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ABSTRACT

The influenza virus hemagglutinin (HA) envelope protein mediates virus entry by first binding to cell surface receptors and then
fusing viral and endosomal membranes during endocytosis. Cleavage of the HA precursor (HA0) into a surface receptor-binding
subunit (HA1) and a fusion-inducing transmembrane subunit (HA2) by host cell enzymes primes HA for fusion competence by
repositioning the fusion peptide to the newly created N terminus of HA2. We previously reported that the influenza virus M2
protein enhances pandemic 2009 influenza A virus [(H1IN1)pdm09] HA-pseudovirus infectivity, but the mechanism was unclear.
In this study, using cell-cell fusion and HA-pseudovirus infectivity assays, we found that the ion channel function of M2 was re-
quired for enhancement of HA fusion and HA-pseudovirus infectivity. The M2 activity was needed only during HA biosynthesis,
and proteolysis experiments indicated that M2 proton channel activity helped to protect (HIN1)pdm09 HA from premature
conformational changes as it traversed low-pH compartments during transport to the cell surface. While M2 has previously been
shown to protect avian influenza virus HA proteins of the H5 and H7 subtypes that have polybasic cleavage motifs, this study
demonstrates that M2 can protect HA proteins from human H1N1 strains that lack a polybasic cleavage motif. This finding sug-
gests that M2 proton channel activity may play a wider role in preserving HA fusion competence among a variety of HA sub-
types, including HA proteins from emerging strains that may have reduced HA stability.

IMPORTANCE

Influenza virus infects cells when the hemagglutinin (HA) surface protein undergoes irreversible pH-induced conformational
changes after the virus is taken into the cell by endocytosis. HA fusion competence is primed when host cell enzymes cleave the
HA precursor. The proton channel function of influenza virus M2 protein has previously been shown to protect avian influenza
virus HA proteins that contain a polybasic cleavage site from pH-induced conformational changes during biosynthesis, but this
effect is less well understood for human influenza virus HA proteins that lack polybasic cleavage sites. Using assays that focus on
HA entry and fusion, we found that the M2 protein also protects (HIN1)pdmo09 influenza A virus HA from premature conforma-
tional changes as it transits low-pH compartments during biosynthesis. This work suggests that M2 may play a wider role in pre-
serving HA function in a variety of influenza virus subtypes that infect humans and may be especially important for HA proteins
that are less stable.

he influenza virus hemagglutinin (HA) envelope protein me-

diates virus entry by binding to cell surface receptors, followed
by endocytosis and fusion of the viral and endosomal membranes.
Cellular proteases cleave the HA precursor (HAO) to generate the
HA1 surface subunit, which mediates binding to cell surface sialic
acid receptors, and the HA2 transmembrane subunit, which me-
diates membrane fusion between viral and endosomal mem-
branes during endocytosis (reviewed in references 1 to 3).

The M2 protein plays an important role in several steps of
influenza virus infection. During viral entry, the proton-selective
ion channel function of M2 protein promotes uncoating of the
influenza virus ribonucleoprotein core after membrane fusion.
The low pH in the endosomes activates the ion channel activity of
M2 protein. This protein channel pumps protons into the interior
of the virion, making the M1-viral RNP (vRNP) interaction weak
and allowing the release of the vVRNP into the host cell cytoplasm
(4). In the biosynthetic pathway, the ion channel activity of M2
protein may also regulate the pH balance between the acidic lu-
men of the trans-Golgi network (TGN) and the pH of the cyto-
plasm. For HA proteins with a polybasic cleavage site, such as
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influenza Rostock virus (H7N1) and H5 virus HA proteins, in
which HA cleavage can occur in the exocytic pathway, the M2
activity can protect HA from premature pH-induced conforma-
tional changes in the TGN (5-13).

The M2 protein is also important for viral assembly and re-
lease. The cytosolic tail of M2 protein participates in genome
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packaging and facilitates virus production. During viral release,
M2 is located at the neck of the budding virion. The C-terminal
amphipathic helix of M2 protein alters the membrane curvature
in a cholesterol-dependent manner and assists the membrane scis-
sion process independently of the host ESCRT (endosomal sorting
complex required for transport) machinery (14-16). More re-
cently, M2 was implicated in facilitating the formation of filamen-
tous forms of influenza virus (17).

We previously showed that the M2 protein enhanced (HIN1)
pdm09 HA-pseudovirus infectivity when M2 was coexpressed with
HA during pseudovirus production (18). However, the mechanism
responsible for this effect remained unknown. Unlike influenza Ros-
tock virus H7N1 HA, (HIN1)pdm09 HA does not have a polybasic
cleavage site, and to our knowledge, M2 protection of HA from low-
pH-induced conformational changes in the TGN has not been re-
ported for HA proteins that lack polybasic cleavage motifs. In this
report, we analyzed possible mechanisms that might account
for the M2-mediated enhancement of HA fusion. We found
that M2-mediated enhancement of HA fusion depended on the
ion channel function of M2 during HA biosynthesis. This find-
ing indicates that M2 protects (HIN1)pdm09 HA from premature
conformational changes during HA transport to the cell surface. Be-
cause (HIN1)pdm09 HA is less stable than many other HIN1 HA
proteins (19-21), our data suggest that M2 proton channel activity
may be especially important for HA proteins that are less stable, re-
gardless of subtype or cleavage site motif.

