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The hemagglutinin of the Rostock strain of fowl plague virus was expressed in CV-1 cells by a simian virus
40 vector, and its stability in the exocytotic transport process was examined by a fusion assay. A 50-fold
increase in the fusion activity of the hemagglutinin was observed when expression occurred in the presence of
ammonium chloride, Tris-HCl, or high doses of amantadine. When chloroquine, another acidotropic agent,
was used, the hemagglutinin exposed at the cell surface had to be activated by trypsin, because intracellular
cleavage was inhibited by this compound. Hemagglutinin mutants resistant to intracellular cleavage did not
require acidotropic agents for full expression of fusion activity, when treated with trypsin after arrival at the
cell surface. These results indicate that fowl plague virus hemagglutinin expressed by a simian virus 40 vector
is denatured in the acidic milieu of the exocytotic pathway and that cleavage is a major factor responsible for
the pH instability. Coexpression with the M2 protein also markedly enhanced the fusion activity of the
hemagglutinin, and this effect was inhibited by low doses of amantadine. These results support the concept that
M2, known to have ion channel function, protects the hemagglutinin from denaturation by raising the pH in
the exocytotic transport system. The data also stress the importance of acidotropic agents or coexpressed M2
for the structural and functional integrity of vector-expressed hemagglutinin.

Influenza virus enters cells by a mechanism of membrane
fusion that is mediated by the hemagglutinin (HA). The
fusogenic activity depends on posttranslational proteolytic
cleavage (14, 17) and on a conformational change (27) of HA.
The observation that this change requires low pH (9, 18) has
led to the concept that fusion takes place in endocytotic
vesicles (19, 34). Once the acid-induced conformational
change has occurred, it renders HA in an irreversibly dena-
tured form (5, 27). These observations were difficult to recon-
cile with the fact that virions released from host cells contain
native HA, although on its passage through the Golgi appara-
tus and the trans-Golgi network (TGN) the newly synthesized
glycoprotein is exposed to an acidic environment, too. The
problem was particularly pertinent with fowl plague virus
(FPV) and other strains in which cleavage already occurs
during exocytosis, since it had been reported that cleaved HA
was more susceptible to the low-pH change than uncleaved
HA (4).
The available evidence indicates that the factor that prevents

HA from being irreversibly denatured during exocytosis is the
M2 protein. M2 is an integral membrane protein of influenza A
virus (16, 35) that has the function of an ion channel (23, 30).
Our knowledge on the role of M2 in virus replication stems
mainly from studies involving amantadine, an inhibitor of the
channel function, and amantadine-resistant virus mutants.
From the pioneering study by Kato and Eggers on the neutral
red sensitivity of input virus, it has been known for a long time
that amantadine interferes with virus uncoating (11). As has
been shown with several influenza A strains this is accom-
plished by two different mechanisms. At high concentrations
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(>0.1 mM), amantadine neutralizes the acidic environment in
endocytotic vesicles, thereby preventing the conformational
change of HA required for fusion. At low concentrations (< 10
FLM), amantadine is believed to block the M2 channels of
virions present in endocytotic vesicles and thus to prevent the
low-pH-dependent disassembly of nucleocapsid and Ml pro-
tein (20, 36). Studies of FPV have demonstrated that amanta-
dine interferes also with the late stages of virus replication and
that HA produced under these conditions is present in the
acid-denatured form. These observations led to the concept
that M2 channels present in Golgi and TGN membranes of
infected cells raise the pH in these organelles and thereby
stabilize HA on the exocytotic transport route (7, 29).

