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We previously described a monoclonal antibody (Y8-10C2) that binds influenza virus hemagglutinin (HA)
monomers but not native trimers. In this study, we demonstrated that Y8-10C2 binds to the globular domain
of HA and found evidence that its epitope is located at the interface of adjacent subunits. We further showed
that at elevated temperatures, the Y8-10C2 epitope is transiently exposed in trimers for antibody binding.
Introduction of intrasubunit chemical cross-links into HA reversibly inhibited both Y8-10C2 binding to trimers
at elevated temperatures and viral fusion activity, indicating that exposure of the epitope requires the normal
conformational flexibility of the molecule. Prolonged incubation of Y8-10C2 with virus at an elevated
temperature resulted in neutralization of viral infectivity, allowing selection of neutralization-resistant virus
mutants. Mutants were divided into two classes based on a radicimmunoassay in which the virus is attached
to polyvinyl: those with reduced affinity for Y8-10C2 or other monoclonal antibodies specific for the globular
domain and those with no alteration in their interaction with Y8-10C2 or other antibodies. DNA sequencing of
HA genes revealed that the first type of mutants possessed single amino acid substitutions in the Y8-10C2
epitope itself, while remarkably, the second type of mutants possessed single amino acid substitutions in or near
the fusion peptide of the HA, which is located in the stem of the HA at a considerable distance from the Y8-10C2
epitope. These findings indicate that the conformational flexibility of the HA affects its antigenicity and that
single amino acid substitutions in or near the fusion peptide influence the flexibility of the globular domains.
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The influenza virus hemagglutinin (HA) is a type I an-
chored membrane glycoprotein whose three-dimensional
structure, function, antigenicity, and biosynthesis have been
extensively characterized (17, 22, 25, 27). By virtue of its
affinity for sialic acid residues, HA attaches influenza virus
to the cell surface. Following internalization of the virus into
cellular acidic endosomes, HA mediates fusion of viral and
cellular membranes (14, 15).

HA monomers derived from A/Puerto Rico/8/34 (HIN1)
(PR8) assemble into trimers shortly after their export from
the endoplasmic reticulum, probably in a pre-Golgi complex
intermediate compartment (33). When analyzed under
nonreducing conditions by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), HA trimers exist as
a mixture of monomers, dimers, and trimers (20). The
stability of dimers and trimers under these conditions is due
to either interchain disulfide bonds between cysteine resi-
dues present in the carboxy terminus of the HA or strong
interactions in this region that are disrupted by detergent
binding only after disulfide bonds are broken. During the late
stages of its transport to the cell surface, HA is proteolyti-
cally cleaved in certain cell types into disulfide-linked sub-
units. The carboxy-terminal subunit, termed HA2, contains
the cytosolic and transmembrane domains, an extended
chain that constitutes the bulk of the HA stem, and at its
amino terminus, the sequence of 10 amino acids that medi-
ates the fusion of viral and cellular membranes. The amino-
terminal HA1 subunit contains an extended portion that
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contributes to the fibrous stem of the HA and a globular
domain resting atop the stem containing the sialic acid-
binding sites and the surrounding four antigenic sites recog-
nized by antibodies able to neutralize viral infectivity. Two
of these sites, termed Sa and Sb, are located at the tip of the
globular domain surrounding the sialic acid-binding site,
while two others, termed Ca and Cb, are located more
towards the stem (1).

Exposure of the HA to the mildly acid conditions of the
endosome (between pH 5 and pH 6) triggers irreversible
conformational alterations in the HA that coincide with
activation of viral fusion activity (21). Largely on the basis of
studies with monoclonal antibodies (MAbs), it is believed
that acid-induced conformational alterations in the HA result
in a decrease in the interactions between adjacent monomers
without greatly altering the structure of the monomers
themselves (3, 8, 16, 23, 26, 31). It appears that the separa-
tion of monomers is essential for triggering of viral fusion
activity (7, 10). We previously described an HA-specific
MAD, termed Y8-10C2, that binds to virions only after they
have been exposed to the same acid conditions that trigger
viral fusion activity (31). Subsequently, we found that the
ability of Y8-10C2 to bind to native HA is lost when the HA
trimerizes during its biosynthesis (33). Thus, binding of
Y8-10C2 to native HA is a sensitive probe of the proximity of
adjacent globular domains within a trimer.

Here we show that Y8-10C2 binds trimeric HA at elevated
temperatures and that this binding depends on the confor-
mational flexibility of the HA, inasmuch as it is reversibly
inhibited by introduction of chemical cross-links into the
HA. We further show that single amino acid substitutions in
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and around the fusion peptide alter the conformational
flexibility of the HA, as detected by the resistance of mutant
HAs to Y8-10C2 binding at elevated temperatures.

