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ABSTRACT

Influenza A virus (IAV) uses the low pH in late endocytic vacuoles as a cue for penetration by membrane fusion. Here, we ana-
lyzed the prefusion reactions that prepare the core for uncoating after it has been delivered to the cytosol. We found that this
priming process occurs in two steps that are mediated by the envelope-embedded M2 ion channel. The first weakens the interac-
tions between the matrix protein, M1, and the viral ribonucleoprotein bundle. It involves a conformational change in a linker
sequence and the C-terminal domain of M1 after exposure to a pH below 6.5. The second step is triggered by a pH of <6.0 and by
the influx of K� ions. It causes additional changes in M1 as well as a loss of stability in the viral ribonucleoprotein bundle. Our
results indicate that both the switch from Na� to K� in maturing endosomes and the decreasing pH are needed to prime IAV
cores for efficient uncoating and infection of the host cell.

IMPORTANCE

The entry of IAV involves several steps, including endocytosis and fusion at late endosomes. Entry also includes disassembly of
the viral core, which is composed of the viral ribonucleoproteins and the RNA genome. We have found that the uncoating pro-
cess of IAV is initiated long before the core is delivered into the cytosol. M2, an ion channel in the viral membrane, is activated
when the virus passes through early endosomes. Here, we show that protons entering the virus through M2 cause a conforma-
tional change in the matrix protein, M1. This weakens interactions between M1 and the viral ribonucleoproteins. A second
change was found to occur when the virus enters late endosomes. The preacidified core is then exposed to a high concentration
of K�, which affects the interactions between the ribonucleoproteins. Thus, when cores are finally delivered to the cytosol, they
are already partially destabilized and, therefore, uncoating competent and infectious.

Influenza is a highly infectious acute respiratory illness causing
seasonal epidemics and occasional global pandemics (1). With

the emergence of highly virulent avian influenza viruses, the threat
of new human influenza A virus (IAV) pandemics has increased
over the past decade. Due to their high mutation rate, these viruses
are capable of rapid genetic variation and host species shift.

IAV is an enveloped virus belonging to the Orthomyxoviridae.
Common to all members of this virus family is a segmented, neg-
ative-strand RNA genome, where the RNAs are individually en-
capsidated in viral ribonucleoproteins (vRNPs). Each of the eight
vRNPs consists of an RNA segment associated with the viral nu-
cleoprotein (NP) and polymerase complex (PA, PB1, and PB2).
Together with the matrix protein, M1, the vRNPs compose the
core of the particle stabilized by interactions between the vRNPs
and between vRNPs and the M1 matrix. By binding to the mem-
brane and to the vRNPs, the M1 layer functions as an endoskele-
ton that provides structure and stability (2–7).

Entry of IAV into cells begins with binding of viral hemagglu-
tinin (HA) to terminal sialic acid residues on host cell glycopro-
teins (8) and internalization by clathrin-mediated and clathrin-
independent endocytosis (9–14). The virus then travels along the
endocytic system to late endosomes (LEs) (15, 16), where expo-
sure to an acidic environment (pH �5.5) induces a conforma-
tional change in HA that mediates fusion of the viral envelope with
the endosomal membrane (17, 18). Fusion is followed by disas-
sembly of the viral core in the cytosol and import of vRNPs into
the nucleus, where replication and transcription take place (7,
19–21).

Prior to HA activation, the decreasing pH during endocytic
trafficking triggers another essential change in the virus: it renders
the core uncoating competent (6, 7, 22). This is triggered by the
activation of ion channels in the viral envelope composed of the
M2 protein (23–25). The resulting influx of protons alters the core
so that M1 and the vRNPs can dissociate once the core is delivered
to the cytosol by fusion (6, 7, 26, 27). If the M2 channel is blocked
by the drug amantadine, fusion still occurs but the core does not
uncoat, nor does it dissociate from the cytosolic surface of the
endosome (7). Virus mutants devoid of M2 have been shown to be
attenuated in animals and tissue culture (28).

IAV core-specific protein interactions and their disruption at
acidic pH have mainly been studied in vitro (26, 27, 29–31). Sim-
ilarly, M2 is commonly analyzed in a manner in which it is dis-
connected from the context of authentic virions. Expression of M2
in oocytes or mammalian cells and the reconstitution of the chan-
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nel in liposomes provide reliable systems for electrophysiological
measurements (25). These studies have shown that the channel is
activated by low pH and is highly selective for protons. However,
it can also support the flux of Na� and K�, although with a 105- to
106-fold lower selectivity (32–35). In some aspects, M2 is similar
to a transporter for monovalent cations (36–38).

In this study, we focused on the M2-mediated priming of the
IAV core in intact viral particles in association with host cells,
where the effect on uncoating and productive infection could be
monitored. We found that priming occurs in two M2-dependent
steps, of which the latter depends not only on protons but also on
K�. The outcome is a stepwise weakening of interactions between
viral core components. The results show that not only the drop in
pH but also the gradual change in overall ionic milieu in maturing
endocytic vacuoles play central roles in virus infection.

MATERIALS AND METHODS
Cells and viruses. A549 and Madin-Darby bovine kidney (MDBK) cells
were obtained from ATCC and cultured in Dulbecco modified Eagle me-
dium (DMEM) supplemented with 10% fetal calf serum (FCS) and 1%
GlutaMAX (Invitrogen). Egg-grown, purified influenza A virus strain X31
(an H3N2 reassorted strain derived from the A/Puerto Rico/8/34 [PR8]
and A/Hong Kong/1/68 strains) was purchased from Virapur (CA, USA).
Influenza virus wild-type (wt) strain WSN (WSN[wt]; A/WSN/1933
[H1N1]) and the recombinant, amantadine-sensitive variant WSN(AS)
(RVII1) have been described previously (20). Recombinant Semliki Forest
virus (SFV)-ZsGreen stocks were kindly provided by G. Balistreri (39).
Uukuniemi virus (UUKV) S23 and vesicular stomatitis virus (VSV; Indi-
ana serotype) were produced and used as previously described (40, 41).

Virus growth and preparation. Purified influenza A virus strain X31
(H3N2) was produced by Virapur. Briefly, for X31 production, 60 chicken
eggs were inoculated and incubated for 2 days at 33 to 37°C. Allantoic fluid
was harvested and clarified by low-speed centrifugation, followed by a
high-speed centrifugation step to concentrate the virus. For higher purity,
X31 was further subjected to two ultracentrifugation steps using 10 to
40% sucrose step gradients. Viral bands were harvested, pooled, and di-
luted in formulation buffer (40% sucrose, 0.02% bovine serum albumin
[BSA], 20 mM HEPES, pH 7.4, 100 mM NaCl, 2 mM MgCl2). Stocks of the
WSN strains (A/WSN/1933 [H1N1]) of IAV were prepared as previously
described (7). Briefly, MDBK cells were grown in roller bottles and in-
fected with 0.01 PFU per cell when cells were 90% confluent. Cell super-
natant was collected at 36 to 40 h postinfection (p.i.) or when 60 to 80% of
the cells showed a cytopathic effect. The precleared supernatant was pel-
leted for 90 min at 28,000 rpm in a Beckman SW32 Ti rotor at 4°C, and the
pellet was resuspended in MNT buffer (20 mM MES [2-4-morpho-
lineethanesulfonic acid], 100 mM NaCl, 30 mM Tris), followed by soni-
cation for 10 s. The dissolved pellet was then loaded on a discontinuous
gradient composed of 6.5 ml of 30% (wt/vol) sucrose in MNT and 3 ml of
60% (wt/vol) sucrose in MNT and centrifuged for 90 min at 24,000 rpm in
a Beckman SW41 rotor at 4°C. The virus band was collected from the
gradient interface and aliquoted. Purified X31 and WSN were frozen and
stored at �80°C until use.

Antibodies, chemicals, and reagents. Hybridoma cell lines producing
monoclonal antibodies specific for IAV M1 (HB-64) and NP (HB-65)
were purchased from ATCC. The A1 antibody against the post-acid form
of HA and anti-X31 rabbit polyclonal antibody (Pinda) have been previ-
ously described (42, 43). Anti-IAV M1 (goat) was obtained from ViroStat.
Mouse anti-UUKV nucleoprotein antibody 8B11A3 was a kind gift from
the Ludwig Institute for Cancer Research, Stockholm, Sweden. NuPAGE
lithium dodecyl sulfate (LDS) sample buffer, rhodamine B chloride (R18),
3,3=-dioctadecyl-5,5=-di(4-sulfophenyl)oxacarbocyanine, sodium salt
(SP-DiOC18), Alexa Fluor (AF)-labeled epidermal growth factor (EGF),
wheat germ agglutinin (WGA), phalloidin, and AF-conjugated secondary
antibodies were purchased from Invitrogen. Nuclei were stained with

DRAQ5 (Biostatus Ltd.) or Hoechst (Molecular Probes). Bafilomycin A1
(BafA), cycloheximide (CHX), nocodazole, carbonyl cyanide m-chloro-
phenylhydrazone (CCCP), amantadine, valinomycin, poly-L-lysine, phe-
nylmethanesulfonyl fluoride (PMSF), sequencing grade-modified tryp-
sin, proteinase K (PK), and formaldehyde (FA) solution (36%) were
obtained from Sigma-Aldrich. Asante potassium green 3 (APG3) salt was
from Teflabs. EDTA-free protease inhibitor cocktail tablets were pur-
chased from Roche.

