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The amino acid sequence requirements of the transmembrane (TM) domain and cyto-
plasmic tail (CT) of the hemagglutinin (HA) of influenza virus in membrane fusion have
been investigated. Fusion properties of wild-type HA were compared with those of
chimeras consisting of the ectodomain of HA and the TM domain and/or CT of poly-
immunoglobulin receptor, a nonviral integral membrane protein. The presence of a CT
was not required for fusion. But when a TM domain and CT were present, fusion activity
was greater when they were derived from the same protein than derived from different
proteins. In fact, the chimera with a TM domain of HA and truncated CT of polyimmu-
noglobulin receptor did not support full fusion, indicating that the two regions are not
functionally independent. Despite the fact that there is wide latitude in the sequence of
the TM domain that supports fusion, a point mutation of a semiconserved residue within
the TM domain of HA inhibited fusion. The ability of a foreign TM domain to support
fusion contradicts the hypothesis that a pore is composed solely of fusion proteins and
supports the theory that the TM domain creates fusion pores after a stage of hemifusion

has been achieved.

INTRODUCTION

Membrane fusion is common to many cellular pro-
cesses, such as exocytosis and intracellular trafficking.
But only in the case of viruses have the proteins re-
sponsible for fusion been unambiguously identified. A
number of common features have been found among
viral fusion proteins. All are oligomerized. The mono-
mer of each oligomer always contains a critical stretch
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Abbreviations used: CF, carboxyfluorescein; CPZ, chlorproma-
zine; CT, cytoplasmic tail; DMEM, Dulbecco’s modified Eagle’s
medium; GPI, glycosylphosphatidylinositol; HA, hemaggluti-
nin; PBS-A-S, PBS supplemented with 0.1% sodium azide and
5% calf serum; p.i., postinfection; pIgR, polyimmunoglobulin
receptor; R18, octadecylrhodamine B; RBC, red blood cell; RD,
tetramethylrhodamine-tagged dextran; TM, transmembrane;
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of nonpolar amino acids, known as the fusion peptide
(Hernandez et al., 1996; Durell et al., 1997). As crystal-
lographically determined, fusion proteins from sev-
eral different virus families have the same backbone
structure of extended coiled-coil a-helices (Bullough et
al., 1994; Chan et al., 1997). Because viral fusion pro-
teins of unrelated viruses have common structural
patterns, it is logical to assume that their mechanisms
of fusion are similar as well. Furthermore, a complex
of SNARES, proteins thought to be responsible for the
constitutive fusion of intracellular trafficking and the
regulated fusion that occurs in exocytosis (Stidhof,
1995), has been crystallographically determined
(Poirier et al., 1998; Sutton et al., 1998). It too displays
a long coiled-coil region. Therefore it may well be that
the mechanisms of viral fusion pertain more generally
to cellular fusion. Influenza virus has long been the
prototypic virus for study of fusion mechanisms. It
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binds to cells via its hemagglutinin (HA). After bind-
ing, the virus is internalized within an endosome,
where low pH causes conformational changes in HA
that lead to fusion of the viral envelope with the
endosomal membrane (Hernandez et al., 1996). HA is
a homotrimer with each monomer consisting of ~550
amino acid residues. Each monomer of HA has been
conceptually divided into three domains: the ectodo-
main of ~515 residues constitutes the extraviral part
of the molecule; a single stretch of 27 residues defines
the transmembrane (TM) domain; and ~10 residues
constitute the cytoplasmic tail (CT).

Cells that express on their surfaces a glycosylphos-
phatidylinositol (GPI)-anchored ectodomain of HA
(i.e., ectodomain devoid of its TM domain and CT)
hemifuse to target membranes at low pH (Kemble et
al., 1994; Melikyan et al., 1995; Blumenthal et al., 1996;
Niissler et al., 1997; Chernomordik et al., 1998). In
hemifusion, the contacting monolayers of the two
membranes merge, whereas previously noncontacting
monolayers remain distinct but abut each other to
form a single bilayer that continues to keep the aque-
ous compartments separate. At this stage all that re-
mains for fusion to be completed is for a pore to form
in the hemifusion diaphragm (i.e., in the single bilay-
er). Because GPI-HA yields hemifusion but not full
fusion, the TM domain, absent in the construct, must
be necessary for HA's fusion pore formation. If fusion
proceeds from hemifusion, precise sequences within
the TM domain and/or the CT might not be necessary
for fusion pore formation. The CT of HA is not re-
quired for fusion (Jin et al, 1994; Melikyan et al.,
1997b), and some foreign CTs have been substituted
without significantly impairing fusion (Schroth-Diez
et al., 1998). Nevertheless, altering the CT can affect
fusion to the point of abolishing it (Ohuchi et al., 1998).
Unlike the CT, the presence of the TM domain is
essential, but the TM domain of other viral fusion
proteins can substitute for that of HA (Schroth-Diez et
al., 1998).

For G protein (the fusion protein of vesicular stoma-
titis virus [VSV]) or gp160 (the fusion protein of hu-
man immunodeficiency virus), substituting the TM
domains of nonviral integral membrane proteins, sup-
ported fusion (Wilk et al., 1996; Odell et al., 1997). This
suggests that the mere presence of a TM domain is all
that is necessary for fusion. However, running counter
to this conclusion is the observation that point muta-
tions within the TM domain of G protein inhibit fu-
sion, indicating that specific residues within this do-
main do play a role in whether fusion proceeds
(Cleverly and Lenard, 1998). It was not known
whether the TM domain functions independently of
the CT or how mutations within a TM domain could
affect fusion.

We tested whether a precise amino acid sequence of
the TM domain of HA is necessary for fusion by
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HPH .. VLISTLVPLGLVLAAGAMAYV AIAMCSNGSLQCRICI
HPstop .VLISTLVPLGLVLAAGAMAVATAR

HPP* .. VLISTLVPLGLVLAAGAMAYVAIARARHRRNVDRV

HEE ..GLLLGLVVILLLVYVYCLPCL QFVSSIRKMINSSINYHTEYRKMQGGAV

Figure 1. Amino acid sequences of the TM domains (bold) and
CTs of Japan/305/57 HA WT and HA chimeras constructed for
functional studies. The HA constructs are designated H-X-Y, where
H is the ectodomain of HA, X is the origin of the TM domain (shown
in bold letters), and Y the source of the CT. H denotes HA, P pIgR,
and E the env protein of Rous sarcoma virus. A CT of P* symbolizes
that the normal CT of pIgR was truncated to 11 amino acid residues
to match the length of the CT of HA.

constructing chimeras that included the intact ectodo-
main of HA coupled with the TM domain of either HA
or a protein unrelated to fusion, polyimmunoglobulin
receptor (pIgR). The CT consisted of either HA or pIgR
or was deleted. (The CT of pIgR was truncated to 11
amino acid residues to match the length of the HA
tail.) We found that the foreign TM domain supported
fusion, but this ability depended on which CT it was
linked to. This is consistent with the hypothesis that
hemifusion is a bona fide intermediate of full fusion. It
also indicates that the TM domain and CT are not
independent functional entities. Because it had been
shown that there are critical residues within the TM
domain of the G protein of VSV (Cleverly and Lenard,
1998), we made point mutations within the TM do-
main of HA to see whether this were true for HA as
well. We found that a particular point mutation,
G520L, did abolish fusion, arresting the process before
lipid mixing. This suggests that a structural motif
within the TM domain of HA is critical for membranes
to reconfigure into a fusion pore.

