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The role that endosomal acidification plays during influenza virus entry into MDCK cells has been analyzed
by using the macrolide antibiotics bafilomycin A1 and concanamycin A as selective inhibitors of vacuolar
proton-ATPase (v-[H1]ATPase), the enzyme responsible for the acidification of endosomes. Bafilomycin A1
and concanamycin A, present at the low concentrations of 5 3 1027 and 5 3 1029 M, respectively, prevented
the entry of influenza virus into cells when added during the first minutes of infection. Attachment of virion
particles to the cell surface was not the target for the action of bafilomycin A1. N,N*-Dicyclohexylcarbodiimide,
a nonspecific inhibitor of proton-ATPases, also blocked virus entry, whereas elaiophylin, an inhibitor of the
plasma-proton ATPase, had no effect. The inhibitory actions of bafilomycin A1 and concanamycin A were tested
in culture medium at different pHs. Both antibiotics powerfully prevented influenza virus infection when the
virus was added under low-pH conditions. This inhibition was reduced if the virus was bound to cells at 4&C
prior to the addition of warm low-pH medium. Moreover, incubation of cells at acidic pH potently blocked
influenza virus infection, even in the absence of antibiotics. These results indicate that a pH gradient, rather
than low pH, is necessary for efficient entry of influenza virus into cells.

Infection of animal cells by influenza virus commences with
the interaction of the virus particle with cell surface receptors
as mediated by hemagglutinin (HA) (25, 57), a virus-encoded
glycoprotein embedded in the lipid bilayer that surrounds the
virus nucleocapsid (52, 57). After this interaction, influenza
virus particles are internalized in endosomes following the
route used by other viruses and macromolecules (55, 58, 59).
Acidification of endosomes is achieved by the activity of the
vacuolar proton ATPase (v-[H1]ATPase). This enzyme pumps
protons to the endosome interior at the expense of ATP hy-
drolysis (14, 37, 46), causing endosome acidification within a
few minutes (29, 33). Acidification induces conformational
changes in several animal virus glycoproteins, including HA
(20), so that hydrophobic portions of the proteins become
more exposed, thereby increasing the tendency of the protein
to interact with membranes (43, 50, 51, 53–55, 61). The inter-
action of HA molecules with the endosomal membrane leads
to fusion of the latter with the viral envelope, allowing release
of the viral nucleocapsid into the cellular cytoplasm, where it is
ready to start virus replication (9, 51).
Direct acidification of the culture medium induces influenza

virus particles to fuse directly with the plasma membrane (56).
Hence, the virion particles do not need to become internalized
within endosomes for infection to occur. Evidence from elec-
tron microscopy indicates that not only influenza virus but also
other enveloped viruses, which are usually internalized by en-
docytosis, can fuse directly with the plasma membrane in an
acidic culture medium (32). Further support for this model of
virus entry comes from the use of inhibitors of endosome
function, such as lysosomotropic agents that accumulate in
endosomes and raise the pH (19, 44) and ionophore molecules,
such as monensin, that break down the proton gradient gen-
erated by the v-[H1]ATPase (19, 30, 45). Although knowledge
gained on virus entry from employing these inhibitors has been
of crucial importance, their use and the interpretation of cer-

tain results are sometimes restricted by the lack of specificity of
some drugs and the side effects that they have on other cellular
functions (5, 7, 47).
The recent discovery of selective and potent inhibitors of the

v-[H1]ATPase, such as bafilomycin A1 (BFLA1) and concana-
mycin A (1, 10, 36), prompted us to assay their effects on the
entry of animal viruses. Recent studies on the actions of
BFLA1 indicate that micromolar concentrations of this antibi-
otic inhibit the entry of Semliki Forest virus and vesicular
stomatitis virus, whereas poliovirus entry is not affected (4, 17,
40). The use of BFLA1 to interfere with virus entry represents
a new approach to blocking directly the functioning of the
v-[H1]ATPase without affecting other cellular enzymes (4, 40).
In addition, this compound provides an improved tool over
previously described inhibitors of endosome function, which
can be used to provide further insight into the pathway of
animal virus entry and to test the validity of current models
that describe this step of virus infection (2). Accordingly, in the
present work, we have carried out a detailed analysis of the
action of BFLA1 on the entry of influenza virus, one of the
most paradigmatic viruses in this kind of study.