Thin-section EM. For thin-section electron microscopy (EM), A549
cells were grown on coverslips. Virus was bound to precooled cells for 1 h
on ice, directly fixed (2.5% glutaraldehyde, 0.05 M sodium cacodylate at
pH 7.2, 50 mM KCl, 1.25 mM MgCl2, 1.25 mM CaCl2) for 30 min or
incubated for 60 to 90 s in fusion medium (DMEM, 50 mM citrate buffer,
pH 5.0) at 37°C, and immediately fixed. Samples were incubated for 1 h at
room temperature (RT) in 2% OsO4, followed by overnight incubation at
4°C with 0.5% uranyl acetate. Dehydration, embedding, and thin section-
ing were performed as previously described (44). Embedded samples were
sectioned into 50- to 60-nm thin slices.

Priming buffers. DMEM-based pH and cation (high Na�, K�, Cs�,
and Li�) buffers were adjusted at 37°C on the same day of the experiment
with the following buffering agents: 20 mM HEPES for pH 7.4, 30 mM
MES for pH 6.5 to 5.6, and 50 mM citric buffer (from a 1 M stock of citric
acid and sodium citrate) for pH 5.4 to 5.0. Buffers were then fine adjusted
with HCl or NaOH. In the case of DMEM-free buffers, the desired salt
concentrations were achieved by adding NaCl or KCl. In the case of high-
concentration (120 mM) Cs�, Li�, and K� buffers, 5 mM Na� was added.
High-concentration Na�, Cs�, and Li� buffers were further supple-
mented with 5 mM KCl. Since pH 5.8 buffers were adjusted with NaOH,
an additional 5 mM Na� was present in these solutions.

FACS-based X31 fusion assay. IAV was labeled with R18 and a self-
quenching concentration of SP-DiOC18, as previously described (45).
Briefly, purified IAV was diluted in phosphate-buffered saline (PBS) to a
final concentration of 0.1 mg/ml and incubated for 1 h at RT with R18
(final concentration, 0.4 �M) and SP-DiOC18 (final concentration, 0.2
�M) while the mixture was gently shaken. To remove unincorporated
dye, virus particles were filtered through a 0.22-�m-pore-size filter (Mil-
lipore) and used fresh for each experiment. To measure the acid-induced
fusion of labeled X31 at the plasma membrane (PM), A549 cells were
detached with EDTA solution (0.53 mM EDTA in PBS, pH 8.0) and
washed with infection medium, and virus diluted in cold infection me-
dium was bound to the cells on ice for 1 h. The virus inoculum was
removed and the cells were washed once with cold infection medium.
Pellets were dissolved with the DMEM-based pH buffers adjusted to the
indicated pH, incubated for 2 min at 37°C, and directly fixed by adding an
equal volume of 8% FA for 20 min at RT. Samples were washed and
resuspended in fluorescence-activated cell sorting (FACS) buffer (PBS,
0.2% FCS, 5 mM EDTA). The amount of SP-DiOC18 fluorescence re-
leased upon lipid mixing was measured using a FACSCanto II flow cytom-
eter system. A total of 10,000 cells per condition were counted, and data
were analyzed with FlowJo software.

X31 fusion kinetics. For fusion kinetic experiments, X31 diluted in
PBS was labeled with R18 at a final concentration of 0.42 �M for 1 h at RT
while the mixture was gently shaken. The excess dye was removed by
filtering through a 0.22-�m-pore-size filter. Labeled virus was bound to
EDTA-detached and precooled cells for 1 h on ice, followed by a washing
step with PBS to remove unbound virus. The cell pellet with bound virions
was resuspended in 100 �l PBS and subsequently added to 900 �l pre-
warmed PBS in a 1.5-ml fluorescence cuvette (119.004-QS; Hellma). For
equilibration, samples were kept at 37°C for 1 min, and then fusion was
initiated by lowering the pH to the desired values (pH 6.5 to 5.0) by
addition of 100 �l MES (0.063 to 1 M). Low-pH-induced R18 dequench-
ing was measured over time using a Cary Eclipse fluorescence spectropho-
tometer (Varian) with an excitation wavelength of 560 � 5 nm and de-
tection at an emission wavelength of 590 � 5 nm. The fusion reaction was
terminated by addition of 0.1% (final concentration) Triton X-100, which
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released the maximal dequenching capacity. The percentage of fusion-
induced R18 dequenching was normalized to the fluorescence measured
in the presence of 0.1% Triton X-100.

Infection assays. All infection assays in this study were performed in
A549 cells seeded on 96-well Matrix plates (Greiner Bio-One) and by
applying an automated imaging and infection scoring procedure, as pre-
viously described (46). Cells were infected with IAV (X31, WSN[wt], or
WSN[AS]) diluted in infection medium (DMEM, 0.2% BSA, 50 mM
HEPES, pH 6.8) with a virus concentration that resulted in 20% infection
and fixed at 10 h p.i. in 4% FA. Cells were incubated in permeabilization
buffer (0.1% saponin, 1% BSA, 10% FCS in PBS) for 20 min at RT, fol-
lowed by indirect immunofluorescence using mouse monoclonal anti-
IAV NP (HB-65, 1:100) as a primary antibody and anti-mouse antibody
labeled with AF488 as a secondary antibody. Nuclei were visualized by
staining with Hoechst (1:5,000). For each well, 9 (3 � 3) images were
automatically acquired with an epifluorescence microscope (MD Assay
Development 2 [MD2]; Molecular Devices) using a �10 objective. The
ratio of viral protein-positive cells to the total number of cells was deter-
mined by use of the MATLAB-based (The MathWorks, Inc.) infection
counter software described previously (47). In each experiment, �1,000
cells were quantified. In the case of SFV, VSV, and UUKV, experiments
were performed following the same protocol, with the exception that SFV
infection was carried out with RPMI supplemented with 0.2% BSA, 20
mM HEPES adjusted to pH 7.2. SFV- and VSV-infected cells were fixed at
5 h p.i., and UUKV-infected cells were fixed at 19 h p.i. SFV and VSV
infection was detected on the basis of green fluorescent protein (GFP)
expression, and UUKV infection was detected by immunostaining, as
described previously (48).

Acid-bypass assays. Virus (with a multiplicity of infection [MOI] of
	5) was bound to precooled A549 cells for 1 h on ice, followed by one
washing step in cold infection medium and a 2-min pulse at 37°C with
warm fusion medium (DMEM, 50 mM citric buffer) adjusted to pH 5.0
(IAV, UUKV, VSV) and pH 5.2 (SFV). Acid-bypass control samples were
incubated for 2 min at 37°C with warm stop medium (DMEM, 50 mM
HEPES, 20 mM NH4Cl, pH 7.4). Cells were immediately shifted back on
ice, washed twice with cold infection medium, and incubated at 37°C in
stop medium to block endosome acidification and, thus, further IAV en-
try via endocytosis. At 14 h p.i., cells were fixed with 4% FA for 20 min at
RT. Experiments were carried out in 96-well Matrix plates using multi-
channel pipettes, which ensured the exact timing of the initiation and
termination of acid-induced viral fusion for all conditions tested in one
experiment. In the case of experiments with amantadine, viruses were
preincubated with 100 �M drug (diluted in double-distilled H2O
[ddH2O]) for 5 min at RT before acid bypass. Likewise, virus was prein-
cubated with CCCP (70 nM, diluted in DMSO) and valinomycin (2.5
�g/ml, diluted in DMSO) for 5 min before acid bypass. The single re-
agents or a combination of those were further added to the fusion medium
but omitted from the subsequent incubation with stop medium. Detailed
information about sequential treatments with amantadine, CCCP, and
valinomycin can be found in the respective figure legends. When valino-
mycin was combined with preacidification, the ionophore was washed out
by using Amicon Ultra-0.5 centrifugal filters (100-kDa cutoff) according
to the manufacturer’s protocol (Millipore).

IAV in vitro priming. For all priming experiments, a small volume of
purified IAV was added to a larger volume of pH buffer. Here, the volume
ratio of virus/pH buffer was kept at �1:20 to avoid fluctuation in the pH
upon virus addition. Pretreatment of virus was performed at 37°C, fol-
lowed by a short incubation on ice before binding to precooled A549 cells
and acid-bypass assay. Neutralization of the pH buffers was achieved by
addition of 1 M HEPES (pH 9.5). The volume needed to reach pH 7.4 was
determined by titration for every fresh pH or cation buffer used on the
same day as the experiment. In the case of pretreatment with different
cation buffers, in vitro-primed virus was diluted in cold infection me-
dium, which equilibrated the pH and resulted in a final K� concentration
of 10 mM, before proceeding with the acid-bypass protocol.

In vitro X31 HA acidification. Virus particles were treated for 60 min
at 37°C in the respective priming buffers while the virus particles were
bound to glass coverslips. Samples were immediately fixed with 4% FA for
20 min at RT and incubated in permeabilization buffer. Indirect immu-
nofluorescence using a monoclonal (mouse) antibody against the acid
form of HA (A1, 1:1,000) and a polyclonal (rabbit) antibody against X31
(Pinda, 1:10,000) was performed. Images were acquired by confocal mi-
croscopy (LSM Meta; Zeiss) with a �100 objective. Typically, a total of
1,000 to 1,500 virions per condition were counted, and the percent colo-
calization was quantified by using a custom-made MATLAB-based soft-
ware. The percentage of virions with acidified HA was determined by the
ratio of A1-positive/Pinda-positive particles.

