
A and 4 = 0” or 180”. A number of spectroscopic 
studies on the interactions of peptides with oriented 
bilayers [28-301 suggest that peptides may adopt 
either a membrane-associated or a membrane-in- 
serted state depending upon, inter alia, the peptide 
sequence, the peptide:lipid ratio, lipid phase and the 
magnitude and size of the transbilayer voltage. The 
results of the simulations are discussed in terms of 
helix orientation relative to the bilayer normal. This 
may be summarized by the helix order parameter, S, 
defined as: 

s= (3(cosW - 1) 

2 (5) 

where (cos”+> represents the time-averaged orienta- 
tion of a helix with respect to the bilayer normal. For 
a helix in a membrane inserted position (4 = 0” or 
180”) S = 1. Conversely for a helix in a membrane- 
associated state (4 = +90”) S = -0.5. 

3.2. Energy maps 

The potential energy of a helix as a function of its 
orientation may be explored by use of an ‘energy 
mapping’ procedure. This is intended to reveal the 
changes in potential energy as a helix is inserted into 
a bilayer (Fig. 1). Thus, a helix starts in a mem- 
brane-associated location (4 = 90”, z = + 15 A). In 
this location the helix is first rotated about its long 
axis such that E,,, is minimized. Thus, an amphi- 
pathic helix is oriented such that its hydrophobic 
face is directed towards the bilayer region, whilst its 
hydrophilic face is pointing away from the bilayer. 
The helix is then rotated such that either its C- 
terminus crosses the bilayer (by varying 4 from 90” 
to 0”; see Fig. l), or such that its N-terminus crosses 



the bilayer (4 from 90” to 180”) and E = EB,,_ + E,,, 
is evaluated. Such a map thus provides an indication 
of the energy barriers to insertion of a surface associ- 
ated peptide helix. Note that during these calcula- 
tions the transbilayer voltage (AV) may be set so 
that the face of the bilayer on which the peptide is 
present (defined as the cis face) is either at a cis 
positive or a cis negative voltage relative to the 
opposite (firms) face of the bilayer. In each of the 
following ‘energy mapping’ simulations a voltage 
difference of AV = + 100 mV. i.e. cis positive, was 
applied. 

To test this procedure, helix/bilayer potential 
energy calculations were performed for an AC-Ala,,,- 
NH? a-helix. This helix is entirely hydrophobic and 
has a dipole moment along its axis of ca. 63D. An 
equipotential contour plot for the interaction of this 
helix with a bilayer in the presence of AV= + 100 
mV is shown in Fig. 2. At first glance the energy 
surface defined by these contours is somewhat com- 
plex and difficult to follow. The interpretation of the 
peptide/bilayer interaction is somewhat clearer if 
one considers the trajectory of the helix defined by 
the ‘energy mapping’ rotation of the helix. This is 
shown in Fig. 2 by the thick solid line superimposed 
on the contour map. Moving along this trajectory, it 
is evident that the membrane associated state (4 = 

9 (7 
. . . . 

-15 -10 -5 0 5 10 15 20 

E-total z (4 

+5.5 -- 
+3.5 
+1.5 
-1.5 .._. 
-3.5 

Fig. 7. Equipotential contour plot of the total peptide/bilayer 
interaction energy for an AC-Ala?,-NH, helix. The thick solid 
line superimposed upon the contours corresponds to the (z, 4) 
trajectory for the helix rotation used to generate the corresponding 
energy map in Fig. 3A. 

+90”; : = +d) is less stable than the membrane 
inserted state ( z = +O). This suggests that the nature 
of the peptide/bilayer interaction may be dissected 
if one considers the energy as a function of the 
rotation angle (4) along this trajectory, as is the case 
in Fig. 3. The initial orientation of the helix used to 
generate the energy map (Fig. 3A) was membrane 
associated (d = + 90”: ; = + J). Comparing d = 0” 
with b, = 180’ reveals that N-terminal insertion (to 
4 = 180”) is ca. 2 kcal/mol favourable relative to 
C-terminal insertion (to 4 = 0”). as expected for a 
63D dipole reoriented with respect to a 100 mV,/30 
A electrostatic field. For small perturbations around 
4 = 90” it can be seen that there is a small (ca. I 
kcal/mol) barrier resisting helix insertion into the 
bilayer. This reflects the energetic cost of loss of 
H-bonding at the helix termini upon their insertion. 
However. this is soon overcome by the favourable 
sidechain/bilayer interactions. thus stabilizing the 
inserted orientation by ca. -5 kcal/mol relative to 
the associated state. 