MATERIALS AND METHODS

Chemical cross-linking of viruses. Dimethyl adipimate,
dimethyl suberimidate, dimethyl-3,3’'-dithiobispropionimi-
date (DTBP), and ethylene glycolbis(succinimidyl succinate)
were purchased from Pierce Chemical. Dimethyl adipimate,
dimethyl suberimidate, and DTBP were dissolved in 0.2 M
triethanolamine HCI (pH 8.5) and incubated with purified
PR3 at 100,000 hemagglutinating units/ml at room tempera-
ture. As a control, virus was routinely incubated in trietha-
nolamine in the absence of chemical cross-linkers. Cross-
linking was stopped by addition of excess glycine in
phosphate-buffered saline (PBS). Cross-links in DTBP-
treated virus were reversed by incubating virus with dithio-
erythritol for 1 h at 37°C. Iodoacetamide at a 50% excess
over dithioerythritol was added to alkylate free sulfhydryl
groups, and bovine serum albumin was then added to quench
unreacted iodoacetamide. Ethylene glycolbis(succinimidyl
succinate) was dissolved in sodium phosphate buffer and
incubated with purified PR8 as described above, and the
reaction was stopped by addition of excess glycine. Ethylene
glycolbis(succinimidyl succinate) cross-links were reversed
by adjusting the virus to 1 M hydroxylamine HCI (pH 8.5)
and incubating it overnight at room temperature. Excess
bovine serum albumin was added to minimize the residual
activity of reagents. Prior to assay of samples for biological
activity, the volumes of all samples were adjusted to contain
equal concentrations of viral hemagglutinating units.

Hemagglutination titrations. HA, hemagglutination inhibi-
tion (HI), and hemolysis activities were measured by using
human erythrocytes as previously described (31). Acid treat-
ment of virus was performed as previously described (31).

Metabolic labelling and immunoprecipitation. MDCK or
L1929 cells were infected with PR8 wild-type or variant
viruses for 5 h, labeled with [>*S]methionine, incubated for 0
to 60 min at 37°C in medium containing excess unlabeled
methionine, and extracted with Triton X-100. All procedures
were performed as previously described (33). Detergent
extracts were immunoprecipitated as previously described
(33) and were analyzed on polyacrylamide gels under nonre-
ducing or reducing conditions by using the buffer system of
Laemmli (12). After fixation, gels were soaked in Amplify
(Amersham), dried, and fluorographed at —70°C, using pre-
flashed film. Densitometry was performed by using a Bio-
Rad 620 video densitomer. For cross-linking, extracts were
derived from cells labeled for 30 min with [**S]methionine
and chased for 1 h at 37°C. Extracts were adjusted to the
indicated concentration of DTBP by using a stock solution of
DTBP at 5 mg/ml in 0.2 M triethanolamine HCI (pH 8.5).
After 3 h at room temperature, the cross-linker was
quenched by addition of excess glycine, and free sulfhydryls
were alkylated by addition of N-ethylmaleimide. In the
absence of N-ethylmaleimide, disulfides in DTBP-treated
HA were reduced simply by boiling in SDS-PAGE sample
buffer in the absence of reducing reagents. Cross-linked
extracts were incubated with MAbs for 2 h at 45°C, and
immune complexes collected with protein A-Sepharose were
analyzed by SDS-PAGE as described above. For trypsin
treatment, extracts derived from virus-infected cells labeled
with [>*S]methionine for 10 min were incubated with trypsin
at 10 wg/ml for 30 min at room temperature. Trypsin was
inactivated by adding phenylmethylsulfonyl fluoride to a
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concentration of 1 mM and egg white trypsin inhibitor to a
concentration of 10 pg/ml. Extracts were then immunopre-
cipitated by addition of protein A-Sepharose that had been
preloaded with MAbs and analyzed by SDS-PAGE per-
formed under reducing conditions by using a separating gel
containing 12% acrylamide.

Nucleotide sequence analysis of virion RNA. The coding
regions of HA genes of variant viruses and the wild-type
stock they were selected from were completely sequenced
by using the dideoxy method as previously described (1).
The amino acid sequence of the HA1 region of the wild-type
virus was identical to that reported previously (1). The
amino acid sequence of the HA2 region of the wild type and
the YV1 and YV10 variants all differed from the published
sequence for PR8 at a single residue, position 54, in which T
was substituted for S.

RIAs. Antigenic analysis of variant viruses was performed
as previously described (1, 32). Briefly, viruses were ad-
sorbed to 96-well polyvinyl plates by drying overnight and
tested in a two-step radioimmunoassay (RIA) for the capac-
ity to bind a standard dilution of hybridoma culture fluids
containing approximately 1 ng of antibody per ml. Binding
was related to a standard curve generated in the same
experiment by testing the binding of twofold dilutions of the
standard antibody dilution with the wild-type virus.

Variant selection with Y8-10C2. PR8 virus grown in the
allantoic cavities of embryonated chicken eggs was incu-
bated for 18 h at 37°C with Y8-10C2 or a control MAb
specific for Sendai virus. Dilutions of the mixture were
added to allantois on shell fragments (32) and incubated for
1 h at 37°C. The inoculum was then removed, and the
fragments were washed twice and then cultured at 37°C for 4
days. Cultures were assessed for virus growth by hemagglu-
tination titration. Cultures exhibiting virus growth were
grown in the allantoic cavities of eggs and analyzed for
reactivity with Y8-10C2 by RIA and HI assay. Viruses with
altered phenotypes were cloned by limiting dilution in AOS
cultures, grown in large quantities in eggs, and purified by
velocity centrifugation in sucrose gradients.

Western blotting. Purified virus was separated by SDS-
PAGE performed under reducing conditions with a 9%
separating gel. Proteins were transferred to 0.22-pm-pore-
size nitrocellulose by overnight blotting using a current of
150 mA. Filters were blocked by incubation with PBS-0.05%
Tween 20 and cut into strips. Lanes were located by inclu-
sion in each sample of molecular weight markers that had
been danyslated. Strips were incubated for at least 16 h with
MAb-containing culture fluids diluted 1/10 in PBS-0.05%
Tween 20 and washed for several h with PBS-0.05% Tween
20. Strips were then incubated with a radioiodinated rat
MAD specific for mouse k chains, washed with PBS-0.05%
Tween 20, and fluorographed, using Kodak XAR film and
intensifying screens.