IAV binding to cell surface. A549 cells were grown on glass coverslips.
Virus was bound to precooled cells for 1 h on ice, washed extensively with
cold PBS, and immediately fixed with 4% FA for 20 min at RT. Cells were
stained with WGA-AF594 (1:250) for 30 min at RT, incubated in blocking
solution (1% BSA, 10% FCS in PBS) for 30 min at RT, and subjected to
indirect immunofluorescence with anti-X31 (Pinda, 1:10,000) antibody
and DRAQ5 (1:1,000) to visualize the nuclei. Z-stacks of 	100 cells per
condition were acquired by confocal microscopy using a �100 objective,
and maximum Z-stack projections were analyzed with ImageJ software.
To remove the background signal, a threshold value for the Pinda signal
was set in each experiment. Spots with a signal above this threshold were
counted using the spot detection function of ImageJ. WGA staining
served as a marker for the total cell area. Finally, the number of bound
particles per cell area was calculated.

M1 and NP exposure (uncoating) after acid bypass. A549 cells were
seeded on poly-L-lysine-coated 96-well Matrix plates to increase cellular
attachment. To detect the X31 M1 and NP released after acid-induced
fusion, a high MOI (	300) was used and the standard acid-bypass proto-
col was applied. Cells were fixed at 5 min (M1) and 30 min (NP). CHX (1
mM) was added to the stop medium to prevent synthesis of new viral
proteins. Samples were incubated for 20 min at RT in permeabilization
buffer and subjected to immunofluorescence staining with anti-M1 (HB-
64, 1:250) and anti-NP (HB-65, 1:10). Representative images were ac-
quired by confocal microscopy using a �100 objective. For quantifica-
tion, 16 (4 � 4) images of each well were acquired with an MD2
microscope using a �20 objective. In each experiment, the specific un-
coating signal was quantified for 	1,000 cells with ImageJ. First, a thresh-
old value for M1 and NP was set in each experiment. Second, the total area
of the signal above this threshold was determined. Finally, this value was
divided by the number of cells, and that value was normalized to the value
for the control sample.

Immunofluorescence costaining of M1 and NP. A549 cells were
grown on poly-L-lysine-coated glass coverslips. Cells were subjected to the
acid-bypass protocol (MOI, 	300) as described above. For detection of
M1 and NP following acid bypass, cells were permeabilized with 0.1%
Triton X-100 in PBS for 20 min at RT and incubated in blocking solution
for 30 min at RT. Samples were stained with the primary antibodies an-
ti-M1 (goat, 1:500) and anti-NP (1:10), followed by incubation with phal-
loidin-AF647 and the secondary antibodies donkey anti-goat (AF488)
and donkey anti-mouse (AF594). Images were acquired with a confocal
microscope using a �100 objective.

In vitro uncoating assay. The in vitro uncoating assay was adapted
from a protocol previously described for WSN (26). Briefly, 30 �l of
clarified allantoic fluid containing X31 (5 �g/�l) or purified WSN (2
�g/�l) diluted in MNT buffer was loaded on top of a two-layer glycerol
gradient composed of 3 ml of 15% (vol/vol) glycerol and 3.4 ml of 25%
(vol/vol) glycerol. The bottom layer further contained 1% Nonidet P-40
(NP-40), 150 mM NaCl, and a general protease inhibitor and was adjusted
to the appropriate pH by adding 5 mM Tris (for pH 7.4 and 6.4), 5 mM
MES (for pH 5.8 and 5.4), or citric buffer (for pH 5.0). When different salt
concentrations were tested, the same gradient setup was used, except the
total salt concentration was kept at 135 mM. The combinations of NaCl
and KCl concentrations used are indicated in the respective figures. Gra-
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FIG 1 Acid-induced fusion of IAV at the PM of A549 cells. (A) Schematic overview of the acid-bypass infection assay. Virus was bound to A549 cells on ice,
followed by a 2-min pH 5.0 pulse at 37°C. Acid-bypass control samples were incubated for 2 min at 37°C in infection medium. Following acid bypass, cells were
incubated for 14 h at 37°C in stop medium to block endosome acidification and, thus, further viral entry via endocytosis. (B) Thin-section EM of X31 fusion at
the PM of A549 cells. Virus was bound to cells on ice, directly fixed (left) or incubated for 60 to 90 s in fusion medium (pH 5.0) at 37°C (middle and right), and
then fixed. Viruses with compact-appearing core elements (red asterisks) could be captured during fusion. The viral glycoproteins were clearly visible on the outer
side of the PM (black arrowheads). Bar, 100 nm. (C) Fluorescence spectroscopy monitoring the fusion kinetics of R18-labeled X31 with the A549 cell surface upon
acid exposure. Following binding of labeled virus to cells on ice, samples were shifted to 37°C, and then fusion was initiated by lowering the pH to the indicated
value. Fluorescence dequenching of R18 was measured over time, and the reaction was terminated by addition of 0.1% (final concentration) Triton X-100, which
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dients were centrifuged for 150 min at 21,000 rpm and 12°C in a Beckman
SW41 rotor. The glycerol layers were aspirated, and the pellet was dis-
solved in 40 �l nonreducing sample buffer (NuPAGE LDS) and boiled for
5 min at 95°C. Twenty microliters of the dissolved pellet was loaded on a
NuPAGE bis-Tris minigel (4 to 12%) and was separated by SDS-PAGE.
The gels were fixed in 50% methanol–10% acetic acid and stained with
colloidal Coomassie. After destaining in ddH2O, the gels were scanned
and bands were quantified by using Quantity One software (Bio-Rad). In
the case of PB2 detection, 7 �l of the pellet dissolved in sample buffer was
separated by SDS-PAGE and subjected to immunoblotting using a mouse
monoclonal anti-PB2 antibody (1:1,000).

Proteinase K- and trypsin-based LiP. Purified X31 was pretreated in
the respective priming buffers, neutralized with 1 M HEPES (pH 9.5), and
lysed for 20 min at RT with 0.1% NP-40 in MNT buffer for PK-based
limited proteolysis (LiP) and 0.1% Triton X-100 in MNT buffer for tryp-
sin-based LiP. The protein concentration of the lysates was measured
using a bicinchoninic acid (BCA) assay (BCA protein assay kit; Thermo
Scientific, Rockford, IL, USA). LiP was performed by adding PK to the
protein extract at an enzyme/substrate ratio of 1:100 and incubating the
mixture for 5 min at RT. The resulting peptides were subjected to liquid
chromatography (LC)-selected reaction monitoring (SRM)/mass spec-
trometry (MS) analysis essentially as described by Feng et al. (49).

In the case of LiP with trypsin, the protease was added at a ratio of 1:4
(trypsin/M1) and the mixture was incubated at RT for the times indicated
below. The reaction was stopped by addition of reducing SDS sample
buffer containing 2 mM PMSF. Samples were boiled for 5 min at 95°C,
separated by SDS-PAGE, and subjected to immunoblotting using a
monoclonal antibody against M1 (HB-64).

EGF uptake. A549 cells were grown on 8-well Nunc Lab-Tek II cham-
ber slides (Sigma-Aldrich) and starved for 4 h in DMEM without supple-
ments prior to EGF addition. EGF-AF647 (200 ng/ml) was bound to pre-
cooled A549 cells for 60 min on ice. The cells were extensively washed and
shifted to 37°C, and the medium was changed to full medium (DMEM,
10% FCS, 1% GlutaMAX) for internalization and subsequent imaging by
live confocal microscopy using a �100 objective.

Loading of endosomes with APG3. A549 cells were grown on 8-well
Nunc Lab-Tek II chamber slides. For experiments in combination with
EGF uptake, cells were washed after EGF binding, shifted to 37°C, and
loaded with 20 �M membrane-impermeant version of the APG3 salt (di-
luted in ddH2O) for 30 min. Cells were washed with warm A549 growth
medium and imaged by live confocal microscopy on a temperature-con-
trolled stage set to 37°C using a �100 objective. To visualize APG3 fluo-
rescence over time following internalization, cells were loaded with APG3
for 30 min at 37°C. Cells were again washed with warm A549 cell growth
medium and immediately imaged at the indicated time points by live
confocal microscopy on a temperature-controlled stage set to 37°C using
a �100 objective. To test the effect of endosome maturation inhibition,
cells were incubated with nocodazole (30 �M in DMSO) for 30 min at
37°C together with APG3. The drug was further present during washing
steps and image acquisition. Mean fluorescence intensities for �40 cells
per condition were determined by ImageJ and normalized to the intensity

at the first time point at which it was acquired (5 min after the APG3
pulse).

Statistical analysis. Data are represented as the means of at least trip-
licate experiments � standard deviations (SDs), except for data in Fig. 2C,
4C and F, as well as 5B, E, and G, for which the results of duplicate
experiments were quantified and are shown as means � SDs.

