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At a low pH, the influenza virus hemagglutinin (HA) undergoes conformational changes that promote
membrane fusion. While the critical role of fusion peptide release from the trimer interface has been
demonstrated previously, the role of globular head dissociation in the overall fusion mechanism remains
unclear. To investigate this question, we have analyzed in detail the fusion activity and low pH-induced
conformational changes of a mutant, Cys-HA, in which the globular head domains are locked together by
engineered intermonomer disulfide bonds (L. Godley, J. Pfeifer, D. Steinhauer, B. Ely, G. Shaw, R.
Kaufmann, E. Suchanek, C. Pabo, J. J. Skehel, D. C. Wiley, and S. Wharton, Cell 68:635-645, 1992). In this
paper, we show that Cys-HA expressed on the cell surface is predominantly a disulfide-bonded trimer. Cell
surface Cys-HA is impaired in its membrane fusion activity, as demonstrated by both content-mixing and
lipid-mixing fusion assays. It is also impaired in its ability to change conformation at a low pH, as assessed by
proteinase K sensitivity. The fusion activity and low pH-induced conformational changes of cell surface Cys-HA
are, however, restored to nearly wild-type levels upon reduction of the intermonomer disulfide bonds. By using
a set of conformation-specific monoclonal and anti-peptide antibodies, we found that purified Cys-HA trimers
are impaired in changes that occur in the globular head domain interface. In addition, changes that occur at
a great distance from the engineered intermonomer disulfide bonds, notably release of the fusion peptides, are
also impaired. Our results are discussed with respect to current views of the fusion-active conformation of the
HA trimer.

Membrane fusion is an early and essential step mediating
the entry of enveloped viruses into susceptible cells (34, 42).
All enveloped viruses possess a specific protein that medi-
ates this fusion event (34, 42). Of these integral membrane
glycoproteins, the influenza virus hemagglutinin (HA) has
been best characterized (44). HA is a trimer of three identical
monomers. Each monomer is synthesized as a precursor,
HAO, that is proteolytically processed into two disulfide-
bonded polypeptide chains, HAl and HA2. The ectodomain
of this membrane protein has been described as having three
domains, a globular head domain possessing receptor bind-
ing activity and major antigenic determinants, a hinge re-
gion, and, protruding from the membrane, a stem region
where a sequence critical for fusion, the fusion peptide, is
located (34, 42, 44, 48). In the normal replication cycle, the
virion binds to the cell and enters by endocytosis. Upon
encountering a low-pH endocytic environment, the HA
changes conformation, the fusion peptides are released from
the stem region of the trimer, and the viral and endocytic
membranes fuse, releasing the viral ribonucleoprotein core
into the cytoplasm (11, 13, 21, 26, 27, 30, 34, 38, 40, 42, 43,
49).

In a previous study, we characterized the low pH-induced
conformational changes in the influenza virus HA (X:31
strain) by using a panel of anti-peptide antibodies (43). Our
results suggested that the conformational changes occur in
two major stages. In the first stage, changes occur in the
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stem region of the trimer, the most important being release
of the fusion peptides from the trimer interface. In the
second, the globular heads dissociate substantially from one
another apparently by bending about the hinge region.
Further characterization of the X:31 HA at 0°C and the HA
from the Japan strain of influenza virus at 37°C has sup-
ported this two-stage conformational change model (5, 25,
33, 36). While prior work has demonstrated the importance
of fusion peptide release during the first stage of the confor-
mational change (19, 22), it has remained unclear whether
the second stage of the conformational change is required for
fusion or whether it represents a postfusion event (5, 25, 35,
36, 43).
To explore the role of dissociation of the globular head

domains in the fusion reaction, we analyzed in detail the
conformational changes and fusion activity of a mutant HA
(Cys-HA) in which the heads of adjacent monomers were
covalently joined via disulfide bonds (20). This mutant was
shown to differ from wild-type HA in that, when it is
exposed to a low pH, it does not change conformation nor
does it induce syncytium formation or erythrocyte lysis (20).
We have corroborated and extended these observations by
using additional antibody probes against well-defined
epitopes and two assays that directly measure membrane
fusion. We present three major new findings. (i) The inability
of Cys-HA to induce syncytium formation and erythrocyte
lysis truly reflects its impaired membrane fusion function. (ii)
A change which most likely represents partial dissociation of
the globular head domains occurs during the first stage of the
conformational change. (iii) The engineered intermonomer
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disulfide bonds in Cys-HA not only obstruct dissociation of
the globular head domains but also restrict specific confor-
mational changes that occur in the HA stem in response to
low pH conditions, notably release of the fusion peptides.

MATERIALS AND METHODS

Antibodies. The site A mouse monoclonal antibody was a
gift from John Skehel. It reacts equally well with properly
folded neutral and low pH-treated HA (10, 48). The Ni and
N2 mouse monoclonal antibodies, gifts of Ari Helenius, are
specific for the neutral HA trimer (8, 36). These antibodies
react with site B of the HA molecule at the tip of the globular
head (36, 48). The interface mouse monoclonal antibody
(H26D08) reacts with a peptide spanning amino acids 98 to
106 of the X:31 HAl sequence. This epitope is completely
buried within the trimer interface and is inaccessible to
antibody molecules at a neutral pH (43, 47). However, the
antibody does react with HA trimers that have been exposed
to a low pH (43). Rabbit antisera against the fusion peptide
(residues 1 to 29 of HA2) and loop peptide (14 to 52 of HA1)
were gifts of Richard Lerner. These antisera preferentially
recognize the acidified form of HA (43). The locations of the
antibody epitopes used in this study are shown schematically
on an HA monomer (see Fig. 6).