RESULTS

Definition of the Y8-10C2 epitope. The HAl1l and HA2
chains of HA derived from egg-grown virus can be separated
by SDS-PAGE under reducing conditions since eggs possess
a protease that cleaves the HA during biosynthesis. Western
blotting (immunoblotting) of egg-grown virus demonstrated
that Y8-10C2 binds the HA1 chain and also some uncleaved
HA (Fig. 1A, lane 3). The specificity of this reaction was
demonstrated by the very low signal obtained with a control
MADb (lane 2) and the strong reaction of an HA2-specific
antibody with HA2 (lane 1) (the higher-molecular-weight
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FIG. 1. Specificity of Y8-10C2 for the globular domain of HAI.
(A) Viral proteins separated by SDS-PAGE under reducing condi-
tions were detected in Western blotting by HA2-specific MAb
H18-L10 (lane 1), a control antibody specific for Sendai virus (lane
2), or Y8-10C2 (lane 3). (B) A detergent extract from PR8-infected
L.929 cells labeled for 10 min with [>*S]methionine was left untreated
(lane 3) or was treated with trypsin (lanes 1 and 2) and then
immunoprecipitated with trimer-specific MAb H17-L2 (lanes 1 and
3) or Y8-10C2 (lane 2).

forms detected by this antibody probably represent HA2
homomultimers as well as uncleaved HA; the species comi-
grating with HA1 probably represents HA2 dimers).

The localization of the Y8-10C2 epitope in the HA1 chain
was further defined by immunoprecipitation of trypsin-
treated detergent extracts derived from [**S]methionine-
labeled PR8-infected cells. Under these conditions, Y8-10C2
precipitated tryptic fragments with molecular masses of 26
and 30 kDa (Fig. 1B, lane 2). This is consistent with prior
findings that HA monomers are susceptible to protease
digestion (2, 6). This fragment must be derived from HA1l,
since it migrates more slowly than the intact HA2 chain (22
kDa, lane 1). Aside from the initiating Met, which is cleaved
during or shortly after HA translocation into the endoplas-
mic reticulum, the only Met residues in HA1 are at positions
230, 274, and 316. Given that the fragments consist of
approximately 180 residues and HA1 extends to position
329, this would limit the start of the fragment to residues 50
and 150 and the end to residues 230 to 329.

The localization of the Y8-10C2 epitope to this fragment
agrees with our previous analysis of the binding of Y8-10C2
to a series of viruses with defined point mutations in the
globular domain of the HA. These variants were selected by
virtue of their resistance to neutralization mediated by
HA-specific MAbs. Amino acid alterations at residues 163,
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FIG. 2. Localization of the Y8-10C2 epitope. Superimposed on
the three-dimensional structure of the HA are the residues identified
by analysis of MAb-selected antigenic variants that influence the
binding of Sa site-specific MAbs. Diamonds represent residues
whose substitutions reduce the affinity of binding of other Sa
site-specific MAbs without affecting Y8-10C2 binding to the HA.
Squares represent residues whose substitutions reduce the affinity of
Y8-10C2 and other Sa site-specific MAbs for HA binding. Circles
represent residues whose substitutions reduce the affinity of Y8-
10C2 without affecting the binding of other Sa site-specific antibod-
ies able to interact with trimers.

165, and 167 reduce Y8-10C2 binding to nondetectable levels
in indirect radioimmunoassays (1), while amino acid alter-
ations at residues 207 (1), 244 (30), and 245 (see below) have
a partial effect on antibody binding. On the basis of the
following findings, we believe that the residues identified by
this analysis are in direct contact with the Y8-10C2 antigen-
binding site and do not influence antibody binding by con-
formational effects. (i) As seen in Fig. 2, these residues are
all present on the surface of the HA, forming a contiguous
area of a size easily accommodated by an antibody-binding
site (13). (i) Mutations in these residues affect binding of
only a subset of antibodies that map to the Sa site and do not
affect the binding of numerous other antibodies specific for
the other antigenic sites in the globular domain (1). (iii) The
same amino acid alterations also reduce the binding of
Y8-10C2 to the denatured HA (29a) (although the epitope
recognized by Y8-10C2 is destroyed by denaturation, it is
able to reform slowly in the presence of Y8-10C2, which
probably accounts for the binding of Y8-10C2 to HA1 chains
in Western blots). If the amino acid alterations did alter the
Y8-10C2 epitope at a distance, it seems highly unlikely that
they would cause similar alterations in both native HA and
partially refolded HA.

If this analysis is correct, this means that some of the
amino acids contacted by Y8-10C2 also serve as contact
residues for MADbs that bind to native trimers. The likely
answer to this paradox lies in the orientation of the antibod-
ies in binding to these residues. Figure 2 locates the residues
that alter the binding of ‘““Sa”’ site-specific antibodies in the
three-dimensional structure of a related HA molecule (28,
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FIG. 3. Effects of time, temperature, and cross-linking on viral
fusion activity and interaction with Y8-10C2. (A) Y8-10C2 was
incubated with virus at 37°C for various times and shifted to room
temperature, and the HI titer was determined by adding erythro-
cytes (solid line), or Y8-10C2 was incubated with virus at various
temperatures for 7.5 h and shifted to room temperature, and the HI
titer was determined by adding erythrocytes (broken line). (B) Virus
was cross-linked with 0.5 mg of DTBP per ml for various times and
assayed for hemolytic (HL) activity (V) or Y8-10C2 HI (®). (C)
Virus cross-linked with DTBP at 0.625 mg/ml for 3 h was incubated
with various concentrations of dithioerythritol for 30 min at 37°C
and assayed for hemolytic activity (V) or Y8-10C2 HI (@®).

