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ABSTRACT:
While crystal and NMR structures exist of the influenza
A M2 protein, there is disagreement between models.
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Depending on the requirements of the technique
employed, M2 has been studied in a range of membrane
mimetics including detergent micelles and membrane
bilayers differing in lipid composition. The use of different model membranes complicates the integration of
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results from published studies necessary for an overall
understanding of the M2 protein. Here we show using
site-directed spin-label EPR spectroscopy (SDSL-EPR)
that the conformations of M2 peptides in membrane
bilayers are clearly influenced by the lipid composition of
the bilayers. Altering the bilayer thickness or the lateral
pressure profile within the bilayer membrane changes the
M2 conformation observed. The multiple M2 peptide
conformations observed here, and in other published
studies, optimistically may be considered conformations
that are sampled by the protein at various stages during
influenza infectivity. However, care should be taken that
the heterogeneity observed in published structures is
not simply an artifact of the choice of the model
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INTRODUCTION

T

he M2 protein is a 97-amino-acid multifunctional
protein that is assembled into a tetramer which spans
the viral membrane.1 The most extensively studied
function of the M2 protein is its proton channel
activity that is crucial for uncoating of virions when
viruses enter cells via endosomes.2 In addition to acting as a
proton channel, M2 has been shown to play a critical role in
viral assembly and budding.3
As a hydrophobic membrane-bound protein, M2 presents
challenges in terms of protein preparation, reconstitution into
membranes and structure determination of large peptide/lipid
complexes. A series of biophysical methods have been
employed to study the conformation and dynamics of the M2
protein.4–7 Depending on the requirements of the technique
employed, a range of membrane mimetics have been used,
including detergent micelles and membrane bilayers composed
of a range of different lipids. The use of different peptide constructs and different model membranes complicates the integration of results from published studies necessary for an
overall understanding of the M2 protein.
In this study, we have probed the conformation and
dynamics of two different M2 peptide constructs in different
lipid bilayer membranes using site-directed spin-label electron
paramagnetic spectroscopy (SDSL-EPR). SDSL-EPR is an
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information-rich method and is not limited by size of the protein/lipid complex.8 Therefore, SDSL-EPR offers the valuable
opportunity to compare how the membrane mimetic used in
structure determination impacts the M2 conformation
observed.
Using SDSL-EPR, we previously published a study demonstrating that the conformation of the pore region of the M2 proton channel depended on the lipid composition of the
membrane bilayers.9 The peptide used in that study was referred
to as M2TM and contained transmembrane residues 22–46
(Figure 1). M2TM peptides form a homotetrameric proton
channel. In that study we attached a nitroxide spin label to the
N-terminus of the M2TM peptide and observed the N-termini
of the M2TM peptides moved closer together within the tetramer as the membrane thickness increased, consistent with a
conformational change in response to hydrophobic mismatch.
We also noted an intriguing finding in this earlier work. Hydrophobic matching could not account for all our data without
considering the lateral pressure profiles of the lipid bilayers.
Here we expand on our previous SDSL-EPR studies and
use a longer M2 peptide, called M2TMC, which consists of residues 23–60 and includes both the transmembrane domain
and the first 14 residues of the C-terminal domain (Figure 1).
We demonstrate that M2TMC peptides mirror the behavior of
the shorter M2TM peptides in their response to changes in
hydrophobic thickness of the membrane bilayers. Furthermore
we probe the role of membrane lateral pressure10 by studying
M2TM peptides in lipid bilayers with varying amounts of
phosphatidylethanolamine (PE) and demonstrate there are significant changes in the conformation of M2TM.

MATERIALS AND METHODS
Synthesis, Spin Labeling, and Purification of Peptides
The 25-residue M2TM peptides (Figure 1) were prepared by solid
phase Fmoc synthesis, spin-labeled at the N-terminus with 2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl-3-carboxylic acid N-hydroxysuccinimide
ester and purified as described previously.9 The 38-residue M2TMC
peptides (Figure 1) were synthesized, spin-labeled with 1-oxyl-2,2,5,5tetramethylpyrroline-3-methyl-methanethiosulfonate
spin
label
(MTSSL) and purified as previously described.11 Electrophysiology
experiments indicate that a cysteine modification at the labeling site
(45) used for the M2TMC peptide does not significantly perturb
channel function.12 The identities of peptides were confirmed using
matrix-assisted laser desorption ionization mass spectrometry.

