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ABSTRACT Integral membrane proteins containing at least one transmembrane (TM) a-helix are believed to account for
between 20% and 30% of most genomes. There are several algorithms that accurately predict the number and position of
TM helices within a membrane protein sequence. However, these methods tend to disagree over the beginning and end
residues of TM helices, posing problems for subsequent modeling and simulation studies. Molecular dynamics (MD)
simulations in an explicit lipid and water environment are used to help define the TM helix of the M2 protein from influenza
A virus. Based on a comparison of the results of five different secondary structure prediction algorithms, three different helix
lengths (an 18mer, a 26mer, and a 34mer) were simulated. Each simulation system contained 127 POPC molecules plus
;3500–4700 waters, giving a total of ;18,000–21,000 atoms. Two simulations, each of 2 ns duration, were run for the 18mer
and 26mer, and five separate simulations were run for the 34mer, using different starting models generated by restrained in
vacuo MD simulations. The total simulation time amounted to 11 ns. Analysis of the time-dependent secondary structure of
the TM segments was used to define the regions that adopted a stable a-helical conformation throughout the simulation. This
analysis indicates a core TM region of ;20 residues (from residue 22 to residue 43) that remained in an a-helical
conformation. Analysis of atomic density profiles suggested that the 18mer helix revealed a local perturbation of the lipid
bilayer. Polar side chains on either side of this region form relatively long-lived H-bonds to lipid headgroups and water
molecules.

INTRODUCTION

Ion channels are formed in lipid bilayers by integral mem-
brane proteins and enable selected ions to move rapidly
(;107 ions s21 channel21) across membranes. Ion channels
are important in numerous cellular processes, principally
electrical signaling (Hille, 1992), but also in other functions
such as facilitating the uncoating of viral genomes (Sansom
et al., 1998a). To understand the physical events underlying
the biological properties of channels, one must characterize
their structures and their dynamic behavior. However, be-
cause ion channels are membrane proteins, we remain rel-
atively ignorant of their three-dimensional structures. In-
deed, at the time of writing a high-resolution
crystallographic structure is known for only one ion chan-
nel, namely KcsA, a bacterial K1 channel (Doyle et al.,
1998). This reflects a more general problem for membrane
proteins. Although integral membrane proteins are thought
to comprise;20–30% of most genomes (Boyd et al., 1998;
Wallin and von Heijne, 1998), high-resolution structures
have been solved for only a small number of membrane
proteins. Thus it is important to make progress in the
prediction and modeling of membrane protein structure.

The majority of integral membrane proteins appear to be
made up of bundles of transmembrane (TM)a-helices (San-
som and Kerr, 1995). A number of different algorithms have
been developed (Cserzo et al., 1994; Jones et al., 1994;
Persson and Argos, 1994; Rost et al., 1996; von Heijne,
1992) that predict the number and location of such TM
helices within the sequence of a membrane protein with a
high degree of accuracy. However, for subsequent modeling
and simulation studies, it is important that the exact loca-
tions in the amino acid sequence of the beginning and end
of a TM helix are predicted accurately. Comparison of the
results of applying different secondary structure prediction
algorithms to the same membrane protein sequence or fam-
ily of sequences suggests that this is rarely the case, as the
predictions are in disagreement, and in those cases where
experimental structural data are available, they also disagree
with structure-based assignments of the beginnings and
ends of TM helices (Hong and Sansom, unpublished re-
sults). This is presumed to reflect the small number of
high-resolution structures that can be used to train predic-
tion algorithms and the inherent limitations of secondary
structure prediction in general (Russell and Barton, 1993).
Thus it is useful to look for additional methods to aid the
definition of TM helices. Realistic simulations, by including
some consideration of the physical chemistry of protein/
lipid/water interactions, might be able to refine the accuracy
of prediction of purely sequence-based approaches. Further-
more, such simulations may provide additional information
on the nature of helix/bilayer interactions at the atomic
level. This is important in the context of the two-stage
model of membrane protein folding (Popot and Engelman,

Received for publication 25 August 1998 and in final form 5 January 1999.

Address reprint requests to Dr. Mark S. P. Sansom, Laboratory of Molec-
ular Biophysics, Department of Biochemistry, The Rex Richards Building,
University of Oxford, South Parks Road, Oxford, OX1 3QU England. Tel:
144-1865-275371; Fax:144-1865-275182; E-mail: mark@biop.ox.ac.uk.

© 1999 by the Biophysical Society

0006-3495/99/04/1886/11 $2.00

1886 Biophysical Journal Volume 76 April 1999 1886–1896



1990), which proposes that TM helices are in themselves
stable in a bilayer environment and subsequently pack to-
gether to form an intact helix bundle.