MATERIALS AND METHODS

Cells, viruses, and media. Influenza virus, Victoria strain, was grown and
titrated in Madin-Darby canine kidney (MDCK) cells. MDCK cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% new-
born calf serum.
Radioactive virus. MDCK cells were infected with influenza virus at a multi-

plicity of infection (MOI) of 10 PFU/cell. At 2.5 h postinfection, the medium was
removed, and the cell monolayer was washed twice with methionine-free medium
and finally incubated in this medium plus [35S]methionine (6 mCi/ml). Infected
cells were incubated at 378C until a complete cytopathic effect was observed.
Cells and cellular debris were then removed by low-speed centrifugation, and the
virus-containing supernatant was centrifuged through a 30% sucrose layer for 90
min at 25,000 rpm. The viral pellet was resuspended overnight at 48C.
Inhibitors. BFLA1 and concanamycin A were provided by K. Altendorf (Uni-

versity of Osnabruck, Osnabruck, Germany). Monensin was purchased from
Sigma.
Analysis of proteins by electrophoresis. Cells grown in 24-well plates were

infected at an MOI of 50 PFU/cell. After virus adsorption (1 h at 378C), the cells
were incubated in DMEM. Protein labeling was performed with 20 mCi of* Corresponding author. Fax: (34-1) 397 47 99.
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[35S]methionine per ml (1.45 Ci/mmol; Amersham International, Amersham,
United Kingdom) added to methionine-free medium for the indicated period of
time at 378C. The radiolabeled cell monolayers were dissolved in sample buffer
(62.5 mM Tris-HCl [pH 6.8], 2% sodium dodecyl sulfate [SDS], 0.1 M dithioth-
reitol, 17% glycerol, 0.024% bromophenol blue). Samples were heated at 908C
for 5 min and electrophoresed on a 15% acrylamide gel overnight at 80 V.
Fluorography was carried out in 1 M sodium salicylate. Finally, gels were dried
and exposed to Agfa X-ray films.
Binding to cells and uptake assays of influenza virus. To measure virus

binding, MDCK cells were grown in 35-mm-diameter dishes. The cell monolay-
ers were washed with DMEM and cooled for 10 to 15 min at 48C. Approximately
200,000 cpm of radioactive influenza virus preparation was added to each dish,
followed by incubation at 48C for the time indicated. After incubation, free virus
was removed, and cell monolayers were washed twice with cold phosphate-
buffered saline (PBS). Cells were scraped from the dish, and the radioactivity
precipitable by trichloroacetic acid (TCA) was measured. The measurement of
virus uptake was performed under the conditions of the binding assays but at
378C.
Low-pH treatment during virus entry. MDCK cells were grown in DMEM

supplemented with 5% fetal calf serum. Cell monolayers were washed, and virus
was allowed to adsorb at 48C for 1 h in DMEM. The medium was then removed,
and fresh DMEM, without bicarbonate and buffered with 20 mM MES (mor-
pholineethanesulfonic acid) or HEPES (N-2-hydroxyethylpiperazine-N9-2-eth-
anesulfonic acid) at the indicated pH, was added. Cells were incubated for 15
min at 378C in an atmosphere free of CO2. The medium was then replaced by
fresh DMEM, and the cells were incubated at 378C until the labeling period.
When indicated, the virus was added at the same time as the medium buffered
with MES or HEPES but without preadsorption at 48C.
Electron microscopy. MDCK cells grown on 35-mm-diameter dishes were

infected with influenza virus at an MOI of 100 PFU/cell and incubated at 48C for
1 h. The samples were immediately or after 15 min of incubation at 378C fixed
with 2% (vol/vol) glutaraldehyde and 2% (wt/vol) tannic acid in PBS at room
temperature for 30 min and washed three times with PBS. Postfixation was
carried out with 1% (wt/vol) OsO4 in PBS at 48C for 1 h. Samples were then
dehydrated through a 30 to 100% (vol/vol) ethanol series and embedded in
Eppon 812 (Fluka Chemie AG) after a graded mixing in ethanol-Epon 812 (3:1,
1:1, and 1:3, vol/vol). En bloc staining was performed during the 70% ethanol
step with 2% (wt/vol) uranyl acetate. Ultrathin sections were obtained with an
Ultracut E ultramicrotome (Reichert-Jung) using a diamond knife, stained with
lead citrate, and washed with 20 mM NaOH and distilled water. Electron mi-
crographs were taken with a JEOL 1010 microscope working at 80 kV.