Since the concept of HA stabilization by M2 has been
derived from studies in which replicating virus was analyzed, it
appeared desirable to evaluate it under conditions in which the
other viral gene products are not expressed. It was also of
interest to see whether expression of M2 and its presumptive
consequences on intracellular pH affect the production of
recombinant HA. To this end, we examined in the present
study the structural integrity of FPV HA expressed from a
simian virus 40 (SV40) vector by assaying its fusion activity. It
was found that the fusion activity of the FPV HA that is
cleaved in this system was dramatically stimulated by acido-
tropic agents or by coexpression with M2. The effects were less
distinct when uncleaved HA mutants were analyzed. The data
support the concept that M2 stabilizes the HA by modulating
the intracisternal pH during exocytosis. They also illustrate
that vector-mediated expression of only the HA may be
inappropriate for functional studies on this glycoprotein. Sim-
ilar conclusions concerning the stabilizing effect of coexpressed
M2 have been drawn in an accompanying paper in which the
pH-dependent conformation of the FPV HA has been exam-
ined by analyzing its susceptibility to proteolytic degradation
(31).
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MATERIALS AND METHODS

Expression of HA and M2 genes in CV-1 cells by SV40
recombinants. Preparation of cDNA of the HA gene of
influenza virus A/FPV/Rostock/34 (H7N1) (15), preparation of
HA mutants with altered cleavage sites by site-directed mu-
tagenesis by using the M13 system, and cloning of wild-type
HA and HA mutants into the SV40 vector pAlISVL3 for
expression in CV-1 cells (33) have been described previously.
The M2 gene, which is part of segment 7 of FPV, was obtained
by PCR. First cDNA was synthesized with spliced M2 mRNA
isolated from FPV-infected MDCK I cells and a primer
specific for the 3' end of the mRNA (sequence 5'-GATCG
GATTCAAGATGAGTCTTCTA-3'). After a second prim-
er (sequence 5'-GATCAGATCTYFTACTCCAGCTCTAT-3')
was added, the cDNA was amplified via PCR. Both primers
comprised restriction sites for BamHI and Bgl2, respectively,
that allowed cloning into the baculovirus vector pVL 1393. The
M, gene was then recloned into the vertebrate expression
vector pA ISVL3.
CV-1 cells infected with the SV40 recombinants were incu-

bated in Dulbecco's minimal essential medium (DMEM) at
37°C in a 5% CO2 atmosphere. Two days after infection, CV-1
cells were labeled for 3 h with [35S]methionine or with [35S]me-
thionine and [35S]cysteine (each at a concentration of 10
pLCi/ml) with DMEM lacking the respective cold amino acids.
After cells were solubilized in radioimmunoprecipitation
buffer, HA was precipitated with anti-FPV hyperimmune
rabbit serum and protein A-conjugated Sepharose 4B (Phar-
macia Co. Ltd.). M, was precipitated with rabbit antisera
prepared against synthetic N- and C-terminal peptides that
were kindly provided by A. Hay, London, United Kingdom.
The precipitates were washed extensively with radioimmuno-
precipitation buffer and analyzed on 10 or 12% polyacrylamide
gels as described previously (22).
When ammonium chloride, amantadine (1-aminoadaman-

tane hydrochloride), Tris-HCl (pH 7.5), and chloroquine
[7-chloro-4-(4-diethyl-amino- 1-methylbutylamino)quinoline]
were used, they were added to the media at the concentrations
indicated at 34 h postinfection (p.i.) and left on the cell
cultures for the rest of the incubation period.

Fusion assay. The fusion assay was done at 50 to 55 h p.i.
with the HA-SV40 recombinant. Monolayers of HA-expressing
CV-1 cells in 5-cm petri dishes were treated with acidic fusion
medium {RPMI 1640 medium (Flow Laboratories), 0.1%
bovine serum albumin (BSA), 5 mM MES [2-(N-morpholino)
ethanesulfonic acid; pH 5.0] (Sigma)} at 37°C for 3 min and
then neutralized by incubation in fresh medium containing 5%
fetal calf serum at 37°C for 5 to 14 h. The CV-1 cell cultures
were fixed with ethanol and stained with 1:10-diluted Giemsa
solution. Cells expressing HA were monitored by immunoflu-
orescent staining. Giant cells which contained more than three
nuclei were regarded as fused cells. The extent of fusion was
calculated by determining the fusion index, which is the total
number of nuclei in syncytia divided by the total number of
HA-positive cells.