Sample Preparation
Samples were prepared using the following lipids: 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-

dilauroyl-sn-glycero-3-phosphatidylethanolamine (DLPE), 1,2-dimyristoyl-sn-glycero-3-phosphatidylethanolamine (DMPE), 1,2-dioleoylsn-glycero-3-phosphatidylethanol- amine (DOPE), 1-palmitoyl-2oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE), 1,2-dilauroyl
-sn-glycero-3-[phospho-rac-(1-glycerol)] (DLPG), 1,2-dimyristoyl sn-glycero-3-[phospho-rac-(1-glycerol)] (DMPG) and 1-palmitoyl-2oleyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG). All lipids were
purchased from Avanti Polar Lipids (Alabaster, AL). All PC/PE lipid
mixtures were miscible and in the liquid crystalline phase at 300 K
which was the collection temperature for EPR spectroscopy.13,14 The
M2TM reconstitution procedure9 and M2TMC reconstitution procedures7,11 were described previously using a peptide to lipid ratio of
1:200. Although M2TM peptides can be reconstituted into pure phosphatidylcholine (PC) lipid bilayers, we found that addition of phosphatidylglycerol (PG) lipids was necessary for the reproducibility and
stability of bilayer reconstituted M2TMC peptides. All samples were
collected in 50 mM Tris, 100 mM KCl, 1 mM EDTA, pH 8.6 buffer.

EPR Spectroscopy
CW X-band continuous wave EPR spectra were collected on a Bruker
EMX spectrometer. All spectra were collected in glass capillary tubes
with 1.0 mm ID at 300 K. Each spectrum was collected with 2 mW
incident power, 100 kHz modulation frequency and 1 G modulation
amplitude. For comparison of CW line shapes, each spectrum was
double integrated and normalized to the same number of spins.
Dilute-labeled samples (with one or less spin label per tetramer) were
compared with fully labeled samples (four spin labels per tetramer).
Broadening in the fully labeled samples with respect to the dilutelabeled samples is due to spin-spin interactions. Due to the tetrameric
geometry of the M2 channel, spin-spin coupling originates from interactions between both lateral neighbors and diagonally related subunits. Under these conditions, a qualitative estimate of magnitude of
spin-spin interactions (X) can be obtained from the ratio of the
amplitudes of the central resonance line (M 5 0) between the dilutelabeled and fully labeled samples, both normalized to the total number of spins in the samples.16 At large spin-spin distances, X is approximately one (no spin-spin coupling) but increases as spin labels
approach each other. Calculation and comparison of X values has
been previously used to characterize the structural rearrangements
that occur during the gating of other homooligomeric channels
including a potassium channel17 and a mechanosensitive channel.18

RESULTS AND DISCUSSION
Conformation of M2TMC in Membrane Bilayers of
Differing Hydrophobic Thickness
Previously we showed the conformation of the pore region of
the M2 proton channel formed by the M2TM peptides
depends on hydrophobic thickness of the membrane.9 In that
study we attached a nitroxide spin label to the N-terminus of
M2TM peptides and observed the N-termini of the peptides
moved closer together within the tetramer as the membrane
thickness increased, consistent with conformational change in
response to hydrophobic mismatch.13 If the hydrophobic mismatch hypothesis is relevant for M2 we should also be able to
Biopolymers (Peptide Science)
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FIGURE 1 M2 peptide sequences used for SDSL-EPR studies. Sequences correspond to the M2 protein from influenza strain A/Udorn/72 (H3N2). M2TM peptides contain residues 22246 and are spinlabeled at the N-termini. The M2TMC peptides contain residues 23260. M2TMC R45C/C50S peptides are spin labeled at a single cysteine site (underlined) and have the WT C50 site changed to a serine.
M2TMC C50S peptides do not have a spin-label attached and are used for dilute-labeled spectra.