The energy map for the interaction of a &toxin 
helix with a bilayer (Fig. 3B) is, predictably. some- 
what more complex. Overall, a single &toxin helix 
seems to favour a surface associated state. even in 
the presence of a transbilayer voltage difference. 
Indeed, the E,, curve is quite complex, as result of 
the combined effect of the helix backbone dipole and 
of the disposition of anionic and cationic sidechains 
along the length of the helix. In addition to the 
global energy minimum corresponding to a bilayer 
associated &toxin helix, there are a local energy 
minima corresponding to both C-terminal inserted 
(4 = 0”) and N-terminal inserted (4 = 160”) helices. 
The relative energies of these two local minima are 
quite sensitive to the starting position on : of the 
helix during energy mapping. Thus, one would pre- 
dict isolated &toxin helices to prefer a bilayer asso- 
ciated orientation, but possibly also to be capable of 
occupying metastable inserted orientations. 

Comparison of the energy maps for the cu5 and 
(~7 helices (Fig. 3CD) reveals marked difference in 
their predicted interactions with a bilayer. The en- 
ergy map for rotation of (~5 starting from a mem- 
brane associated location (4 = 90”. 2 = + I5 A: Fig. 
3C) reveals that N-terminal insertion is favoured by 
ca. 6 kcal/mol relative to either surface association 
or C-terminal insertion of the peptide helix. Stabi- 
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Fig. 3. Energy maps for helix rotations relative to the bilayer. In each figure the total peptide/bilayer energy (E = Es,, + E,,; thick line) 
and its two components EBIL (thin line) and 4” (broken line) are shown, as the helix is rotated from a membrane associated (4 = 90”) to a 
C-terminal inserted ($ = 0”) or to an N-terminal inserted (do = 180”) orientation. In each map the total energy is normalized such that E is 

zero for the membrane associated (r#~ = 0”) orientation. The maps shown are for: (A) Ac-Ala,,-NH?; (B) &toxin; (C) a5; and (D) (~7 

lization of the N-terminal inserted (4 = 180”) rela- 
tive to the surface associated (4 = 90”) state is due 
to AE,, = - 3 kcal/mol and A EBr,_ = -4 
kcal/mol (for AV = + 100 mV>. This preference for 
a membrane inserted state may be rationalized in 
terms of the sequence of a5. The N-terminus of the 
peptide is more hydrophobic than the C-terminus, 
thus favouring N-terminal insertion in terms of E,,, . 
Furthermore, for AV > 0, N-terminal insertion is 
favoured by the interaction of the helix dipole with 
the transbilayer electrostatic field. 

The behaviour of (Y 7 is different from that of (~5. 
From the corresponding energy map (Fig. 3D), it 
may be seen that surface association (4 = 90”) is 
favoured by ca. 10 kcal/mol relative to either in- 
serted (4 = 0” or 180”) locations, regardless of the 

effect of EAv. This reflects the more polar nature of 
the cr 7 peptide. Thus a7 is predicted to be a 
surface-seeking peptide, unlike a5 which is pre- 
dicted to be membrane-spanning. Both of these pre- 
dictions are supported by recent experimental data 
[17,311. 

3.3. Molecular dynamics simulations - &toxin 

Energy mapping calculations (above) suggested 
that although the &toxin helix favours a membrane- 
associated orientation, a C-terminal inserted orienta- 
tion (4 = 0”) corresponds to a local energy mini- 
mum, stabilized by cis positive voltages. This has 
been explored in more detail by MD simulations of 
&toxins/bilayer interactions. Simulations in which a 



Helix order parameter in MD simulations 

Initial orientation IV (mV) Duration (ps) S-Toxin a5 LY 7 

The helix order parameter, S = (.?(cos’~) - 1 j/2, is listed Ibr the variou\ MD Gmulatlons described. Note that l’or an ideal hllayer 

asociatcd orientation S = - 0.5 and 4 = 90”, whereas for an Ideal inherted location S = -I I .O and d, = 0’ or I80 

&toxin helix was initially in a membrane associated 
orientation revealed that the peptide failed to insert, 
even if a transbilayer voltage of AV= + 200 mV 
was applied. Thus. for AV = 0, + IO0 or + 200 mV. 
S = --0.47 (Table 2, remembering that S = + 1 for 
fully inserted. and -0.5 for an ideal membrane 
associated orientation). In simulations starting with 
an N-terminal inserted &toxin helix the helix gener- 
ally remained in an inserted orientation, although in 
a simulation with AV= 0 mV the helix reverted to a 
membrane associated orientation after ca. 200 ps. 
Such behaviour is consistent with the local nature of 
the minima in the energy map (Fig. 3B) which 
correspond to an inserted &toxin helix. 

