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We previously determined, by X-ray crystallography, the three-dimensional structure of a complex between
influenza virus N9 neuraminidase (NA) and the Fab fragments of monoclonal antibody NC-41 [P. M. Colman,
W. G. Laver, J. N. Varghese, A. T. Baker, P. A. Tulloch, G. M. Air, and R. G. Webster, Nature (London)
326:358-363, 1987]. This antibody binds to an epitope on the upper surface of the NA which is made up of four
polypeptide loops over an area of approximately 600 A? (60 nm?). We now describe properties of NC-41 and
other monoclonal antibodies to N9 NA and the properties of variants selected with these antibodies (escape
mutants). All except one of the escape mutants had single amino acid sequence changes which affected the
binding of NC-41 and which therefore are located within the NC-41 epitope. The other one had a change outside
the epitope which did not affect the binding of any of the other antibodies. All the antibodies which selected
variants inhibited enzyme activity with fetuin (molecular weight, 50,000) as the substrate, but only five,
including NC-41, also inhibited enzyme activity with the small substrate N-acetylneuramin-lactose (molecular
weight, 600). These five probably inhibited enzyme activity by distorting the catalytic site of the NA. Isolated,
intact N9 NA molecules form rosettes in the absence of detergent, and these possess high levels of hemagglutinin
activity (W. G. Laver, P. M. Colman, R. G. Webster, V. S. Hinshaw, and G. M. Air, Virology 137:314-323,
1984). The enzyme activity of N9 NA was inhibited efficiently by 2-deoxy-2,3-dehydro-N-acetylneuraminic acid,
whereas hemagglutinin activity was unaffected. The NAs of several variants with sequence changes in the
NC-41 epitope lost hemagglutinin activity without any loss of enzyme activity, suggesting that the two activities
are associated with separate sites on the N9 NA head.

The influenza virus N2 neuraminidase (NA) has been
crystallized (12), and the three-dimensional structure has
been determined at a 2.9-A (0.29-nm) resolution (7, 21).
Topographical mapping of N2 NA revealed four antigenic
sites, two on the enzyme active face and two others possibly
on the bottom face of the tetramer (23). Sequence analysis of
antigenic variants selected with monoclonal antibodies to N9
NA revealed a series of amino acid substitutions ringing the
concave substrate-binding site (2, 16); there was a clear
correlation between the positions of the sequence changes
and the properties of the antibodies (23).

N9 NA from a tern influenza virus has also been crystal-
lized (13), and its three-dimensional structure has been
determined (A. T. Baker, I. N. Varghese, W. G. Laver,
G. M. Air, and P. M. Colman, Proteins, in press). This NA
agglutinates chicken erythrocytes as efficiently as the
hemagglutinin (HA) does (13). In the present study, a panel
of monoclonal antibodies to N9 NA was prepared and used
to select antigenic variants. One of these antibodies, NC-41,
yielded Fab fragments which, when complexed with N9 NA
heads, formed large crystals of X-ray diffraction quality (15),
and the three-dimensional structure of the complex was
determined (6).
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The present studies indicate that antibodies which inhibit
NA activity bind near the enzyme active site, and some also
inhibit the HA activity of the NA. Sequence analysis of
antigenic variants shows that the majority of the single
amino acid substitutions occur in a rather large antigenic
area that in the three-dimensional structure (Baker et al., in
press) is on the rim of the substrate-binding cavity and
includes the NC-41 epitope (6). The single amino acid
substitutions in several of these variants resulted in the
complete loss of HA activity with no loss of NA activity.

MATERIALS AND METHODS

Viruses. The N9 NA was from A/tern/Australia/G70C/75
(H11IN9) influenza virus isolated from apparently healthy
noddy terns (Anous minutus) on North West Island of
Australia’s Great Barrier Reef (8). A recombinant virus with
A/NWS/34 (H1) HA and N9 NA was prepared from one of
the tern virus isolates (22). This virus, designated NWS-Tern
(HINDY), was used in the experiments reported in this paper.

Isolation of NA. Intact N9 NA molecules were isolated
from the HIN9 recombinant virus by electrophoresis on
cellulose acetate strips after disruption of the virus particles
with sodium dodecyl sulfate (14). NA heads were isolated
from the HIN9 recombinant virus following pronase diges-
tion of the virus (12).