Molecular dynamics (MD) simulations of TM helices in
lipid bilayers are still in their infancy (Belohorcova et al.,
1997; Shen et al., 1997; Tieleman et al., 1999d; Woolf,
1997). Therefore, it is important to have a number of rela-
tively simple systems upon which to test such simulations.
One such system is provided by the M2 protein from influ-
enza A. The M2 protein forms low pH-activated proton
channels within the viral membrane. It is involved in two
stages of viral replication and is essential for virus function.
Electrophysiological studies have shown that M2 can be
blocked by antiviral drugs such as amantadine (Chizhmakov
et al., 1996; Wang et al., 1993). M2 is a small membrane
protein consisting of 97 residues, with the TM segment
located toward the N-terminus. Spectroscopic (CD and solid-
state NMR) studies indicate that the TM segment of M2 is
a-helical (Duff et al., 1992; Kovacs and Cross, 1997). The
functional channel is formed by parallel homotetramers of
TM helices (Sakaguchi et al., 1997). A synthetic 23-mer
peptide containing the predicted TM segment of M2 has
been shown to generate ion channels in lipid bilayers (Duff
and Ashley, 1992), although the conductance of such chan-
nels is somewhat higher than that estimated from expressed
intact protein (Chizhmakov et al., 1996). Thus channel
activity seems to reside in the TM segment. Overall, M2 is
a relatively simple membrane protein that lends itself to
analysis by simulation, to complement a considerable body
of experimental data (Sansom et al., 1998a). M2 is repre-
sentative of a large proportion of membrane proteins that
contain a single TM helix (Arkin et al., 1997).

Molecular modeling studies of the M2 protein have been
carried out by two research groups (Pinto et al., 1997;
Sansom et al., 1997), and comparisons of independently
derived models have suggested that the system is suitable
for investigation in more detail (Forrest et al., 1998). How-
ever, such studies model the M2 helix bundle in vacuo.
Klein and colleagues (Zhong et al., 1998a,b) have per-
formed MD simulations of a 23-mer M2 helix bundle in a
membrane-mimetic environment (a solvated octane slab).

Both studies are an approximation of the true environment
of the TM helix, i.e., a phospholipid bilayer with water
molecules on either side (Sansom et al., 1998b). Recent
improvements in computing power and in the efficiency of
the molecular dynamics code have made it possible to
perform large-scale atomistic simulations of protein/lipid/
water systems (Belohorcova et al., 1997; Shen et al., 1997;
Tieleman and Berendsen, 1998; Tieleman et al., 1999d;
Woolf, 1997). In this paper, MD simulations in an explicit
bilayer/water environment are used to predict regions of
stablea-helicity in the M2 TM segment. This is achieved by
a combination of analysis of time-dependent secondary
structure and the H-bonding interactions of polar side chains
with lipid and water. A preliminary account of some of
these results has been published in abstract form (Forrest
and Sansom, 1998).

MATERIALS AND METHODS

Secondary structure prediction

The TM prediction programs used were MEMSAT v1.7 (Jones et al., 1994;
http://globin.bio.warwick.ac.uk/;jones/memsat.html), DAS v2 (Cserzo et
al., 1994; http://www.biokemi.su.se/;server/DAS), TopPred2 (von Hei-
jne, 1992; http://www.biokemi.su.se/;server/TopPred2), TMAP v1.4
(Persson and Argos, 1994; http://www.embl-heidelberg.de/tmap/tmap-
info.html), and PHDhtm (Rost et al., 1996; http://www.embl-heidelberg.
de/predictprotein). Depending on the requirements of each algorithm,
predictions were carried out on either a single M2 sequence, corresponding
to the Weybridge strain of the virus (see Fig. 1), or on multiple alignments
of several M2 sequences.

Generation of M2 helix models

Models of M2a-helices were generated by restrained in vacuo MD, using
a simulated annealing (SA) protocol as previously described in (Kerr et al.,
1994). Briefly, idealizeda-helical templates were generated. These were
used in a two-stage SA-MD method incorporating distance restraints to
maintain ana-helical backbone conformation. Each run of this procedure
yielded an ensemble of 25 structures from which single structures were
selected as the starting point of extended MD simulations in a bilayer/water
environment.