Cells and reagents. Cells expressing wild-type X:31 HA
(wt-HA; H3 subtype, Wtm8005 cell line), Cys-HA (X:31 HA
with the following substitutions: T-212- C and N-216- C),
and parental CHO-DUKX cells were the generous gifts of
Don Wiley (20). Cys-HA and Wtm8005 cells were main-
tained in G418 medium (minimal essential medium-alpha
without nucleosides, 10% supplemented bovine calf serum
[SCS], 2 mM glutamine, 100 U of penicillin per ml, 100 mg of
streptomycin per ml, 600 jig of geneticin [GIBCO BRL,
Gaithersburg, Md.] per ml, 0.3 ,M methotrexate). CHO-
DUKX cells were maintained in Ham's F-12 medium con-
taining 10% SCS, 2 mM glutamine, 100 U of penicillin per
ml, and 100 mg of streptomycin per ml. Unless otherwise
indicated, all reagents for the maintenance of tissue culture
cells were obtained from the UCSF Cell Culture Facility
(San Francisco, Calif.) and all biochemical reagents were
purchased from Sigma Chemical Co. (St. Louis, Mo.).
HA purification. Five T-175 flasks of cells expressing

either wt-HA or Cys-HA were metabolically labeled with 0.5
mCi of 35S Express Label (Dupont, NEN Research Prod-
ucts, Boston, Mass.) per flask for 18 h at 37°C in MEM
Select-Amine lacking cysteine and methionine (GIBCO
BRL). Unless otherwise indicated, the cells were incubated
with 10 ,ug of tolylsulfonyl phenylalanyl chloromethyl ketone
(TPCK)-trypsin per ml in RPMI 1640 for 8 min at room
temperature (RT) to convert cell surface HAO to HAl and
HA2. The cleavage reaction was quenched by the addition of
50 ,ug of soy trypsin inhibitor (STI) in RPMI 1640. The cells
were removed from the dish by scraping into phosphate-
buffered saline (PBS; 16 mM NaH2PO4, 2 mM Na2HPO4,
150 mM NaCl), collected by centrifugation at 115 x g for 5
min, and lysed for 30 min on ice in 1% Nonidet P-40
(NP-40)-0.1 M Tris, pH 7.5, containing a protease inhibitor
cocktail (1 mM phenylmethylsulfonyl fluoride [PMSF], 1 p1g
of pepstatin A per ml, 2 ,ug of leupeptin per ml, 4 p,g of
aprotinin per ml, 10 Lg of antipain per ml, 50 p,g of
benzamidine per ml, 10 pg of STI per ml, 0.5 mM iodoace-
tamide [IAA]). After centrifugation in a TLA100.3 rotor
(Beckman Instruments, Inc., Fullerton, Calif.) at 70,000 x g
for 30 min at 4°C, the detergent-soluble HA was purified by
ricin affinity chromatography and sucrose gradient purifica-

tion as described previously (43). Fractions corresponding to
9S trimers were pooled and used for immunoprecipitation
analyses. The preparations were approximately 80% pure as
determined by laser densitometry, the major contaminant
being a 116-kDa polypeptide that does not cross-react with
anti-HA antibodies (data not shown).

Immunoprecipitation. Samples of purified 35S-wt-HA or
35S-Cys-HA in MS buffer [0.13 M NaCl, 10 mM 2-(N-
morpholino)ethanesulfonic acid (MES), pH 7.0] containing
0.1% NP-40 were treated at pH 5.0 and 37°C for the indicated
times, reneutralized, and reacted with primary antibody for
2 h at RT. Final dilutions of antibodies were as follows:
fusion peptide and loop, 1:5; Ni and interface, 1:100; N2,
1:25; and site A, 2.9 ,ug/ml. Protein-antibody complexes
were precipitated for 1 h with 20 pl of protein A-agarose
(Schleicher & Schuell, Inc., Keene, N.H.), washed twice
with 0.5 M NaCl-10 mM Tris (pH 8.0), resuspended in 10%
sodium dodecyl sulfate (SDS), and processed for scintilla-
tion counting.

Content-mixing fusion assay: delivery of erythrocyte-encap-
sulated lucifer yellow. A solution of 10 mg of lucifer yellow
(K+ salt; Molecular Probes, Eugene, Oreg.) per ml was
incorporated into human erythrocytes as described previ-
ously (17), with a slight modification: the Hanks V buffer
used to reseal the erythrocyte membranes consisted of 1.8 M
NaCl-0.08 M KCl-0.02 M Na2HPO4. HA-expressing cells
grown to 50 to 70% confluency on glass coverslips were
rinsed twice in RPMI 1640 and treated with 0.2 mg of
neuraminidase per ml containing either 10 ,g of TPCK-
trypsin per ml or 10 jig of STI per ml (HAO controls) for 8
min at RT. This solution was removed, and 50 p,g of STI per
ml was added to inactivate the trypsin. Ham's F-12 medium-
10% SCS was added, and the cells were returned to the 37°C
incubator for 60 min to recover. Lucifer yellow-containing
erythrocytes (1% suspension) were incubated with the cells
for 20 min at RT, and the unbound erythrocytes were
removed with three washes of RPMI 1640. A prewarmed
solution of fusion buffer (10 mM HEPES [N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid], 10 mM MES, 10 mM
succinate, 120 mM NaCl, 2 mg of glucose per ml) at the
indicated pH was added, and the cells were incubated in a
37°C water bath for 60 s. The fusion buffer was aspirated and
replaced by Ham's F-12 medium-10% SCS, and the cells
were returned to the 37°C incubator for 30 to 60 min. The
coverslips were mounted, and photomicrographs were taken
with an Olympus IMT-2 microscope. For dithiothreitol
(DTT)-treated cells, the HA on the cell surface was reduced
and alkylated (as described below) just prior to the binding of
lucifer yellow-containing erythrocytes. Mock DTT-treated
cells (-DTT) were subjected to alkylation only.