MATERIALS AND METHODS

Construction and Expression of Influenza HA
Chimeras

The sequences of TM and cytoplasmic domains of the wild-type
A/Japan/305/57 HA and six mutant or chimeric HA proteins are
shown in Figure 1. Chimeras are designated H-X-Y, where H is
always the HA ectodomain, X is the TM domain, and Y is the CT. P
denotes the rabbit pIgR (Mostov et al., 1984), and E is the env protein
from Rous sarcoma virus. For all constructs, other than HEE, the CT
consisted of either HA or pIgR or was deleted. P* indicates that the
CT of pIgR was truncated from its natural 103 amino acid residues
to 11 residues to match the length of the HA tail. To create the
truncated cytoplasmic domain P*, a stop codon was inserted after
the first 11 codons of the CT. This created a highly charged CT that
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lacks the internalization signal found in the intact pIgR. HHH is
referred to simply as wild-type (WT) HA. The construction and
characterization of HEE (Lazarovits et al., 1990) and HHstop (HA
tail—) (Naim and Roth, 1993) have been described previously. HPP*
and HHP* were constructed by megaprimer PCR mutagenesis
(Sarkar and Sommer, 1990) using an oligonucleotide that inserted a
stop codon followed by a restriction endonuclease recognition se-
quence for BamHI immediately after the codon for valine 663, the
11th amino acid of the pIgR CT. The template for HPP* was a cDNA
for the chimeric HA, HPP, and for HHP* the template was the
chimera HHP (Lazarovits et al., 1990). Xbal-BamHI fragments
containing the chimeric sequences were used to replace the wild-
type Xbal-BamHI fragment in the SV40 expression vector
PkSVEHAxba—, in which the Xbal site at HA nucleotide 145 has
been destroyed by a silent mutation. To construct HPH, an oligo-
nucleotide containing 17 nucleotides encoding the last amino acids
of the pIgR TM domain and the first 19 nucleotides encoding the
beginning of the HA CT was used to prime synthesis on a wild-type
HA template, producing a fragment in which pIgR sequence was
joined to sequences encoding the CT of HA. This fragment was then
used to prime synthesis on a template of HPP. After digestion with
restriction nucleases, a BamHI-Xbal fragment encoding portions of
the HA external domain, the pIgR TM, and the HA CT was sub-
cloned into SVEHA as described above. To make HPstop, an oligo-
nucleotide was synthesized that contained the last 18 nucleotides of
the antisense strand of the pIgR TM coding region preceded by a
stop codon and a BamHI endonuclease recognition site at the 5’ end.
This was used with a template of pkSVEHPP to prime synthesis of
a fragment spanning the HPP region between the remaining Xbal
site in HA and the codon for the first arginine of the pIgR CT. This
was subcloned into pkSVEHAxba— as described above. For all
recombinant viruses, the sequence of the DNA between the Xbal
and BamHI sites was determined after the subcloning step. Recom-
binant virus stocks for expressing each of the proteins were pre-
pared by transfecting DNAs for the recombinant viruses and for the
helper virus DL1055 together into CV-1 cells and then culturing
viruses in cell lysates one or more times (Naim and Roth, 1994).
Virus stocks between passage two and passage four were used for
experiments.

Analysis of HA Expression and Folding

The ability of proteins HEE and HHstop (HAtail—) to fold and
oligomerize correctly has been established previously (Lazarovits et
al., 1990; Naim and Roth, 1993). The folding of chimeric HAs was
monitored by pulse-chase experiments as described (Naim and
Roth, 1994). CV-1 cells that had been infected with SV40 vectors for
30 h were labeled with 200 uCi/ml Trans®**Slabel (ICN, Irvine, CA)
for 15 or 30 min at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM) lacking cysteine and methionine. Cells that had been la-
beled for the shorter period were chased for 0, 40, or 80 min at 37°C
in DMEM containing 10 ug/ml trypsin. Cells labeled for 30 min
were chased for 60 min at 37°C in DMEM and then were treated at
4°C for 45 min with DMEM containing 100 pg/ml trypsin. For
either type of chase, trypsin was removed, and the cells were rinsed
with DMEM containing 5% FBS and then were incubated in PBS
containing 100 ug/ml soybean trypsin inhibitor. The cells were then
lysed, and the HAs were immunoprecipitated (Naim and Roth,
1994). Immunoprecipitated HAO, HA1, and HA2 were separated by
PAGE and both visualized and quantified by PhosphorImager (Mo-
lecular Dynamics, Sunnyvale, CA).

The relative expression of WT and chimeric HAs on the surface of
CV-1 cells was assessed by flow cytometry. At 42 h postinfection
(p.i.) cells were detached from the dish and resuspended in PBS
supplemented with 0.1% sodium azide and 5% calf serum (PBS-A-
S). Cells were incubated with the mAb FC-125 against Japan/305/57
HA diluted 1:20 in PBS-A-S for 45 min on ice (FC-125 mAb was a
generous gift of Dr. T. Braciale, University of Virginia, Charlottes-
ville, VA). Cells were then washed with PBS-A-S, exposed to FITC-
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conjugated goat anti-mouse antibody (Southern Biotechnology As-
sociates, Birmingham, AL) diluted 1:100 for 45 min on ice, fixed with
2% methanol-free paraformaldehyde (Electron Microscopy Sci-
ences, Ft. Washington, PA), and analyzed with a flow cytometer
(ORTHO Cytoron Absolute; Ortho Diagnostic Systems, Raritan, NJ).
The fluorescence background attributable to nonspecific binding
was determined by incubating infected cells with only FITC-conju-
gated secondary antibodies.

Cholesterol Depletion

To determine whether treating cells with B-cyclodextrin to deplete
them of cholesterol did change the affinity of HA for the detergent-
insoluble membrane fraction, 39 h after infection with recombinant
SV40 vectors expressing either wild-type or mutant HAs, CV-1 cells
were labeled with 200 uCi/ml Trans**Slabel for 15 min and then
chased in DMEM for 1 h (for functional experiments the cells were
treated at 42 h p.i.). Half the samples were treated for 30 min at 37°C
with DMEM containing 50 mM HEPES, pH 7.0, and the other half
were treated with the same medium containing 10 mM methyl-$-
cyclodextrin (Sigma, St. Louis, MO). The cells were washed twice
with PBS containing 1 mM Mg?* and 0.5 mM Ca?* and incubated
at 22°C for 10 min in the same solution containing 10 ug/ml trypsin.
Soybean trypsin inhibitor was added to a final concentration of 10
png/ml, and loose cells were centrifuged from the medium and
added back to the cells remaining in culture dishes. Cells were lysed
on ice in cold lysis buffer containing 50 mM Tris, pH 8.0, 0.1 U of
aprotinin, 10 ug/ml soybean trypsin inhibitor, and 1% Triton X-100.
The lysate was scraped into cold microfuge tubes and centrifuged at
4°C for 15 min at 14,000 X g. Each sample was separated into the
Triton X-100-soluble supernatant and the insoluble pellet. Lysis
buffer containing 0.1% SDS was added to the pellet for 1 h at 22°C
with occasional vortexing. The remaining insoluble material was
removed by centrifugation, and the SDS supernatant was collected.
Both Triton X-100—soluble and —insoluble fractions were immuno-
precipitated with rabbit anti-HA antibody and analyzed by PAGE
and Phosphorlmager as described above.

Labeling Red Blood Cells

Freshly collected human red blood cells (RBCs) were colabeled with
lipophilic and aqueous dyes as described (Melikyan et al., 1995).
Briefly, octadecylrhodamine B (R18) and 1,1'-dioctadecyl-3,3,3'3'-
tetramethyl indocarbocyanine iodide were used as markers for HA-
induced lipid mixing between RBCs and CV-1 cells expressing WT
and chimeric HAs. Red cells labeled with a membrane dye were
loaded with the aqueous dye carboxyfluorescein (CF) by mild hy-
potonic lysis (Ellens et al., 1989). In separate experiments, RBCs were
loaded only with aqueous dyes of different molecular weights: CF
and tetramethylrhodamine-tagged dextran (RD; M, 40,000). All flu-
orescent dyes were purchased from Molecular Probes (Eugene, OR).