RESULTS
Fusion of IAV with the PM fails to support efficient infection.
The fusion and uncoating of incoming IAV are hard to study
because they take place in LEs, a compartment to which there is no
direct access experimentally. To avoid this problem, we employed
acid-bypass infection, a technique that allows controlled penetra-
tion of viruses into the cytosol directly through the plasma mem-
brane (PM) without the involvement of the endocytic pathway
(50, 51) (see the experimental setup in Fig. 1A).

To adapt this procedure to the X31 strain of IAV (H3N2) and
A549 cells, we employed thin-section electron microscopy (EM).
After virus binding in the cold, the cells were exposed to pH 5.0 for
60 to 90 s at 37°C before fixation. Viral particles could be identified
by their size and shape as well as the electron-dense core and
surface spikes (Fig. 1B). Viruses at various stages of fusion with the
PM were visible. Electron-dense patches, presumably IAV capsids,
were commonly observed to be associated with the cytosolic sur-
face of the PM (Fig. 1B, red asterisks).

To determine the efficiency and kinetics of acid-bypass fusion,
we labeled viruses with R18. Lipid mixing with the target mem-
brane upon fusion leads to dilution of the dye, and the resulting
fluorescence dequenching can be used to monitor virus fusion
(52–54). At the optimal fusion pH of 5.0, we measured a de-
quenching efficiency of 60 to 70% compared to the maximal value
induced by detergent addition (Fig. 1C). The half-time of fusion
was 20 s. At pH 5.5, only 	20% of the maximal dequenching
occurred. At higher pH values, no dequenching could be detected.
Our data thus indicate that fusion of IAV with the PM of A549
cells is rapid and efficient.

To test whether A549 cells can be successfully infected by acid-
bypass fusion of X31, we used a lower amount of virus (MOI, 5)
Following pH 5.0-induced fusion, NH4Cl-containing medium
was added to prevent penetration of nonfused viruses via the en-
dosomal route (50). The fraction of infected cells was determined
after 14 h by an automated, imaging-based assay (46, 55, 56).

While some of the cells were infected after acid bypass, their
number was 10- to 20-fold lower than that when the bound vi-
ruses were allowed to enter via the normal endocytic pathway (Fig.
1D). If the cells were not acidified (acid-bypass control), no in-
fected cells were detected. This suggested that the majority of cap-

released the maximal dequenching capacity. The percent R18 dequenching shown was normalized to the fluorescence measured in the presence of 0.1% Triton
X-100. max., maximum. (D) Comparison of acid-bypass infection and normal infection via endocytosis for RNA viruses. The acid-bypass protocol was
performed as described in the legend to panel A. In the case of normal infection, virus was bound to A549 cells, washed, and continuously incubated in infection
medium until fixation. IAV and UUKV were scored by immunostaining, detecting newly synthesized viral nucleoproteins. SFV and VSV infection was detected
on the basis of GFP expression. The percentage of infected cells was normalized to the values obtained for normal infection. (E) Schematic overview of
pretreatment prior to acid-bypass infection (top). X31 was pretreated for 1 h at 37°C in DMEM-based buffers adjusted to the indicated pH values. Following
binding for 1 h on ice, the normal acid-bypass protocol described in the legend to panel A was performed (red line, primary y axis). In vitro HA acidification and
fusion capacity were tested for the respective pH values in separate experiments (blue lines; secondary y axis). HA acidification was assessed using a conformation-
specific antibody (A1) targeting only the acidic form of HA (blue line, open circles). Fusion capacity was determined by applying a FACS-based fusion assay (blue
line, closed circles). (F) Kinetics of pretreatment prior to acid-bypass infection. Virus was pretreated for the indicated incubation times in DMEM-based buffers
adjusted to the indicated pH values at 37°C, followed by acid-bypass infection, as described in the legend to panel E. (G) Preacidification of WSN(wt) prior to
acid-bypass infection. WSN(wt) was pretreated with the indicated DMEM-based pH buffers for 10 min at 37°C, followed by performance of the acid bypass and
infection scoring protocol as described for X31.
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sids delivered through the PM into the cytosol failed to initiate
replication. Similarly, acid-bypass fusion of A549 cells with VSV
led to a 75% decrease in infectivity compared to that by normal
infection (Fig. 1D).

When our acid-bypass protocol was applied to Semliki Forest
virus (SFV), an alphavirus, the infection was only 40% lower than
the level of infection by the endocytic pathway (Fig. 1D). For Uu-
kuniemi virus (UUKV), a bunyavirus, acid-bypass infection was
higher than that after normal endocytic entry, which is in agree-
ment with previous findings (57). This implies that IAV fusion
with the PM does not lead to efficient infection, a feature that was
not shared by acid-activated alpha- and bunyaviruses.

Exposure to pH 6.5 to 5.4 elevates acid-bypass infection effi-
ciency. One possible reason for the low acid-bypass infectivity was
that the virus core had not been exposed to the mildly acidic mi-
lieu that leads to priming (6, 22). To mimic the conditions during
endosome trafficking, we therefore subjected IAV to an in vitro
priming protocol, as presented in the scheme at the top of Fig. 1E.
Viruses were incubated for 1 h at 37°C in DMEM-based buffers in
which the pH was adjusted to values in the range of 7.5 to 5.0,
followed by acid-bypass infection.

While preincubation at a pH of �6.6 had no effect, the level of
infectivity of IAV preincubated in the range of pH 6.6 to 5.4
equaled (or even exceeded) the level observed after normal endo-
cytic entry. Maximally, a 30-fold elevation in infectivity was ob-
served after pretreatment at pH 5.4 (Fig. 1E, red line, shown on a
log scale). When primed viruses entered cells by the normal route,
a similar boost was not observed (Fig. 2B).

Preexposure to a pH below 5.4 caused a steep drop in infectiv-
ity (Fig. 1E, red line), consistent with a known effect observed
when HA is exposed to a pH below its threshold pH in the absence
of a target membrane (58–61). HA conformational changes were
confirmed using a monoclonal antibody (A1) that recognizes only
the acid-induced conformation of HA (Fig. 1E, blue line, open
circles) (43). This result correlated well with the findings of a
FACS-based fusion assay measuring the dequenching of R18-
DiOC18-labeled X31 upon acid-induced fusion (Fig. 1E, blue line,
closed circles). The pH threshold observed in both assays was in
agreement with the values determined for the H3 subtype (62).

In order to separate priming- and HA-connected effects, we
restricted further in vitro priming experiments to pHs of 5.8 and
higher. When IAV was exposed to pH 5.8 for different time peri-
ods at 37°C, maximal infectivity was reached after 30 min (Fig.
1F), with the half-time being 10 min. At pH 6.4, the maximum
level was reached after 90 min. The slow conversion explained why
priming did not occur during the less than 2 min of acidification
needed to trigger fusion during acid bypass. We found, moreover,
that acid-bypass infection by another strain of virus (H1N1 strain
A/WSN/1933) was also elevated when the virus was primed in
vitro (Fig. 1F). In this strain, the threshold pH for HA inactivation
is higher (pH 5.6) (58, 62). This limited the pH range for priming
to pH 5.8 and higher.

To determine whether the priming-induced boost in infectiv-
ity was reversed by reneutralization, we primed X31 for 1 h using
buffers at pH 7.4, 6.4, or 5.8. Neutralization of the pH 5.8-treated
virus caused a 40% loss of infectivity, but the virus was still 6-fold
more infectious than the virus pretreated at pH 7.4. This indicated
that the conversion was only partially reversed. After pH 6.4 pre-
treatment, the loss of infectivity after neutralization was 70%. Pre-
acidification at pH 5.0 prior to acid bypass or normal infection led,

as expected, to irreversible inactivation of HA and, thus, a loss of
infectivity (Fig. 2A and B) (58).

The results indicated that exposure of virus particles to a mildly
acidic pH in vitro elevated their infectivity after acid bypass. Start-
ing at pH 6.5, the effect became more prominent with decreasing
pH until the threshold pH of HA activation was reached. The
associated changes occurred slowly and were, in part, irreversible.

Priming improves core disassembly. To define which step in
the infection process was enhanced by in vitro priming, we used
quantitative, image-based assays (46). We found no difference
between primed and unprimed IAV in cell surface binding (Fig.
2C) or in bypass fusion kinetics and efficiency (Fig. 2D). However,
when cells were fixed 5 min after bypass fusion with primed IAV,
strong M1 staining could be detected throughout the cytoplasm,
indicative of efficient uncoating (Fig. 3A) (20, 46). NP was present
as spots in the cytoplasm largely free of M1 (Fig. 3B, bottom, white
arrowheads). After 30 min, NP of the primed viruses was already
detectable in the nucleus (Fig. 3A). With unprimed virus, the
overall staining of M1 and NP antigens was much weaker (	8- to
10-fold for M1 and 2.5-fold for NP), and most of the M1 and NP
remained in spots at or close to the PM (Fig. 3B). We concluded
that primed and unprimed viruses fused efficiently with the PM
but only the cores of primed viruses underwent uncoating,
whereas the cores of unprimed viruses stayed intact and remained
associated with the PM.