In addition to analyzing the rigid body move- 
ments of &toxin during these MD simulations, the 
conformation of the helix per se has been examined. 
Calculation of residue by residue (4, #) variations 
over the course of the trajectories reveals that there 
is greater variation in the C-terminus of the helix 
than in the N-terminus. This is in broad agreement 
with NMR data obtained for S-toxin in isotropic 
solution [32-351. 

3.4. Molecwlcrr dynamics .simulutions - a.5 and a 7 

MD simulations of the interactions of the two 
&endotoxin-derived peptides (a5 and (~7) with the 
bilayer model confirmed the difference in their be- 
haviour suggested by the energy map calculations. 
Consider first those simulations of a5 in which the 
helix starts in a membrane associated orientation 
(Table 2). In these simulations, S increases from 
f0.04 to +0.57 as the transbilayer voltage is in- 
creased from AV = 0 to + 200 mV. Thus. a5 has an 
inherent tendency to insert into the bilayer, but this is 

increased if a transbilayer voltage is imposed. If the 
MD simulations started with an (~5 helix inserted 
into the bilayer. it remained inserted. with imposition 

l(PS) 

J 
5c 

Fig. 3. MD Gmulations for (~5. AI t = 0 p> the helix is in a 

membrane associated orientation (C#J = 90”). For the first 250 ps. 
AV = 0 mV. At I = 250 ps the transbilayer voltage I\ stepped to 
AV= +200 mV. and remains at this value until the end of the 

simulation. (A) shows the trajectory for d6. the angle between the 
helix axis and the bilayer normal. (B) shows the trajectory of the : 
coordinate of the centre of the helix. 
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of a cis-positive voltage difference further stabilizing 
the inserted state. A further series of simulations 
explored the possibility of dynamic switching of an 
(~5 helix between the associated and inserted orienta- 
tions. Starting from an associated state, with no 
transbilayer voltage imposed, the (~5 helix remains 
at the bilayer surface. At t = 250 ps the transbilayer 
voltage was increased to either + 100 mV or +200 
mV. As can be seen from the trajectories in Fig. 4, 
the stepwise imposition of a transbilayer voltage 
resulted in helix insertion. This is illustrated for 
AV = + 200 mV in Fig. 5, from which it can be seen 
that the N-terminus of the a5 helix inserts such that 
its C-terminus remains close to the interface. Confor- 
mational (residue by residue (4, $>> analysis during 
this ‘switched’ trajectory revealed that at AV = 0 
mV the C-terminal segment (residues 14-21) of the 

t = loops t = 2oops 

A 

c 8 

B 

3 N 

160 

160. 

140. 

120 

100 
i" 

80 

I I 

6oo 50 
I L  I I I, 

100 150 200 250 3w 350 400 450 
t (PS) 

30. 
25 

, , , _ _ _ _ _ _ _ _ _ ‘ _ _ _ _ _ _ _ _ _ _ _ _ _ , i  , ‘ ~ - ~ _ ~ - ‘ _ - ~ “ _ ~ _ _ “ _ _ _ _ i  

- - _ - - _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ ~  

I’ I 
-_______________________~ 

t = 35ops t = 450ps 

Fig. 5. Four snapshots of the cu5 simulation in Fig. 3 (at t = 100, 
200, 350 and 450 ps). For t = 0 to 250 ps, AV = 0 rnV; for 
t = 250 to 500 ps, AV = + 200 mV. The dotted planes indicate the 
extent of the bilayer, the upper plane at z = + d and the lower 
plane at z=-d. 

