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The hemagglutinin (HA) of fowl plague virus was lengthened and shortened by site-specific mutagenesis at
the cytoplasmic tail, and the effects of these modifications on HA functions were analyzed after expression from
a simian virus 40 vector. Elongation of the tail by the addition of one to six histidine (His) residues did not
interfere with intracellular transport, glycosylation, proteolytic cleavage, acylation, cell surface expression, and
hemadsorption. However, the ability to induce syncytia at a low pH decreased dramatically depending on the
number of His residues added. Partial fusion (hemifusion), assayed by fluorescence transfer from octadecyl-
rhodamine-labeled erythrocyte membranes, was also reduced, but even with the mutant carrying six His
residues, significant transfer was observed. However, when the formation of fusion pores was examined with
hydrophilic fluorescent calcein, transfer from erythrocytes to HA-expressing cells was not observed with the
mutant carrying six histidine residues. The addition of different amino acids to the cytoplasmic tail of HA
caused an inhibitory effect similar to that caused by the addition of His. On the other hand, a mutant lacking
the cytoplasmic tail was still able to fuse at a reduced level. These results demonstrate that elongation of the
cytoplasmic tail interferes with the formation and enlargement of fusion pores. Thus, the length of the
cytoplasmic tail plays a critical role in the fusion process.

The influenza virus hemagglutinin (HA) is a multifunctional
membrane protein responsible for the attachment of virions to
the cell surface and for membrane fusion, which allows pene-
tration of the viral genome into the cytoplasm. Several steps in
the fusion process can be discriminated. These include the
formation of a membrane stalk, partial fusion (hemifusion),
pore formation, flickering, and pore enlargement (13, 14). It is
generally accepted that the fusion activity of HA is mediated by
the hydrophobic fusion peptide at the amino terminus of the
HA2 subunit. At a neutral pH, the fusion peptide is located at
the bottom of the stem region of the HA spike (36), distant
from the membrane of the target cell. It has long been known
that fusion occurs only at a low pH (6, 12) and that the pH shift
is necessary for a conformational change in the ectodomain of
HA (34, 35). Bullough and coworkers (1) have proven this
concept by showing in a crystallographic study that, at a low
pH, the fusion peptide is exposed at the tip of the spike and
thus may interact with the target membrane.

In contrast to understanding of the ectodomain, structure-
function relationships are less well understood in the trans-
membrane domain and in the cytoplasmic tail. In particular, it
is not clear how these regions contribute to fusion. The first
evidence for their involvement in fusion came from the obser-
vation that deletion of the covalently attached fatty acids from
the transmembrane and cytoplasmic domains of A/Japan/
305/57 HA (subtype H2) abolished fusion activity (18). It was
therefore concluded that acylation of these domains was es-

sential for fusion activity. On the other hand, several other stu-
dies with H2 and different HA subtypes showed fusion activity
after the deletion of all fatty acids (19, 29, 31). Kemble and co-
workers (10) replaced the transmembrane and cytoplasmic do-
mains of HA with glycophosphatidylinositol (GPI) and found
that the GPI-anchored HA mediated the transfer of lipophilic
fluorescent octadecylrhodamine (R18) from R18-labeled eryth-
rocyte membranes to HA-expressing cells but failed to mediate
the transfer of hydrophilic fluorescent calcein. The authors
concluded from these studies that the ectodomain of HA me-
diates hemifusion but that the transmembrane and cytoplasmic
domains are necessary for pore formation and therefore for
complete fusion. However, GPI-anchored HA differed from
original HA in oligosaccharide processing, indicating abnormal
folding. It is therefore not absolutely clear whether the effect of
the GPI anchor on fusion activity is due to the loss of the
transmembrane and cytoplasmic domains or to a conforma-
tional change in the ectodomain. Jin and coworkers (7) showed
that HA lacking the cytoplasmic domain was incorporated into
virus particles and that such virus was infectious, indicating
that the cytoplasmic domain was not an absolute prerequisite
for virus morphogenesis and infectivity. However, such virus
was quickly replaced by revertants which possessed the cyto-
plasmic tail, indicating that this region played some role in
virus replication. This finding was also suggested by a study
showing that infectious virus particles were not recovered when
the acylation of HA was prevented by site-directed mutagen-
esis (39).