The role of core acidification and M2. To test whether the
elevation in infectivity after in vitro priming depended on M2, we
used the adamantane derivative amantadine, a specific M2 chan-
nel blocker (7, 63, 64). Since IAV strains X31 and WSN are aman-
tadine resistant, we utilized a recombinant, amantadine-sensitive
H1N1 strain called WSN(AS) (previously described in reference
7). We confirmed that normal infection as well as acid-bypass
infection of unprimed WSN(AS) was inhibited by amantadine,
while WSN(wt) was unaffected (Fig. 3C).

When in vitro priming of WSN(AS) was performed in the pres-
ence of amantadine, infection after bypass was completely blocked,
whereas primed WSN(wt) was not affected (Fig. 3D). This indicated
that the elevation in infectivity caused by in vitro priming was, indeed,
dependent on M2 and its channel activity.

To speed up the transfer of protons through the viral mem-
brane and circumvent the requirement for M2, we tested the effect
of the protonophore CCCP. This proton translocator enables H�

to cross lipid bilayers along their electrochemical gradient. We
found that unprimed CCCP-loaded virus did not infect cells more
efficiently via the normal endocytic route (data not shown). How-
ever, incorporation of the protonophore caused a dramatic in-
crease (20-fold) in infectivity of unprimed X31 after acid bypass
(Fig. 3E; compare conditions 1 and 3). The infectivity was twice
the level obtained by normal entry of untreated IAV and about
60% higher than the infectivity obtained after bypass with primed
IAV (Fig. 3E, condition 2). This was reflected in an elevated un-
coating capacity, as observed by better M1 and NP accessibility to
antibody staining in cells (Fig. 3F). No further increase in acid-
bypass infectivity was observed when CCCP was combined with
preacidification (Fig. 3E, condition 4).

With unprimed WSN(AS), the highest elevation in infectivity
after bypass (17-fold) was reached when CCCP was employed in
the absence of amantadine (compare conditions 1 and 3 in Fig.
3G). If M2 was blocked, the increase in infectivity dropped to
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10-fold. This suggested that M2’s role in the process extended
beyond proton transport.

Taken together, the results indicated that in vitro priming in-
creases IAV infection because it activates M2 and thus allows the
conductance of protons through the viral membrane. If CCCP is
present, core acidification is so fast that cores already become
uncoating competent during the short pH drop during acid by-
pass.

K� improves priming. Up to this point, preacidification ex-
periments were performed in buffered cell culture medium

(DMEM), in which the monovalent cation composition corre-
sponds to that in the extracellular fluid (120 mM NaCl, 5 mM
KCl). As this buffer was not likely to represent ionic conditions
inside LEs (65), we tested the effect of preincubation with different
monovalent cations (Fig. 4A).

Preincubation in a pH 5.8 buffer with a high concentration of
K� (120 mM K�, 10 mM Na�) enhanced IAV infection to a level
2.5-fold over the level observed with DMEM-based buffer (Fig.
4A). This rise in infection was linear with increasing K� concen-
tration up to 120 mM (Fig. 4B). This was of interest because the

FIG 2 Effect of mild acid pretreatment on IAV infection, viral binding, and fusion. (A) Preacidification and neutralization of X31 prior to acid-bypass infection.
Virus was pretreated for 1 h at 37°C in DMEM-based buffers adjusted to the indicated pH values. As shown schematically at the top, half of the samples were
neutralized by addition of HEPES (1 M, pH 9.5) (white bars). Both sets of samples were subjected to the acid-bypass infection assay. (B) Pretreatment of X31 prior
to normal infection. As shown schematically at the top, virus was pretreated for 1 h in DMEM-based buffers adjusted to the respective pH values at 37°C,
neutralized, and added to A549 cells. Cells were incubated in infection medium and fixed at 10 h p.i. Statistical significance was assessed by Student’s t test. (C)
Binding of preacidified virus to A549 cells. X31 was pretreated with the indicated DMEM-based pH buffers for 1 h at 37°C, bound for 1 h on ice, and fixed. Cells
were washed extensively in PBS and left unpermeabilized. Bound particles were detected by indirect immunofluorescence using a polyclonal anti-X31 antibody.
Cell borders were visualized by staining with WGA, and nuclei were stained with DRAQ5. Representative confocal images for all conditions (right) and
quantification results (left) are shown. Bar, 15 �m. (D) Fluorescence spectroscopy monitoring the fusion kinetics of R18-labeled X31 with the A549 cell surface
following preacidification and neutralization. R18 dequenching was measured as explained in the legend to Fig. 1C. pre-treatm., pretreatment; neutr., neutral-
ization; n.s., no significant difference.
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FIG 3 Mild acidification of viral core proteins prior to pH 5.0-mediated fusion leads to more efficient uncoating. (A) IAV uncoating upon preacidification and
acid-induced fusion at the PM. Virus was pretreated for 1 h at 37°C in DMEM-based buffers adjusted to pH 7.4 and 5.8. Neutralized virus was bound to A549 cells
on ice, and fusion was induced as described for the acid-bypass infection assay. Cells were incubated for 5 min (M1) and 30 min (NP) after fusion in the presence
of CHX-containing stop medium, fixed, and stained for M1 and NP, respectively, by indirect immunofluorescence. (Right) Representative images. Nuclei were
visualized by DRAQ5 staining. (Left) M1 and NP exposure, as a measure for viral uncoating, was determined by measurement of the total fluorescence per cell
and quantified with ImageJ. Bars, 20 �m. (B) Detection of M1 and NP upon acid bypass of preacidified virus. Virus was pretreated and fused at the PM of A549
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lumenal concentration of K� increases during endosome matura-
tion, reaching values well over 50 mM in LEs and lysosomes (66).
The boost induced by K� was not due to the diminished concen-
tration of Na�, as Cs� and Li� did not have the same effect as K�

(Fig. 4A).
Immunofluorescence assays indicated that the reason for the

increased infectivity was, again, the improved efficiency in un-
coating of the IAV core resulting in the more efficient nuclear
import of vRNPs (Fig. 4F). The binding of virions to cells (Fig.
4C), conversion of HA to the acidic conformation (Fig. 4D), and
acid-induced fusion efficiency at the PM (Fig. 4E) were not altered
by pretreatment with a high K� concentration.

Valinomycin increases acid-bypass infection. To circumvent
M2, we took advantage of valinomycin, an ionophore that shuttles
K� across membranes along its electrochemical gradient (67, 68).
IAV was subjected to pH 5.8 priming in the presence and absence
of valinomycin in buffers containing either a low (5 mM) or a high
(120 mM) K� concentration, followed by acid-bypass infection.

We found that valinomycin-treated viruses exposed to a high
K� concentration during priming were twice as infectious as con-
trol viruses primed in the absence of the ionophore (Fig. 4G). This
shows that the flow of K� through the viral membrane im-
proved priming over and beyond the function of M2 as a cation
carrier. For this to work optimally, the K� concentration had to
be high. At a low K� concentration, the increase in infection
was negligible.

Exposure to valinomycin and a high K� concentration during
priming without a drop in pH also resulted in high acid-bypass
infectivity. Evidently, in this case, the increased permeability to
K� ions together with the short period of acidification during
triggered fusion was enough to induce a primed state in the virus.

Using the WSN(AS) virus, we tested the effects of amantadine,
CCCP, and valinomycin in different combinations (Fig. 4H).
When M2 was inactivated by amantadine alone, there was no in-
fectivity after priming (Fig. 4H, condition 1). Addition of valino-
mycin to the amantadine-inhibited viruses did not increase infec-
tivity (Fig. 4H, condition 3). This indicated that the flux of K�

alone without an influx of protons does not induce priming.
When CCCP was added in the presence of amantadine to allow
proton conductance, only low infectivity was detected (Fig. 4H,
condition 2). Thus, protons alone without K� can induce some
priming. However, addition of valinomycin to CCCP-containing
viruses doubled the level of infectivity (Fig. 4H, condition 4). This
confirmed that both H� and K� are needed for efficient priming.

The result also showed that the M2 channel as such is not required
for priming, provided that the conductance for the two cations is
artificially supported by ionophores.

In the absence of amantadine, no infectivity was seen when the
virus was acid fused at the PM without addition of ionophores
(Fig. 4H, condition 5). Efficient acid-bypass infection was, how-
ever, observed when either CCCP or valinomycin was present
alone (Fig. 4H, conditions 6 and 7). This suggested that the M2
channel could, in each case, provide the necessary conductivity for
the second cation. When both CCCP and valinomycin were pres-
ent together, infection increased further up to 30% (Fig. 4H, con-
dition 8). In fact, it was higher than that when CCCP and valino-
mycin were present with amantadine. This implies that the M2
channel has some influence on priming even if the fluxes of K�

and H� are mediated by the ionophores. A mild inhibitory effect
of amantadine on IAV fusion kinetics (69–71) could explain this
effect (Fig. 4H, condition 4). CCCP, valinomycin, or a combina-
tion of both did not increase the normal level of IAV infection
(data not shown).

Our data indicated that not only the pH but also the K� con-
centration affected the priming of IAV. K� had no effect by itself,
but when it was combined with a low pH, it doubled the efficiency
of core uncoating. The conductance of both H� and K� was me-
diated by the M2 channel unless ionophores were present.