Serological assays. HA and hemagglutination inhibition
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TABLE 1. Biological activities of monoclonal antibodies to N9 NA“

Monoclonal NI” with: ) Variant
antibody Isotype Fetuin NAL HI selection
NC-4 1gG1 <1 <1 <1 -
NC-62 I1gG1 <1 <1 <1 -
NC-8 IgG1 <1 <1 1.6 -
NC-30 IgG1 <1 <1 2.5 -
NC-28 I1gG2a 3.25 <1 1.3 -
NC-50 IgG2a 3.25 <1 2.2 -
NC-52 1gG1 3.25 3.5 1.3 +
NC-41 1gG2a 3.2§5 3.7 1.9 +
NC-32 1gG1 4.25 3.75 4.3 +
NC-33 1gG1 >4.5 >4 4.3 +
NC-34 IgG1 4.0 3.25 4.3 +
NC-42 IgG2a 3.75 3.25 4.3 +
NC-44 I1gG2a >4.5 3.25 1.6 +
NC-45 1gG2a >4.5 3.25 2.2 +
NC-46 1gG2a >4.5 3.25 3.4 +
NC-47 I1gG2a 4.25 3.25 4.3 +
NC-70 1gG1 3.75 3.5 3.1 +
NC-61 ND¢ 3.50 <1 4.3 +
NC-10 ND 4.50 <1 43 +
NC-11 1gGl 4.00 <1 2.8 +
NC-15 I1gG2a 4.25 <1 4.3 +
NC-17 1gGl 4.5 <1 4.3 +
NC-20 IgGl >4.5 <1 4.3 +
NC-23 IgGl >4.5 <1 4.3 +
NC-24 1gG2a 3.75 <1 2.8 +
NC-25 IgGl >4.5 <1 4.3 +
NC-31 IgGl 4.3 <1 43 +
NC-35 IgG2a >4.7 <1 4.3 +
NC-36 I1gG2a 4.25 <1 1.6 +
NC-37 I1gG2a 4.2 <1 1.9 +
NC-43 IgGl >4.5 <1 4.3 +
NC-49 1gG2a 4.5 <1 4.3 +
NC-66 1gGl 4.0 <1 4.3 +
32/3 ND 3.75 <1 3.7 +
NC-38 1gG2a 3.5 <1 3.4 +

2 Monoclonal antibodies to NWS-Tern (H1IN9) N9 NA were prepared as described in Materials and Methods; ascitic fluid from BALB/c mice was used in the

assays.

» NI assays were done with either fetuin or NAL as the substrate as described in Materials and Methods; antibody titers are expressed in logo terms.

< HI assays were done at 0°C; antibody titers are expressed in log;o terms.

4 Antigenic variants (escape mutants) were selected in MDCK cells as described in Materials and Methods. —, No variant was selected; the virus was inhibited
to the same titer as the parent in NI assays. +, Variant was selected; monoclonal antibody binding was either abolished or markedly reduced (Table 4).

¢ ND, Not done.

(HI) assays were done at 0°C in microtiter plates (17). NA
assays were done by the method recommended by the World
Health Organization (4). Enzyme-linked immunosorbent as-
says (ELISA) were done as described previously (9).

Monoclonal antibodies. Hybridoma cell lines producing
antibodies to N9 NA were prepared by the method of Kohler
and Milstein (11). The spleen cell donor was a BALB/c
mouse immunized with one intraperitoneal injection of pu-
rified intact NWS-Tern (ca. 2 ng of NA protein), and fusion
was done 1 to 2 months later, 4 days after a similar in-
travenous booster dose of antigen. The SP,/O Ag 14 cell line
(19) was used, and the hybridomas producing antibodies to
N9 NA were cloned by limiting dilution and grown as ascites
in BALB/c mice. Ascitic fluid was collected from pristane-
primed BALB/c mice. To facilitate the purification of anti-
bodies for crystallization studies, we also grew the hybrid-
oma cells in serum-free medium (HB 101; HANA Media,
Inc., Berkeley, Calif.).

