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Abstract

Membrane proteins, of which the majority seem to contain one or more a-helix, constitute approx. 30% of most
genomes. A complete understanding of the nature of helixrbilayer interactions is necessary for an understanding of
the structural principles underlying membrane proteins. This review describes computer simulation studies of
helixrbilayer interactions. Key experimental studies of the interactions of a-helices and lipid bilayers are briefly

Ž .reviewed. Surface associated helices are found in some membrane-bound enzymes e.g. prostaglandin synthase , and
as stages in the mechanisms of antimicrobial peptides and of pore-forming bacterial toxins. Transmembrane
a-helices are found in most integral membrane proteins, and also in channels formed by amphipathic peptides or by
bacterial toxins. Mean field simulations, in which the lipid bilayer is approximated as a hydrophobic continuum, have

Ž .been used in studies of membrane-active peptides e.g. alamethicin, melittin, magainin and dermaseptin and of
Ž .simple membrane proteins e.g. phage Pf1 coat protein . All atom molecular dynamics simulations of fully solvated

bilayers with transmembrane helices have been applied to: the constituent helices of bacteriorhodopsin; peptide-16
Ž . Ža simple model TM helix ; and a number of pore-lining helices from ion channels. Surface associated helices e.g.

.melittin and dermaseptin have been simulated, as have a-helical bundles such as bacteriorhodopsin and alame-
thicin. From comparison of the results from the two classes of simulation, it emerges that a major theoretical
challenge is to exploit the results of all atom simulations in order to improve the mean field approach. Q 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

Membrane proteins make up approx. 30% of
w xmost genomes 1 and yet high resolution struc-

tures are known for only a handful of these
proteins. In this context, modelling and simula-
tion studies of membrane proteins and of their
interactions with lipid bilayers assume consider-
able importance. Furthermore, the dynamic inter-
actions of peptides and proteins with membranes
have important implications for a wide range of
biological problems. From the design of new an-
timicrobial agents to the translocation of whole
proteins across it, an understanding of these
processes requires a detailed knowledge of the
atomic interactions that govern them.

To provide information on the dynamics of
peptiderbilayer interactions at an atomic resolu-
tion, and also to perform ‘impossible’ experi-
ments, an increasingly common approach is to
employ molecular dynamics or Monte Carlo simu-

Ž w x.lations for recent reviews see 2]7 . In molecu-
Ž .lar dynamics MD one simulates the properties

of the system according to Newton’s laws of mo-
tion and consequently this offers time-evolved

Žinformation, which is frequently but not neces-
.sarily at the atomistic level. However, the more

detailed the simulation system, the more com-
puter power is needed. Thus, in the past, different
levels of detail have been employed by different
research groups in an attempt to improve the
efficiency of sampling of peptide-bilayer interac-
tions. In the review we describe recent simulation
studies of the interactions of peptides and pro-
teins with lipid bilayers. As the majority of mem-
brane proteins and membrane-active peptides are
a-helical we restrict our attention to simulations
of the interactions of a-helices with bilayers. Thus
we do not discuss, e.g. the many simulation stud-
ies of the small non-a-helical peptide gramicidin
A. Simulations of gramicidin are reviewed by San-

w x w xsom 7 and Roux and Karplus 8 .

2. a-Helices and lipid bilayers: some basic
principles

Before reviewing simulations per se, its is use-
ful to consider some basic principles of helixrbi-

Fig. 1. The ‘surface’ and ‘inserted’ orientations of an a-helix
relative to a lipid bilayer.

layer interactions. A priori there are two orienta-
tions of an a-helix with respect to the bilayer

Ž .which are important see Fig. 1 :

1. parallel to the surface of the bilayer and
outside of the hydrophobic core, i.e. a ‘surface’
orientation; and

2. perpendicular to the bilayer surface, spanning
the hydrophobic core of the bilayer, i.e. an
‘inserted’ orientation.

These two orientations of an a-helix relative to a
bilayer have been suggested to be the most
favourable on the basis of continuum free energy
calculations of the interaction of a 25mer polyala-
nine helix with a somewhat idealised, purely hy-

w xdrophobic membrane 9 . Furthermore, the
limited number of crystallographic structures of
membrane proteins indicate that these two orien-
tations are preferred, with the transmembrane
Ž .TM orientation being found in almost all a-
helical integral membrane proteins.

This orientational preference is thought to play
an important role in membrane protein assembly,
effectively reducing the number of degrees of
freedom available to a protein whilst folding
within a membrane. This idea is embodied in the

w xtwo stage model of membrane protein folding 10 .
In this model, independently stable units of sec-

Ž .ondary structure TM helices are formed first
Ž .stage 1 . These then self-assemble to form the

Ž .tertiary structure stage 2 , i.e. a bundle of TM
helices. This model is supported by a number of
experiments on, e.g. bacteriorhodopsin. Isolated
helices from bacteriorhodopsin have been shown
to retain their structure when in a membrane-

w xmimetic environment 11]13 , supporting stage 1
of the model. In vitro assembly of bacteriorho-
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dopsin fragments can yield functionally active
w xprotein 14]17 , supporting stage 2. Thus, simula-

tions of isolated TM helices in lipid bilayers are
of relevance to stage 1 of the folding process, and
simulations of helix bundles may enhance our
understanding of stage 2.

In the following sections, we explore some of
the background to surface associated and to tran-
smembrane inserted helices, before going on to
describe the results of recent simulation studies.

3. Helices at the bilayer surface

3.1. Membrane proteins

The X-ray structure of prostaglandin H2 syn-
w xthase-1 18 reveals that not all proteins tightly

associated with a membrane contain TM helices.
Instead, four amphipathic helices within the pro-
tein provide a large hydrophobic patch. The polar
sides of these helices are proposed to interact
with the phospholipid headgroups whilst the hy-
drophobic faces anchors the protein to the mem-
brane. A similar structural motif is found in squa-

w xlene cyclase 19 . Furthermore, the Pf1 phage
coat protein contains a surface bound amphi-
pathic helix in addition to a hydrophobic TM

w xhelix 20 . Thus further study of surface-oriented
helices as models of such membrane proteins is
justified.

3.2. Antimicrobial peptides

Many organisms possess a variety of antimi-
w xcrobial defence mechanisms 21]25 . Amongst the

simplest of these is induced production of small
Ž .no more than 40 residues antimicrobial pep-
tides. These peptides can be as short as 12
residues, are often a-helical, and form part of the
animal’s innate immune system. How do these
small peptides exert their effect? There is an
abundance of experimental data concerning such
antimicrobial peptides, sometimes leading to con-

w xflicting views of their mechanisms 26]28 . An-
timicrobial peptides appear to associate with the
lipid headgroups of bacterial membranes. This

w xhas lead to the proposal of the ‘carpet effect’ 29 ,

whereby peptides adsorbed onto the bilayer sur-
face disrupt the packing of the lipid molecules
Ž .Fig. 2a to such an extent that the membrane
becomes leaky and the cell can no longer main-
tain an osmotic gradient. Solid state NMR experi-

Žments of the magainins anti-microbial peptides
w x.found in frog skin 30 indicate that the helices

adopt an orientation parallel to the bilayer sur-
face. This view is supported by fluorescence
quenching experiments that also suggested a par-

w xallel orientation 31 . However, at higher concen-
Ž .trations 3.3 mol% oriented CD spectroscopy

Žindicated that some anti-microbial peptides e.g.
.magainin and alamethicin may be oriented per-

w xpendicular to the bilayer surface 32,33 . Further-
more, also at higher peptide:lipid ratios, large
water-filled cavities within bilayers have been
shown to be formed by antimicrobial peptides.
Electrophysiological experiments reveal stepwise
increases in ionic current across lipid bilayers on
exposure to antimicrobial peptides. These have
been interpreted as evidence for formation of
discrete ion channels by bundles of a-helices

w xspanning the lipid bilayer 26,34 . However, at
least for those peptides that appear to interact
strongly with lipid headgroups, an alternative
mechanism is possible. For example, in order to
explain both the formation of water-filled pores
and the retention of specific interactions of pep-
tides with lipid headgroups the formation of

Ž . w xtoroidal pores Fig. 2b has been proposed 33 . In
this mechanism the a-helical peptide adopts a
perpendicular orientation with respect to the bi-
layer surface but, due to local reorganisation of
lipid packing, maintains close interactions with
lipid headgroups along its entire length. The re-
sult is an aqueous pore, through which ions can
flow, leading to cell permeabilisation and even-
tual death. Thus, understanding the interactions
with the surface orientation is of considerable
importance in characterising the mode of action
of antimicrobial peptides.

