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The distal cytoplasmic tail of the Influenza A M2 protein
dynamically extends from the membrane

Grace Kim™1 Hayley E. Raymond™, Alice L. Herneisen™2, Abigail Wong-RolleT, and
Kathleen P. Howard ™"
TDepartment of Chemistry and Biochemistry, Swarthmore College, Swarthmore, PA 19081

Abstract

The influenza A M2 protein is a multifunctional membrane-associated homotetramer that
orchestrates several essential events in the viral infection cycle. The monomeric subunits of the
M2 homotetramer consist of an N-terminal ectodomain, a transmembrane domain, and a C-
terminal cytoplasmic domain. The transmembrane domain forms a four-helix proton channel that
promotes uncoating of virions upon host cell entry. The membrane-proximal region of the C-
terminal domain forms a surfaceassociated amphipathic helix necessary for viral budding. The
structure of the remaining ~34 residues of the distal cytoplasmic tail has yet to be fully
characterized despite the functional significance of this region for influenza infectivity. Here, we
extend structural and dynamic studies of the poorly characterized M2 cytoplasmic tail. We used
SDSL-EPR to collect site-specific information on the mobility, solvent accessibility, and
conformational properties of residues 61-70 of the full-length, cell-expressed M2 protein
reconstituted into liposomes. Our analysis is consistent with the predominant population of the C-
terminal tail dynamically extending away from the membranes surface into the aqueous medium.
These findings provide insight in hypotheses than the C-terminal domain serves as a sensor of
changes in both membrane composition and binding of other viral proteins that helps regulate how
the multifunctional M2 protein participates in critical events in the viral infection cycle.
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1. Introduction

The influenza A virus causes seasonal epidemics and global pandemics, thereby posing a
critical public health risk [1]. An atomic-level understanding of each step of the viral life
cycle could inform new antiviral strategies. The influenza A M2 protein is a multifunctional
membrane-associated homotetramer that orchestrates several essential events in the viral
infection cycle, such as viral assembly and budding [2,3]. Here, we extend structural and
dynamic studies of the poorly characterized M2 cytoplasmic tail.

The monomeric subunits of the M2 homotetramer consist of an N-terminal ectodomain, a
transmembrane domain, and a C-terminal cytoplasmic domain (Figure 2A). The
transmembrane domain forms a four-helix proton channel that promotes uncoating of virions
upon host cell entry [2]. The C-terminal domain regulates viral budding and morphology [3],
proton-channel activity [4], and viral assembly through interactions with other influenza
virus proteins including the matrix protein M1 [5]. The membrane-proximal region of the C-
terminal domain forms a surface-associated amphipathic helix. The structure of the
remaining ~34 residues of the distal cytoplasmic tail has yet to be fully characterized despite
the functional significance of this region for influenza infectivity.

The functional significance of the distal cytoplasmic tail of M2 protein has been elucidated
by several lines of inquiry. A series of deletion mutants of the M2 cytoplasmic tail
demonstrated the region had a large impact the assembly of progeny virions [6]. C-terminal
truncations led to reduced nucleoprotein incorporation into virions and altered filament
formation on virus-infected cells. The interaction of M2 with matrix protein 1 (M1) has been
shown to be critical to the viral replication cycle with the putative binding site near residues
71-76 within the M2 cytoplasmic tail [6-10]. Evidence for the complementary roles of the
M1 and M2 proteins in virus assembly has been provided by identification of M1 suppressor
mutations that complement a lethal tyrosine-to-alanine M2 mutation at amino acid 76 [7].
Detailed biophysical work has focused on the ability of the C-terminal amphipathic helix of
M2 to induce curvature necessary for the viral budding and scission [11-13]. However, it is
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has also been shown that while the amphipathic helix can generate curvature on its own, the
full-length M2 protein is more efficient at generating curvature suggesting the C-terminal
tail is acting synergistically with the amphipathic helix to induce membrane curvature [12].