Selection of antigenic variants. Antigenic variants (escape

mutants) were selected in MDCK cell cultures in 24-well
tissue culture plates. Cells were inoculated with undiluted
N9 monoclonal antibody (100 wl) and NWS-Tern (5 pl
containing 10° PFU) in 0.4 ml of minimal essential medium
containing bovine serum albumin and trypsin (20). After 4
days of incubation in 5% CO, at 37°C, samples of the
supernatant (0.1 ml) were injected into 11-day-old embryo-
nated eggs. Virus growth was detected by hemagglutination
after 48 h of incubation at 34°C. The viruses were cloned at
limiting dilutions in embryonated eggs and tested in ELISA
and NA inhibition (NI) assays to determine their reactivity
with monoclonal antibodies.

Preparation of viral RNA. Virus was pelleted by centrifu-
gation at 40,000 x g for 3 h. After the pellet was soaked in 10
mM Tris (pH 7.4-10 mM KCI-1.5 mM MgCl, containing
0.2% sodium dodecyl sulfate overnight, the suspension was
brought to 5 ml, and 2 mg of proteinase K (Boehringer
GmbH, Mannheim, Federal Republic of Germany) was
added. This mixture was incubated at 56°C for 20 min. The
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TABLE 2. Nucleotide and amino acid sequence changes in escape mutants of NWS-Tern N9 NA“

Variant Nucleotide Amino acid .HA
(name) Position Change N2 Change titer”
Tern (N9) 30,000
NC-38 V1 683 G—A 220 (222) Arg—Gln 17,000
32/3 V2 (Ox2) 1009 A—G 329 (331) Asn—Asp 30,000
NC-35 V1 1009 A—G 329 (331) Asn—Asp
NC-10 V1 1009 A—G 329 (331) Asn—Asp
NC-47 Vla 1121 G—A 367 (368) Ser—Asn 0
NC-41 V1 1121 G—A 367 (368) Ser—Asn
NC-24 V1 1124 T-G 368 (369) lle—Arg 17,000
NC-31 V1 1127 C—A 369 (370) Ala—Asp
NC-20 V1 1127 C—A 369 (370) Ala—Asp 0
NC-45 Vla 1127 C—A 369 (370) Ala—Asp 100
NC-66 Vla 1127 C—A 369 (370) Ala—Asp 200
NC-17 V1 1127 C—A 369 (370) Ala—Asp
NC-11 V1 1127 C—A 369 (370) Ala—Asp
32/3 V1 (Ox1) 1130 C->T 370 (371) Ser—Leu 0
NC-44 V1 1136 C—A 372 (373) Ser—Tyr 200
NC-41 V2 1218 C—A 400 (400) Asn—Lys
NC-42 V1 1218 C—A 400 (400) Asn—Lys 100
NC-34 Vl1a 1320 G—-T 432 (434) Lys—Asn 5,000

“ The nucleotide sequence of each of the variants was determined as described in Materials and Methods. The deduced amino acid sequences are given in N2

numbering; values in parentheses represent N9 numbering.

5 HA titers were determined for sodium dodecyl sulfate-isolated N9 NA adjusted to contain the same NA and protein content; tests were done at 0°C as

described in Materials and Methods. No entry indicates that tests were not done.

RNA was extracted with phenol-chloroform and then pre-
cipitated three times with ethanol (5). The RNA concentra-
tion was détermined by measuring the Ag.

Sequencing of ¢cDNA. The sequence of the cDNA tran-
scribed from the viral RNA was determined by the dideoxy
chain termination method (1, 2, 18) with synthetic oligonu-
cleotide primers (3).

RESULTS

Biological activities of N9 monoclonal antibodies. The hy-
bridoma cell lines were initially screened by NI assays and
ELISA with NWS-Tern (HIN9). The specificity of the
monoclonal antibodies was determined by their ability to
react with solubilized crystals of N9 NA in ELISA and by
their ability to inhibit hemagglutination at 0°C (Table 1) by
isolated intact N9 NA rosettes. The isotypes of the mono-
clonal antibodies are shown in Table 1; all were either
immunoglobulin G1 (IgG1) or IgG2a.

Although antibodies to the NA of influenza virus do not
prevent attachment or replication, they do interfere with
virus release (10) and permit the selection of antigenic
variants in vitro (24). Each of the N9 monoclonal antibodies
was tested for its ability to select antigenic variants in
MDCK cells.