3.3. The pre-pore state

3.3.1. Channel-forming peptides
Those a-helical peptides which form channels

by traversing the bilayer such that the termini
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Ž .Fig. 2. a The carpet mechanism of membrane permeabilisa-
tion by an amphipathic a-helical peptide. Peptides are
observed to adsorb onto the bilayer surface causing a disrup-

Ž .tion of the lipid headgroup packing. b Toroidal pore mecha-
nism for membrane permeabilisation. Peptide sidechains in-
teract with the lipid headgroups all along the length of the

Ž .helix, promoting a local change in lipid packing. c The
a-helix bundle model of pore-formation by channel-forming
peptides. The peptides span the bilayer, their termini interact-
ing with the lipid headgroups.

interact with the headgroups of the bilayer and
the middle of the helix interacts with the acyl
chains, comprise the classical view of channel-for-

w xming peptides 34,35 . This model of channel-for-
Ž .mation Fig. 2c is often referred to as the

w x‘barrel-stave’ model 36 . However, in order for a
channel to be formed by a bundle of TM helices,
the peptide helices must first adsorb onto the
bilayer surface before inserting into the bilayer to
adopt a TM orientation. Indeed, it has been
observed by neutron in-plane scattering that at

Ž .low concentrations alamethicin Alm helices can
w xadopt a surface bound orientation 37 . Thus,

even for classical channel-forming peptides such
as Alm, surface oriented a-helices are present in
the pre-pore state.

3.3.2. Pore-forming toxins
A variety of bacterial toxins exist in both a

water-soluble and a membrane-inserted state and
exert their lytic effect by forming a pore in the

w xtarget cell membrane 38]42 . The crystal struc-
tures of these proteins are mostly of the water

Ž .soluble i.e. pre-pore state, and reveal them to be
w xcomposed of bundles of a-helices 43 . Somehow,

such proteins must undergo a major conformatio-
nal change in order to form a pore in a bilayer.
The proteins adsorb onto the bilayer surface
where this conformational transition is initiated.
This first state formed is sometimes referred to as

w xthe molten-globule state 44 . In this state the
protein has increased mobility whilst retaining its
secondary structural components. In particular,
the a-helices of the toxins appear to remain in-
tact, adopting a largely surface-orientation, al-

Ž .though some pairs of helices see below may
w xinsert spontaneously into the bilayer 45 . Thus,

once again surface oriented a-helices are impor-
tant in the first stage of a cell lytic mechanism.

4. Helices spanning the bilayer

4.1. Integral membrane proteins

One of the most intensively studied integral
Ž .membrane proteins IMPs is bacteriorhodopsin

Ž .BR , the structure of which is now known at near
w xatomic resolution 46 . BR is a light-driven proton

pump, and is made up of seven TM helices which
form a tightly packed bundle within the bilayer.
Thus bacteriorhodopsin is the archetype of an
integral membrane protein formed by a bundle of
TM helices. Such proteins range from those of

Želectron transfer chain e.g. cytochrome c oxidase
w x .47 which contains 22 TM helices to ion chan-

Ž q w xnels e.g. the bacterial K channel KcsA 48
.which contains eight TM helices . The latter is of

particular interest in that it illustrates how a TM
helix bundle may contain within its midst a more
complex structural motif. As the number of high
resolution structures of membrane proteins in-
creases it is becoming evident that the vast ma-
jority of membrane proteins are composed of TM
bundles. Although the number of such structures
is still relatively small, it is sufficient to allow



( )P.C. Biggin, M.S.P. Sansom r Biophysical Chemistry 76 1999 161]183 165

statistical analysis of some of the general features
w xof their structures 49 . In addition to such a

‘knowledge-based’ approach, simulation studies
of TM helices and TM helix bundles will help us
to understand the principles of the structure and
stability of proteins formed by TM helix bundles.

4.2. Channel-forming peptides

As mentioned above, channel-forming peptides
generate an aqueous channel through a mem-
brane via insertion of six or more helices to form

Ž .a symmetric TM helix bundle Fig. 3 . Alame-
Ž .thicin Alm is the archetypal channel-forming

w xpeptide 35,50,51 . It is an attractive system both
experimentally and for simulation studies. All the
features needed to form an ion-conducting path-
way across a lipid bilayer must be contained within
its 20 residues. It can thus offer insight into many
aspects of channel-formation and protein translo-
cation in general, whilst serving as a model for
more complex structures such as the nicotinic

w xacetylcholine receptor 52,53 .

4.3. Pore-forming bacterial toxins

As discussed above, the initial conformational
change of bacterial toxins upon adsorbing to a
lipid bilayer is to form a molten-globule state in
which the helices are in a surface orientation.
However, a subsequent key event in pore forma-
tion is the insertion of a helical hairpin into the

Fig. 3. Mechanism of action of an a-helical pore-forming
toxin. After initial binding to the membrane surface to yield
the molten globule state, there is substantial rearrangement of
the protein during which a hydrophobic hairpin is believed to

Ž .insert into the bilayer i . There then follows voltage-depen-
Ž .dent translocation ii of further segments which may include

a second hairpin.

bilayer. In, e.g. the colicins, this initial voltage
independent insertion is followed by a voltage-de-
pendent insertionrtranslocation movement of a
large section of the pore-forming domain of the

Ž .protein 68 residues which then leads to the
w xformation of an aqueous pore 41,54 .

These bacterial toxins lend support to the more
w xgeneral helical hairpin hypothesis 55 , which pro-

poses that transmembrane proteins insert by
means of an a-helical-hairpin. Note that such a
hairpin has the most favourable alignment of the

Žadjacent helix dipoles although the stabilisation
energy conferred by the dipole arrangement may

.be relatively small } see below and most of the
peptide backbone is inaccessible to the lipid envi-
ronment. Thus the mechanism of action of these
bacterial toxins is of general relevance to mem-
brane protein insertion into a bilayer. This sug-
gests that simulations of a-helix hairpin insertion
into lipid bilayers will prove important.

5. The transition from surface-helix to inserted-
helix

5.1. A dynamic situation

The two previous sections have indicated two
extremes of the orientation of an a-helix with
respect to the bilayer. It is likely that, especially
for peptides, the orientation of a helix is a dy-
namic equilibrium between these two extremes.

ŽVarious factors e.g. peptide concentration, na-
ture of the lipid bilayer, size and sign of a transbi-

.layer voltage difference may cause a shift in the
position of equilibrium. The influence of a trans-
bilayer voltage on this transition is of particular
relevance to channel-forming peptides such as
Alm. These peptides induce macroscopic ionic
currents in a highly voltage-dependent fashion,
which may be explained by voltage-induced chan-

w xnel formation 34,35 . A plausible theory for volt-
age-induced channel formation is based on the

w xinteraction of the a-helix dipole 56,57 with the
transmembrane potential, c . The helix dipole is
proposed to re-align itself with the externally
imposed electrostatic field by a shift in helix ori-
entation from surface to inserted. For the a-helix
hairpins of pore-forming toxins, in which the
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anti-parallel helix dipoles would cancel each other,
a voltage-dependent effect is observed for the
regions of protein containing charged sidechains
w x58 .

Other factors can also influence the helix ori-
entation equilibrium. For example, both tempera-
ture and membrane hydration influence the ori-

w xentation of alamethicin and melittin 59 . At max-
imal membrane hydration in the fluid phase, the
helices are oriented preferentially perpendicular
to the membrane normal. At lower temperatures,
low enough to change the phase of the lipid, the
peptides were found to preferentially adopt an
inserted orientation. Clearly, a number of de-
tailed simulation studies will be needed to under-
stand such complex interdependence of bilayer
state and helix orientation.

5.2. Changes in helical conformation

Peptides in membrane-mimetic hydrophobic
solvents frequently have an increased a-helical
content relative to the same peptides in water
w x60 . Furthermore, of a number of peptides able
to form amphipathic a-helices, the a-helical con-
tent increases upon interaction with the surface
of a bilayer. Thus, the interaction of peptides is
dynamic not only in terms of the helix orientation
relative to the bilayer plane, but also in terms of

Ž .the conformation helical vs. random coil of the
peptide backbone.