Cell-Erythrocyte Dye Spread Experiments

A freshly confluent monolayer of CV-1 cells was infected with
recombinant SV40-HA virus stock (0.2-0.3 ml of SV40-HA stock/
6-cm culture dish) as described (Naim and Roth, 1994). At39 h p.i.,
infected cells were taken off dishes by a brief (<1 min) incubation
with a 0.5 mg/ml solution of trypsin in PBS containing 0.5 mM
EDTA. Cells were seeded on 35-mm culture dishes, placed in a 5%
C0, incubator, and used for experiments between 42 and 44 h p.i.
Just before an experiment, cells were treated with 0.2 mg/ml neur-
aminidase (type V, from Clostridium perfringens) and 10 ug/ml
N-tosyl-L-phenylalanine chloromethyl ketone-treated trypsin (both
enzymes purchased from Sigma) in PBS for 10 min at room tem-
perature to ensure complete cleavage of HAO into HA1-HA2 sub-
units. The reaction was stopped with an excess of serum-supple-
mented medium. Cells were then washed three times with PBS and
incubated 10 min at room temperature with 1 ml of a 0.0025%
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suspension of labeled RBCs with occasional rocking. Unbound red
cells were removed by washing three times with PBS. When binding
was quantified, the number of RBCs attached to every CV-1 cell in
several randomly selected fields was counted. Fusion was triggered
by applying the pH 4.8 solution used for patch-clamp experiments
(see below) for 2 min at the indicated temperature. The pH 4.8
solution was replaced with isotonic PBS supplemented with 20 mM
p-raffinose to prevent colloidal-osmotic swelling of the RBCs that
could be induced by HA-mediated leakage. Cells were kept at
neutral pH for 5-10 min before examining the extent of fusion. In
experiments in which low fusion activity was observed, cells were
treated with 0.5 mM of chlorpromazine (CPZ; Sigma) in PBS con-
taining 20 mM raffinose.

Detection of spread of cytoplasmic and/or membrane dye from
RBCs to HA-expressing cells (referred to as HA cells) was per-
formed as described previously (Melikyan et al., 1995, 1997b).
Briefly, different parts of a culture dish were selected at random,
and the number of HA-expressing cells stained with membrane
and/or aqueous dye was normalized by the total number of cells in
the microscopic fields with at least one attached RBC. On average,
~100 cells were screened per culture dish. The spread of fluorescent
markers was monitored under a microscope (Axiovert 100; Carl
Zeiss, Thornwood NY) equipped with an intensified (KS1380; Video
Scope, Washington, DC) charge-coupled device video camera (mod-
el 72; Dage, Michigan City, IN). The output of the video camera was
recorded on S-VHS format videotape for later analysis. Images were
digitized off-line by a video frame grabber (Meteor; Matrox Elec-
tronic Systems, Dorval, Quebec, Canada) and a PC-based computer.

Electrical Measurements

For electrophysiological experiments HA-expressing cells were re-
moved from the culture dishes 41 h after infection, allowed to attach
to No. 1.5 cover glasses for 1 h in a 5% CO, incubator, treated with
a neuraminidase-trypsin mixture, and decorated with RBCs as de-
scribed above. Cells were stored at 4°C and transferred into an
experimental chamber containing (in mM) 150 N-methylglucamine
aspartate, 5 MgCl,, and 2 Cs-HEPES, pH 7.2. The same solution but
buffered with 20 mM Cs-succinate, pH 4.8, was used to trigger
fusion. Patch pipettes were filled with (in mM) 155 Cs glutamate, 5
MgCl,, 5 bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid,
and 10 Cs-HEPES buffer, pH 7.4 (Spruce et al., 1989; Spruce et al.,
1991). Fusion was triggered by ejecting the pH 4.8 solution from
another micropipette placed ~70 um from the cell. Unless otherwise
specified, patch-clamp experiments were conducted at room tem-
perature. Formation and enlargement of the fusion pore between
RBC and HA-expressing cell was monitored in the whole-cell patch-
clamp configuration by time-resolved admittance measurements
essentially as described (Spruce et al., 1991; Tse et al., 1993). Briefly,
capacitance transients were canceled by adjusting the whole-cell
capacitance and series resistance compensation potentiometers
(Axopatch 200B; Axon Instruments, Foster City, CA). The command
voltage was generated, and resulting currents were analyzed by a
software-based lock-in program (Ratinov et al., 1998). A sine wave
(200 Hz, 50 mV peak-to-peak) superimposed on —40 mV potential
was applied to the pipette. The output of the patch-clamp amplifier
was filtered by a four-pole Bessel filter at 5 kHz and digitized at 40
kHz using a 16-bit analog-to-digital board (PC-44; Innovative Inte-
gration, Westlake Village, CA). The software-based lock-in amplifier
calculated the DC conductance (Ypc), as well as the in-phase (Y,)
and out-of-phase (Yy,) components of admittance for each period of
sine wave, saving directly to a hard disk. The specific phase angle
for lock-in measurements (Joshi and Fernandez, 1988; Gillis, 1995)
was found by “capacitance dithering” (Neher and Marty, 1982).
Fusion pore conductances were calculated off-line as Gp = (Y,? +
Yo%) /Y, (Lindau, 1991; Ratinov et al., 1998). The evolution of the
average pore conductance was characterized by aligning individual
pore conductance records at the moment of pore opening and
calculating a mean pore conductance every 5 or 20 ms. For some
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pores, conductances increased beyond measurable values, usually
~20 nS, sooner than the time interval selected to build the average
pore profile (e.g., 20 s). In these cases the last value of pore conduc-
tance that could be reliably calculated was used for the rest of the
time interval to calculate the average conductance. Because the
conductance of enlarged pores almost always tends to further in-
crease, the mean distribution of pore conductances is increasingly
biased toward the more slowly enlarging pores as time proceeds.

RESULTS

Chimeras with Foreign TM Domains Are Properly
Folded, Transported, and Expressed

HA is a trimeric protein that rapidly folds and oli-
gomerizes in the endoplasmic reticulum to form a
protease-resistant protein that is cleaved by trypsin at
a single site on each monomer. Unfolded or partially
folded HAs reveal additional trypsin cleavage sites
and produce a more complicated series of fragments
when treated with the protease. Thus, the ability of a
chimeric HA to be cleaved by trypsin into only HA1
and HAZ2 is a sensitive measure of the correct folding
of the HA external domain (Copeland et al., 1986;
Gething et al., 1986; Lazarovits et al., 1990). To deter-
mine whether chimeric HAs folded properly, the pro-
teins were expressed in CV-1 cells infected with SV40
expression vectors, and the proteins were analyzed by
pulse-chase protocols. Two variations of these exper-
iments are shown in Figure 2. Either cells were pulse
labeled with **S-amino acids and chased at 37°C for
various periods in DMEM containing trypsin (Figure
2A), or cells were labeled and chased at 37°C in the
absence of trypsin and were then treated at 4°C with
trypsin in PBS (Figure 2B). HA proteins were immu-
noprecipitated from the cell lysates and analyzed by
PAGE. At the end of the labeling period, partially
folded HA monomeric chains were sensitive to pro-
teolytic degradation, producing a series of discrete
bands migrating faster than HAO on the gel (Figure
2A, lanes 1 and 4). After periods long enough for
proteins to reach the cell surface (40—80 min), HA WT
or HPP* proteins were cleaved by the trypsin in the
culture medium into HA1 and HA2 subunits. As the
chase progressed, less HAO remained within the cell,
and more HA1 and HA2 was produced (Figure 2A,
lanes 2, 3, 5, and 6). Both HPP* and HA WT moved to
the cell surface at a similar rate and exhibited similar
resistance to degradation by trypsin. A similar result
was observed for HHP* (Figure 2B, lane 2), HPH, and
HPstop (our unpublished results). Although the pro-
teins lacking the CT traveled more slowly to the cell
surface, once they arrived there they were as resistant
to degradation by trypsin as was HA WT. Similar
results have been reported for HEE and HHstop (Laz-
arovits et al., 1990; Naim and Roth, 1993).