In the present study, we analyzed the effect of modification
of the tail length on the fusion activity of HA. We show that tail
elongation, while not affecting processing, surface transport,
and receptor binding activity, reduces fusion by interfering
with the formation and enlargement of fusion pores. The effect
depends on the size but not on the sequence of the attached
peptide. Deletion of the tail has little effect on fusion. These
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results indicate that the length of the cytoplasmic tail plays a
critical role in the fusion activity of HA.

MATERIALS AND METHODS

Elongation of the cytoplasmic tail of HA. cDNA of the HA gene derived from
fowl plague virus (FPV) strain A/FPV/Rostock/34 (H7N1) was modified by
insertion of an oligonucleotide corresponding to six His residues between the
end of the coding region and the stop codon by use of an M13mp11 vector as
described previously (21). The resulting mutant HA was named 16His. Mutants
with shorter His tails were obtained by deleting portions of the 16His mutant.
Other amino acids were added to the end of the coding region by essentially the
same procedure.

Expression of HA genes. cDNAs of wild-type (WT) and mutant HAs were
inserted in the BamHI site of the simian virus 40 (SV40) late promoter-regulated
region of the pA11SVL3 vector. Cells were transfected together with helper
DNA as described previously (20). CV-1 cells were grown in Dulbecco’s modified
minimum essential medium (DMEM) supplemented with 5% fetal calf serum
(FCS). Recombinant virus was harvested by freezing and thawing the transfected
cells twice, and the cell homogenate was used as a virus source. WT and mutant
HAs were expressed in the presence of 10 mM ammonium chloride to prevent
inactivation in the acidic milieu of the trans-Golgi network (20, 30). Hemadsorp-
tion, fusion testing, and analysis of expressed protein were done 2 days after
infection with recombinant virus.

Hemadsorption test. Two days after infection, HA-expressing cell monolayers
were washed once with FCS-free medium and incubated with 50 mU of Vibrio
cholerae neuraminidase (VCNA; test neuraminidase; Behringwerke, Marburg,
Germany) in 2 ml of medium at 37°C for 1 h, since FPV HA requires VCNA
pretreatment for hemadsorption activity (21). After VCNA treatment, the cells
were washed three times with phosphate-buffered saline (PBS) containing Mg
and Ca ions and then overlaid with a suspension of freshly prepared guinea pig
erythrocytes. After a 15-min adsorption period, unbound erythrocytes were re-
moved with the overlay fluid and by rinsing of the culture with an excess of PBS.

Fusion test. HA-expressing CV-1 cells were treated with acidic RPMI 1640
medium (pH 5.0) for 5 min at 37°C. The medium was exchanged for neutral
DMEM containing 5% FCS. After 4 h of incubation in neutral DMEM, cells
were fixed with ethanol and stained with Giemsa solution. The number of cells
fused was determined by counting nuclei in syncytia, and the number of HA-
expressing cells was estimated by counting hemadsorption-positive cells after
VCNA treatment. The specific fusion activity of each HA mutant was expressed
as the fusion index, which is the total number of nuclei in syncytia per micro-
scopic field divided by the number of hemadsorption-positive cells per field.

PAGE of expressed HA protein. HA-expressing CV-1 cells were labeled with
[35S]methionine for 3 h, chased for 1 h, and then lysed in radioimmunoprecipi-
tation buffer as described previously (21). After immunoprecipitation with anti-
FPV rabbit serum and protein A-Sepharose 4B (Sigma), HA proteins were
analyzed under denaturing conditions by sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis (PAGE). Fatty acid bound covalently to HA was
labeled for 16 h with [3H]palmitic acid and then analyzed by SDS-PAGE in the
absence of a reducing agent as described previously (31).