Two monoclonal antibodies (NC-4 and NC-62) did not
inhibit NA or HA activity and failed to select variants.
Another two monoclonal antibodies (NC-8 and NC-30) in-
hibited HA activity but failed to inhibit NA activity or select
variants. Two other monoclonal antibodies (NC-28 and
NC-50) inhibited NA and HA activities but failed to select

variants. The majority of the monoclonal antibodies (Table
1) inhibited NA and HA activities and selected variants.

The monoclonal antibodies were also tested for their
ability to inhibit enzyme activity with fetuin (molecular
weight, 50,000) or N-acetylneuramin-lactose (NAL) (molec-
ular weight, 600) as the substrate. Only a subset of the
monoclonal antibodies which inhibited enzyme activity on
fetuin also inhibited enzyme activity on NAL.

Most of the antibodies inhibited the HA activity of NA,
but there was a wide range of HI activity; some antibodies
inhibited to titers of 20, and others inhibited to titers of
20,000. There was no correlation between NI activity and HI
activity; for example, with fetuin as the substrate monoclo-
nal antibody NC-31 had an NI titer of 20,000 and an HI titer
of 20,000, while NC-36 had an NI titer of 18,000 and an HI
titer of 40.

Sequence changes in escape mutants. The NA genes of a
number of the escape mutants were completely sequernced.
Single nucleatide changes were found in each of the variants.
The nucleotide and deduced amino acid sequence changes in
18 variants are shown in Table 2. The N2 NA numbering of
the amino acids will be used throughout this publication to
maintain consistency with the published structure (21). In
the three-dimensional structure of the NA, all but one of the
changes in the variants were on one side of the top surface of
the molecule (Fig. 1). Six of the variants had identical amino
acid sequence changes at residue 369; other changes were at
residues 367, 368, and 370. On adjacent loops of the struc-
ture there were changes at residues 329, 400, and 432. Two
variants selected with the same monoclonal antibody (32/3)
had sequence changes at different amino acid residues (329
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FIG. 1. Schematic diagrams of chain folding in N9 NA viewed
down the fourfold axis (A) and perpendicular to this axis (B). The
symmetry axis is at the lower right in panel A and standing vertically
at the left rear in panel B. Mutations at the numbered positions
abolish or reduce the binding of NC-41 antibody to NA (Table 4). A
mutation at residue 220, which falls outside the NC-41 epitope. has
no effect on NC-41 binding to NA (Table 4).

and 370); similarly, two variants selected with NC-41 had
changes at residues 367 and 400. The only variant with a
change outside this region was selected by NC-38 (Arg—Gln
[residue 220]) (Table 2). The results are summarized in Table
3.

Cross-reactions between antibodies and variants. Antigenic
sites can be operationally defined by the ability of the
antigenic changes in a certain group of variants to prevent
the binding of a corresponding group of monoclonal antibod-
ies but, at the same time, to have no effect on the binding of
other monoclonal antibodies which recognize different anti-
genic sites on the same molecule.

INFLUENZA VIRUS N9 NEURAMINIDASE 2913

The cross-reactions in NI assays of the monoclonal anti-
bodies and the variants selected by them are shown in Table
4. All except one of the antibodies clearly fell into one group,
and each recognized an epitope overlapping the NC-41
epitope. The one antibody outside this group was NC-38,
which recognized a residue (220) outside the NC-41 epitope.

HA activity. (i) Antigenic variants. The HA activity of the
isolated intact NA from the parent and antigenic variants
was determined at 0°C (Table 2). Amino acid substitutions at
residues 220, 329, and 432 had a minimal effect or no effect
on hemagglutination by N9 NA, whereas mutations at resi-
dues 367, 369, 370, and 372 markedly reduced or abolished
this property. Interestingly, a mutant N9 NA with a substi-
tution at residue 368 (Ile—Arg) hemagglutinated as effi-
ciently as did the parental N9 NA.

Figure 2 shows the three-dimensional structure of the
putative HA site in N9 NA in comparison with the same site
in nonhemagglutinating N2 NA.

(ii)) Morphology. Electron microscopic examination of
intact NA molecules isolated from the parent virus NWS-
Tern and the variants showed that HA-negative NA variants
formed NA rosettes indistinguishable from those of HA-
positive NA variants (results not shown).