The M2 protein has been studied by a range of biophysical techniques, including X-ray
crystallography [14], solution NMR [15], solid-state NMR (ssNMR) [16-18] and site-
directed spin label electron paramagnetic resonance (SDSL-EPR) spectroscopy [19-25].
Until recently, the majority of M2 biophysical studies utilized chemically synthesized,
truncated constructs that omit the functionally significant cytoplasmic tail domain. The most
frequently studied constructs include the transmembrane domain peptide (M2TM, residues
~22-46) or the transmembrane domain with the Cterminal amphipathic helix extension
(M2TMC, residues ~22-62).

Here, we use SDSL-EPR, a technique exquisitely suited for detecting the mobility and
membrane topology of membrane proteins reconstituted into liposomes [26], to collect site-
specific information on the mobility, solvent accessibility, and conformational properties of
residues 61-70 of the full-length, cell-expressed M2 protein. In previous studies of full
length M2, we characterized the multicomponent nature of M2-WT CW line shapes for sites
50-60 in the C-terminal amphipathic helix and established that they arose from an
equilibrium involving two different conformational substates of the protein. Line shapes for
sites 6270 also show evidence of a superposition of two states, although the component
arising from the highly mobile population dominates the spectra. Compared to the
amphipathic helix proximal to the transmembrane domain, the dominant population of the
C-terminal tail is more dynamic and has moved away from the membrane surface into the
aqueous phase. The ability to measure both mobility and membrane accessibility parameters
of specific sites provides insight into where the membrane-associated amphipathic helix
ends. The conformational and dynamic properties of the C-terminal tail beyond the
amphipathic helix reported here provide valuable conformational insight into a region of M2
protein known to have a critical role in the regulation of viral assembly and budding.

Materials and Methods

2.1 Sample preparation

Single cysteine substitutions were introduced into a cysteineless background plasmid based
on the A/Udorn/72 M2 sequence [27] using site-directed mutagenesis. Expression,
purification, and spin labelling were performed according to previously published protocols
[22,25].

Protein was reconstituted into 4:1 1-palmitoyl-2-oleoyl-snglycero- 3-phosphocholine/
palmitoyl-2-oleoyl-sn-glycero-3-phospho-1-rac-glycerol lipid bilayers as previously
described [28]. This membrane system was chosen for its use in in vitro budding assays [29]
and previous SDSL-EPR studies of the M2 protein [20-25]. The buffer used for collection of
mobility data and oxygen accessibility measurements was 50 mM Tris pH 7.8, 100 mM

KCI, and 1 mM EDTA. The buffer for nickel (I1) ethylenediaminediacetate (NIEDDA)
accessibility studies was 50 mM NIiEDDA, 50 mM Tris pH 7.8, and 100 mM KCI buffer. At
pH 7.8 the M2 proton channel does not conduct protons and is in the closed state [2].
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2.2 EPR Spectroscopy and Data Analysis.

Continuous wavelength (CW) EPR spectra were recorded on an X-band Bruker EMX
spectrometer equipped with an ER4123S resonator at room temperature. Samples were
placed in 0.6 mm internal diameter, 0.9 mm length gas permeable capillary tubes (L&M
EPR Supplies, Milwaukee, WI). CW EPR spectra were acquired using 2 mW incident
microwave power, 1 G field modulation amplitude at 100 kHz, and 150 G sweep width.

Power saturation experiments were used to probe the membrane depth of residues.
Experiments were collected in the presence of two different paramagnetic relaxation agents,
0O, and NiIEDDA. Oxygen is a lipophilic species that partitions in a gradient across the
membrane, with the highest O, concentration at the center of the bilayer. NIEDDA is water-
soluble paramagnetic relaxation agent which is used to measure the accessibility of spin-
labeled sites to the aqueous phase. Accessibility experiments were collected under three
conditions: equilibrated with ambient air, equilibrated with nitrogen gas, and equilibrated
with nitrogen in the presence of NiEDDA. Nitrogen power saturation experiments were
collected over 8 power levels. All other power saturation experiments were measured over at
least 16 power levels. Data were fit to obtain APq/, parameters as described previously [20].
Sites with very high accessibility to NIEDDA were not saturated at the powers obtainable.
Thus, AP1/2(NiEDDA) values greater than 200 should be considered estimates. The contrast
parameter, ¢, was calculated according to the following equation[30]:

