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Abstract: Nanosecond molecular dynamics simulations in a fully solvated phospholipid bilayer
have been performed on single transmembranea-helices from three putative ion channel proteins
encoded by viruses: NB (from influenza B), CM2 (from influenza C), and Vpu (from HIV-1).a-Helix
stability is maintained within a core region of ca. 28 residues for each protein. Helix perturbations
are due either to unfavorable interactions of hydrophobic residues with the lipid headgroups or to
the need of the termini of short helices to extend into the surrounding interfacial environment in
order to form H-bonds. The requirement of both ends of a helix to form favorable interactions with
lipid headgroups and/or water may also lead to tilting and/or kinking of a transmembranea-helix.
Residues that are generally viewed as poor helix formers in aqueous solution (e.g., Gly, Ile, Val) do
not destabilize helices, if located within a helix that spans a lipid bilayer. However, helix/bilayer
mismatch such that a helix ends abruptly within the bilayer core destabilizes the end of the helix,
especially in the presence of Gly and Ala residues. Hydrogen bonding of polar side-chains with the
peptide backbone and with one another occurs when such residues are present within the bilayer
core, thus minimizing the energetic cost of burying such side-chains.© 2000 John Wiley & Sons,
Inc. Biopoly 53: 529–538, 2000

Keywords: molecular dynamics simulation; viral ion channel; transmembrane alpha-helix; alpha-
helix propensity; lipid bilayer; hydrophobic mismatch; hydrogen bonding

INTRODUCTION

The majority of integral membrane proteins contain
transmembrane (TM) domains formed by bundles of
a-helices. In particular, a bundle ofa-helices packed

together in a rotationally symmetrical fashion about a
central axis coincident with a transbilayer pore is a
structural motif common to a number of ion channels.
For example, amphipathica-helical peptides such as
alamethicin1,2 may generate channels by self-assem-
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bly to form a simplea-helix bundle. More complex
channel proteins with a pore domain based upon a TM
helix bundle are known, such as the nicotinic acetyl-
choline receptor,3 the bacterial K1-channel KcsA4

and the bacterial mechanosensitive channel MscL.5

Thus, it is of some interest to understand the princi-
ples underlying the structure and stability of such
assemblies of TM helices. A first step toward this
requires an understanding of the factors stabilizing
formation of isolated TM helices. Conceptually, such
an approach follows from the 2-stage model for mem-
brane protein folding first proposed by Popot and
Engleman.6 In this model, helices are inserted into a
bilayer (stage 1) and form stable TM domains prior to
subsequent self-assembly (stage 2) to form helix bun-
dles that correspond to a folded membrane protein.

A relatively simple class of ion channels is pro-
vided by a number of virally encoded membrane
proteins.7,8 These may provide a paradigm for ion
channel folding and assembly. The channels are
formed by homo-oligomeric helix bundles, each sub-
unit of the assembly providing a single TM helix.
Thus, these proteins are sufficiently simple to be ame-
nable to a range of biophysical techniques,9–14 while
providing models of arguably greater biomedically
relevance than, e.g., membrane active peptides.15

The most intensively studied viral ion channel is
M2 from influenza A, which forms proton selective
pores activated by low pH.16–18M2 channels aid viral
uncoating by facilitating acidification of the interior of
the virion once within the endosome of an infected
cell. M2 channels are blocked (i.e., inhibited) by the
anti-influenza drug amantadine.19,20More recently, it
has been shown that the viral genomes of influenza B
and C also encode simple integral membrane proteins,
NB (100 amino acids) and CM2 (115 amino acids),
respectively. These proteins resemble M2 in that: (i)
each contains a single TM helix close to its N termi-
nus21–23; (ii) small numbers of copies of the proteins
are present in the membrane of each parent virion; and
(iii) the peptide chains homo-oligomerize to form the
intact protein.21,22,24,25There are reasonable data to
support the contention that NB and CM2 may form
ion channels analogous to M2, although the roles of
these putative channels within the life cycles of their
respective viruses are incompletely understood.21,24