Lipid-mixing fusion assay: octadecylrhodamine (R1,) fluo-
rescence dequenching. Confluent monolayers of CHO cells
grown on 10-cm dishes were treated with trypsin and neur-
aminidase as described above, reduced and alkylated (as
indicated elsewhere in the text), and then incubated with a
0.05% suspension of octadecylrhodamine (R18)-labeled
erythrocytes prepared as described previously (24). The
erythrocytes were bound for 10 min at RT, and the unbound
cells were removed by six washes with RPMI 1640. The
erythrocyte-CHO complexes were then rinsed twice with
PBS-0.5 mM EGTA [ethylene glycol-bis(3-aminoethyl-
ether)-N,N,N',N'-tetraacetic acid]-0.5 mM EDTA and re-
moved from the tissue culture dish by gentle pipetting. The
cells were placed in fusion buffer, pH 7.0, collected by
centrifugation at 115 x g for 5 min at RT, resuspended in 0.5
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ml of fusion buffer, pH 7.0, and placed on ice until further
use.
An aliquot of the erythrocyte-CHO complexes was placed

in a thermostatted cuvette containing 3 ml of 37°C fusion
buffer, pH 7.0. Fluorescence measurements were made on
an LS-SB fluorimeter equipped with a magnetic stirrer (Per-
kin-Elmer, San Jose, Calif.) by using an excitation wave-
length of 560 nm and an emission wavelength of 590 nm.
Fluorescence values were collected every 1.5 s with a
Macintosh II computer (Apple Computer, Cupertino, Calif.)
and VersaTerm Pro 3.1 communication software. After the
collection of baseline values for 2 min, fusion was initiated
by injecting a predetermined amount of 1 N acetic acid into
the sample to bring the pH to 5.2. Fluorescence values were
collected for an additional 3 min. The sample was then
removed, and the cells were lysed by the addition of 160 ,ul
of 10% NP-40 and incubated for 5 to 16 h at RT to obtain the
amount of fluorescence at an infinite dilution (FNP-40). The
last 20 baseline values were averaged to obtain the baseline
fluorescence (FO), and the percent fluorescence dequenching
(FDQ) was determined as follows:

% FDQ = [(F,-Fo)I(FNP40 - F0)] X 100

where F, equals the fluorescence value at the time indicated.
Two aliquots from each sample were independently moni-
tored for the percent FDQ for 3 min postacidification, and
the measurements were averaged. The highest average stan-
dard error for any of the sets did not exceed 4.5% FDQ. The
maximal rate of the reaction (expressed as percent FDQ per
minute) was obtained from the slope of the best-fit line
through the linear portion of the curve that displayed the
most rapid percent FDQ.

Reduction and alkylation of HA on the cell surface. Intact
cells were rinsed twice with Tris-buffered saline (TBS) (50
mM Tris, 120 mM NaCl [pH 8.0]) and incubated in TBS
alone or with the indicated amount of DTT in TBS for 10 min
at RT. The DTT solution was removed, and the cells were
rinsed once with TBS and incubated for an additional 15 min
in 0.15 M IAA in TBS. The IAA was removed, and the cells
were rinsed twice with RPMI 1640 before further processing.

Cell surface biotinylation and immunoprecipitation. Cells
grown to confluency in 10-cm dishes were treated with
trypsin, reduced with the indicated amount of DTT, and
alkylated with IAA as described above. The cells were then
removed from the dish with PBS-0.5 mM EGTA-0.5 mM
EDTA and placed in PBS, pH 7.8. After centrifugation at 115
x g for 5 min at RT, cell surface proteins were labeled in 1
ml of PBS-1 mg of immunopure NHS-LC-biotin (Pierce
Biochemicals, Rockford, Ill.) pH 7.8, per ml for 45 min at
4°C, and the reaction was quenched by the addition of 10 ml
of PBS-50 mM glycine (pH 7.8) for 10 min at 4°C. The cells
were collected by centrifugation, washed twice in PBS, and
lysed in 0.5 ml of lysis buffer (1% NP-40, 50 mM HEPES,
protease inhibitor cocktail [pH 7.2]). The lysate was centri-
fuged at 15,000 x g in an Eppendorf microcentrifuge at 4°C
for 20 min, and 100 ,ug of soluble protein, determined by
fluorescamine assay (37), was incubated with 1.5 ,ug of the
site A monoclonal antibody for 60 min at RT. The anti-
body-HA complexes were precipitated with protein A-agar-
ose for 60 min at RT and washed extensively as described
previously (23). The immunocomplexes were suspended in
loading buffer (62.5 mM Tris [pH 7.5], 2% SDS, 7.5%
sucrose, 0.5 mM EDTA, 0.005% bromophenol blue), heated
to 95°C for 5 min, and separated on a nonreducing SDS-8%
polyacrylamide gel. The proteins were transferred to nitro-
cellulose; blocked with PBS, 1% skim milk, 10% glycerol,

3% bovine serum albumin, 1 M glucose, and 0.5% Tween 20;
and probed with 10 ,uCi of [1 I]streptavidin (gift of Sam
Green) in PBS-0.5% Tween 20 for 60 min at RT. The filters
were washed three times in PBS-0.5% Tween 20, air dried,
and subjected to autoradiography by using Hyperfilm (Am-
ersham, Arlington Heights, Ill.) and phosphorimage analysis
by using a Phosphorlmager workstation (Molecular Dynam-
ics, Sunnyvale, Calif.).

Proteinase K digestion assay. Following mild trypsinization
(to cleave HAO), reduction, alkylation, and biotinylation as
described above, the cells were washed once in MES-saline
(30 mM MES, 100 mM NaCl [pH 7.0]). Aliquots of the intact
cells were incubated in 1 to 2 ml of MES-saline at the
indicated pH for 15 min at 37°C. The buffer was neutralized
by the addition of a predetermined amount of 1 M Tris base,
and the cells were washed twice with 5 to 10 volumes of
MES-saline, pH 7.0, lysed in lysis buffer, and centrifuged at
15,000 x g in an Eppendorf microcentrifuge for 20 min at
4°C. Approximately 145 pLg of each lysate, determined by a
fluorescamine assay (37), was adjusted to 0.5 ml with lysis
buffer and digested by the addition of 50 ,ul of 55 mM
CaCl2-2 mg of proteinase K per ml for 30 min at 37°C. After
stopping the digestion by the addition of PMSF and bovine
serum albumin (to final concentrations of 5 mM and 50
,ug/ml, respectively), HA was precipitated by adding 1.5 ,ug
of the site A monoclonal antibody and protein A-agarose.
After extensive washing (23) with buffers containing 1 mM
PMSF, the immunoprecipitates were resuspended in SDS
sample buffer containing 100 mM DTT and 2 mM PMSF,
heated at 95°C for 5 min, and separated by SDS-PAGE (10%
polyacrylamide). The proteins were transferred to nitrocel-
lulose and probed with [1251I]streptavidin as described above.
Computer modeling ofHA. The ribbon drawing of HA was

produced by using the MidasPlus software system from the
Computer Graphics Laboratory, University of California,
San Francisco (18), and displayed on an Iris 4D/80GT
workstation (Silicon Graphics, Mountain View, Calif.). Co-
ordinates ofHA are from entry 2hmg (39) in the Brookhaven
protein data bank (1, 3).