RESULTS

BFLA1 is a powerful inhibitor of influenza virus. The mac-
rolide antibiotic BFLA1 is a powerful and selective inhibitor of
the v-[H1]ATPase (1, 10). This enzyme is inhibited by micro-
molar concentrations of the drug, whereas a 100-fold-higher
concentration of BFLA1 is needed to interfere with the func-
tion of the plasma proton-ATPase, an enzyme located at the
plasma membrane (1, 10). To assay the inhibitory potency of
BFLA1, we first tested different concentrations of this antibi-
otic against the entry of influenza virus (Fig. 1A). For this
purpose, influenza virus was added to cells, which were then
incubated for 1 h in the presence of BFLA1. Then, excess virus
and inhibitor were removed, and the cells were incubated with
fresh medium until the synthesis of proteins was analyzed.
Concentrations of BFLA1 as low as 0.5 mM almost totally
prevented influenza virus infection in MDCK cells, whereas at
a 1 mM drug concentration, the inhibition of virus entry, as
judged from the appearance of virus proteins, was total. This
antibiotic showed no toxic effects on control cells even at a
drug concentration of 5 mM under the experimental conditions
used (Fig. 1A); in fact, longer incubation times, up to 8 h, with
BFLA1 had no adverse effects on the synthesis of cellular
proteins.
BFLA1 blocks an early step of influenza virus growth. In-

fluenza virus is blocked by BFLA1 when the compound is
present only during the first hour of infection, suggesting that
the antibiotic affects an early step during influenza virus growth
(Fig. 1A). It is possible that inhibition of influenza virus trans-
lation results from the blockade of an event that occurs after
virus entry. The experiment shown in Fig. 1B was performed in
order to test this possibility. BFLA1 was added either together

with the virus or at different times after virus addition. With
the compound present at time zero or added 10 min after virus
addition, infection is prevented. However, some influenza virus
proteins appear when BFLA1 is administered 30 min postin-
fection and, no protection is apparent if BFLA1 is added 60
min after infection. The conclusion from this experiment is
that the antibiotic needs to be present during the first 10 min
of infection to be an effective inhibitor. In addition, this com-
pound has no effect on influenza virus replication if added 1 h
after the virus.
Influenza virus infection commences when the virion parti-

cles recognize and then attach to cellular receptors. The par-
ticles are then internalized into endosomes (29, 57). To test the
action of BFLA1 on these steps, radioactively labeled virus was
prepared, and its binding or internalization into cells was stud-
ied in the absence and in the presence of BFLA1. Figure 2A
shows that the attachment of virion particles to MDCK cells at
48C is not affected by BFLA1, whereas a partial inhibition is
observed in both the binding and the internalization of labeled
particles at 378C (Fig. 2B). This effect does not account for the
strong blockade on virus replication observed for the drug.
Since BFLA1 is an inhibitor of the v-[H1]ATPase, it is possible
that the step affected by BFLA1 is the release of viruses from
endosomes, as a result of the drug’s inhibition of endosome
acidification.
The binding and entry of influenza virus into MDCK cells

were also analyzed by electron microscopy. When the virus was
added to the cell monolayer and the mixture was kept on ice,
most of the virus particles were adsorbed onto the cellular
surface, i.e., the plasma membrane (Fig. 3A). In the presence
of BFLA1, virus adsorption (Fig. 3B) still occurred, indicating
that this step is not affected by the inhibitor. When the cells
were warmed to 378C, the virus was rapidly internalized, and
after 15 min of incubation, virus particles were not detectable
in the endosomes of cells that were not treated with drug (data