FIGURE 1 Defining TM segment of influenza A M2 protein. The amino acid sequence in the vicinity of the TM segment is shown at the top. The TM
helix predictions of the various algorithms are shown as midgrey bars, with the numbers to the left of these indicating the number of residues. The definitions
of the 18mer, 26mer, and 34mer TM helices used in the MD simulations are shown below, as a black bar for the core 18mer and as light gray bars for
the extensions at either end of this.
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Setup of helix/bilayer/water simulation systems

M2 helix models were embedded in a preequilibrated lipid bilayer con-
sisting of 128 molecules of 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphati-
dylcholine (POPC). A hole was generated in the bilayer by a short MD
simulation in which a radial force was applied to generate a cylindrical hole
of radius 0.7 nm, into which the M2 helix was inserted. Unfavorable
lipid-protein contact made necessary the removal of a single POPC mol-
ecule, giving a final total of 127 lipid molecules. We had some concerns
that this might generate asymmetrical stress within the bilayer, but previous
simulations of an alamethicin helix in a transmembrane orientation (Tiele-
man et al., 1999d), also with 127 POPC molecules, suggested that this was
not a serious problem in terms of, e.g., destabilization of the secondary
structure. The whole system was solvated with a minimum of 30 SPC
waters per lipid and then energy minimized. In those simulations where
counterions were included, Na1 ions were added by replacing water
molecules at positions corresponding to the lowest Coulombic energy of
the ion. Each system was once more energy minimized. An example of one
system is shown in Fig. 2A.

MD simulations

MD simulations were carried out using periodic boundary and NPT con-
ditions. A constant pressure of 1 bar was applied independently in all three
directions, using a coupling constant oftP 5 1.0 ps (Berendsen et al.,
1984), allowing the bilayer/protein area to adjust to an optimum value.
Water, lipid, and peptide were coupled separately to a temperature bath at
300 K, using a coupling constanttT 5 0.1 ps. Long-range interactions were
dealt with by using a twin-range cutoff: 1.0 nm for van der Waals
interactions, and 1.8 nm for electrostatic interactions. The time step was 2
fs, with either LINCS (Hess et al., 1997) or SHAKE (Ryckaert et al., 1977)
used to constrain bond lengths.

The SPC water model used (Berendsen et al., 1981) has been shown to
behave well in simple lipid/water simulations (Tieleman and Berendsen,
1996). The lipid parameters used have been shown to give a good repro-
duction of experimental properties of a DPPC bilayer and have been used
in previous MD studies (Berger et al., 1997; Marrink et al., 1998; Tieleman
et al., 1999a,b,d).

Computational details

MD simulations were carried out on a 10-processor, 195-MHz R10000
Origin 2000 and on a 72-processor, 195-MHz R10000 Origin 2000 and
took ;8 days per processor per 1-ns simulation. Simulations and analysis
were carried out using the GROMACS (Berendsen et al., 1995) suite
(http://rugmd0.chem.rug.nl/;gmx/gmx.html), with secondary structure
analysis with the DSSP algorithm (Kabsch and Sander, 1983). Initial
models were generated using Xplor (Bru¨nger, 1992). Structures were
examined using Quanta (Biosym/MSI) and Rasmol, and diagrams were
drawn with MolScript (Kraulis, 1991).

RESULTS

TM helix predictions

To determine the possible extent of the M2 TM helix that
should be considered, five TM prediction methods were
employed. The results (see Fig. 1; we also ran a hidden
Markov model method (Sonnhammer et al., 1998) that
yielded the same results as MEMSAT) yield predicted TM
helices ranging from 18 residues to 27 residues in length.
There is some disagreement over the beginning and end
residues of the TM helix. To explore this further, three TM
helix models were built by SA-MD, ranging in length from

18 to 34 residues (Fig. 1). The 18mer model was chosen to
contain the core hydrophobic region predicted by most of
the algorithms (with the exception of PHDhtm). It was the
TM helix definition used in previous in vacuo modeling and
simulation studies of M2 helix bundles (Sansom et al.,
1997). The 26mer model contains the central 18mer, plus
four residues (approximately one helix turn) added at each
end. This model includes within it the TM helices predicted
by MEMSAT, TopPred2, and PHDhtm, and all but one
residue of that predicted by DAS. Finally, the 34mer model

FIGURE 2 (A) Snapshot of the simulation system for 34merA. The
peptide atoms and the carbonyl oxygens of the phospholipid molecules are
shown in space-filling format. The approximate extents of the water (w),
phospholipid headgroup (p), and hydrophobic core (h) regions of the
system are indicated. (B) Periodic box dimensions as a function of time for
the 18mer simulation.
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consists of the 26mer plus a further turn of the helix at each
end. The 34mer contains all residues of M2 predicted by any
of the five algorithms to exist in the TM helix.