RESULTS

Fusion activity of Cys-HA and wt-HA before and after
reduction. We assessed the membrane fusion potential of
Cys-HA by using two independent membrane fusion assays,
one that monitors content mixing (14, 32) and a second that
measures lipid mixing (24). Before analyzing the fusion
activity of Cys-HA-expressing cells, however, we character-
ized two parameters that affect fusion, the amount of
Cys-HA on the cell surface and its ability to be proteolyti-
cally activated (15, 42, 44). Cys-HA- and wt-HA-expressing
cells express the precursor form of HA, HAO, on their cell
surface; HAO must be proteolytically processed into two
disulfide polypeptide chains, HAl and HA2, in order to be
fusion competent (42, 48). In order both to quantitate the
expression and to assess the proteolytic processing of cell
surface Cys-HA and wt-HA, cells were metabolically la-
beled for 16 h with 35S, mildly trypsinized, and analyzed for
HAO, HAl, and HA2 species (Fig. 1) (19). Phosphorimage
analysis of the SDS gel revealed that approximately 65% of
the Cys-HA expressed in the CHO cells was on the cell
surface. Nearly all of the (biotinylated) cell surface Cys-HA
was capable of being processed into its disulfide-linked
Cys-HAl and Cys-HA2 polypeptide chains by the addition
of exogenous trypsin (Fig. 1; data not shown). In contrast,
over 95% of the wt-HA was expressed on the cell surface
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Trypsin:
WT CYS
_-+ - +

HAO -0 -

HAl--c

HA2 --

FIG. 1. Expression of HAl and HA2 polypeptide chains on the
surface of both wt-HA- and Cys-HA-expressing cells. Cells express-
ing either wt-HA or Cys-HA were incubated with 0.25 mCi of 35S
Express Label for 16 h, treated with 10 p.g of trypsin per ml (lanes
+) or STI (lanes -) for 10 min at RT, and lysed. Approximately 108
cpm of each sample was incubated with the site A antibody and
precipitated. Immunocomplexes were resolved by reducing SDS-
PAGE (10% polyacrylamide) and subjected to both autoradiography
and phosphorimage analysis.

-DTT

and properly processed (Fig. 1). However, since Cys-HA-
expressing cells appeared to have made more total cellular
HA than did wt-HA-expressing cells, the amounts of proc-
essed Cys-HA and wt-HA on the cell surface were equiva-
lent (Fig. 1). Because the cell surface densities of processed
Cys-HA and wt-HA are similar, direct comparisons of the
fusion capacity of Cys-HA- and wt-HA-expressing cells can
be made.
We first compared the fusion activity of Cys-HA and

wt-HA by using a content-mixing assay. For this assay, we
used erythrocytes loaded with lucifer yellow to determine
whether the contents of bound erythrocytes could be deliv-
ered to HA-expressing cells after exposure to fusion-induc-
ing conditions (14, 32). Lucifer yellow-containing erythro-
cytes were bound to HA-expressing cells, incubated in pH
5.2 fusion buffer for 60 s, and then returned to growth
medium. After a further incubation for 30 min, the cells were
observed with a fluorescence microscope. The cytoplasm of
wt-HA-expressing cells became filled with lucifer yellow
(Fig. 2A). However, very little cytoplasmic fluorescence was
seen in Cys-HA-expressing cells; the lucifer yellow was
confined predominantly to the bound erythrocytes (Fig. 2B).
When Cys-HA cells were subjected to reduction and alky-
lation prior to the erythrocyte delivery protocol, lucifer
yellow was visible in the cytoplasm of the majority of the
cells (Fig. 2D). As expected, both proteolytic activation of
wt-HAO and Cys-HA0 and low pH treatment were required

+DTT

WT-HA

CYS-HA

FIG. 2. Fusion activity of wt-HA- and Cys-HA-expressing cells assessed by the delivery of erythrocyte contents. Cells expressing either
wt-HA (A and C) or Cys-HA (B and D) were either untreated (-DIT) (A and B) or reduced with 12 mM DTT and alkylated (+DTT) (C and
D), as described in Materials and Methods. Erythrocytes containing lucifer yellow were bound to the cells, and the pH was lowered to 5.2
for 60 s at 370C. The cells were returned to the medium at a neutral pH and incubated for 30 min at 370C before mounting and photography.
The small arrows mark bound lucifer yellow-containing erythrocytes, and the large arrows indicate HA-expressing cells that have taken up
lucifer yellow after fusion. The more-rounded morphology of the wt-HA- and Cys-HA-expressing cells in panels C and D was due to the
reduction and alkylation. Bar = 40Im.
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FIG. 3. Fusion activity of wt-HA- and Cys-HA-expressing cells as assessed by the R18 FDQ assay. Neuraminidase-treated, trypsin-

activated cells expressing either wt-HA (A) or Cys-HA (B) treated with 12 mM DTT and alkylated (*) or only alkylated (-) were bound to
erythrocytes labeled with R18, and the erythrocyte-cell complexes were removed from the dish and placed in a thermostatted cuvette
containing 37°C fusion buffer (pH 7.0) in a fluorimeter. After the collection of baseline data, the pH of the solution was lowered to 5.2 by the
injection of a predetermined amount of 1 N acetic acid and the fluorescence values were measured. After lysis of the cells, the percent FDQ
was calculated and plotted with respect to time. Untrypsinized cells expressing HAO (0) served as negative controls. The 60-s time point is
indicated ( t ) for comparison with Fig. 2B. (C) Cys-HA-expressing cells (U) treated with the indicated amount of DTT and alkylated were
subjected to the procedure outlined above and the maximal rate (percent FDQ per min) for each sample was calculated as detailed in Materials
and Methods and compared with the maximal rate for non-DTT-treated wt-HA cells. Wt-HA-expressing cells treated with 12 mM DTT (1)
are also shown. Since the intact cells were treated with DTI after trypsinization, the concentrations of reducing agent used in this study were
significantly lower than that used by Godley et al. (20).