Changes in core stability. A glycerol gradient centrifugation
method has been used previously to provide information about
the IAV core and its stability (26). The gradient contains a non-
ionic detergent (NP-40) to remove the viral membrane by solubi-
lization as the virus sediments toward the bottom. Analysis of
pellets from such gradients allowed Zhirnov to conclude that the
core of WSN is a stable structure and that exposure to a pH below
6.0 causes the dissociation of M1 (26).

We adapted this method to X31 and WSN viruses (Fig. 5) and
studied the effect of acidification in the presence and absence of
KCl and NaCl. First, we tested pH values between 7.4 and 5.0 in
the presence of 135 mM NaCl (Fig. 5A). SDS-PAGE of the pellets
confirmed that as long as the pH remained above 6.4, M1 and
vRNPs held together, even though the membrane of the virus had
been removed (Fig. 5A and B). M1 was gradually lost from the
sedimenting cores as pH values reached 5.8 and lower. Below pH
5.6, the vRNPs (NP and the viral polymerase subunit PB2 were
analyzed) were lost from the pellet, indicating a second dissocia-
tion step involving the viral nucleocapsids. Applying this proce-

cells as described in the legend to panel A. After 5 min incubation in CHX-containing stop medium, cells were fixed and stained for M1 and NP. White
arrowheads, M1-free NP-staining. Bars, 10 �m. (C) Acid-bypass infection of WSN(wt) and amantadine-sensitive WSN(AS) in the presence of 100 �M the M2
inhibitor amantadine. See Materials and Methods for details about the construction of recombinant WSN(AS). (D) Preacidification of WSN(wt) and WSN(AS)
in the presence of amantadine. Virus was pretreated with amantadine for 5 min at RT prior to preacidification at pH 6.2 for 10 min at 37°C. Acid-bypass infection
was performed under the same conditions used for X31. (E) Acid bypass of X31 in the presence of CCCP. As schematically shown on the right, IAV was either
left untreated (condition 1), preacidified at pH 5.8 for 1 h at 37°C (condition 2), or treated with CCCP for 5 min at RT (condition 3) or preacidification was
combined with CCCP treatment (condition 4). Samples were subjected to either acid-bypass infection assay or normal infection of A549 cells, as described in the
legend to panel A. CCCP was further present during the 2-min fusion step but excluded from subsequent incubation in stop and infection medium. (F) IAV
uncoating upon acid-induced fusion at the PM in the presence of CCCP. Preincubation with CCCP and acid bypass were performed as described in the legend
to Fig. 1D. Cells were fixed for 5 min (M1) and 30 min (NP) after acid bypass and subjected to indirect immunofluorescence. Representative images with DRAQ5
nuclear staining (left) and quantification (right) are shown. Samples were analyzed as described in the legend to panel A. Bars, 20 �m. (G) Acid bypass of
WSN(AS) in the presence of CCCP and amantadine. As schematically shown on the left, IAV was either left untreated (condition 1) or pretreated with
amantadine (condition 2) or CCCP (condition 3) for 5 min at RT. When both drugs were combined (condition 4), virus was first treated with amantadine
for 5 min to block M2 channels and then CCCP was added to the solution and the mixture was further incubated for 5 min. Drugs were present during
the fusion step but excluded from subsequent incubation in stop medium. The acid-bypass infection assay was performed under the same conditions
described for X31.
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FIG 4 Effect of a high K� concentration during IAV core priming. (A) Preacidification in the presence of various monovalent cation conditions prior to
acid-bypass infection. X31 was pretreated for 1 h at 37°C in buffers adjusted to pH 7.4 or 5.8 and supplemented with 120 mM indicated monovalent cations. The
total ionic strength was kept constant. Following binding, the normal acid-bypass protocol described in the text was applied. (B) Preincubation with K� over a
range of concentrations (0 to 135 mM K�) at pH 5.8 prior to acid-bypass infection. (C) Binding of pretreated virus to A549 cells. X31 was pretreated for 1 h at
37°C under the indicated conditions, neutralized, and bound to A549 cells for 1 h on ice. Cells were fixed, washed, and left unpermeabilized.
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dure to purified WSN showed a similar result (Fig. 5C). At pH 5.5,
most of the M1 and NP dissociated from the sedimenting cores.

When NaCl was exchanged for KCl in the gradient solutions,
the pellets showed that the majority of the cores remained intact,
as long as the pH was neutral (Fig. 5D and E). However, a clear
difference compared to NaCl emerged when the gradient pH was
lowered to 5.8. In the KCl-containing gradients, only 15% of M1
and 20% of NP were present in the pellet. The corresponding
values were 40% and 75% in NaCl-containing gradients. Thus, at
mildly acidic pH, KCl dissociated the cores more efficiently than
NaCl. Our results showed not only that the presence of KCl in-
creased the potency of core disassembly but also that it had its
main effect on the second disassembly step, the step involving
vRNP interactions.

The concentration dependence of K�-induced core disassem-
bly at pH 5.8 was tested using mixtures of NaCl and KCl (Fig. 5F
and G). It was found that 50 mM KCl was sufficient to cause 80%
dissociation of M1 from viral cores, whereas 100 to 135 mM KCl
was needed to achieve the same degree of vRNP disassembly.

Taken together, the gradient analysis confirmed that the core
of IAV (X31 and WSN) can exist as an intact structure in the
absence of the viral envelope. A mildly acidic pH and a low K�

concentration, like those used for priming, caused a weakening
of M1-vRNP interactions. At a lower pH, a change in vRNP
sedimentation provided evidence for a further alteration prob-
ably involving a loss of interactions between vRNPs. The sec-
ond dissociation step was enhanced by the presence of a high
K� concentration.

M1 and NP are more susceptible to proteolytic cleavage after
priming. To gain more insight into possible conformational
changes in M1 and NP, we applied limited proteolysis (LiP). After
solubilization, in vitro acid-primed and unprimed X31 viruses
were digested with trypsin at neutral pH and RT. Complete deg-
radation of M1 was more rapid when virions were preacidified, as
detected by Western blot analysis (Fig. 6A). Combination of LiP
with targeted MS (LC-SRM/MS) analysis (Fig. 6B), as recently
applied for the whole yeast (i.e., Saccharomyces cerevisiae) pro-
teome (49), enabled us to perform a more detailed and quantita-
tive analysis of the priming effect. Here, solubilized in vitro-
primed and unprimed X31 viruses were briefly digested with PK at
neutral pH and RT, followed by MS-based quantitation of tryptic
peptides derived from three viral proteins (M1, NP, and HA). A
ratio of the abundance of quantified peptides was obtained by
comparing acid-primed viruses to unprimed viruses (Fig. 6C; see
also Table S1 in the supplemental material).

For M1, approximately 70% sequence coverage was achieved
by quantifying 12 LiP peptides, of which 3 were found to have

significantly lower intensities after acid priming (Fig. 6C and D).
All three peptides were mapped to areas inside or flanking the
linker region between the N- and C-terminal domains (Fig. 6D).
Four NP-derived peptides with lower intensities were identified
when virions were primed (Fig. 6E), whereas for HA, no major
changes occurred, as expected at pH 5.8. The increase in the PK
susceptibility of M1 and NP upon priming most likely resulted
from irreversible changes in conformation or protein-protein/
protein-RNA interactions after exposure to low pH.

Next, we assessed the influence of K� (Fig. 6F and G). Virus
was preacidified in the presence of low (5 mM) and high (120
mM) K� concentrations. Two additional regions in M1 were
found to be more efficiently cleaved by PK. Compared to the re-
sults obtained with priming at a low K� concentration, the linker
region was even more susceptible to proteolysis (Fig. 6G, purple
arrowhead). In addition, a new cleavage site was detected in the
C-terminal end of M1, a region that has been suggested to bind to
vRNPs (29, 72) (Fig. 6G, yellow arrowhead). No additional
changes were detected for NP and HA (see Table S1 in the supple-
mental material).

The K� concentration increases along the endocytic path-
way. We took advantage of the K�-specific fluorescent probe
APG3 to test whether late endosomal compartments had high K�

concentrations. APG3 has previously been applied to monitor cy-
toplasmic K� concentrations (73). By adding the membrane-im-
permeant salt version to the medium for 30 min, we were able to
load endosomal compartments, as detected by live confocal mi-
croscopy (Fig. 7A). Increased green fluorescence was found in
vesicular structures in the perinuclear cytoplasm. The APG3-de-
rived fluorescence colocalized with fluorescently labeled EGF 60
to 70 min after internalization (Fig. 7A). At this time point, EGF is
typically found in LEs in A549 cells (55).

In order to test whether APG3 and, thus, K� levels increase
along the endocytic pathway, we measured the vesicular APG3
mean fluorescence intensity over time after exposing the cells to
the probe. Intensities increased up to 30 min following APG3
uptake, indicating an increase of the intraluminal K� concentra-
tion (Fig. 7B). When cells were treated with the microtubule-dis-
rupting agent nocodazole, which inhibits the maturation of endo-
somes (74, 75), APG3-containing vesicles mainly localized to the
periphery of the cell. APG3 fluorescence was further reduced by
half compared to that for untreated cells (Fig. 7B). We concluded
that LEs in A549 cells are enriched in K�.