Immunofluorescent staining. CV-1 cells infected with the
HA-SV40 recombinant were fixed with 2% paraformaldehyde
at 4°C for 1 h and permeabilized by treatment with 0.1%
Triton-X 100 at room temperature for 30 min. For cell surface
staining, treatment with Triton-X was omitted. The cells were
washed with phosphate-buffered saline containing 0.1% BSA
and incubated with 1:200 diluted antivirus hyperimmune rabbit
serum at 37°C for 1 h. As the second serum, biotinylated
anti-rabbit donkey antibody (Amersham, United Kingdom)
was used at a dilution of 1:200. After 1 h of incubation with the

second serum, the cells were stained with 1:400 diluted strepta-
vidin-fluorescein (Amersham) for 30 min at 37°C. The cell
cultures for immunofluorescent staining were made on glass
discs deposited in a 24-well culture plate. The diameter of each
well was 1.5 cm. The well, accordingly, had 1/1lth of the area
of the 5.0-cm petri dish in which the fusion test was done. To
assay the number of antigen-positive cells, the wells were
therefore inoculated with 1/1lth of the volume of the virus
suspension used for the infection of cultures in the petri dishes.
Antigen-positive cells were counted under a microscope after
permeabilization of the cells.

RESULTS

Acidotropic agents enhance cell fusion activity of FPV HA
expressed from an SV40 vector. Evidence that FPV HA
expressed from an SV40 vector exerts fusion activity has
already been obtained in previous studies. However, the
syncytia observed in cell monolayers were few in number and
small in size (24, 32). This is also demonstrated here in Fig. la,
which shows a monolayer of CV-1 cells that has been exposed
to brief pH 5 treatment 55 h after infection with the HA-SV40
recombinant virus. Only occasionally, three or four cells that
underwent fusion could be seen. In contrast, when HA was
expressed in the presence of 10 mM ammonium chloride, a
large number of giant cells containing at least 20 nuclei could
be detected (Fig. lb). The extensive increase in fusion occur-
ring under these conditions becomes even more apparent
when the fusion index is calculated as the total number of
nuclei present in syncytia relative to the total number of nuclei
present in HA-expressing cells. As shown in Fig. 2, the specific
fusion activity of the FPV HA increased by incubation not only
with ammonium chloride, but also with 10 mM Tris-HCl (pH
7.5) or relatively high doses (67 FM) of amantadine. These
results support the view that the fusion activity of FPV HA
expressed from an SV40 vector is greatly diminished by
denaturation in the acidic milieu of the exocytotic transport
system and that acidotropic agents, such as ammonium chlo-
ride, Tris-HCl, and amantadine, abolish this detrimental effect,
presumably by raising the pH in the Golgi apparatus and the
TGN.

It was therefore surprising to see that chloroquine, another
acidotropic agent, did not increase the fusion activity of the
FPV HA, as also shown in Fig. 2. This observation was
explained when HA expression was analyzed by polyacryl-
amide gel electrophoresis (Fig. 3). Whereas the FPV HA was
cleaved in CV-1 cells in the presence of ammonium chloride,
as was the case in the presence of Tris-HCl and amantadine
(data not shown), cleavage was not observed when expression
occurred in the presence of chloroquine. However, CV-1 cells
expressing FPV HA in the presence of chloroquine showed
extensive fusion when monolayers were exposed 50 h p.i. to
controlled trypsin treatment (Fig. 2). These observations indi-
cate, firstly, that chloroquine protects the HA from acid
denaturation as do the other acidotropic agents; secondly, that
it does not interfere with the surface transport of HA; and,
thirdly, that it prevents proteolytic activation by a mechanism
not yet understood.