to detect significant fluorescence in the cytoplasm of either
wt-HA- or DTT-treated, Cys-HA-expressing cells (data not
shown). These qualitative results suggest that Cys-HA is not
fusion competent but that it can be rendered fusion active
after treatment with DTT.
We next compared the fusion competence of wt-HA- and

Cys-HA-expressing cells by using a more-sensitive FDQ
lipid-mixing assay. This assay allowed us to compare quan-
titatively the time course of fusion of R18-labeled erythro-
cytes and HA-expressing cells, either untreated or pre-
treated with various amounts of DTT. As seen in Fig. 3A
(squares), non-DTT-treated, wt-HA-expressing cells dis-
played a rapid initial rate of FDQ that began immediately
after lowering the pH. In sharp contrast, non-DTT-treated,
Cys-HA-expressing cells fused at a maximal rate that was
only 15% that of non-DTT-treated, wt-HA-expressing cells
and only following a substantial lag (-40 s) (Fig. 3B,
squares). The extent of fusion with non-DTT-treated, Cys-
HA-expressing cells reached 55% of wt levels after 3 min of
acidification, while fusion mediated by non-DTT-treated,
wt-HA-expressing cells plateaued within 1 min (Fig. 3A and
B). The negligible amount of lipid mixing observed with
non-DTT-treated, Cys-HA-expressing cells at 60 s postacid-

ification (Fig. 3B, arrow) is consistent with the negligible
amount of lucifer yellow delivery observed in Cys-HA-
erythrocyte complexes exposed to a low pH for 60 s (Fig.
2B). As expected, FDQ was not observed with cells express-
ing the nonfusogenic precursor of HA, either wt-HAO or

Cys-HAO (Fig. 3A and B, circles). This sensitive membrane
fusion assay demonstrated that non-DTT-treated, Cys-HA-
expressing cells do mediate membrane fusion, albeit at a
greatly reduced rate and following a substantially increased
lag phase. Lag phases before the onset of HA-mediated
membrane fusion have been seen previously under subopti-
mal fusion conditions such as lowered temperature, lower
HA surface density, and elevated pH (9, 24, 28, 32, 36).
Treatment of Cys-HA-expressing cells with increasing

amounts of DTT affected two important fusion parameters.
The rate of fusion increased significantly (Fig. 3B, diamonds;
Fig. 3C). The lag phase before the onset of fusion (Fig. 3B,
squares) was abolished (Fig. 3B, diamonds). For Cys-HA-
expressing cells treated with 12 mM DTT, the maximal rate
of fusion was fivefold greater than for the non-DTT-treated
Cys-HA cells (Fig. 3C). This rate of fusion was approxi-
mately 80% that of the non-DTT-treated wt-HA controls and
equivalent to that of wt-HA-expressing cells treated with 12
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mM DTT (Fig. 3C). Treatment with higher concentrations of
DTT (225 mM) led to a decrease in the rate of fusion for
both wt-HA and Cys-HA (Fig. 3C; data not shown). The
results of both the content-mixing (Fig. 2) and lipid-mixing
(Fig. 3) fusion assays indicate that DTT treatment of Cys-
HA-expressing cells restores the fusion competence of cell
surface Cys-HA to wt levels.

Oligomeric forms of cell surface Cys-HA and wt-HA before
and after reduction. The results of the fusion experiments
suggest that the engineered intermonomer disulfide bonds in
cell surface Cys-HA are reduced by DTT treatment. To test
this hypothesis, we performed experiments to analyze the
effects of DTT treatment on HA present on the surface of
intact wt-HA- and Cys-HA-expressing cells. Biotinylated
cell surface HA was monitored on nonreducing SDS gels
(Fig. 4A) and quantitated by phosphorimage analysis (Fig.
4B). As shown in Fig. 4A, non-DTT-treated wt-HA migrated
predominantly as the monomer, although other forms includ-
ing trimer, dimer, HAl, and HA2 are visible. Treatment with
increasing amounts of DTT increased the abundance of HAl
and HA2 while simultaneously decreasing the proportion of
the monomer and higher oligomers (Fig. 4A, lanes 2 to 6). In
contrast, approximately 90% of the non-DTT-treated
Cys-HA migrated as the trimer, with only a small amount of
monomer detectable (Fig. 4A, lane 8, and 4B). Treatment
with increasing concentrations of DTT decreased the
amount of the trimer and concomitantly increased the
amount of the monomer, HAl, and HA2 visible on these gels
(Fig. 4A, lanes 9 to 13). Virtually no trimer remained after
treatment with 75 mM D1T (Fig. 4B). After exposure to 12
mM DTT (Fig. 4B, arrow), the concentration found optimal
to enhance the fusion rate (Fig. 3C), approximately 50% of
the cell surface Cys-HA migrated as trimer. While treatment
with higher concentrations of DTT resulted in even lower
proportions of the trimer and higher proportions of the
monomer bands, there was also a concomitant increase in
the amount of HAl and HA2 seen on nonreducing gels (Fig.
4) and a concomitant reduction in fusion activity (Fig. 3C;
data not shown). Presumably, the appearance of the HAl
and HA2 bands on these nonreducing gels indicates that the
HA1-HA2 disulfide bond, and most likely other intrasubunit
disulfide bonds, has been broken. This analysis indicated
that approximately 90% of the cell surface Cys-HA is
cross-linked by engineered intermonomeric disulfide bonds
that can be reduced by the treatment of intact cells with
DTT.
Low pH-induced conformational changes of cell surface