NB exhibits complex conductance properties, i.e., it
induces both an Na1 conductance at neutral pH and a
Cl2 conductance at low pH26 in addition to an Na1-
dependent H1 conductance.27 CM2 resembles M2 in
that it forms disulphide-linked dimers and tetramers
on SDS-gels under nonreducing conditions.25 Given
these similarities, it is possible that CM2 may form
ion channels.22

In addition to ion channels encoded by influenza
viruses, a possible ion channel is found in HIV-1.
The HIV-1 genome encodes Vpu, a 16 kDa phos-
pho-protein of ca. 81 residues, which also contains
a single TM helix near its N-terminus.28 Vpu is
expressed by HIV-1 infected cells, forming homo-
oligomers in the cell membranes. Vpu appears to be
a bifunctional protein.29 Its TM domain plays a role
in virus release/secretion,30 whereas the extramem-
braneous C-terminal domain regulates CD4 degra-
dation.31,32 Electrophysiological experiments with
Vpu expressed in E. coli and reconstituted into lipid
bilayers33 or Vpu exogenously expressed in Xeno-
pus oocytes34 suggest that a monovalent cation
conductance may be induced. This is supported by
planar bilayer studies of a synthetic peptide corre-
sponding to the Vpu TM domain.34 However, the
exact nature and role of Vpu-induced channels re-
mains to be fully demonstrated.7,35

Despite the topological and functional similarities
of M2, NB, CM2, and Vpu, their sequences do not
exhibit any detectable homologies with one another.
Although such lack of homology does not preclude a
similar TM structure, it compounds one of the prob-
lems of modeling and simulation studies of TM heli-
ces of these viral ion channels in the absence of
definitive crystallographic or NMR structures. Al-
though methods for prediction of the location of TM
helices within the sequences of membrane proteins
are well established, such methods suffer from a de-
gree of inaccuracy in prediction of the exact start and
end residues. As shown for, e.g., M2, most programs
agree in predicting a core hydrophobic region.36 How-
ever, for M2 this was, at 18 residues, too short to form
a stablea-helical TM segment. MD simulations of
M2 a-helical models of different lengths embedded in
fully hydrated phospholipid bilayer aided in determi-
nation of the optimal length of a stable TM helix in its
“native” environment. Thus, MD simulations may be
used to refine sequence-based predictions of TM he-
lices. In some ways, this parallels the use of extended
MD simulations to study the folding behavior, in
isotropic solvents, of peptides37 and small proteins.39

In this article, we describe comparative MD sim-
ulations of the TM segments of NB, CM2, and Vpu.
TM helix models of varying lengths are generated on
the basis of several sequence-based TM prediction
algorithms, and are used as starting structures for
nanosecond duration MD simulations of the helices
embedded in a phospholipid bilayer. The results of
these simulations are used to assess the most stable
length of each TM helix when in a phospholipid
bilayer environment. Analysis of hydrogen bonding
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patterns sheds light on protein/lipid/water interactions
and their relationship to helix stability.

MATERIALS AND METHODS

Sequences of the three putative viral ion channels
(NB, Lee; CM2, Q67389; and Vpu, HV1H2) were
obtained from the SwissProt database (http://www.
nick.med.usf.edu/GCGdoc/Data_Files/swissprot.
html). The TM prediction programs used were MEM-
SAT v1.7 (http://globin.bio.warwick.ac.uk/;jones/
memsat.html)39; DAS v2 (http://www.biokemi.su.
se/;server/DAS)40; TMAP v1.4 (http://www.
embl-heidelberg.de/tmap/tmap-info.html)41; Top-
Pred2 (http://www.biokemi.su.se/;server/Top-
Pred2)42; PHDhtm (http://www.embl-heidelberg.de/
predictprotein)43; and TMHMM (http://www.cbs.dtu.
dk/services/TMHMM-1.0/).

