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Abstract. 

 

We tested the role of the “spring-loaded” 
conformational change in the fusion mechanism of the 
influenza hemagglutinin (HA) by assessing the effects 
of 10 point mutants in the region of high coiled-coil 
propensity, HA2 54–81. The mutants included proline 
substitutions at HA2 55, 71, and 80, as well as a double 
proline substitution at residues 55 and 71. Mutants were 
expressed in COS or 293T cells and assayed for cell sur-
face expression and structural features as well as for 
their ability to change conformation and induce fusion 
at low pH. We found the following: Specific mutations 
affected the precise carbohydrate structure and folding 
of the HA trimer. All of the mutants, however, formed 
trimers that could be expressed at the cell surface in a 
form that could be proteolytically cleaved from the pre-
cursor, HA0, to the fusion-permissive form, HA1-S-S-
HA2. All mutants reacted with an antibody against the 

major antigenic site and bound red blood cells. Seven 
out of ten mutants displayed a wild-type (wt) or moder-
ately elevated pH dependence for the conformational 

 

change. V55P displayed a substantial reduction (

 

z

 

60–

 

80%) in the initial rate of lipid mixing.

 

 

 

The other single 
mutants displayed efficient fusion with the same pH de-
pendence as wt-HA. The double proline mutant V55P/
S71P displayed no fusion activity despite being well ex-
pressed at the cell surface as a proteolytically cleaved 
trimer that could bind red blood cells and change con-
formation at low pH. The impairment in fusion for both 
V55P and V55P/S71P was at the level of outer leaflet 
lipid mixing. We interpret our results in support of the 
hypothesis that the spring-loaded conformational 
change is required for fusion. An alternate model is dis-
cussed.

 

A

 

ll

 

 enveloped viruses use a membrane fusion event
to introduce their infectious genomes into cells.
Whereas some enveloped viruses, such as influ-

 

enza, fuse at low pH in endosomes, others, such as HIV,
do so at neutral pH (Hernandez et al., 1996). Recent work
has led to the hypothesis that viral membrane fusion pro-
teins are activated by “spring-loaded” conformational
changes. According to the hypothesis, the spring-loaded
conformational change occurs in response to a fusion trig-
ger, for example low endosomal pH, and leads to the for-
mation of an extended 

 

a

 

-helical coiled-coil that propels
the previously buried fusion peptide to the target bilayer.
Interaction of the fusion peptide with the target bilayer
would then initiate membrane fusion (Carr and Kim, 1993;
Bullough et al., 1994; Hughson, 1995; Hernandez et al.,
1996).

The spring-loaded conformational change has been
most extensively characterized at a structural level for the

 

hemagglutinin (HA)

 

1

 

 of influenza virus. HA is a trimer.
Each monomer consists of an HA1 subunit that is respon-
sible for binding to target cells and an HA2 subunit that
houses the fusion peptide. In response to low pH, HA un-
dergoes a series of conformational changes, its fusion pep-
tides are exposed, and it binds hydrophobically to target
membranes. If HA from the X:31 strain of influenza virus
is treated at low pH and then with trypsin and thermolysin,
a fragment referred to as TBHA2 is formed. The structure
of TBHA2 indicates that HA2 residues 55–76 have been
converted from a loop to an extended trimeric 

 

a

 

-helical
coiled-coil (Bullough et al., 1994). This dramatic rear-
rangement provides a compelling mechanism for exposing
and repositioning the fusion peptide at the target mem-
brane surface. Earlier structure predictions and studies
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with synthetic peptides demonstrated the propensity of
this region to form a trimeric 

 

a

 

-helical coiled-coil (Ward
and Dopheide, 1980; Carr and Kim, 1993). In addition, a
protein construct encoding HA2 residues 38–175 exists as
a thermostable trimeric coiled-coil (Chen et al., 1995).

Collectively, the studies on HA indicate that the neu-
tral-pH trimer, the form that sits on the virus membrane, is
in a metastable conformation that is converted to a more
stable conformation via the low pH–triggered conforma-
tional change (Baker and Agard, 1994; Bullough et al.,
1994). Nonetheless, it is still not known whether the low
pH–induced extended coiled-coil conformation of HA is
required for fusion and, if so, for what stage of the fusion
reaction. In the present study we have addressed these
questions by analyzing mutant HAs with substitutions in
the region of high coiled-coil propensity.

 

Materials and Methods

 

Computations

 

Calculations of coiled-coil stability were performed using the computer
program COILS2 (Lupas et al., 1991; Carr and Kim, 1993). Internal ener-
gies were computed using the Measure function within the Biopolymer
module of InsightII, a molecular mechanics and modeling package (BIO-
SYM/Molecular Simulations, San Diego, CA). Dihedral angles were de-
termined using the same program and mapped onto plots of allowable an-
gles using the method of Ramachandran and Sasisekharan (1968).

 

Mutagenesis

 

Mutant HAs were generated using the method of Kunkel et al. (1987) on
wild-type (wt)-HA (X:31 strain) cDNA in the plasmid pSM. Mutant HA
cDNAs were sequenced to confirm that the desired mutations had been
introduced, but that second site mutations had not. Mutant HAs were sub-
cloned into the vector pCB6 for expression in 293T cells.

 

Expression of wt- and Mutant HAs

 

COS 7 cells were maintained in DMEM (GIBCO BRL, Gaithersburg,
MD) plus 10% supplemented calf serum (HyClone Laboratories, Inc., Lo-
gan, UT), 50,000 U penicillin, 50,000 

 

m

 

g streptomycin (GIBCO BRL), and
an additional 146 mg glutamine (GIBCO BRL) per 0.5 liters. COS cells
were transiently transfected using the DEAE Dextran method (Oprian et al.,
1987) when they were 60–80% confluent and analyzed 

 

z

 

48 h after trans-
fection. Unless stated, 1.25 

 

m

 

g of pSM-HA DNA was added per 6-cm
plate (2.5 

 

m

 

g per 10-cm plate).
Fluorimetric fusion assays were performed on transiently transfected

293T cells. 293T cells were maintained in DME and supplemented as de-
scribed above for the COS 7 cells except that G418 was added to maintain
T-antigen expression. The 293T cells were transfected with pCB6-HA us-
ing the calcium phosphate precipitation method (Wigler et al., 1977) when
the plates were 

 

z

 

50% confluent. A total of 5 

 

m

 

g DNA (pCB6-HA plus
carrier pCB6) was transfected per 6-cm plate. The transfected cells were
treated with 10 mM NaButyrate 

 

z

 

16 h before analysis to enhance expres-
sion. Unless stated, all cells were treated 16 h before analysis with 0.25
mM deoxymannojirimycin (dMM) (Calbiochem, San Diego, CA) as de-
scribed in the Results section.

 

Metabolic Labeling

 

Cells expressing wt- and mutant HAs were metabolically labeled with 

 

35

 

S-
TransLabel (ICN Pharmaceuticals, Inc., Costa Mesa, CA) as described
previously (Kemble et al., 1993). 24 h after transfection, cells were incu-
bated with cys

 

2

 

/met

 

2

 

 Minimal Essential medium (MEM; GIBCO BRL)
for 45–90 min at 37

 

8

 

C. The medium on each 10-cm plate was then replaced
with 5 ml cys

 

2

 

/met

 

2

 

 MEM containing 200 

 

m

 

Ci 

 

35

 

S-TransLabel and 2%
supplemented calf serum, and the cells were incubated in a CO

 

2

 

 incubator
at 37

 

8

 

C for 14–18 h.

 

Trypsin Treatment of Cells

 

As indicated, cells expressing wt- or mutant HAs were washed twice with
RPMI or PBS and incubated for 6 min at room temperature (RT) with
RPMI or PBS containing either TPCK-trypsin (5 

 

m

 

g/ml) or, as a negative
control, TLCK-chymotrypsin (5 

 

m

 

g/ml) (Sigma Chemical Co., St. Louis,
MO). Trypsin-treated cells were then incubated for 10 min with RPMI or
PBS containing soybean trypsin inhibitor (50 

 

m

 

g/ml). Higher concentra-
tions of trypsin (10 

 

m

 

g/ml) were used where noted to increase the amount
of cleaved HA at the cell surface.

 

Immunoprecipitation

 

Cells expressing wt- or mutant HAs were washed, lysed in a cell lysis
buffer containing 1% NP-40 and protease inhibitors, and immunoprecipi-
tated essentially as described (Kemble et al., 1993). Modifications were
that lysis was conducted at RT for 15 min and that the amount of the site
A monoclonal antibody (gift of Dr. J. Skehel, Medical Research Council,
Mill Hill, England) was decreased to 0.1–0.3 

 

m

 

g/ml.

 

Sucrose Gradient Analysis of Trimer Formation

 

Cells expressing wt- and mutant HAs were treated with trypsin and lysed
as described above. Cell lysates were loaded onto continuous gradients of
3–30% sucrose (wt/vol) in 30 mM MES, 100 mM NaCl, pH 7 (MES-saline)
containing 0.1% NP-40 and centrifuged at 116,000 

 

g

 

 for 15 h at 4

 

8

 

C in a ro-
tor (model SW-55; Beckman Instruments, Fullerton, CA). 12 fractions
were collected from the top of each tube and incubated with Con A–aga-
rose (Vector Laboratories, Inc., Burlingame, CA) to precipitate glycopro-
teins. Precipitates were analyzed by SDS-PAGE and Western blotting as
described below.