Acidotropic agents enhance accumulation of vector-ex-
pressed FPV HA at the cell surface. The observation that the
acidotropic agents stimulate cell fusion raised the question of
whether these compounds have an effect on the amount of HA
present at the cell surface. HA expressed by the SV40 vector
was therefore examined by immunofluorescence in permeabi-
lized and nonpermeabilized cells. As demonstrated in Fig. 4,
ammonium chloride did not have a significant effect either on
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FIG. 1. Effect of ammonium chloride on cell fusion observed in CV-1 cells expressing A/FPV/Rostock/34 HA. Wild-type HA was expressed in

CV-1 cells in the absence (a) and presence (b) of 10 mM ammonium chloride, and fusion was induced by acid treatment at 55 h after infection
with recombinant virus. Cells were stained with Giemsa solution and inspected with a microscope.

the number of permeabilized cells expressing HA or on the
amount of HA present in these cells. However, when nonper-
meabilized cells were analyzed, it became clear that the
addition of ammonium chloride to the medium resulted in an
increase in the number of cells expressing HA at their surface.
Similar observations have been made when HA was expressed
in the presence of the other weak bases, including chloroquine
(data not shown). Since the antiserum used for immunofluo-
rescent staining did not discriminate between the low-pH and
the neutral-pH forms of FPV HA, it can be concluded from
these data that there is an increased accumulation ofHA at the
cell surface in the presence of the acidotropic agents.

It has been reported previously that the transport of influ-
enza virus HA to the apical surface of polarized cells is
retarded in the presence of ammonium chloride (21). This
observation is not necessarily in conflict with the data pre-
sented here, since the H3 HA used in that study is relatively
insensitive to acid denaturation and may therefore not depend
on stabilization by acidotropic agents during exocytosis. In the
case of FPV HA, however, a possible retarding effect of
ammonium chloride on transport appears to be abrogated by
the protective effect that allows the accumulation of structur-
ally and functionally intact HA at the cell surface.

Effect of ammonium chloride on fusion depends on intra-
cellular cleavage of FPV HA. As has been pointed out above,
influenza virus HAs vary considerably in acid sensitivity, and
the available evidence indicates that these differences depend
on the subtype as well as on proteolytic cleavage of HA. It was
therefore of interest to see whether the relatively high lability
of the FPV HA and, hence, the distinct stabilizing effects of the

acidotropic agents result from the obligatory cleavage by the
ubiquitous intracellular protease furin, which is typical for this
HA, or from another specific structural trait. To throw light on
this problem, we have selected from a panel of HA mutants, in
which the cleavage site was altered by site-directed mutagen-
esis (33), two variants that are no longer susceptible to furin
but still can be activated by trypsin. The wild-type cleavage site
REKR was changed in mutant Mu7 to RNRK and in mutant
23 to GKKR. Both mutants were expressed in CV-1 cells in
uncleaved form, but the fractions present at the cell surface
were cleaved after exposure to trypsin (10 pug/ml for 15 min)
(Fig. 5). We then compared the fusion activity of the mutants
with that of wild-type HA (Fig. 6). In the absence of stabilizing
acidotropic agents, the fusion indices of both mutants were 20
times higher than that of the wild type. When expressed in the
presence of ammonium chloride, fusion of mutant HA could
still be increased by a factor of about 2, now reaching the
fusion index of wild-type HA expressed under the same
conditions (cf. Fig. 2). These results indicate that intracellular
proteolytic cleavage is the major but is not the only factor
responsible for the high sensitivity of the FPV HA to acid
denaturation during exocytosis.

