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Abstract: The influenza A M2 protein is a 97-residue integral membrane protein involved in viral
budding and proton conductance. Although crystal and NMR structures exist of truncated con-
structs of the protein, there is disagreement between models and only limited structural data are
available for the full-length protein. Here, the structure of the C-terminal juxtamembrane region
(sites 50-60) is investigated in the full-length M2 protein using site-directed spin-labeling electron
paramagnetic resonance (EPR) spectroscopy in lipid bilayers. Sites 50-60 were chosen for study
because this region has been shown to be critical to the role the M2 protein plays in viral budding.
Continuous wave EPR spectra and power saturation data in the presence of paramagnetic mem-
brane soluble oxygen are consistent with a membrane surface associated amphipathic helix. Com-
parison between data from the C-terminal juxtamembrane region in full-length M2 protein with
data from a truncated M2 construct demonstrates that the line shapes and oxygen accessibilities
are remarkably similar between the full-length and truncated form of the protein.
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Introduction

The M2 protein is a 97-amino acid multifunctional
protein that is assembled into a homotetramer and
spans the viral membrane.! The proton channel
activity of M2 has been extensively studied and is
crucial for the uncoating of virions entrapped within
endosomes.>® M2 also plays a critical role in viral
assembly and budding.*® Influenza viruses are
thought to utilize lipid raft domains in the plasma
membrane of infected cells as sites of virus assembly
and budding.” The C-terminal juxtamembrane region
of M2 has been shown to be critical in generating
membrane curvature® and facilitating viral budding.®

Published by Wiley-Blackwell. © 2014 The Protein Society
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Figure 1. A. Domain structure of full-length M2 protein indicating the 11 sites (50-60) that were spin-labeled in this study.

B. CW X-band EPR spectra of full-length M2 protein for sites 50-60 (black lines) and previously published spectra'® for sites
50-56 in M2TMC (23-60) (red lines). C. Oxygen accessibilities for spin-labeled sites in full-length M2 protein (black bars) and
previously published oxygen accessibilities'® for sites 50-56 in M2TMC (23-60) (red bars). Error bars on the AP, (O,) bars are
the 95% confidence intervals from the fits to the power saturation curves. M2TMC (23-60) SDSL-EPR data for sites 57-60 have

not been published.

The domain structure of M2 protein is shown in
Figure 1(A). Each monomer within the homotetr-
amic protein consists of a small N-terminal ectodo-
main, a transmembrane domain, and a long
cytoplasmic tail. A series of biophysical methods
have probed the conformation and dynamics of the
M2 protein.®'1* Although preliminary structural
studies on bacterially expressed full-length M2 protein
have been published,'*'® the majority of previously
published papers have focused on chemically synthe-
sized truncated M2 peptide constructs, M2TM (22—46)
or the transmembrane domain plus approximately 14
proximal C-terminal residues, M2TMC (23-60).

In this article, we focus on the C-terminal juxta-
membrane region of the full-length M2 protein due
to its role in viral budding.®® Previously published
work on the C-terminal region in truncated versions
of M2 protein from our lab!®* and others''® have
demonstrated this region forms an amphipathic
helix. The question remains, however, whether this
region has a similar secondary structure and mem-
brane topology in the full-length M2 protein. To
address this problem, we use the highly sensitive
and information-rich method of site-directed spin
label electron paramagnetic resonance spectroscopy
(SDSL-EPR).!® The advantage of SDSL-EPR is that
it can be conducted at relatively low peptide to lipid
ratios where crowding between proteins is unlikely
to influence the dynamic properties of the protein.
At the higher peptide to lipid ratios required for
other methods such as solid-state nuclear magnetic
resonance (NMR) spectroscopy, crowding between
the densely packed M2 proteins might affect the
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dynamic or even structural properties of the full-
length protein. Here, we show that the structure
and dynamics of the C-terminal juxtamembrane
region are similar between the full-length and trun-
cated forms of the protein.