Endo H digestion of expressed HA protein. HA protein was labeled with
[35S]methionine and recovered by immunoprecipitation as described above. The
complex of HA, anti-FPV rabbit immunoglobulin G (IgG), and protein A-Seph-
arose 4B was suspended in 10 ml of 0.1 M phosphate buffer (pH 7.5) containing
0.1% SDS and 0.5% 2-mercaptoethanol and heated at 95°C for 3 min. Excess
SDS was blocked with Triton X-100 at a final concentration of 1%. HA was
digested with endoglycosidase H (endo H) (Boehringer GmbH, Mannheim,
Germany) at a concentration of 1 mU/10 ml overnight at 37°C and analyzed by
PAGE as described previously (21).

Immunofluorescence staining of HA-expressing cells. HA-expressing CV-1
cell monolayers were washed once with PBS, incubated with anti-FPV rabbit
antiserum at 37°C for 1 to 30 min, washed twice, and fixed with a chilled solution
of 1% paraformaldehyde in PBS. After extensive washing with saline, the fixed
cells were incubated with anti-rabbit IgG biotinylated donkey serum at 37°C for
1 h, and then the antigen-antibody complex was visualized with streptavidin
fluorescein (Amersham Co., Amersham, United Kingdom).

Flow cytometric analysis of immunostained HA-expressing cells. For detec-
tion of HA on cell surfaces, CV-1 cells infected with recombinant SV40-HA were
detached from culture dishes by EDTA and trypsin treatment 48 h postinfection
and fixed with 2% paraformaldehyde for 15 min at room temperature. Cells were
washed once with 2% glycine in PBS and incubated with a mouse monoclonal
antibody (2A11-H7) recognizing the neutral HA and the low-pH form for 1 h at
37°C, followed by staining with a fluorescein isothiocyanate-conjugated goat
anti-mouse immunoglobulin (4). Cells were resuspended in 1 ml of PBS and
subjected to fluorescence-activated cell sorter (Becton Dickinson) analysis. Data
were evaluated with Becton Dickinson FACScan research software, version 2.1.
Inoculi of recombinant SV40-HA stocks were adjusted for infection of CV-1 cells
to yield a maximum number of infected cells with similar surface HA expression
levels. However, to ensure that HA-expressing CV-1 cells were surrounded by a
sufficient number of noninfected cells for quantification of fusion, CV-1 cells
were infected with 10% the input virus required for maximum expression of
recombinant HA.

Labeling of erythrocyte membranes with R18. Freshly prepared guinea pig
erythrocytes (0.5 ml) were suspended in 10 ml of PBS. The suspension was
vigorously mixed with 20 ml of R18 (Molecular Probes, Eugene, Oreg.) solution
(2 mM in ethanol), and the mixture was incubated at 37°C for 15 min as
described previously (16). The erythrocytes again pelleted, resuspended in 10 ml
of PBS containing 0.4% bovine serum albumin, and incubated for 15 min at 37°C.
R18-labeled erythrocytes were washed by centrifugation until the supernatant
became clear and then were used for hemadsorption and fusion testing.

Labeling of erythrocytes with calcein. Calcein AM (10 mM; 5 ml; Molecular
Probes) in dimethyl sulfoxide was added to 10 ml of a guinea pig erythrocyte
suspension. The mixture was vortexed and incubated for 30 min at 37°C as
described previously (11). After the removal of excess calcein by centrifugation,
the erythrocytes were incubated in 10 ml of PBS containing 0.4% bovine serum
albumin for 15 min at 37°C. Calcein-filled erythrocytes were washed twice and
used for further experiments.