(iii) Inhibition by DANA. Previous studies showed that
2-deoxy-2,3-dehydro-N-acetylneuraminic acid (DANA) par-
tially inhibited the NA activity of N9 NA on the fetuin
substrate but failed to inhibit the HA activity of N9 NA (13).
These studies were repeated with NAL as the substrate and
N9 NA isolated from virions by electrophoresis on cellulose
acetate strips after disruption of the virions by sodium
dodecyl sulfate. At 1072 M DANA, the NA activity was
100% inhibited, but there -was no inhibition of the HA
activity (Fig. 3). :

(iv) Sialic acid binding. To determine if the HA-binding site
on N9 NA recognizes sialic acid residues, we did the
following experiments. Chicken erythrocytes were treated
with receptor-destroying enzyme and tested for HA activity
with isolated N9 NA rosettes at 0°C. The receptor-destroy-
ing-enzyme-treated cells were not agglutinated by N9 NA,
while the untreated cells were: agglutinated (results not
shown). : )

Both fetuin (molecular weight, 50,000) and NAL (molec-
ular weight, 600) were tested for their ability to inhibit the
HA activity of isolated N9 NA at 0°C. Fetuin inhibited HA
activity to a concentration of 10~* M, whereas NAL had no
inhibiting activity. Neither fetuin nor NAL inhibited the HA
activity of H3 NA from A/Aichi/68 (H3N2) influenza virus.

These studies indicate that the HA activity of N9 NA is
analogous to that of the HA molecules on the virion in
binding to sialic acid residues; however, the reactivities
could be distinguished by inhibition with fetuin.

DISCUSSION

Monoclonal antibodies specific for N9 NA were charac-
terized. Two monoclonal antibodies (NC-4 and NC-62) failed
to inhibit either NA or HA activity yet bound at high titers to
N9 NA in ELISA. These antibodies presurnably recognize
sites that are distant from the biologically active center(s),
maybe on the bottom or side of the globular head of the NA.

Four other monoclonal antibodies (NC-8, NC-30, NC-28,
and NC-50) failed to select antigenic variants even though
NC-28 and NC-50 inhibited NA activity. Inhibition curves
suggested that NC-28 and NC-50 bound with low affinity.

The majority of monoclonal antibodies inhibited NA ac-
tivity on fetuin and selected variants in vitro. Sequence
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TABLE 3. Summary of antibody binding grouped according to area of N9 recognized
Binding of monoclonal antibodies to indicated variant (site of amino acid change)“: NI with:
Monoclonal
i NC-38 V1 NC-35 V1 NC-41 V1 NC-24 V1 NC-20 V1 32/3 V1 NC-42 V1 NC-34 V1 .

antibody (220) (329) (367) (368) (369) (370) (400) (432) Fetuin — NAL
NC-41 ? 0 ? 0 0 0 0 Yes Yes
NC-66 0 0 0 0 0 Yes No
NC-35 0 0 0 0 Yes No
NC-10 0 0 0 0 Yes No
NC-24 0 0 0 Yes No
NC-34 0 0 0 Yes Yes
NC-17 0 0 0 0 Yes No
NC-45 0 0 0 0 Yes Yes
NC-47 0 0 0 Yes Yes
NC-42 0 0 0 Yes Yes
NC-31 0 0 Yes No
NC-20 0 0 Yes No
NC-11 0 0 Yes No
NC-38 0 Yes No

a () indicates that an amino acid substitution at this residue markedly reduced the binding of that particular monoclonal antibody. ? indicates a limited reduction
in binding (Table 4). No entry indicates no reduction in binding. The HA titers of NC-38 V1, NC-35 V1, NC-24 V1, and NC-34 V1 were less than fourfold different

from that of the parent.

analysis of these variants indicated that all antibodies except
one (NC-38) recognized epitopes on one side of the top
surface of the NA. Since all of these antibodies were
prepared from two mice, the antigenic regions which were
defined may simply reflect the areas that were dominant in
these animals; however, the antigenic region recognized was
the same as for N2 NA (2, 23), suggesting that this is indeed
the dominant antigenic region on the NA molecule. In the
three-dimensional structure (7, 21), the amino acid substitu-
tions in the variants were all located in a series of four
polypeptide loops on or near the rim of the concave sub-
strate-binding pocket. The three-dimensional structure of
the Fab fragments complexed with N9 NA (6) showed that
the NC-41 epitope involves surface loops containing resi-
dues 432, 400, 367 to 370, and probably 329 (Fig. 1).