Cys-EIA and wt-HA before and after reduction. The HA
protein undergoes a characteristic conformational change
upon exposure to low pH conditions. One hallmark of this
change is that the protein, normally resistant to the degra-
dative action of proteinase K, becomes susceptible to diges-
tion. This property is acquired during the first stage of the
conformational change (25, 41). We therefore analyzed the
proteinase K sensitivity of neutral and low pH-treated cell
surface Cys-HA both before and after reduction. Intact cells
expressing wt-HA or Cys-HA were biotinylated, treated at a
low pH, neutralized, and lysed in nonionic detergent, and
the lysates were digested with proteinase K. As seen in Fig.
5, low pH-treated wt-HA was susceptible to proteinase K
digestion either with or without prior DTT treatment. How-
ever, the majority of low pH-treated Cys-HA was resistant
to digestion with proteinase K. This effect was partially
reversed by pretreatment with 12 mM DTT. Phosphorimage
analysis indicated that 25% of the non-D1T (but low pH)-
treated Cys-HA was sensitive to digestion, compared with
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FIG. 4. Reduction of wt-HA and Cys-HA on the surfaces of
intact cells. Intact wt-HA- and Cys-HA-expressing cells were sur-
face labeled with NHS-LC-biotin, treated with the indicated
amounts of DTT, alkylated with IAA, and lysed with NP-40. One
hundred micrograms of protein was precipitated with the site A
monoclonal antibody and protein A-agarose. The antigen-antibody
complexes were denatured in nonreducing sample buffer, separated
by nonreducing SDS-PAGE (8% polyacrylamide), transferred to
nitrocellulose, and probed with [1 I]streptavidin. (A) Autoradio-
gram of the cell surface wt-HA (lanes 1 to 6) and Cys-HA (lanes 7 to
12) from cells treated with various concentrations of DTT (indicated
above each lane). Arrows on the left and the right mark the positions
of the HA trimer, dimer, and monomer and the HAl and HA2
subunits. A band that is present on non-HA-expressing CHO-
DUKX cells that cross-reacts with the site A monoclonal antibody
and migrates slightly more slowly than the HA dimer is indicated (*).
The relatively low level of biotinylated Cys-HA detected is presum-
ably due to an inefficiency in the detection system. When equivalent
samples were reduced, comparable amounts of Cys-HA and wt-HA
were detected (data not shown). (B) The bands were quantitated by
phosphorimage analysis. The amount of Cys-HA trimer is expressed
as a percentage of all Cys-HA forms (+-) in each lane. The sample
treated with 12 mM DTT, the concentration found optimal to restore
fusion competence, is also shown ( I ).

90% for wt-HA. Treatment with 12 mM DTT (the concen-
tration found optimal to enhance the fusion rate; Fig. 3C)
augmented to 60% the amount of low pH-treated Cys-HA
sensitive to proteinase K. The results of this assay suggest
that approximately 25% of the Cys-HA on the surface of
non-DTT-treated cells is able to change conformation and
that after reduction with 12 mM DTT approximately 60% of
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100,

T

FIG. 5. Proteinase K susceptibility of wt-HA and Cys-HA on the
surface of intact cells following low pH treatment. Cells expressing
either wt-HA (1) or Cys-HA (-) were reduced with 12 mM DTJ
and alkylated (+) or only alkylated (-) and biotinylated as described
in the text. The intact cells were treated either at pH 7.0 or 5.2 for
15 min at 37°C, reneutralized, lysed, and digested with proteinase K.
After digestion, HA was precipitated with the site A monoclonal
antibody and protein A-agarose. Proteins were reduced, subjected
to SDS-PAGE (10Yopolyacrylamide), transferred to nitrocellulose,
and probed with [1 I]streptavidin. The "2I label was quantitated
with a phosphorimager. The amount of wt-HA and Cys-HA sensi-
tive to proteinase K digestion after treatment at pH 5.2 is expressed
as a percentage of the pH 7.0 sample. Results are the averages of
three to five independent samples, with vertical bars representing
one standard error.

the Cys-HA on the cell surface changes conformation in
response to a low pH.
Low pH-induced conformational changes in purified

Cys-HA and wt-HA trimers. To characterize more precisely
the ability of Cys-HA to undergo fusion-inducing conforma-
tional changes, purified, detergent solubilized 35S-labeled
wt-HA and Cys-HA trimers were compared for their ability
to react with a set of conformation-specific antibodies before
and after exposure to a low pH. The epitopes recognized by
these probes are shown diagrammatically on a monomer of
HA in Fig. 6. As shown previously (6, 36, 43) and in Table 1,
exposure of wt-HA to a low pH resulted in its conversion to
the low pH form, as evidenced by its acquisition of antibody
reactivity to fusion peptide, loop, and interface epitopes, as
well as its loss of reactivity with Ni, a neutral pH, trimer-
specific antibody (8). The conformational change as detected
by binding of these antibodies was more modest in Cys-HA
(Table 1). Overall, this analysis with four conformation-
specific antibodies against defined epitopes indicated that
non-DTT-treated Cys-HA is significantly impaired in its
ability to undergo the low pH-induced conformational
changes associated with wt-HA, even those that occur at a
great distance, in the stem of the molecule.
To extend this analysis, we compared wt-HA and Cys-HA

for the time course and extent of acquisition of reactivity to
the anti-fusion peptide antibody and loss of reactivity to N2,
another trimer-specific antibody. Low pH-treated wt-HA
quickly acquired reactivity with the fusion peptide antiserum
and concomitantly lost its reactivity with N2 (Fig. 7A). In
contrast, although the time courses were similar, the extent
of these conformational changes in Cys-HA was greatly
reduced (Fig. 7B). Nevertheless, for both wt-HA and Cys-
HA, a good correlation between the time courses and

FIG. 6. Ribbon drawing of the HA monomer (dark blue), show-
ing locations of epitopes, as probed with conformation-specific
antibodies, as follows: site A, green; site B (N1/N2), magenta;
fusion peptide, red; interface, yellow; loop, cyan.

extents of fusion peptide exposure and loss of the neutral-
specific epitope, N2, was observed. These results suggest
that loss of the N2 epitope located at the tip of the globular
head domain interface occurs concomitantly with exposure
of the fusion peptide epitope, and, most importantly, when
the globular head domains are physically joined, both of
these changes are markedly and commensurately inhibited.