DISCUSSION

Viral particles are held together by a network of interactions that
connect the various components. These interactions determine

Bound particles were detected by using an anti-X31 polyclonal antibody (Pinda). (D) HA acidification upon exposure to acidic conditions with high (120 mM)
and low (5 mM) K� concentrations for 1 h at 37°C. (E) Fluorescence spectroscopy monitoring of the fusion kinetics of R18-labeled X31 with the A549 cell surface
following preacidification (pH 5.8) in the presence of 120 mM K�. R18 dequenching was measured as explained in the legend to Fig. 1C. (F) IAV uncoating upon
preacidification in the presence of 120 mM K� and acid-induced fusion at the PM. Virus was pretreated for 1 h at 37°C. Neutralized virus was bound to A549 cells
on ice, and fusion was induced as described for the acid-bypass infection assay. Cells were incubated for 5 min (M1) and 30 min (NP) after fusion in the presence
of CHX-containing stop medium, fixed, and stained for M1 and NP, respectively, by indirect immunofluorescence. (Left) Representative images. Nuclei were
visualized by DRAQ5 staining. (Right) M1 and NP exposure, as a measure for viral uncoating, was quantified as described in the legend to Fig. 3A. Bars,
20 �m. (G) Preacidification (Pre-acid.) of X31 in the presence and absence of the K�-specific ionophore valinomycin at 120 mM and 5 mM K� prior to
acid-bypass infection. (H) Acid-bypass infection assay of WSN(AS) in the presence of CCCP, valinomycin, and amantadine. (Right) As shown schemat-
ically, IAV was pretreated with the indicated drug combinations for 5 min at RT. When amantadine was combined with either CCCP, valinomycin, or
both, virus was first treated with amantadine for 5 min to block M2 channels, and then CCCP, valinomycin, or both were added to the solution and the
mixture was further incubated for 5 min. Drugs were present during the fusion step. The acid-bypass infection assay was performed under the same
conditions described for X31.
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FIG 5 Priming induces stepwise disassembly of the IAV core in vitro. (A) In vitro uncoating of X31 under different pH conditions. Purified X31 was diluted in
1 ml MNT (20 mM MES, 100 mM NaCl, 30 mM Tris) buffer, which was layered on a two-step glycerol gradient: 3 ml 15% (vol/vol) glycerol prepared in distilled
water without any additions (interlayer) and 3.4 ml 25% glycerol (vol/vol) containing 1% NP-40 (bottom layer). The bottom layer was adjusted to the desired
pH and salt concentration. For neutral pH, complete subviral particles were pelleted, whereas conditions favorable for uncoating of the virus led to the
dissociation of viral core components into the bottom layer. Glycerol supernatants were removed, and the pellets were dissolved in nonreducing sample buffer
followed by SDS-PAGE. Gels were stained with Coomassie, and viral protein band intensities were quantified by densitometry. The indicated pH conditions were
tested at a constant salt concentration (150 mM NaCl). As a control, NP-40 was omitted from the bottom glycerol layer. vRNPs were detected by Western blot
analysis using a monoclonal antibody against IAV PB2. (B) Densitometric quantification of the intensities of viral protein bands shown in panel A. Protein band
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the architecture and composition of the particle and ensure sta-
bility during the extracellular phase of the infectious cycle. After
entry into new host cells, some of them must be eliminated to
release the genome for replication and transcription. For many
viruses, uncoating is a complicated process triggered by cellular
receptors, chaperones, proteolytic enzymes, and changes in pH
(76, 77).

To render the IAV core uncoating competent, our results pro-
vide evidence for a stepwise process that depends on the M2 chan-
nel and the conductance of protons as well as K� ions. The core is
stabilized by interactions that connect components of the enve-
lope, the M1 shell, and the vRNPs with each other. Priming is
initiated when the incoming virus encounters a pH of 6.5 (or
lower) in early endosomes (EEs) or early macropinosomes. M2 is
activated and protons begin to enter the virus through the previ-
ously ion-impermeable envelope membrane (22, 25).

We found that unprimed viruses were unable to uncoat effi-
ciently and infect cells after fusion with the PM, whereas optimal
priming in vitro resulted in a dramatically elevated efficiency of
core uncoating, vRNP import into the nucleus, and infectivity. At
that time, infection levels equaled or surpassed the level observed
for viruses entering via the normal endocytosis route. The increase
was inhibited by the M2 blocker amantadine when WSN(AS) was
used, and the inhibition could be circumvented by the addition of
proton and K� ionophores.

Our results showed that priming occurred relatively slowly af-
ter exposure of IAV to low pH. At pH 6.4, the half-time of in vitro
priming was 20 min under low-K�-concentration conditions; at
pH 5.8 it was 10 min. The slow response was likely caused by the
properties of the M2 channel and by the generation of a positive
inner membrane potential. The flux of protons through the M2
channel is slow compared to that through most other ion channels
(37, 78, 79). In fact, it is evident that M2 shares many properties
with ion transporters (reviewed in references 36 and 37). How
many protons are needed for priming is not known, but it has
been estimated that the viral core contains about 31,000 titratable
groups (78). Proton conductance measurements of M2 reconsti-
tuted in liposomes have shown a transport rate of 10 protons/s/
channel at pH 6.0 (79). Considering that one virion contains 4 to
16 M2 channels (80), this could result in a core acidification time
of 3 to 12 min.

As the positive inner membrane potential builds up, the influx
of protons is likely to slow down. It was recently shown that effi-
cient acidification of the lumen of M2-containing liposomes is
possible only due to M2-mediated efflux of K� (or Na�) through
the M2 channel (38). Once it is activated by protons, M2 supports
the conductance of K� and Na�, although with an efficiency 10�5

to 10�6 lower than that for protons (32–35). In the case of the
intact virus, this may mean that the cytosolic K� ions trapped at a
free concentration of 120 mM inside the virus during budding
may be exchanged for protons.

Our uncoating assay monitored the distribution of M1 and NP

throughout the cytosol and nucleoplasm. A dramatic increase in
the immunostaining of both M1 and NP occurs due to the in-
creased exposure of epitopes (20, 46). After acid-bypass fusion
with primed viruses, a similar uncoating process rapidly occurred.
In contrast, when the viruses used in acid-bypass experiments
were unprimed, the M1 and vRNPs in most of the cells remained
together in small spots in the cell periphery. Cytosolic, PM-asso-
ciated core structures were detected by thin-section EM. It was
apparent that brief acidification could induce bypass fusion, but
the cores did not dissociate from the PM, and M1 and vRNPs
remained associated with each other.

The difference between primed and unprimed IAV was consis-
tent with the results from in vitro experiments indicating a differ-
ence in core structure. We confirmed previous observations by
Zhirnov (26) that the exposure of cores to a pH of about 6.0 results
in a weakening of M1-vRNP and, probably, M1-M1 associations.
At pH 5.8 (and lower), the remaining interactions between vRNPs
were compromised. Using LiP, we found, moreover, that expo-
sure of IAV to pH 5.8 in a low-K�-concentration buffer resulted in
irreversible changes at the C terminus of M1. This was in agree-
ment with previous data indicating that while the N-terminal part
of M1 does not change after acidification (81), a peptide corre-
sponding to a sequence linking the N- and C-terminal domains
(residues 139 to 166) undergoes a conformational change in vitro.
With a midpoint of pH 5.9, it transitions from a partially unfolded
form to an 
-helical form (82). Our LiP analysis of the full-length,
virus-derived M1 demonstrated changes in the same linker as well
as in flanking sequences. It is possible that protonation of a highly
conserved Zn finger-like Cys2His2 motif in the linker causes a
change in interactions between the N- and C-terminal domains of
M1. Recent atomic force microscopy studies showed that mild
acid exposure makes IAV particles more easily deformed by phys-
ical force, confirming that the core loses part of its rigidity during
priming (83). A two-step model was formulated, in which the first
phase (pH 7.5 to 6.0) mainly involves an HA-dependent molecu-
lar change. In the second phase (pH �6.0), interactions involving
M1 and vRNPs are affected. In agreement with our results, Li et al.
(83) showed that softening of the virion in the first step appeared
to be reversible by neutralization, whereas the effects at pH 5.5 and
lower were irreversible.

Given that the C-terminal M1 interacts with vRNPs (29, 72), it
is possible that a conformational change in the linker region of M1
affects M1-vRNP interactions. We found that preacidification
rendered NP more accessible to proteolysis, especially in the vi-
cinity of the putative RNA-binding groove. Changes in the pro-
teolytic accessibility of NP upon priming could be due to either the
release of M1 from the vRNPs or rearrangements within the vRNP
bundle.