Initial models of TMa-helices were generated using
Xplor44 by restrained in vacuo MD simulations.45 All
side-chains were modeled as being in their default ion-
ization state. Each helix thus generated was docked in a
hole of radius 0.7 nm in a pre-equilibrated lipid bilayer
(of 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphatidyl-
choline (POPC)) of area ca. 63 6 nm,2 as described in
detail elsewhere.36,46Each lipid/protein system was then
solvated with more than 30 SPC water molecules per
lipid. MD simulations were performed using GRO-
MACS (http://rugmd0.chem.rug.nl/;gmx/gmx.html).
All simulations were of duration 1 ns. Simulations were
run on either a 10 or an 80 processor SGI Origin 2000.
For a system of ca. 20,000 atoms, the cpu time is ca. 8
days per ns per processor. Subsequent analysis of the
simulations used Gromacs and DSSP.47 Structures were
visualized using Quanta (Biosym/MSI) and Rasmol.

RESULTS AND DISCUSSION

TM-Predictions

All six sequence-based methods overlap in the predic-
tion of a helical TM region extending from ca. residue
18 to residue 42 for NB (RGS20IIITICVSLI 30VIL
IVFGCIA40KI, see also Fig. 1), which can be identified
as a core region. The agreement among different meth-
ods for CM2 is poorer, but the most probable TM region
lies between residues 57–80 (LASL60GLGIITMLYL 70

LVKIIIELVN 80). For Vpu, the core TM region is pre-
dicted to be between residues ca. 5–28 (IVAIVA10LV
VAIIIAIV 20VWSIVIIE). However, even in the case
where agreement among the various predictions is rela-
tively good (e.g., NB), there are differences of ca. 6–9

residues at each end, corresponding to ca. 2 turns of
helix. So, the stability of different lengths of each TM
helix when embedded in the middle of a bilayer was
explored by multiple MD simulations. For each initial
TM helix model, a sequence of 20 residues was chosen
that matched as closely as possible to the consensus
prediction (NB: IIITICVSLI30VILIVFGCIA 40; CM2:
L60GLGIITMLYL 70LVKIIIELV; Vpu:VA 10LVVAII
IAIV 20VWSIVIIE). These models were then extended
by approximately one or twoa-helical turns at each end
giving 28mer (NB: IRGS20IIITICVSLI 30VILIVFG
CIA40KIFI; CM2: TLASL60GLGIITMLYL 70LVKIII
ELVN80GFV; Vpu: IVAIVA 10LVVAIIIAIV 20VWSIV
IIEYR30KI) and 36mer models (NB: PITHIRGS20

IIITICVSLI 30VILIVFGCIA 40KIFINKNN; Vpu: QPI
PIVAIVA 10LVVAIIIAIV 20VWSIVIIEYR30KILRQR),
respectively. For CM2, a 39mer (CM2: GYMLTL
ASL60GLGIITMLYL 70LVKIIIELVN 80GFVLGRW
ERW90) was generated to include the complete range
of residues implicated in TM helix formation by se-
quence-based predictions.

Simulations and Secondary Structures

In all simulations, the structures deviate from the
initial (i.e., in vacuo generated) models, as can be seen
by the rise of the Ca RMSDs to ca. 0.1–0.2 nm within
the first quarter of the simulation. This is typical for
MD simulations of membrane proteins. The Ca-
RMSD then remains constant for the remainder of the
simulation, indicating overall helix stability on a
nanosecond time scale. Similar behavior has been
seen for simulations of TM helices formed by alam-
ethicin46 or by M236 or of the TM helices of bacte-
riorhodopsin.48