MATERIALS AND METHODS

Plasmids and cell lines. As previously described (22), the full-length
Q223R HA open reading frame (ORF) from A/Mexico/4108/2009 (MX
HA) (GenBank accession no. GQ223112), which was previously reported
to enhance pseudovirus infectivity (18), and the wild-type NA ORF from
A/California/04/2009 (GenBank accession no. FJ966084) were amplified
from the respective viruses by reverse transcription-PCR (RT-PCR) and
placed into the CMV/R 8kB expression plasmid, encoding HA from
A/PR/8/34 (PR HA) (GenBank accession no. CY009444), which was ob-
tained from Gary J. Nabel (National Institutes of Health [NIH], Bethesda,
MD). Full-length wild-type M2 genes from A/Mexico/4115/2009 (MX
M2) (GenBank accession no. ACQ99588.1) and A/PR/8/34 (PR M2) were
synthesized by Integrated DNA Technologies (Coralville, IA) and placed
into the pcDNA 3.1(+) plasmid (Invitrogen, Carlsbad, CA). A30P, T27V,
and N31S mutations in the M2 genes were introduced using a
QuikChange II site-directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA) and confirmed by sequencing. HIV Gag/Pol (pCMV ARS.2)
and luciferase reporter (pHR’CMV-Luc) plasmids, which were described
previously (23, 24), were obtained from Gary J. Nabel (NIH, Bethesda,
MD). The codon-optimized human airway trypsin-like protease (HAT)
gene expression construct pCAGGS-HATcop (HATcop) was described
previously (18). The HIV-1 JRg;: Env gene expression construct pPCMV/
R-Env was described previously (25). pCI4070A, encoding the amphotro-
pic murine leukemia virus (A-MLV) envelope protein, was described pre-
viously (26). A vesicular stomatitis virus glycoprotein (VSV G) gene
expression construct (27) was provided by Theodore Friedmann (Univer-
sity of California at San Diego, La Jolla, CA). A B-galactosidase (3-Gal)
subunit expression plasmid and 293T cells stably expressing the 3-Gal w
subunit (28) were provided by Nathaniel Landau (New York University,
New York, NY).

293T cells and 293T cells expressing the 3-Gal w subunit were cultured
in Dulbecco’s modified Eagle medium (DMEM) with high glucose, L-glu-
tamine, minimal essential medium (MEM) nonessential amino acids,
penicillin-streptomycin, and 10% fetal calf serum. Human primary glio-
blastoma cells (U87.CD4.CXCR4) expressing CD4 and CXCR4 were ob-
tained from Dan Littman (New York University, New York, NY) and
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grown in the same medium as that for 293T cells, with the addition of 1
pg/ml puromycin (Sigma, St. Louis, MO) and 300 pg/ml G418 sulfate
(Mediatech, Inc., Manassas, VA).

Antibodies. Mouse anti-(HIN1)pdm09 HA monoclonal antibody
4F8 was described previously (29). Rabbit polyclonal antibodies against
PR M2 and actin were purchased from Thermo Scientific (Rockford, IL).
Rabbit antisera against HIN1 HAI1 were produced via immunization
with A/New Caledonia/20/1999 HA1 peptides (¢eENZYME, Gaithersburg,
MD) as described previously (30). Rabbit antisera against the HIN1 HA2
C helix were produced by immunization with an A/New Caledonia/20/
1999 HA2 C helix peptide (RMENLNKKVDDGFLDIWTYNAELLVLLE
NERTLDFHDSNVKNLYEKVKSQLKNNA, with CSGSGSG residues
added to the N terminus) conjugated to keyhole limpet hemocyanin
(KLH) (Pierce) and mixed with Freund’s adjuvant.

Pseudovirus production and infectivity assay. Pseudoviruses were
produced in 293T cells as described previously (18). Briefly, to make HA-
pseudovirus, 3 pg of MX HA plasmid or 0.5 g of PR HA plasmid, 2 pg of
MX M2 or PR M2 plasmid, 2 pg of HATcop plasmid, 4 ng of CA NA
plasmid, 5 ug of pPCMV AR8.2, and 5 pg of pHR’*CMV-Luc were cotrans-
fected by use of FuGENE 6 (Promega, Madison, WI). For some experi-
ments, the amounts of plasmids transfected varied as indicated in the
figures. To make A-MLV Env-, VSV G-, or HIV-1 Env-pseudovirus, 2 pg
of A-MLV Env, VSV G, or HIV-1 Env plasmid, 2 pg of MX M2 or PR M2
plasmid, 5 pg of pPCMV AR8.2, and 5 g of pHR’*CMV-Luc were cotrans-
fected by use of FuGENE 6. Pseudoviruses were harvested at 48 h post-
transfection and then used immediately for electron microscopy studies,
filtered through a 0.45-pum low-protein-binding filter and used immedi-
ately, or stored at —80°C. HA-, A-MLV Env-, and VSV G-pseudovirus
titers were determined by infecting 293T cells with these pseudoviruses
for 48 h prior to measuring luciferase activity by using a luciferase
assay system (Promega), and the titers were normalized by use of the
p24 enzyme-linked immunosorbent assay (ELISA) level as described
previously (18). HIV-1 Env-pseudovirus titers were determined by
infecting U87.CD4.CXCR4 cells. Pseudovirus titers were normalized
to fold changes with respect to pseudoviruses not containing M2.

Pseudoviruses were quantified by HIV-1 p24 Gag ELISA (AIDS Vac-
cine Program, NCI-Frederick Cancer Research and Development Center,
Frederick, MD) as described previously (30). HA and M2 expression and
incorporation into pseudoviruses were quantified by immunoblot analy-
sis using rabbit HA1 antisera and PR M2 polyclonal antibodies.

