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Two models of the influenza A M2 channel domain:

verification by comparison

Lucy R Forrest!, William F DeGrado?, GR Dieckmann? and Mark SP Sansom’

Background: The influenza M2 protein is a simple membrane protein,
containing a single transmembrane helix. It is representative of a very large
family of single-transmembrane helix proteins. The functional protein is a
tetramer, with the four transmembrane helices forming a proton-permeable
channel across the bilayer. Two independently derived models of the M2
channel domain are compared, in order to assess the success of applying

molecular modelling approaches to simple membrane proteins.

Results: The Co. RSMD between the two models is 1.7 A. Both models are
composed of a left-handed bundle of helices, with the helices tilted roughly 15°
relative to the (presumed) bilayer normal. The two models have similar pore
radius profiles, with a pore cavity lined by the Ser31 and Gly34 residues and a

pore constriction formed by the ring of His37 residues.

Conclusions: Independent studies of M2 have converged on the same
structural model for the channel domain. This model is in agreement with solid
state NMR data. In particular, both model and NMR data indicate that the M2
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helices are tilted relative to the bilayer normal and form a left-handed bundle.

Such convergence suggests that, at least for simple membrane proteins,
restraints-directed modelling might yield plausible models worthy of further

computational and experimental investigation.

Introduction

Ton channels are integral membrane proteins, enabling
rapid (~107 ions s!') passive movement of selected ions
across biological membranes [1]. A number of viruses
encode simple ion channel proteins, including M2 from
influenza A [2-4], NB from influenza B [5,6] and Vpu
from HIV-1 [7,8]. These viral ion channel proteins are of
interest from a basic protein science perspective in that
their relative simplicity (subunits of ~100 amino acids)
makes them amenable to structural analysis. From a bio-
medical point of view, they are potential targets for anti-
viral drug therapy, and indeed M2 is the target of
amantadine [9,10], a drug effective against influenza A.

M2 is an essential component of the influenza A viral
envelope, forming proton-selective ion channels that are
activated by the lowered pH to which the virus is exposed
when in the endosome of an infected cell. M2 is a small
protein (97 residues), containing a single transmembrane
('I'M) domain of ~20 residues close to its N terminus,
which corresponds to the exterior of the virus particle.
Channel-perturbing mutations map to the TM domain
[11]. A synthetic peptide corresponding to this domain is
o-helical [12,13] and forms amantadine-sensitive channels
when incorporated into lipid bilayers [14]. It is therefore
thought that a bundle of TM helices form the transbilayer
pore. The main form of the channel is a parallel bundle of
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four TM helices. SDS-PAGE and chemical cross-linking
analyses demonstrate that the M2 protein is predomi-
nantly tetrameric. Furthermore, expression of mixed
oligomers of wild-type and amantadine-resistant M2 in
oocytes results in a fraction of amantadine-sensitive
current consistent with a tetrameric channel [15-17]. A
high-resolution structure of M2 has yet to be determined,
although in principle it is amenable to analysis by, for
example, solid state NMR methods [12]. Indeed,
although secondary structure prediction analyses of
several genomes have suggested that single-TM helix
membrane proteins may predominate [18], few structural
data are available for them. The relative simplicity of such
proteins and of the oligomeric assemblies of their 'TM
domains has recommended several of them (e.g. influenza
A M2 [19,20], HIV-1 VPU [21], glycophorin A [22], and
phospholamban [23]) to investigation by the systematic
application of molecular modelling procedures. Although
such computational approaches are well established and
have been tested against functional data from, for
example, channel-forming peptide antibiotics [24,25], the
absence of hard structural data has made it difficult to
evaluate their success. Here, we present a detailed com-
parison of two models of the M2 helix bundle [19,20]
which were generated independently using very different
methods. It will be seen that these models are remarkably
similar and in agreement with solid state NMR data [12].
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This suggests that molecular modelling approaches can
yield structural insights into these simple yet biologically
important families of integral membrane proteins.

