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The neutralization epitopes of human and simian rotavirus protein VP7 were studied by producing six
neutralizing monoclonal antibodies (N-MAbs) and using these N-MAbs to select antigenic mutants that resisted
neutralization by the N-MAbs used for their selection. Cross-neutralization tests between the N-MAbs and the
antibody-selected antigenic mutants identified one cross-reactive and five distinct serotype-specific neutraliza-
tion epitopes which operationally overlapped one another and constituted a single antigenic site. In addition,
the amino acid substitutions in human rotavirus VP7 that are responsible for the antigenic alterations in the
mutants selected with anti-VP7 cross-reactive or serotype-specific N-MAbs were identified. All the amino acid
substitutions in the antigenic mutants occurred in one of two variable regions: amino acids 87 to 101 and 208

to 221.

Seven group A rotavirus (RV) serotypes have been estab-
lished by cross-neutralization tests (13). In addition, several
new candidate group A RV serotypes have been described
recently (3, 16). Serotype specificity has been attributed
mainly to an outer capsid protein, VP7, on the basis of
analysis of reassortant viruses with various constellations of
RNA segments (11, 14) and protein specificity of serotype-
specific neutralizing monoclonal antibodies (N-MAbs) (4,
21). VP7 is coded for by gene 8 or 9 depending on the RV
strain (11, 14). The nucleotide sequence of the VP7 gene of
more than 20 RV strains of various serotypes has recently
been determined. A comparative analysis of their deduced
amino acid sequences revealed six discrete divergent regions
(A to F) among different serotypes (9, 10a, 12, 19): amino
acids 39 to 50 (A), 87 to 101 (B), 120 to 130 (C), 143 to 152
(D), 208 to 221 (E), and 233 to 242 (F). Since these six
regions were highly conserved within a given serotype, it
was likely that some or all of them were responsible for
defining the serotype specificity of RV. By selecting anti-
genic mutants of simian RV SA-11 (serotype 3) with serotype
3-specific N-MAbs, Dyall-Smith et al. (7) identified three
regions, corresponding to B, D, and E above (i.e., amino
acids 87 to 96, 145 to 150, and 211 to 223), as the antigenic
sites involved in serotype-specific neutralization. They also
suggested that regions B and E appeared to be in close
proximity in the folded protein but widely spaced in the
linear molecule (7). In addition, the sequences of the B and
E regions of a variety of reference and field strains have been
shown to correlate absolutely with the serotype determined
by standard immunologic methods such as neutralization
(10b).

We previously prepared five serotype 1-specific N-MAbs,
designated KU-2, KU-4, KU-3C7, KU-5H1, and KU-6A11,
directed to human RV (HRV) VP7 and used these antibodies
to select four antigenic escape mutants (V-KU-4, V-KU-
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3C7, V-KU-5H1, and V-KU-6A11) of strain KU (serotype
1); each of the N-MADb escape mutants was resistant to
neutralization by the antibody used for its selection (17a).
Analysis of the five N-MAbs and the four escape mutants by
cross-neutralization indicates that VP7 has at least five
overlapping serotype-specific neutralization epitopes which
make up a single antigenic site (17a).

In this study, antigenic analysis of VP7 was extended by
preparing several antigenic mutants resistant to anti-VP7
cross-reactive N-MAb YO-4C2 which neutralized HRV
strains of serotypes 1, 3, and 4. Moreover, amino acid
substitutions in the VP7 responsible for the antigenic alter-
ation in the mutants selected with serotype-specific or cross-
reactive N-MAbs against HRV were identified.

MATERIALS AND METHODS

Virus. The following 14 HRV strains were used for char-
acterizing N-MAbs: KU, S12, and Wa (serotype 1); S2, P1,
AK26, DS-1, and HN-126 (serotype 2); YO, S3, P2, and
AK3S5 (serotype 3); and ST-3 and Hochi (serotype 4). Three
representative animal RVs, simian SA-11 (serotype 3), sim-
ian RV strain MMU 18006 (RRV, serotype 3), and bovine
neonatal calf diarrhea virus (NCDV, serotype 6), were also
studied. The viruses were pretreated with 10 ug of trypsin
per ml, propagated in MA-104 cells in the presence of trypsin
(1 pg/ml), and harvested 1 to 3 days after infection.

Preparation of N-MAbs. Five anti-VP7 serotype 1-specific
N-MAbs (KU-2, KU-4, KU-3C7, KU-5H1, and KU-6A11)
were previously prepared by using strain KU as the immu-
nizing antigen (17a). YO-4C2 antibody, which neutralizes
strains of serotypes 1, 3, and 4, was obtained in a fusion
experiment with strain YO (serotype 3) as the immunizing
antigen. Immunoprecipitation with [**S]methionine-labeled
SA-11-infected viral lysate, which was carried out as de-
scribed previously (20), showed that the YO-4C2 antibody
was directed to VP7.