Results and Discussion

EPR data for sites 50-60 in full-length M2
protein
Full-length M2 protein was expressed, purified, spin-
labeled with (1-oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3-
methyl) methanethiosulfonate (MTSL) and reconstituted
into 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-1-rac-glycerol
(POPC:POPG) 4:1 lipid bilayer vesicles. This bilayer
system was chosen because of its use in published M2
functional viral budding assays'” and its use in
previous SDSL-EPR work on the M2TMC (23—-60) con-
struct.}* CW-X-band EPR spectra for the 11 single-
site spin-labeled M2 proteins are shown in black in
Figure 1(B). The breadth and shape of these EPR
spectra are typical of spin-labels bound to a surface
associated domain of a membrane-bound protein.%!*
Figure 1(C) shows the accessibility of sites 50—
60 in the full-length protein to paramagnetic mem-
brane soluble oxygen using power saturation meth-
ods (black bars). Molecular oxygen is a small
hydrophobic species that generally partitions into
lipid bilayers. Residue-by-residue patterns of meas-
ured accessibilities to Oy represent a blueprint of a
protein’s secondary structure and topology with
respect to the membrane.'® Lipid accessibility data
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for sites 50-60 show a sinusoidal variation with a
periodicity of 3.6 typical for a surface absorbed «-
helix (black dashed line). The lipid accessibilities
match the physiochemical properties of individual
amino acid side chains in the wild-type sequence.
The most membrane-embedded residues (Ile 51, Phe
55, and Leu 59) are hydrophobic while the more
water-exposed residues (Arg 53 and Lys 60) are
hydrophilic.

Comparison of EPR data for full-length protein
to a truncated construct M2TMC (23-60)

We have previously published SDSL-EPR data for
sites 50-56 for a M2TMC (23-60) chemically
synthesized truncation of the M2 protein.'®!* The
M2TMC (23-60) construct includes both the trans-
membrane domain and the first 14 residues of the
C-terminal domain. An overlay of the CW X-band
EPR line shapes for sites 50-56 in both the full-
length (black lines) and truncated construct (red
lines) are shown in Figure 1(B). The breadth of
spectral line shapes between the full-length and
truncated construct are similar. The spectra for
sites 55 and 56 are indistinguishable. There are
some differences in the amplitude of the central
peak for sites 50-54. The addition of 37 residues
past the end of the M2TMC (23-60) truncation
undoubtedly modifies some of the dynamic proper-
ties of these sites in full-length M2.

In Figure 1(C), we compare the accessibility of
paramagnetic membrane soluble oxygen to sites 50—
56 in M2TMC 23-60 (red bars) to the same sites in
full-length M2 protein (black bars). The oxygen
accessibilities in the full-length version of M2 pro-
tein are strikingly similar to the accessibilities in
the truncated version, with both sets of data consist-
ent with a membrane surface associated amphi-
pathic helix.

Conclusions

SDSL-EPR studies on the C-terminal juxtamem-
brane region in full-length M2 protein clearly dem-
onstrate that this region forms an amphipathic helix
that lies on the surface of the membrane. This bio-
physical evaluation is in complete accord with elec-
trophysiological studies of full-length M2 in
comparison to deletion mutants, which showed no
appreciable differences in the proton channel activ-
ity and pharmacological inhibition between a num-
ber of constructs.'® This work provides valuable new
structural and membrane topology data for the full-
length M2 protein, which has yet to be extensively
characterized. Furthermore, the observation that
the SDSL-EPR data collected for a truncated version
of M2 is strikingly similar to full-length protein has
implications for the use of truncated versions of M2
protein in studying how M2 promotes membrane
curvature and viral budding.
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Materials and Methods

Expression, spin labeling, and purification
of M2 protein
The expression of the full-length M2 protein fol-
lowed published protocols'® with the following modi-
fications. Eleven different M2 sequences were
expressed with single site cysteine substitutions at
residues 50-60 with native cysteines mutated to ser-
ine?® so a spin label would attach specifically to one
residue. Cysteine mutagenesis in this region is not
detrimental to M2 function, with cysteine mutants
in this region giving rise to channels with conduct-
ance and reversal potential properties very close to
those observed for the wild-type channel.'®