Results

Two models of the M2 pore

Our two research groups have taken different approaches
to modelling the structure of the TM domain of M2. The
procedure of Sansom ¢z a/. [19] was computationally inten-
sive, using restrained molecular dynamics to generate
structures that were then evaluated for consistency with
experimental results. By contrast, DeGrado and colleagues
[20] used an experimentally intensive approach in which a
mathematical analysis of the results of site-directed muta-
genesis was used to dictate the details of the packing
geometry of the TM helices. The two models of the M2
T™M helix bundle (henceforth the ‘molecular dynamics’
(MD) model [19] and the ‘experimentally constrained’
(EC) model [20]) were generated from the following
sequences:

MD: L26-V-I-A-A-S31-1-1-G3+-1-L-H3¥7-F-I-L.-W-I-L*
EC: L20-V-V-A-A-S31-1-1-G34-1-L-H¥-L-I-L.-W-I-L-D#

Underlying both models was the assumption that the M2
helix bundle was made up of four approximately parallel
I'M helices, as indicated by a range of experimental data.
In both models, all four His37 residues were in their
neutral (i.e. deprotonated) form.

For the MD model, an initial idealised Ca template was
generated in which each of the four helices was rotated
about its long axis and tilted tangentially by 5° so as to
direct the Ca atoms of residues 27, 30, 31, 34, 37, 38 and
41 towards the centre of the pore. These residues had
been implicated in a number of studies as influencing M2
channel properties [11]. This Co template was subse-
quently used in MD simulations (run with X-PLOR [26])
using a simulated annealing protocol plus distance
restraints to maintain do-helicity of the TM segments and
to hold together adjacent helices of the bundle.

The EC model was derived from an analysis of the proper-
ties of a series of mutations to the TM region of M2. The
degree to which a mutation perturbs the function of the
channel varies with respect to the position in the
sequence, reflecting the geometry of the structure of the
bundle. Fourier analysis provides the phase and period of
the distribution; the phase provides information concern-
ing the rotation of the helices (about their helical axes)
within a helix bundle, whereas the period can be related to
the helix/helix packing angle. A series of models were gen-
erated that were each consistent with these parameters,
and their geometries were optimised using only energy
minimization. Thus, the MD approach used by Sansom ez
al. [19] explores a large amount of conformational space
and relies on the molecular details of the TM segment to
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Superimposed Cao. traces for the two models (EC, grey; MD, black).
(a) View perpendicular to the pore axis, N termini at the top. (b) View
down the pore axis, showing the left-handed supercoil.

dictate the structure of the model, whereas the EC models
are much more constrained by the experimental data [20].

Comparison of models

For the current comparison, the structure with the greatest
degree of fourfold rotational structure was selected from
the ensemble of 25 structures generated by the MD pro-
cedure. And from the 29 EC models, the structure closest
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Table 1 Figure 2
Comparison of helix bundle geometries. 6.0
Model Helix tilt Helix crossing Helix—helix 5.0- ¢ Co only o
angle (°) angle (°) distance (A) 70 Allatoms i
N-terminal C-terminal g
half half (%
=
EC 15.2 (£0.2) +21 (£ 1) 1.4 12.6 @
MD 15.6 (+ 0.5) +22 (£ 4) 9.3(+x0.3) 10.3(+0.5)

For each helix, a vector was defined between the midpoint of the Ca.
atoms of its N-terminal half (residues 26-32) and the midpoint of its
C-terminal half (residues 37—-43). These vectors were used to
calculate the quantities given in this table. Standard deviations refer to
averages across all helices or all helix pairs within a model.

to the centroid was selected. The two models have been
compared in terms of structural similarity per se, and in
terms of the functional implications of their structures. A
comparison of root mean square deviations (RMSDs) after
superposition of the two structures yields a Coo RMSD of
1.7 A, and for all atoms (i.e. mainchain and sidechain) the
RMSD is 2.5 A. These figures should be compared with a
Co. RMSD of 1.1 A within the cluster of EC models and of
2.2 A within the ensemble of MD models. Thus, the dif-
ference between the two independently derived models is
smaller than the variation between different versions of
the same model.

Visual comparison of the two superimposed structures
(Figure 1) reveals that in both models the helices form a
left-handed supercoil and are packed more closely at their
N termini than at their C termini. Comparison of their
helix-packing geometry (Table 1) reveals that the helix-
crossing angle is the same (~ +22°) for both models, indicat-
ing the same left-handed supercoil structure. This results
in a tilt angle of ~15° of the helix axes relative to the (pre-
sumed) bilayer normal. This may be compared with the
solid state NMR results [12], which suggest that a synthetic
M2 TM peptide incorporated into dimyristoyl phos-
phatidyl choline (DMPCQC) lipid bilayers is o-helical and sig-
nificantly tilted away from the bilayer normal. The tilt
angle for the models (15°) is somewhat less than that indi-
cated by the NMR data (~30°), but, as discussed by Kovacs
and Cross [12], there may be conformational or orienta-
tional heterogeneity in the preparation used for the solid
state NMR and so it seems unlikely that the difference
between these two tilt angles is significant. The EC and
MD models do differ by ~1 A in their interhelix distance,
the helices being closer together in the MD than in the EC
models. The origin of this difference is uncertain, but may
reflect the different parameter sets and search methods
used in the two procedures. RMSDs between the models
as a function of residue number are examined in Figure 2.
The Co RMSD is higher at the helix termini (~2 A) than in
the middle of the TM helices (~1 A). Analysis of all-atom
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Comparison of EC and MD models. Ca and all-atom RMSDs are
plotted against residue number.