The expression levels of WT and chimeric HAs on
surfaces of CV-1 cells infected by SV40-HA were mea-
sured by flow cytometry 42 h p.i. The fraction of cells
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Figure 2. Characterization of the folding and detergent solubility
of chimeric HA proteins. (A) CV-1 cells infected with SV40 vectors
expressing HA WT or HPP* were pulse labeled for 15 min and
chased for the intervals shown in serum-free DMEM containing 10
png/ml trypsin. Samples were lysed with both Triton X-100 and SDS
and immunoprecipitated. HAO, HA1, and HA2 bands were sepa-
rated by PAGE under reducing conditions. (B) Cells were pulse
labeled for 30 min and chased in DMEM for 60 min and then were
treated with trypsin in PBS for 60 min at 4°C. Samples were lysed,
precipitated, and analyzed as in A. Lane 1, HA WT; lane 2, HHP*;
lane 3, HA G530W; lane 4, HA G520L. (C) Cells were labeled with
radioactive amino acids for 15 min and chased for 60 min. The cells
were then incubated 10 min at 22°C in PBS containing trypsin to
cleave HA at the cell surface into HA1 and HA2 subunits. The cells
were lysed with Triton X-100 at 4°C, and sample lysates were
separated by centrifugation into supernatant (S) and pellet (P) frac-
tions. The pellets were then solubilized by the addition of SDS, and
both S and P fractions were immunoprecipitated with antibodies
specific for HA. For A-C, digital images of PhosphorImager scans of
the dried gels are shown.

expressing HA and the mean fluorescence intensities
were comparable for WT HA and the chimeric con-
structs (Table 1). Mutations in HA or substitutions of
the TM domain and CT by those of another protein
can potentially affect the glycosylation of the ectodo-
main. This, in turn, could inhibit HA binding to sialic
acid-bearing receptors on the erythrocyte surface

Vol. 10, June 1999

Influenza Hemagglutinin Chimera Fusion

Table 1. Expression levels of WT HA and chimeras in CV-1 cells as
determined by flow cytometry

HA Expressing Mean Average number
expressed cells (%) fluorescence (a.u.) of RBC bound
WT (HHH) 54+ 6 27 = 7 (100)* 2.3
HHstop 61 =14 24 =9 (89) 1.3
HHP* 59 +5 26 =1 (96) 2.1
HPP* 63*+8 31 = 9(115) 2.2
HPstop 60 =19 21 + 6 (78) 1.7
HPH 51 +4 20 = 3 (74) 1.8

HEE 59+8 39 = 11 (144) 2.1
G530W 21 9.4 (35)° ND
G520L 51+9 29 + 13 (107) 1.9

Data are shown as a mean of three to eight independent experi-
ments + SE. Cells were used for flow cytometry experiments at 42 h
after infection with recombinant SV40HA virus as described in
MATERIALS AND METHODS. a.u., arbitrary unit; ND, not deter-
mined.

2 Normalized to mean fluorescence intensity of WT HA.

P For the G530W mutant we did not attempt to bring the expression
closer to that of WT HA, because the fusion phenotype was not
altered appreciably even at this lower expression level. Only two
measurements of the expression level were carried out in this case.

(Kemble et al., 1993). But the average number and the
distribution (between 0 and 8 under our experimental
conditions) of bound RBCs per HA-expressing cell
were similar for all HA constructs (Table 1). This and
the equivalent gel migration of the glycosylated HA1
subunit for WT HA and chimeras (Figure 2) indicate
that all constructs were normally glycosylated. Thus
the folding, the levels of expression, and the binding
of RBCs were comparable for all forms of HA.

The TM Domain of an Integral Membrane Protein
Unrelated to Fusion Still Supports Fusion

RBC ghosts fluorescently colabeled with a membrane
(R18) and an aqueous (CF) dye were bound to HA
cells adhered to plastic culture dishes. After a 2-min
low-pH pulse followed by reneutralization, fusion
was monitored by the transfer of the lipidic (Figure 3,
left panel) and aqueous dye (Figure 3, right panel) to
adjacent HA cells. For all constructs tested, except
HHP*, both lipid and aqueous dye transferred effi-
ciently, as illustrated for WI HA, HEE, and HPP*
(Figure 3, see MATERIALS AND METHODS for de-
scription of notation). In all cases, if the HAO ex-
pressed on CV-1 cell surfaces were not previously
cleaved by trypsin into its active HA1-HA2 form,
neither membrane nor aqueous dye transferred (our
unpublished results). Most importantly, we found that
a foreign TM domain was functional not only in the
presence of its own CT (HPP*) but also in the absence
of a CT (HPstop) or in the presence of the CT of HA
(HPH). Although the presence of a CT is not required
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Figure 3. Membrane and aqueous dye mixing activity of WT HA
and the HEE, HPP*, and HHP* chimeras. All constructs induced
R18 to redistribute from RBCs to cells expressing the constructs (left
panel). The cytoplasmic marker (CF) transferred efficiently for WT
HA and HEE- and HPP*-expressing cells (right panel), demonstrat-
ing fusion. In contrast, HHP* only supported limited transfer of a
membrane dye without transfer of aqueous dye, suggesting that it
caused hemifusion. RBC ghosts colabeled with R18 and CF were
bound to HA cells, and fusion was triggered by a 2-min application
of pH 4.8 buffer at 37°C, followed by incubation for 5-8 min at
neutral pH before microscopically examining cells.

for fusion, a foreign CT can inhibit fusion; for HHP*
only lipid (but not aqueous) dye transferred and then
only into some cells (Figure 3, G and H). This is the
pattern of dye spread expected of hemifusion but not
full fusion. Subsequent addition of CPZ, a membrane-
permeable tertiary amine, at relatively high concentra-
tions (0.5 mM) promoted transfer of aqueous dye (our
unpublished results); this is characteristic of the be-
havior of hemifused cells (Melikyan et al., 1997a).

All HA chimeras (except for HHP*) exhibited a sim-
ilar pH dependence for CF transfer, but their thresh-
olds were consistently shifted by ~0.2 units toward
more acidic pH values than WT HA (Figure 4). For all
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Figure 4. pH dependence of fusion induced by WT and chimeric
HA. Fusion between HA-expressing CV-1 cells and RBC ghosts
colabeled with CF and R18 was triggered by application of an acidic
buffer of the indicated pH for 2 min at 37°C followed by incubation
in PBS supplemented with 20 mM raffinose for 5 min at room
temperature. For the HHP* construct, the incubation at neutral pH
was extended to 15 min. Every point on the graph corresponds to a
mean value obtained from four to eight independent experiments
(bars indicate SE). The steep pH dependence of WT HA-induced
fusion (open circles) was found for all HA chimeras, although the
pH curve for the chimeras was shifted by ~0.2 units toward more
acidic pH. Because of the virtual absence of CF transfer for the
HHP* construct, its pH dependence is shown for R18 mixing (circles
with cross).

constructs, transfer of CF was maximal and compara-
ble when fusion was induced at pH 4.8. The pH de-
pendence for R18 or 1,1'-dioctadecyl-3,3,3'3'-tetram-
ethyl indocarbocyanine iodide mixing for all the fully
functional HA chimeras was virtually identical to CF
transfer (our unpublished results). The pH depen-
dence of the HHP* chimera in inducing hemifusion
(Figure 4, circles with cross) was similar to the pH
dependence of fusion for the other chimeras, but even
at pH 4.6 a relatively small fraction of HHP* cells
received lipid dye.