DISCUSSION

Membrane fusion is important for delivering the genome
of an enveloped virus into a susceptible cell as well as for
many aspects of a cell's normal function (34, 42, 45, 46). We
and others have studied how the influenza virus HA medi-

TABLE 1. Comparison of antibody binding to wt-HA
and Cys-HAa

% Input counts precipitated

Epitope wt-HA Cys-HA

pH 7 pH 5 Ab pH 7 pH 5 A

Fusion peptide 1 36 +35 1 10 +9
Loop 1 43 +42 1 7 +6
Ni 44 1 -43 37 25 -12
Interface 0 10 +10 0 1 +1

a 35S-labeled wt-HA and Cys-HA trimers were purified from cells and
treated at the indicated pH for 5 (fusion peptide, loop, and N1) or 15
(interface) min at 37°C, reneutralized, and precipitated with the indicated
antibody. The percentages of input counts precipitated are shown. Each entry
is the average of two samples. This experiment was performed three separate
times with similar results.

b Difference in percent counts per minute precipitated between pH 5- and
pH 7-treated wt-HA or Cys-HA.
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FIG. 7. Low pH-induced conformational changes in wt-HA and Cys-HA. 35S-labeled wt-HA (A) or 35S-labeled Cys-HA (B) were

incubated at pH 5.0 for the indicated times and then reneutralized. The proteins were incubated with either the site A (A), N2 (0), or fusion
peptide ([l) antibody for 2 h, and the protein-antibody complexes were precipitated with protein A-agarose, washed, and processed for
scintillation counting as described in the test. The counts per minute precipitated (PPT) under these conditions are shown.

ates membrane fusion (for reviews, see references 2, 34, 42,
and 44). Upon exposure to a low pH, the HA molecule
retains its overall secondary structure but undergoes rear-
rangements altering its tertiary structure such that the fusion
peptides are extruded from within the trimer stem and the
heads separate substantially from one another, exposing
epitopes within the interface of the globular head domains
(11, 13, 21, 26, 27, 30, 34, 38, 40, 42, 43, 49). Both
biochemical and genetic studies have demonstrated the
critical role for the fusion peptides, and hence their release,
in the fusion reaction (19, 22). However, the requirement for
dissociation of the head domains has remained unclear. To
understand more fully the role of globular head domain
dissociation, we analyzed in detail the membrane fusion
activity and conformational changes of a mutant, Cys-HA, in
which the head groups were covalently cross-linked by
engineered intermonomer disulfide bonds (20).

Fusion activity of Cys-HA-expressing cells is impaired. Cells
that express Cys-HA do not make syncytia, and rosettes of
Cys-HA polypeptides are compromised in their ability to
mediate erythrocyte lysis (20). Although both of these activ-
ities are correlates, neither is a direct measure of membrane
fusion activity, as shown by the following findings: (i) the
replacement of glutamic acid with glycine (E-11--lG) in the
HA fusion peptide renders HA incapable of forming syncytia
yet fully competent to mediate fusion with an erythrocyte at
the same pH as that of a wt-HA (19); (ii) syncytium forma-
tion is highly dependent on the surface density of HA
molecules (9, 15, 19); and (iii) membrane lysis can occur in
the absence of membrane fusion (16, 31). Therefore, we used
two independent membrane fusion assays to test whether
Cys-HA in the plasma membrane of intact cells is truly
impaired in its ability to induce membrane fusion. Delivery
of both the contents and the membrane lipids of erythrocytes
to Cys-HA-expressing cells following low-pH treatment was
greatly impaired. Moreover, lipid mixing occurred only at a
slow rate and after a substantial lag. The inhibition of
Cys-HA functioning can be attributed to the engineered
disulfide bonds, and not simply to the amino acid replace-
ments T-212- C and N-216--*C, since treatment of cell
surface Cys-HA with 12 mM DTT restored the maximal

fusion rate of Cys-HA to wt levels, abolished the lag phase
before fusion, and accentuated the ability of Cys-HA to
change conformation at a low pH (Fig. 2, 3, and 5).
At low pH, 10 to 25% of cell surface Cys-HA molecules

change conformation. Cys-HA molecules present on the
surface of intact cells are predominantly covalently linked
trimers (Fig. 4). However, a percentage are not fully cross-
linked by intermonomeric disulfide bonds. On nonreducing
gels, approximately 10% of cell surface Cys-HA migrated as
the monomeric species (Fig. 4). However, because nonco-
valently linked oligomers of wt-HA often do not migrate as
monomeric species on nonreducing gels (Fig. 4, lane 1) (12),
10% is a lower estimate of the amount of noncovalently
bonded cell surface Cys-HA. We also demonstrated that
approximately 25% of both non-DTT-treated cell surface
Cys-HA and purified Cys-HA trimers were able to undergo a

pH-induced conformational change after exposure to a low
pH (Fig. 5 and 7; and Table 1). These results suggest that a
fraction of cell surface Cys-HA trimers change conformation
when exposed to a low pH, most likely because they do not
contain three intermonomer disulfide bonds.