29). Residues that affect the binding of Y8-10C2 and other
MAbs are squares, residues that affect only the binding of
Y8-10C2 are circles, and those that affect only the binding of
trimer reactive antibodies are diamonds. It is evident that
trimer reactive antibodies recognize the external side of the
Sa site, while Y8-10C2 reacts with the internal side, i.e., the
side that faces the adjacent monomer. It is not difficult to
imagine that access of Y8-10C2 to its epitope in trimers
requires separation of adjacent monomers, which can be
achieved by exposure of HA to pH 5 or, as discussed below,
the partial denaturation of HA that occurs when the virus is
dried onto polyvinyl for RIA.

Effect of temperature on Y8-10C2 binding. Y8-10C2 does
not bind native trimeric HA present on virions, as detected
by either HI assays or direct electron microscopic examina-
tion of negatively stained virus preparations (31). Y8-10C2
also does not bind metabolically radiolabeled HA trimers
present in detergent lysates (33). All of these assays entail
short (1 to 2 h) incubations at or below room temperature.
By incubating Y8-10C2 with virus for extended periods at
elevated temperatures, however, binding to HA can be
detected by a number of methods.

As seen in Fig. 3A, by increasing the time or temperature
of incubation of Y8-10C2 with the virus, viral hemagglutina-
tion was inhibited. At 37°C, HI titers reached plateau values
only after incubation for 24 h prior to addition of erythro-
cytes (Fig. 3A, solid line). With incubation for 7.5 h, HI
titers increased linearly with temperature (Fig. 3A, dashed
line). Although Y8-10C2 specifically mediated HI under
these conditions, it is important to note that the efficiency of
this process on a molar basis was approximately 100-fold
less than that of other antibodies specific for the globular
domain or, for that matter, its own interaction with acid-
treated virus (31).

Temperature-dependent binding of Y8-10C2 to HA was
confirmed by a biochemical technique. Detergent extracts
from [**S]methionine-labeled PR8-infected MDCK cells
were incubated with Y8-10C2 for 16 h at 37 or 4°C, and the
amount of bound HA was determined by SDS-PAGE follow-
ing addition of protein A-Sepharose to collect immune
complexes. To minimize the amount of monomers present in
the extracts, extracts were derived from cells incubated for

J. VIROL.

YV1 YV10
12 3 4 1

0°C

(HA)Y — [ -

(HA)2 — - - @ 0
(HAy — o - v
1 28 4 482:3.4 1 2,3 4
37°C
& o g e
(HA); — 4 S o= -me e
(HA)2 — e B s v D 0

FIG. 4. Interaction of radiolabeled HA with Y8-10C2. MDCK
cells infected for five h with wild-type (WT) or Y8-10C2 selected-
variant PR8 virus were pulse-radiolabeled with [*S]methionine,
chased for 60 min at 37°C, and detergent extracted. Extracts were
incubated for 18 h with MAbs at 0 or 37°C, and the immune
complexes were collected on protein A-Sepharose and analyzed by
SDS-PAGE. HA migrated as a mixture of monomers, dimers, and
trimers since it was electrophoresed under nonreducing conditions.
Lanes: 1, Y8-10C2; 2, H2-4C2; 3, H17-L2; 4, control MAb.

60 min at 37°C after pulse-radiolabeling. To guarantee fur-
ther that immunoprecipitated material represented trimeric
HA, SDS-PAGE was performed under nonreducing condi-
tions, since PR8 trimers migrate as a mixture of monomers,
dimers, and trimers in the absence of a reducing agent. As
observed previously (33), Y8-10C2 incubated for 16 h at 0°C
precipitated minimal amounts of HA (Fig. 4, top, WT lane
1). Under the same conditions, other HA-specific MAbs
immunoprecipitated large amounts of HA (WT lanes 2 and
3). When Y8-10C2 was incubated with extracts for 16 h at
37°C, the amount of HA bound increased approximately
12-fold (as estimated by densitometry) (bottom, WT, lane 1).
By contrast, elevated temperature did not influence the
amount of HA precipitated by the other MAbs, except
perhaps to decrease it slightly. The specificity of the immu-
noprecipitations is indicated by the absence of HA when a
MAD specific for' Sendai virus was used (lane 4).

The temperature-dependent binding of Y8-10C2 in these
assays was due to conformational alterations in the antigen
rather than in the antibody, since prior findings demon-
strated that Y8-10C2 binding to HA monomers or acid-
treated HA occurs in a temperature-independent manner
(31). Furthermore, these conformational alterations are tran-
sient in nature, since preincubation of the virus or detergent-
solubilized HA trimers at 37°C did not increase Y8-10C2
binding once the temperature was decreased (data not
shown).

Chemical cross-linking of virus reversibly inhibits Y8-10C2
binding. The temperature dependence of Y8-10C2 binding to
native HA, taken together with the location of the Y8-10C2
epitope, suggested to us that exposure of the Y8-10C2
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epitope for antibody binding is related to the mobility of the
globular heads relative to each other. To test this, we
examined the effect of chemical-cross linkers on virus bind-
ing to Y8-10C2.