The TM Domain and CT Do Not Act Independently
of Each Other

The extent of fusion can be quantified by measuring
the fraction of cells that acquire dye. This provides a
means to compare efficacy of pore formation by the
different constructs. Enlargement of fusion pores to
diameters exceeding the size of a viral nucleocapsid is
essential for viral infection. Thus it is of interest to also
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Figure 5. Fusion pore enlargement monitored by differential siev-
ing of a large and small cytoplasmic dye. RBC ghosts coloaded with
CF (M, 376) and RD (M, 40,000) were bound to HA-expressing CV-1
cells, and fusion was triggered by application of a pH 4.8 solution
for 2 min at 23°C. Cells were then incubated in PBS with 20 mM
raffinose for 5 min (15 min for HHP*) at neutral pH, and the fraction
of cells stained by CF (open bars) and RD (striped bars) was deter-
mined by fluorescence microscopy. The HHP* chimera promoted
virtually no content mixing. Depleting CV-1 cells of cholesterol by
incubation with B-cyclodextrin did not affect either the formation or
enlargement of WT HA pores. Error bars represent SE for 5-10
independent experiments.

examine pore enlargement. The “differential sieving”
of a large and small aqueous dye (both smaller than
the size of a nucleocapsid) by a pore provides a means
to access whether some enlargement has occurred.
RBC ghosts were coloaded with RD (M,40,000) and CF
(M, 376), and the ability of each to transfer to an HA
cell was measured. For all HA constructs except
HHP*, RD (Figure 5, striped bars) transferred (but to a
smaller degree than CF, open bars), demonstrating
that at least one fusion pore enlarged sufficiently to
allow passage of the large fluorescent marker. The
fraction of cells stained by CF that were also stained
by RD varied among HA chimeras (Figure 5). The
extent of small dye redistribution was the same for
HPP* and WT HA cells. A greater fraction of HPP*
cells acquired RD than did cells expressing other con-
structs, including WT HA. This indicates that fusion
pores more readily enlarged with HPP*. Deleting the
CT from WT HA did not affect pore formation or
growth. Although deleting the CT from HPP* reduced
both pore formation and growth, the effect was small
and could have been due to the somewhat lower
expression levels of HPstop (Table 1). Deleting the CT
from HPH (yielding HPstop) clearly led to greater
pore formation and growth. Most strikingly, HHP*
did not support fusion. Thus, for each TM domain,
pore formation and growth depended on which CT
was present; similarly, the effect of the CT on fusion
depended on which TM domain was present. In other
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words, fusion pore formation and enlargement vary
with the combination of the TM domain and CT.

Partitioning into Rafts Does Not Affect Fusion
Properties of HA

Extracting HA trimers from cells by Triton X-100 or
3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonic acid at 4°C yields 40 to 75% of the trimers in a
detergent-insoluble membrane fraction (Figure 2C) rich
in cholesterol and sphingomyelin (Schieffele et al., 1997).
The insolubility of membrane protein under these con-
ditions is the biochemical assay used to identify the
partitioning of protein into the microenvironment of
rafts (Brown and London, 1997; Simons and Ikonen,
1997). (Rafts are small patches of the membrane rich in
cholesterol and sphingomyelin [Friedrichson and
Kurnachalia, 1998; Varma and Mayor, 1998].) HA trim-
ers incorporated in cell membranes are thus thought to
reside in rafts (Schieffele et al., 1997). Although it has not
been shown that HA definitely resides within rafts, it has
been experimentally shown that the affinity of HA for
detergent-insoluble fractions is determined by its TM
sequence (Schieffele ef al., 1997). We tested whether func-
tional differences between chimeras might be due to
their lipid microenvironment. We depleted WT HA cells
of cholesterol by incubating them with B-cyclodextrin
(Lin et al., 1998). The fraction of WT HA trimers found in
the Triton X-100-insoluble pellet was reduced from 74 to
4% (our unpublished results), consistent with the elimi-
nation of rafts by cholesterol depletion (Schieffele et al.,
1997). But pore formation and enlargement induced by
WT HA were not affected by the elimination of rafts
(Figure 5, WT + CD). We found that neither HPP¥,
optimal for fusion, nor HPH, less effective for fusion than
WT HA, partitioned into rafts: both were solubilized by
detergent at 4°C (Figure 2C). Thus, whether the fusion
protein constructs reside in rafts within cell membranes
is immaterial to their fusion activity. However, we can-
not rule out the possibility that the association of a small
number of specific lipids with HA has some bearing on
the fusion process.

The Fraction of Bound RBCs That Fuse Can Be
Measured Electrically

The finding that CF spread for all constructs except
HHP* establishes that a foreign TM domain can sub-
stitute for that of HA in the fusion process. By the time
the dye spread is observable, however, several pro-
cesses have occurred: a pore has formed; it has en-
larged enough to pass CF;, and a quantity of dye
molecules have moved. Therefore, dye spread mea-
surements cannot reliably indicate the kinetics of pore
formation. In addition, the differential sieving experi-
ments show that CF and RD do not transfer to the
same extent for all constructs (Figure 5). Because dye
spread measurements cannot pinpoint where in the
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Figure 6. Characteristic electrical signals upon opening of a fusion
pore between an RBC and a CV-1 cell and probability that a bound
RBC did fuse. (A) The DC conductance (Ypc) and in-phase (Y,), and
out-of-phase (Y0) conductances were measured by the patch-clamp
technique in a whole-cell mode, allowing the fusion pore conduc-
tance (Gp) to be calculated. The opening of a fusion pore was
accompanied by a spike in DC conductance and changes in Y, and
Ygo. (B) The number of current spikes in Yp yields the number of
RBCs that have fused to the cell. By counting the number of RBCs
bound to the CV-1 cell, the probability of fusion per bound RBC was
obtained.

process these differences lie, we augment the dye ex-
periments with electrical measurements. These mea-
surements record pores the instant they form and
continue to profile their growth. Electrical measure-
ments thus provide an accurate means to determine
kinetics and extent of fusion.

HA cells were therefore patch clamped in the whole-
cell mode, and fusion was detected by the addition of
the capacitance of the RBC membrane to the HA cell
through the fusion pore. The changes in electrical
signals (the in-phase, Y|, and out-of-phase, Yo, admit-
tance) upon pore formation (Figure 6A) allowed the
fusion pore conductance, Gp, to be calculated (see
MATERIALS AND METHODS). Each of the chimeras
of this study proved suitable for this method, except
for HHstop, which induced electrical leakage through
the HA cell membrane, preventing reliable capaci-
tance measurements. The ability of P as the TM do-
main to support fusion with different CTs (HPP¥,
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HPH, and HPstop) was evaluated by electrical mea-
surements.

In general, pore opening causes a sudden increase in
DC that quickly decays (Figure 6A, transient in Yp¢;
Spruce et al., 1991), because the resting potential of an
RBC and the holding potential of an HA cell are
different. We found that when an HA cell had more
than one bound RBC, the fusion of each of them
resulted in a characteristic spike current. We realized
that by counting the number of spikes, we could di-
rectly obtain the number of RBCs that fused to each
HA cell.* This is the first procedure developed for
measuring the efficiency of fusion when more than
one RBC is bound. (Fluorescent dye spread measure-
ments can show that at least one of the bound RBCs
fused, but the precise number cannot be determined.)
By this method we can now obtain the probability of
fusion per RBC based on the ratio of the number of
fused RBCs to those bound to a HA cell.

We found that the probability of fusion of an RBC
was significantly higher for HPP* cells and HPstop
cells than for WT, HEE, and HPH-expressing cells
(Figure 6B). (This high probability for HPP* and HP-
stop suggests that they may induce several pores for
each bound RBC.) The rate and extent of HA-medi-
ated fusion is well known to increase dramatically
with temperature (Stegmann et al., 1990). At 30°C the
efficiency of fusion for WT HA reached that of HPP* at
room temperature. We have thus found that the effect
of a TM domain on the efficiency of fusion depended
on the amino acid sequence of the CT. Deleting the CT
from WT (Melikyan et al., 1997b) or HPP* (yielding
HPstop) does not significantly alter fusion, whereas
replacing the CT in HPP* by H (yielding HPH) lowers
the efficiency of fusion by a factor of 3. Despite the fact
that the same percentage of WT HA cells and HPP*
cells acquired CF (Figure 5), the fraction of RBCs that
fused was significantly higher for HPP*. Electrical
measurements allow more definitive, less ambiguous,
interpretations of data.