FIG. 1. Effect of BFLA1 on influenza virus infection. (A) MDCK cells were
mock infected or infected with influenza virus at an MOI of 50 PFU/cell. At the
time of virus addition, different concentrations of BFLA1 were added, and the
cells were incubated for 1 h. After that time, cells were washed and incubated in
DMEM at 378C until the labeling period, which was 5.5 to 6.5 h postinfection.
(B) MDCK cells were infected with influenza virus (50 PFU/cell), and 5 mM
BFLA1 was added together with the virus 10, 30, or 60 min later. After 1 h at
378C, the cells were washed and further incubated at 378C until protein labeling
was carried out as indicated under Materials and Methods.
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not shown). However, in the presence of BFLA1, virus parti-
cles remained inside coated vesicles (Fig. 3C). These results
are consistent with previous findings on other inhibitors of
endosome function (58) and indicate that BFLA1 affects nei-
ther virus binding nor endocytosis but instead blocks virus
release from endosomes.
Actions of different inhibitors of proton-ATPases on influ-

enza virus. The three types of proton-ATPases present in
mammalian cells are inhibited to different extents by several
compounds. N,N9-dicyclohexylcarbodiimide (DCCD) is a non-
specific inhibitor that blocks the three types of ATPases,
whereas elaiophilin, a macrolide antibiotic produced by a
Streptomyces sp., acts on the P-type (plasma membrane)
[H1]ATPases. BFLA1 is selective against the V-type (vacuo-

lar) [H1]ATPases but it also blocks the P-type [H1]ATPases
when added at high concentrations (10). The most selective
and powerful inhibitor of the V-type proton-ATPases of mam-
malian cells so far described is concanamycin A, another ma-
crolide antibiotic produced by a Streptomyces sp. (10, 36). All
four drugs were used to unravel the functions of the different
[H1]ATPases during influenza virus entry (Fig. 4A). Both,
BFLA1 and concanamycin A powerfully blocked influenza vi-
rus when present during the first hour of virus infection (Fig.
4A), but did not do so when added 1 h after the virus (data not
shown). Concanamycin A was fully active at a concentration of
8 3 1027 M, indicating that it resembles BFLA1 in being a
potent inhibitor of an early step in influenza virus infection. In
fact, concanamycin A totally prevented infection at a concen-

FIG. 2. Binding and internalization of influenza virus into MDCK cells in the presence of BFLA1. [35S]methionine-labeled virus was obtained as described in
Materials and Methods; 20 ml of radioactive virus (10,000 cpm/ml) was added to the cells, which were incubated at 48C to estimate virus attachment (A) or at 378C to
measure viral internalization (B). BFLA1 (5 mM) was added at the same time as the virus. At the times indicated, cells were washed, scraped, and centrifuged, and
TCA-precipitable radioactivity was measured. F, Control without BFLA1; E, with BFLA1.

FIG. 3. Electron microscopy of influenza virus attachment and entry into MDCK cells: effect of BFLA1. (B and C) MDCK cells were grown in 35-mm-diameter
dishes. Cell monolayers were washed with DMEM and incubated in the presence of 4 mM BFLA1 for 15 min. Incubation with influenza virus (100 PFU/cell) was then
performed at 48C for 1 h. After this time (A and B) or following incubation at 378C for 15 min (C), the cells were washed and fixed for 30 min. Electron microscopy
was performed as indicated under Materials and Methods.
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tration as low as 5 3 1029 M (16, 17). Influenza virus was
partially inhibited by DCCD, whereas elaiophilin was devoid of
activity. These results clearly implicate v-[H1]ATPase in influ-
enza virus entry and suggest that either BFLA1 or concana-
mycin A could be used in future studies aimed at testing the
roles of v-[H1]ATPases during animal virus entry into cells.
Finally, BFLA1 inhibits all the influenza virus strains tested

(Fig. 4B), indicating that the drug blocks a step during infec-
tion that is common to all these strains.
Effects of BFLA1 on the entry of influenza virus at different

pHs. In culture medium, direct entry of influenza virus through
the plasma membrane occurs under acidic conditions (58). At
pH 5.5 or below, influenza virus is able to fuse its lipid enve-
lope directly with the plasma membrane, leading to virus in-
fection (31). To assay the effects of BFLA1 and concanamycin
A on the entry of influenza virus into cells at neutral or low pH,
two different protocols were followed (Fig. 5). In protocol 1,
the virus was first attached to cells at 48C, and warmed medium
at low or neutral pH was then added. In protocol 2, the virus
was added directly (without preadsorption) to neutral or
low-pH medium in the absence or presence of the antibiotics.
It is well established that incubation of influenza virus alone, in
the absence of cells, under acidic conditions inactivates its
infectivity (41, 42, 49). However, addition of influenza virus
directly to pH 5.2 medium does not block virus infection (Fig.
5). The v-[H1]ATPase inhibitors powerfully prevent virus in-
fection when the virus is added at the same time as the me-
dium, even under low-pH conditions, whereas the drugs allow
partial entry of influenza virus if the virus is bound before the
addition of warm low-pH medium (Fig. 5). In addition, the
simultaneous presence of two agents that interfere with endo-
some function, such as concanamycin A plus nigericin, power-
fully prevented virus infection, even in the presence of low-pH
medium (16).