observe changes in conformation in response to changes in
hydrophobic thickness of the membrane for the longer
M2TMC construct.
We collected X-band CW EPR spectra of a M2TMC peptide
with a site-specific label at an introduced cysteine residue
placed close to the C-terminal end of the transmembrane helix.
Based on the geometry of the bundle, labels at the helix ends
should experience the most significant changes in spincoupling distance with helix tilt. Spin labels located near the
middle of the helix might interfere with helix-helix contacts
essential to oligomerization and should have only small, likely
undetectable changes in spin coupling with helix tilt. Three
bilayers with different acyl chain hydrophobic thicknesses were
tested, DLPC (19.5 Å), DMPC (23.0 Å) and POPC (26.5 Å).
The 19 residue hydrophobic stretch of the transmembrane
helix of M2 has been estimated be 28.5 Å.9
Two spectra are shown for each different bilayer composition in Figure 2. The higher amplitude grey spectra are dilutelabeled and the superimposed broader black spectra are fully
labeled. The dilute-labeled samples have one or less spin label
per tetramer whereas the fully labeled samples contain four
spin labels per tetramer. Broadening in the fully labeled samples with respect to the dilute-labeled samples is due to spinspin interactions. Due to the tetrameric geometry of the M2
channel, spin-spin coupling originates from interactions
between both lateral neighbors and diagonally related subunits.
Under these conditions, a qualitative estimate of magnitude of
spin-spin interactions (X) can be obtained from the ratio of
the amplitudes of the central resonance line (M 5 0) between
the dilute-labeled and fully labeled samples, both normalized
to the total number of spins in the samples.
As shown in Figure 3B, the observed spin-spin interaction
increases for the spin-labeled M2TMC peptides as the bilayers
thicken, consistent with a conformational change that brings
Biopolymers (Peptide Science)

the spin labels closer together to best match the peptide
hydrophobic region to that of the hydrophobic lipid bilayer.
Previously, we proposed that M2TM helices could adapt to the
hydrophobic thickness of the membrane (Figure 3A) either by
adjusting their tilt angle with respect to the membrane normal
and/or by changing the ordering of the helical bundle from a
looser tetramer, where helices make some contacts with each
other, to a tighter tetramer, where helix-helix associations are
maximized.9 These two mechanisms are not mutually exclusive
and they may occur in concert with one another. Several previously models have shown that a kink can form in the M2
transmembrane helix.19 For simplicity, models in Figure 3
show a simple helix tilt mechanism.

FIGURE 2 X-band EPR spectra of M2TMC spin-labeled at position 45 in DLPC/DLPG 4:1, DMPC/DMPG 4 : 1 and POPC/POPG
4 : 1. Peptide lipid molar ratio 1 : 200. Dilute-labeled spectra are
shown in grey and fully labeled spectra are shown in black. Addition
of M2TMC C50S was used for dilute-labeled spectra. Dilute-labeled
samples have one or less spin label per tetramer. All spectra have
been normalized to the same number of spins.
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FIGURE 3 (A) Spin coupling (X) data from our previous SDSL-EPR study using N-terminus
labeled M2TM peptides in PC bilayers9 and the current study (B) using M2TMC data from Figure
2. Both data sets provide support for a conformation change due to a change in bilayer thickness.
For simplicity, only two of four peptides in the tetramer are shown in the hypothetical cartoon
models shown in C and D. M2 peptides could adapt to the hydrophobic thickness of the membrane
either by adjusting their tilt angle with respect to the membrane normal and/or by changing the
ordering of the helical bundle from a looser tetramer, where helices make some contacts with each
other, to a tighter tetramer, where helix-helix associations are maximized. These two mechanisms
are not mutually exclusive and they may occur in concert with one another. For simplicity, the
models shown here show a simple helix tilt mechanism.