 

Proteinase K Digestion

 

Cells expressing wt- and mutant HA0s were treated with trypsin to cleave
HA0. HA-expressing cells were then incubated in MES-saline at the indi-
cated pH value for 15 min at 37

 

8

 

C, reneutralized in MES-saline, pH 7, ly-
sed in cell lysis buffer, and then digested with 0.2 mg/ml proteinase K in ly-
sis buffer with 2 mM CaCl

 

2 

 

for 30 min at 37

 

8

 

C. The digestion was stopped
by adding 0.5 

 

m

 

g/ml BSA, 1 mM PMSF, and a protease inhibitor cocktail
(Kemble et al., 1993). Samples from metabolically labeled cells were then
precipitated with the site A monoclonal antibody and analyzed by SDS-
PAGE and phosphorimager analysis. Unlabeled samples were analyzed
by Western blotting with an anti-HA polyclonal antibody.

 

Reactivity with C-HA1 Antibody

 

The C-HA1 antibody is an antipeptide antibody against the COOH-termi-
nal residues of HA1. The C-HA1 antibody reacts preferentially with low
pH–treated HA (White and Wilson, 1987) and efficiently precipitates low
pH–treated HA from crude cell lysates. Immunoprecipitations with the
C-HA1 antibody were conducted as follows: Plates of metabolically la-
beled cells were treated with trypsin to cleave HA0, incubated at 37

 

8

 

C for
15 min at the indicated pH in MES-saline buffer, and then reneutralized
with MES-saline buffer, pH 7. Cells were lysed with cell lysis buffer con-
taining protease inhibitors (Kemble et al., 1993) and immunoprecipitated
with the C-HA1 antibody for 1 h at 4

 

8

 

C. Immunecomplexes were bound
to protein A agarose (Boehringer Mannheim GmbH, Mannheim, Ger-
many) for 1 h at 4

 

8

 

C and washed extensively as described (Kemble et al.,
1993). Samples were analyzed by SDS-PAGE and phosphorimager analysis.

 

Electrophoresis, Western Blot, and
Phosphorimager Analysis

 

Samples were dissolved in SDS sample buffer and resolved by SDS-
PAGE on 10 or 12% gels, transferred to nitrocellulose, and immunoblot-
ted with an anti-HA polyclonal antibody and then with HRP-conjugated
anti–rabbit IgG (Amersham Corp., Arlington Heights, IL). Detection was
by enhanced chemiluminescence essentially as described by the manufac-
turer (Amersham Corp.). Dried gels of 

 

35

 

S-labeled samples were scanned
into a PhosphorImager workstation using ImageQuant. HA band intensi-
ties were determined by summing the pixels in a constant volume rectangle.

 

Red Blood Cell Binding and Membrane Fusion Assays

 

Red blood cells (RBCs) were labeled with octadecylrhodamine (R18) or
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calcein AM (Molecular Probes, Inc., Eugene, OR) as described previously
(Kemble et al., 1994) except that calcein AM was used at 10 

 

m

 

M. Mono-
layers of cells expressing wt- or mutant HA0s were washed twice with
RPMI media and (to enhance RBC binding) incubated with RPMI con-
taining 0.1 mg/ml neuraminidase (Sigma Chemical Co.) for 1 h at 37

 

8

 

C.
Cells were then treated with trypsin to cleave HA0 as described above.
R18- or calcein AM–labeled RBCs, at 

 

z

 

0.05% vol/vol for COS 7 cells and
0.03% for 293T cells, were added to the HA-expressing cells for 20 min at
RT, and unbound RBCs were removed by repeated washing. Cell mono-
layers were then incubated at 37

 

8

 

C with pH 5 fusion buffer (10 mM MES,
10 mM Hepes, 120 mM NaCl, 10 mM succinate, and 2 mg/ml glucose) for
2 min (or as indicated), neutralized in the same buffer at pH 7, and ob-
served with a fluorescence microscope. In specified experiments, the pH
was adjusted as indicated.

 

Fluorescence Dequenching Assay

 

RBCs (0.06%) were labeled with R18 as described above; for this assay,
R18-labeled RBCs were only used if their fluorescence was 80–90%
quenched. Labeled RBCs were bound to 293T cells that had been treated
with neuraminidase and trypsin (or chymotrypsin) as described above.
The RBC–cell complexes were harvested in 2 ml PBS (Ca

 

2

 

1

 

, Mg

 

2

 

1

 

 free)
with 0.5 mM EDTA, 0.5 mM EGTA, and 5 mM glucose and added to 8 ml
of cold pH 7 fusion buffer. Cells were centrifuged at 800 rpm for 5 min, re-
suspended in a small volume (200 

 

m

 

l) of fusion buffer, pH 7, kept on ice,
and used within 2 h. Fusion experiments were conducted at RT using an
LS-5B fluorimeter (Perkin-Elmer, San Jose, CA) as described previously
(Danieli et al., 1996). A quantity of RBC–cell complexes that gave 

 

z

 

1.0
OD (

 

z

 

15 

 

m

 

l) was added to 3 ml fusion buffer (pH 7) in a cuvette, and the
solution was agitated with a magnetic stirrer. After a baseline was ob-
tained, the samples were brought to pH 5.2 with a predetermined amount
of 1 M citric acid. The increase in fluorescence (fluorescence dequench-
ing) was monitored, and the percent fluorescence dequenching was calcu-
lated relative to the total fluorescence obtained after solubilizing each
sample in 0.5% NP-40.

 

Results

 

In this study, we asked two questions. Is the spring-loaded
conformational change in the influenza virus HA, the loop
to helix transition of HA2 residues 55–76, required for fu-
sion, and if so, for what stage of the process? Formally, the
spring-loaded conformational change could be required
for hemifusion, the mixing of the outer leaflet lipids, or for
full fusion, the mixing of aqueous contents. Alternatively,
it might lead to a postfusion conformation. We addressed
these questions by analyzing nine single and one double
point mutant in HA2 54–81, the region of high coiled-coil
propensity (Ward and Dopheide, 1980; Carr and Kim,
1993). We then assessed the effects of each mutation on

 

structural features and cell surface expression of HA, on
its ability to undergo low pH–induced conformational
changes, and on its ability to mediate membrane fusion.

 

Design of Site-specific Mutations

 

Our mutational analysis focused on HA2 54–81, the seg-
ment of HA predicted to have a high propensity to form a
coiled-coil (Carr and Kim, 1993). The choice of which resi-
dues to mutate was based on several criteria (Table I).
First, we chose residues that are not absolutely conserved
among naturally occurring influenza viruses. We did this
to lower the probability that the structure of the mutant
HAs would be severely altered. Second, we excluded resi-
dues that form salt bridges in the native structure, since
loss of such contacts can elevate the pH of fusion by facili-
tating the conformational change (Steinhauer et al., 1996).
Third, one residue was chosen to represent each of three
general locations within HA2 54–81: NH

 

2

 

-terminal (HA2
55), central (HA2 71), and COOH-terminal (HA2 80).
The final criterion involved the location of the residue in
the final coiled-coil (Bullough et al., 1994). HA2 55 and 80
lie in “d” positions, which are critical for coiled-coil forma-
tion (Lupas et al., 1991; Lupas, 1996). Conversely, HA2 71
lies in a “b” position, which is not critical for coiled-coil
formation. The locations of HA2 residues 55, 71, and 80 in
the native HA structure are shown in Fig. 1 

 

A

 

. Their posi-
tions in the final low-pH structure are shown in Fig. 1, 

 

B

 

and 

 

C

 

. Note that HA2 80 is in a coiled-coil in both the pH
7 (in the first turn) as well as the pH 5 structure.

In selecting which residues to substitute into each posi-
tion, we considered the abundance of specific amino acids
within naturally occurring coiled-coils (O’Neil and De-
grado, 1990; Lupas et al., 1991). Ala and Gly were chosen
because of their relatively high and low abundance, re-
spectively. Pro was chosen due to its virtual absence from
naturally occurring parallel coiled-coils such as that seen
in TBHA2.

Substitutions were analyzed by calculating the predicted
relative stability of the resulting coiled-coils using the
COILS 2 algorithm employed by Kim and co-workers
(Carr and Kim, 1993); the score for wt-HA2 residues
54–81 is 1.62. In addition, the predicted ability of each site
to accommodate the planned mutation in the neutral-pH

 

Table I. Design of Mutations

 

Residue No. in HA2 55 71 80

 

AA in wt X:31 HA Val Ser Leu
Natural variants Ile, Leu Asp, Glu, Gly, Asn, Thr Val
Location in B helix NH

 

2

 

-terminal Central COOH-terminal
Position in low-pH coiled-coil d b d

Mutants Ala Gly Pro Ala Gly Pro Ala Gly Pro
Occurrence within High Low Rare High Low Rare High Low Rare

parallel coiled-coils
COILS2 score for 1.68 1.56 1.41 1.66 1.55 1.51 1.63 1.46 1.32

HA2 54–81

 

F

 

, 

 

C

 

 angles acceptable? yes yes yes yes yes yes yes yes yes
Change in Amber force-field score

 

,

 

1%

 

,

 

1%

 

,

 

1%

 

,

 

1%

 

,

 

1%

 

,

 

1%

 

,

 

1%

 

,

 

1%

 

.