Several interpretations of these results are possible. One is
that virions need to modify their conformation by receptor
binding before they encounter a low pH that would further
influence virion conformation prior to fusion. This possibility is
unlikely, because virions added directly to low-pH medium,
thereby encountering a low pH before receptor binding, effi-
ciently infect cells in the absence of inhibitors. Another possi-
bility (4, 40) is that efficient virus entry into cells relies upon the
existence of a pH gradient rather than low pH itself. Thus, the
addition of warm low-pH medium instantly creates a pH gra-
dient between the medium and the cytoplasm. When the virus
is internalized under these conditions, the endosomes are al-
ready acidified and do not require further acidification by the
v-[H1]ATPase, since the pH gradient that exists between the
endosome and the cytoplasm suffices to drive virus transloca-
tion. In contrast, incubation of cells at 378C in acidic medium
partially acidifies the cytoplasm and thus lowers the pH gradi-
ent. Direct addition of the virus to such an acidic medium
implies that the virus has to bind to receptors during the time
required for the drop in the cytoplasmic pH. The activity of the
v-[H1]ATPase is therefore necessary to create a pH gradient
that is sufficient to promote virus genome delivery into the
cytoplasm.
To test the effects of pH 5.2 medium on influenza virus

infectivity, the virus was added directly to culture cells in pH
5.2 or 7.0 medium; after 15 min of incubation, the medium was
removed, and plaque formation was estimated. The virus titer
was equal under both conditions (results not shown). However,
direct incubation of influenza virus in pH 5.2 medium drops

FIG. 4. Comparison of the action of BFLA1 with other proton-ATPase in-
hibitors: effects of BFLA1 on different influenza virus strains. (A) MDCK cells
were infected with influenza virus at an MOI of 50 PFU/cell. At the time of virus
addition, 5 mM BFLA1, 0.8 mM concanamycin A (CONC.), 5 mM elaiophylin
(ELAIO), or 30 mM DCCD was added to the cells. Incubation in the presence
of the inhibitor was carried out for 1 h. Afterwards, the cell monolayers were
washed and incubated at 378C in DMEM until protein labeling from 5 to 6 h
postinfection. (B) MDCK cells were infected with the A/Victoria/3/75 (Vic),
A/WSN/33 (WSN), A/PR/8/34 (PR8), or A/Udorn/72 (Udorn) influenza virus
strain in the absence or presence of 5 mM BFLA1 and were then incubated for
1 h at 378C. Then the cells were washed and incubated with DMEM at 378C until
protein labeling from 4.5 to 5.5 h postinfection.

FIG. 5. Effect of acid pH on inhibition of influenza virus by BFLA1 or
concanamycin. (A) Cells were grown in L-24 Linbro dishes and incubated with
either BFLA1 (4 mM) or concanamycin A (50 nM) for 15 min at 378C. Then cells
were cooled at 48C, and influenza virus was added to at 10 PFU/cell; the cells
were then kept on ice for 1 h. After that time, the medium was removed and was
replaced by DMEMwithout bicarbonate, buffered with MES (pH 5.2) or HEPES
(pH 7). Cells were incubated at 378C in an atmosphere free of CO2 in the
presence or absence of the antibiotics. After 15 min, the medium was replaced by
DMEM, and the cells were incubated at 378C until the labeling period from 4.5
to 5.5 h postinfection. (B) Cells were incubated with concanamycin A (50 nM) or
BFLA1 (4 mM) for 15 min in DMEM without bicarbonate. Then concentrated
influenza virus was added along with 20 mM MES (pH 5.2) or 20 mM HEPES
(pH 7). Cells were incubated for a further 15 min in an atmosphere free of CO2,
and then they were washed and incubated in DMEM until the labeling period
from 4.5 to 5.5 h postinfection.
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virus infectivity 1,000-fold after 5 min of incubation at 378C.
Finally, plaque formation was estimated by preincubation of
the virus at 48C in pH 5.2 medium or in pH 7.0 medium,
followed by addition of warm pH 7 or 5.2 medium, respec-
tively. No effect on influenza virus PFU by these treatments
was observed (results not shown). Therefore, in agreement
with previous findings (41, 42, 49), direct incubation of influ-
enza virus with acidic medium diminishes virus infectivity,
while this effect is not observed when the virus is incubated
with cells.
The internal pH of cells rises upon incubation with low-pH