This situation is further complicated by the
presence of a proline in the sequences of many

Ž .channel-forming peptides e.g. Alm; melittin . An
intra-helical proline often kinks the helix and may
provide a molecular hinge. The possible role of
proline in alamethicin has received particular at-

w xtention in recent years 35,51,61 . Although the
helix is significantly kinked in all three monomers
of the X-ray structure, the proline hinge region
could allow the peptide to more readily span the
bilayer region by enabling a reduction in the kink
angle thus producing a somewhat longer molecule.

Another mechanism which could enable a rela-
Ž .tively short F20 residues peptide to more read-

ily span a lipid bilayer is for the peptide to adopt
3 helical structure in part or all of the molecule.10
Indeed such 3 helix formation in limited regions10

of the Alm molecule has been observed in NMR
w xstudies of the peptide dissolved in methanol 62 .

Such a conformational change would increase the
overall length of the helix.

6. Mean-field simulations

6.1. Sur̈ ey of simulations

Mean-field membrane simulations provide a
useful means to obtain information about possi-
ble conformations andror orientations of a pro-
tein or peptide, whilst treating the solvent and
bilayer environments as a continuum. Such mod-
els offer the advantage over all-atom simulations
that they are computationally inexpensive and
hence a variety of systems and comparisons can
be made. They also offer the possibility of ex-
ploring long-timescale events such as conforma-
tional andror orientational transitions. The dis-
advantage of such simulations is that one remains
uncertain of the effects of the mean field approxi-
mations on the final results.

Mean-field simulations of helixrbilayer interac-
tions usually employ a hydrophobicity index to

Ž .represent the presence of a lipid bilayer Fig. 4 .
For example, a continuum representation of a
bilayer was used in early MD studies of a 46-

w xresidue segment of glycophorin 63 . The hy-
drophobic effect of the lipid bilayer was described
by assigning an energy, h , to each atom whichi
was defined as the difference in free energy of the
atom in lipid and in water. This hydrophobic
potential was assumed to vary along the axis
parallel to the bilayer normal, with an exponen-
tial smoothing function in the interfacial region.
The results of the simulation demonstrated that
the insertion of a hydrophobic helix can indeed
be simulated using a continuum approximation to
the bilayer. This continuum model was also used

w xin a simulation study of bacteriorhodopsin 64
which, starting from a kidney-shaped arrange-
ment of the TM helices, successfully predicted
the correct tilt of each helix with respect to the
membrane.

Mean-field models are not restricted to MD
Ž .simulations. For example, Monte Carlo MC

simulations have been used to investigate the
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Fig. 4. A simple mean field model of the interaction of a
sidechain i in an a-helix with a lipid bilayer. The sidechain is

Žassigned a hydrophobic energy h positive for hydrophilici
.sidechains; negative for hydrophobic , which is multiplied by a

function, f , which depends on the position of the sidechain
Ž .relative to the centre of the bilayer z . The overall

peptiderbilayer interaction energy is obtained by summing
( )h .f z over all residues.i i

w xinsertion of a-helices into membranes 65 . In
these studies, the protein was represented in a
highly simplified fashion using a single virtual
atom for each amino acid residue and the bilayer
was represented in a similar fashion to that in
w x63 . These simulations predicted the orientation
of the helices of magainin2, M2d and melittin in
agreement with experimental data. Similar studies

w xof Pf1 bacteriophage coat protein 66 predicted a
C-terminal helix traversing the bilayer with the
N-terminal helix adsorbed on the surface, again
in agreement with NMR data.

More recently the simple continuum model has
been extended by the inclusion of a transbilayer

w xvoltage difference in the force field 67 . Simula-
tion results showed good agreement with experi-
mental data for a synthetic peptide from d-endo-

w xtoxin. Applying a similar approach to Alm 61
enabled development of an atomic resolution
model for the voltage-dependency of channel for-
mation. The size of the voltage applied correlated
with the time taken for the peptide to first insert
Ž .Fig. 5 . Furthermore, the insertion was corre-
lated with a reduction in the kink angle, enabling

the helix to more readily span the hydrophobic
region.

In a further refinement of this approach, La
w xRocca et al. 68,69 have included a term which

approximates the surface potential due to the
polar groups of the lipid headgroup. To do this an

Žall-atom model derived from a pre-existing MD
w x.simulation of a lipid bilayer 70 was used as the

Žstarting point for a solution of the one dimensio-
.nal Poisson]Boltzmann equation to provide a

simple continuum expression for the electrostatic
potential due to the lipid headgroups and water.
This model has been used in MD simulations of
dermaseptin B, a frog skin antimicrobial peptide
Ž .see Table 1 . The results show that the contin-
uum representation of the bilayer stabilises an
a-helical conformation of the peptide in a surface
orientation, in agreement with FTIR spectros-
copic studies and with subsequent all atom simu-

Ž .lations see below . A further refinement of this
procedure, in which ionizable sidechains were
modelled in their electrically neutral form when
within the bilayer core, has been shown to yield

Ž .an excellent correlation rs0.93 between calcu-
lated and experimental energies of helixrbilayer
interactions for six synthetic peptide correspond-
ing to helices a 2 to a 7 of the pore-forming

w xdomain of d-endotoxin 71 . This latter study used
a MC method to find the optimal orientation of
the helices with respect to the bilayer.

Recently, the free energy of helix insertion into
a bilayer has been calculated from first principles

˚w x9 . The bilayer was represented as a 30-A slab
with a dielectric constant of 2. The electrostatic
and solvation components of the interaction ener-
gies of the helix with the bilayer region and with
the aqueous phase were calculated on an atom by
atom basis. The results indicated that a polyala-

Ž .nine Ala a-helix had two well-defined low25
energy orientations: one in which the helix tra-
versed the bilayer; and a second in which the
helix was on the surface of the bilayer region with
its axis perpendicular to the bilayer normal. These
results lend support to the earlier suggestion of

Ž .Biggin et al. 1996 , that inserting helices prefer
to swing one end into the hydrophobic region,
after first adopting a surface-bound orientation.
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w x Ž .Fig. 5. Results of a mean field simulation of the interactions of an Alm helix with a bilayer 61 . a Snapshots from a 500-ps MD
Ž .run in the presence of a bilayer and a q200-mV voltage across the bilayer. b Effect of a transbilayer voltage on the time taken for

˚Ž .an Alm monomer originally positioned on the surface at zs15 A to insert into a bilayer. The z-coordinate of the centre of the
helix is plotted vs. time for 0, q100 and q200 mV transbilayer voltages. Increasing the magnitude of the voltage decreased the time
taken to insert.

Extension of these studies to a pair of Ala25
helices in a bilayer suggested that there was little
difference in the free energies of interaction
between parallel and antiparallel helix orienta-
tions, as had been suggested in earlier, somewhat

w xmore abstract, calculations 72 .
w xRoux 73 has also investigated the inclusion of

a term for the transbilayer voltage difference in
mean-field models. He used the Poisson]Boltz-
mann equation to calculate the magnitude of free
energy contributions of the transbilayer voltage
for both a transmembrane helix and for an em-
bedded membrane protein. For the case of the
TM helix with a transbilayer voltage difference of
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Table 1
Ž .Sequences of helices part 1

Peptide toxins
Alamethicin Ac-Aib-Pro-Aib-Ala-Aib-Ala-Gln-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-Aib-Glu-Gln-Phol
Melittin Gly-Ile-Gly-Ala-Val-Leu-Lys-Val-Leu-Thr-Thr-Gly-Leu-Pro-Ala-Leu-Ile-Ser-Trp-Ile-Lys-Arg-Lys-Arg-Gln-Gln-NH 2
Magainin Gly-Ile-Gly-Lys-Phe-Leu-His-Ser-Ala-Lys-Lys-Phe-Gly-Lys-Ala-Phe-Val-Gly-Glu-Ile-Met-Gln-Ser
Dermaseptin-B Ala-Met-Trp-Lys-Asp-Val-Leu-Lys-Lys-Ile-Gly-Thr-Val-Ala-Leu-His-Ala-Gly-Lys-Ala-Ala-Leu-Gly-Ala-Val-Ala-Asp-Thr-Ile-Ser-Gln

De no¨o synthetic peptides
LS2 Leu-Ser-Leu-Leu-Leu-Ser-Leu-Leu-Ser-Leu-Leu-Leu-Ser-Leu-Leu-Ser-Leu-Leu-Leu-Ser-Leu
LS3 Leu-Ser-Ser-Leu-Leu-Ser-Leu-Leu-Ser-Ser-Leu-Leu-Ser-Leu-Leu-Ser-Ser-Leu-Leu-Ser-Leu
Peptide 16 Lys-Lys-Gly-Leu-Leu-Leu-Leu-Leu-Leu-Leu-Leu-Leu-Leu-Leu-Leu-Leu-Leu-Leu-Leu-Lys-Lys-Ala