Antigenic mutants resistant to N-MAbs. HRV strains KU
(serotype 1), P (serotype 3), and ST-3 (serotype 4) and RRV



VoL. 62, 1988

TABLE 1. Heterotypic reactivity of anti-VP7 YO-4C2 N-MAb as
determined by neutralization and ELISA

Virus strain Reactivity pattern of YO-4C2

antibody

Sel::lté'pe Ho§t.of Neutt:alization ELISA®
designation origin titer”
1

KU Human 3,200 1,322

S12 Human 3,200 1,096

Wa Human 6,400 1,324
2

S2 Human 400 140

AK-26 Human 100 190

P1 Human 400 68

DS-1 Human <100 125

HN-126 Human <100 127
3

YO Human =25,600 1,338

S3 Human 225,600 922

P2 Human =25,600 1,000

AK-35 Human 400 1,364

SA-11 Simian =25,600 1,357
4

Hochi Human =25,600 1,334

ST-3 Human 6,400 845
6

NCDV Bovine <100 71

¢ The neutralization titer is expressed as the reciprocal of the highest
dilution of ascitic fluid that reduced the fluorescent-focus count by more than
60%.

b The ELISA was carried out by using YO-4C2 ascitic fluid as a capture
aritibody (22). ELISA results are shown as the sum of A4, X 1,000 in two
wells. Values over 300 in each ELISA test were considered positive.

(serotype 3) were.used as parental viruses. A KU antigenic
mutant was selected with the KU-4, KU-3C7, KU-5H1, or
KU-6A11 anti-VP7 serotype 1-specific N-MAb. Also, KU,
P, ST-3, and RRV antigenic mutants were selected with
YO0-4C2 N-MAb. We used several tubes for each selection
as described previously (17a, 20) and isolated two or three
mdependently selected clones for each mutant. Each mutant
is designated by a V followed by the name of the N-MAb
used for its selection, and the parental virus of each mutant
is given in parentheses.

. ELISA and neutralization test. An enzyme-linked immuno-
sorbent assay (ELISA) for examining the reactivity of N-
MADbs with virus strains was carried out as described previ-
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ously (22). The neutralization test was performed by a
fluorescent-focus reduction or plaque reduction method (13,
23).

Nucleotide sequence determination. The nucleotide se-
quence of the VP7 gene of the parent strain and the antigenic
mutants was determined by primer extension analysis as
described previously (10).

Preparation of synthetic peptides. Synthetic peptides were
prepared by the solid-phase method with a Beckman 990
peptide synthesizer. An ELISA for examining the reactivity
of N-MAbs with synthetic peptides was carried out as
follows. Polyvinyl microdilution plates were coated with
peptide (5 pg per well) overnight at 37°C. After being washed
with phosphate-buffered saline containing 0.05% Tween 20,
the wells were saturated with 10% fetal calf serum. Aliquots
(50 wl) of dilutions of ascitic fluid were placed in the wells
and incubated for 2 h at 37°C. After being washed with
phosphate-buffered saline containing 0.05% Tween 20, the
samples were incubated for a further 2 h with alkaline
phosphatase-conjugated goat anti-mouse immunoglobulin G.
Finally, 100 pl of a p-nitrophenylphosphoric acid disodium
salt solution was added. Values over 300 when expressed as
the sum of the A,y X 1 000 for two wells were considered
positive.

RESULTS

Relationship among serotype-specific and cross-reactive
neutralization epitopes on VP7. In our previous study (17a),
we characterized five anti-VP7 serotype 1-specific N-MAbs
(KU-2, KU-4, KU-3C7, KU-5H1, and KU-6A11) prepared
by using strain KU as the immunizing antigen, and we
prepared four antigenic mutants (V-KU-4, V-KU-3C7, V-
KU-5H1 and V-KU-6A11) selected with the respective N-
MAbs. In this study we obtained a cross-reactive anti-VP7
N-MAb, YO0-4C2, which neutralized HRV strains of se-
rotypes 1, 3, and 4 (Table 1). The YO-4C2 antibody immu-
noprecipitated VP7 of [>**S]methionine-labeled SA-11-in-
fected viral lysate (data not shown). By propagating KU
(serotype 1), P (serotype 3), RRV (serotype 3), or ST-3
(serotype 4) in the presence of the YO-4C2 antibody, we
prepared antigenic mutants of each of these viruses.