medium (26). Hence, we reasoned that preincubation of cells
with acidic medium would acidify the cytoplasm and block
influenza virus entry, even in the absence of inhibitors. To test
this possibility, three protocols were followed. (i) Influenza
virus was prebound to cells at 48C for 1 h in neutral medium;
aliquots of warm medium at different pHs were then added,
and the cells were further incubated for 15 min (Fig. 6A). (ii)
The virus was prebound at 48C at different pHs, and entry of
the virus was studied at the same pHs but at 378C (Fig. 6B).
(iii) The virus was prebound at 48C with acidic medium (pH
5.2), and then virus entry was studied at 378C over a range of
pHs (Fig. 6C). The results show that preincubation of cells with
low-pH medium (5.0 and 5.2) followed by incubation at 378C at
the same pH renders the cells refractory to virus entry, whereas
at pH 5.5 or above, virus infection is apparent (Fig. 6B). In
contrast, preincubation of cells and virus at 48C for 1 h in acidic
medium does not inactivate the virus, since it readily infects
such cells when they are subsequently incubated in medium at
pH 5.5 or above (Fig. 6C). On the other hand, addition of
warm pH 5.2 medium to influenza virus bound to cells does not
destroy infectivity (Fig. 6A). The conclusion from these results
is that influenza virus entry can be powerfully prevented by
low-pH conditions, suggesting that low pH per se does not
promote virus entry.

DISCUSSION

Two different modes of entry have been described for en-
veloped animal viruses: (i) direct fusion of the viral lipid en-
velope with the plasma membrane, as occurs with Sendai virus

(38), and (ii) internalization of virus particles in endosomes,
followed by fusion of the viral and the endosomal membranes
(29, 50, 56). The second pathway is followed by animal viruses
such as Semliki Forest virus, vesicular stomatitis virus, and
influenza virus (55, 56). It is believed that these viruses fuse
with and enter directly from the plasma membrane, provided
that an acidic culture medium is present during virus entry
(50). Fundamental to this second model is the concept that
viral glycoproteins present in the envelope change their con-
formation at acidic pH in such a way that exposure of a hy-
drophobic domain within the protein leads to its insertion into
the cellular membrane, thereby promoting fusion between the
viral and the cellular lipid bilayers (8, 50, 56). This model
further suggests that fusion leads to virus entry and hence
infection of the cell (29, 50, 56). Both morphological and bio-
chemical evidence supports the idea that some enveloped vi-
ruses follow the receptor-mediated endosome route to enter
cells, as indeed do many other macromolecules. Such viruses
need a low-pH step for entry, a requirement that can be dem-
onstrated by the use of compounds that raise the pH in endo-
somes (18, 19). Our present results lend support to this idea
and provide direct evidence that the activity of the
v-[H1]ATPase is required for the generation of low pH in
endosomes (33).
The high specificity of BFLA1 and concanamycin A in their

inhibition of the v-[H1]ATPase (1, 10) and the fact that very
low concentrations of these antibiotics inhibit virus entry sug-
gest that the compounds could be used as exquisite tools for
investigating the requirements for cell infection by animal vi-
ruses. Indeed, we have recently demonstrated that the entry of
poliovirus into cells does not require a low-pH step (4, 40); in
fact, such a requirement for poliovirus entry has been disputed
for almost a decade (15, 27, 28). BFLA1 and concanamycin A
might also be employed to obtain a more precise understand-
ing of the mechanisms that govern virus entry and the exact
role that low pH plays during the early steps of virus infection.
We stress that the use of lysosomotropic agents to assay the
requirement for a low-pH step during virus entry would be an
inappropriate approach for the experiments described in this
article. Direct addition of lysosomotropic agents to low-pH
media would raise the pH in such media. In addition, the
protonated amines would not pass through membranes and
therefore would not accumulate in endosomes under these
conditions. Further studies on the exact mode of action of the
macrolide antibiotics used in this work will shed more light on
their effects on other viral functions, apart from virus entry,
that are dependent on the v-[H1]ATPase activity.
Several processes that are involved with virus entry are still