Peptide fragments of single TM helix proteins
aPf1 Met-Leu-Ala-Ile-Gly-Gly-Tyr-Ile-Val-Gly-Ala-Leu-Val-Ile-Leu-Ala-Val-Ala-Gly-Leu-Ile-Tyr-Ser-Met

Influenza A M2 Ser-Ser-Asp-Pro-Leu-Val-Ile-Ala-Ala-Ser-Ile-Ile-Gly-Ile-Leu-His-Phe-Ile-Leu-Trp-Ile-Leu-Asp-Arg-Leu-Phe
Influenza B NB Ser-Ile-Ile-Ile-Thr-Ile-Cys-Val-Ser-Leu-Ile-Val-Ile-Leu-Ile-Val-Phe-Gly-Cys-Ile-Ala
HIV-1 Vpu Ile-Val-Ala-Ile-Val-Ala-Leu-Val-Val-Ala-Ile-Ile-Ile-Ala-Ile-Val-Val-Trp-Ser-Ile-Val-Ile-Ile
Glycophorin Ile-Thr-Leu-Ile-Ile-Phe-Gly-Val-Met-Ala-Gly-Val-Ile-Gly-Thr-Ile-Leu-Leu-Ile-Ser-Tyr-Gly-Ile

Peptide fragments of multiple TM helix proteins
Bacteriorhodopsin

Helix A Trp-Ile-Trp-Leu-Ala-Leu-Gly-Thr-Ala-Leu-Met-Gly-Leu-Gly-Thr-Leu-Tyr-Phe-Leu-Val-Lys-Gly-Met
Helix B Asp-Ala-Lys-Lys-Phe-Tyr-Ala-Ile-Thr-Thr-Leu-Val-Pro-Ala-Ile-Ala-Phe-Thr-Met-Tyr-Leu-Ser-Met-Leu-Leu
Helix C Trp-Ala-Arg-Tyr-Ala-Asp-Trp-Leu-Phe-Thr-Thr-Pro-Leu-Leu-Leu-Leu-Asp-Leu-Ala-Leu-Leu
Helix D Ile-Leu-Ala-Leu-Val-Gly-Ala-Asp-Gly-Ile-Met-Ile-Gly-Thr-Gly-Leu-Val-Gly-Ala-Leu
Helix E Trp-Trp-Ala-Ile-Ser-Thr-Ala-Ala-Met-Leu-Tyr-Ile-Leu-Tyr-Val-Leu-Phe-Phe-Gly-Phe-Thr
Helix F Val-Ala-Ser-Thr-Phe-Lys-Val-Leu-Arg-Asn-Val-Thr-Val-Val-Leu-Trp-Ser-Ala-Tyr-Pro-Val-Val-Trp-Leu-Ile
Helix G Ile-Glu-Thr-Leu-Leu-Phe-Met-Val-Leu-Asp-Val-Ser-Ala-Lys-Val-Gly-Phe-Gly-Leu-Ile-Leu-Leu-Arg

Nicotinic receptor
Helix M2d Glu-Lys-Met-Ser-Thr-Ala-Ile-Ser-Val-Leu-Leu-Ala-Gln-Ala-Val-Phe-Leu-Leu-Leu-Thr-Ser-Gln-Arg

qVoltage gated K channel
Helix S5 Ser-Met-Arg-Glu-Leu-Gly-Leu-Leu-Ile-Phe-Phe-Leu-Phe-Ile-Gly-Val-Val-Leu-Phe-S er-Ser-Ala-Val-Tyr-Phe-Ala-Glu
Helix S6 Phe-Trp-Gly-Lys-Ile-Val-Gly-Ser-Leu-Cys-Val-Val-Ala-Gly-Val-Leu-Thr-Ile-Ala-Leu-Pro-Val-Pro-Val-Ile-Val-Ser-Asn-Phe-Asn

qBacterial K channel
Helix M1 Leu-His-Trp-Arg-Ala-Ala-Gly-Ala-Ala-Thr-Val-Leu-Leu-Val-Ile-Val-Leu-Leu-Ala-Gly-Ser-Tyr-Leu-Ala-Val-Leu-Ala-Glu
Helix M2 Leu-Trp-Gly-Arg-Leu-Val-Ala-Val-Val-Val-Met-Val-Ala-Gly-Ile-Thr-Ser-Phe-Gly-Leu-Val-Thr-Ala-Ala-Leu-Ala-Thr-Trp-Phe

a w xOnly the sequence of the TM helix is given, even though simulations 129 included the entire sequence.
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100 mV, the contribution of the voltage differ-
ence to the interaction energy is of the order of 1
kcalrmol. This is about the same as from a sim-

Žple calculation of the energy of a helix dipole 63
.debye in a linear transbilayer electrostatic field

˚Ž . w x100 mVr30 A 34,74 . The results for a spheri-
cal representation of a membrane protein showed
that the energetics of charges inside the protein
will be affected by both their transverse and lat-
eral positions relative to the centre of the sphere.
This implies that charge movements do not have
to take place solely in the direction of the mem-
brane normal in order to experience the transbi-
layer voltage. This has important implications for
the S4 voltage sensor helix of voltage-gated ion
channels. For the voltage-gated ion channels there
is experimental evidence for a voltage-induced

w xmovement of this helix 75,76 . These calculation
suggest that one cannot make simple assumption
a priori of the direction in which this movement
occurs.

The mean-field approach has also been applied
w xto helix hairpins. Using MC simulations 77 it has

been shown that the insertion process of helical
hairpins follows a well-defined pattern of kinetic
steps. In particular, this work shows how the
anisotropic orientational order and lateral density
fluctuations affect protein insertion and hairpin
formation. In these simulations, the protein was
modelled in the same manner used by Milik and

w xSkolnick 65 , whilst the lipid was modelled as
monolayer of hard parallel cylinders. This repre-
sents an intermediate between a continuum model
of a bilayer and an all atom representation. It was
found that the lateral compression of the ‘lipids’
leads to exclusion of the hairpin loop at the trans
side of the membrane. If the ‘lipids’ were omitted
from the simulation, the protein was found to be
less stable and hairpins did not form.

6.2. Conclusions and directions

The use of continuum simulations for the study
peptiderbilayer interactions offers a practical
means for qualitative prediction of the behaviour
of such systems. Such methods are useful where
all-atom simulations are computationally too ex-
pensive. Many, if not all, of the continuum repre-

sentations of a lipid bilayer depend on an inter-
pretation of the hydrophobic effect due to the
lipid bilayer. This has lead to many different

w xscales and viewpoints 78,79 . A major drawback
to the use of such scales is that it is difficult to
account for inter- and intra-helix charge]charge
interactions. Thus, even though charged TM he-

w xlices are known to exist within membranes 80 ,
the commonly used scales would underestimate
their hydrophobicity and would tend to position
them outside the lipid region. However, recent

w xwork 81 has offered insights into the stabilisa-
tion offered by such interactions and their effects
on peptide stability both inside a lipid bilayer and
also within the interior of a soluble protein.

Continuum models are still evolving in an at-
tempt to reproduce different aspects of helixrbi-
layer interactions in a computationally efficient
manner. The studies discussed above have re-
vealed some success with simple models of hy-
drophobic interactions and of the dipole and
transmembrane electrostatic potentials. However,
substantial challenges remain, including the varia-
tion in dielectric constant across a bilayer and the
effective viscosity of the lipid environment.

7. All atom simulations

7.1. Detailed MD simulations

In addition to simulations in which the lipid
bilayer is represented as a continuous mean field,
it is possible to run simulations in which both the
lipid molecules and the water on either side of
the membrane are represented atomistically. Such
simulations of a-helixrbilayer interactions ex-
ploit the considerable progress over the past few

w xyears in simulations of lipid bilayers per se 3]6 .
Such studies have explored the dependence of
predicted structural and dynamic properties of
bilayers on the methods employed, and have es-
tablished ‘rules of thumb’ for physically realistic
bilayer simulations, in terms both of suitable
parameters for inter-atomic interactions, and of

Ž .optimal protocols e.g. NVE vs. NPT conditions .
In addition to extending simulations of pure

lipid bilayers, full bilayer simulations of a-
helixrbilayer interactions also benefit from de-
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tailed simulation studies of a-helical membrane-
derived peptides in various solvent environments.
For example, simulations of the integral mem-
brane helix of surfactant protein C in methanol,
chloroform and water have been used to compare

w xits stability in these different environments 82 .
These simulations revealed that the a-helix re-
mained stable over a period of 1 ns in water and
in methanol, and in particular showed that a
cluster of valine residues in the sequence did not
destabilise the helix, despite the low helix propen-
sity of b-branched sidechains in water-soluble

w xproteins 83 . This parallels experimental studies
w xof Deber 84,85 which have indicated that b-

branched sidechains are favourably accommo-
dated within an a-helix when the latter is in a
membrane-mimetic environment. Likewise,
Dempsey and colleagues have performed MD
simulations of the channel-forming peptides

w xalamethicin and melittin 86 in methanol, com-
paring the simulation results with NMR amide
exchange data.