Progress of simulations

Details of the seven simulations are shown in Table 1. For
the 18mer and 26mer, single 2-ns simulations were run. For
the 34mer five simulations were run, each taking a different
structure from the ensemble of 25 generated by SA-MD.
These structures all had ana-helical backbone for all 34
residues, but differed in their side-chain conformations.
Small differences in which residues were assumed to be
ionized were made between the 34mer simulations, al-
though these did not appear to have a significant effect. The
drift of the TM helix structures from the initial starting
models was assessed by examining the Ca RMSDs as a
function of time (data not shown). In each case, after an
initial rise over the first;300 ps, the Ca RMSD reached a
plateau for the remainder of the simulation. The final values
of the Ca RMSD (see Table 1) range from 0.13 to 0.26 nm.
Such values are typical for MD simulations of membrane
proteins and peptides in a bilayer, even for those simulations
starting with an x-ray structure (Tieleman and Berendsen,
1998), indicating that substantial conformational changes
have not occurred.

To determine how any changes in lipid/protein packing
might influence the periodic box size (given that a constant
pressure algorithm was employed during these simulations),
the box dimensions were monitored as a function of time for
each simulation. The results (see Fig. 2B) suggest some
degree of relaxation in the plane of the bilayer from an
initial ;6.2 3 6.2 nm2 to ;5.8 3 6.3 nm2, usually within
the first 200 ps of the simulation. This is comparable to that
seen in other simulations with this methodology (Tieleman
et al., 1999a).

Examination of superimposed Ca traces for the simula-
tions (Fig. 3) suggests that there is greatest conservation of
structure in the relatively hydrophobic 18mer “core” of the
TM helix, with greater structural variation at the extremities
of the helix, as might be expected. This suggests that it is
worth analyzing whether, e.g., changes in secondary struc-
ture occur during the course of the simulation.

Secondary structure

To determine which residues of M2 favor ana-helical
conformation within a membrane environment, the peptide
secondary structure has been analyzed as a function of time
during the simulations. It is assumed that those residues
which maintaina-helicity throughout a simulation prefer
this conformation when located within the membrane.

Fig. 4 shows the secondary structure as a function of time
for four simulations. The 18mer can be seen to remain
a-helical throughout the simulation. In contrast, from;650
ps on, the 26mer loses helicity in its C-terminal region (from
Asp44 to Phe47). Only two of the 34mers have been shown,
as similar behavior is seen in the other three simulations. As
with the 26mer, 34merA shows loss of helicity at the
C-terminus (from Ile42 to Asp44). The four N-terminal res-
idues of 34merA losea-helicity at;750 ps. These patterns
are reflected in the secondary structure analyses (not shown)
of 34merC and 34merD. In contrast, both 34merB and
34merE show more limited loss ofa-helicity in the region
near residue 42, plus some loss of helicity at the N-terminus.
These results indicate that there is some sensitivity of the

TABLE 1 Simulation details

Simulation Ionized residues
No. of Na1

counterions
No. of
waters No. of atoms

Duration of
simulation (ns)

Final Ca
RMSD (nm)

18mer 0 3790 18153 2 0.18
26mer D24,D44,R45 1 4712 21004 2 0.26
34merA D21,D24,D44,R45 2 3803 18355 2 0.23
34merB D21,D24,D44,R45,K49 1 3804 18359 2 0.23
34merC D21,D24,D44,R45 2 3560 17626 1 0.18
34merD D21,D24,D44,R45 2 4156 19414 1 0.22
34merE D21,D24,D44,R45 2 4151 19399 1 0.13

FIGURE 3 Superimposed Ca traces from the 18mer (A), 26mer (B), and
34merA (C) simulations. Each figure shows 20 structures, saved at 100-ps
intervals. The structures are superimposed on their central 18 Ca atoms,
with the C-termini of the helices uppermost.
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secondary structure behavior during the simulation to the
exact initial structure and to the starting velocities of the
atoms. However, the overall picture that emerges is that a
region of M2 extending from residue;22 to residue 43 is
stable as ana-helix when simulated in a POPC bilayer.