By using the reversible homobifunctional cross-linker
DTBP, Y8-10C2-mediated HI was reduced in a manner
dependent on the time of incubation and the DTBP concen-
tration. With DTBP at 0.5 mg/ml, Y8-10C2-mediated HI was
reduced more than 100-fold following cross-linking for 160
min (Fig. 3B). Importantly, DTBP treatment did not reduce
either the hemagglutination activity of the virus or the HI
titers of 10 other MAbs tested (including 7 that recognize the
external ridge of the Sa site [data not shown]). It did,
however, reduce viral hemolytic activity in parallel with its
effect on Y8-10C2-mediated HI (Fig. 3). Similar results were
obtained by using another reversible cross-linker, ethylene
glycolbis(succinimydyl succinate), and two irreversible
chemical cross-linkers, dimethyl superimidate and dimethyl
adipimidate (data not shown).

The effect of DTBP on Y8-10C2 binding and viral fusion
activity was reversed completely by reduction of the disul-
fide bridge connecting the DTBP active groups (Fig. 3C).
This demonstrates that the effects of DTBP treatment are
due to introduction of cross-links into the HA and not
chemical modification of residues in the Y8-10C2 epitope.

The effect of DTBP on Y8-10C2 binding to trimers was
confirmed by biochemical methods. Detergent extracts from
[>*S]methionine-labeled PR8-infected cells were cross-linked
for 3 h with DTBP at 0.05, 0.25, and 0.5 mg/ml and then
incubated for 2 h at 45°C with Y8-10C2 or an Sa site-specific
control MAb that binds trimers in a temperature-indepen-
dent manner. Immune complexes collected by protein
A-Sepharose were then analyzed by SDS-PAGE performed
under nonreducing conditions (Fig. 5), and the amount of
HA species precipitated was estimated by densitometry
(Fig. 6). With increasing cross-linker concentrations, the
amount of HA reactive with the control trimer-reactive MAb
remained relatively constant and the proportion of HA
migrating as trimers increased from 35 to 68%. By contrast,
Y8-10C2 binding to trimers was inhibited in a cross-linker
concentration-dependent manner to a maximum of 70% at
the highest cross-linker concentration used. At the same
time, the proportion migrating as trimers increased from 52
of the total to 82%. This provides direct evidence that
introduction of cross-links into the HA reduces the capacity
of HA trimers to interact with Y8-10C2 at elevated temper-
atures.

Selection of mutant viruses resistant to Y8-10C2-mediated
neutralization. Having found the temperature dependence of
Y8-10C2-mediated HI, we thought it important to re-exam-
ine the ability of Y8-10C2 to neutralize viral infectivity.
Coincubation of Y8-10C2 with virus for 18 h at 20°C prior to
addition of the virus-antibody mixture to allantois on
chicken eggshell fragment cultures resulted in a slight reduc-
tion of viral infectivity versus incubation with a control
antibody (from 107 to 10%® infectious doses per ml). By
contrast, preincubation of Y8-10C2 with virus at 37°C de-
creased infectivity at least 3,000-fold versus the control
ascites. The term “‘at least’ is used advisedly, since incu-
bation of influenza virus with an overneutralizing concentra-
tion of MADb results in growth of neutralization-resistant
variants at high virus inputs (5), masking the true antibody-
neutralizing potency. In previous studies, without excep-
tion, these variants displayed reduced binding to the select-
ing antibody when tested in solid-phase RIAs; this is
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FIG. 5. Binding of Y8-10C2 to cross-linked HA in detergent
extracts. A detergent extract from PR8-infected MDCK cells was
left untreated (lanes 7 and 8) or was treated with DTBP at 0.05 (lanes
3 and 6), 0.25 (lanes 2 and 5), or 0.5 (lanes 1 and 4) mg/ml. Lysates
were incubated for 2 h at 45°C with Y8-10C2 (lanes 4 to 7) or
trimer-specific MAb H2-4B3 (lanes 1 to 3 and 8), and immune
complexes were analyzed by SDS-PAGE performed under nonre-
ducing conditions. The three species correspond to HA trimers
(HA);, dimers (HA),, and monomers (HA),.

attributable to amino acid alterations within the HA1 chain
1).

Six virus isolates from wells demonstrating virus growth in
the presence of Y8-10C2 following 18 h of preincubation at
37°C were cloned by limiting dilution, grown in embryonated
eggs, and purified for further analysis. Each of the isolates
demonstrated twofold or greater resistance, relative to the
wild-type virus, to Y8-10C2-mediated HI following virus-
antibody incubation for 24 h at 37°C (Table 1). Antigenic
analysis was performed by testing the binding of Y8-10C2 to
virus adsorbed to polyvinyl in an indirect RIA (Fig. 6). As
we and many others have noted in previous studies, binding
of antigen to polyvinyl results in partial denaturation of the
antigen; thus, adsorption of the virus to polyvinyl exposes
the Y8-10C2 epitope on at least a subpopulation of HA. Two
of the variants (YV3 and YV9) demonstrated a large de-
crease in avidity for the selecting antibody (Y8-10C2), which
is typical for antibody escape mutants. Two other variants
(YV2 and YV4) demonstrated a major decrease in avidity
with one antibody (Sa9) and moderate decreases with sev-
eral other antibodies. Of the two remaining variants, one
(YV10) demonstrated a moderate decrease in affinity with a
single antibody (Sal4), while the other (YV1) demonstrated
no significant decrease with any of the 53 MAbs tested that
are specific for the globular domain.