By combining these two approaches there have
been a number of simulations of a-helices in the
presence of explicit lipid plus water molecules.
These are reviewed in the following sections. Such
studies also follow on from earlier simulations
w x87 of the tripeptide Ala-Phe-Ala-O-tBu at the
surface of a DMPC bilayer.

What are the aims and objectives of atomistic
simulations of a-helices in bilayers? Firstly, they
enable atomic resolution characterisation of the
interactions of a-helical peptides with their water
and phospholipid environment. This is of particu-
lar importance in terms of understanding, e.g.
how TM a-helices interact with the complex envi-
ronment in the ‘interfacial’ region between the
bulk aqueous phase and the hydrophobic core of
the bilayer. As we have seen, an accurate model
of such interactions is one of the major chal-
lenges facing mean field simulations. The second
objective of full bilayer simulations is to charac-
terise the structural dynamics of a-helices in their
membrane environment. As discussed above, cur-
rent mean field models do not model, e.g. the
effective ‘viscosity’ of the hydrophobic bilayer
core. This is likely to have an influence on, e.g.

the dynamics of bending of TM a-helices about
proline-induced ‘hinges’.

It is important to remember that there are
limitations to MD simulations of a-helices in a
full bilayer environment. To a large extent these
are the same as the current limitations of such
simulations for pure bilayers. Long range elec-
trostatic interactions are generally treated in a
somewhat approximate fashion, e.g. via the use of
simple cutoffs. Further work is needed to evalu-
ate the use of, e.g. Ewald summation techniques
to better treat such long range interactions in
bilayer simulations. The durations of bilayer

Žsimulations realistically of the order of 1]10 ns
.with current programs and computers are rela-

tively short compared with the relaxation rates of
w xthe lipids 6 . Consequently, good mixingrequi-

libration of lipid and peptide is difficult to achieve.
Thus, mean field simulations may play a role in
generating initial configurations for subsequent
atomistic simulations. Finally, most simulations
neglect the ionic environment in the aqueous
phases or the voltage difference across the bi-
layer, both of which are present for most cell
membranes.

In the following sections we will review full
bilayer simulations, starting with studies which
have employed approximations to a full bilayer,
then looking at single TM a-helices in a full
bilayer environment, before considering more
complex systems in a full bilayer, such as a-helices
at the bilayer surface and bundles of a-helices.

7.2. ‘Simplified’ bilayers and helices

A number of simulation studies have employed
a simplified atomistic model of a bilayer, i.e. a
situation midway between a mean field represen-
tation and a full model of all of the phospholipid
atoms. An early study applied this approach to
simulate poly-glycine and glycophorin TM a-
helices embedded in a bilayer mimic of approx. 50

w xDPPC molecules 88 . Explicit water molecules
were not included, and the lipid headgroups were
left uncharged. The integrity of the bilayer was
maintained by harmonic planar restraints on the
headgroups. During a 50-ps simulation, the back-
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bone of glycophorin was found to retain an a-
helical conformation.

More recently, Klein and colleagues have used
an octane ‘slab’ between two aqueous phases as a
mimic of the environment provided by the hy-

Ždrophobic core of a lipid bilayer. A similar ap-
proach has been used by Pohorille and colleagues
w x .89 ; see below. This membrane-mimetic environ-
ment has been used in two MD simulations of ion
channels formed by bundles of a-helices, the
peptides being synthetic peptides designed de

w xnovo by DeGrado and colleagues 90,91 . The first
w xstudy 92 explored four-helix bundles of the LS2
Ž .peptide see Table 1 , which form proton perme-

w xable pores 90 . The helix bundle model started
off as four exactly parallel, ideal a-helices, ori-
ented such that their polar sidechains pointed
towards the interior of the pore. After 4 ns of
unrestrained MD simulations, these helices had
evolved into a coiled-coil tetrameric structure with
a left-handed twist. Interestingly, such a structure
had been proposed earlier on the basis of re-
strained in vacuo MD simulations which omitted

w xany model of the bilayer 93,94 . This suggests
that TM helix bundle models may be constructed
by less costly simulations without a bilayer, and
then refined by subsequent MD simulations in an
atomistic bilayer or bilayer-mimetic environment.

w xIn a subsequent study 95 similar simulations
were performed for hexameric parallel bundles of

Ž .the LS3 see Table 1 peptide, which correspond
w xto monovalent cation selective channels 90 .

These were found to form unstable bundles, irre-
spective of whether the simulation was started
from exactly parallel helices or from a coiled-coil
model. Significantly, when a transbilayer voltage

Žterm was included in the simulation in a manner
w xsimilar to that employed earlier 61 in mean field

simulations of Almrbilayer interactions } see
.above , the hexameric helix bundle was stabilised.

This provides an interesting correlation with ex-
perimental data on the voltage-dependent forma-
tion of LS3 channels. However, it remains to be
seen whether such hexameric helix bundles would
be stable in the absence of a transbilayer voltage
if the bilayer-mimicking octane slab was replaced
by a full lipid bilayer, including polar lipid head-
groups.

Recently, the same approach with a bilayer-
mimetic octane slab has been applied to models

w xof a putative ion channel 96 formed by a bundle
of five TM a-helices from the Vpu protein of

w xHIV-1 97 . In this study the authors observe that
initial models similar to that generated by re-

w xstrained in vacuo MD simulations 98 are un-
stable in the bilayer mimicking simulation. In-
stead, they propose a model in which the tryp-
tophan residues of the TM helices are directed
towards the centre of the pore. However, it should
be remembered that these simulations do not
include a proper model of the lipidrwater inter-
face or lipid headgroups. As both experimental
w x Žw x99]101 and simulation 102]104 ; also see

.below results suggest that tryptophan sidechains
prefer an interfacial location and may make H-
bonding interactions with lipid oxygen atoms in
this region, one wonders whether the instability
of the Vpu pore model in the octane slab envi-
ronment might simply reflect the absence of such
interactions. The octane slab method has also
been applied to the influenza M2 ion channel
w x Ž .105 see below .

A further simulation which might be con-
sidered as a bilayer-mimicking simulation is that
of Woolf on the glycophorin TM helix dimer in

w xdodecylphosphocholine micelles 106 . This work
is of particular interest, as the dynamics of the
TM helix dimer in a micelle, in a bilayer and in
water have been compared. Micelles are often
used a membrane-mimetic environment in NMR

w xstudies of TM helices 107 .

7.3. TM helices in full bilayers

There have been a number of simulations of
TM helices in a fully solvated bilayer environ-
ment. These range from simulations of simple
model helices, to studies of TM helices taken
from integral membrane proteins.

Stouch and colleagues performed an extended
Ž .)1 ns MD simulation of an Ala a-helix span-32

w xning a DMPC bilayer 108 . This highly simplified
model of a hydrophobic TM helix exhibited sur-
prisingly rich behaviour. As one might have antic-
ipated, the central 12 residues of the peptide
formed a very stable a-helical core. Regions of
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the peptide either side of this core interacted with
lipid headgroups and with interfacial water
molecules, exhibiting increased conformational
variability whilst remaining predominantly helical.
The N- and C-termini of the peptide chain were
fully exposed to water and adopted random coil
conformations. Unexpectedly, given the simple
sequence of the peptide, the helix exhibited a
tendency to kink at the centre of the bilayer.
Thus, even with a highly simplified TM sequence
structural heterogeneity was observed, corre-
sponding to the anisotropy of the environment
along the bilayer normal.