One may probe the conformation of the TM segments in
a little more detail by examining the backbone torsion
angles. Plots of thew andc angles of each residue averaged
over the length of the simulation (Fig. 5) help to pinpoint
those residues that deviate most markedly froma-helical
conformation. For the 18mer (data not shown), as expected
from the DSSP analysis, all backbone torsion angles remain
close to their canonicala-helical values. The 26mer (Fig. 5
A) shows deviation froma-helicity at the N-terminus (res-
idue 22) and close to its C-terminus (residues Trp41, Leu43,
and Asp44 in particular), confirming the DSSP indication of
loss of a-helicity in that region. Detailed analysis of the
(w,c) values over time (not shown) for Leu43, Asp44, and
Arg45 indicates that these begin to deviate froma-helical
values at;700 ps, corresponding to the changes in second-
ary structure seen in Fig. 4. There is a marked increase in
the Asp44 w angle at;1550 ps.

Residues Trp41 to Leu43 also deviate froma-helical (w,
c) angles in the 34mer simulations, as do residues adjacent
to them. In most of the five 34mer simulations, loss of
a-helical conformations are observed in the region of the
C-terminal residues Phe47 to Ile51, and in the N-terminal
residues Ser18 to Ser22, with the effect being most dramatic
at residue Ser22. On analysis of the (w, c) angles over time,
the Ser22 c angle of 34merA does not change significantly
until ;750 ps, corresponding to the secondary structure
changes shown in Fig. 4. This behavior is mirrored in the
DSSP and (w, c) analysis of 34merD, e.g., Cys19 deviates
from an a-helical conformation at 100 ps, again matching
changes in secondary structure seen in the DSSP plot (not
shown).

It is interesting to note that the proline residue at position
25 remains in ana-helical conformation during all of the
simulations. However, this proline does destabilize the pre-
ceding turn ofa-helix, as might be expected given the
distortions that proline residues have been observed to in-
duce ina-helices (Barlow and Thornton, 1988). This is of
interest in the context of a number of studies of prolines in
TM helices (Brandl and Deber, 1986; Sansom, 1992; von
Heijne, 1991; Woolfson et al., 1991).

Peptide/bilayer/water density profiles

In addition to the conformational dynamics of the M2 helix
backbone, it is of interest to analyze the interactions of the
helix with its bilayer and water environment. An overview
of this may be obtained by examining the density profiles of
water, lipid, and peptide atoms for the different simulations.
Comparison of the profiles for the first and last 10 ps of
each simulation revealed no significant changes, and so
profiles averaged over the entire simulation period are
shown in Fig. 6. For the 18mer, it is evident that the peptide
density extends only to the extremities of the water density.
Thus this rather short TM helix model is located entirely
within the hydrophobic core of the bilayer. Furthermore,
careful comparison of the lipid density profile for the 18mer
(Fig. 6 A) with those for the 26mer and 34merA (Fig. 6,B
andC) suggests that the shorter peptide may produce some
reduction in the average bilayer thickness relative to the two
longer peptides. However, most of the lipid molecules that
contribute to this average thickness are relatively distant
from the helix, thus obscuring possible effects of the peptide
on the adjacent lipid. A more detailed analysis of the bilayer
thickness around the protein (Tieleman et al., 1999c) re-
vealed a considerable decrease in the immediate vicinity of
the latter. For both the 26mer and, to a greater extent, the
34mer, the peptide atoms extend into the interfacial region,
where lipid and water atoms are both present. However,
even in the case of the 34mer, peptide does not extend
beyond the extremities of the lipid density. Thus one should
examine the simulations for evidence of interactions be-
tween the peptide side chains and the interfacial lipid/water
environment.

FIGURE 4 Secondary structural analysis (using DSSP; Kabsch and
Sander, 1983) of the 18mer (A), 26mer (B), 34merA (C), and 34merB (D)
simulations. Black squares representa-helical residues, dark grey repre-
sents 310-helix, light gray represents a turn, and white squares represent
random coil.
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Hydrogen bonds

Patterns of H-bond formation between the peptide and lipid
or water have been analyzed. In considering the results of
such analysis, it should be remembered that side-chain
motions are relatively slow (Tieleman et al., 1999c) and
H-bonds are long lasting, so side-chain interactions are
incompletely sampled. The criteria used for assigning an
H-bond were an H-donor-acceptor angle of,60° and a
donor-acceptor distance of,0.35 nm. Fig. 7 shows the
fraction of time each residue spends forming a H-bond to
either water or phospholipid. This fraction (fH) was calcu-
lated as follows. IfnH is the total number of time steps
during which a given residue is observed to form a H-bond,
nT is the total number of time steps in the simulation, andq
is the number of observed types of H-bond formed by the
residue in question during the simulation, thenfH 5 nH/
(nT z q). Thus, if a given residue makes a single type of
H-bond throughout the entire simulation,fH 5 1. If, for
example, a serine hydroxyl donates an H-bond to two
different lipid oxygens during the course of a simulation
but always remains H-bonded to one or the other oxygen,
fH 5 0.5.