Electron microscopy. HA-pseudoviruses were concentrated from un-
filtered, clarified culture supernatant by centrifugation at 30,590 X g and
4°C for 3 h through a 20% sucrose cushion, followed by resuspension in
1X Dulbecco’s phosphate-buffered saline (DPBS) (Mediatech, Inc.). Ali-
quots were placed on 400-mesh carbon-coated grids (Electron Micros-
copy Sciences, Hatfield, PA), fixed with 2% formaldehyde and 2% glutar-
aldehyde in DPBS, and washed gently with distilled water. The samples
were stained with 2% methylamine tungstate and examined with a Zeiss
EM 912 transmission electron microscope.

Cell-cell fusion assay. Cell-cell fusion was quantified using a reporter
system based on (3-Gal complementation (31). Briefly, 293T cells were
transfected with the HA expression plasmid (pCMV/R-HA) along with
M2, HAT, and B-Gal « subunit expression plasmids by use of FuGENE 6
reagent. Forty-eight hours after transfection, the transfected 293T cells
were detached using a nonenzymatic cell dissociation solution (Sigma)
and washed with DMEM. A total of 6 X 10* cells per well were then added
to B-Gal w subunit-expressing 2937 target cells that had been seeded the
night before at 3 X 10* cells per well in a 96-well plate. Cells were cocul-
tivated for 3 h at 37°C. The culture supernatants were then removed and
replaced with DPBS previously adjusted to the desired pH with 0.1 M
citric acid. The cells were treated for 4 min in the DPBS-citrate buffer and
then cultured with DMEM. Eighteen hours later, cell-cell fusion was
scored by measuring B-Gal activity in coculture cell lysates by use of a
Galacto-Star kit (Applied Biosystems, Carlsbad, CA) according to the
manufacturer’s instructions.
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For HA-induced cell-cell fusion with trypsin-activated HA, NIH/3T3
cells were transfected with MX HA (pCMV/R-HA), 3-Gal « subunit, and
wild-type MX M2 expression plasmids by use of FuGENE 6. Forty-eight
hours after transfection, NIH/3T3 cells were washed twice with DPBS and
treated with 3 pg/ml of trypsin treated with L-1-tosylamide-2-phenylm-
ethyl chloromethyl ketone (TPCK-trypsin) (Thermo Scientific) for 5 min
at 37°C. TPCK-trypsin was removed, and 10% fetal calf serum-containing
medium was added. 293T cells expressing the 3-Gal w subunit and NIH/
3T3 cells were cocultivated for 3 h at 37°C. Cells in coculture were treated
with acidic DPBS (pH 5.0) for 4 min at 37°C. Acidic DPBS was replaced
with medium, and 18 h later, cell-cell fusion was scored by measuring
B-Gal activity in coculture cell lysates by use of a Galacto-Star kit (Applied
Biosystems) according to the manufacturer’s instructions.

B-Gal activity was expressed in relative luminescence units (RLU).
The fusion level was normalized to that of the controls, as indicated in the
figure legends. Amantadine inhibition of cell-cell fusion was evaluated by
adding amantadine to cells, to a final concentration of 10 M, at different
time points during the fusion process.

FACS analysis. Transfected 293T cells were detached by use of cell
dissociation solution (Sigma), washed, and resuspended in fluorescence-
activated cell sorter (FACS) staining buffer (DPBS with 2% fetal bovine
serum [FBS]). The cells were then incubated with appropriate primary
monoclonal antibodies on ice for 30 min, followed by washing with FACS
staining buffer. The cells were then resuspended in FACS staining buffer
and incubated with a phycoerythrin (PE)-conjugated anti-mouse IgG sec-
ondary antibody in the dark on ice for 30 min. After washing 3 times with
DPBS, the cells were fixed with DPBS containing 2% paraformaldehyde.
The number of cells expressing HA was determined by flow cytometric
analysis on an LSR II flow cytometer (BD Biosciences). The postacquisi-
tion data analysis was performed using FlowJo software v9 (Tree Star).

Protease sensitivity. To detect pH-induced conformational changes
in HA, HA-pseudoviruses made in serum-free medium in the absence of
HAT were subjected to limited proteolysis by trypsin as described previ-
ously (32-37). In brief, HA-pseudovirus supernatant samples were mixed
with 10% n-dodecyl B-p-maltoside (DDM) to a final concentration of 1%
DDM and incubated at 37°C for 1 h. The samples were then digested with
TPCK-treated trypsin (Pierce) at a final concentration of 100 wg/ml at
room temperature for 20 h. The trypsin-digested samples were then re-
solved by nonreducing SDS-PAGE and transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA) for Western blot analysis. The blots
were probed with rabbit antisera against the HA2 C helix and with horse-
radish peroxidase-linked goat anti-rabbit antibodies and detected by use
of Lumiglo Reserve (KPL, Gaithersburg, MD).

Data analysis. Data reported were from at least three independent
experiments. t tests for paired-data comparisons, one-way and two-way
analyses of variance (ANOVA) for group data, and corresponding P val-
ues were analyzed using GraphPad Prism software. P values of <0.05 were
considered statistically significant.