Each of the antigenic variants of N9 NA had a single
amino acid substitution which markedly reduced or abol-
ished antibody binding. A summary of the different residues
substituted and their effect on the binding of antibody to

antigen is shown in Table 3. Monoclonal antibody NC-41 had
markedly reduced binding to antigenic variants that had
amino acid substitution at residues 367, 369, 370, 400, and
432 and marginally reduced binding to a variant with a
change at residue 329. Recent studies on the three-dimen-
sional structure of a crystal complex of NC-41 Fab fragments
with N9 NA at a 3-A (0.3-nm) resolution have established
that this antibody makes contact with residues 368 to 370,
400 to 403, 430 to 434, and part of 325 to 350 (6). The contact
residues on the loop containing residues 325 to 350 are still
not completely defined. Amino acid substitutions were de-
tected in each of the four loops on N9 NA where antibody
NC-41 makes contact.

The binding of antibodies to the antigenic variants showed
different patterns of reactivity. Antibodies which reacted
with residue 367 did not react with residue 368 and vice
versa. This separation of residues 367 and 368 correlated
with the behavior of the HA activity of mutants at those
sites. The three-dimensional structure in this region (Fig. 2)

TABLE 4. Cross-reactions between antibodies and variants®

Mono- ?ez;c- Reactivity of the following escape mutant (site of sequence change):

ivity
C:r":‘f_" of NC-38 NC-10 323 NC-35 NC47 NC-41 NC-24 NC-11 NC-17 NC-20 NC-31 NC-45 NC-66 NC-70 323 NC-44 NC-42 NC-34
body NWS- VI VvVl V2 V1 V1 V1 \%! \%! Vi1 Vi VI VI VI Vi V1l V1 %! Vi

Tern (2200 (329) (3290 (329) (367) (367) (368) (369) (369) (369) (369) (369) (369) (ND) (370) (372) (400) (432)
NC-11 4.0 20 <1 <1 <1 <1l <1 <1 <1
NC-20 >4.5 30 <1 <1 <1 <l <1 <1 <1
NC-31 4.3 <1 <1 <1 <1 <l <1 25 <1
NC-45 >4.5 <l <1 <1 <1 15 <1 <1 2.0 1.25 <1 <l <1
NC-17 4.5 1.5 175 2.0 <1 225 325 325 25 25 3.0 <1
NC-66 4.0 <1l <1 <1 <1 2.5 2.5 225 20 20 225 325 <1 3.5 1.75
NC-41 3.75 30 275 35 <1 <1 275 <1 <1 <1 <l <1 <1 <1 <l <1 <l <1
NC-47 4.25 <l <1 <1 <1 <1 <l <1 <1 <1 2.0 <1
NC-10 4.5 <l <1 <1 2.5 2.0 225 35 20 25 25 <1 3.75 2.25
NC-35 >4.5 1.5 1.5 1.7 2.0 1.75 1.25 2.5 1.5 35 1.0 20 1.75 2.25 1.8
NC-42 3.75 <l <1 <1 <1 <1 <l <1 <1 <1 1.7 <1
NC-34 4.0 1.75 2.25 275 2.5 2.5 2.5 25 20 18 3.0 3.0 2.5
NC-24 3.75 <1l <1 <1 <1 <l <1 <1
NC-44 4.5 <l <1 <1 <l <1 3.25 <1 <1 <1 <l <1 <1 1.5 35 <1 <1 2.3
NC-38 3.5 <1

a Escapq mutants were selected in MDCK cells as described in Materials and Methods. Escape mutants and the parent were tested in NI assays; the titers are
expressed in log;o terms. No entry indicates that the titers were not different from those of the parent. The reactivity patterns in NI assays were confirmed in

ELISA.
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FIG. 2. Stereo diagrams of the putative HA site in N9 NA (A) and the corresponding site in N2 NA (B). The two structures are not yet
completely refined (J. N. Varghese, A. T. Baker, and P. M. Colman, unpublished data). N2 numbering is used in both diagrams. Note in
particular the spatial clustering of residues 369, 370, 372, and 400 (positions at which mutants have no HA activity) and the proximity of
residues 368 and 432 (positions at which mutants have reduced HA activity). Arg-371 points into the enzyme active site, which is separated
from the site shown here by the loop at residues 367 to 372. The view here is as in the schematic in Fig. 1A.