The time-dependent secondary structures (as de-
fined by DSSP) of the TM domain models are
shown in Fig. 2. Corresponding Ca traces, showing
structures captured every 100 ps during the various
simulations, are given in Fig. 3. For the NB 20mer
(IIITICVSLI 30VILIVFGCIA 40) we find thea-heli-
cal conformation is conserved helix over the entire
simulation (1 ns). Neither the bulky Phe-36 nor the
hydrophilic Thr-24 and Ser-28 side-chains, all of
which lie within the hydrophobic bilayer core, per-
turb thea-helicity of the model. The 28mer helix
(IRGS20IIITICVSLI 30VILIVFGCIA 40KIFI) also
remains stable for the duration of simulation. How-
ever, a slight loss of helicity in favor of turn struc-
tures is observed around the first 3– 4 residues
including Ile-17 and Gly-19, during in the first half
of the simulation. The time-averagedF andc back-
bone torsion angles (data not shown) deviate from
canonicala-helical values for several of the resi-
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dues between Ile-17 and Ile-21. Since Ile-17 and
Gly-19 are within the “interfacial” region defined
by phospholipid headgroups (Fig. 4), these residues

may be playing their traditional helix-destabilizing
role when in a relatively polar environment49 in this
early stage of the simulation. There was no signif-

FIGURE 1 Predictions of TM helices using various algorithms (as indicated on the left-hand side
of the figure). Numbers next to the names of each algorithm indicate the predicted helix start and
helix end residues. Sequences of the regions of the three virus channel proteins around the predicted
TM helices are shown at the top of each panel. Grey lines indicate the lengths of the predicted TM
helices. Black lines indicate the three models generated for each protein, i.e., 20mer, 28mer, and
36mer (39mer for Vpu). For Vpu, DAS proposes a TM region from residue 30–53.
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icant translational movement of the helix along the
normal to the bilayer throughout the simulation. We
suggest, therefore, that there is a localized interac-
tion of these residues within the region of the polar

lipid headgroups during the later part of the simu-
lation, which then supports helix (re)formation. In
the 36mer (PITHIRGS20IIITICVSLI 30VILIVFGC
IA 40KIFINKNN), we find mostly turns and some

FIGURE 2 Analysis of secondary structure of the helices using DSSP algorithm.56 For each
model, secondary structure (vertical axis) is shown as a function of time (horizontal axis), using the
following shading scheme: black5 a-helix; dark grey5 310-helix; grey 5 turns; and white
5 random coil. The vertical axes list the residue numbers.

FIGURE 3 Superposition of Ca traces corresponding to structures saved every 100 ps. The
structures are superimposed using their central cores, i.e., excluding 4 residues at each end.
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bends at the C terminus of the model. This break in
the helix is due to hydrophilic residues (Asn-45,
Lys-46, Asn-47, and Asn-48), which form hydro-
gen bonds with the phospholipid headgroups and
interfacial water molecules. Their averageF andc
values deviate significantly from standarda-helical
values.

The 20mer of CM2 (L60GLGIITMLYL 70LV
KIIIELV) is unstable in ana-helical conformation,
adopting a mixture of mostly longer 310-helix and turn
conformation at its N-terminus throughout the 1 ns
simulation (Fig. 2). This may be related to the highly
flexible residues Gly-61° (F-56°, c-37°), and Gly-63

(F-48°, c-25°) present in this region. These residues
perturb thea-helical conformation within the lipid
bilayer. In particular, in order to satisfy the hydrogen
bonding of the terminus of the helix, there is partial
unwinding at the glycines to increase its overall
length. Extension of the CM2 sequence by 4 more
residues at either end (giving the 28mer: TLA
SL60GLGIITMLYL 70LVKIIIELVN 80GFV) leads to a
stablea-helix at the N-terminus (Fig. 2). However, in
the C-terminal third of the molecule, there is a loss of
a-helicity around residues 74–77 within the first 600
ps of the simulation. This perturbation disappears
again towards the end of the 1-ns time period. For the

FIGURE 4 Images of the peptide/lipid/water systems at the ends of the simulations. The helices
are shown in spacefilling format. The P atoms of the phospholipid head groups are shown as small
spheres.
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39mer (GYMLTLASL60GLGIITMLYL 70LVKIIIE
LVN80GFVLGRWERW90), the a-helical conforma-
tion is largely stable over the whole simulation time
(Fig. 2), apart from at the C-terminus (residues Phe-82
to Arg-89), where there is a loss ofa-helicity that
starts at ca. 600 ps and continues for the remainder of
the simulation.