RESULTS

M2 enhances infectivity of HA-pseudovirus. Our earlier report
showed that M2 enhances the infectivity of (HIN1)pdm09 HA-
pseudovirus (18). To confirm and extend this observation, pseu-
doviruses bearing HA from A/Mexico/4108/2009 (MX) or A/PR/
8/34 (PR) were produced in 293T cells, with or without MX or PR
M2. As shown in Fig. 1A, M2 significantly enhanced the infectivity
of pseudoviruses bearing either MX or PR HA (¢ test; P < 0.001),
with greater enhancement for the MX HA-pseudovirus. The HA
levels (Fig. 1A, bottom panels) and total p24 levels (data not
shown) in HA-pseudoviruses were similar whether or not M2 was
included in producing the HA-pseudoviruses, indicating that ad-
dition of M2 did not affect the production or incorporation of HA
into pseudoviruses. As a control, addition of M2 did not enhance
the infectivity of other pseudoviruses, bearing the envelope pro-
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FIG 1 Infectivities of HA-pseudoviruses with and without M2. (A) Infectivi-
ties of pseudoviruses bearing A/Mexico/4108/2009 (MX) HA (left) or A/PR/
8/34 (PR) HA (right), with and without MX or PR M2. Data are shown as
means and standard deviations for three independent experiments. (B) Infec-
tivities of pseudoviruses bearing A-MLV Env, HIV-1 Env, or VSV G, with and
without PR M2. (C) Western blots of M2 incorporation into pseudoviruses
bearing MX HA, PR HA, A-MLV Env, VSV G, or HIV-1 Env. PR M2 was
detected with an M2-specific rabbit antiserum.

tein from HIV-1, A-MLV, or VSV (Fig. 1B), indicating that M2
enhancement of pseudovirus infectivity is specific to HA function
and does not play a role in enhancing infectivity by enhancing
capsid uncoating. Additionally, M2 was incorporated into pseu-
doviruses, as shown by M2 Western blotting of pseudoviruses
(Fig. 1C).

M2 does not affect HA-pseudovirus morphology and HA in-
corporation. It has been reported that M2 influences the morpho-
genesis of influenza virus (17, 38, 39), so we investigated whether
M2 could also affect HA-pseudovirus morphology. We therefore
examined our HA-pseudoviruses by transmission electron mi-
croscopy and found no apparent differences, with or without M2.
All HA-pseudoviruses were sphere-like particles with diameters of
approximately 100 nm, with no obvious differences in the number
of HA spikes (Fig. 2). Western blot analysis of HA-pseudovirus
also suggested that M2 did not alter HA incorporation into viral
particles (Fig. 1A). Thus, M2 enhancement of HA-pseudovirus
infectivity is not due to alterations in HA incorporation or
changes in HA-pseudovirus morphology.

M2 enhances HA-mediated cell-cell fusion. To further under-
stand how M2 enhances HA-pseudovirus infectivity, we assessed
HA-mediated cell-cell fusion to rule out M2 effects during the
postfusion steps of viral entry, including uncoating and endocy-
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FIG 2 Transmission electron microscopy of HA-pseudoviruses with negative
staining. (A) MX HA-pseudovirus without M2; (B) MX HA-pseudovirus with
MX M2; (C) MX HA-pseudovirus with PR M2.

tosis. In the cell-cell fusion assay, we coexpressed HA and HAT to
induce HA-mediated cell-cell fusion, similar to the case in the
pseudovirus assay. As expected, both PR (data not shown) and
MX HA-mediated cell-cell fusion depended on low-pH treat-
ment, and higher levels of HA resulted in more fusion (one-way
ANOVA; P < 0.001) (Fig. 3A). M2 enhanced HA-mediated cell-

cell fusion in a dose-dependent manner (one-way ANOVA; P <
0.01) (Fig. 3B, right panel), with more pronounced enhancement
when M2 levels were high and HA levels were low (Fig. 3B, left
panel). M2 expression did not change total levels of HA (Fig. 3D)
or the level of HA presented on the cell surface (Fig. 3C).

PR and MX M2 enhancement of HA-mediated cell-cell fusion
occurred across a range of pH values (Fig. 4A). As observed before
(Fig. 3B), we found that 3 ug M2 enhanced 1-ug-HA-mediated
cell-cell fusion about 3-fold (Fig. 4A). Relative fusion, in which the
absolute fusion was normalized to the maximum fusion obtained
with MX M2 (Fig. 4A, top panel) or PR M2 (Fig. 4A, bottom
panel), was used to compare the fusion levels with and without
M2. To more easily compare the pH values of half-maximal fusion
for the groups, a fusion index was calculated by normalizing fu-
sion to the maximum fusion for each group (Fig. 4B). For all
groups, the presence of M2 did not alter the fusion index curves
(two-way ANOVA; P > 0.1). Half-maximal cell-cell fusion was
achieved at approximately pH 5.4, regardless of the presence of
M2 (Fig. 4B). These results indicate that M2 does not alter the pH
curve for HA-mediated cell-cell fusion or the HA response to pH.
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FIG 3 M2 enhancement of HA-mediated cell-cell fusion. (A) Various levels of MX HA expressed in effector cells (0.5 to 4.5 g of plasmid transfected) induced
cell-cell fusion at pHs 7.4 and 5.0. The bottom left panel shows a Western blot of HA expression in effector cells. The right panels show a flow cytometry analysis
of cell surface levels of HA in effector cells (0.5 to 4.5 g of plasmid transfected). MFI, mean fluorescence intensity. (B) M2 enhanced MX HA-mediated cell-cell
fusion at pH 5.0. (Left) A constant level of MX and PR M2 expression (6 g of plasmid transfected) was tested with various levels of MX HA expression (1 to 4.5
pgof plasmid transfected). The fusion levels were normalized to the individual fusion levels induced by various HA levels without M2 expression. (Right) Various
levels of MX and PR M2 expression (0 to 6 g of plasmid transfected) were tested with a constant level of MX HA expression (1 pg of plasmid transfected). The
fusion levels were normalized to the fusion level induced by HA alone without M2 expression. (C) Flow cytometry analysis of cell surface levels of HA in effector
cells from the right part of panel B. The MX HA levels on the cell surface with various levels of MX M2 expression are shown in the top panels. The bottom panels
show MX HA levels on the cell surface with various levels of PR M2 expression. (D) Western blots of total HA and M2 expression in effector cells from the right
part of panel B. The top panels show MX M2 expression with various amounts of transfected DNA. The bottom panels show PR M2 expression with various
amounts of transfected DNA. HAO and HA1 were detected with rabbit HA1 antiserum. MX and PR M2 proteins were detected by use of M2-specific rabbit
antiserum. Cell-cell fusion data are shown as means and standard deviations for three independent experiments.
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curve for MX HA. (C) Flow cytometry analysis of cell surface expression of HA in the effector cells used for panels A and B. Fusion data are shown as means and
standard deviations for three independent experiments. Plasmids used for transfection included 1 pg of MX HA plasmid and 3 g of M2 plasmid.