A somewhat more complex peptide model
Ž .peptide-16; see Table 1 has been studied in MD
simulations in which the TM helix was sur-

Žrounded by 12 DMPC molecules six in each
.layer and the resultant system was solvated with

approx. 600 water molecules, using hexagonal pe-
Ž .riodic boundary conditions PBCs to generate a

w xbilayer 109 . As in an earlier simulation of a
w xgramicidin A dimer in a DMPC bilayer 110 the

lipid molecules surrounding the a-helical peptide
were taken from a pre-existing library of 2000
different lipid conformations. Peptide-16 is an
attractive simple model of a TM helix in that it
contains a hydrophobic core with polar sidechains
present at either end of the helix in the regions
which lie within the lipidrwater interfacial region
of the bilayer. During the course of the 1-ns
simulation the a-helical conformation of the pep-
tide was largely maintained, although distortions
at the ends of the helix were seen, and a slight
bend appeared midway through the simulation.
The lysine sidechains at either end of the helix
were well hydrated by waters in the interfacial
region. Interestingly, over the 1 ns period, the
lysine sidechains did not show any significant

Ž .mobility, whereas some of the leucine sidechains
showed multiple x and x dihedral angle transi-1 2
tions. This suggests relatively long-lasting patterns
of sidechain H-bonding interactions in the inter-
facial region, in contrast with relatively fluid hy-
drophobic interactions in the bilayer core.

A similar simulation strategy was used to ex-
amine the dynamics of all seven of the individual
TM helices from bacteriorhodopsin in a DMPC

w xbilayer 111 . Again, each helix was surrounded by

a bilayer of 12 phospholipid molecules. For he-
lices B, C and D, simulations with ionizable
sidechains in both their charged and uncharged
forms were performed. Significantly, this study
revealed differences in motional behaviour
between the different a-helices. In particular, the
absence of aromatic residues from the ‘interfa-
cial’ region or the presence of a proline residue
within a helix enhanced its mobility. A further
interesting result concerned Ser and Thr
sidechains within the helices. Previously, on the
basis of analysis of X-ray structures of these

w xsidechains in the helices of globular proteins 112
it had been suggested that in TM helices Ser and
Thr sidechains would satisfy their H-bonding po-

Ž .tential by forming H-bonds back to the iy3
Ž .and iy4 mainchain carbonyl oxygen. However,

in these simulations such sidechains when in the
hydrophobic core frequently did not form such
H-bonds. In a subsequent paper analysing these

w xsimulations in more detail 113 , the interaction
energies with the bilayer of amino acids within
the TM helices were compared with the widely

w xused GES scale for hydrophobicities 114 . Inter-
estingly, the most marked deviations of the MD
derived interaction energies from the GES scale
was for the aromatic sidechains. This was due to
the especially favourable interactions these
residues could make at the bilayerrwater inter-
face. In particular, Trp and Tyr sidechains were
able to form favourable H-bonds to lipid and to
water when in this region. This had previously
been observed for Trp sidechains in simulations

w xof gramicidin in DMPC 110 .
The above simulations have employed an ‘an-

nulus’ of phospholipid around the TM helix, ‘mul-
tiplied’ by PBCs. A number of recent simulations

Žhave employed a more extensive bilayer e.g. ap-
.prox. 128 phospholipid molecules instead of 12 ,

again with PBCs. Thus these latter simulations
correspond to a lower peptide:lipid ratio, and are
thus closer to many experimental situations. These
more recent studies employ the same protocol as
that adopted in a landmark simulation of the
OmpF porin trimer in a full lipid bilayer plus

w xwater environment 115 . A simulation of a TM
ŽAlm helix in a POPC bilayer a total of approx.

. w x17 000 atoms including water 116 compared the
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Fig. 6. Ca traces, corresponding to structures saved every 100
Ž . Ž .ps, for simulations of an Alm helix: a in water; b in MeOH;

Ž . w xand c inserted across a POPC bilayer 116 . The structures
Žwere superimposed using their N-terminal helices residues

.1]11 . The N-termini are at the bottom of the diagram.

conformational dynamics of the TM peptide with
those of Alm in solution in either MeOH or
water. In the bilayer and in methanol, there was
little change from the initial helical conformation

Žof the peptide Ca RMSDs of approx. 0.2 nm
over 2 ns and 1 ns for the bilayer and MeOH

.simulations, respectively . In water there were
Žsubstantial changes a Ca RMSD of approx. 0.4

.nm over 1 ns , especially in the C-terminal seg-
ment of the peptide which lost its a-helical con-

Ž .formation Fig. 6 . In the bilayer and in MeOH,
the Alm molecule exhibited hinge-bending mo-
tion about its central Gly]X]X]Pro sequence
motif. Analysis of H-bonding interactions sug-
gested that the polar C-terminal sidechains of
Alm formed multiple H-bonds in the
bilayerrwater interface region which persisted
throughout the simulation. This correlates well
with the preferred mode of helix insertion into
the bilayer via insertion of the N-terminus of the
Alm helix, which is believed to underlie the
asymmetry of voltage activation of alamethicin
channels, as was also observed in mean field

Žw xsimulations of Almrbilayer interactions 61 ; see
.above .

All of the above simulations involve either pep-
tides or TM helices isolated from membrane pro-
teins for which the three dimensional structure is
known. However, the great majority of membrane
proteins, although containing one or more TM

w xhelices 1 , are of unknown three dimensional
structure. Several algorithms exist for prediction
of the number and position of TM helices within

w xa membrane protein sequence 117]121 . How-
ever, these methods tend to disagree over the
beginning and end residues of TM helices, posing
problems for subsequent modelling and simula-
tion studies. MD simulations of model TM helices
may be used to refine the results of such predic-
tion. This has been explored for the TM helix of

w xthe M2 protein from influenza A virus 104 . M2
is a small protein, 97 amino acids long, which
contains a single TM segment towards the N-

Ž .terminus of its polypeptide chain Table 1 . In cell
and virus membranes the protein tetramerises to
form proton permeable ion channels. Based on
comparison of the results of five different sec-
ondary structure prediction algorithms 18-, 26-
and 34-residue M2 TM helices were simulated.
Each simulation system contained 127 POPC
molecules plus from approx. 3500 to 4700 waters,
and the total simulation time amounted to 11 ns.
Analysis of time dependent secondary structure
of the TM segments enabled identification of
those residues which adopted a stable a-helical
conformation throughout the simulation. In this
way a core TM region of approx. 20 residues was
defined. Polar sidechains, including a tryptophan,
on either side of this region form relatively long-
lived H-bonds to lipid headgroups and water

Ž .molecules in the waterrbilayer interface Fig. 7 .
More recently, this approach has been applied to
related viral channel proteins, such as NB from

w xinfluenza B and Vpu from HIV-1 122,123 .
A similar approach has been applied to the

pore-lining TM helices of two Kq channels, KcsA
Ža bacterial channel, the three dimensional struc-

˚ w x.ture of which is known at 3 A resolution 48 and
Ž . w xShaker a homologous eukaryotic channel 124 .

ŽAll four pore-lining helices M1, M2, S5 and S6;
.see Table 1 were simulated for 1 ns in a POPC

Žbilayer. The outer pore-lining helices M1 in KcsA
.and S5 in Shaker tended towards a slightly more

curved geometry, as is observed for M1 in the
X-ray structure of KcsA. The inner pore-lining

Ž .helices M2 in KcsA and S6 in Shaker , appeared
to be somewhat more flexible than the outer
pore-lining helices. In particular, the Pro]Val]
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Ž .Fig. 7. a Snapshot of the simulation system for a 26-residue model of the influenza A M2 helix spanning a POPC bilayer. The
water molecules are omitted for clarity. The peptide atoms are shown in space-filling format, and the carbonyl oxygens of the

Ž . Ž .phospholipid molecules as small dark grey spheres. The approximate extents of the water w , interfacial i and hydrophobic core
Ž . Ž . Ž .h regions of the system are indicated. b Snapshot of a long-lasting H-bond an M2 helix sidechain Trp41 and the two ester

Ž w x.oxygens of a lipid molecule results from 104 .

Pro sequence motif of S6 resulted in flexibility
about a central hinge, as was suggested by previ-

w xous in vacuo simulations 125 . It was suggested
that such ‘hinge-bending’ motion of M2 might be
related to the gating mechanism of the channel
w x126 . Aromatic residues at the extremities of the
helices underwent complex motions on both short
Ž . Ž .-10 ps and long )100 ps timescales.