 

100%

 

(

 

Top row

 

) Location of mutations; residue number in HA2. (

 

Second row

 

) Amino acid (

 

AA

 

) in X:31 HA, the strain used in this study. (

 

Third row

 

) Naturally occurring amino acid
variants at the indicated position. (

 

Fourth row

 

) Location of residues in HA2 54–81. (

 

Fifth row

 

) Position of residue in the heptad repeat of the low-pH coiled-coil. (

 

Sixth row

 

) Mu-
tations introduced. (

 

Seventh row

 

) Frequency of occurrence of mutant residue in parallel coiled-coils. (

 

Eighth row

 

) Score in COILS2; wt score 

 

5

 

 1.62. (

 

Ninth row

 

) Indication of
whether the mutant residue gives allowable phi and psi angles in the neutral structure. (

 

Tenth row

 

) Percent difference in Amber force-field score between wild-type X:31 HA2 54–81
and the isomorphously replaced mutant in the neutral-pH crystal structure. Computations were performed as described in Materials and Methods.
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form of BHA was considered as follows: The dihedral an-
gles of the wild-type residue at each location in the native
structure were determined. As indicated in Table I, substi-
tution of Ala, Gly, and Pro gave acceptable phi and psi an-
gles at all three positions. Next we made, computationally,
isomorphous substitutions of the mutant residues in HA2
54–81 in the native structure (Watowich et al., 1994) and
calculated the internal energy of the segment as described
in Materials and Methods. As listed in Table I, all of the
proposed substitutions except L80P were predicted not to
change the internal energy of this region significantly. Cal-
culations for L80P indicated a significant increase in inter-
nal energy due to a predicted close approach between hy-
drogen atoms of the main chain and the introduced Pro.

The low-pH conformational change in HA is believed to
represent a two-state system under kinetic control (Baker
and Agard, 1994). Therefore, a mutation that affects the
height of the energy barrier between the two states would
be predicted to change the kinetics of fusion. Since coiled-
coil formation is involved in this transition (Carr and Kim,
1993; Bullough et al., 1994) and since prolines destabilize
coiled-coils (O’Neil and Degrado, 1990; Lupas et al.,
1991), we predicted that Pro mutations would affect the
rate of fusion. If the mutations also abrogated the forma-
tion of the final fusogenic state, then the overall extent of
fusion would also be compromised. We therefore pre-
dicted that Pro mutations, especially those at “d” positions
(V55P and L80P), would inhibit the rate or extent of fu-
sion. We further predicted that an HA with two Pro muta-
tions (V55P/S71P) would be severely compromised for fu-
sion.

 

HA Processing and Cell Surface Expression

 

As the first phase of our analysis, we assessed the synthe-
sis, glycosylation, and cell surface expression of the single
point mutant HAs. wt- and mutant HA cDNAs were ex-
pressed in COS 7 cells. Parallel cultures were treated with
dMM, an inhibitor of terminal glycosylation, since recent

experiments indicate that certain HA mutants acquire ex-
cess terminal carbohydrates in HA1 (Kemble et al., 1993).
As seen in Fig. 2 

 

A

 

, when produced in the absence of
dMM, the HA0s from the mutants V55A, S71A, S71G,
and S71P comigrated with wt-HA0. The HA0s from the
other mutants, L80A, V55G, L80G, V55P, and L80P, ran
as multiple higher molecular weight species. When grown
in the presence of dMM, however, all mutant HA0s comi-
grated with wt-HA0. These findings suggested that specific
substitutions within the region of high coiled-coil propen-
sity (Gly and Pro substitutions at position 55 as well as
Ala, Gly, and Pro substitutions at position 80) affected the
initial folding of HA0 such that it was excessively glycosy-
lated. In view of our previous analysis of glycosylphos-
phatidylinositol-anchored HA (Kemble et al., 1993), the
most likely explanation is that the head domains of these
mutants are not packed exactly as in wt-HA, such that the
N-linked carbohydrate addition sites at HA1 positions 165
and 285 are excessively glycosylated. Since dMM does not
affect the biological functions of wt-HA (Kemble et al.,
1994), all subsequent analyses were performed with HAs
produced in the presence of dMM.

We next assessed whether the single point mutant HA0s
were delivered to the cell surface and whether they could
be proteolytically processed by the addition of trypsin.
Cells expressing wt- and mutant HA0s were treated with
either trypsin or chymotrypsin. As shown in Fig. 2 

 

B

 

, all of
the mutant HA0s were accessible at the cell surface for
proteolytic cleavage by trypsin, as evidenced by the ap-
pearance of a comigrating HA1 band. Most of the mutant
HA1s were generated at approximately equal levels to wt-
HA (V55A, S71A, S71G, S71P, and L80P), but for V55G,
V55P, L80A, and L80G, the intensity of the HA1 band
was less. These results suggested that all of the mutant
HA0s were transported to the cell surface in a form that
could be cleaved to HA1 and HA2. The latter mutants,
however, were either less efficiently delivered to the cell
surface or less efficiently cleaved from HA0 to HA1 and
HA2. We consider the latter possibility likely since all

Figure 1. Ribbon diagrams
of the crystal structures of
HA before (A) and after (B
and C) acidification. (A)
Structure of HA at neutral
pH displaying the residues
present in TBHA2, a frag-
ment of low pH–treated HA
(Bullough et al., 1994). (B)
Structure of TBHA2. (C)
Residues HA2 54–81 in
TBHA2. The region of high
coiled-coil propensity (Carr
and Kim, 1993), HA2 54–81,
is shown in black. Wild-type
sidechains for the residues
mutated are displayed and
labeled. Drawings were
made from the Brookhaven
database entries (A) 5HMG
and (B and C) 1HTM.
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HA0s appeared to be well expressed at the cell surface
based on RBC binding and, for V55P, FACS

 

®

 

 analysis and
indirect immunofluorescence. Therefore, in specific cases
where an apparent fusion defect was observed (see below),
care was taken to normalize for cell surface levels of HA.

We next asked whether the single Pro-substituted HAs,
the mutants that were considered most likely to be im-
paired in fusion, form trimers at the cell surface. Cells ex-
pressing V55P, S71P, or L80P HA0 were treated with
trypsin to cleave HA0. Cell lysates were prepared and sub-
jected to sucrose density gradient centrifugation analysis.
As seen in Fig. 3 

 

A

 

, all of the single Pro-substituted HAs
comigrated with wt-HA in fractions 6–8 of the gradient,
suggesting that they formed 9S trimers that were stable to
sucrose density centrifugation in the presence of a non-
ionic detergent. All of the Ala-substituted mutants be-
haved the same.

Collectively, the results presented in Figs. 2 and 3 indi-
cate that: (

 

a

 

) The introduction of specific mutations into
HA2 54–81 can affect the glycosylation pattern of HA,
likely by affecting the packing of the globular head do-
mains (Fig. 1). (

 

b

 

) In some cases, notably V55P, the muta-
tions appear to affect susceptibility to trypsin activation.
Nonetheless, (

 

c

 

) all of the mutant HAs can be expressed at
the cell surface and can be cleaved to HA1 and HA2. Fur-
thermore, (

 

d

 

) mutants substituted with either coiled-coil
facilitators (Ala) or coiled-coil inhibitors (Pro) form stable
trimers.

 

Conformational Changes

 

We next assessed the ability of the single point mutant
HAs to undergo low pH–dependent conformational changes.
Conformational changes in wt-HA have been assayed by
reactivity to various antibodies as well as by sensitivity to
proteases. We first tested the sensitivity of each single
point mutant to proteinase K; wt-HA becomes sensitive to
proteinase K during the first stage of the conformational
change (White and Wilson, 1987). As seen in Fig. 4 

 

A

 

, all
of the Ala-substituted mutants showed a pH dependence
of proteinase K sensitivity essentially identical to that of
wt-HA, with the exception of L80A, whose pH depen-
dence was higher. The Gly and Pro mutants were assessed

for proteinase K sensitivity by a Western blot analysis
(Fig. 4 

 

B

 

). Mutants with Gly or Pro at position 71 behaved
identically to wt-HA. In contrast, the mutants with Gly or
Pro at positions 55 or 80 (V55G, L80G, V55P, and L80P)
were completely sensitive to proteinase K over the entire
pH range examined. To our knowledge V55G, V55P, L80G,
and L80P are the first HA mutants identified that are sen-
sitive to proteinase K at pH 7.