Thus, M2 enhancement of HA-mediated cell-cell fusion does not
appear to be due to an interaction with HA that alters the thresh-
old or sensitivity of HA to pH-induced conformational changes.
Finally, because the total amount of HA on the cell surface was
unchanged in the presence or absence of M2 (Fig. 4C), our data
indicate that M2 enhanced fusion activity by increasing the
amount of fusion-competent HA on the cell surface.

M2 proton channel function is needed to enhance HA-medi-
ated cell-cell fusion. We next tested whether M2 proton channel
function is needed to enhance HA-mediated cell-cell fusion. Pre-
viously, it was reported that an alanine-to-proline substitution at
position 30 (A30P) in M2 impairs the proton channel function of
influenza A/Udorn/72 (H3N2) virus M2 (40). Like A/Udorn/72
M2, both MX and PR M2 proteins bear the A30 residue (Fig. 5A).
Therefore, we introduced an A30P mutation into both MX and PR
M2. Both M2 proteins with the A30P mutation were expressed at
the same levels as that for wild-type M2, and the M2 mutation did
not change the HA levels on the cell surface (data not shown).
Importantly, M2 with the A30P mutation was no longer able to
enhance cell-cell fusion (two-way ANOVA for comparison to HA
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without M2; P > 0.1) (Fig. 5B and C, left panels), demonstrating
that the proton channel function of M2 is necessary for HA pro-
tection and enhancement of HA-mediated cell-cell fusion.

Since amantadine blocks the proton channel activity of aman-
tadine-sensitive M2 (41), we further studied the effect of M2 pro-
ton channel function on HA-mediated cell-cell fusion by treat-
ment with amantadine. It was previously reported that the serine
31 (S31) cluster is the high-affinity binding site for amantadine
(42—44) and that residues S31 and valine 27 (V27) in M2 confer
M2 sensitivity to amantadine (45-53). Wild-type MX M2 con-
tains residues N31 and V27, while PR M2 contains N31 and thre-
onine 27 (T27) (Fig. 5A). Both wild-type MX and PR M2 proteins
were resistant to amantadine, and the amantadine treatment did
not affect M2 enhancement of HA-mediated cell-cell fusion (two-
way ANOVA for comparison to HA with M2; P > 0.1) (Fig. 5B
and C, middle panels).

To make M2 gain sensitivity to amantadine, an asparagine-to-
serine mutation at position 31 (N31S) was introduced into MX
M2, while N31S and a threonine-to-valine substitution at position
27 (T27V) were introduced into PR M2, such that both mutated
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FIG 5 M2 proton channel function requirement for enhancement of MX HA-mediated cell-cell fusion. (A) Alignment of amino acids 21 to 35 of A/Udorn/72
(Udorn), PR, and MX M2 proteins. (B) MX HA-mediated cell-cell fusion at various pHs, with and without MX M2 proton channel function. (C) MX
HA-mediated cell-cell fusion at various pHs, with and without PR M2 proton channel function. (Left) M2 proteins and M2 A30P mutants with proton channel
dysfunction. (Middle) Controls (HA or HA plus M2), with and without amantadine. (Right) M2 mutants sensitive to amantadine, with and without amantadine.
AM, 10 uM amantadine. Fusion data are shown as means and standard deviations for three independent experiments. Plasmids used for transfection included

1 pg of MX HA plasmid and 3 pg of M2 plasmid.