The 18mer helix forms few H-bonds (data not shown), as
would be anticipated from its location in the hydrophobic
core of the bilayer. Residues Ile26 to Ile28 H-bond to water
molecules withfH 5 0.1–0.2, and the Trp41 residue H-
bonds to a POPC molecule with a similar fraction. These
interactions are all via backbone atoms.

In the 26mer (Fig. 7A) H-bonding at the N-terminus is
predominantly via the two serine residues. In particular, the

side-chain hydroxyl of Ser23 is H-bonded to water with a
fraction of ;0.25. No H-bonding is observed for Trp41,
although some H-bonding to both lipid and water is seen at
the C-terminus (residues Ile42 through to Arg45). All of this
H-bonding occurs from backbone atoms. On visual analysis,
one can see that Asp44 and Arg45, whose side chains might
be expected to H-bond the lipid and/or water, form H-bonds
with one another, and the second NH donor of Arg45 H-
bonds to the backbone carbonyl of Trp41. The Asp44/Arg45

interaction seems to correlate with loss of helicity in this
region.

In the 34mers (Fig. 7,B–F), a more consistent pattern of
H-bonding to POPC molecules is seen at the N-terminus
than at the C-terminus, particularly at the serine residues 18,
20, 22, and 23. Analysis of individual contributions shows
that in the 34merB and 34merD simulations, all of the
serines have one H-bond that persists throughout the simu-
lation, e.g., Ser20 of 34merB H-bonds to O16 of POPC44 for
a majority of the 2-ns simulation time (Fig. 8A). The serine
residues of 34merC and 34merE show a somewhat different
behavior, with two or three H-bonds that make marked
contributions, and the serine alternating between these, e.g.,
Ser18 of 34merE H-bonds for equivalent amounts of time to
oxygens 7, 16, and 33 of POPC47. The serines of 34merA
demonstrate both of these types of behavior. Ser18 and Ser22

have one predominant H-bond each, whereas Ser23 alter-
nates equally between two H-bonding states to different
lipids.

The interaction of Trp41 with lipids is of interest, given
the discussion of the possible role of Trp side chains in

FIGURE 5 Averagew andc angles
per residue for the 26mer (A),
34merA (B), 34merB (C), 34merC
(D), 34merD (E), and 34merE (F)
simulations. Thew values are shown
using a solid line. Thec angles (bro-
ken line) have been multiplied by21
to representw and c on the same
graph. For an ideala-helix, (w, c) '
(257°, 247°).
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positioning membrane proteins within a bilayer (Grossfield
and Woolf, 1998; Schiffer et al., 1992; Tieleman et al.,
1999c; Weiss et al., 1991; Yau et al., 1998). 34merA and
34merB show considerable H-bonding interaction of Trp41

with lipid, but this is not seen for 34merC, 34merD, or
34merE. On more detailed investigation, the Trp41 N-H of
34merB is seen to H-bond in a flickering manner to O14 of
POPC60, although this only becomes apparent after;700

FIGURE 6 Atomic density profiles
along the bilayer normal for the
18mer (A), 26merA (B), and 34merA
(C) simulations. In each case the pro-
files are shown for peptide (bold
lines), lipid (dotted lines), and water
(broken lines) atoms. The midplane
of the bilayer is atz 5 0 nm. (D)
Density profiles as a function of time
for the 34merA simulation. The four
lines correspond to the density profile
averaged over successive periods of
500 ps.

FIGURE 7 Fraction of H-bonding
(fH) (see text for definition) per residue
for the 26mer (A), 34merA (B), 34merB
(C), 34merC (D), 34merD (E), and
34merE (F) simulations. H-bonds to
phospholipid are shown in pale gray,
and H-bonds to water are shown in
black.
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ps. The Trp41 N-H of 34merA shows two dominating H-
bonds to oxygens 14 and 33 of POPC60 (Fig. 8B).

Where suitable donors and acceptors are available, the
contributions of the C-terminal residues Asp44, Arg45, and
Lys49 are seen to be coming from side-chain interactions
rather than from the backbone. Note that although thefH
values may seem small, the large numbers of possible
H-bonds (q) lower these numbers. For example, Arg45 of
34merA shows 18 possible types of H-bonding, but one of
them predominates, with a half-life of nearly 1 ns. This
gives an overall fraction of less than 0.1.