RESULTS
Effect of His addition on the fusion activity of HA. When six

His residues were added to the end of the cytoplasmic domain
of FPV HA by site-specific mutagenesis (16His; Fig. 1), HA
lost fusion activity, although the mutant showed hemadsorp-
tion activity as high as that of the WT. Cell fusion was induced
by exposing the HA-expressing cells to pH 5.0 as described
previously (20). Hemadsorption was induced by treatment of
the HA-expressing cells with VCNA, since neuraminidase is
essential for FPV HA to show hemadsorption activity (21).
The results indicated that the His residues added to the cyto-
plasmic tail of HA interfered with cell fusion activity.

FIG. 1. Hemadsorption (bottom panels) and cell fusion (top panels) of CV-1
cells expressing WT HA and 16His HA. Cells were infected with recombinant
SV40-HA stocks and incubated for 2 days. HA was expressed in the presence of
10 mM ammonium chloride for protection against acid degradation during
transport (20). Before hemadsorption, HA-expressing cells were treated with
VCNA to remove sialic acid interfering with the binding of erythrocytes (21).
Cell fusion was induced by acid treatment (pH 5.0). Amino acid sequences of the
cytoplasmic tail of the WT and the 16His mutant are also shown.
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To examine how many His residues are necessary to inter-
fere with cell fusion, we deleted His residues one by one from
mutant 16His. When mutants carrying one to five His residues
at the cytoplasmic tail (mutants 11His to 15His, respectively)
were expressed in CV-1 cells by the SV40 expression vector,
all mutants showed high hemadsorption activity after VCNA
treatment (data not shown). Specific fusion activities of each
mutant and the WT were evaluated as fusion indices. As shown
in Fig. 2, the addition of as little as one His residue affected
fusion activity considerably, and the addition of five His resi-
dues abolished fusion activity completely.

Intracellular transport. We then examined the effects of His
addition on the intracellular transport, glycosylation, and acy-
lation of HA. As FPV HA is cleaved by a cellular proprotein
convertase in the trans-Golgi network, the cleavage of HA is a
marker for transport through the exocytic pathway. HA-ex-
pressing cells were labeled with [35S]methionine, and HA pro-
teins were analyzed by PAGE after quantitative immunopre-
cipitation. As shown in Fig. 3A, mutants with additional His
residues were cleaved by cellular protease as well as the WT
was. Cleavage rates were slightly lower with 15His and 16His
mutants than with other HA mutants. However, the cleavage
of 15His and 16His mutants was enhanced by trypsin treat-
ment, but this treatment did not restore fusion activity (data
not shown), indicating that the slight differences in cleavage
rates could not explain the loss of cell fusion activity in these
mutants. The intracellular transport of HA was also monitored
by the acquisition of resistance against endo H digestion. It is
known that the HA1 subunit of FPV HA has five complex
oligosaccharides in the mature virion (9). The results shown in

Fig. 3A and B indicate that all oligosaccharides of the HA1
subunit were endo H resistant, indicating that they were all of
the complex type and therefore well processed. The HA2 sub-
unit of FPV has two oligosaccharides, one of which is a high-
mannose type and the other of which is partly a high-mannose
type and partly a complex type (9). The results shown in Fig.
3A and B indicate that HA2 was a mixture of molecules con-
taining two endo H-sensitive oligosaccharides and molecules
containing one sensitive oligosaccharide and one resistant oli-
gosaccharide. These results indicate that there was no signifi-
cant difference in processing between the WT and the mutants.

Acylation, which occurs before HA enters the Golgi appa-
ratus, was examined by labeling with [3H]palmitic acid and
PAGE analysis in the absence of a reducing agent. As shown in
Fig. 3C, there was no difference in acylation between the WT
and the mutants. A faint band corresponding to the HA2
subunit was also detected in each lane in spite of the absence
of a reducing agent. This band appeared to result from the
shedding of HA1 during the long labeling period. The data
shown in Fig. 3C, as well as those shown in Fig. 3A and B,
demonstrate that the number of His residues attached affected
the electrophoretic mobility of HA2. From these observations
it is clear that there are no significant differences in expression
and processing rates between WT HA and the His mutants.