'0 

10 

5 

01 
0 50 loo 150 2co 250 3co 350 403 450 500 

t (PS) 

Fig. 6. MD simulations for a7. The simulation conditions were 
the same as in Fig. 3 for a5. At r = 0 ps the helix is in a 
membrane associated orientation (4 = 90”). For the first 250 ps, 
AV = 0 mV. At t = 250 ps the transbilayer voltage is stepped to 
AV= +200 mV, and remains at this value until the end of the 
simulation. (A) shows the trajectory for 4, the angle between the 
helix axis and the bilayer normal. (B) shows the trajectory of the z 
coordinate of the centre of the helix. 

a5 helix was more flexible than the N-terminal 
segment. Upon insertion, a reduction in C-terminal 
flexibility was seen. 

The behaviour of a7 in MD simulations is in 
contrast with that of (r5. Thus, in all simulations in 
which an a7 helix started in a membrane associated 
location it remained thus, with S ca. -0.4, regard- 
less of whether or not either a constant or a ‘switched’ 
transbilayer voltage was applied (see Table 2 and 
Fig. 6). In simulations starting with a7 in an N- 
terminal inserted location, the helix tended to drift 
slowly back (on a 1000 ps timescale or thereabouts) 
to a membrane associated orientation. Overall, this is 



consistent with the a7 energy map (Fig. 3D) which 
suggests that the global minimum is the associated 
orientation but that an N-terminal inserted helix might 
occupy a local minimum. 

Overall, these MD simulations show that a5 has 
a tendency to insert into bilayers, increased by the 
presence of a U’S positive transbilayer voltage differ- 
ence. In contrast, (~7 fails to insert, retaining a 
membrane associated location. 

4. Discussion 

4.1. Limitations of simulations 

In the simulations described above a simple model 
of a hydrophobic bilayer core and of a transbilayer 
voltage difference are incorporated into the Charmm 
potential function. Before exploring the possible sig- 
nificance of the peptide/biIayer interactions ob- 
served it is important to consider possible limitations 
of these simulations. In particular, one should re- 
member that the two potential terms added are ap- 
proximations, and do not fully represent all the 
components of the real peptide/bilayer/water sys- 
tem. 

The absence of explicit lipid molecules is ex- 
pected to have two effects: (a) electrostatic interac- 
tions between the polar sidechains and lipid head- 
groups are ignored; and (b) the ‘viscosity’ of the 
bilayer core, i.e. its resistance to insertion of a 
peptide helix is neglected. The latter effect may be 
expected to modulate the timescale of changes in 
peptide/bilayer interactions observed in the simula- 
tions. One possible way in which to mimic this in 
our simplified model might be to damp the oscilla- 
tions in peptide movements relative to the bilayer 
observed in our simulations. 

The second approximation is the absence of ex- 
plicit solvent molecules on either side of the bilayer 
phase. This is expected to effect electrostatic interac- 
tions between peptide sidechains. One possible way 
around this would be to divide the space into three 
dielectric regions, e.g.: (a) E = 80 for the aqueous 
phase; (b) E = IO for the interfacial region; and (cl 
E = 2 for the bilayer core [36]. However, given the 
other approximations in our model such complexity 
is probably not justified. 

The third approximation is that of a linear change 
in voltage across the bilayer. This ignores the surface 
potential of the bilayer due to a net charge on lipid 
headgroups, and also the surface dipole due to the 
carbonyl groups of the acyl chains [37]. However, 
most simulation studies to date have also employed a 
linear change in voltage [38-411. In principle it 
would be possible to accommodate a more complex 
one-dimensional V(z) function in the framework 
described in the Appendix. 

4.2. Interprrtcrtion of resdt.9 

The maps of the change in potential energy of a 
helix as it is rotated from a membrane associated to 
an inserted orientation fall into two classes. The first. 
exemplified by those for Ala?,) and au5 provide clear 
evidence for an inserted orientation being favoured. 
The second class. as seen for ~7, demonstrates that 
a membrane associated orientation is more 
favourable. The map for a-toxin is somewhere be- 
tween these two extremes, with an associated state 
favoured overall. but with an inserted state corre- 
sponding to a local energy minimum. 