Another possibility to consider is that a monomer-tetramer
equilibrium could contribute to our results. The presence of
spin-labeled monomers would produce a reduction in the
spin-coupling values that would be indistinguishable from an
increase in the distance between probes due to conformational
change. A previous study of M2TM demonstrated that the
peptides were essentially fully tetrameric in bilayers composed
of POPC, DMPC, and DLPC lipids15 suggesting that a
monomer-tetramer equilibrium is not likely to be relevant for
the studies presented here. However, the lipid bilayers used in
that study are not the same as those used here, which include
PG lipids, and it has not yet been demonstrated that M2TMC
peptides are fully tetrameric in PC/PG lipid mixtures.

Conformation of M2TM in Membrane Bilayers with
Different Amounts of PE
N-terminally spin-labeled M2TM peptides were reconstituted
into DLPC(C12:0), DMPC (C14:0), DOPC (C18:1) and POPC

(C16:0–18:1) lipid bilayers, as well as mixed with either 15
mol% or 30 mol% of the cognate phosphatidylethanolamine
(PE). The spectra are shown in Figure 4 and the corresponding
interaction parameters (X) for each lipid environment are
shown in Figure 5. A comparison of the gray bars show the
M2TM peptides respond to an increase in hydrophobic thickness in pure PC bilayer (no PE added) as demonstrated in our
previously published work.9 The observed pattern of spin
interaction (X) shown in Figure 5 indicates that the spin labels
are furthest in DLPC, approximately the same distance apart
in DOPC and DMPC and closest in POPC. As the bilayer
thickens, the conformation of the M2TM bundle changes to
best match the peptide hydrophobic region to that of the
hydrophobic lipid bilayer with spin labels getting closer leading
to increased spin coupling.
In our earlier study, however, we noted an intriguing finding. Although of a similar hydrophobic thickness13 as POPC
(26.5 Å), the DOPC (27 Å) bilayer supports a M2TM
Biopolymers (Peptide Science)
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FIGURE 4 X-band EPR spectra of M2TM in DLPC, DMPC, DOPC, and POPC membranes
upon addition of cognate PE lipids. Peptide to lipid molar ration of 1 : 200. Dilute-labeled spectra
are shown in black and fully labeled spectra are shown in red. Dilute-labeled samples have one or
less spin label per tetramer. All spectra have been normalized to the same number of spins.

conformation closer to that found in the thinner DMPC
bilayer (23.0 Å). Thus, a hydrophobic matching argument
alone does not account for all the data. Peptide-lipid systems
are complex and conceivably several mechanisms operate
simultaneously to determine equilibrium conformations.
DOPC (C18:1), unlike the other lipids tested, has a double
bond in each of its acyl chains. The acyl chain unsaturation in
DOPC leads to an increase in lateral pressure in the acyl chain
region of the bilayer with a decrease in lateral pressure in the
head group region as compared to DMPC.20 Thus, despite the
differing hydrophobic thicknesses, the lateral pressure profile
of a DOPC bilayer could energetically favor a M2TM conformation similar to that found in DMPC.
To further explore the effects of the membrane lateral pressure profile on the conformation of M2TM, we decided to test
lipid bilayers containing PE. The addition of PE to a PC bilayer
has been shown to increase the lateral pressure in the acyl chain
region and decrease the pressure in the head group region.10
As shown in Figure 5, the addition of 15 mol% PE to PC
bilayers leads to an increase in observed spin coupling for all
binary lipid mixtures studied with the exception of POPC/
POPE. When increasing the proportion of PE from 15-mol%
to 30-mol% the observed spin coupling is virtually unchanged
for all four binary lipid mixtures studied. The spin coupling
values, X, are approximately 1.2 for the DLPC/DLPE mixtures
and approach 1.6 for all the remaining PE-containing bilayers.
X reflects the proximity of the spin-labeled ends and thus the
conformation of the tetramer. Upon the addition of a PE lipid
to DMPC, DOPC, and POPC, the M2 peptides appear to
approach a limiting conformer (see grey box in Figure 5). Note
that although pure DMPC and pure DOPC do not support
the limiting conformation of M2TM, adding 15-mol% PE
allows a shift of the equilibrium conformation of the M2 peptide to the limiting conformation. Once the tetramer reaches
Biopolymers (Peptide Science)

this conformation, further modulating the lipid-protein interactions (such as increasing PE content from 15 to 30 mol%)
has little effect on measured spin-spin couplings.
In the DLPC/DLPE bilayers, the M2 peptide is unable to
reach the limiting conformation described above, achieving
a spin coupling of only 1.2 upon the addition of PE. It
appears the acyl chain region of a DLPC bilayer is not
thick enough to accommodate the limiting conformation
without the energetically costly effect of exposing hydrophobic residues to the aqueous phase. Thus DLPC/DLPE