revealed that the side chains of residues 367 and 368 pointed
in opposite directions. Similarly, reactivity with residue 368
precluded reactivity with residue 400 and vice versa (Fig. 2).
The binding of monoclonal antibody NC-11 was decreased
only by substitutions in a single loop (residues 369 and 370).
The receptor-binding site on H3 HA recognizes sialic acid
side chains and is a shallow pocket at the top of the globular
head (25). The HA-binding site on N9 NA is similar in
recognizing sialic acid side chains and being a shallow
pocket; however, any atomic similarity between the two
remains to be determined. The functional significance of the
hemagglutinating activity on N9 has not been determined;
antibodies to N9 NA do not inhibit virus attachment (13).
Approximately half of the monoclonal antibodies exam-
ined (Table 3) (NC-41, NC-66, NC-35, NC-10, NC-24, and
NC-34) failed to combine with N9 NA with mutations in any
of the four loops recognized by NC-41; these antibodies had
different reactivity patterns, suggesting that each antibody

recognizes a different set of contact amino acids. The
remainder of the monoclonal antibodies recognized only
some of the variants. Does this indicate differences in the
size or shape of the antibody-combining site from antibody
to antibody? Information on these questions can be obtained
with the influenza virus NA monoclonal antibody system.
Five of the monoclonal antibodies (Table 3) inhibited NA
activity on NAL, whereas all the antibodies which selected
variants inhibited NA activity on fetuin. These five antibod-
ies failed to combine with variants that had changes at
residue 369; four of them recognized changes at residues 367
and 400. The crystal structure of NC-41 Fab fragments
bound to N9 NA shows that there is no block to the access
of NAL into the active site, and one possibility is that the
inhibition may be a result of a lowering of catalytic activity
caused by the displacement of residue 371 (R. M. Lentz,
R. G. Webster, and G. M. Air, Biochemistry, in press),
which points directly into the catalytic site (6). Alternatively,
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FIG. 3. Selective inhibition of the biological activity of N9 NA
by DANA.

the antibody may influence the correct orientation of the
substrate for catalysis.

The variants of N9 NA with changes at residues 367, 369,
370, and 372 lost most or all of their HA activity without a
concomitant loss of their NA activity. The findings that NA
enzyme activity is inhibited by DANA without inhibition of
HA activity and that some antibodies inhibit NA activity but
not HA activity also suggest that there are separate sites for
HA and NA activities. The two sites are separate surface
features of the molecule; the enzyme site is a deep pocket
separated from the shallow HA site by the loop at residue
370.

ACKNOWLEDGMENTS

This work was supported by Public Health Service research
grants Al 08831, Al 20591, and Al 19084 from the National Institute
of Allergy and Infectious Diseases, by Cancer Center Support
(CORE) grant CA 21765, and by American Lebanese Syrian Asso-
ciated Charities.

This research was greatly facilitated by international telephone
facilities provided by the Australian Overseas Telecommunication
Commission. We thank Susan Channell and Bob Blalock for pro-
viding excellent technical assistance and Lisa Wilson for typing the
manuscript.

LITERATURE CITED

1. Air, G. M. 1979. Nucleotide sequence coding for the signal
peptide and N terminus of the hemagglutinin from an Asian
(H2N?2) strain of influenza virus. Virology 97:468—472.

2. Air, G. M., M. C. Els, L. E. Brown, W. G. Laver, and R. G.
Webster. 1985. Location of antigenic sites on the three-dimen-
sional structure of the influenza N2 virus neuraminidase. Virol-
ogy 145:237-248.

3. Air, G. M., L. R. Ritchie, W. G. Laver, and P. M. Colman. 1985.
Gene and protein sequence of an influenza neuraminidase with
hemagglutinin activity. Virology 145:117-122.

4. Aymard-Henry, M., M. T. Coleman, W. R. Dowdle, W. G.
Laver, G. C. Schild, and R. G. Webster. 1973. Influenza virus
neuraminidase and neuraminidase inhibition test procedures.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

J. VIrROL.

Bull. WHO 48:199-202.