! The spike discharge current results from the charging of the RBC
membrane capacitance, through the series resistance of a fusion
pore, to the potential of the HA cell membrane. We always verified
that these transients were due to fusion pore opening rather than
due to spurious events, such as a transient leakage current through
a cell membrane, by checking that the in-phase (Y,) and out-of-
phase (Yq) signals changed (Figure 6A), as is characteristic of fusion
pore formation. We tested the quantitative reliability of counting
spikes to determine the number of RBCs that fused to an HA cell. As
pores enlarged readily for HPP* cells, we could be reasonably
certain that the full capacitance of each fused RBC was electrically
revealed. The total increase in HA cell membrane capacitance
should be approximately equal to the product of the number of
current transients and the average RBC membrane capacitance of
~1 pF (Spruce et al., 1989). This was the case.
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Figure 7. Kinetics of fusion between RBCs and HA cells. Fusion
was triggered by exposing cells to a pH 4.8 solution for 2 min at
room temperature. The waiting times until pore formation were
determined electrically. These times were ranked for each construct
and plotted as the cumulative distribution of the fraction of cells
that have fused by time [i.e. N(t) of the total experimental pool of
N(0)]. The kinetics of fusion was similar for WT HA (open circles)
and HPH (triangles with cross), each slower than for HPP* (filled
triangles) and HPstop (open triangles).

The Kinetics of Fusion Is Determined by the TM
Domain and CT Together

We determined the fusion kinetics for chimeras con-
taining the TM domain of pIgR by electrically mea-
suring the latencies between exposure of HA cells
with bound RBCs to low pH and the opening of a
fusion pore (Figure 7). The kinetics was much faster
for HPP* (filled triangles) than for cells expressing WT
HA on their surfaces (open circles). (HEE cells con-
taining the membrane anchor of Rous sarcoma virus
env protein induced fusion as fast as HPP* cells (our
unpublished results).) Deletion of the CT tail of HPP*
(HPstop; Figure 7, open triangles) resulted in some-
what slower kinetics (although this may well be due to
the somewhat lower expression of HPstop); substitut-
ing the HPP* tail with that of HA (HPH; Figure 7,
crossed triangles) significantly slowed fusion kinetics
to the level of WT HA. However, the efficiency of pore
formation was higher for WT HA than for HPH (Fig-
ure 6B); it may be that only HPH cells with high
densities of fusion protein contributed to the mea-
sured kinetics. Fusion pores for WT HA cells formed
faster at 30°C than at room temperature (our unpub-
lished results), but it was still slower than for HPP*
cells at room temperature. In short, whether the pres-
ence of a CT affected kinetics depended on the se-
quence of the TM domain. For P as the TM domain,
the P* tail was significantly more effective than the H;
for H as a TM domain, the H tail supported fusion, but
the P* tail did not.
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Figure 8. Representative patterns of the evolution of conductance
of fusion pores formed by WT HA and HPP*. The conductance
much more readily increased for HPP*, and pores did not flicker as
much as for WT HA. Experiments were performed at room temper-
ature.

The Initial Diameter and the Rate of Pore
Enlargement Are Affected by the Combination of the
TM Domain and CT

In general, fusion pores induced by HA open instan-
taneously, exhibiting small conductances, usually
<0.5 nS, followed by a relatively stable phase, in
which the pore conductance did not appreciably in-
crease (Spruce et al., 1991; Zimmerberg et al., 1994). All
the chimeras of our study that formed pores (i.e., all
but HHP*) did so in this characteristic manner. Pore
behavior can be illustrated with representative con-
ductance records of individual experiments (Figure 8).
As can be seen, the conductance increased much more
readily for HPP* than for WT HA. But conductance
trajectories were variable, never identical even for dif-
ferent cells expressing the same construct. We there-
fore characterized the behavior of a “typical” pore for
a given HA construct by averaging the conductance
profiles of all fusion pores of that construct (Figure 9,
A and B). The initial conductance (Figure 9A) of HPP*-
induced (filled triangles) fusion pores (~0.4 nS) was
statistically larger than WT-induced (~0.2 nS; Figure
9A, open circles) and HEE-induced fusion pores (our
unpublished results). Deleting the CT of HPP* (HP-
stop; Figure 9A, open triangles) resulted in fusion
pores with initial conductances indistinguishable from
WT HA, whereas HPH (Figure 9A, crossed triangles)
created appreciably smaller pores with an initial con-
ductance of ~0.13 nS. Within the first 400 ms after
formation (Figure 9A), fusion pores for all constructs
did not appreciably enlarge, remaining within the
range of their initial conductance. Thus, which com-
bination of CT and TM domain is present clearly
affects the initial conductance of fusion pores. For
HHP* cells, which exhibited a hemifusion phenotype
based on dye spread, fusion pores were not electri-
cally observed for as long as 8—10 min after acidifica-
tion (our unpublished results).
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Figure 9. Average conductance profiles of pores at early and later
times after formation. Pores were aligned at their opening, and the
mean and SE of the conductance over time were determined for the
entire population of pores. Sample sizes: WT HA (open circles), n =
32; HPP* (filled triangles), n = 20; HPstop (open triangles), n = 28;
and HPH (triangles with cross), n = 27. The approximate diameters
of fusion pores in nanometers (Spruce et al., 1989) are shown on the
right axis. (A) The initial conductance of pores induced by HPP*
was statistically (p < 0.001) larger than formed by the other con-
structs. (B) Pores formed by HPP* readily enlarge. Once a pore had
increased beyond the measurable range, the conductance for this
experiment was artificially fixed at the largest detectable value for
purposes of calculating the remainder of the profile. This would
cause the calculated average conductance to increasingly underes-
timate the true value as time advances (see MATERIALS AND
METHODS). For visual clarity, one of every 25 points of pore
profiles is shown. Inset, The fraction of pores that had enlarged
beyond 4 nS in 2 min (error bars are omitted for visual clarity). The
enlargement for WT HA-expressing cells at 30°C (open bar, n = 14)
was greater than at room temperature (filled bars).

The growth of pores over time also depended on the
combination of the TM domain and CT present. WT
HA-induced fusion pores often shut and then quickly
reopened (Figure 8), a phenomenon known as “flick-
er” (Spruce et al., 1989; Zimmerberg et al., 1994). WT
HA (Figure 9B, open circles) and HPH-induced pores
(Figure 9B, triangles with cross) did not grow over 20 s
(Figure 9B) and in fact did not enlarge significantly
over a 2- to 3-min period (our unpublished results).
Pores formed by HPstop (Figure 9B, open triangles)
demonstrated a somewhat greater propensity to grow
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over this 20-s period than WT HA. In contrast, the
pore conductance for HPP* cells lingered at small
values for only a few seconds (Figures 8 and 9B, filled
triangles) before increasing. It reached an average
value of >6 nS (~14 nm in diameter) in 20 s and
continued to rise. The average fusion pore conduc-
tances grew slower for HEE (our unpublished results)
than for HPP* but faster than for WT HA. As readily
seen by the fraction of fusion pores for each construct
that enlarged beyond 4 nS in 2 min (Figure 9B, inset,
filled bars), pores formed by HPP* and HPstop more
readily enlarged than those formed by WT HA, which
in turn more readily enlarged than those formed by
HPH.? Even at 30°C, WT HA-induced fusion pore
conductances (Figure 9B, inset, open bar) increased to
a lesser extent than did those created by HPP* at 23°C.
This order, overall, parallels the kinetics and efficiency
of fusion observed among the constructs.