The KU antigenic mutants and their selecting N-MAbs
were analyzed by cross-neutralization (Table 2). Although
the epitopes récognized by each of the six N-MAbs differed
from one another, they overlapped functionally. For exam-
ple, V-KU-6A11 (KU) was not neutralized or was weakly
neutralized by serotype 1-specific KU-3C7, KU-5H1, KU-
6A11, and KU-4 antibodies as well as cross-reactive YO-4C2
antibody. V-YO-4C2; (KU) (an antigenic mutant selected
with YO-4C2 antibody) was not neutralized by cross-reac-

TABLE 2. Epitope analysis of KU (serotype 1) antigenic mutants selected with anti-VP7 N-MAbs as determined by neutralization

Neutralizing antibody titer for®

N-MAb .
V-KU-3C7 V-KU-5H1 V-KU-6A11 V-KU-4 V-YO-4C2, (KU) V-Y0-4C2; (KU) Pfsrt‘;:f:'lz‘l?)'s
KU-3C7* <200 <200 200 6,400 <200 6,400 12,800
KU-5H1® <200 <200 200 6,400 <200 3,200 6,400
KU-6A11% <200 200 <200 ) 200 51,200 51,200
KU-4* 204,800 51,200 200 <200 204,800 204,800 204,800
KU-2° <200 12,800 3,200 6,400 12,800 12,800 12,800
YO-4C2¢ <200 6,400 200 12,800 <200 <200 25,600

2 The neutralizing antibody titer is expressed as the reciprocal of the highest dilution of ascitic fluid that reduced the plaque count by more than 60%.

® Serotype 1-specific N-MAbs.
¢ Cross-reactive N-MAb which neutralizes serotype 1, 3, and 4 strains.
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1 64
MYGIEYTTILIFLISIILLNYILKSVTRIMDYI lYRFLLITVALFALTRAQNYGLNLPIchgg

65 v
TVYTNSTQEEVFLTSTLCLYYPTEASTAI KDEBHKDSLSQMFLTKGNPTGSVYFKEYSS lV[;;g
29

VDPQLYCDYNLVLMKYDQSLELDMSELADL ILNEWLCNPMD I TLYYYQQSGESNKWI SHGS:S;
193

VKVCPLNTQTLGI GCQTTDVIVBSFEMVAENEKLAIVDWDGINMKI NLTTTTCTI RNCKKLG;I;S
257

NVAVIQVGGSNVLD I TADPTTNPQTERMMRVNWKKWWQVFYTIVDY INQIVQVMSKRSRSLNSA
321 326

AFYYRV

FIG. 1. Complete deduced amino acid sequence of the VP7 gene
of strain KU. The numbers above the sequence refer to the amino
acid positions. The positions where amino acid substitutions were
found in the KU antigenic mutants are indicated by V¥ (for mutants
selected with serotype-specific N-MAbs) or V (for mutants selected
with cross-reactive YO-4C2 antibody). The amino acid sequence
corresponding to the region from which peptides were synthesized is
underlined.

tive YO-4C2 antibody or by serotype 1-specific KU-3C7,
KU-5H1, or KU-6A11 antibody.

Identification of serotype-specific and cross-reactive neutral-
ization epitopes on VP7 of HRV. To identify the amino acid
substitutions responsible for antigenic variation of the
N-MADb escape mutants, we sequenced the VP7 gene of the
parental KU strain and its antigenic mutants which were
resistant to the N-MADb used for their selection. The entire
VP7 gene of strain KU consisted of 1,062 nucleotides, with
two potential open reading frames beginning at an AUG at
positions 49 to 51 or 136 to 138 and ending at an UAG at
positions 1,027 to 1,029. The open reading frames had the
coding capacity for a VP7 of 297 or 326 amino acids. The
deduced amino acid sequence of VP7 of strain KU is shown
in Fig. 1.

Only a single nucleotide change was found on the entire
VP7 gene in each mutant. Table 3 shows the nucleotide and
deduced amino acid sequence changes in the mutants. Two
or three clones independently selected with the same N-
MAbs were sequenced, and the same amino acid substitu-
tion at the same position was obtained for all antigenic
mutants except for V-Y0-4C2 (KU). V-KU-3C7 (KU) and
V-KU-5H1 (KU) sustained a single amino acid substitution
at positions 94 (Asn to Ser) and 97 (Asp to Gly), respec-
tively. In V-KU-6A11 (KU) and V-KU-4 (KU) the amino
acid substitution occurred at residues 211 (Asn to Asp) and
213 (Asp to Gly), respectively. In contrast, two indepen-
dently selected KU antigenic mutants, V-YO-4C2, (KU) and
V-YO0-4C2,; (KU), which showed different reactivity pat-
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terns with the five serotype 1-specific N-MAbs, differed in
the position at which an amino acid substitution occurred; in
the first instance it was at position 96 (Gly to Asp), and in the
second instance it was at position 99 (Lys to Glu). The P,
ST-3, and RRV antigenic mutants selected with the cross-
reactive YO-4C2 antibody sustained amino acid substitu-
tions at positions 96 (Asn to Asp), 94 (Ser to Asn), and 98
(Trp to Leu), respectively. Thus, all the antigenic mutants
selected with N-MAbs had an amino acid substitution in
either variable region B (amino acids 87 to 101) or E (amino
acids 208 to 221) (9, 10a, 12).