. Both, G. W., and G. M. Air. 1979. Nucleotide sequence coding

for the N-terminal region of the matrix protein of influenza
virus. Eur. J. Biochem. 96:363-372.

. Colman, P. M., W. G. Laver, J. N. Varghese, A. T. Baker, P. A.

Tulloch, G. M. Air, and R. G. Webster. 1987. The three-dimen-
sional structure of a complex of influenza virus neuraminidase
and an antibody. Nature (London) 326:358-363.

. Colman, P. M., J. N. Varghese, and W. G. Laver. 1983.

Structure of the catalytic and antigenic sites in influenza virus
neuraminidase. Nature (London) 303:41-44.

. Downie, J. C., V. S. Hinshaw, and W. G. Laver. 1977. The

ecology of influenza. Isolation of type ‘“A’" influenza virus from
Australian pelagic birds. Aust. J. Exp. Biol. Med. Sci. 55:
635-643.

. Kida, H., L. E. Brown, and R. G. Webster. 1982. Biological

activity of monoclonal antibodies to operationally defined anti-
genic regions on the hemagglutinin molecule of A/Seal/Mas-
sachusetts/1/80 (H7N7) influenza virus. Virology 122:38-47.
Kilbourne, E. D., W. G. Laver, J. L. Schulman, and R. G.
Webster. 1968. Antiviral activity of antiserum specific for an
influenza virus neuraminidase. J. Virol. 2:281-288.

Kohler, G., and C. Milstein. 1976. Derivation of specific anti-
body-producing tissue culture and tumor lines by cell fusion.
Eur. J. Immunol. 6:511-519.

Laver, W. G. 1978. Crystallization and peptide mapping of
neuraminidase ‘‘heads’ from H2N2 and H3N2 influenza virus
strains. Virology 86:78-87.

Laver, W. G., P. M. Colman, R. G. Webster, V. S. Hinshaw, and
G. M. Air. 1984. Influenza virus neuraminidase with hemag-
glutinin activity. Virology 137:314-323.

Laver, W. G., and E. D. Kilbourne. 1966. Identification in a
recombinant influenza virus of structural proteins derived from
both parents. Virology 30:493-501.

Laver, W. G., R. G. Webster, and P. A. Colman. 1987. Crystals
of antibodies complexed with influenza virus neuraminidase
show isosteric binding of antibody to wild type and variant
antigens. Virology 156:181-184.

Lentz, M. R., G. M. Air, W. G. Laver, and R. G. Webster. 1984.
Sequence of the neuraminidase gene of influenza virus
A/Tokyo/3/67 and previously uncharacterized monoclonal vari-
ants. Virology 135:257-265.

Palmer, D. F., M. T. Coleman, W. R. Dowdle, and G. C. Schild.
1975. Advanced laboratory techniques for influenza diagnosis.
Immunol. Ser. 6:51-52

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

Shulman, M., C. D. Wilde, and G. Kohler. 1978. A better cell
line for making hybridomas secreting specific antibodies. Na-
ture (London) 276:269-270.

Tobita, K., A. Sugiura, C. Enomoto, and M. Furuyama. 1975.
Plaque assay and primary isolation of influenza A viruses in an
established line of canine kidney cells (MDCK) in the presence
of trypsin. Med. Microbiol. Immunol. 162:9-14.

Varghese, J. N., W. G. Laver, and P. M. Colman. 1983.
Structure of the influenza virus glycoprotein antigen neuramin-
idase at 2.9A resolution. Nature (London) 303:35-40.

Webster, R. G. 1970. Antigenic hybrids of influenza A viruses
with surface antigens to order. Virology 42:633-642.

Webster, R. G., L. E. Brown, and W. G. Laver. 1984. Antigenic
and biological characterization of influenza virus neuraminidase
(N2) with monoclonal antibodies. Virology 135:30—42.
Webster, R. G., V. S. Hinshaw, and W. G. Laver. 1982.
Selection and analysis of antigenic variants of the neuramini-
dase of N2 influenza viruses with monoclonal antibodies. Virol-
ogy 117:93-104.

Wilson, I., J. Skehel, and D. Wiley. 1981. Structure of the
hemagglutinin membrane glycoprotein of influenza virus at 3A
resolution. Nature (London) 289:366-373.