Correlation between the membrane fusion activity and
conformational changes of cell surface Cys-HA. Our collective
results indicate that the engineered intermonomer disulfide
bonds inhibit the conformational changes and fusion activity
of Cys-HA. However, by using a sensitive and quantitative
lipid-mixing assay, fusion was measured with Cys-HA-
expressing cells. The rate of fusion was approximately 15%
of that observed with wt-HA-expressing cells, and fusion
was initiated only after a substantial lag phase. The fusion
rate for Cys-HA-expressing cells correlates well with the
estimate that 10 to 25% of the Cys-HA present on the cell
surface is able to undergo a conformational change in
response to low pH. (The extent of fusion between erythro-
cytes and non-DTT-treated, Cys-HA-expressing cells after 3
min at a low pH was 55% of the maximal extent attained by
wt-HA-expressing cells at 1 min postacidification. However,
fusion extent is not always a good comparative indicator of
membrane fusion activity. When HA-mediated fusion occurs
at a reduced rate because of suboptimal conditions such as
an elevated pH, low temperature, and low HA surface
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FIG. 8. Schematic representation of the native HA trimer and its low pH-induced conformational changes. (A) Representation of the HA
trimer showing the three subdomains of the HA ectodomain (globular head, hinge, and stem), the locations of the epitopes probed in this
study, and the disulfide bonds engineered into Cys-HA at residues HAl 212 and 216. (B) Depiction of our current model for low pH-induced
conformational changes in HA. In stage I, the globular heads have partially dissociated from each other; the epitopes in the stem, the fusion
peptide (dashed line or squiggle) and the loop peptide, have been exposed. In stage II, major dissociation of the globular head domains has
occurred. Below, the presence (+) or absence (-) of a particular epitope is shown.

density, the extent of fusion often equals or surpasses that
measured under optimal conditions [7, 9, 24, 36].)
There are three possible ways to explain the findings that

non-DTT-treated, Cys-HA expressing cells display some
fusion activity and conformational changes at low pH. (i) HA
in which the globular head domains are fully disulfide
bonded to one another has inherent, but significantly re-

duced, activity. In other words, conformational changes and
fusion can occur, albeit at a greatly reduced rate, when the
heads are completely locked together. (ii) Fully disulfide-
bonded HA is totally impaired in its ability to change
conformation and promote fusion; the low activity seen is
due to Cys-HA molecules that are not fully cross-linked by
intermonomer disulfide bonds. (iii) The answer could be a

combination of the preceding two possibilities. Neither our
results nor those presented by Godley et al. (20) rigorously
distinguish between these possibilities. However, because of
the correlation between the fusion rate (15%) and conforma-
tional changes (25%) of non-DTT-treated, Cys-HA-express-
ing cells with the amount of non-cross-linked Cys-HA trimer
(.10%) detected on the surface of these cells, we favor the
second hypothesis.

Partial dissociation of the globular head domains occurs

during the first stage of low pH-induced conformational
change. Our previous work using conformation-specific anti-
peptide antibodies demonstrated that HA changes confor-
mation in two stages (43). The first stage is defined as those
changes that occur in less than 60 s at 37°C. Marked changes
occur in the stem region of HA during stage 1, including
exposure of the loop, the C terminus of HAl, and fusion
peptide epitopes (Fig. 6). Changes during the second stage
(half-life, -4 min) are characterized by exposure of peptide

sequences located between the head groups, such as the
interface epitope (Fig. 8, stage II). Biophysical measure-
ments and electron microscopic observations suggest that,
during the second stage of the conformational change, the
head groups separate substantially from one another (30, 34,
43).
While comparing the ability of Cys-HA and wt-HA to

undergo low pH-induced conformational changes, we dis-
covered that a change in the globular head domains, as
evidenced by the loss of the Ni and N2 epitopes, occurs

during the first stage of the conformational change concom-
itant with fusion peptide exposure. The time courses of both
antigenic changes were the same in both wt-HA and Cys-
HA, and the extents of both of these changes were commen-
surately diminished in Cys-HA (Fig. 7). Since the Ni and N2
epitopes appear coincident with trimerization of the mole-
cule (8) and since there are no gross secondary structural
changes to HA after low-pH treatment (29, 30, 44), this
change likely represents partial dissociation of the head
domains. We therefore propose a refined model for the
conformational change in HA in which partial dissociation of
the globular head domains occurs during the first stage and
major dissociation occurs during the second stage (Fig. 8).

Role of globular head domain dissociation in HA-mediated
fusion. Two recent studies support the notion that major
dissociation of the globular head domains, operationally
defined here as the maximal separation of the globular head
domains from one another (Fig. 8, stage II), is not required
for fusion. With X:31 HA (an H3 subtype) at 0°C or Japan
HA (an H2 subtype) at 37°C, the second stage of the
conformational change appears to be inhibited, yet fusion
proceeds (25, 33, 36). Also, the time course of fusion of X:31
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virus (35) is faster than that of the second-stage changes (43).
These findings do not, however, rule out the possibility that,
as we suggest, partial separation of the globular head do-
mains is required for fusion, at least for the X:31 strain.
Partial dissociation of the globular head domains could be
required to promote fusion peptide release, to expose other
regions of HA involved in fusion, or to bring the fusing
membranes closer together.

In apparent contrast with our present findings, a previous
study demonstrated that at 0°C the fusion peptides of X:31
HA are exposed and the virus is able to mediate fusion
(albeit at a greatly reduced rate and after a substantial lag)
without irreversible dissociation of the globular head do-
mains as monitored by the Ni, N2, and interface antibodies
(36). There are two ways to explain this minor paradox.
First, the behavior of X:31 HA at 0°C may not accurately
reflect the conformational changes needed to elicit fusion at
the physiological temperature. Second, at 0°C and a low pH,
partial dissociation of the globular head domains may be
reversed upon reneutralization, unlike for HA exposed to a
low pH at 37°C.

In conclusion, our results suggest that partial dissociation
of the globular head domains is a prerequisite for the
expression of the optimal membrane fusion activity of the
X:31 HA. In addition to their relevance to the fusion
mechanism of the influenza virus HA, our results speak to
the design of fusion-inhibitory agents. Locking the mono-
mers together in the HA globular head region has been
proposed as a means of inhibiting the fusion activity of HA
(20). We propose an inhibitor design strategy aimed directly
at preventing fusion peptide release (4). Our present finding
that fusion peptide exposure and membrane fusion activity
are impaired in Cys-HA suggests that both strategies could
have the same ultimate effect, preventing fusion peptide
exposure and hence the fusion activity of influenza virus.
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