A Pl(OZ)

2
b=z P (NiEDDA)

2

3. Results

3.1 Dominant population of the C-terminal tail is highly dynamic beyond the amphipathic

helix

The EPR spectral line shapes of spin-labeled residues provide insight into conformational
dynamics that reflect both backbone motion as well as secondary and tertiary contacts [26].
EPR line shapes for residues 61-70 are shown in Figure 1. For comparison, previously
reported CW line shapes for sites 50-60 [22] are shown to highlight the marked change in
line shapes past the residues closest to the end of the transmembrane domain.

The line shapes for amphipathic helix residues 50-61 are distinctly broader than 62—70. The
50-61 spectra are a superposition of a broad, immobilized component (i), and a sharper,
mobile component (m). In previous studies of M2, we characterized the multicomponent
nature of the C-terminal amphipathic helix using both line shape analysis and saturation
recovery methods to establish the presence of an equilibrium involving two different
conformational substates of the protein. We hypothesized that this conformational exchange
is relevant for M2 scission function at the edge of the viral budozone[24,25].

Similar to sites 50-60, line shapes for sites 62—70 show evidence of a superposition of two
states, although the component arising from a mobile population dominates the spectra. The
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dynamics of a spin-labeled site can be qualitatively assessed using a semi-empirical mobility
factor calculated from the inverse peak-to-peak width of the central line (AHp™2) of the EPR
line shapes [26]. Mobility factors were calculated from the CW-EPR spectra of each site. In
the case of multicomponent spectra, the mobility factors reflect the properties of the
overlapping components and provide only a qualitative measure of average dynamics at the
site. Nonetheless, mobility factors along a stretch of neighboring residues can provide useful
insight into changes in dynamic properties in a specific region of the protein. Mobility as a
function of M2 sequence position is shown in Figure 2B with previously reported data for
sites 50-60 within the amphipathic helix for comparison [22]. The mobility of sites 50-60 is
low, consistent with restrictions in motion arising from a membrane surface-associated
secondary structural element. Mobility factors in the range of 0.2-0.4 have been reported for
spin labeled sites within a-helical secondary structure elements within membrane associated
proteins[31,32]. In marked contrast to 50-60, spin labels at positions 61-70 exhibit a
gradient of increasing mobility.

3.2 The dominant population of the C-terminal tail extends away from the membrane
surface

Spin label motional restriction can arise from secondary and tertiary contacts or association
with the membrane [26]. Previously, we established that residues 50-60 of the full-length
M2 protein form an amphipathic helix associated with the membrane surface. Here, we
tested the hypothesis that the observed increase in mobility for sites 61-70 could be
attributed to a loss of association with the membrane surface.

We conducted power saturation experiments to measure accessibility to the paramagnetic
relaxation agent O, which reports on structural topology with respect to the membrane.
Oxygen is a lipophilic species that partitions in a gradient across the membrane, with the
highest O, concentration at the center of the bilayer. The collision rate of the spin label with
Oy, quantified by APy, (O,), serves as a relative measurement of membrane accessibility
[26].

Oxygen accessibility as a function of spin-label position for sites 61-70 is presented in
Figure 2C along with previously published data for 50-60 for comparison [22]. The overall
trend is one of decreasing oxygen accessibility towards the distal cytoplasmic tail, a
hallmark of increasing distance from the membrane.