MX and PR M2 proteins had residues S31 and V27. MX M2 con-
taining the N31S mutation (MX M2-N31S) and PR M2 contain-
ing the N31S and T27V mutations (PR M2-T27V-N315S) still en-
hanced HA-mediated cell-cell fusion (two-way ANOVA for
comparison to HA without M2; P < 0.001), at levels similar to
those for wild-type MX and PR M2 (Fig. 5B and C, right panels).
At high concentrations (>0.1 mM), amantadine neutralizes the
acidic intracellular environment, thereby preventing low-pH-in-
duced conformational changes in HA. At low concentrations
(<10 pM), amantadine is believed to block the M2 channels (11).
Thus, a low concentration (10 wM) of amantadine was used to
block the proton channel activity of M2 in the cell-cell fusion assay
by maintaining amantadine with HA- and M2-transfected cells
from 0.5 h posttransfection (after adding plasmids to the cells)
until the end of the fusion assay, when cells were lysed. As ex-
pected, the presence of 10 wuM amantadine during transfections
with M2 nearly completely abolished the MX M2-N31S enhance-
ment of HA-mediated cell-cell fusion (two-way ANOVA for com-
parison to HA with M2-N31S; P < 0.001) (Fig. 5B, right panel),
while the amantadine treatment itself had no effect on HA-medi-
ated cell-cell fusion in the control without M2 (two-way ANOVA
for comparison to HA without M2; P > 0.1) (Fig. 5B and C,
middle panels). The same treatments also led to a 70% reduction
of the PR M2-T27V-N31S enhancement of HA-mediated cell-cell
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fusion (two-way ANOVA for comparison to HA with M2-T27V-
N31S; P < 0.001) (Fig. 5C, right panel). The more modest reduc-
tion of PR M2-T27V-N31S enhancement of HA-mediated cell-
cell fusion by amantadine was probably due to differences in
residues between the MX and PR M2 proteins that may also mod-
ulate M2’s sensitivity to amantadine. M2 and its mutants were
expressed at the same levels, and their expression did not change
the level of HA presented on the cell surface (data not shown).
Altogether, these observations demonstrate that M2 proton chan-
nel function is needed for the enhancement of HA-mediated cell-
cell fusion.

M2 proton channel function during HA biosynthesis ac-
counts for the enhancement of HA-mediated cell-cell fusion.
Since our HA-mediated cell-cell fusion assay involves several
steps, including HA biosynthesis, pH treatment to trigger HA con-
formational changes, and cell-cell fusion scored by (3-Gal activity,
we next tried to determine at which step the M2 proton channel
function is needed to enhance overall fusion. Thus, 10 wM aman-
tadine, an inhibitor of M2 activity for sensitive strains, was main-
tained at the following time points during the cell-cell fusion assay
(Fig. 6A): (i) from 0.5 h post-HA transfection (after adding plas-
mids to the cells) of effector cells and thereafter, until cells were
lysed and scored for B-Gal activity; (ii) from the time of low-pH
treatment (amantadine was added to low-pH buffer) of effector-
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FIG 6 M2 proton channel function during HA biosynthesis accounts for the
enhancement of HA-mediated cell-cell fusion. (A) Amantadine (AM) treat-
ment windows. Treat 1, amantadine was maintained from 0.5 h post-HA and
-M2 transfection of effector cells and thereafter, until the fusion assay ended, at
the point of lysing cells; treat 2, amantadine was maintained from the time of
low-pH treatment of effector-target cocultures and thereafter, until the fusion
assay ended, at the point of lysing cells; treat 3, amantadine was maintained
from the point right after the pH treatment of effector-target cocultures and
thereafter, until the fusion assay ended, at the point of lysing cells. (B) Effects of
amantadine treatment on MX M2-N31S enhancement of MX HA-mediated
cell-cell fusion at pH 5.0. Amantadine (10 .M final concentration) was main-
tained according to treatments 1, 2, and 3. Fusion data are shown as means and
standard deviations for three independent experiments. Plasmids used for
transfection included 1 pg of MX HA plasmid and 3 pg of MX M2-N31S
plasmid. *, P < 0.001 (compared to no AM treatment; t test).

target cocultures and thereafter, until cells were lysed and scored
for B-Gal activity; and (iii) from the point right after the pH treat-
ment (amantadine was added to culture medium) of effector-
target cocultures and thereafter, until cells were lysed and scored
for B-Gal activity. Previous experiments showed that amantadine
is stable at acidic pH (41, 54-56), so amantadine function was not
affected at the various time points when it was used. We found
that amantadine abrogated M2 enhancement of HA-mediated
cell-cell fusion only when amantadine was present during the pe-
riod from HA transfection of effector cells and thereafter, until cell
lysis (t test; P < 0.001), but not in the period from low-pH treat-
ment to cell lysis (¢ test; P > 0.1) (Fig. 6B). Therefore, M2 proton
channel function is required during HA expression in effector cells
in order to see the M2 enhancement of HA-mediated cell-cell
fusion. This finding strongly suggests that M2 proton channel
function preserves HA fusion competence during HA biosynthe-
sis and transport to the cell surface.

M2 protects (HIN1)pdm09 HA from premature conforma-
tional changes during transport to the cell surface. Since HAT
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FIG 7 M2 enhancement of TPCK-trypsin-activated HA-mediated fusion and
M2 protection of HA from premature conformational changes. (A) TPCK-
trypsin-digested HA induced cell-cell fusion at pH 5.0 in the presence or ab-
sence of MX M2. The fusion levels were normalized to the MX HA-mediated
fusion level with TPCK-trypsin digestion. The bottom panels show Western
blots of expression of HA, M2, and actin. Plasmids used for transfection in-
cluded 1 pg of MX HA plasmid and 3 pg of MX M2 plasmid. (B) Nonreducing
Western blots of TPCK-trypsin-digested pseudovirus HA in the presence or
absence of MX or PR M2 or M2 with the A30P mutation. HAO and HA frag-
ments were detected with antisera against the HA2 C helix. Cell-cell fusion data
are shown as means and standard deviations for three independent experi-
ments. HA fragments were disulfide-bonded HA1 and HA2 proteolytic frag-
ments.