For each construct, a cell pellet from 1/4 L of growth
was suspended and vortexed in 9.5 mL of lysis buffer
containing 50 mM Tris pH 8, 40 mM (octyl B-p-glucopy-
ranoside) OG, 150 mM NaCl, 0.2 mg/mL DNase I,
0.25 mg/mL lysozyme, and 500 mM AEBSF. The mix-
ture was sonicated on ice (20 min on 20% amplitude,
1 s on/1 s off pulse) and then centrifuged for 30 min at
15,000g. The supernatant was incubated with 1 mL Ni-
NTA resin (GoldBio), 20 mM imidazole, and 20 mM (-
mercaptoethanol and nutated at room temperature for
30 min. The column was washed successively with
Wash I (50 mM Tris pH 8, 150 mM NaCl, 40 mM OG,
20% v/v glycerol), Wash II (50 mM Tris pH 8, 20 mM
OG, 20% v/v glycerol), and then Wash III (50 mM Tris
pH 8, 4 mM OG, 20% v/v glycerol, 20 mM imidazole).
Tenfold molar excess of MTSL spin-label was dissolved
in 16 pL of acetonitrile and then added to 1 mL of Wash
III. The MTSL solution was added to the column and
nutated at 4°C for 48 h. Spin-labeling buffer was then
eluted from column. To facilitate the removal of free
spin-label, 5 mL of Wash III was added to the column
and the column was nutated at room temperature for
20 min. The column buffer was then eluted, and the col-
umn was washed with an additional 10 mL of Wash III.
The His-tagged M2 protein was then eluted with 5 mL
of elution buffer (50 mM Tris, 300 mM imidazole, 4 mM
OG, and 20% v/v glycerol buffer). PD-10 desalting col-
umns (GE Healthcare) using 50 mM Tris pH 8, 4 mM
OG buffer were used to separate spin-labeled M2 pro-
tein from imidazole and excess free spin-label. Sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was used to confirm purification of the
protein.

Reconstitution of M2 protein into liposomes

Full-length M2 protein was reconstituted into lipid
vesicles composed of 4:1 POPC:POPG. This bilayer sys-
tem was chosen because of its use in published M2 func-
tional fusion assays!” and its use in previous SDSL-
EPR work on the M2TMC (23-60) construct.!®'* Chlo-
roform solutions of POPC and POPG were combined in
a 4:1 molar ratio. Chloroform was removed under a gen-
tle stream of nitrogen and then the lipid films were

SDSL-EPR of Full-length M2 Protein



placed under high vacuum overnight. The lipid films
were resuspended in 50 mM Tris pH 8, 100 mM KClI,
1 mM EDTA by alternately bath sonicating and vortex-
ing the films. The lipid suspension was extruded 15
times through 20 um filters using an Avanti Mini-
Extruder. The lipids were solubilized with 50 mM Tris
pH 8, 100 mM NaCl, 40 mM OG, to achieve a molar
detergent to lipid ratio of 2.6. The lipid/detergent solu-
tion was then equilibrated for 30 min. Next, protein was
added to achieve a protein to lipid molar concentration
ratio of 1:500. A slurry of hydrophobic polystyrene
beads (Bio-Beads SM-2, Bio-Rad) was made by adding
buffer (50 mM Tris pH 8, 100 mM NaCl) dropwise to
the beads until they were hydrated. The Bio-Bead
slurry was stirred slowly and degassed under vacuum
for 1 h. While the proteoliposomes were gently nutated
at 4°C, five different 50 pL aliquots of a Bio-Bead slurry
were added at 15 min intervals. A final 200 pL aliquot
of Bio-Beads was added to the proteoliposome solution
and nutated overnight at 4°C. After the Bio-Beads were
removed, the proteoliposome solution was then concen-
trated to a spin-labeled protein concentration of approx-
imately 100 uM using Amicon Ultra-0.5 Centrifugal
Filter Devices at 13,000g.

EPR spectroscopy

Continuous wave (CW) EPR spectra were recorded
at room temperature on an X-band Bruker EMX
spectrometer equipped with an ER4123D resonator.
Samples used for analysis of spectral line shapes
were placed in glass capillary tubes and EPR spectra
were acquired using 2 mW incident microwave
power, 1 G field modulation amplitude at 100 kHz,
and 150 G sweep width. For comparison of line
shapes, each spectrum was double integrated and
normalized to the same number of spins.

For power saturation measurements, samples
were collected in gas-permeable TPX capillary tubes.
Power saturation data were obtained under two sets
of conditions, equilibrated with nitrogen gas and equi-
librated with ambient air. For experiments with low
accessibility to fast relaxing paramagnetic reagents,
EPR spectra were measured at eight power levels. For
experiments with high accessibility to paramagnetic
reagents, 16 power levels were studied as the satura-
tion effect was sometimes significantly mitigated and
thus more data points were required to achieve a good
fit. Data were analyzed and AP;, parameters reflect-
ing side chain accessibility to paramagnetic reagents
were determined as described previously.'®
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