FIGURE 5 Calculation of spin coupling (X) for M2TM reconstituted into PC/PE bilayers. X is the ratio of the dilute-labeled spectral peak-to-peak amplitude at the central resonance line (M 5 0) to
that of the fully labeled sample. At large spin-spin distances, X is
approximately one (no spin-spin coupling) but increases as spin
labels approach each other. The gray box indicates the limiting conformation discussed in the text.
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incorporated M2 peptide cannot reach the conformation
seen in the other PC/PE environments regardless of the
increase in membrane lateral pressure contributed by PE.
However, it is important to note that previous thioldisulfide exchange experiments indicated that the antiviral
drug amantadine binds to M2TM peptides in DLPC
bilayers 15 consistent with the peptide forming a tetramer
capable of drug binding in DLPC bilayers. Despite that fact,
another factor to consider in the interpretation of the
DLPC results is the possibility of a monomer-tetramer equilibrium. Spin-labeled monomers would produce a reduction
in the spin-coupling values that would be indistinguishable
from an increase in the distance between probes due to
conformational change. A previous study of M2TM peptides demonstrated that the peptides were essentially fully
tetrameric in bilayers composed DLPC lipids.15 However, it
has not yet been demonstrated that M2 peptides are fully
tetrameric in DLPC/DLPE lipid mixtures.
PE is a major constituent of cell membranes, ranging
between 12% and 75% abundance, depending on tissue
type.21 Analysis of the lipid composition of influenza A
virions indicate that PE is a significant constituent of the
virus envelope.22 It has been suggested that one possible
reason for the abundance of PE lipids in biological membranes is that PE lipids can provide special packing
properties essential for the function of some integral
membrane proteins.10
PE lipids have smaller head groups than PC lipids and
are cone-shaped. Unlike cylindrically shaped PC, the conelike shape of PE may allow it to pack against the M2 peptide tetramer in a fashion that maximizes protein-protein
contacts within the helical bundle. PE has been cocrystallized with some membrane proteins, suggesting that
PE may be necessary to stabilize certain conformations of
membrane proteins.23 The addition of PE was shown to
stabilize the oligomeric structure of the KcsA potassium
channel by increasing the membrane lateral pressure in the
acyl chain region.24 The stabilization of distinct conformations of the large mechanosensitive channel for E.coli
(MscL) can be achieved by manipulating the nature and
extent of lipid-protein interactions.25

SUMMARY AND CONCLUSIONS
We have observed that the conformations of two M2 protein constructs are clearly influenced by the model membrane used. Several different studies have already pointed
out the intrinsic plasticity of the truncated constructs of the
M2 protein26 and conformational heterogeneity has been
observed in previously published work on M2.19,27 The

full-length M2 protein has a more favorable free energy of
association than truncated peptides30 and may not be as
malleable as the M2 peptides studied here due to additional
elements of conformational specificity contained within the
full-length protein.
The structural plasticity displayed by M2 in response to
membrane composition, as well as mutagenesis,26,28 may be
indicative of functional requirements for conformational
changes during proton channel function and viral budding.
For example, it is known that there is, at the least, a closed
conformation at high pH and an open conformation at low
pH for the M2 channel.11,29 The multiple M2 peptides conformations observed here, and in other published studies,
optimistically may be conformations that are sampled by
the protein at various stages during influenza infectivity.
However, care should be taken that the heterogeneity
observed is not simply an artifact of sample design or reconstitution protocol.
The work on the M2 protein has benefitted from a long-term and
productive collaboration with many members of the DeGrado
group past and present. In particular, the authors sincerely thank
Bill DeGrado for being a gracious and generous colleague.
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