Coexpression with M2 protein enhances fusion activity of
FPV HA. Since the acidotropic agents used in this study appear
to mimic the effect of M2 on HA biosynthesis in FPV-infected
cells, cell fusion was analyzed in cells in which HA was
coexpressed with M2. For this purpose, an SV40 recombinant
that contained the M2 gene of the Rostock strain of FPV was
constructed. CV-1 cells were infected first with the HA recom-
binant and then 5 h later with the M2 recombinant. At 50 h p.i.
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FIG. 2. Quantitative analysis of effects of ammonium chloride and
other acidotropic agents on fusion activity of vector-expressed A/FPV/
Rostock/34 HA. Wild-type HA was expressed in CV-1 cells in the
absence of an acidotropic agent (H7) or in the presence of 10 mM
ammonium chloride (+NH), 10 mM Tris-HCl (+Tr), 67 ,uM amanta-
dine (+Am), or 80 ,uM chloroquine (+Ch). HA expressed at the cell
surface in the presence of chloroquine was cleaved by incubation of the
cultures with trypsin (10 ,ug/ml) for 15 min (+Ch+t). Fusion was
induced as described in the legend to Fig. 1, and fusion indices were
calculated as described in Materials and Methods.

with the HA recombinant, cells were radiolabeled, and pro-
teins were analyzed by immunoprecipitation followed by poly-
acrylamide gel electrophoresis. Figure 7 demonstrates that
both proteins are expressed and that HA is cleaved under these
conditions. The sequence of HA-SV40 infection followed by
M2-SV40 infection proved to be essential for optimal expres-
sion of both proteins. After simultaneous infection, the level of
HA expression was significantly reduced, an observation sup-
porting the view that overexpression of M2 is toxic for cells and
thus diminishes their biosynthetic potential (1).
To examine the effect of M2 on fusion, cells were again

sequentially infected with both SV40 recombinants. The fusion
activity of FPV HA coexpressed with M2 was 25 times higher
than that of hemagglutinin expressed alone (Fig. 8). The
observation that coexpression with M2 did not enhance fusion
activity quite as much as ammonium chloride is probably due
to the fact that each protein was expressed by only about 70%
of the cells present in a culture and that the proportion of
coexpressing cells was therefore still lower. Figure 8 shows also
that enhancement of fusion activity by coexpression with M2
was abolished by amantadine. This indicates that stimulation of
fusion is a specific effect of the ion channel activity of M2. It has
thus been clearly demonstrated that M2 has an important
helper function in the biosynthesis of functional FPV HA.

DISCUSSION

We have demonstrated in this study that FPV HA expressed
from cDNA in vertebrate cells requires coexpression of M2 for
a dramatic increase in fusion activity. We saw similar effects
when HA was expressed in the presence of acidotropic agents.

HA -

HAn - U-| _ _ _o
-NP

HA 2- a- -Mi

FIG. 3. Polypeptide profiles of A/FPV/Rostock/34 HA expressed in
CV-1 cells in the absence and presence of acidotropic agents. Wild-
type HA was labeled at 50 h after infection with recombinant virus for
3 h with [35S]methionine and analyzed on a 10% polyacrylamide gel
after immunoprecipitation. HA was expressed in the absence of an
acidotropic agent (lane 1), in the presence of 10 mM ammonium
chloride (lane 2), and in the presence of 80 p.M chloroquine (lane 3).
Lane 4, [35S]methionine-labeled virus proteins were immunoprecipi-
tated from infected CV-1 cells.

These observations support the concept that the M2 protein
has the function of an ion channel (23), which, by raising the
pH in the TGN, protects the acid-labile FPV HA from
denaturation during exocytosis (7, 8, 29, 30). The examination
of cell fusion revealed that the acidotropic agents and M2
caused a 25- to 50-fold increase in the biological activity of HA.
Because of its high sensitivity, this assay may therefore be a
useful instrument for analyzing the ion channel function of M2
as well as the pH sensitivity of HA.
When expressed without protection by M2 or acidotropic