The mutations responsible for the altered interaction of
four of the variants with Y8-10C2 binding were located by
sequencing the entire coding region of HA genes derived
from YV1, YV4, YV9, YV10, and the wild-type virus used
for variant selection. Each variant possesses a point muta-
tion resulting in a single amino acid substitution (Fig. 6).
Variants with antigenic alterations detected by multiple
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FIG. 6. Quantitation of binding of Y8-10C2 to cross-linked HA in
detergent extracts. Densitometric estimations of the amounts of
various HA species present in the fluorograph shown in Fig. 5 are
plotted versus the DTBP concentration used to cross-link detergent-
solubilized radiolabeled HA. (A) Percentage of H2-4B3-reactive (O)
or Y8-10C2-reactive (®) HA migrating as trimers. (B) Percentage of
H2-4B3-reactive (O) or Y8-10C2-reactive (@) HA precipitated from
cross-linked versus untreated virus.

antibodies specific for Sa and Ca sites possess an amino acid
substitution at position 245. Not surprisingly, the conserva-
tive replacement of Ile with Met (YV4) has less of an effect
on HA antigenicity than its replacement with Lys, which
introduces a positive charge at this position (YV9). As
discussed above, these mutations are consistent with the
localization of the Y8-10C2 epitope. By contrast, the loca-
tions of the mutations in YV1 and YV10 are quite surprising,
as they are either in the fusion peptide itself or in a nearby
region. YV10 has a Phe-to-Ile substitution at position 3 in the
HAZ2 chain (HA2;). YV1 has a Tyr-to-Cys substitution at
position 17 in the HA1 chain (HA1,).

Further characterization of YV1 and YV10 mutants. The
phenotype of YV1 and YVI10 antigenic variants was com-
pletely unexpected, as all previous escape variants demon-
strated reduced affinity for the selecting antibody in the RIA
and possessed amino acid substitutions in the epitope de-
fined by antigenic analysis. Although the antigenicity of the
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TABLE 1. HI titers of variants selected by Y8-10C2%

Relative HI
titer (%)

100
<6
25
<6
50
<6

Virus

@ Purified variants were incubated with twofold dilutions of Y8-10C2
containing ascites fluid for 24 h at 37°C prior to addition of chicken erythro-
cytes. HI titers are expressed as percentages of Y8-10C2 (= 100%) inhibition
of agglutination of wild-type virus.

globular domains of YV1 and YV10 was altered to a very
minor extent as detected by RIA, these viruses demon-
strated a greater than 16-fold titer decrease in the HI assay
(Table 1). To confirm that these isolates interact with Y8-
10C2 in an altered manner, log,, dilutions of virus were
incubated with Y8-10C2 at 37°C for 16 h and then tested for
the ability to infect MDCK cells. While Y8-10C2 reduced the
infectivity of the wild-type virus by 30-fold, it reduced the
titer of YV1 by only 10-fold and failed to reduce the
infectivity of YV10.

The inability of Y8-10C2 to block hemagglutination or
infection by YV10 or YV1 could reflect a qualitative or
quantitative alteration in the interaction of the mutant HAs
with Y8-10C2. To distinguish between these possibilities, we
examined the interaction of Y8-10C2 with radiolabeled HA
present in detergent lysates of MDCK cells infected with the
variants (Fig. 4). Similar quantities of HA were recovered
from cells infected with either wild-type virus, YV1, or
YV10 by using antibodies that recognize typical antigenic
sites on the globular domain. When incubated at 0°C, Y8-
10C2 immunoprecipitated only small amounts of YV10 HA
and slightly greater amounts of YV1 HA. Note that in
contrast to HA precipitated by other MAbs, all of the
Y8-10C2-reactive YV10 HA migrated as trimers under the
nonreducing conditions utilized and is therefore likely to
represent an aberrant, possibly misfolded form of HA. Most
importantly, while the amount of wild-type HA bound to
Y8-10C2 increased 12-fold at 37°C (as estimated by densi-
tometry), the amount of variant HAs precipitated increased
only 2-fold.

Taken together, these findings demonstrate that mutations
in or near the fusion peptide alter the interaction of HA
trimers with Y8-10C2 without altering the interaction of HA
monomers or unfolded trimers.

YV1 and YV10 HAs are more easily triggered by acid pH. It
has previously been reported that mutations in HA2,; or
HA1,, in HAs of different subtypes decrease the H* con-
centration needed to trigger HA membrane fusion activity
(4, 18). Consistent with these findings, YV1 and YV10
mediated hemolysis at approximately 0.3 pH units higher
than the wild-type virus (Fig. 8). Acid triggering of confor-
mational changes leading to inactivation of viral fusion
activity of wild-type HA is highly dependent on temperature
(9). To determine the temperature dependence of acid trig-
gering of conformational changes, viruses were incubated at
pH 5 for 1 h at 0, 22, 32, and 37°C, returned to pH 7, and
tested for hemolytic activity (Fig. 8). Conformational alter-
ations in variant HAs were fully triggered at 0°C, while
conformational alterations in wild-type HA were triggered
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Sb1
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Cas /

Ca9
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Mabs

AA HAT1 HA1 HA1 HA2
Altered 17 245 245 3
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FIG. 7. Antigenic analysis of variant viruses selected by Y8-
10C2. The binding of MAbs specific for the globular domain of PR8
to variant viruses dried onto polyvinyl was determined by an
indirect RIA using a radioiodinated MAb specific for mouse
chains. Each antibody was used at a concentration that is subsatu-
rating for its binding to wild-type virus. Antibody binding to variants
was related to a standard curve generated in the same assay by the
binding of twofold dilutions of the antibody to wild-type virus.
Binding is expressed as the dilution required to give the same
number of counts with wild-type virus. The entire coding region of
the HA genes of four of the variants included in this analysis was
determined by dideoxy sequencing. Each variant has a single amino
acid (AA) substitution; these are indicated at the bottom. Symbols:
0, 32 to 100%; @, 11 to 31%; N, 3 to 10%; W, <3%.

only above 23°C. These findings indicate that each mutation
makes the HA unstable at acid pH.