The Vpu 20mer (VA10LVVAIIIAIV 20VWSIVIIE)
has a highly hydrophobic N-terminal half. The first
3–4 residues do not remain in a stablea-helical
conformation within the bilayer. Instead, they adopt a
turn conformation to span the bilayer. The conforma-
tion remains constant throughout the time course of
the simulation. As was the case with CM2, the non-
helical region contains a small side-chain, Ala-10,
which adopts a more 310-like (F-57°, c-20°) confor-
mation. The hydrophilic residues at the C-terminus do
not perturb thea-helicity of the Vpu 20mer, even
though the helix is buried within the bilayer core. The
extended helix (28mer, IVAIVA10LVVAIIIAIV 20

VWSIVIIEYR30KI) retains an almost completely
a-helical structure throughout the simulation. Further
extension of the sequence (to give a 36mer,
QPIPIVAIVA 10LVV AIIIAIV 20VWSIVIIEYR 30

KILRQR) does not lead to a substantial change in
helix conformation throughout the duration of the
simulation, although there is some transient loss of
helicity at the N- and C-termini. The additional resi-
dues at the C-terminus of the helix are hydrophilic
(Arg-34, Gln-35, and Arg-36). Since these residues
are located in the aqueous environment, they may
help to stabilize the locala-helical conformation via
hydrogen bonding with the phospholipid headgroups
or the water molecules.

Helix Distortions and Orientations

None of the transmembrane helices remains com-
pletely undistorted throughout the time course of its
simulation. The 20mer NB helix (IIITICVSLI30

VILIVFGCIA 40) starts slightly bent at residue Val-31
with a helix kink angle of ca. 15° at the beginning of
the simulation. This small kink remains throughout
the 1-ns simulation (see Fig. 4). A slight tilt of the
helix is also observed. A more pronounced kink is
observed in the NB 28mer (IRGS20IIITICVSLI 30VI
LIVFGCIA40KIFI). Domain motion analysis50 re-
veals that residues Val-27 and Ser-28 form a molec-
ular “hinge.” This leads to a rotation of the C-terminal
segment away from the bilayer normal [Fig. 4(A II)].
Although the initial model of the NB 36mer
(PITHIRGS20IIITICVSLI 30VILIVFGCIA 40KIFIN
KNN) is an almost completely undistorted helix (kink
angle ca. 5°), it becomes consistently kinked during

the simulation, with a kink angle of ca. 30° at the end
of the simulation. This reflects rotation of a compact
segment within the bilayer (from residues Cys-26 to
Val-35) around two smaller hinge segments on each
side, giving the TM helix a twisted shape. The hinges
are formed by residues 21–24 toward the N-terminus
and residues 36–39 toward the C-terminus.

The helices of the CM2 20mer (L60GLGIIT
MLYL 70LVKIIIELV) and 28mer (TLASL60GLGIIT
MLYL 70LVKIIIELVN 80GFV) also exhibit limited
curvature (kink angle ca. 10°) at the start of the
simulation, which remains throughout the 1 ns [Fig.
4(B I and II)]. The 39mer (GYMLTLASL60GL
GIITMLYL 70LVKIIIELVN 80GFVLGRWERW90)
shows more complex behavior, with a maximum kink
of the helix at around 700 ns, which then substantially
disappears by the end of the simulation. This bend is
due to movement of helical segments about two
“hinges” from residues Ala-58 to Ile-64, and from
Leu-78 to Val-79. In contrast to the (albeit limited)
flexibility observed for the NB and CM2 helices, the
three Vpu helix models remain unkinked and untilted
relative to the bilayer normal throughout their respec-
tive simulations (Fig. 4).

Hydrogen Bonding Interactions
of Side-Chains

All the TM segments studied have a hydrophobic core
flanked by hydrophilic residues at either end. The
presumed role of these amino acids is to interact
within the interfacial (water1 lipid headgroup) en-
vironment and thus stabilize the TMa-helix. Figure 5
shows the fraction of hydrogen bonding of the indi-
vidual side-chains with the lipid headgroups, water,
other amino acid side-chains, and peptide backbone.