As a second test of the ability of the mutant HAs to
change conformation at low pH, we analyzed the ability of

Figure 2. Migration of wt- and mutant HA0s
on SDS gels. (A) Effect of dMM: COS 7 cells
were transfected with plasmids encoding wt-
and mutant HAs and grown in the absence
(2) or presence (1) of 0.25 mM dMM. Cell
lysates were prepared, and glycoproteins
were precipitated with Con A–agarose. Gel
samples were prepared in sample buffer con-
taining 100 mM DTT and separated by 10%
SDS-PAGE. The gel was analyzed by West-
ern blotting with a rabbit anti-HA antiserum
as described in Materials and Methods. The
antiserum reacts with HA0 and HA1. (B)
Proteolytic processing: Cells transfected with
plasmids encoding wt- and mutant HAs were
grown in the presence of dMM and treated
with either 5 mg/ml chymotrypsin (2) or
trypsin (1) for 6 min at RT. Cell lysates were
prepared and analyzed for HA protein as de-
scribed above.

Figure 3. Sucrose gradient sedimentation analysis of wt- and Pro-
substituted HAs. Cells transfected with plasmids encoding wt-
and (A) single or (B) double Pro-substituted HAs were treated
with (A) 5 or (B) 10 mg/ml trypsin, lysed in an NP-40 lysis buffer,
and analyzed on 3–30% continuous sucrose gradients. The gradi-
ents were fractionated, and samples were precipitated with Con
A–agarose, resolved by 10% SDS-PAGE, and analyzed for HA
protein as described in the legend to Fig. 2. Fraction 1 is the top
of the gradient. The band shown is HA1.



The Journal of Cell Biology, Volume 141, 1998 1340

the single point mutant HAs, pretreated at the indicated
pH, to react with an antibody against the COOH terminus
of HA1 (C-HA1). This antibody efficiently detects low
pH–treated wt-HA in cell lysates, and HA acquires reac-
tivity to this antibody with a very similar time course and
pH dependence to that with which it acquires reactivity to
an antibody against the fusion peptide (which does not
precipitate HA from crude cell lysates; Qiao, H., and J.M.
White, unpublished results). Acquisition of reactivity with
C-HA1 and sensitivity to proteinase K appear with similar
time and pH dependencies (White and Wilson, 1987).

As seen in Fig. 5 A, and mirroring their behavior in the
proteinase K assay (Fig. 4 A), the Ala mutants acquired
reactivity with the C-HA1 antibody with either the same
(V55A, S71A) or with an elevated (L80A) pH depen-
dence compared with wt-HA. S71P also behaved like wt-
HA (Fig. 5 B). V55P showed z50% reactivity with C-HA1
at pH 7 and an elevated and less well-defined pH profile
for antibody reactivity. L80P was fully reactive with the
C-HA1 antibody over the entire pH range tested.

Collectively, the results presented in Figs. 4 and 5 sug-
gest that all of the Ala mutants, as well as the Ala, Gly,
and Pro mutants at position 71, changed conformation at
low pH with either an identical pH dependence compared
with wt-HA or, in one case (L80A), an elevated pH de-
pendence. The remaining mutants were in conformations
that were sensitive to proteinase K (V55G, V55P, L80G,
and L80P) or (partially) recognized by the C-HA1 anti-
body (V55P, L80P) at neutral pH.

Fusion Activity

Having confirmed that the single point mutant HA0s

could be expressed at the cell surface as stable trimers that
could be cleaved by trypsin, and having analyzed the abil-
ity of the mutant HAs to change conformation at low pH,
we next tested the ability of cells expressing wt- or single
point mutant HAs to fuse with RBCs. We assayed two dif-
ferent aspects of fusion: mixing of outer leaflet lipids and
transfer of small aqueous contents. Figs. 6–11 display data
for the Pro-substituted mutants.

We tested the ability of wt- and mutant HAs to induce
lipid mixing using RBCs labeled with the fluorescent lipid
probe octadecylrhodamine (R18). HA-expressing cells
were prepared for RBC binding and fusion as described in
Materials and Methods. RBC–cell complexes were incu-
bated at pH 5 for 2 min at 378C, reneutralized, and ob-
served with a fluorescence microscope. Like those ex-
pressing wt-HA, cells expressing all of the mutant HAs
were able to bind RBCs. As shown previously (Kemble et al.,
1994; Danieli et al., 1996), cells expressing wt-HA induced
transfer of R18 at pH 5 (Fig. 6, A and B). S71P and L80P
induced efficient transfer of R18 at pH 5 (Fig. 6 A). The
extent of R18 transfer with V55P was quite low at 2 min
(Fig. 6 A) but appeared to increase at 10 min (Fig. 6 B) of
acidification. As expected, neither wt-HA nor any of the
mutant HAs induced transfer of R18 at neutral pH nor at
low pH if they had not been pretreated with trypsin (data
not shown). The extent of syncytia formation with V55P
and L80P appeared less than for wt-HA and the other mu-
tants.

To explore further the ability of V55P to mediate outer
leaflet lipid mixing, we conducted a quantitative analysis
of its level of cell surface expression and its ability to medi-
ate transfer of R18 (Fig. 7). To do this, cells transfected
with different amounts of wt-HA and V55P-HA cDNA

Figure 4. Proteinase K sensitivity of wt-
and mutant HAs. (A) Cells transfected
with plasmids encoding wt- and Ala-sub-
stituted HAs were metabolically labeled
with 35S-TransLabel, treated with 5 mg/
ml trypsin, and then incubated at the in-
dicated pH for 15 min at 378C, reneutral-
ized, and lysed in an NP-40 cell lysis
buffer. Cell lysates were then digested
with proteinase K. The proteins were
immunoprecipitated with the site A

mAb, resolved by SDS-PAGE, and subjected to phosphorimager analysis. The
amount of HA in each sample was calculated as described in Materials and
Methods and expressed as percent sensitive to proteinase K. (B) Cells were
transfected with plasmids encoding wt-, Pro- and Gly-substituted HAs and
then treated with trypsin and low pH as described in A. Cell lysates were then
digested with proteinase K, precipitated with Con A–agarose, reduced, sub-
jected to 10% SDS-PAGE, and analyzed on Western blots as described in the
legend to Fig. 2. In C, cells were transfected with a plasmid encoding the dou-
ble mutant V55P/S71P and processed as in B, except that they were treated
with 10 mg/ml trypsin before low-pH treatment.
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were assayed in parallel for HA cell surface expression,
cleavability with trypsin, and fusion activity. Fusion was
monitored at both 2 (Fig. 7 C) and 10 (Fig. 7 D) min of
acidification. With decreasing amounts of wt-HA, fusion
activity decreased; with increasing amounts of V55P, fu-
sion activity increased. When normalized for cell surface
levels of HA1, the fusion activity of V55P was z20 and
z50% that of wt-HA at 2 and 10 min, respectively. These
latter observations suggested that the rate of fusion of
V55P is slow compared with wt-HA.

To explore further the time course of fusion by V55P,
we analyzed R18 dequenching using a fluorimetric assay
(Kemble et al., 1994; Danieli et al., 1996). We analyzed the
fusion activity of 293T cells expressing different amounts
of wt- and V55P-HA. Equal numbers of 293T cells ex-
pressed wt- and V55P-HA, but the amount of HA at the

cell surface varied with the amount of input DNA (Table
II). As seen in Fig. 8 and Table II, with decreasing
amounts of wt-HA, the rate of fusion decreased. The rate
of fusion for V55P was considerably slower, however, than
for all levels of wt-HA tested. When normalized for HA
density, the relative initial rate of fusion of V55P was
found to be z 20–40% that of wt-HA (Table II).

We next assessed whether any of the single Pro-substi-
tuted mutants displayed a shift in the pH dependence of
fusion. As seen in Fig. 9, all of the single Pro-substituted
mutants (V55P, S71P, L80P) displayed the same approxi-
mate pH dependence of fusion (lipid mixing) as wt-HA.
As found for wt-HA, no fusion was seen at pH 7, 5.6, or
5.4; fusion became apparent in all cases at pH 5.2 and 5.0.
Similar results were obtained for the Ala-substituted mu-
tants (Table III).

We next tested the ability of the single point mutant
HAs to mediate full fusion, the transfer of small aqueous
contents from RBCs. For this purpose RBCs were pre-
loaded with the small (molecular weight 995) soluble fluo-
rescent content probe, calcein AM. The fusion protocol
was identical to that described for the outer leaflet mixing
assay. As seen in Fig. 10 and Table III, the extent of con-

Figure 5. Reactivity of wt-, Ala- and Pro-substituted HAs with
the C-HA1 antibody. Cells transfected with plasmids encoding
(A) Ala- and (B) Pro-substituted HAs were metabolically la-
beled, treated with 5 mg/ml trypsin, incubated at different pH val-
ues for 15 min at 378C, reneutralized, and lysed in an NP-40 cell
lysis buffer. Cleaved cell lysates were immunoprecipitated with
the C-HA1 Ab and analyzed by 12% SDS-PAGE followed by
phosphorimager analysis.% HA ppt., the HA precipitated by
C-HA1 when total HA precipitated at pH 5 is considered as 100%.

Figure 6. Fusion activity of Pro-substituted HAs: lipid mixing.
(A) Cells transfected with plasmids encoding wt- and Pro-substi-
tuted HAs were treated with neuraminidase and either trypsin or
chymotrypsin as described in Materials and Methods. R18-
labeled RBCs (0.05%) were bound to the cells for 25 min at RT.
Unbound RBCs were removed, and the cells were incubated in
fusion buffer (pH 5) for (A) 2 or (B) 10 min at 378C, reneutral-
ized, and observed with a fluorescence microscope.
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tent mixing with the mutant HAs paralleled their pheno-
type for lipid mixing: all of the mutants except V55P facili-
tated full fusion at comparable levels to wt-HA. Although
the content-mixing fusion activity of V55P was signifi-
cantly impaired, it was not abolished.