agents from exposure to low pH, wild-type HA undergoing
proteolytic cleavage in CV-1 cells had lost most of its fusion
potential after arriving at the cell surface, whereas this was not
the case with uncleaved HA mutants. This observation indi-
cates that cleavage is an important factor in the pH sensitivity
of FPV HA. The role of cleavage in HA stability has also been
a matter of interest in several other studies. Thus, the antige-
nicity of the B epitope has been found to be modified by acid
treatment in cleaved, but not in uncleaved, H3 HA (4).
Ruigrok and coworkers (25) reported that, after low-pH
treatment, cleaved H3 HA became susceptible to tryptic
degradation, whereas uncleaved HA remained resistant. On
the other hand, by using a panel of monoclonal antibodies
recognizing different regions of HA, it could be shown that
uncleaved H3 HA also underwent conformational changes at
low pH, although in a manner somewhat different from that of
the cleaved form (10). Finally, Boulay and coworkers (2)
examined the pH stability of cleaved and uncleaved HA
intensively and concluded on the basis of antigenic modifica-
tions and the acquisition of trypsin susceptibility that un-
cleaved H3 HA was also sensitive to low pH. These observa-
tions taken together indicate that cleavage is a major, but not
the only, factor responsible for HA instability at low pH, and
our observations of FPV HA support this view.

Acidotropic agents proved to be useful tools to protect
vector-expressed FPV HA from low-pH-induced destabiliza-
tion. These compounds include ammonium chloride, which has
also been shown to interfere with amantadine-induced HA
denaturation in FPV-infected cells (29), Tris-HCl at pH 7.5,
amantadine at high concentrations, and chloroquine. Since
FPV HA acquires low-pH sensitivity by furin-mediated cleav-
age in the trans-Golgi region (28) and since this is also the cell
compartment in which conversion into the low-pH form has
indeed been localized (3), it is obvious that the acidotropic
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FIG. 4. Effect of ammonium chloride on cell surface accumulation of vector-expressed A/FPV/Rostock/34 HA. Wild-type HA was expressed
in CV-1 cells in the absence (a and b) and presence (c and d) of 10 mM ammonium chloride. At 50 h p.i., immunofluorescence staining was done
with nonpermeabilized (a and c) and permeabilized cells (b and d) as described in Materials and Methods.

agents protect HA by raising the pH in the acidic compart-
ment. However, there are also other effects of these com-
pounds on the processing machinery of the cell which are
reflected by the structural variations of HA. When expressed in
the presence of ammonium chloride, HA had a higher elec-
trophoretic mobility than HA synthesized in the absence of this
base (Fig. 3). Although this effect has not been further
analyzed, it appears that ammonium chloride has some effect
on HA glycosylation. Chloroquine, on the other hand, inter-
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FIG. 5. Polypeptide profiles of cleavage mutants Mu7 and Mu23.
HA mutants Mu7 and Mu23 with modified cleavage sites were

expressed in CV-1 cells by using SV40 recombinants. At 50 h p.i., cells
were labeled for 3 h with [35S]methionine. They were then incubated
for 15 min with trypsin (10 ,g/ml) or mock treated. HA proteins were
immunoprecipitated from cell lysates and analyzed by polyacrylamide
gel electrophoresis.

fered with proteolytic cleavage. Since HA is transported under
these conditions to the cell surface, its passage through the
compartment in which cleavage actually should occur is most
likely not prevented. It remains therefore to be seen whether
chloroquine is an inhibitor of the activating protease furin or
whether it interferes with HA cleavage by some other mecha-
nism.
As has been pointed out in the introduction, amantadine has