3.3 Conformational properties of the C-terminal tail beyond the amphipathic helix

While O, accessibility provides information about the depth of a particular site in the
membrane environment, AP1/,(O5) data can be difficult to interpret for residues positioned
near the lipid head groups or in the aqueous environment. To better characterize sites along
the membraneaqueous interface, we employed a water-soluble paramagnetic relaxation
agent, NiEDDA, which is used to measure the accessibility of spin-labeled sites to the
aqueous phase [26]. Hydrophobic O, and hydrophilic NIEDDA have opposite membrane
partitioning tendencies. Consistent with these partitioning tendencies, there is a general trend
of increasing NiEDDA accessibility between sites 60 and 70 (Figure 3A), while the trend is
one of decreasing oxygen accessibility (Figure 3B).
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Oscillations in O, and NiEDDA accessibilities have been shown to be indicators of
secondary structural elements [26]. Residue-by-residue patterns in accessibility to O, and
NIiEDDA can provide a topological map of secondary structure with respect to the
membrane [26]. Previous analysis of positions 50-60 in full-length M2 identified a
sinusoidal variation in oxygen accessibility with a periodicity of 3.6, characteristic of a
surface-associated a-helix [22]. As a general trend, we observed that the NIEDDA and O,
accessibilities of sites 60-63 oscillate 180 out of phase (Figure 3A and 3B). Previous work
has demonstrated that presence of secondary structure can be usefully predicted by the
calculation of a contrast parameter, ¢, that combines accessibilities of O, and NiEDDA for a
given site [30]. Membrane-buried sites display spikes in ¢ values whereas regions that are
homogenously solvated in the aqueous phase exhibit relatively constant ¢ values [30]. As
shown in Figure 3C, the contrast parameters for sites 60—-64 oscillate as expected for being
part of an amphipathic helix and have magnitudes comparable to those reported for other
membrane associated proteins [33,34]. The contrast parameters for sites 6570 exhibit little
variation. Together with the mobility parameters of these residues (Figure 2B), the EPR data
suggest that sites 65-70 form a dynamic and predominantly disordered region that extends
away from the membrane into the aqueous medium. Due to the existence of two components
in the line shapes shown in Figure 1 we are unable to discount the existence of a minor
population of ordered secondary structure that is not apparent in the contrast parameters.

4. Discussion

Until recently, the majority of biophysical studies on the M2 protein from influenza A
largely focused on the transmembrane domain and the C-terminal amphipathic helix
extension using chemical synthesize truncated constructs. The contribution of this paper is to
provide information on the distal cytoplasmic tail in full-length M2 protein reconstituted in
liposomes.

SDSL-EPR line shapes shows that the C-terminal domain region past the amphipathic helix
has evidence for two components, with the predominate population being highly dynamic
and extending away from the membrane surface. The site-specific resolution of EPR
mobility membrane accessibility data provides valuable insight into where the amphipathic
helix ends. The oscillatory pattern in accessibility data suggests the amphipathic helix
extends out to residue 64. The EPR data agree with the literature on amino acid sequences
typically found at the end of helical regions. The pattern of a glycine followed by a proline
(found in 63-64 in the M2 sequence studied here) is a common component of capping
motifs prevalent in the C-termini of alpha helices [35].

Our finding that the region beyond the amphipathic region is highly mobile is consistent
with earlier ssNMR work [36,37]. An study using chemical shift simulation proposed that
unassigned ssNMR peaks from full-length M2 protein arose from an unstructured
cytoplasmic tail [36]. A follow-up study on a chemically synthesized truncation that
included ~10 residues beyond to the amphipathic helix, M2(22-71), concluded that the post-
amphipathic helix cytoplasmic tail up to residue 71 was disordered and highly dynamic [37].
Our SDSL-EPR approach offers advantages over the previously published work on the C-
terminal tail of M2. We use full-length M2 protein that includes the entire cytoplasmic tail,
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whereas the other study that offers site-specific data [20] utilized a truncated construct, M2
(22-71). Furthermore, we collected data at a 1:500 peptide:lipid ratio, in contrast to the high
peptide:lipid ratios (~1:20) required for sSNMR studies, which can complicate the
interpretation of data due to potential intermolecular interactions.

It has been hypothesized that the C-terminal tail of M2 helps regulate the multiple roles M2
plays in the influenza viral life cycle [12,38]. The M2 protein is embedded in membrane
environments that differ in content depending on the stage of the infection cycle. For
example, the influenza virus envelope is enriched in cholesterol compared to the host-cell
membrane where M2 facilitates viral budding [3]. Biophysical studies have shown that the
conformation and dynamics of the C-terminal domain of M2 differ depending on the
membrane context [25,36]. A dynamic cytoplasmic tail may serve as a sensor of changes in
membrane composition, as well as the presence of other viral proteins, [36].