A Double Proline Mutant: V55P/S71P

We next created and assessed the phenotypes of two dou-
ble Pro mutants, V55P/L80P and V55P/S71P. The V55P/
L80P mutant was not expressed at a detectable level on
the cell surface (demonstrated by both indirect immuno-
fluorescence and by RBC binding; data not shown). The
V55P/S71P mutant was expressed at the cell surface. Cal-
culations for V55P/S71P indicated acceptable phi and psi
angles, an unaltered force field score, and a COILS2 score
of 1.31. In terms of its biochemical properties V55P/S71P
was well expressed at the cell surface and was readily
cleaved by trypsin from HA0 to HA. It bound RBCs, re-
acted with an antibody against the major antigenic site,
cosedimented with wt-HA in a sucrose density gradient
(suggesting that it formed a trimer), and changed confor-
mation at low pH, at z0.6 pH units higher than wt-HA
(Figs. 3 B, 4 C, and 11). Nonetheless, V55P/S71P appeared
to be completely impaired in its ability to mediate lipid
mixing, the first stage of fusion (Fig 11).

Discussion
The purpose of this study was to investigate whether the
spring-loaded conformational change in the influenza HA,
the loop to helix transition of HA2 55–76 (Carr and Kim,
1993; Bullough et al., 1994), is required for membrane fu-

sion and, if so, to determine whether it is required for an
early or a late stage of the fusion reaction (see Fig. 6 in
Hernandez et al., 1996). Our approach was to engineer
site-specific mutations into the region of high coiled-coil
propensity (Table I, Fig. 1) and to assess their effects on
HA structure and membrane fusion activity. Our findings
(summarized in Table III) are discussed in terms of the
role of the spring-loaded coiled-coil region for the struc-
ture and function of the influenza HA and other viral and
cellular membrane fusion proteins. We interpret our re-
sults in support of the hypothesis that the spring-loaded
conformational change is required for fusion, but we con-
sider an alternate model.

Mutations in the Spring-loaded Coiled-Coil Region: 
Effects on HA Biosynthesis

For the purpose of this study, we analyzed 10 mutant HAs
with Ala, Gly, or Pro substitutions in the region of high
coiled-coil propensity; one mutant contained prolines at
two residues: HA2 55 and 71. All 10 mutant HAs were ex-
pressed at the cell surface, could be cleaved from HA0 to
HA, comigrated with wt-HA on SDS gels (when produced
in the presence of dMM), reacted with an antibody against
the major antigenic site, bound RBCs, and, where tested
(7 of 10), formed trimers. Hence, none of the 10 HA
coiled-coil mutants appeared to be severely altered in pH
7 structure. Several of the mutations did, however, affect
the precise structure of the HA trimer. Several mutants,
notably those with Gly and Pro substitutions at positions
55 and 80, were excessively terminally glycosylated (in the
absence of dMM), presumably because their globular head
domains are not packed exactly as in wt-HA (Kemble et al.,

Figure 7. Cell surface ex-
pression and normalized fu-
sion activity of wt- and V55P-
HA. Cells transfected with
the indicated amounts of
plasmids encoding wt- and
V55P-HA (13 5 1.25 mg)
were metabolically labeled,
treated with either 5 mg/ml
chymotrypsin (C) or trypsin
(T), lysed with an NP-40 lysis
buffer, and immunoprecipi-
tated with the site A mAb.
Samples were then resolved
by 12.5% SDS-PAGE and
analyzed with a phosphor-
imager. (A) Gel scan. (B)
Quantitation of the intensity
of the bands. (C and D) Par-
allel cultures of cells express-
ing different amounts of wt-
and V55P-HA at their sur-
face were treated at 378C
with pH 5 buffer for (C) 2 or
(D) 10 min and then ana-
lyzed for fusion as described
in the legend to Fig. 6. Fused
cells in four or five fields
(z200 cells/field) were counted
and averaged.
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1993). And, in contrast to wt-HA, four of the mutants, in-
cluding the fusion-competent mutants V55G, L80G, and
L80P, were sensitive to proteinase K (and for L80P reac-
tive with an antibody against the COOH terminus of
HA1) at neutral pH.

Mutations in the Spring-loaded Coiled-Coil
Region: Implications for the Fusion Mechanism of the 
Influenza HA

Within our mutant set, we analyzed four HAs with either
single (V55P, S71P, L80P) or double (V55P/S71P) Pro
substitutions in the region of high coiled-coil propensity.
Given that residue 71 falls in a “b” position of the final
coiled-coil, we reasoned that it would have, at most, a
modest effect on fusion. Given that residues 55 and 80 fall
in “d” positions, we predicted that both mutations would
impair fusion. We further predicted that the double mu-
tant (V55P/S71P) would be severely impaired for fusion.
We found the following: S71P behaved like wt-HA. L80P
mediated lipid and content mixing like wt-HA but ap-
peared to be somewhat impaired in syncytia formation.

V55P fused slowly and did not appear to form syncytia.
V55P/S71P did not mediate fusion.

We invoke the phenotype of the double Pro-substituted
mutant, V55P/S71P, as our strongest evidence for the im-
portance of the spring-loaded conformational change: no
fusion is observed with V55P/S71P for at least 1 h at pH 5
and 378C. Nonetheless, V55P/S71P behaves like wt-HA in
all of its biochemical properties analyzed: trimer forma-
tion, cell surface expression, cleavage of HA0, RBC bind-
ing, reactivity with an antibody against the major antigenic
site, and resistance to proteinase K at neutral pH. The
only noted biochemical difference in V55P/S71P is an up-
ward shift (z0.6 U) in its pH dependence of the conforma-
tional change, a phenotype seen previously for other fu-
sion-competent HA mutants (Steinhauer et al., 1996). The
lack of fusion activity of V55P/S71P correlates well with its
predicted (COILS 2 score 5 1.31) and observed (see be-
low) impairment in helix formation.

Although not abolished in fusion activity, the single Pro
mutant, V55P, displayed a significantly reduced rate of
lipid mixing (z60–80% inhibited compared with wt-HA).
V55P is also impaired in content mixing and syncytia for-
mation. We hypothesize that the impairment in the rate of
lipid mixing reflects a reduction in the rate or extent with
which V55P undergoes the loop to helix transition of HA2
residues 55–76, as opposed to its noted structural differ-
ences compared with wt-HA at pH 7 (Table III). We pro-
pose this because the mutant L80P has similar alterations
in pH 7 structure, yet still induces lipid (and apparently
content) mixing with the same efficiency and pH depen-
dence as wt-HA.

We have conducted a preliminary analysis to assess
whether the fusion defects observed with V55P and V55P/
S71P have structural correlates (Armstrong, R.T., and
J.M. White, unpublished results). To do this, we engi-
neered the Pro mutations into their corresponding loca-
tions in an Escherichia coli expression vector that encodes
HA2 residues 33 to 127 (gift of Dr. Peter Kim, Whitehead
Institute, Cambridge, MA). The mutant proteins were ex-
pressed, purified to homogeneity, and analyzed by circular
dichroism. Given their fusion phenotypes as full-length
HA proteins (see above) and the predicted general desta-
bilizing effect of prolines on helix formation (O’Neil and
Degrado, 1990; Lupas et al., 1991; Lupas, 1996), we pre-
dicted that the order of helix-forming potential would be:
wt . S71P . L80P . V55P . V55P/S71P. The predicted
order based solely on the COILS 2 scores is: wt . S71P .
V55P . L80P . V55P/S71P. The only difference between
the two predictions is the relative rankings of V55P and
L80P. The helix-forming potentials of the E. coli con-
structs at pH 5 were: wt 5 77%, S71P 5 55%, V55P 5
38%, L80P 5 35%, and V55P/S71P 5 28%. Hence the ob-
served order for helix forming potential (also seen at pH
7) is in good agreement with the structural predictions.

We rationalize that L80P shows more fusion activity
than expected as follows: (a) HA2 80 is in the first turn of
the long a helix in native wt-HA. The fact that L80P is
well expressed at the cell surface as a trimer with biochem-
ical properties similar to wt-HA implies that the Pro sub-
stitution at position 80 was accommodated in the pH 7
structure. Hence the segment containing HA2 80 in L80P
likely did not have to convert from a random into a helical

Figure 8. Fusion activity of wt-HA– and V55P-HA–expressing
cells: analysis by R18 fluorescence dequenching. 293T cells were
transfected with the indicated amount of plasmids encoding wt-
or V55P-HA and prepared for binding and fusion of R18-labeled
RBCs as described in Materials and Methods. The inset shows a
Western blot of parallel cultures prepared as described in the leg-
end to Fig. 2.