poorly understood. For example, the precise role played by the
interaction of virus ligands with cell receptors in the modifica-
tion of the structural conformations of virions remains to be
elucidated. As indicated above, low pH by itself changes the
conformation of viral glycoproteins and of virion particles (8,
21, 34, 39, 56). In some instances, these modifications are so
drastic that they eliminate virus infectivity (49). Recent evi-
dence indicates that naked virion particles, or viral glycopro-
teins that are present in virus envelopes, undergo conforma-
tional changes upon interaction with their receptors (11, 35).
Such interactions, in addition to a low pH, may be required for
the correct insertion of the viral glycoprotein into the cellular
membrane. For example, attachment of togavirus and influ-
enza virus particles to their receptors at neutral pH does not
trigger fusion, whereas fusion of virions with artificial lipo-
somes takes place at acidic pH (49). However, it is not known
if this fusion event would lead to virus infection, since the
possibility exists that only viruses that enter cells via the endo-

FIG. 6. Inhibition of influenza virus replication by disruption of the pH
gradient. Cells were washed, and DMEM was replaced by DMEM without
bicarbonate and buffered at the indicated pH. Influenza virus was added at the
same time to the cells, and viral adsorption was allowed to occur for 1 h at 48C.
Excess virus was removed, and warm DMEM at different pHs was added for 15
min. The cells were washed again and incubated in DMEM until the labeling
period from 4.5 to 5 h postinfection.
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cytic pathway are infectious, even under low-pH conditions in
the medium (6).
Apart from the contribution that low pH makes to modifi-

cation of viral glycoprotein conformation, it is conceivable that
the pH gradient created by the v-[H1]ATPase pumps is also
required for virus entry, as we have recently indicated (2, 4,
40). The mechanistic model of virus entry can now be aligned
with other models in which energy is necessary to push the
virion nucleocapsid into the cytoplasm, and the use of the
antibiotics described here may allow us to distinguish between
the various possibilities. Animal viruses may simply fuse their
membranes with cellular membranes for entry, or, alterna-
tively, viruses may need an energized membrane for proper
fusion, with the dissipation of the proton motive force propel-
ling the virus into the cell. Indeed, the entry of both enveloped
and naked animal viruses into cells disrupts the membrane
potential (3, 22–24, 48). Poliovirus entry destroys the ionic
gradients that exist in animal cells (3, 13). Paramyxoviruses
also depolarize the cell membrane during entry, in such a way
that there is a rapid efflux of potassium ions and a correspond-
ing influx of sodium ions (12, 13, 60). Soon after Sendai virus
entry, the membrane repolarizes again (12, 13, 60), and indeed,
the entry of Semliki Forest virus does not occur in the absence
of a membrane potential, even under low-pH conditions (18).
Therefore, animal viruses dissipate the ionic gradients during
entry, the physiological significance of this behavior perhaps
being to couple the proton motive force with virus entry into
the cytoplasm (4). The prediction of this model is that viruses
will be unable to infect cells when the pH gradient has been
destroyed, even in an acidic environment. Indeed, our present
findings lend support to this concept and provide evidence that
influenza virus infection can be prevented even under low-pH
conditions (16). The addition of a low-pH medium to pre-
bound virus instantly creates a pH gradient, avoiding the ne-
cessity for v-[H1]ATPase to function. However, the dissipation
of this gradient by preincubation with a low-pH medium com-
promises virus infection. Evidence from electron microscopy
clearly shows that low-pH medium triggers the fusion of influ-
enza virus directly with the plasma membrane (54, 55). How-
ever, it is not known if this fusion event requires exclusively low
pH or if breakage of the pH gradient would hamper fusion. It
needs to be ascertained whether fusion of influenza virus with
the plasma membrane leads to infection or whether entry of
the virus through endosomes even under low-pH conditions is
a requisite for infectivity. Since monensin and concanamycin A
are both required for preventing influenza virus entry at low
pH, it seems that the v-[H1]ATPase is involved in this process.
Further clarification of the entry mechanisms for enveloped
animal viruses at low pH could result from the use of the
inhibitors described in this work.
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