Surface exposure. To determine the amount of HA exposed
at the cell surface, CV-1 cells were analyzed by flow cytometry
48 h after infection with SV40 recombinants. As shown in
Table 1, the mean fluorescence intensity and the percentage of
cells expressing HA were similar in the WT and all the His
mutants, indicating that tail elongation had little effect on the
surface density of HA. We then compared the distribution of
WT HA and 16His HA on the cell surface by immunostaining.
HA-expressing cells were incubated with anti-FPV rabbit an-
tiserum (final dilution, 1:250 in PBS) at 37°C for 1 to 30 min
and fixed with 1% paraformaldehyde. After being washed with
PBS, the fixed cells were incubated with anti-rabbit IgG bio-
tinylated donkey serum at 37°C for 1 h, and the antigen-anti-
body complex was visualized with streptavidin-fluorescein. An-
tigen-antibody complexes formed many small clusters on the
cell surface. The clusters became slightly larger with increasing
incubation periods before fixation. However, no significant dif-
ference in the distribution or size of the clusters was observed
between the WT and mutant 16His (data not shown). Thus,
the distribution of 16His HA in the cell membrane resembles
that of WT HA.

FIG. 2. Specific fusion activity of the WT and 1His mutants. HA expression
and fusion tests were done as described in the legend to Fig. 1. The fusion index
is the total number of nuclei in syncytia per field divided by the number of
hemadsorption-positive cells per field before fusion induction.

FIG. 3. Posttranslational processing of WT HA and mutant HA. (A) Proteolytic cleavage of HA. Expressed HA was labeled with [35S]methionine, recovered by
immunoprecipitation, and then analyzed by PAGE. (B) Endo H digestion of HA. Labeled HA was recovered as described above and digested with endo H. (C)
Acylation of HA. Expressed HA was labeled with [3H]palmitic acid for 16 h and analyzed by PAGE without 2-mercaptoethanol.
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Effect of other amino acids added to the C terminus on
fusion activity. To examine whether the fusion-inhibiting effect
is specific for His, we made three mutants with different elon-
gation sequences (Table 2). These mutants were also expressed
efficiently by the SV40 vector, and their cleavage, glycosylation,
and hemadsorption activities were essentially the same as those
of WT and the other mutants (data not shown). The fusion
indices showed that all three mutants had extremely low fusion
activity, demonstrating that not only His but also other amino
acids interfere with cell fusion activity when added to the end
of the cytoplasmic tail (Table 2). We also examined the fusion
activity of a mutant from which the entire cytoplasmic domain
had been deleted (mutant Nocyt). As shown in Table 2, mutant
Nocyt had fusion activity, although at a reduced level com-
pared to the WT.

Effect of tail elongation on different stages of the fusion
process. We used two methods to analyze different stages of
the fusion reaction, i.e., hemifusion and fusion pore building
(11). Hemifusion was analyzed with R18-labeled erythrocytes.
When hemifusion occurs, R18 is transferred in this assay from
the outer layer of erythrocyte membranes to the outer layer of
HA-expressing cell membranes, without an exchange of cyto-
plasmic contents (10, 15). Fusion pore building can be moni-
tored by the transfer of hydrophilic fluorescent calcein from
calcein-filled erythrocytes to HA-expressing cells. Freshly pre-
pared guinea pig erythrocytes were labeled with R18 or cal-
cein, and WT and mutant HA-expressing cells were pretreated
with VCNA for hemadsorption tests as described in Materials
and Methods. Fluorescence-labeled erythrocytes were added
to the VCNA-pretreated cell monolayers and allowed to stand
for 15 min at room temperature for hemadsorption. Excess
erythrocytes were washed away, and the cell monolayers were
treated with acidic fusion medium (pH 5.0) at 37°C for 5 min.
Transfer of R18 and calcein was monitored immediately under
a fluorescence microscope. As shown in Fig. 4, transfer of
fluorescence from R18-labeled erythrocytes to HA-expressing
cells was clearly observed with cells expressing WT FPV HA.
On the other hand, there was no transfer when uncleaved
Hong Kong type HA was expressed as a control (HK in Fig. 4).
With 13His HA-expressing cells, many fluorescence-positive
cells were observed, although the transfer efficiency seemed
lower than that with the WT (13His in Fig. 4). With 16His
HA-expressing cells, the transfer rate was further reduced, but
fluorescence-positive cells were still detected (16His in Fig. 4).
Hemifusion-positive cells and hemadsorption-positive cells
were counted under a fluorescence microscope, and the ratios
of hemifusion-positive cells to hemadsorption-positive cells are
also shown in Fig. 4. It is clear that the 16His mutant retained
hemifusion activity, although at a reduced level.