Table II. Expression and Initial Rate of Fusion for wt- and 
V55P-HA

DNA mg Percent of cells Intensity
Initial rate
of fusion

wt 5.00 84.5 158 0.51
wt 0.20 80.0 81 0.26
wt 0.10 ND ND 0.20
wt 0.05 70 61 ND

V55P 5.00 81.5 122 0.10

293T cells were transfected with the indicated amounts of pCB6 HA or pCB6 V55P-
HA and analyzed for cell surface HA expression by FACS® using the site A mAb (60
mg/ml) and an FITC-conjugated secondary antibody (Molecular Probes, Inc., Eugene,
OR). “Percent of cells” indicates the percent of cells expressing HA; “Intensity” de-
scribes the mean intensity of each sample. Initial fusion rates were calculated from the
data displayed in Fig. 8 and are given in U/s.
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structure at low pH. (b) If the loop to helix transition is nu-
cleated at the NH2-terminal end of the loop (HA2 55),
then a residue at the COOH-terminal end, especially one
that is already in part of an a-helical segment, may not sig-
nificantly influence the transition to the low-pH form. (c)
Independent evidence (next paragraph) supports the im-
portance of the NH2-terminal end of the spring-loaded
conformational change region. Furthermore (d), L80P ap-
pears to be somewhat impaired in syncytia formation.

We recently isolated an influenza virus mutant with the
substitution HA1 K27E. This mutant was selected (four
times independently) by growth in the presence of diiodo-
fluorescein, a small molecule that is predicted to bind in
the spring-loaded coiled-coil region (Hoffman et al., 1997).
Diiodofluorescein affects the conformational change in
X:31 HA and inhibits fusion and infection in tissue culture.
The mutation would promote the formation of a salt link
between HA1 E27 and HA2 R54 (the most NH2-terminal

residue of the loop; see Fig. 8, C and D in Hoffman et al.,
1997) and thereby stabilize the molecule (i.e., make it harder
to undergo the spring-loaded conformational change). Bio-
chemical data support this prediction (see Table IV in
Hoffman et al., 1997). The proximity of HA1 27 to HA2 54
suggests the importance of the NH2-terminal end of the
spring-loaded coiled-coil region for fusion activation.

Models for the Fusion-active Conformation of HA

Currently, there are two differing views of the fusion-active
conformation of the influenza HA. The first view proposes
that the fusion-active form is not significantly altered in
three-dimensional structure from native HA. This model
is based on two sets of findings. The first is that fusion can
proceed at low pH at 08C (albeit slowly) under conditions
where changes in the head domain of HA were not detected
either by electron microscopy (Stegmann et al., 1987) or by

Figure 9. pH profile of fusion for Pro-substituted mutants. Cells transfected with plasmids encoding wt- and Pro-substituted HAs were
treated with neuraminidase and 10 mg/ml trypsin for 10 min at RT. R18-labeled RBCs (0.05%) were bound for 25 min at RT. After un-
bound RBCs were removed, the cells were incubated at the indicated pH for 2 min at 378C, reneutralized, and observed with a fluores-
cence microscope.
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using antibody probes (Stegmann et al., 1990). The second
set of findings is that fusion has been observed to occur at
30–378C under conditions that either precede or where
changes in HA shape were not detected at the electron mi-
croscopic level (Puri et al., 1990; Kanaseki et al., 1997;
Shangguan et al., 1998).

The second model proposes that the spring-loaded con-
formational change, the loop to helix transition of HA2
residues 55–76 (Carr and Kim, 1993; Bullough et al., 1994),
is required for fusion. This model is based on structural
observations of synthetic peptides (Carr and Kim, 1993),
large fragments of HA (Bullough et al., 1994; Chen et al.,
1995) and of HA in intact virions (Weber et al., 1994;
Wharton et al., 1995) and in planar bilayers (Tatulian et al.,
1995). Support for the second model has also been in-
ferred from the effects of destabilizing mutations in the
coiled-coil regions of other viral glycoproteins (Buckland
et al., 1992; Chen et al., 1993; Wild et al., 1994a; Reitter et
al., 1995; Ramsdale et al., 1996). We now add our findings
with V55P and V55P/S71P as support for a role for the
spring-loaded conformational change.

We use three lines of reasoning to reconcile our support
for the spring-loaded conformational change model with
the countering evidence from the electron microscopic
and low temperature studies cited above: (a) Most of the
experiments in the latter studies were performed in the ab-
sence of target membranes. However, recent studies with
both HA (Tatulian et al., 1995; Gray and Tamm, 1997) and
with a model retrovirus (Hernandez et al., 1997) have pro-
vided clear evidence for differences in the conformational
changes of viral fusion proteins at membrane surfaces. (b)
Some separation of the globular head domains is required
for fusion, at least with X:31 HA at 378C (Godley et al.,
1992; Kemble et al., 1992). However, it is not clear to us
that the globular head domains must separate to an extent
that would be readily visible in the electron microscope to
elicit the loop to helix transition of HA2 55–76 (see Shang-
guan et al., 1998 for an alternate viewpoint). (c) It may be
that only a few trimers, those at the fusion site (Danieli et
al., 1996), adopt the spring-loaded conformational change

during fusion, and that these few molecules have escaped
detection in the electron microscopic (and antibody) stud-
ies. The bulk population of virion HAs may undergo the
change at a later time (Weber et al., 1994; Wharton et al.,
1995). In addition, we have noted a change in one of the
neutral specific epitopes (N1) analyzed in the low temper-
ature study (performed on HA; Stegmann et al., 1990)
when we analyzed bromelain-released hemagglutinin (BHA)
treated on ice at pH 5.0. With BHA, loss of the N1 epitope
appeared to occur to the same extent and with the same
time course on ice as at 378C (Bodian, 1992).

We interpret our results with V55P/S71P and V55P in
support of the hypothesis that the spring-loaded confor-
mational change, the loop to helix transition of HA2 55–
76, is required for fusion. Additional electron microscopic,
biophysical, structural, and mutational studies will be nec-
essary to prove this hypothesis. Since we see defects with
both V55P and V55P/S71P at the level of outer leaflet lipid
mixing, we further interpret our data in support of the hy-
pothesis that the spring-loaded conformational change is
required for an early step in the fusion process. Experi-
ments are planned to test whether it is required for HA to
bind, hydrophobically, to target liposomes. Although our
data support the hypothesis that the spring-loaded confor-
mational change is necessary for fusion, it is likely that
other parts of HA must move during fusion activation
(White and Wilson, 1987; Steinhauer et al., 1996; Korte et
al., 1997). Moreover, in our recently proposed model for
HA-mediated membrane fusion, we envision that the
spring-loaded conformational change functions at an early
step in fusion and that subsequent changes that would gen-
erate a TBHA2-like structure drive later stages of fusion
(see Figs. 5 and 6 in Hernandez et al., 1996).

Mutations in the Spring-loaded Coiled-Coil Region: 
Implications for Other Membrane Fusion Proteins

Our results have implications for the mechanisms of other

Table III. Summary of Results: Effects of Mutations in the 
Spring-loaded Coiled-Coil Region of the Influenza HA

WT

ALA GLY PRO PRO

55 71 80 55 71 80 55 71 80 55/71

dMM shift 2 2 2 1 1 2 1 1 2 1 1

Trypsin cleave 1 1 1 1 1 1 1 1 1 1 1

Trimer 1 1 1 1 ND ND ND 1 1 1 1

Site A mAb 1 1 1 1 1 1 1 1 1 1 1

pH, Prot. K 5.4 5.4 5.4 6.2‡ 7.0 5.4 7.0 7.0 5.4 7.0 6.0
pH, C-HA1 5.5 5.5 5.5 6.2‡ ND ND ND 6.0‡ 5.5 7.0 ND
Fusion pH 7 2 2 2 2 2 2 2 2 2 2 2

Lipid mix, pH 5 1 1 1 1* 1* 1 1 6 1 1 2

pH, Lipid mix 5.2 5.2 5.2 5.4 ND ND ND 5.2 5.2 5.2 NA
Content mix, pH 5 1 1 1 1* 1* 1 1 6 1 1 2

ND indicates not done. NA indicates not applicable (no fusion detected at any pH). In
the seventh row, data are for both lipid and content mixing. Asterisks in the eighth and
tenth rows indicate a decrease in fusion that correlated with a reduced level of cleaved
HA at the cell surface. In the eighth and tenth rows, 6 indicates decreased fusion ac-
tivity for V55P after normalization for cell surface expression (see text for details).
‡These values are upper limits. The pH values for 50% proteinase K sensitivity or re-
activity with C-HA1 antibody will be between pH 5.6 and 6.2 (see Figs. 4 and 5).

Figure 10. Fusion activity of Pro-substituted HAs: content mixing.
Cells transfected with plasmids encoding wt- and Pro-substituted
HAs were prepared for fusion, incubated with calcein AM–labeled
RBCs, and inspected by fluorescence microscopy as described in
the legends to Figs. 6 and 9.
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membrane fusion proteins. Many viral fusion proteins, in-
cluding those of retro-, paramyxo-, filo-, and coronaviruses
contain or are predicted to contain coiled-coil regions
(Chambers et al., 1990; Fass et al., 1996; Gallaher, 1996;
Weissenhorn et al., 1997). Moreover, a variety of peptide
inhibition and mutagenesis studies have supported the hy-
pothesis that the (predicted) coiled-coil regions of these
proteins are important for fusion (Buckland et al., 1992;
Chen et al., 1993; Ramsdale et al., 1996; Reitter et al.,
1995; Wild et al., 1994a,b; Lambert et al., 1996; Yao and
Compans, 1996).