A Point Mutation in the TM Domain of HA Inhibits
Fusion

It had been shown that mutation of either one of the
two glycines within the TM domain of the G protein of
VSV attenuates the extent of fusion, whereas mutation
of both glycines inhibits full fusion but supports hemi-
fusion (Cleverley and Lenard, 1998). The generality of
these findings to other fusion proteins was suggested
(Cleverley and Lenard, 1998). The HA of the A/Ja-
pan/305/57 strain used in the present study has two
glycines within its TM domain; the one at position 530
is conserved among strains of influenza, whereas the
glycine at position 520 (Figure 1) is a serine in most
other strains. We made three separate point muta-
tions. Two were at G520, either to serine (G520S) or to
leucine (G520L), and the third was at G530 to trypto-
phan (G530W).

Mutating the conserved G530 did not affect fusion:
both lipid and aqueous dyes efficiently redistributed
from RBCs (Figure 10, A and B). Because position 520
is usually a serine and conserved among most strains
of influenza, it is significant that the mutation G5205
had no affect on the efficacy of fusion (Figure 10, C and
D). In contrast, fusion activity for G520L was dramat-
ically attenuated: R18 redistributed into only a few
HA cells (Figure 10E), and aqueous dye transfer was
virtually absent (Figure 10F). G520L was properly
folded (Figure 2B, lane 4) and was expressed on cell

2 The electrically measured pore conductance is the total conduc-
tance of all pathways connecting two fused cells. Thus, increases in
pore conductance need not occur only by pore enlargement. Suc-
cessive formation of multiple pores will also result in conductance
increases (Zimmerberg et al., 1994). However, pore growth mea-
sured by either differential sieving of fluorescent dyes or by in-
creases in total conductance were in accord in our study. This
supports our conclusion that pores formed by the different con-
structs actually grow at different rates.
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Figure 10. Fusion activity of the point mutants G520L HA, G520S
HA, and G530W HA. Fusion of bound RBCs colabeled with CF and
R18 to HA cells was triggered by application of a pH 4.8 solution at
37°C for 2 min and then incubating the cells for 10 min at room
temperature in PBS supplemented with raffinose. The G530W mu-
tant induced efficient redistribution of both dyes (A and B). G520S
HA was also effective in promoting fusion (C and D). Very little
lipid dye mixing (E) and virtually no aqueous dye redistribution (F)
was observed for the G520L mutant. Subsequent application of 0.5
mM CPZ to the G520L-expressing cells resulted in extensive transfer
of both CF (H) and R18 (G). The electrical trace (Y,) illustrates that
pores did not form for G520L after the low-pH pulse (downward
arrow). However, a rare transient opening of a fusion pore followed
by its closing was sometimes detected when the probability of pore
formation was increased by binding many RBCs to the G520L cells.

surfaces at the same density as WT HA (Table 1) and
bound RBCs as effectively. For the few G520L HA cells
into which R18 did redistribute, the labeling was faint,
indicating that dye movement was restricted. The ab-
sence of fusion pores was rigorously demonstrated by
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electrical capacitance measurements: pores had not
formed with the G520L mutant by 10 min after expo-
sure to pH 4.8 at room temperature (Figure 10, elec-
trical trace).

When membranes have hemifused (as evidenced by
spread of lipid dye), CPZ promotes fusion (Melikyan
et al., 1997a). CPZ promotes fusion when membranes
have reached a state intermediate to fusion (thought to
be local hemifusion), even before mixing of lipid dye
(Chernomordik et al., 1998). After acidification and
reneutralization of G520L cells bound to RBCs, a brief
application of CPZ quickly caused efficient transfer of
both R18 and CF into the majority of the cells (Figure
10, G and H). This shows that the G520L mutant had
undergone a low-pH-induced conformational change
that allowed the membranes to approach each other
and suggests that they may have locally hemifused
without permitting passage of lipid dye, referred to as
“restricted hemifusion” (Chernomordik et al., 1998).
Thus, although a TM domain from proteins unrelated
to fusion can support fusion, a point mutation at a
critical location within the TM domain of HA can
arrest the process.

DISCUSSION

Fusion Occurs When the Ectodomain of HA Is
Anchored to Membranes with a Foreign TM Domain
but Is Modulated by the Sequence of the CT

We have shown that the TM domain of a nonviral,
nonfusion integral membrane protein, pIgR, can sub-
stitute for that of HA and still cause fusion. Similar
findings have been obtained using chimeras between
the ectodomains of either G protein of VSV (Odell et
al., 1998) or gp160 (the fusion protein) of human im-
munodeficiency virus (Wilk ef al., 1996) and the TM
domain and CT from proteins unrelated to fusion.
Furthermore, TM domains and CTs derived from
other viral fusion proteins can effectively substitute for
those of HA (Roth et al., 1986; Dong et al., 1992;
Schroth-Diez et al. 1998). We therefore conclude that it
is generally the case that the TM domain does not
need to fulfill stringent sequence requirements for
fusion to occur.

Nevertheless, we found that the point mutation
G520L within the TM domain of HA significantly
inhibits full fusion. Also, point mutations within the
TM domain of the G protein of VSV inhibit fusion,
indicating that certain residues within a TM domain
can play a critical role in whether fusion proceeds
(Cleverly and Lenard, 1998). At first glance it would
seem odd or even contradictory that a specific residue
within the TM domain is important for fusion,
whereas the overall amino acid sequence of the do-
main is not. It is noteworthy too that the efficacy of
fusion for HA chimeras depended not only on the TM
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domain but on that TM domain’s association with a
particular CT. In other words, although a CT is not
required for HA-mediated fusion, when present, its
alteration can affect fusion to the point of abolishing it
(Figure 5; Ohuchi et al., 1998). What could account for
these findings?

A point mutation or chimera can create different
propensities for or against residing in rafts of choles-
terol complexed with sphingomyelin (Schieffele et al.,
1997); if rafts have an effect on the fusion process, this
propensity could be an important factor. It is unlikely,
however, that rafts do have an effect on the fusion
process. There was no correlation between affinity for
a raft and ability to promote fusion. Neither HPP*
(optimal for fusion) nor HPH (less effective than WT
HA) resided within rafts (Figure 2C). Both were effec-
tively solubilized by Triton X-100 at 4°C. Also, deplet-
ing WT HA cells of cholesterol eliminated rafts with-
out affecting pore formation or growth (Figure 5).
Therefore, not only can the amino acid sequence of the
TM domain significantly vary without hindering the
fusion process, but the lipid environment of the TM
domain can vary without hindrance as well.

Alternatively, the ability to undergo low-pH-in-
duced conformational changes could depend on the
combination of the TM domain and CT. This also
appears unlikely. The chimeras and mutants were
folded and expressed properly (Figure 2 and Table 1).
The pH dependence of fusion shifted only 0.2 units
toward more acidic values than WT HA (Figure 4).
This may indicate that either the chimeras were stabi-
lized somewhat against low-pH conformational
changes (Steinhauer et al., 1991) or more trimers were
required to form a pore than for WT HA.

Considering the unlikelihood of the above possibil-
ities, we propose that the explanation is a basic struc-
tural one, because function (in this case, fusion) fol-
lows from structure. There is probably some structure
that the TM domain must be able to assume, during at
least some stage in the process, to cause fusion. The
ability to assume this structure can be affected by
mutation within the TM domain itself or by the se-
quence within the CT. The required structural motif
would have to be rather common among TM domains,
because a foreign TM domain can support fusion. The
finding that G520S HA causes fusion, but G520L does
not, provides a natural explanation for the fact that
residue 520 is rather well conserved, usually a serine
(although a glycine in Japan 57 HA).

The TM domain and CT of fusion proteins may not
be independent structural entities. Chimeras for which
the TM domain and CT were derived from the same
protein, either HA or pIgR, were more effective in
promoting fusion by every criteria—efficiency and ki-
netics of pore formation and pore enlargement—than
were the chimeras with the two domains derived from
different proteins. At the extremes, HPP* was optimal,
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but HHP* did not support fusion. The HEE chimera
was also effective in promoting pores that readily
enlarged. Thus the amino acid sequences of the TM
domain and CT may have to be compatible with each
other to preserve an overall structure, and the ob-
served functional coupling between these domains
may be a reflection of this structural necessity.