As shown in Fig. 5, calcein was readily transferred from

erythrocytes to cells expressing WT HA, whereas transfer to
16His HA-expressing cells was hardly or not detected in most
microscopic fields analyzed. Due to concentration-dependent
quenching effects, calcein-filled intact erythrocytes are only
faintly recognized under the fluorescence microscope. When
calcein is released from the erythrocytes into HA-expressing
cells, the quenching effect disappears, resulting in strong fluo-
rescence in erythrocytes and cells. Figure 5 also shows that
calcein was transferred not only to WT HA-expressing cells,
i.e., hemadsorption-positive cells, but also to neighboring hem-
adsorption-negative cells, probably again through fusion pores.

Taken together, these results demonstrate that elongation of
the cytoplasmic tail of HA abolishes the formation of fusion
pores almost completely while reducing hemifusion only mod-
erately.

DISCUSSION

The high conservation among the many HA subtypes em-
phasizes the structural and functional significance of the cyto-
plasmic tail, and it is generally assumed that by interacting with
the matrix protein, the tail plays an important role in virus
assembly. We describe here another function of this domain.
We have found that elongation of the cytoplasmic tail of FPV
HA interferes with fusion while not affecting transport, pro-
cessing, surface density, and receptor binding activity. The
observations made with the His mutants demonstrated that the
inhibitory effect dramatically increased with the number of
amino acid residues added. Loss of fusion activity was also
observed when other amino acids were used for tail elongation,
indicating that the effect neither required sequence specificity
nor depended on charge or other apparent structural peculiar-
ities. On the other hand, removal of the cytoplasmic tail, which
did not interfere with surface exposure and receptor binding
activity, could reduce but did not abolish fusion activity. This
conclusion is indicated by the observations made here with the
Nocyt mutant and by several other studies with similar results
(8, 14, 26). Taken together, these observations indicate that the
cytoplasmic tail is not an absolute requirement for fusion but
that it plays an important modulating role in this process.

The observation that elongation of the cytoplasmic tail of
HA interferes with fusion is reminiscent of previous studies
with simian immunodeficiency virus (SIV) and human immu-
nodeficiency virus (HIV) reporting that the cytoplasmic tails of
the envelope proteins of these viruses could affect their fusion
activity, since truncation at the C-terminal end resulted in
increased syncytium-forming ability (17, 25, 27, 38). In other
retroviruses, including murine leukemia virus (MuLV), Ma-
son-Pfizer monkey virus, and equine infectious anemia virus,
the envelope protein cytoplasmic tails are further processed by
the viral protease during virus maturation (2, 5, 24, 27, 28).
Furthermore, it has been shown that processing results in re-
moval of the C-terminal R peptide and that this removal is
important to activate fusion activity (22, 23). Finally, a study

TABLE 1. Fluorescence-activated cell sorter analysis of CV-1 cells
expressing WT FPV HA and tail elongation mutants of FPV HAa

HA % of cells
expressing HA

Mean fluorescence
intensityb

WT 69 6 5 776 6 46
11His 72 6 8 764 6 25
12His 69 6 5 705 6 58
13His 67 6 9 734 6 45
14His 65 6 6 727 6 31
15His 61 6 9 712 6 25
16His 81 6 8 723 6 33

a Values are averages from four experiments.
b Arbitrary units.