Why has it appeared relatively easy to disrupt the fusion
activity of retro-, paramyxo-, and coronavirus fusion pro-
teins by introducing mutations into their (predicted)
coiled-coil regions in contrast to our experience with HA?
There are three trivial possibilities: The first is due to dif-
ferences in the analyses performed. Whereas the prior
studies have used syncytia formation or infectivity as as-
says for fusion, we have focused on initial membrane fu-
sion events. The second is that in some of the prior studies,
structural aberrations or deficiencies in cell surface ex-
pression of some mutant glycoproteins may not have been
detected. The third is that single Pro (or other) substitu-
tions at other positions within HA2 54–81 may have been
more detrimental. Barring these trivial differences, a more
substantive possibility is that the discrepancy reflects fun-
damental differences between the fusion mechanisms of
the influenza HA vs. those of retro-, paramyxo-, and coro-
naviruses.

Unlike HA, the fusion proteins of retro-, paramyxo-,
and coronaviruses induce fusion at neutral pH, and their
fusion reactions are or appear to be triggered by interac-
tions with virus receptors instead of low pH (Hernandez
et al., 1996, 1997). Whereas the conformational change in
X:31 HA is irreversible (Stegmann et al., 1987; White and
Wilson, 1987) and appears to be under kinetic control
(Baker and Agard, 1994; Chen et al., 1995), the conforma-

tional changes of “neutral-pH” fusion proteins could be
thermodynamically controlled and/or reversible. The cores
of the Env glycoproteins of three retroviruses form trim-
eric coiled coils (Blacklow et al., 1995; Fass and Kim, 1995;
Lu et al., 1995; Fass et al., 1996; Weissenhorn et al., 1996).
Although these coiled-coils appear to have melting tem-
peratures similar to that of the HA coiled-coil, they differ
in length, pitch, helix packing, and other specific features
(Bullough et al., 1994; Kim et al., 1996). Any of these dif-
ferences might contribute to the apparently increased re-
silience of the HA coiled-coil to mutation.

Although we interpret our data as being consistent
with the hypothesis that the spring-loaded conformational
change is necessary for an early stage of fusion mediated
by the influenza HA, and although related mechanisms
may operate for retro-, paramyxo-, and coronavirus fusion
proteins, it is unlikely that spring-loaded conformational
changes activate all fusion proteins. Two well-character-
ized viral fusion proteins, those of Tick-borne encephalitis
virus and Semliki Forest virus, either do not (Rey et al.,
1995) or are not predicted (Kielian, 1995) to contain re-
gions of high coiled-coil propensity. It will therefore be in-
teresting to learn whether any cellular fusion proteins
(Hernandez et al., 1996; Rothman, 1996) are activated by
spring-loaded conformational changes. This is an intrigu-
ing question since a recently proposed model for intracel-
lular vesicle fusion invokes coiled-coil formation between
V- and T-SNAREs (Hanson et al., 1997; Weber et al., 1998).

We thank Dr. John Skehel for the gift of the site A monoclonal antibody,
Dr. Peter Kim for the E. coli expression vector encoding HA2 residues 33
to 127, and Dr. Lukas Tamm for helpful comments on the manuscript.

Work was supported by National Institutes of Health (NIH) grant
AI22470 (J.M. White). S.L. Pelletier was supported by NIH training grant
T32CA09109, University of Virginia; L. Hoffman was supported by the
Medical Scientist Training Program, University of California, San Fran-
cisco. FACS® analyses were performed in a core facility at the University
of Virginia. 

Figure 11. Fusion activity of
wt- and V55P/S71P-HA. (A)
COS 7 cells were transfected
with the indicated amounts
of plasmids encoding wt-
and V55P/S71P using Lipo-
fectin (GIBCO BRL) as per
the manufacturer’s instruc-
tions. Cells were prepared
for fusion as described in the
legend to Fig. 6 except that
the concentration of trypsin
(T) or chymotrypsin (C) was
10 mg/ml. In this experiment,
fusion was conducted for 2
min at pH 5.0 and 378C. Incu-
bation for longer times (10–
60 min) at pH 5.0 and 378C
still resulted in no fusion for
V55P/S71P (Armstrong, R.T.,
and J.M. White, unpublished
results). (B) Parallel cultures
were analyzed as described
in the legend to Fig. 2 using
the anti-CHA1 antibody.



Qiao et al. Membrane Fusion Activity of Influenza Hemagglutinin 1347

Received for publication 7 April 1997 and in revised form 10 April 1998.

References

Baker, D., and D. Agard. 1994. Influenza hemagglutinin: kinetic control of pro-
tein function. Structure. 2:907–910.

Blacklow, S.C., M. Lu, and P.S. Kim. 1995. A trimeric subdomain of the simian
immunodeficiency virus envelope glycoprotein. Biochemistry. 34:14955–14962.

Bodian, D.L. 1992. Structure-based design of an inhibitor of the conformational
change of influenza hemagglutinin. Ph.D. thesis. University of California,
San Francisco, CA. 282 pp.

Buckland, R., E. Malvoisin, P. Beauverger, and F. Wild. 1992. A leucine zipper
structure present in the measles virus fusion protein is not required for its
tetramerization but is essential for fusion. J. Gen. Virol. 73:1703–1707.

Bullough, P.A., F.M. Hughson, J.J. Skehel, and D.C. Wiley. 1994. Structure of
influenza haemagglutinin at the pH of membrane fusion. Nature. 371:37–43.

Carr, C.M., and P.S. Kim. 1993. A spring-loaded mechanism for the conforma-
tional change of influenza hemagglutinin. Cell. 73:823–832.

Chambers, P., C.R. Pringle, and A.J. Easton. 1990. Heptad repeat sequences
are located adjacent to hydrophobic regions in several types of virus fusion
glycoproteins. J. Gen. Virol. 71:3075–3080.

Chen, J., S.A. Wharton, W. Weissenhorn, L.J. Calder, F.M. Hughson, J.J. Ske-
hel, and D.C. Wiley. 1995. A soluble domain of the membrane-anchoring
chain of influenza virus hemagglutinin (HA2) folds in Escherichia coli into the
low-pH-induced conformation. Proc. Natl. Acad. Sci. USA. 92:12205–12209.

Chen, S.S., C.N. Lee, W.R. Lee, K. McIntosh, and T.H. Lee. 1993. Mutational
analysis of the leucine zipper-like motif of the human immunodeficiency vi-
rus type 1 envelope transmembrane glycoprotein. J. Virol. 67:3615–3619.

Danieli, T., S.L. Pelletier, Y.I. Henis, and J.M. White. 1996. Membrane fusion
mediated by the influenza hemagglutinin requires the concerted action of at
least three hemagglutinin trimers. J. Cell Biol. 133:559–569.

Fass, D., S.C. Harrison, and P.S. Kim. 1996. Retrovirus envelope domain at 1.7
Å resolution. Nat. Struct. Biol. 3:465–469.

Fass, D., and P.S. Kim. 1995. Dissection of a retrovirus envelope protein reveals
structural similarity to influenza hemagglutinin. Curr. Biol. 5:1377–1383.

Gallaher, W.R. 1996. Similar structural models of the transmembrane proteins
of Ebola and avian sarcoma viruses. Cell. 85:477–478.

Godley, L., J. Peifer, D. Steinhauer, B. Ely, G. Shaw, R. Kaufmann, E.
Suchanek, C. Pabo, J.J. Skehel, D.C. Wiley, and S. Wharton. 1992. Introduc-
tion of intersubunit disulfide bonds in the membrane-distal region of the in-
fluenza hemagglutinin abolishes membrane fusion activity. Cell. 68:635–645.

Gray, C., and L.K. Tamm. 1997. Structural studies on membrane-embedded in-
fluenza hemagglutinin and its fragments. Prot. Sci. 6:1993–2006.

Hanson, P.I., R. Roth, H. Morisaki, R. Jahn, and J.E. Heuser. 1997. Structure
and conformational changes in NSF and its membrane receptor complexes
visualized by quick-freeze/deep-etch electron microscopy. Cell. 90:523–535.

Hernandez, L.D., L.R. Hoffman, T.G. Wolfsberg, and J.M. White. 1996. Virus-
cell and cell-cell fusion. Annu. Rev. Cell Dev. Biol. 12:627–661.

Hernandez, L.D., R.R. Peters, S.E. DeLos, J.A.T. Young, D.A. Agard, and
J.M. White. 1997. Activation of a retroviral membrane fusion protein: solu-
ble receptor-induced liposome binding of the ALSV envelope glycoprotein.
J. Cell Biol. 139:1455–1464.

Hoffman, L.R., I.D. Kuntz, and J.M. White. 1997. Structure-based identifica-
tion of an inducer of the low pH conformational change in the influenza virus
hemagglutinin: irreversible inhibition of infectivity. J. Virol. 71:8808–8820.