Overall, these studies have shown that MD
simulations of single TM helices in an atomistic
bilayer environment are feasible, and that they
can yield information concerning helix dynamics
and the nature of peptiderbilayerrwater interac-
tions. The future direction for such simulations
will lie in their extension to biologically important
problems, such as aiding the prediction of mem-

brane protein structures and casting a light on
possible gating mechanisms of ion channels.

7.4. Surface helices

All of the above peptiderbilayer MD simula-
tions have been of TM helices, in which only
residues at either end of the helix experience the
complex interfacial environment. However, as dis-
cussed above, a-helices located at the surface of
a bilayer are also of great biological importance.
At least half, if not all, of the sidechains of such
helices experience an ‘interfacial’ environment.
Simulations of surface helices are rather more
difficult, if only because one is often uncertain
exactly where to position such helices relative to
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the centre of a bilayer. There are two approaches
to this problem. One is to exploit available experi-
mental data to arrive at a ‘best guess’ of how
deeply into a bilayer a given surface-located helix
penetrates. The second is to carry out a syste-
matic series of simulations which probe the be-
haviour of the system for different locations of
the surface helix.

Before considering simulations of a-helices at
the surface of a bilayer, it is useful to consider a
number of related simulations that provide some
insight into the complexities. A series of simula-
tions using a water liquidrvapour interface as a
simple model of a waterrhydrophobic interface

w xhave been performed 89 in order to mimic pep-
tide folding at a membrane surface. These used
the simple heptapeptide sequence LQQLLQL,
which has the potential to form an amphipathic
a-helix. Two simulations started with this peptide
at the interface, in either an a-helical or a b-
strand conformation. The a-helical peptide ori-
ented itself so that the Q residues pointed into
the water and the L sidechains into the vapour.
This conformation was retained throughout the
3-ns simulation. Starting from a b-strand confor-

Žmation which does not allow this peptide to form
.an amphipathic structure a number of torsion

angles within the peptide underwent a bªa
transition during a 15-ns simulation. Although the
interfacial environment has been radically simpli-
fied, this study is of importance in that it demon-
strates that simulations can be used to explore
aspects of conformational stabilisation of pep-
tides at a bilayer surface.

A simplification of the bilayer surface was also
made in simulations of the lipid-degrading en-

w xzyme phospholipase A 127 . In these simula-2
tions, the bilayer was approximated by a DLPE
monolayer of 101 lipid molecules. Two
monolayerrenzyme complexes were simulated,
each for 120 ps: a loose complex, and a tight
complex, differing in the initial position of the

Žprotein molecule which was docked manually
.onto the lipid surface . This illustrates one of the

difficulties of such studies, i.e. that of deciding
upon the initial position of the protein relative to
the bilayer. The lipids involved in contacts with
the protein were shown to be desolvated in the

tight complex, but not in the loose complex. The
desolvated lipid molecules interacted mainly with
hydrophobic amino acid sidechains.

Turning to simulations of amphipathic a-helices
at a bilayer surface, the first such study was a
500-ps MD simulation of an amphipathic a-heli-
cal peptide fragment of corticotropin-releasing
factor at the surface of a bilayer of 60 DOPC

w xmolecules 128 . This suggested that the helical
conformation of the peptide was stabilised by
interactions with the bilayer, although as the
comparison was made with an in vacuo simulation
of the same peptide the degree of stabilisation
was difficult to establish.

w xRoux and Woolf 129 examined the 46-residue
viral coat protein Pf1, which forms an integral
membrane protein with an N-terminal amphi-

Ž .pathic a-helix residues 6]13 at the bilayer sur-
Ž .face and a C-terminal residues 19]42 hy-

drophobic a-helix which spans the bilayer. A
model of the protein based on a combination of
NMR data and simple conformational searching
was simulated in the presence of a bilayer of 33
DPPC molecules and 1308 waters for 200 ps,
using hexagonal PBCs. This simulation was most
interesting in terms of what it revealed of the
interactions of the amphipathic, surface-bound
helix with the lipidrwater interface. Radial dis-
tribution functions of side chain atoms in the
amphipathic helix showed that only the polar
sidechains were exposed to water. Furthermore,

Ž .both tyrosine residues Y25 and Y40 in the pro-
tein were located in an interfacial region. The
hydroxyl group of Y25 formed an H-bond to
water, whilst that of Y40 formed an H-bond to
the ester carbonyl of a DPPC molecule, again
confirming the importance of the complex interfa-
cial environment in the interactions of amphi-
pathic aromatic sidechains.

A similar approach has recently been applied
w xto melittin 130 in which the initial configuration

of the system was such that although the overall
helix axis was approximately parallel to the bi-

Žlayer plane, the helix kink induced by the central
.proline resulted in the N-terminus of the helix

penetrating deep into the core of the bilayer. This
resulted in significant local perturbation of the
bilayer structure and penetration of water through
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Fig. 8. Snapshot at the end of a 2-ns MD simulation of
Ž .dermaseptin-B DS bound to the surface of a POPC bilayer.

Other details as for Fig. 7.

the leaflet of the bilayer opposite to that to which
melittin was bound. This was suggested to be
related to the mechanism of membrane lysis of
this peptide. It will be interesting to see how
simulation studies may be used to characterise
the transition from aqueous phase melittin to
surface-adsorbed peptide to the location in these
simulations.

A series of MD simulations of dermaseptin B
Ža membrane disrupting peptide from frog skin;

.see above at the surface of a bilayer of 128
w x ŽPOPC molecules have been performed 131 La

.Rocca and Sansom, in preparation . The ‘docking’
of the peptide helix with the bilayer surface was
achieved using a 500-ps MD run during which the
helix was slowly moved towards the bilayer sur-
face, allowing the lipid molecules to ‘relax’ around
it. Following this, a 2-ns MD run was performed.
Thus, the starting configuration of the production
run of the MD simulation corresponded to a
‘surface bound’ helix rather than to a more deeply
penetrating orientation as in the melittin simula-

tion discussed above. The results revealed con-
siderable stabilisation of the a-helical conforma-
tion of the surface-bound form of the peptide
Ž .Fig. 8 , compared to the same molecule when
simulated in water for 2 ns. The sole tryptophan

Ž .residue Trp3 residue of the molecule formed
H-bonds to both water and to a phosphate oxygen
of a lipid molecule. Thus, the simulation of der-
maseptin B in an explicit lipid bilayer and water
environment produced a good correlation with
the results of both experimental studies and of

Ž w x.the mean-field simulations see above; 69 .
Overall, these studies have demonstrated that

atomistic simulations of surface-bound a-helices
are feasible, and suggest that they may reveal
useful information on how such helices are
stabilised at the ‘interface’, and as to possible
mechanisms of action of membrane-perturbing
peptides. However, it is evident that the initial
setup of such simulations is non-trivial. A number
of systematic studies are needed to establish to
what extent the behaviour in the subsequent
simulation run is determined by the assumptions
made as to the position of the helix relative to the
bilayer surface.

7.5. a-Helix bundles

The simulations discussed so far have been
concerned with the stability and interactions of
isolated TM helices at the surface of or spanning
lipid bilayers. Such simulations provide atomic
resolution information on the nature of helixrbi-
layer interactions. This is important in the context
of the two stage model of membrane protein

w xfolding 10 which proposes that TM helices are in
themselves stable in a bilayer environment, and
subsequently pack together to form a helix bun-
dle. However, it is important to remember that
TM helices will find themselves in an even more
complex environment when they form part of a

Ž .helix bundle i.e. an integral membrane protein .
There have been a limited number of simulation
studies of TM helix bundles using an atomistic
lipid bilayer plus and solvent environment.

An impressive early study of an intact helix
w xbundle protein in a lipid bilayer is 132 , which

describes an MD simulation of a bacteriorho-
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Ždopsin trimer in the presence of 30 lipid di-
.phytanylphosphatidyl glycerophosphate mole-

cules plus water molecules and counterions. By
the end of the 300-ps duration of the simulation

˚the Ca RMSD was approx. 2.5 A from the initial
structure for bacteriorhodopsin. The fluctuations
of the inter-helix loops and of the ends of the
helices were, as might be anticipated, greater
than those of the helix cores. Analysis of 12
internal water molecules inside the helix bundle
revealed several stable water positions. However,
most of internal waters exchanged with bulk wa-
ter during the simulation.

More recently, full bilayer simulations have
been extended to two simple models of ion chan-
nels formed by a-helix bundles, namely Alm and
influenza M2. Studies on Alm initially focused on
a hexameric helix bundle in a bilayer of approx.