Overall, it appears that there is no obvious correlation
between the patterns of H-bonding and the stability/insta-
bility of a-helical conformation for residues in the interfa-
cial region. However, it does seem that the H-bonds may be
important for “locking” the protein into the lipid bilayer,
although it is still rather difficult to arrive at an estimate of
the relative contributions of H-bonding interactions in the
interface and hydrophobic interactions in the bilayer core.
The exact pattern of H-bonding fluctuates dynamically, as
might be expected, given the fluctuating nature of the bi-
layer/water environment, although such fluctuations are rel-
atively slow, resulting in incomplete sampling in nanosec-
ond simulations.

DISCUSSION

Implications of results

The simulations presented above are, to the best of our
knowledge, the first that use MD simulations in a full lipid
bilayer and water environment to aid prediction of the TM
helix of a membrane protein. Thus they extend the studies of
Tobias et al. (1995) and of Nikiforovich (1998), who have
used in vacuo calculations to aid TM helix prediction. Our

simulations are similar in spirit to those of Bodkin and
Goodfellow (1995), Kovacs et al. (1995), Sessions et al.
(1998), and Tieleman et al. (1999d), who have investigated
peptide helix stability in membrane-mimetic solvents. A
simulation-based approach extends and complements the
many purely sequence-based prediction methods (Jones et
al., 1994; Rost et al., 1996; Sonnhammer et al., 1998),
which provide accurate predictions of the number and to-
pology of TM helices, but relatively approximate locations
for them within the sequence.

It should be noted that in these simulations we have
assumed that the M2 helix adopts a transmembrane orien-
tation, even though the pre- and post-TM polypeptide chain
is not included. From a peptide perspective, this may rep-
resent a metastable system, although, e.g., He et al. (1996)
and Huang and Wu (1991) have indicated some of the
complexities of the surface/inserted equilibrium for mem-
brane-active peptide helices. However, in the context of the
two-state model of membrane protein folding (Popot and
Engelman, 1990), isolated TM helices are thought to be a
stable folding intermediate en route to an intact helix bundle.

It is of interest that in the current simulations the M2
helix does not show a pronounced tilt relative to the lipid
bilayer normal. This is in contrast with, e.g., solid-state
NMR data (Kovacs and Cross, 1997) and Fourier transform
infrared data (Kukol et al., 1999). However, these latter
studies are of the (presumed) tetramer of M2 and were
conducted at relatively high peptide:lipid ratios, in contrast
to the current study of an isolated TM helix. The difference
suggests that helix tilt is a consequence of tetramer forma-
tion (Forrest et al., 1998) rather than of helix/bilayer inter-
actions.

It is instructive to consider here the possible limitations of
sequence-based methods of TM helix prediction and the
refinements one might reasonably hope MD simulations
could bring to such predictions. The main limitation of such
predictions is probably that a dearth of high-resolution
structural data for membrane proteins means that prediction
methods have to be trained on topological (i.e., inherently
low-resolution) data. It would be unreasonable to expect
predictions to outperform the data on which they are trained,
and indeed it is perhaps remarkable that these methods
perform so well. Even when more high-resolution structures
become available, it is likely that there will be a ceiling on
their performance. As has been shown by, e.g., Russell and
Barton (1993), multiple sequence alignment, which is used
in most TM helix prediction methods, places an inherent
limit on the accuracy of secondary structure predictions,
regardless of the algorithm employed. What MD simula-
tions may be able to add is a detailed consideration of the
physicochemical interactions of the helix and the bilayer/
water environment, particularly in the interfacial region.
Although sequence-based predictions seem to be good at
identifying the hydrophobic core of TM helices, and indeed
this definition is used in the current simulations to deter-
mine the initial position of the model helix relative to the
bilayer, MD simulations may be able to determine how far

FIGURE 8 Snapshots of long-lasting H-bonds between polar side chains
and lipid molecules. (A) From Ser20 to O16 of POPC44, in simulation
34merB. (B) From Trp41 to O14 and O33 of POPC60, in simulation
34merA. H-bonds are shown as broken lines.
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a stablea-helical conformation projects beyond the bilayer
core, where potential H-bonds to lipid and water compete
with intrahelical H-bonds.

In the current study, we have assumed that the hydropho-
bic core of the TM helix, which is identified by sequence-
based prediction methods, sits in the core of the bilayer. The
question then arises, how far does the helix extend beyond
the hydrophobic core? It is this aspect over which the
sequence-based predictions appear to disagree and which
we have tried to address via simulations. Thus MD simula-
tions have been used to help determine the length of the TM
helix of the M2 protein of influenza A. The overall conclu-
sion from the various analyses of the trajectories is that a
stable TMa-helix is formed by residues in the area of Ser22

to Leu43. This considerably aids attempts to model and
simulate the M2 helix bundle. This definition of the M2 TM
helix is in closest agreement with the prediction from the
TopPred2 algorithm (von Heijne, 1992). In contrast with
our simulations, none of the sequence-based predictions
included Ser22 and Ser23 at the N-terminus of the TM helix.
At the C-terminus, the simulation results suggest that the
TM helix ends at residue Leu43. This effect may be induced
by ion pair formation by Asp44 and Arg45.