activity may not be restricted to the cell surface when HAT is
overexpressed and may also cleave HA during transit to the cell
surface, we next assessed whether M2 enhancement of HA-medi-
ated cell-cell fusion depends on HAT expression. We thus ex-
pressed HAO without HAT and instead cleaved HAO at the cell
surface by adding TPCK-trypsin. Because TPCK-trypsin treat-
ment was mildly toxic to 293T cells and gave less robust results
(30; data not shown), we expressed HA in NIH/3T3 cells and
subjected the undetached cells to TPCK-trypsin treatment. Again,
as seen with HAT expression, M2 enhanced HA-mediated cell-cell
fusion (t test; P < 0.0001) when MX HA was cleaved on the cell
surface by TPCK-trypsin (Fig. 7A). Thus, M2-enhanced HA-me-
diated cell-cell fusion is not the result of HAT expression and does
not depend on intracellular processing of HA0. Because HAO may
undergo some degree of pH-induced conformational changes that
may lead to HA inactivation (34), our data suggest that M2 pro-
tects HAO during biosynthesis.

To further elucidate how M2 protects HA fusion competence,
we directly evaluated the effect of M2 on premature HA confor-
mational changes during biosynthesis. HA conformations can be
assessed by differential sensitivity to extensive proteolysis. Virus
particles and purified HA proteins have previously been used to
demonstrate HA sensitivity to proteolysis after acidic pH-induced
HA conformational changes (32-37). Following acidic pH-in-
duced conformational changes in HA, TPCK-treated trypsin par-
tially digests the HA1 subunit but not the HA2 subunit (32). We
therefore produced HA-pseudoviruses in serum-free medium
without HAT coexpression and subsequently digested HA with
TPCK-trypsin. In this case, we found that without acidic pH treat-
ment, TPCK-trypsin partially digested MX HAOQ from pseudovi-
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rions into two major fragments, as detected by nonreducing SDS-
PAGE followed by Western blotting with antisera against the HA2
C helix (Fig. 7B). However, when either MX M2 (Fig. 7B, top
panel) or PR M2 (Fig. 7B, bottom panel) was coexpressed with HA
during pseudovirus production, there was less extensive digestion
of HA by TPCK-trypsin. The relative protection of HA from di-
gestion by the M2 proteins further depended on the channel func-
tion activity, because the M2 A30P mutation did not confer pro-
tection from digestion. These results indicate that MX HAO
undergoes some degree of conformational change during trans-
port to the cell surface. We concluded that M2 channel activity
protects MX HA from premature conformational changes during
biosynthesis.

(HIN1)pdmo09 HA undergoes pH-induced conformational
changes at a higher pH than that for PR HA. Because our data
indicated that M2 proton channel activity was required during HA
biosynthesis in order to enhance HA-mediated fusion, we next
assessed whether (HIN1)pdm09 HA was more sensitive than PR
HA to pH-induced conformational changes. Indeed, in directly
comparing the fusion levels of the two strains at various pHs (Fig.
8), we found that significant fusion started at about pH 5.7 for
(HIN1)pdm09 HA, with half-maximal fusion occurring at
about pH 5.4. In contrast, PR HA initiated fusion at about pH 5.4,
with half-maximal fusion occurring at about pH 5.2. Thus,
(HIN1)pdm09 HA is more sensitive than PR HA to pH-induced
conformational changes, consistent with our finding that M2 has
a greater effect on enhancing fusion of (HIN1)pdm09 HA than
PR HA.

DISCUSSION

The M2 protein can promote influenza virus infection during sev-
eral steps in the viral life cycle, including viral assembly and release
(14-17), uncoating of the ribonucleoprotein core (4), and biosyn-
thesis of certain H5 and H7 subtype HA proteins that contain a
polybasic cleavage motif (5-13). Previously, we found that M2
enhanced the infectivity of (HIN1)pdm09 HA-pseudovirus (18).
However, the mechanism was unclear because this HA does not
contain a polybasic cleavage motif, and it was not known whether
M2 could play a role during (HIN1)pdm09 HA biosynthesis.
Our current studies show that M2 enhancement of HA-medi-
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ated fusion and HA-pseudovirus infectivity specifically acts on
HA and does not affect HA-pseudovirus assembly and release
(Fig. 2). M2 improved the infectivity of two different HIN1 HA-
pseudoviruses, albeit to different extents, but there was no en-
hancement of pseudoviruses bearing the envelope from HIV-1,
A-MLV, or VSV (Fig. 1), indicating that M2 specifically enhances
HA function rather than nonspecifically promoting virus binding
to target cells, altering the viral membrane’s propensity to fuse
with target cell membranes, or promoting endocytosis and un-
coating. Furthermore, M2 enhanced HA-mediated cell-cell fusion
and protected HA from premature conformational changes, dem-
onstrating that M2 has a direct effect on HA function (Fig. 3 to 7).
We additionally showed that M2 enhancement depends on the
proton-selective ion channel function of M2. M2 enhancement of
HA-mediated fusion was abrogated by either introducing a chan-
nel-impairing A30P mutation into M2 or treating cells expressing
an amantadine-sensitive M2 protein with amantadine. Similarly,
M2 containing the loss-of-function A30P mutation did not im-
prove the infectivity of HA-pseudovirus (data not shown).

Significantly, amantadine treatment at various time points
during the cell-cell fusion assay further showed that M2 proton
channel function is needed during HA biosynthesis but not during
the fusion process itself or afterwards. This finding suggested that
M2 most likely protects HA during its transport through the exo-
cytic pathway. However, the protective effect of M2 ion channel
activity on HA has been reported only for HA proteins from sub-
types H5 and H7 with a polybasic cleavage site, which are cleaved
in the exocytic pathway (9-11, 13). In these cases, it is believed that
the M2 ion channel activity regulates the pH balance between the
acidic lumen of the trans-Golgi network (TGN) and the pH of the
cytoplasm to protect HA from premature low-pH-induced con-
formational changes in the TGN (5-13).

