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The fusion gene sequence of six Newcastle disease virus escape mutants revealed that residues important for
the integrity of antigenic site 1 and antigenic site 2 were located, respectively, on the F2 subunit and within the
cysteine-rich domain of the Fl subunit. We further report the antibody-binding capacity of these mutants.

Newcastle disease virus (NDV) is an avian paramyxovirus
the strains of which differ widely in pathogenicity but
demonstrate little antigenic variability (19, 27). The fusion
protein plays a key role in viral virulence and is a major
target for the immune response.
On the one hand, the fusion protein mediates fusion, a

process involved in virus penetration and syncytium forma-
tion (23). Activation of these functions depends on the
specific cleavage of an inactive precursor by a host protease
to yield two disulfide-linked polypeptides, Fl and F2 (15, 16,
24). The presence of pairs of basic residues in the cleavage
peptide and the accessibility of this region are essential
features required for the efficient spread of infection through
a wide variety of tissues (8, 26, 28). The cleavage generates,
on the Fl polypeptide, a new NH2 terminus which has been
suggested to play an active role in the membrane fusion
reaction (1, 20, 21). Computer modeling studies further
revealed that the NH2-terminal peptide adopts an oblique
insertion with respect to the lipid acyl chains of artificial
membranes. This oblique insertion is expected to destabilize
the lipid bilayer (3).
On the other hand, the immunity raised against the fusion

protein is effective in the neutralization of NDV infectivity.
Chickens were successfully immunized with a recombinant
vaccinia virus expressing the fusion protein of NDV strain
Italian (13a).
We previously obtained five hybridoma lines producing

neutralizing monoclonal antibodies (MAbs) against the fu-
sion protein of NDV (10). One neutralization escape mutant
was selected in the presence of each MAb (variants IlC3r,
I2Clr, I8Blr, IlOF2r, and I12C4r). Cross-neutralization tests
(12) suggested that our MAbs were raised against epitopes
clustered into two nonoverlapping, operationally defined
(30) antigenic sites in the fusion protein: mutants IlC3r,
I2Clr, I8Blr, and I1OF2r defined antigenic site 1, and mutant
I12C4r defined antigenic site 2.

In this study, the results of the operational analysis were

substantiated by sequencing the mRNA coding for the fusion
protein of six antigenic variants. These were also examined
for their antibody-binding capacity.

Sequence analysis. Using a dideoxynucleotide primer ex-

tension method (7) (reverse transcriptase; Boerhinger
GmbH, Mannheim, Federal Republic of Germany), we se-
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quenced the fusion gene of the IlC3r, I2Clr, I8Blr, IlOF2r,
and I12C4r variants as well as the fusion gene of a multisite
mutant.

(i) Antigenic site 1. The IlC3r variant shows an A-to-G
transition (GAC to GGC) leading to an Asp-72-to-Gly sub-
stitution. The I2Clr variant shows a GAG-to-AAG codon
change resulting in a Glu-74-to-Lys substitution. The I8Blr
and I1OF2r variants undergo the same nucleotide transver-
sion, C to A (GCG to GAG), and amino acid substitution,
Ala-75 to Glu (Fig. 1). Three conclusions arose from this and
previous studies (10). The F2 subunit plays a significant role
in the structure of site 1; indeed substitutions cluster in the
vicinity of the cysteine implicated in the interchain disulfide
bond. Moreover, its folding depends on adequate glycosyl-
ation (10) and is destroyed by disruption of disulfide bridges
(data not shown). We suggest that antigenic site 1 is made up
of clusters of residues on Fl and F2, which are brought close
to each other by the interchain disulfide bond. Another
possibility is that glycosylation, disulfide bridges, and the F2
fragment are required for the proper conformation of this
antigenic site. A similar situation has been reported for
antigenic site C on the hemagglutinin of influenza virus strain
Hong Kong (29).

(ii) Antigenic site 2. The I12C4r mutant undergoes a T-to-C
nucleotide transition (TTG to TCG) resulting in a Leu-
343-to-Ser substitution. The multisite escape mutant se-
lected from I8Blr with MAbs 1C3, 1OF2, and 12C4 showed,
besides the expected Ala-75-to-Glu change, an Ala-378-
to-Val substitution (GCA to GTA). This change is suspected
to be driven by the selection pressure imposed on I8Blr by
MAb 12C4, which is the only MAb to neutralize the parental
I8Blr mutant population. An alteration in position 343 or 378
may conformationally disturb a distant (12C4) epitope. It
should be noted, however, that critical substitutions are
located in the cysteine-rich domain of Fl (Fig. 1). Antigenic
site 2 is sensitive to denaturation by mercaptoethanol and
1% sodium dodecyl sulfate (10).