The hydrophilic residues of the 20mers of all he-
lices do not show any significant hydrogen bonding
and are, therefore, not shown. This suggests that these
20mer helices are not sufficiently long to fully span a
POPC bilayer. A common picture for all of the longer
TM helix models is that the hydrophilic residues at the
protein/lipid/water interface have relatively lowfH
values (fH , 0.4) (Fig. 5). This can be explained by
a high number of possible partners for hydrogen
bonding (q), i.e., a high fluctuation in hydrogen bond-
ing partners. Hydrophilic side-chains like Thr and Ser,
which are buried within the hydrophobic environ-
ment, satisfy their hydrogen bonding with backbone
carbonyls. If there are no alternative partners for hy-
drogen bonding, such residues remain hydrogen
bonded with these groups throughout the simulation,
yielding a value offH between 0.4–0.8. It is interest-
ing to note that Thr-56 and Ser-59 in the NB 28mer
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(IRGS20IIITICVSLI 30VILIVFGCIA 40KIFI) and
36mer (PITHIRGS20IIITICVSLI 30VILIVFGCIA 40K
IFINKNN) have a high fraction of hydrogen bonding
to the backbone, despite the fact that they are close to
the protein/lipid/water interface. This suggests that, at
least within the timescale of these simulations, in-
tramolecular H-bonding is favored over intermolecu-
lar H-bonding for these two residues. Ionized side-
chains in NB and Vpu form salt bridges between their
side-chains (NB: Lys-73 to Glu-77; Vpu: Glu-28 to
Lys-31). In addition, Glu-77 (NB) and Lys-31 (Vpu)
share H-bonds with the peptide backbone, the lipid
headgroups, and water.

Stable TM Regions

From our data, we predict a stablea-helical confor-
mation for the following transmembrane segments of

the three proteins: (i) from residues 20–40 for NB
(S20IIITICVSLI 30VILIVFGCIA 40); (ii) from residues
56–76 for CM2 (TLASL60GLGIITMLYL 70LVKIII);
and (iii) from residue 5–25 for Vpu (IVAIVA10L
VVAIIIAIV 20VWSIV). Simulations reveal that the
apparently unstable terminal residues of the 20mer
peptides of NB (IIITICVSLI30VILIVFGCIA 40) and
CM2 (L60GLGIITMLYL 70LVKIIIELV) retain their
a-helical conformation, if they are embedded within a
larger TM helix. Our simulation-based predictions are
in good agreement with the consensus of the se-
quence-based TM predictions. In order to facilitate
synthesis of putative TM segments for biophysical
studies, the 28mers of all three proteins (NB:
IRGS20IIITICVSLI 30VILIVFGCIA 40KIFI; CM2:
TLASL60GLGIITMLYL 70LVKIIIELVN 80GFV;
Vpu: IVAIVA 10LVVAIIIAIV 20VWSIVIIEYR30KI)
might be the peptide sequences of choice, as the

FIGURE 5 Fraction of hydrogen bonding (fH) per residue for the side-chains of the 28mers and
36mers of NB, CM2, and Vpu. Open boxes indicate H-bonds to phospholipid headgroups; filled
boxes indicate H-bonds to water molecules; long dotted-line boxes indicate H-bonds to the peptide
backbone; and short dotted-line boxes indicate H-bonds to other side-chains. The fraction of
hydrogen bonding is calculated asfH 5 nH/(nT z q), wherenH is the total time during which a
residue forms hydrogen bonds,nT the total duration of the simulation, andq the number of observed
numbers of hydrogen bonds formed by the residue. With a single type of hydrogen bond throughout
the time course of the simulation,fH 5 1. A residue with hydrogen bonds to two different hydrogen
bond acceptors or donors has a value offH 5 0.5.
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hydrophilic residues increase peptide solubility. Our
simulations suggest that, in most cases, these TM
segment “extensions” also adopt ana-helical confor-
mation when in a lipid bilayer environment.