The results of the MD simulations reinforce and 
expand the predictions from energy mapping. For 
&toxin, the MD simulations show that a transbilayer 
voltage cannot drive insertion of the isolated helix. 
but that pre-existing inserted helices might become 
trapped in local energy minima. Experimentally. 6- 
toxin forms ion channels in a weakly voltage-depen- 
dent fashion. Such channels contain on average six 
helices per channel assembly [6]. Combined with the 
simulation results this suggests that channel forma- 
tion does not proceed via voltage-driven insertion of 
isolated &toxin helices followed by pore assembly 
within the bilayer. Instead, some type of cooperative 
mechanism involving insertion of preformed assem- 
blies of surface associated &toxin helices seems 
more likely [42]. 

The MD simulations for LYS and ~7 reveal clear 
differences in their behaviour which nicely parallel 
those observed experimentally. Thus. in the simula- 
tions cu5 undergoes voltage-induced insertion into a 
bilayer, whereas ~7 clearly prefers a membrane 
associated location. Experimental studies of pep- 
tide/bilayer interactions [ 171 confirm this difference 
in preferred orientation between (~5 and ~7. Fur- 
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thermore, the a.5 peptide forms transbilayer pores 
when added to lipid bilayers in the presence of a 
transbilayer voltage difference [43]. This correspon- 
dence between the simulation and experimental be- 
haviour of a5 and a7 provides persuasive evidence 
that, despite the approximations, the simplified po- 
tential functions employed in these simulations pro- 
vide useful information on peptide/bilayer interac- 
tions. 

4.3. Biological reler:ance 

From the simulations, one may suggest a plausi- 
ble model for early insertion events of small a-heli- 
cal peptides. This mode1 may also be considered in 
the context of possible mechanisms for insertion of 
a-helical domains of integral membrane proteins [44]. 
In this model helices initially adopt a membrane-as- 
sociated state and subsequently rotate into the bilayer 
so as to adopt a membrane-inserted state. Insertion is 
favoured by two terms: (a) En,,, reflecting the na- 
ture and position of the hydrophobic sidechains 
within the helix; and (b) E,,. dependent upon the 
size and sign of the transbilayer voltage difference, 
and on the position of charged sidechains within the 
helix. Our simulations also suggest that the confor- 
mation of the helices does not change markedly 
during the insertion process, i.e. to a first approxima- 
tion they behave as rigid helical rods. Of course, this 
would be expected to be modulated by the presence 
of proline residues within helices. In this context, it 
will be of interest to simulate the peptide/bilayer 
interactions of alamethicin, a 20 residue peptide with 
a proline at position 14. There has been much specu- 
lation concerning the role of this proline as a molec- 
ular hinge during voltage-induced insertion of the 
alamethicin helix into a bilayer [45]. Current studies 
are directed towards extending our simulations to 
this and to more complex systems. 
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Appendix A. Smoothed transhilayer voltage func- 
tion for use in MD simulations 

In the absence of any smoothing, the transbilayer 
voltage component of the potential energy 
by: 

E(,-,I =G!;V(:,) =4; 
AV(z,+d) 

2d 

is given 

(A’) 

where. for convenience, we have omitted Faraday’s 
constant (see Eq. 4, above). Thus, given that the 
force (F) acting on a atom with charge q, and the 
potential energy (E) of that atom are related by: 

(‘42) 

if one can write an expression for the (smoothed) 
force then by integration one can obtain the 
(smoothed) energy. Without smoothing, the force is 
given by: 

F=O for z + d 
AV 

F= -qGY 
for -d<z< +d (A3) 

F=O for +d<z 

(noting that in the absence of smoothing the force is 
undefined for z = _td). By considering four regions 
of :, the function describing the force may be 
smoothed, giving: 

F3=G[2-exp(qi] forO<z< fd 

for + d < : 

(Ad) 
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Fig 7. Schematic diagram of (A) the potential energy due to the 

transbilayer \oltuge ( Eiv ): and (B) the corresponding force (F). 
The diagram corresponds to a civ positive value of IV, and to a 

positive partial charge ((1). The solid line indicates the un- 

woothcd energy (force) and the broken line the corresponding 

smoothed energy (force). 

where A = -q, . AV/2d and where A congols the 
extent of the smoothing. Typically, A = 2 A in our 
studies. with d = 15 A. So. if the smoothed F is 
integrated one obtains the corresponding smoothed 
E: 

E?( :) =I?,(-d) +j’ F?dz for -d<z<O 
- 11 

EI( I-) = E?(O) + j&d: forO<:,< +d 
0 

E,( :) = E,( +d) + .I; F,d, for +d<: 
+ 4 
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