been known for some time to have three different effects on
replication of influenza A viruses: at high concentrations, in an
M2-independent fashion, it prevents the conversion of HA into
the fusogenic form during endocytosis, thus interfering with
virus entry at the stage of uncoating. At low concentrations, it
prevents disassembly of infecting virus by blocking M2 chan-
nels, thus again interfering with virus uncoating. On the other
hand, amantadine at low concentrations also interferes with
HA maturation by preventing M2 channels from pH adjust-
ment to neutrality in the exocytotic pathway, an effect that was
also observed in the present study in the experiment for which
the results are shown in Fig. 8. We describe here another
mechanism of amantadine action that has not been reported
previously: HA protection by raising the pH during exocytosis.
Not mediated by M2, this effect requires relatively high doses
of amantadine. It has to be emphasized that the amantadine
effects that interfere with virus entry as well as the effect on the
M2 function during exocytosis suppress virus replication. In
contrast, by stabilizing newly synthesized HA the amantadine
effect described for the first time here is expected to rather
upregulate virus replication. Thus, there appears to be an
antagonism between the M2-mediated and the M2-indepen-
dent modes of amantadine action on the late steps in FPV
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FIG. 6. Cell fusion activities of mutants Mu7 and Mu23 after
trypsin treatment. HA mutants Mu7 and Mu23 and wild-type HA were
expressed in CV-1 cells. At 55 h after infection with the recombinants,
cells were exposed first to trypsin treatment (10 ,ug/ml) for 15 min and
then to acidic medium to induce cell fusion. Fusion indices were
determined as described in Materials and Methods. Wild-type HA
(H7), mutant Mu7 (Mu7), mutant Mu23 (Mu23), and mutant Mu7 in
the presence of 10 mM ammonium chloride (Mu7+NH) were ex-
pressed.

replication. This may explain why the inhibitory effect of
amantadine on the late phase of FPV replication has escaped
detection in some previous studies (11, 12, 26).

Evidence has been presented that the hemagglutinin of the
Rostock strain of FPV that undergoes its conformational
change at pH 5.9 requires a highly efficient M2 to keep the
intracisternal pH in the TGN above the denaturation thresh-
old, whereas the Weybridge strain of FPV has an M2 with
lower levels of activity and HA undergoing conformational
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FIG. 7. Coexpression of HA and M2 of influenza virus A/FPV/
Rostock/34. CV-1 cells were infected with recombinants HA-SV40
(H7) and M2-SV40 (M2) individually or with both recombinants
(H7+M2). For coexpression, cells were infected first with the recom-
binant HA-SV40 and 5 h later with the recombinant M2-SV40. At 50
h after the onset of the experiment, cells were labeled for 3 h with
[35S]methionine and [35S]cysteine. HA and M2 were immunoprecipi-
tated with specific antisera and analyzed on a 12% polyacrylamide gel.

H7 H7+M2 H7+M2,Am H7+NH

FIG. 8. Cell fusion activity of A/FPV/Rostock/34 HA after coex-
pression with M2. Wild-type HA was expressed in CV-1 cells alone or
with M2 as described in the legend to Fig. 7. Incubation in the presence
of ammonium chloride (10 mM) or amantadine (5 ,uM) was done as
described in Materials and Methods. Fusion was induced as described
in the legend to Fig. 1, and fusion indices were calculated for the fusion
activity of HA expressed alone (H7), after coexpression with M2
(H7+M2), after coexpression with M2 in the presence of amantadine
(H7+M2, Am), and alone in the presence of ammonium chloride
(H7+NH).

change at a lower pH (6). Thus, it appears that HA and M2 of
a given virus match each other. Examination of the effect of
coexpressed M2 on HA stability by the highly sensitive fusion
assay presented here should provide a suitable system to
analyze this problem in more detail. It will be of particular
interest to find out how stringent the link is between the FPV
HA and the homologous M2. If the link would be stringent, it
should preclude easy spread of the FPV HA into the other
influenza A strains. This problem is of considerable biological
interest because of the importance of the FPV HA as a
determinant for high pathogenicity (13).
The experiments presented here underline the important

role of the M2 protein in the biosynthesis of FPV HA. Whether
M2 has a similar role in the biosynthesis of HA of other
influenza A virus strains remains to be seen. It appears that
cooperative effects between viral membrane proteins have not
yet attracted the attention they deserve. This is particularly
relevant when individual proteins are expressed from cDNA.
Our data show that the information obtained from such studies
may be incomplete if the cooperative partner is neglected.
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