In our HA-pseudovirus, human airway trypsin-like protease
(HAT) was coexpressed with HA to promote cleavage because
TPCK-trypsin was mildly toxic to the 293T cells used for pseudo-
virus production (30; data not shown). The location of HAT
cleavage of HA is not fully understood, though it has been re-
ported that HAT can cleave HA at the cell surface (57). HAT
activity may be dependent on the cell type, influenza virus strain
(58), and other unknown factors, but it is nonetheless a relevant
in vivo protease for cleaving HA. If HAT cleaves HA at the cell
surface, then HA might be expected to be less sensitive to low-
pH-induced conformational changes, because uncleaved HAO
may not undergo low-pH-induced irreversible conformational
changes to the same extent as mature HA, which is cleaved into
HA1 and HA2 subunits (34). However, we found that M2 en-
hanced HA-mediated cell-cell fusion when HA was cleaved by
either HAT or TPCK-trypsin, indicating that M2-mediated en-
hancement of fusion is not specifically due to HAT expression.
Importantly, (HIN1)pdm09 HA is known to be less stable than
many other human influenza virus H1 HA proteins (19-21). Our
data therefore suggest that M2 protects (HIN1)pdm09 HA from
undergoing some degree of pH-induced conformational change
that impairs its function even prior to cleavage into mature HA.

However, MX HA still mediated cell-cell fusion without M2
(Fig. 3), indicating that only a fraction of the total HA was pro-
tected by M2 proton channel activity. The reduced stability of
(HIN1)pdmO09 HA likely makes it more susceptible to pH or other
environmental stresses. Several groups have shown that the stabil-
ity of HA varies greatly among different virus strains that have
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adapted to different environmental conditions and hosts (21, 58—
66). HA proteins from viruses of the same or different subtypes
can exhibit different sensitivities to proteases and pH activation of
membrane fusion. For example, pH 5.0 triggers fusion for A/
Victoria/3/1975 (H3N2) HA, while pH 5.5 is needed for A/duck/
Ukraine/1/1963 (H3N8) HA (58). HIN1 subtypes also vary in
their pH of fusion activation. A relatively high pH of 5.7 is needed
to trigger fusion of A/Pennsylvania/08/2008 (HIN1) HA, while
pH 5.1 triggers fusion for A/PR/8/1934 (HIN1) HA and pH 5.6
triggers fusion for A/duck/Alberta/35/1976 (HIN1) HA (58).
Pathogenic H7 HA proteins can vary up to 0.6 pH unit in their pH
of fusion activation (9).

Viruses adapted to different hosts can also develop mutations
that affect HA stability and the pH of conformational changes. For
example, H7N3 viruses from turkeys can mediate fusion below
pH 6, but H7N3 viruses from ducks can mediate fusion at pH 6
(67). H3, H5, and H7 HA proteins with a lysine-to-isoleucine
substitution at position 58 (K581; H3 numbering) in HA2 have
been shown to decrease the pH for membrane fusion by 0.6 to 0.7
pH unit (12, 64-66). In addition, HA mutants with less stability in
the presence of acid were rapidly selected when viruses passaged in
mammalian cells were subsequently passaged in embryonated
chicken eggs (62, 63). An H5 HA mutation with increased acid
stability rendered an H5N1 virus more efficient in airborne trans-
mission in ferrets (68, 69). The more recent (HIN1)pdm09 HA
acquired some mutations that conferred greater stability in acid
(fusion at lower pH) than that of isolates from 2009 (21, 60),
suggesting that early isolates were adapted to the porcine host but
additional adaptation was needed for the human host. Indeed, we
found that MX HA initiated cell-cell fusion at a higher pH than
that for PR HA (Fig. 8), irrespective of M2 function. This is con-
sistent with previous reports (58). The absolute level of MX HA-
mediated cell-cell fusion is lower than that mediated by PR HA
(data not shown), possibly reflecting the instability of MX HA and
the resulting lower level of fusion-competent HA on the cell sur-
face. In this case, M2 would be expected to have a greater impact
on fusion when fusion-competent HA is limiting than when fu-
sion-competent HA is abundant, consistent with our findings
(Fig. 3). Perhaps a higher level of fusion-competent PR HA on the
cell surface explains the smaller impact of M2 on PR HA-mediated
fusion, which occurs at a high level with or without M2.

M2 protection of HA during exocytosis, previously shown in
the context of influenza virus HA subtypes H5 and H7 (5-13), has
not been reported for influenza virus strains with HA proteins
with a monobasic cleavage site. The data presented here provide
direct evidence that M2 can also protect HA from conformational
changes in human HINT strains that lack the polybasic cleavage
motif. Recently, O’Donnell et al. reported that M2 function affects
the acid and heat stability of HA proteins of some pandemic
strains, including (HIN1)pdmO09 (70), but the mechanism was
not directly demonstrated. Although M2 enhancement of MX HA
function is less pronounced than that of an acid-sensitive H7 HA
(9-11), our data with two different HIN1 HA proteins indicate
that M2 may promote infection by viruses with non-H7 subtype
HA in a strain-dependent manner. We suggest that M2 proton
channel activity may be especially significant for HA proteins that
are less stable, which may be the case for emerging strains that are
less well adapted to their new hosts.
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