Biological Ramifications of the Role of the CT on
the Fusion Protein

The finding that HPP* and HPstop have greater ability
to cause fusion than WT HA shows that the TM do-
main and CT of HA have not evolved to simply opti-
mize fusion. This makes sense because HA must fulfill
functions other than fusion as part of the viral life
cycle, including proper sorting within a host cell (Lin
et al., 1998) and assembly and budding of viral parti-
cles (Jin et al., 1994). Furthermore, although the pres-
ence of a CT does not strongly affect fusion, it may be
required for other influenza viral functions, because
virus has been shown to try to maintain its CT; influ-
enza virus engineered (by inserting a single stop
codon) to have a tailless HA eventually reverts to
virus whose HA contains a restored CT (Jin et al.,
1994).

Although the CT is not required for HA-mediated
fusion in influenza, for some other viruses its presence
is known to be essential (Bagai et al., 1996). For many
viruses, including influenza (Ohuchi et al., 1998), al-
tering the fusion protein’s CT can strongly affect fu-
sion (Chakrabarti et al., 1989; Mulligan et al., 1992;
Johnson et al., 1993; Ritter et al., 1993; Owens et al.,
1994; Spies and Compans, 1994; Sergel and Morrison,
1995). In the case of the retrovirus Moloney murine
leukemia virus, the fusion protein is synthesized with
a long CT and cannot cause fusion. The virus itself,
through its own protease, shortens the CT to activate
the protein only after viral assembly has taken place at
the plasma membrane of the infected cell (Rein et al.,
1994; Januszeski et al., 1997). That is, as part of its
natural life cycle, this retrovirus controls the identity
of its CT, thereby ensuring that fusion can occur only
when the virus is assembled, ready to infect other
cells. It may be that for viral fusion proteins in general,
the CT does not directly contribute to fusion. But its
length and sequence must be compatible with the TM
domain and/or ectodomain to allow them to assume
conformations required for fusion.

The Wide Latitude in Functional Amino Acid
Sequences in the TM Domain Supports the
Hemifusion Model

There is a possible mechanism of fusion in which
hemifusion is not an intermediate stage: the initial
pore is formed by and solely composed of fusion
proteins that connect the two membranes (Tse et al.,
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1993; Lindau and Almers, 1995). In this scenario, aque-
ous continuity is established before any lipid mono-
layer merger. There is a precedent for this structure: a
gap junction composed solely of protein connecting
two membranes. The findings that GPI-HA causes
hemifusion are consistent with both hypotheses. In a
hemifusion mechanism, the TM domain would be re-
quired to disrupt the hemifusion diaphragm to create
a pore that would connect aqueous compartments. If,
on the other hand, the pore were composed solely of
protein, the TM domain of HA would be needed to
form the wall of the pore within the HA-expressing
membrane. But proteins that form water-filled pores
have fairly strict amino acid sequence requirements
over the extensive lumenal region because of polarity
considerations. The sequence requirements of this
model are inconsistent with our findings; in fact it
would be unprecedented if a TM domain composed of
virtually any amino acid sequence could line the lu-
men of a water-filled pore.

The finding that a wide range of TM sequences are
effective in fusion strongly supports the hypothesis
that the fusion proteins first induce hemifusion by
acting on contacting (outer) monolayers. Hemifusion
must be initiated at a local site (Figure 11, local or
restricted hemifusion), probably through the forma-
tion of a stalk (Chernomordik et al., 1995). The T™M
domains of the fusion proteins that buttress this struc-
ture could then physically destabilize the hemifusion
diaphragm by a mechanism with little sequence re-
quirement. The TM domain could insert into the dia-
phragm, inducing the lipids that constitute the dia-
phragm to reestablish the transmembrane orientation
of this domain by reconfiguring around it into a pore.
Or the TM domains may pull out on the diaphragm
and thereby generate a membrane tension that rup-
tures the diaphragm. In either case, a small pore that
can still close forms within the local hemifusion dia-
phragm (Figure 11, reversible opening of a fusion
pore). Once the pore opens sufficiently, it remains
open and eventually fully enlarges.

The observed variation of kinetics of fusion with
differing TM domains and CTs (Figure 7) suggests that
destabilization of the local hemifusion diaphragm
may be a rate-limiting step. In general, if transition
from one state to another is rate limiting, the original
state will be relatively stable. Thus local hemifusion
may constitute a configuration separated from the
fusion pore by an energetic barrier. If this is the case,
it should be possible to arrest the fusion process at that
state. After exposing G520L cells bound to RBCs to
low pH, lipid dye did not spread, but subsequent
addition of CPZ at neutral pH caused both lipid and
aqueous dye transfer (Figure 10). Because this is the
“fingerprint” expected of restricted hemifusion (Cher-
nomordik et al., 1998), we conclude that G520L is not
completely nonfunctional but has locked the mem-
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Figure 11. Schematic representation of the progression through
intermediates in HA-mediated fusion. Each monomer of the HA
homotrimer consists of HA1 (shown as a globular head with a short
“tail”) and HA2 (a membrane-anchored polypeptide) subunits. The
fusion peptides (small open ellipses) are initially sequestered from
aqueous phase. Each TM domain is represented by a larger ellipse,
and a CT is shown by thin lines. The HA-expressing cell binds to its
target membrane (Binding) via specific interactions between the
HA1 subunit and sialates on the target membrane. Low pH triggers
a series of conformational changes in HA that result in insertion of
fusion peptides into viral and target membranes. Fusion probably
proceeds from a local membrane merger (Local hemifusion) medi-
ated by the ectodomain of HA. The question mark between the
bound and hemifused states denotes that the manner by which HA
causes this initial hemifusion is not known. The addition of CPZ
converts the local hemifusion intermediate to a pore that has irre-
versibly opened (Irreversible opening of a fusion pore), effectively
bypassing the small flickering pore (Reversible opening of a fusion
pore). We propose that for membranes in the state of local hemifu-
sion the combination of the TM domain and CT causes the desta-
bilization of the hemifusion diaphragm that results in an initial pore
that can still close. After some enlargement the pore remains open
and eventually fully enlarges (Enlarged pore). Stages up to local
hemifusion do not require the presence of a TM domain, whereas
pore formation does.
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branes in a state of local hemifusion.? In our model the
ectodomain causes hemifusion independent of the TM
domain; the TM domain is responsible for destabiliz-
ing the hemifusion diaphragm (Figure 11). It is thus
notable that a point mutation within the TM domain
arrests fusion at the stage of local hemifusion.

Even when a small pore has formed between an HA
cell and an RBC (and therefore all monolayers should
have merged), lipid does not appear to move from one
membrane to the other (Tse et al., 1993; Zimmerberg et
al., 1994). Therefore, lipid dye is not expected to move
(hence the term restricted) in the earlier stage of local
hemifusion (Chernomordik et al., 1998). Within the
context of the model (Figure 11), protein forms a ring
at the point of hemifusion (Monck and Fernandez,
1992; Chernomordik et al., 1998), and even after the
formation of a small pore, this ring blocks lipid move-
ment. Lipids insinuate themselves into the ring as HA
trimers move apart; this is observed as both pore
enlargement and lipid dye movement (Tse et al., 1993;
Hernandez et al., 1996, Chernomordik et al., 1998). The
different initial pore conductances between chimeras
(Figure 9) would be expected if the average protein
stoichiometry within the ring depended on the com-
bination of TM domain and CT. That is, the capacity of
chimeric HA trimers to associate with each other may
depend on the amino acid sequence of the TM do-
main. Because pore growth should depend on the
ability of fusion proteins to separate from each other,
enlargement would be expected to vary with the TM
domain and CT; this is experimentally observed (Fig-
ures 5 and 9).

We are thus led to the view that for WT HA the
ectodomain alone is responsible for hemifusion, with-
out participation of the TM domain. The function of
the TM domain is in some way to destabilize the
hemifusion diaphragm, leading to pore formation; this
step depends on and is subsequent to hemifusion.
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