Hughson, F.M. 1995. Structural characterization of viral fusion proteins. Curr.
Biol. 5:265–274.

Kanaseki, T., K. Kawasaki, M. Murata, Y. Ikeuchi, and S.-i. Ohnishi. 1997.
Structural features of membrane fusion between influenza virus and lipo-
somes as revealed by quick-freezing electron microscopy. J. Cell Biol. 137:
1041–1056.

Kemble, G.W., D.L. Bodian, J. Rose, I.A. Wilson, and J.M. White. 1992. Inter-
monomer disulfide bonds impair the fusion activity of influenza virus he-
magglutinin. J. Virol. 66:4940–4950.

Kemble, G.W., Y. Henis, and J.M. White. 1993. GPI- and transmembrane-
anchored influenza hemagglutinin differ in structure and receptor binding
activity. J. Cell Biol. 122:1253–1265.

Kemble, G.W., T. Danieli, and J.M. White. 1994. Lipid-anchored influenza he-
magglutinin promotes hemifusion, not complete fusion. Cell. 76:383–391.

Kielian, M. 1995. Membrane fusion and the alphavirus life cycle. Adv. Vir. Res.
45:113–151.

Kim, C.-H., J.C. Macosko, Y.G. Yu, and Y.-K. Shin. 1996. On the dynamics and
conformation of the HA2 domain of the influenza virus hemagglutinin. Bio-
chemistry. 35:5359–5365.

Korte, T., K. Ludwig, M. Krumbiegel, D. Zirwert, G. Damaschun, and A. Her-
mann. 1997. Transient changes of the conformation of hemagglutinin of in-
fluenza virus at low pH detected by time-resolved circular dichroism spec-
troscopy. J. Biol. Chem. 272:9764–9770.

Kunkel, T.A., J.D. Roberts, and R.A. Zakour. 1987. Rapid and efficient site-
specific mutagenesis without phenotypic selection. Methods Enzymol. 154:
367–382.

Lambert, D.M., S. Barney, A.L. Lambert, K. Guthrie, R. Medinas, D.E. Davis,
T. Bucy, J. Erickson, G. Merutka, and S R J. Pettesay. 1996. Peptides from
conserved regions of paramyxovirus fusion (F) proteins are potent inhibitors

of viral fusion. Proc. Natl. Acad. Sci. USA. 93:2186–2191.
Lu, M., S. Blacklow, and P.S. Kim. 1995. A trimeric structural domain of the

HIV-1 transmembrane glycoprotein. Nat. Struct. Biol. 2:1075–1082.
Lupas, A. 1996. Coiled coils: new structures and new functions. Trends Bio-

chem. Sci. 21:375–382.
Lupas, A., M. Van Dyke, and J. Stock. 1991. Predicting coiled coils from pro-

tein sequences. Science. 252:1162–1164.
O’Neil, K.T., and W.F. Degrado. 1990. A thermodynamic scale for the helix-

forming tendencies of the commonly occurring amino acids. Science. 250:
646–651.

Oprian, D.D., R.S. Molday, R.J. Kaufman, and H.G. Khorana. 1987. Expres-
sion of a synthetic bovine rhodopsin gene in monkey kidney cells. Proc. Natl.
Acad. Sci. USA. 84:8874–8878.

Puri, A., F.P. Booy, R.W. Doms, J.M. White, and R. Blumenthal. 1990. Confor-
mational changes and fusion activity of influenza virus hemagglutinin of the
H2 and H3 subtypes: effects of acid pretreatment. J. Virol. 64:3824–3932.

Ramachandran, G.N., and V. Sasisekharan. 1968. Conformation of polypep-
tides and proteins. Adv. Prot. Chem. 23:283–438.

Ramsdale, E.E., S.M. Kingsman, and A.J. Kingsman. 1996. The “putative” leu-
cine zipper region of murine leukemia virus transmembrane protein (P15e)
is essential for viral infectivity. Virology. 220:100–108.

Reitter, J.N., T. Sergel, and T.G. Morrison. 1995. Mutational analysis of the leu-
cine zipper motif in the Newcastle disease virus fusion protein. J. Virol. 69:
5995–6004.

Rey, F.A., F.X. Heinz, C. Mandl, C. Kunz, and S.C. Harrison. 1995. The enve-
lope glycoprotein from tick-borne encephalitis virus at 2Å resolution. Na-
ture. 375:291–298.

Rothman, J.E. 1996. The protein machinery of vesicle budding and fusion. Prot.
Sci. 5:185–194.

Shangguan, T., D.P. Siegel, J.D. Lear, P.H. Axelsen, D. Alford, and J. Bentz.
1998. Morphological changes and fusogenic activity of influenza virus he-
magglutinin. Biophys. J. 74:54–62.

Stegmann, T., F.P. Booy, and J. Wilschut. 1987. Effects of low pH on influenza
virus. Activation and inactivation of the membrane fusion capacity of the he-
magglutinin. J. Biol. Chem. 262:17744–17749.

Stegmann, T., J.M. White, and A. Helenius. 1990. Intermediates in influenza in-
duced membrane fusion. EMBO (Eur. Mol. Biol. Organ.) J. 9:4231–4241.

Steinhauer, D.A., J. Martin, Y.P. Lin, S.A. Wharton, M.B.A. Oldstone, J.J. Ske-
hel, and D.C. Wiley. 1996. Studies using double mutants of the conforma-
tional transitions in influenza hemagglutinin required for its membrane fu-
sion activity. Proc. Natl. Acad. Sci. USA. 93:12873–12878.

Tatulian, S.A., P. Hinterdorfer, G. Baber, and L.K. Tamm. 1995. Influenza he-
magglutinin assumes a tilted conformation during membrane fusion as de-
termined by attenuated total reflection FTIR spectroscopy. EMBO (Eur.
Mol. Biol. Organ.) J. 14:5514–5523.

Ward, C.W., and T A. Dopheide. 1980. Influenza virus haemagglutinin. Struc-
tural predictions suggest that the fibrillar appearance is due to the presence
of a coiled-coil. Aust. J. Biol. Sci. 33:449–455.

Watowich, S.J., J.J. Skehel, and D.C. Wiley. 1994. Crystal structures of influ-
enza virus hemagglutinin in complex with high-affinity receptor analogs.
Structure. 2:719–731.

Weber, T., G. Paesold, C. Galli, R. Mischler, G. Semenza, and J. Brunner. 1994.
Evidence for H1-induced insertion of influenza hemagglutinin HA2 N-ter-
minal segment into viral membrane. J. Biol. Chem. 269:18353–18358.

Weber, T., B.V. Zemelman, J.A. McNew, B. Westermann, M. Gmachl, F. Par-
lati, T.H. Sollner, and J.E. Rothman. 1998. SNAREpins: minimal machinery
for membrane fusion. Cell. 92:759–772.

Weissenhorn, W., S.A. Wharton, L J. Calder, P.L. Earl, B. Moss, E. Aliprandis,
J.J. Skehel, and D.C. Wiley. 1996. The ectodomain of HIV-1 env subunit gp41
forms a soluble, a-helical, rod-like oligomer in the absence of gp120 and the
N-terminal fusion peptide. EMBO (Eur. Mol. Biol. Organ.) J. 15:1507–1514.

Weissenhorn, W., A. Dessen, S.C. Harrison, J.J. Skehel, and D.C. Wiley. 1997.
Atomic structure of the ectodomain from HIV-1 gp41. Nature. 387:426–430.

Wharton, S.A., L.J. Calder, R.W.H. Ruigrok, J.J. Skehel, D.A. Steinhauer, and
D.C. Wiley. 1995. Electron microscopy of antibody complexes of influenza
virus hemagglutinin in the fusion pH conformation. EMBO (Eur. Mol. Biol.
Organ.) J. 14:240–246.

White, J.M., and I.A. Wilson. 1987. Anti-peptide antibodies detect steps in a
protein conformational change: low-pH activation of the influenza virus he-
magglutinin. J. Cell Biol. 105:2887–2896.

Wigler, M., S. Silverstein, L.-S. Lee, A. Pellicer, Y.-C. Cheng, and R. Axel.
1977. Transfer of purified herpes virus thymidine kinase gene to cultured
mouse cells. Cell. 11:223–232.

Wild, C., J.W. Dubay, T. Greenwell, T. Baird, Jr., T.G. Oas, C. McDanal, E.
Hunter, and T. Matthews. 1994a. Propensity for a leucine zipper-like domain
of human immunodeficiency virus type 1 gp41 to form oligomers correlates
with a role in virus-induced fusion rather than assembly of the glycoprotein
complex. Proc. Natl. Acad. Sci. USA. 91:12676–12680.

Wild, C.T., D.C. Shugars, T.K. Greenwell, C.B. McDanal, and T.J. Matthews.
1994b. Peptides corresponding to a predictive a-helical domain of human
immunodeficiency virus type 1 gp41 are potent inhibitors of virus infection.
Proc. Natl. Acad. Sci. USA. 91:9770–9774.

Yao, Y., and R.W. Compans. 1996. Peptides corresponding to the heptad re-
peat sequence of human parainfluenza virus fusion protein are potent inhib-
itors of virus infection. Virology. 223:103–112.