TABLE 2. Cell fusion activity of mutants with
different cytoplasmic tails

Mutant Cytoplasmic
domain

Amino acids
added

Fusion
index

—(WT) KNGNMRCTICI 12.80
Alagly KNGNMRCTICI AGAGA 0.05
Thrser KNGNMRCTICI TSTST 0.04
Arglys KNGNMRCTICI RKSRS 0.02
Nocyt Deleted 2.50
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with SIV-MuLV chimeric envelope proteins, in which the en-
tire cytoplasmic tail of the SIV envelope protein was replaced
by either the full-length MuLV cytoplasmic tail or a truncated
MuLV cytoplasmic tail with the R peptide deleted or in which
the MuLV R peptide was added to the cytoplasmic tail of the
SIV envelope protein, confirmed the concept that the highly
hydrophilic MuLV R peptide has profound inhibitory effects
on virus-induced cell fusion (37).

Insight into the mechanism of how the cytoplasmic tail mod-
ulates fusion comes from recent X-ray crystallographic studies
performed on the fusion-active conformation of HA2 (1) and
on the transmembrane subunits of the envelope glycoproteins
of Moloney MuLV (3) and HIV type 1 (32) and suggesting a
common mechanism for fusion initiation. According to these
studies, the core of the proteins is an extended, triple-stranded
a-helical coiled coil with the amino terminus at its tip. A
carboxy-terminal a helix packs in the reverse direction against
the outside of the coiled coil. This conformation places the
amino-terminal fusion peptides and the carboxy-terminal mem-
brane anchors near each other at one end of the rod-shaped
molecule. Electron microscopy and antibody labeling of mem-
brane-associated HA2 provide further support for such a struc-
ture (33). With the membrane anchor embedded in the viral
envelope and the fusion peptide immersed in the target mem-
brane, this structure forces both membranes into close appo-
sition. Flexible links between the central rod on one side and
the fusion peptide and the membrane anchor on the other side
allow oscillation of both hydrophobic domains in the adjacent

membranes, which causes perturbation and mixing of the lipid
bilayers and eventually results in fusion (32). It is an intrinsic
feature of this model that the fusion peptide and the mem-
brane anchor have very similar functions in fusion, and the
observation that the process only proceeds to hemifusion when
the anchor peptide is replaced by lipid (10) indicates that both

FIG. 4. Fluorescence transfer from R18-labeled erythrocyte membranes to HA-expressing cells. After adsorption of R18-labeled erythrocytes, HA-expressing cells
were treated at pH 5.0 for 5 min, and then the transfer of fluorescence was immediately examined under a fluorescence microscope. Photographs were taken 10 min
after fusion induction. HK, Hong Kong type HA used as a control.

FIG. 5. Fluorescence transfer from calcein-filled erythrocytes to HA-express-
ing cells. Hemadsorption and fusion tests were done as described in the legend
to Fig. 1. Photographs were taken 10 min after fusion induction.
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hydrophobic peptide domains are equally important for com-
plete fusion. On the other hand, the data presented here sup-
port the view that the mobility of the membrane anchor is
limited by the cytoplasmic tail and that this constraint inter-
feres with fusion when the tail is elongated beyond its natural
size. Restriction of anchor mobility by an elongated tail should
therefore have the same effect as replacement of the trans-
membrane peptide by a lipid anchor; i.e., it should interfere
with the formation and enlargement of fusion pores rather
than with hemifusion, exactly as was observed in the present
study. Studies with acylation mutants of FPV HA indicate that
the loss of tail fatty acids reduces fusion activity in a manner
similar to that of tail elongation (unpublished data). Thus, it
appears that the size and hydrophobicity of the tail are impor-
tant determinants for anchor mobility. The observation that
removal of the tail has little effect on fusion conforms with this
concept. Our data are also compatible with other models (10,
13) which, although differing in several important details, agree
with the model proposed by Weissenhorn and coworkers (32)
in postulating an active role of the membrane anchor in the
fusion process.
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