RMSDs reveals the greatest difference to be at Trp4l,
reflecting differences in sidechain conformation for this
residue. In the vicinity of the functionally important His37
residue, the all-atom RMSD is only ~2.3 A.

Functional implications

In addition to comparison of the structures per se, one can
compare the possible functional implications of the two
models. Display of the molecular surface of the pore lining
(Figure 3) reveals an N-terminal pocket or widening of the
pore, lined in both models by residues Ser31 and Gly34.
"This has been suggested as a possible binding site for the
channel-blocking drug amantadine [20], which has a van
der Waals® diameter of ~8 A and is approximately spherical
in shape. Thus, some conformational change of either
model would be required to accommodate this drug mole-
cule. In particular, the pocket would have to become
somewhat longer than in the current models (see below).
Both models exhibit a constriction of the pore by the
inward-pointing sidechains of His37. This histidine has
been implicated in the mechanism of low pH activation of
the channel, although alternative proposals have been
made for the exact mechanism of such activation. Further-
more, the apparent affinity of amantadine for M2 increases
as the pH is increased from 5.5 to about 7 (hence decreas-
ing the protonation of the His residues). This suggests that
the histidine residues may interact, either directly or indi-
rectly, with the protonated amine group of amantadine.

T'he dimensions of the two pore models may be compared
by comparison of pore radius profiles (Figure 4). There is
a noticeable difference in their average (from N terminus
to C terminus) pore radii (~2.5 A for EC and ~1.3 A for
MD), reflecting the closer packing of the helices in the
MD model. In both models, however, there is a constric-
tion at the N-terminal mouth of the pore (2 = ~-12 A fol-
lowed by widening to give the pocket in the vicinity of
Ser31 and Gly34 at 2 = ~ -5 A, and then a constriction in
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Figure 3

Molecular surfaces of the two models, drawn
using GRASP [33]. (a) EC model. (b) MD
model. Both structures are viewed
perpendicular to the pore axis (N termini at
the top), with the foremost helix removed to
reveal the inside of the pore.
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the region of His37 (2=~ +4 A). Despite these differ-
ences, the qualitative similarity in the shapes of the pore
radius profiles of the two models is remarkable.

The widening of the pore near the centre of the bilayer (in
the vicinity of Gly34) may be of functional significance.
"This is where one would expect the image charge associ-
ated with a permeating proton to be largest. By widening
the pore in this region, it may be possible to minimise the
unfavourable dehydration energy. Interestingly, in MD
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Pore radius profiles for the MD and EC models. For each model, the
N-terminal mouth of the pore is at z=~-12 A, the His37 ring is at
z=~+4 A and the C-terminal mouth is at z= ~+12 A, where z is the
pore axis.

simulations of an M2 helix bundle in a phospholipid
bilayer, this pocket is associated with three water mole-
cules throughout the duration (4 ns) of the simulation
[27,28]. Such waters could help to solvate an ion within
the pocket. The existence of such a water-filled pocket
within the centre of the M2 channel provides an intriguing
parallel with the structure of a bacterial K+ channel, KcsA
[29]. KcsA also has a central water-filled cavity, although it
is somewhat larger than that of M2, with a volume approx-
imately equivalent to ~10-15 water molecules. Further-
more, recent spin-labelling experiments [30] suggest that
the X-ray structure of KcsA, determined at neutral pH,
might correspond to the closed state of the channel, with
an increase in pore radius at the intracellular mouth of the
pore underlying channel activation. It will be intriguing to
see whether a similar channel gating mechanism might
apply for influenza M2, whereby an increase in the pore
radius at, for example, the N-terminal mouth of the helix
bundle opens up the pocket, making it accessible to
protons and to amantadine.