Matrix protein 1 (M1) has been proposed to be interact with the C-terminal tail of M2 as part
of nucleoprotein incorporation into virions and formation of virions on virus-infected cells.
It has been hypothesized that a coli-to-helix conformational change in the C-terminal tail of
M2 in the presence of M1 protein might facilitate the M1-M2 interaction [37]. The two
populations of EPR line shapes we see in the EPR line shapes for sites 61-70 reported here
support the hypothesis that M2 populates different conformational states, where the
predominant population of the C-terminal tail under the sample conditions used here
dynamically extends away from the membrane surface into the aqueous medium. The minor
population we see here could be the one primarily populated in the presence of M1 protein.
The hypothesis that the M2 protein has multiple low-energy conformational states is not new
[24,39,40]. It has been suggested that the various structural models proposed to date provide
snapshots of distinct conformational states sampled by the protein during the viral life cycle
[19,23]. The M2 protein has at least two functions, the proton channel activity crucial for
uncoating of virions [2] and the formation of virions on virus-infected cells [3]. The
different functions of M2 could conceivably require different conformations. Ongoing
conformational studies under conditions relevant to viral budding and in the presence of M1
protein will further inform how the C-terminal tail of the M2 protein participates in the viral
lifecycle.

5. Conclusions

Until recently, the majority of M2 biophysical studies utilized chemically synthesized,
truncated constructs that omit the functionally significant cytoplasmic tail domain. The
contribution of this paper is to provide information on the cytoplasmic tail in full-length M2
protein. We used SDSL-EPR to collect site-specific information on the mability, solvent
accessibility, and conformational properties of residues 61-70 of the full-length, cell-
expressed M2 protein reconstituted into liposomes. Compared to the C-terminal domain
amphipathic helix proximal to the transmembrane domain, the dominant population of the
distal cytoplasmic tail is more dynamic and has moved away from the membrane surface
into the aqueous phase. Evidence for two conformations of the C-terminal tail is consistent
with previous studies that demonstrates that under different sample conditions, M2 populates
different states linked to different roles M2 plays in the viral lifecycle [24,39,40]. The C-
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terminal cytoplasmic tail could be a sensor of changes in both membrane composition and
binding of other viral proteins, thus regulating the multiple essential roles of M2 in the
influenza infection cycle.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations.

SDSL-EPR site-directed spin labeling electron paramagnetic resonance
spectroscopy

SSNMR solid-state NMR

™ transmembrane

AH amphipathic helix

POPC 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine

POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-1-rac-glycerol

CW EPR continuous-wave electron paramagnetic resonance

NiEDDA nickel (I1) ethylenediaminediacetate
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Highlights
. Dominant population of the C- terminal tail of M2 is highly mobile
. C- terminal tail of M2 extends away from the membrane surface into the
aqueous phase
. Mobility and accessibility report on length of membrane- associated

amphipathic helix
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Figure 1.

Page 12

CW X-band EPR spectra of full-length M2 protein for the indicated sites. Sites 50-60 were

reported previously [22] and are part of the surface associated amphipathic helix. Light gray
shading highlights mobile (m) peak components. Dark gray shading highlights immobile (i)
peak components.
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Fig. 2.

A. The domain structure of the full-length M2 protein. B. The relative mobility (inverse
central line width, AHg™1) as a function of spin label position. The mobility factors were
calculated from CWEPR spectra shown in Figure 1S. Sites 50-60 were previously published
[22] and are included for comparison. Error bars represent the uncertainty in the position of
the peak maxima and minima. C. Accessibility to oxygen measured by power saturation
EPR as a function of spin label position. Error bars represent the 95% confidence intervals
from the fits to the power saturation curves.
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Fig. 3.

A. Accessibility to NIEDDA and B. O as a function of spin label position for sites 60—70.
Representative raw data for O, and NiEDDA accessibility measurements shown in Figure
S1. Error bars represent the 95% confidence intervals from the fits to the power saturation
curves. C. Contrast parameter, ¢, calculated as described in the Materials and Methods.
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