During the course of hemolysis and hemagglutination
assays, we noticed that the HA titer of acid-treated YV1
appeared to drop when assays were performed at 37°C. By
simply performing hemagglutination assays at various tem-
peratures, we confirmed that hemagglutination mediated by
the YV1 HA in its acid conformation was temperature
sensitive (Table 2), demonstrating 25 and 4%, HA activities
at 20 and 37°C that were respectively, of its activity at 0°C.
This loss of HA activity was almost completely reversible,
as demonstrated by the greater 10-fold increase in HA
activity achieved simply by resuspending erythrocytes incu-
bated with YV1 at 37°C and allowing Y V1 to interact at 0°C
(Table 2). Thus, in addition to its effects on native HA, the
Tyr-to-Cys substitution at position 17 causes reversible
conformational alterations in acid-treated HA that greatly
decrease HA receptor-binding activity.

DISCUSSION

In the present study, we found that Y8-10C2 binding to
native trimers was directly dependent on temperature. The
slow kinetics of the interaction and the high antibody con-
centrations required indicate that exposure of the epitope in
a manner sufficient for interaction with antibody is a rela-
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FIG. 8. pH and temperature dependence of triggering of fusion
activity and conformational alterations in wild type (wt) and variant
viruses. Hemolysis titers were determined for the viruses at various
pHs (O). Viruses were treated for 2 h at room temperature at various
pHs and neutralized, and their hemolysis activities were determined
at pH 5 (V). Viruses were treated for 1 h at pH 5 and various
temperatures and neutralized, and their hemolysis activities were
determined at pH 5 (OJ).

tively infrequent event, even at temperatures as high as
48°C. We physically located the Y8-10C2 epitope in the
globular portion of the HA1 chain by Western blotting and
immunoprecipitation of tryptic fragments. Moreover, on the
basis of the effect of amino acid substitutions in the globular
domain on Y8-10C2 binding, we further localized the Y8-
10C2 epitope to the trimer interface of monomers near the tip
of the globular domain. On the basis of this information and
previous findings that Y8-10C2 binds monomers and acid-
treated trimers, we conclude that the temperature-dependent
conformational alteration detected by Y8-10C2 is separation
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TABLE 2. Hemagglutination by the YV10 HA in its acid
conformation is temperature sensitive®

pH 5-treated Relative HA activity (%) at a temp(s) (°C) of:

virus 0 20 37 37 then 0
Wild type 100 100 100 71
YV10 100 71 50 71
YV1 100 25 4 50

¢ Viruses were incubated at pH 5 for 60 min at room temperature and
returned to neutral pH. They were then tested for the ability to agglutinate
human erythrocytes at various temperatures. HA titers were determined after
1 h of incubation. At this time, virus erythrocyte mixtures from the 0 and 37°C
incubations were resuspended and allowed to resettle for another hour at 37 or
0°C, respectively.

of the globular domains to allow access to the Y8-10C2
epitope. These findings are consistent with a prior report that
at elevated temperatures (50°C and higher, depending on the
HA examined), HA undergoes conformational changes sim-
ilar to those induced by acid and is even capable of mediating
membrane fusion (19).

The validity of this interpretation depends, of course, on
the accuracy of our localization of the Y8-10C2 epitope to
the trimer interface by analysis of mutant HAs with defined
amino acid substitutions. This method is probably the most
widely used approach for locating discontinuous antigenic
determinants in proteins. Implicit in this approach is the
assumption that the altered amino acids act by directly
decreasing the free energy of interaction with the antibody
by either (i) introducing improper electrostatic charges or
bulk into a critical region of interaction, (ii) altering the local
solvent structure, or (iii) inducing very local conformational
alterations. The utility of this approach is supported by two
types of direct crystallographic evidence. (i) Solution of the
three-dimensional structures of closely related antigens,
including the HA (11), generally reveals that single residue
replacements do not greatly alter structure. (ii) Most di-
rectly, the structures of the five antibody-antigen complexes
solved to date consistently demonstrate that residues iden-
tified by variant analysis are, in fact, contacted by antibody
(reviewed in reference 13).

While antigenic variant analysis is clearly a powerful and
useful technique for physical mapping of antigenic determi-
nants, one of the major points of this report is that mutations
in residues located outside of the determinant can alter the
interaction of antibody with the antigenic site without alter-
ing the interaction of other conformation-specific antibodies
that bind to overlapping antigenic sites. In the present study,
we show that such ‘“‘extra-determinant” mutations in an
oligomeric protein can alter the interaction of subunits such
that a cryptic antigenic site is not accessible to antibody
binding. Obviously, this is only one of many plausible
mechanisms by which amino acid substitutions could alter
epitope structure at a distance without causing major struc-
tural alterations in the protein. The important practical point
is that there may not always be a perfect correlation between
those amino acid residues that can alter antibody binding and
residues that actually make up the antigenic site. Therefore,
it is essential that the mapping of epitopes by variant analysis
be confirmed by an additional approach. In the case of
Y8-10C2, variant analysis performed with native HA could
be correlated with variant analysis performed with alterna-
tive forms of the protein, including denatured protein (29a),
which differs so extensively from native HA in structure that
it is highly unlikely that amino acid substitutions could act in
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a parallel manner to induce long-range conformational alter-
ations in the epitope that decrease antibody binding.