Discussion

To what extent are the two models independent? They
are both based on mutation data, although this was more
extensive for the EC than for the MD model. Thus, the
EC model relied more on the experimental data to gener-
ate helix packings which were refined by energy minimi-
sation, whereas the MD model used a more wide-ranging
conformational search. Both models had similar starting
assumptions, namely that the pore was formed by a paral-
lel four-helix bundle and that the mutation data identi-
fied the pore-lining sidechains. The geometries of the
computed structures did not depend on the interhelical
tilt of the starting template. The EC models were gener-
ated using straight helices tilted by 14° based on a
Fourier analysis of the mutational data. Also, a set of start-
ing models with parallel helices (i.e. tilted by 0°) was
examined. Finally, coiled coils were evaluated as starting
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structures. Upon energy minimization, all three classes of
structures converged to a single low-energy ensemble
with an RMSD of 1.1 A. Similarly, although the starting
template for generation of the MD model had the TM
helices tilted by 5°, previous studies [31] have shown that
helix tilts can change markedly during helix bundle mod-
elling by restrained MD. It seems unlikely, therefore,
that a 5° initial tilt biased the final model unduly. In a
more general context, it might be argued that such indi-
rect structural data and starting assumptions might be
typical of a number of simple membrane proteins [23,32].

In summary, these two models are remarkably similar and
in broad agreement with solid state NMR data. The
general significance of these results is the independent
convergence on a single model for a simple TM helix
bundle. This suggests that modelling studies may indeed
play a valuable role in structure determination for the sim-
plest (yet most populous) class of integral membrane pro-
teins, especially given the relatively high accuracy of
secondary structure and topology prediction for such pro-
teins. The MD model has undergone refinement by pro-
longed (4 ns) unrestrained MD simulations in an explicit
phospholipid bilayer [27,28]. Significantly, this does not
seem to result in any great change in the helix bundle
geometry from that reported here.

Materials and methods

The EC model was generated as described in [20]. Briefly, cysteine
scanning mutagenesis of the TM helix of M2 was combined with elec-
trophysiological assay of the effects of mutation on reversal potentials,
ionic currents and amantadine resistance of currents. The periodicity of
perturbation of channel properties as a function of the position of the
mutation was analysed by a Fourier method. The results of this analysis
were consistent with a left-handed interhelix crossing angle, and the
parameters were used to generate both straight helix bundle and coiled
coil starting models which, upon in vacuo energy minimisation, con-
verged to a single set of structures with an average backbone RMSD
of 1.1 A. From this set of structures, the one closest to the average
structure was used for the analyses in this paper.

The MD model was generated as described in [19] using a modification
of the in vacuo restrained MD procedure described by [31]. Briefly, a
Coa template formed the starting point, defining the initial positions of
the Co. atoms of the M2 helices within an idealised parallel bundle, and
thus embodying the assumptions discussed above. The main conse-
quence of these assumptions was that the constituent helices of the
bundle were rotated about their long axes such that their channel-lining
faces (defined above) were directed towards the centre of the pore.
Furthermore, the individual helices are tilted 5° relative to the pore axis
(2) such that the overall geometry of the bundle is that of a left-handed
supercoil. Such tilting of the helices ensures that all of the residues
identified by channel-perturbing mutations [12] (i.e. residues 27, 30,
31, 34, 37, 38 and 41) were directed towards the lumen of the pore.

Having defined the Co template, the remaining backbone and
sidechain atoms were superimposed on the Co atoms of the corre-
sponding residues. The Co atoms of the helices remained fixed
throughout stage 1 of model generation. Annealing started at 1000K,
during which weights for covalent terms were gradually increased and
a repulsive van der Waals' potential was slowly introduced after an
initial delay. Electrostatic terms were not included during stage 1.
Stage 1 was repeated five times for each Ca template, each resultant

structure being subjected to five restrained MD runs (stage 2), result-
ing in an ensemble of 5 x5 =25 final structures. During stage 2, dis-
tance restraints (both intrahelical and interhelical) were introduced,
replacing the positional restraints on the positions of Co. atoms used in
stage 1, and electrostatic interactions were gradually introduced into
the potential energy function. From the ensemble of 25 structures thus
generated, the structure with the highest rotational symmetry was
selected for the analysis in this paper.

Models were displayed, superimposed and compared using QUANTA
(Biosym/MSI). Pore surface diagrams were generated using GRASP
[33]. Radius profiles were calculated using HOLE [34,35], which fits a
largest possible sphere at successive points along the length of the pore.
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