Ž . w x120 POPC molecules Fig. 9 133 , and more
recently have been extended to simulations of

w xbundles with Ns5, 6, 7 and 8 helices 134 .
ŽSimulation times ranged from 1 ns Ns5, 7 and

. Ž8 to 2 ns although all four simulations have
since been extended to 4 ns } Sansom and

.Tieleman, unpublished results . The results of 2
ns simulations of a hexameric bundle of Alm

Fig. 9. Images of an Ns6 Alm a-helix bundle simulation in a POPC bilayer, taken at ts4 ns. The peptide atoms are shown in
Ž .space-filling format, and the carbonyl oxygens of the phospholipid molecules as small dark grey spheres. a View perpendicular to

Ž . Ž .the pore axis, with the C-terminal mouth of the pore uppermost. b View down the pore z axis, with the C-terminal mouth of the
pore towards the reader.
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helices in a POPC bilayer explored the dynamic
properties of this model of a helix bundle chan-
nel, and also investigated the effects of changing
ionisation state of the ring of Glu18 sidechains on
bundle stability. If all of the Glu18 sidechains
were ionised, the bundle was unstable; if none of
the Glu18 sidechains was ionised the bundle was
stable. The structural and dynamic properties of
water in this model channel were examined. As in

w xearlier in vacuo simulations 135 the dipole mo-
ments of water molecules within the pore were
aligned antiparallel to the helix dipoles. This
helped to contribute to the stability of the helix
bundle.

Different Alm channel conductance levels cor-
respond to different numbers of helices per bun-
dle, ranging from Ns5 to N)8. Calculation of
the predicted pK values of the ring of Glu18a
sidechains at the C-terminal mouth of the pore
suggested that at neutral pH most or all of these
sidechains will remain protonated. Simulations of
Ns5, 6, 7 and 8 bundles with a single ionised
Glu18 all yielded stable helix bundles. The be-
haviour of water within these pores was similar to
that in the earlier Ns6 simulation. Thus, MD
simulations in an atomistic bilayer environment
support the suggestion that different numbers of
Alm helices can self-associate to form a stable
helix bundle, at least on the nanosecond timescale.

A similar simulation approach has been applied
to the pore domain of the M2 protein from in-
fluenza A virus. M2 forms proton permeable
channels which are activated at low pH. A combi-

w xnation of mutation studies 136 , protein chem-
w x w xistry 137 and spectroscopy 138,139 has been

used to demonstrate that the TM segment is
a-helical, to identify those residues of the TM
helix which seem to line the pore, and to show
that the protein tetramerises such that the four
TM segments form a parallel helix bundle. Based
on this data, two independent modelling studies
w x w x137,140 have yielded similar structures 141 for
the TM four helix bundle, namely a left-handed
supercoil. This has also been seen in simulation
studies of the M2 four helix bundle in an octane

w xslab 105 . A number of models of the M2 four
TM helix bundle have been simulated in POPC
bilayers for periods of up to 4 ns. The details of

w xthe simulations differ 142,143 , depending on the
exact length of M2 which is assumed to be a-heli-

Ž .cal see above and the protonation state of the
acidic sidechains at the N-terminal mouth of the
pore, but in all cases the a continuous pore is not
found running through the centre of the bundle.
Instead, in all models there is an interior cavity
containing just three water molecules, which do
not exchange with the exterior. This would sug-
gest that the model corresponds to the closed
state of the channel. As it has been suggested
w x144,145 that protonation of His37 is required to

Ž .open activate the channel, further simulations
are needed to explore the open state.

w xA recent study 146 has illustrated how MD
simulations in a bilayer environment may be used
as a component of a more general strategy for

Ž .modelling membrane proteins. Aquaporin Aqp
is a membrane protein which enables passive

w xtransport of water across cell membranes 147 .
Prediction studies backed up by experimental

w xtopology and spectroscopic data 148 suggest that
the Aqp molecule is made up of a single polypep-
tide chain containing six TM helices. This topology

˚Ž .is supported by medium 6]7 A resolution EM
images of two dimensional crystals of Aqp
w x149,150 which reveal six rods of density forming
a distorted right-handed supercoil. The packing of
six TM helices in Aqp was modelled by in vacuo
MD simulations in which the helices were re-

w xstrained 151 to match their proposed positions
in the EM images. The resultant model was then
‘refined’ by embedding it in a phospholipid
Ž .POPC bilayer, solvating the proteinrbilayer and
running a 1.3-ns MD simulation, without any re-

w xstraints 146 . The ‘stability’ of the model was
measured via the Ca atom RMSD between the

Ž .initial ts0 structure and to the structure at the
end of the simulation. For Model7 of Aqp1 this

˚was approx. 1.8 A. Fluctuations in the structure
over the course of the simulation were greater for
the inter-helix loops than for the TM helices. This
suggests that the packing of helices within this
model is stable. Of course, the low Ca RMSD
does not prove that the model structure is cor-
rect. Rather, a low RMSD in such a simulation is
a necessary but not a sufficient condition for a
correct model. However, the results from this
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simulation do suggest that bilayer MD simula-
tions may be used to test and refine models for
integral membrane proteins, and in this way may
be helpful in the refinement of homology models
based on X-ray or EM structures.

7.6. Full bilayer simulations: conclusions

It is tempting to attempt to generalise about
the results from explicit bilayer simulations of
helixrbilayer interactions. However, we should
remember that any such generalisations are being
made upon the basis of a small number of simula-
tions, which in themselves are of relatively simple
systems. It is quite likely that before reliable
general results emerge from such simulations they
will have to be extended to both more TM helix
species, and to a wider range of bilayer lipids. In
particular, it will be of interest to use a systematic
series of bilayer simulations to explore the con-

w xcept of peptiderbilayer mismatch 152 at the
atomic level.

A first step towards a more general analysis of
peptiderbilayer interactions in simulations has

w xbeen made by Tieleman et al. 103 , who ex-
amined lipidrprotein interactions in simulations

Ž .of isolated TM helices flu M2 and Alm , of helix
Ž .bundles again, flu M2 and Alm and of the porin

OmpF. The total simulation time for all these
systems amounted to over 24 ns. It was found that
whereas single TM helices had only small effects
on adjacent lipids, both the helix bundles and
OmpF caused a significant perturbation in the
ordering of nearby lipid chains. Clearly there is
scope for further detailed and systematic studies
in this area.

Perhaps one thing which emerges quite clearly
from the full bilayer simulation studies is that
they are, as yet, unable to address long timescale
dynamic changes such as voltage-driven insertion
of a-helices into bilayers, or peptide-mediated

Žchanges in bilayer structure such as those which
are believed to underlie peptide-induced fusion of

. w xbilayers 28 . Almost certainly simulation of such
processes will require application of mean-field
methods. However, full bilayer simulations do
provide an atomic resolution window into pep-
tiderbilayer interactions on a nanosecond

timescale. One challenge for future simulation
studies will be to exploit the results of atomistic
peptiderbilayer simulations in order to develop
better mean field potentials for simulation of
mesoscopic events.

8. Conclusions

From the studies discussed in this review it is
evident is that simulations can now provide infor-
mation of helixrbilayerrwater interactions at
atomic resolutions. However, such simulations are
still only feasible for relatively short timescales
Ž .up to approx. 10 ns and for relatively small

Ž .systems up to approx. 250 lipid molecules . This
precludes their direct use in simulations of events
which occur on more extended spatial and tem-
poral scales, e.g. membrane fusion or folding of a
protein within a membrane. In contrast, mean
field simulations are potentially capable of deal-
ing with such larger scale dynamic events, but at
present the mean filed potentials used remain
rather approximate. Thus, a major challenge for
future simulation studies of helixrbilayer interac-
tions is to exploit the results of atomistic simula-
tions to improve the quality of mean field simula-
tions. This will, in turn, enable the latter to be
confidently applied to a wide range of dynamic
phenomena in membranes.

9. Glossary

Alm Alamethicin.
BR Bacteriorhodopsin.
CD Circular dichroism.
CFP Channel forming peptide.
DMPC 1,2-Dimyristoyl-sn-glycero-3-phosphati-

dylcholine.
DPPC 1,2-Dipalmitoyl-sn-glycero-3-phosphati-

dylcholine.
IMP Integral membrane protein.
MC Monte Carlo.
MD Molecular dynamics.
PBC Periodic boundary conditions.
POPC 1-Palmitoyl-2-oleoyl-sn-glycero-3-phos-

phatidylcholine.
RMSD Root mean squared deviation.
TM Transmembrane.
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