Our conclusion that Y8-10C2 binding to native trimers
reflects thermal gyrations of the globular domains that tem-
porarily expose residues near the trimer interface is sup-
ported by the ability of chemical cross-linkers to abrogate
Y8-10C2 binding. On the basis of the behavior of cross-
linked detergent-extracted HA (Fig. 5), it is clear that
Y8-10C2 binding can be blocked by cross-linking residues
within individual trimers. The parallel behavior of Y8-10C2
binding and viral fusion activity observed upon viral cross-
linking and reversal with DTBP are consistent with recent
reports that separation of the globular domains is required
for HA-mediated fusion activity (7, 10).

By using Y8-10C2 to neutralize virus at 37°C, we were able
to select two classes of antigenic variants. The first class of
variants are typical of antibody escape mutants in demon-
strating antigenic alterations detected by a number of anti-
bodies when virus is attached to polyvinyl for indirect RIA.
Two of the members of this set (YV2 and YV4) are some-
what unusual in demonstrating little change in binding to the
selecting antibody (Y8-10C2) in the RIA. This finding corre-
lates with the minor reduction in Y8-10C2-mediated HI
observed with these variants (four- and twofold, respective-
ly). These variants thus appear to have subtle alterations in
the Sa epitope that are nonetheless sufficient to allow the
variants to escape the relatively inefficient neutralization
mediated by Y8-10C2 at 37°C. The conservative nature of
the mutation in YV4 (Ile to Met) is consistent with this
conclusion, and it is worth noting that this precise substitu-
tion has not been found in any of the other PR8 variants we
have sequenced with single point mutations (1). Another
factor contributing to the relatively minor effect that the
Ile-to-Met substitution has on Y8-10C2 binding could be that
position 245 is at the edge of the Y8-10C2 epitope, since even
a nonconservative substitution at this position (Ile to Lys in
YV9) results in only a partial decrease in Y8-10C2 binding in
the RIA.

The second class of antigenic variants selected by Y8-
10C2 are novel in possessing single residue substitutions
located a considerable distance from the antibody-binding
site. Y8-10C2 maintains its ability to bind these variants once
its epitope is e)qs)osed by attachment to polyvinyl and,
indeed, binds to [**S]methionine-labeled monomers in deter-
gent extracts from cells infected with the variants (29b).
Thus, the amino acid substitutions do not alter the structure
of the Y8-10C2 epitope but, rather, appear to limit the access
of Y8-10C2 to its epitope by limiting the range of motion of
the globular domains relative to each other at 37°C. To
understand how the mutations affect HA structure, it is
necessary to have detailed information regarding the loca-
tion and interactions of the residues within the HA. Al-
though the three-dimensional structure of the PR8 HA has
not been determined, it is likely that the basic elements of
the structure are similar to those of the H3 HA structure,
which has been determined at high resolution by X-ray
crystallography. HA1,, of the H3 HA is located in sufficient
proximity to the fusion peptide to interact with several of its
residues and, indeed, participates in hydrogen bonds
through water molecules with HA2, and HA2,,. Thus, it
appears that both mutations that decrease the mobility of the
globular domains act by altering the interactions of the
fusion peptide. This suggests that this region of the HA plays
a critical role in governing the overall conformational flexi-
bility of the molecule. The substitutions need not cause large
conformational alterations in the region of the fusion peptide
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to alter the function of HA. This conclusion is based on the
three-dimensional structure of a mutant HA with an Asp-to-
Gly substitution in HA2,,, (a residue that interacts with
multiple residues in the fusion peptide) that results in its
being triggered 0.4 pH unit higher than the wild-type virus
(24). The structure surrounding this residue was unchanged,
and it appeared that the increased pH sensitivity was simply
due to loss of the four hydrogen bonds that normally help to
stabilize the fusion peptide. It is also worth noting that the
effects of mutations at positions HAl,, and HA2; on the
exposure of the Y8-10C2 epitope occur independently of
cleavage of HA into HAl and HA2 subunits, since they
affect Y8-10C2 binding to egg-grown virus (in which all of the
HA is cleaved) and to HA in infected-MDCK lysates (in
which none of the HA is cleaved).

In contrast to many residues in the HA, positions HA1,,
and HA2, are highly conserved among natural influenza
virus isolates. HA1,, is conserved between all H1 and H2
HAs sequenced, while HA2; is conserved among all of the
natural isolates sequenced. As both YV1 and YV10 grow to
high titers in eggs, it is clear that substitutions in these
residues do not grossly alter the ability of the virus to
replicate in ovo. Thus, other factors must account for the
high conservation of these residues in vivo. In the course of
infection and attendant inflammation, influenza virus virions
might be exposed to pHs between 5 and 6 in extracellular
fluids that would inactivate virions with mutations that
decrease the H* concentration needed to trigger conforma-
tional alterations. Alternatively, alterations in position 17
have been found to alter the ability of cellular proteases to
cleave the HA into HA1 and HA2 subunits (18). As this is
essential for fusion activity and, consequently, viral infec-
tivity, it is possible that mutations in the fusion peptide
and nearby residues prevent cleavage of the HA by pro-
teases present in cells that produce virus in infected individ-
uals.
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