It should be noted that, in contrast to conventional wis-
dom for water-soluble proteins that serines are not favored
in helices (Richardson and Richardson, 1989), our simula-
tions indicate that Ser22 and Ser23 form an extension of the
TM helix. However, serine-rich TM helices are found in
synthetic channel-forming peptides (Åkerfeldt et al., 1993;
Lear et al., 1988). They are also found in the pore-lining
helices of the nicotinic acetylcholine receptor (Lester, 1992;
Unwin, 1995) and in the M1, P, and M2 helices of the
potassium channel KcsA (Doyle et al., 1998). Thus both
experimental and simulation studies indicate that empirical
rules for the secondary preference of amino acid types may
not be simply transferred from water-soluble to membrane
proteins (Deber and Goto, 1996). Serine side chains within
a TM helix, if located in the hydrophobic core of the bilayer,
may either satisfy their H-bonding requirements by inter-
acting with the carbonyl oxygen of the preceding turn of the
helix (Gray and Matthews, 1984), or, if in an interfacial
location, may H-bond to, e.g., a phospholipid headgroup
(see Fig. 8A).

Analysis of H-bonding provides evidence for a role of
polar side chains flanking the TM region in locking the
helix within the membrane. MD simulations on a purely
hydrophobic (Ala32) helix chain in a DMPC bilayer (Shen et
al., 1997) suggested that the need to form H-bonds to water
in the aqueous and interfacial regions could lead to loss of
a-helicity. Thus, although the introduction of polar or am-
phipathic aromatic residues may or may not directly stabi-
lize ana-helical conformation, their capacity for hydrogen-
bonding to the water and lipid headgroups in the interfacial
environment may act to hold and stabilize the helix within
the membrane environment. Simulations of the individual
a-helices of bacteriorhodopsin in a 12-lipid DMPC bilayer
(Woolf, 1997) support the suggestion thata-helices will be

stabilized within a membrane if their residues can interact
favorably with the interfacial region. Similarly, MD of the
a-helical peptide ace-K2GL16K2A-amide in a 12-lipid bi-
layer (Belohorcova et al., 1997) revealed that the lysine side
chains maximized their interactions with water and were
immobilized by H-bonding within the interfacial region.
Again, this suggests that the effect of H-bonding is to hold
the peptide in place. However, it should be remembered that
these MD simulations still encompass a relatively small
number of TM helix sequences, and further studies may be
required before general rules emerge, particularly those
concerning the relative contributions of H-bonding and hy-
drophobic interactions to TM helix/bilayer interactions.

Simulation protocol

There are several limitations to the simulation methods used
in this paper. One concern is that the treatment of long-
range electrostatic interactions with a cutoff may be too
approximate. Pure bilayer simulations (Tieleman and Be-
rendsen, 1996) using this method have produced reasonable
agreement with experiment, but improved methods (e.g.,
Ewald summation) have been discussed (Tieleman et al.,
1997; Tobias et al., 1997) and are becoming more feasible
for large and complex systems. Other improvements would
include increases in simulation time (Daura et al., 1998) and
in the size of the lipid bilayer systems. Both of these
increases would be necessary to incorporate possible large-
scale fluctuations in bilayer structure.

The results reported here are sufficiently interesting to
suggest the need for a detailed and systematic study of a
number of factors that may influence the outcome of sim-
ulations of TM helices in a bilayer. In particular, these
should attempt to address the effects of both static and
dynamic helix/bilayer mismatch. By static mismatch we
mean a difference in the length of the hydrophobic core of
the TM helix and the equilibrium thickness of the hydro-
carbon core of the bilayer. This could be investigated by
simulations using different peptides and/or different lipids.
By dynamic mismatch we mean the position along the
bilayer normal of the center of the hydrophobic core of the
TM helix relative to the center of the bilayer. Again, this
could be probed by a further series of simulations. For
example, in the current study we have assumed that the
hydrophobic core of the TM helix should be aligned such
that its center matches the center of the bilayer. This as-
sumption could be tested by a series of simulations starting
from successively displaced positions of the TM helix.
Investigations of both of these approaches to mismatch are
under way.
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