As the HA-mediated fusion occurs about 60 min after IAV
endocytosis in A549 cells (46), the endocytic vacuoles that contain
IAV have time to undergo maturation from early to late forms and
to move from the cell periphery to the perinuclear region (84). In

intensities were normalized to those at pH 7.4 without NP-40. (C) In vitro uncoating of WSN(wt) at mildly acidic pH (pH 5.5). The same experimental setup
described in the legend to panel A was applied. (D) Effect of a high K� concentration (135 mM) and pH 5.8 on X31 uncoating in vitro. The assay was performed
as described in the legend to panel A. (E) Densitometric quantification of the intensities of viral protein bands shown in panel D. Protein band intensities were
normalized to those at pH 7.4 without NP-40. (F) Analysis of the effect of a range of K� concentrations (0 to 135 mM K�) at pH 5.8 on X31 uncoating in vitro.
The assay was performed as described in the legend to panel A. The total ionic strength was kept constant by supplementing the bottom glycerol layer with the
indicated amounts of NaCl and KCl. (G) Densitometric quantification of the intensities of viral protein bands shown in panel F. Protein band intensities were
normalized to those at pH 7.4 with 135 mM Na� and NP-40.
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FIG 6 Structural transitions of virion-derived IAV core proteins following priming probed by LiP. (A) Trypsin (Tryp.)-based LiP of mildly acidified X31 virions.
X31 was pretreated at pH 7.4 and 5.8 for 1 h at 37°C, neutralized, and lysed with 0.1% Triton X-100 (Tx-100; 20 min at RT). Control samples were left unlysed.
Trypsin was added at a ratio of 1:4 (trypsin/M1), and the mixture was incubated at RT for the indicated times. The reaction was stopped by addition of reducing
SDS sample buffer containing 2 mM PMSF. Samples were resolved by SDS-PAGE and analyzed for M1 tryptic cleavage by Western blot analysis, using a
monoclonal antibody against M1 (HB-64). (B) Schematic representation of LiP-SRM work flow applied to X31. Primed and unprimed virus samples were
neutralized and lysed with 0.1% NP-40 (20 min at RT). LiP was performed with PK for 5 min at an enzyme/substrate ratio of 1:100. Samples were subsequently
denatured and trypsinized for LC-SRM/MS analysis. The tryptic peptide intensities of primed and unprimed samples were compared. (C) Differences in
susceptibility to PK cleavage are reflected by the fold changes of quantified LiP peptides from M1, NP, and HA between preacidified virus (pH 5.8, 60 min, 37°C)
and control virus (pH 7.4). x axis, log2(fold change); y axis, �log10(P value). P values were obtained with three technical replicates per condition. Fold changes
of �2 with a P value of �0.01 were considered significant. (D, E) Mapping of LiP peptides onto the sequence of M1 (D, bottom) and schematic visualization of
PK cleavage sites in M1 (D, top) and NP (E). Triangles indicate the sites (based on LiP analysis) where a significant increase in PK cleavage was observed for
preacidified virus. (F) Differences in susceptibility to PK cleavage are reflected by the fold changes of peptides quantified from M1, NP, and HA between virus
preacidified in 5 mM K� (low K� concentration) and virus preacidified in 120 mM K� (high K� concentration). The same setup from panel A was adapted. (G)
(Bottom) Mapping of peptides onto the sequence of M1. (Top) Triangles indicate the sites (based on LiP analysis) where an increase in PK cleavage was observed
for virus treated with 120 mM K� at pH 5.8. (D, E, and G) The schematic domain organizations of the viral proteins M1 and NP are shown. Binding sites reported
for other viral components are indicated. NLS, nuclear localization signal.
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addition to gradual acidification, the incoming IAV is exposed to
a 10-fold or higher elevation in the concentration of lumenal K�

and a corresponding drop in the Na� concentration (66). Our
results indicated that the increased K� concentration played a role
in IAV priming. Despite M2’s poor K� conductivity, the high
concentration (10�1 M K�) makes an inward flux of K� late in the
endocytic pathway a relevant possibility. Like the efflux of K�

during initial proton-mediated priming in EEs (38), an influx of
K� is likely to occur when the virus reaches late endosomal com-
partments. While exposure to K� alone (even in the presence of
valinomycin) did not promote priming, the combination of low
pH and a high K� concentration did. It increased uncoating and
infectivity by more than 2-fold over that at low pH alone. It was
therefore apparent that exposure to a high K� concentration had
to occur concomitantly with or after acidification.

After treatment of solubilized viruses with a low pH and a high
K� concentration, our LiP results revealed additional changes in
the C-terminal part of M1. Such changes were not observed in NP,
which might be due to the low sequence coverage (40%) in MS
measurement achieved. Gradient centrifugation experiments in-
dicated that interactions connecting vRNPs were weakened. In
this setup, it was difficult to distinguish whether the remaining M1
was lost from compact bundles of vRNPs or whether the vRNPs in
the bundles were dissociated from each other. It has been sug-
gested that M1 exists in two different populations (4). This opens
the possibility that one population connects vRNPs to each other,
in which case the K� might weaken the remaining M1-vRNP as-
sociations. On the other hand, recent studies revealed in the 8
different vRNPs specific RNA packaging sequences through which
the viral RNA segments may interact directly with each other (85–
88). The K� ions may induce weakening of these contacts because
K� is known to affect the secondary structure of single-stranded
RNAs in multiple ways (30).

When the bypass approach has been tested for acid-activated
enveloped viruses, fusion has been found to be efficient but infec-
tion has generally been found to be poor. Neither fowl plague virus
(a highly pathogenic H7N1 avian influenza virus) nor VSV was,
for example, found to infect MDCK cells after acid bypass (10).
When SFV was tested in BHK-21 cells, infection was efficient, but
it was strongly reduced in CHO cells (50, 89). The poor efficiency
of infection after acid bypass can have several reasons. One is
inefficient uncoating, as observed here for IAV in A459 cells. It is
due to the lack of proper capsid priming. Another possibility that
has been discussed involves the actin cortex, which can limit the
movement of penetrated capsids deeper into the cytosol (90). The
effectiveness of such a barrier function may be cell type dependent
and may therefore explain the differences observed between cell
lines.

IAV is probably not the only virus that requires core priming in
endosomes. Mire and colleagues have provided evidence that the
dissociation of VSV core proteins occurs in a similar, low-pH-
dependent manner (91). Here, glycoprotein G was found to be
required for efficient acidification of the viral interior. In a fol-
low-up study, the VSV matrix protein (M) was described to exist
in two populations: a membrane-associated form and an RNP-
associated form (92). While the membrane-associated M remains
at endosomal membranes after fusion, the second population
travels to the nuclear pore complexes. Similarly, vaccinia virus
(VACV) infectivity was found to be enhanced upon pretreatment
of the virus at low pH prior to cell adsorption and endocytosis

FIG 7 Increased fluorescence of the K�-sensitive dye APG3 in LEs. (A) Load-
ing of endosomes with APG3. A549 cells were serum starved for 4 h prior to
EGF-AF647 (200 ng/ml) binding on ice for 30 min. Cells were then washed
with growth medium and loaded for 30 min with APG3 at 37°C (APG3 pulse).
Live cells were imaged with a confocal microscope. EGF-AF647 signal was false
colored to red for better visualization of the resulting yellow colocalization
signal. (B) APG3 fluorescence upon internalization over time. Cells were
loaded with APG3 as described in the legend to panel A. Following 30 min
incubation with the dye, the cells were washed, transferred to the microscope,
and imaged at the indicated time points. In the case of nocodazole treatment,
cells were incubated in the presence of the drug together with APG3 for 30 min,
followed by exchange to fresh nocodazole-containing medium for the imaging
time. (Top) Representative images for both conditions at 60 min after the
APG3 pulse; (bottom) mean fluorescence intensities at the indicated time
points after APG3 loading were determined with ImageJ-based quantification.
(A, B) Cell borders and nuclei were determined in transmission mode and are
indicated as dashed lines in the images. Bars, 20 �m.
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(93). Schmidt and colleagues have recently provided evidence for
the existence of a viroporin in VACV particles which coordinates
the translocation of protons into the virion, as studied in a single-
virus fusion setup (94). That UUKV infection appears to be expe-
dited when the endocytic uptake is bypassed may be explained by
the absence of a matrix protein layer in the core of UUKV parti-
cles.

Taken together, our studies suggest a two-step priming process
for IAV. The first involves exposure of the incoming virus to a pH
in the range of 6.5 to 6.0 in the low-K�-concentration/high-Na�-
concentration milieu of EEs. It causes the activation of M2, and
the flux of protons into the virus is supported by the efflux of K�.
This induces weakening of M1-M1 and M1-vRNP interactions. A
second change occurs later in the endocytic pathway, when the pH
drops into the 6.0 to 5.4 range and the high Na� concentration
present in EE is replaced by a high K� concentration. Additional
changes in core conformation take place, allowing the subsequent
dissociation of the vRNP bundle.

Our observations provide the first indication that incoming
viruses may respond not only to low pH but also to other ions
present in the lumen of endocytic vacuoles. This could provide an
explanation of previous reports indicating that for a virus like
IAV, endocytosis and acidification alone are not sufficient to sup-
port efficient infection and uncoating (55, 95–97). Several cellular
K� channels have been listed among the hits in small interfering
RNA screens of cell proteins that support IAV infection (98, 99).
K� makes sense as a late cue for uncoating because it is the most
abundant intracellular cation and its concentration in LEs/lyso-
somes is high. Whether the so-called viroporins of other viruses
mediate similar capsid-associated priming events remains to be
seen. Some of them, including the 3a and E proteins of severe
acute respiratory syndrome (SARS) coronavirus, the 6K protein of
alphaviruses, and the Vpu of human immunodeficiency virus type
1 (HIV-1), have been shown to conduct K� (reviewed in refer-
ences 100 and 101). For a better understanding of virus entry and
novel antiviral strategies, it will be important to analyze the phys-
iology of endocytic vacuoles and their maturation in more detail.
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