CONCLUSIONS

In this article, we investigated various models of TM
helices derived from putative virus channel proteins.
Neither the presence of glycine andb-branched resi-
dues in the TM segments nor the presence of occa-
sional hydrophilic residues within a hydrophobic en-
vironment leads to any major loss ofa-helicity. This
is in agreement with the experimental studies of De-
ber et al.51 and with principal components analysis of
transmembrane segments, which stress the impor-
tance of b-branched side-chains.52 The lipid sur-
roundings stabilize thea-helical structures throughout
the simulations. Breakdowns of helicity are mostly
observed for hydrophobic residues in the vicinity of
lipid headgroups. We conclude that, provided that the
core region is hydrophobic, the exact sequence of
amino acids within a predicted TM region may not
affect helicity as much as the more polar residues at
the flanks of this region.

Our results suggest that hydrophilic residues flank-
ing both sides of a hydrophobic helical TM region
anchor the helices, especially via H-bonds to the lipid
headgroups. Mismatch of the spacing of the two
groups of hydrophilic residues and the thickness of
the bilayer would be expected to tilt and/or distort the
helices.53,54The results of our study suggest that such
a mismatch may sometimes lead to a change in pep-
tide conformation and/or orientation, but that this is
not inevitable. However, the abrupt termination of a
helix within the lipid bilayer leads to a disturbance of
the ends of this helix. This suggests that, in membrane
protein modeling studies, it is essential to know the
exact length of a TM helix. In general, our data
suggest that it is better to have a longer helix segment
rather then a shorter one. That is, helix/bilayer mis-
match is tolerated if the helix is too long, but not if it
is too short.55

Hydrophilic residues within the hydrophobic core
of the bilayer (Ser, Thr, and Glu) saturate their hy-
drogen bonding capabilities either by forming hydro-
gen bonds with the side-chains of other hydrophilic
residues or with the peptide backbone. This enables
such residues to be accommodated within a bilayer,
despite their hydrophilicity. However, such H-bond
formation might lead to local distortion of the TM
helix, as in the case of the CM2-28mer (Fig. 2), where
there may be a correlation of H-bonding of the Glu-77

side-chain and the backbone with perturbation of the
a-helix during the first half of the simulation. Such
H-bonding with the peptide backbone might be mod-
ulated upon formation of bundles of helices in ion
channel-forming assemblies.

For M2, there is strong evidence for a core helical
TM region. Secondary structural analysis (Fig. 4 in
Forrest et al., 199936) indicates an optimal length of
ca. 22 amino acids, which remains stablya-helical
independent of the overall length of the TM segment
modeled. Such clear evidence is not found for the TM
helices of NB and CM2. Both the 28mer and the
36/39mers of these helices show deviation from he-
licity at their C-termini rather than at their N-termini.
Loss of helicity in all segments, including that of M2,
is found if more hydrophilic regions of the segment
follow residues withb-branched side-chains (e.g., Ile)
and extend into the lipid headgroup interface. Vpu
seems to be an exception, in that there is little loss of
helicity for its longer models. This reveals a possible
trend. It seems that there may be a positive correlation
between the content ofb-branched (specifically, Ile/
Val) residues and stability ofa-helicity with a hydro-
phobic bilayer core. Thus, CM2 and M2 (both con-
taining 7 Ile/Val residues in their cores) show greater
deviations froma-helicity than does NB (11 Ile/Val)
residues, which in turn is less stablya-helical than
Vpu (15 Ile/Val residues). It occurs to us that this
preliminary conclusion could be tested by assay (both
experimentally and computationally) of suitably de-
signed models of TM helices.

These simulations have been undertaken as a first
step toward understanding the nature these putative
viral ion channel proteins. They provide useful results
on sequence features resulting in stable TM helices.
Future studies will address the nature of helix/helix
interactions within bundles, and how bundle struc-
tures are related to channel function.
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