Antibody-binding capacity. An enzyme-linked immunosor-
bent assay (ELISA) and a radioimmunoprecipitation (RIP)
assay (10, 13) were performed to characterize the antibody-
binding capacity of the variants. A comparison of these data
with the previously published (12) neutralizing properties of
the mutants is shown in Table 1. The Asp-72-to-Gly substi-
tution did not affect the antibody-binding and neutralizing
properties of MAb 12C4 but induced a variable pattern of
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32 -DGRPLAAAGIVVTGDKAVNIYTSSQTGSII-KLLPN-PKQKA*CAKAPL

F2<----- ----->F1
82 -AYNRTLTTLLTPLGDSIRRIQESVTTSGG--Q-R-IGAIIG--ALGVAT

132 AAQITAA-ALI-A-QNAANILRLKESI-AT-EAVHEVTDGLSQLAVAVGK

182 MQQFVNDQFN-T-QEL-JI-I---VGVELNLYLTELTTVFGPQITSPAL-

232 -LTIQALYNLAGGNMDYLLTKLG-GNNQLSSLIGSGLITGNPILYDSQTQ

282 -LGIQ-T-PSVGNLNNMRATYLET-SVSTT-GFASALVPKVVTQVGSVIE

S v

332 ELDTSYJ-ETDLDLYCTRIVTFPMSPGIYSJL-GNTSAJMYSKTEGALTT

382 PYM--KGSVIANJKMTTJRJ--PPGIISQNYGEAVSLID--S*N-LSL-G

432 ITLRLSGEFD--YQKN-SI--SQVI-TGNLDISTELGN-NNSISNAL-KL

482 EESN-KLDKVNV-LT-TSALITYI-LT-ISLV-G-LSL-LACYLM-KQKA

532 QQKTLLWLGNNTL-QMRATTK-

FIG. 1. Consensus protein sequence (without the signal peptide)
of seven NDV fusion proteins generated from the comparison of
four velogenic, one mesogenic, and two lentogenic NDV strains
(strains Italian [6], Miyadera [26], Australia Victoria [11], Ulster
[14], Beaudette [4], La Sota [9], and D26 [22]). A dash indicates
positions at which amino acid changes occurred among the seven

NDV fusion proteins. mRNA sequencing of the fusion protein of
NDV strain Italian revealed, at position 51, an asparagine (AAC)
and not the previously reported aspartic acid (GAC). Potential
glycosylation sites are underlined; cysteines are indicated by aster-
isks; amino acid substitutions detected in antigenic sites 1 and 2 in
neutralization escape mutants are indicated by circles and plus
symbols, respectively.

reactivities of the MAbs to site 1. Binding detected in either
the ELISA or the RIP assay (MAb 2C1 and MAbs 1C3, 8B1,

and 1OF2, respectively) did not necessarily correlate with
efficient neutralization (Table 1). The amino acid substitution
was especially efficient in discriminating between MAbs 8B1
and 1OF2 whose reactivities were otherwise identical (com-
pare results for various mutants in Table 1). The Ala-75-to-
Gly substitution (mutants I8Blr and I1OF2r) drastically
decreased the neutralizing and antibody-binding (in both the
ELISA and the RIP assay) capacities of all MAbs to site 1
(Table 1). The nearby Glu-74-to-Lys alteration (mutant
I2Clr) also induced a drastic effect, but one MAb to site 1
(MAb 1C3) bound sufficiently to induce partial neutralization
(Table 1). Substitutions at positions 74 and 75 (to site 1)
enhanced the neutralization efficiency of MAb 12C4 (to site
2), although its binding was poorly detected by the ELISA
(Table 1). This discrepancy may have been related to an

altered structure or a poor accessibility of the 12C4 epitope
on viruses bonded to the solid substrate (ELISA). The
relationship between antigenic sites 1 and 2 was further
examined by analysis of mutant I12C4r, which, as compared
with the wild-type virus, was neutralized more by some

MAbs to site 1 (MAbs 8B1 and 1OF2). MAb 2C1 bound
extensively in the ELISA, but this feature did not correlate
with an increased neutralization capacity.

In conclusion, residues important for the integrity of
antigenic site 1 are located on the F2 subunit. Substitutions
within the cysteine-rich region of Fl alter antigenic site 2.
From cross-neutralization and antibody-binding assays, it is

TABLE 1. Reactivity of MAbs with various mutants

Reactivity of the following MAb:
Mutant Assay

1C3 2C1 8B1 10F2 12C4

IlC3r Neutralizationa - - + - +
RIPb + ND + + +
ELISAC - + - - +

I2Clr Neutralization ± - - - + +
RIP + - - - +
ELISA - - - - -

I8B1r and Neutralization - - - - + +
IlOF2r RIP - ND - - +

ELISA - - - - +

I12C4r Neutralization ± ± ++ + +
RIP + ND + + +
ELISA - ++ - - -

a_, Neutralization index (12) of <0.51; +, neutralization to the same
extent as for parental strain Italian; +, poorer neutralization relative to strain
Italian; + +, better neutralization relative to strain Italian.

b ND, Not done; + and -, immunoprecipitation and no immunoprecipita-
tion of the fusion protein, respectively.

c -, No binding; +, binding to the same extent as for parental strain Italian;
+, poorer binding relative to strain Italian; + +, better binding relative to
strain Italian.

reasonable to assume that antigenic sites 1 and 2 are inter-
related. Moreover, the mechanism of neutralization implies
antibody binding in a precise structural environment (2, 5,
17, 18, 25). A slight modification of this environment could
drastically lower the antibody efficiency in terms of neutral-
ization.
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