Reactivity of N-MAbs with synthetic peptides. To examine
whether the amino acid substitutions found in the N-MAb-
selected RV mutants are located inside the binding site of
N-MAbs, we examined the reactivity of N-MAb with two
synthetic peptides (amino acids 87 to 104 and 204 to 221)
corresponding to the amino acid sequence of parental strain
KU in the region of the amino acid substitutions found in the
mutants (Fig. 1). However, neither of the synthetic peptides
could be recognized by any of the five serotype 1-specific
N-MAbs in ELISA (data not shown).

DISCUSSION

Cross-neutralization tests involving five serotype 1-spe-
cific N-MAbs and mutants selected with four of the N-MAbs
showed that the five serotype 1-specific neutralization epi-
topes recognized by the N-MAbs were distinct from each
other, but overlapped operationally as constituents of a
single antigenic site (17a). Sequence analysis of the antigenic
mutants revealed that amino acid substitutions were limited
to two variable regions on VP7, B (amino acids 87 to 101)
and E (amino acids 208 to 221) (9, 10a, 12). These results
suggest that these two regions of VP7, B and E, are in close
proximity in the three-dimensional structure of VP7, al-
though they are widely separated in the linear sequence. Our
observations with an HRV serotype 1 strain are similar to
those previously reported by Dyall-Smith et al. for a simian
RV serotype 3 strain (SA-11) (7). Accordingly, it appears
that immunodominant neutralization epitopes of VP7 are
located on the same site in viruses of different serotypes as
well as different host species of origin. It is of interest that
the amino acid substitutions found in the antigenic mutants
resistant to serotype-specific N-MAbs (serotype 1 [KU] and
serotype 3 [SA-11]) yielded aspartic acid and asparagine in
most instances (7).

It is of interest that the antigenic mutants developed amino
acid substitutions which corresponded to amino acids

TABLE 3. Nucleotide and amino acid sequence changes found in the antigenic mutants selected with anti-VP7 N-MAbs

Neutralizing activity of

Parental Selecting P— . . Codon change Amino acid change
virus antibody disg':;ztr:?gl-l‘;?\t/lbs(;(:gt;vl;g;" Antigenic mutant (position) (position)
KU KU-3C7 Serotype 1 V-KU-3C7 (KU) AAT to AGT (329) Asn to Ser (94)
KU KU-5H1 Serotype 1 V-KU-5H1 (KU) GAC to GGC (" ) Asp to Gly (97)
KU KU-6A11 Serotype 1 V-KU-6A11 (KU) AAC to GAC ( ) Asn to Asp (211)
KU KU-4 Serotype 1 V-KU-4 (KU) GAC to GGC (636) Asp to Gly (213)
KU YO-4C2 Serotypes 1, 3, and 4 V-YO-4C2, (KU) GGT to GAT (335) Gly to Asp (96)
KU YO-4C2 Serotypes 1, 3, and 4 V-YO-4C2,, (KU) AAA to GAA (343) Lys to Glu (99)
P YO-4C2 Serotypes 1, 3, and 4 V-Y0-4C2 (P) AAT to GAT (334) Asn to Asp (96)
ST-3 YO-4C2 Serotypes 1, 3, and 4 V-YO-4C2 (ST-3) AGT to AAT (329) Ser to Asn (94)
RRV YO-4C2 Serotypes 1, 3, and 4 V-YO-4C2 (RRV) TGG to TTG (341) Trp to Leu (98)

“ Neutralizing activity of N-MAbs was determined by a fluorescent-focus reduction assay.
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present at the same position in other rotavirus serotypes.
For example, with regard to V-KU-3C7 (KU), the amino
acid (Asn) at residue 94 of the parent KU strain was replaced
by Ser, which is the residue at the corresponding position of
RV serotypes 2 and 4 (10a), and V-KU-6A11 (KU) under-
went an amino acid substitution at position 211 from Asn to
Asp, the latter being the amino acid in this position in
serotypes 2, 3, and 5 (10a). These observations suggest that
there are constraints governing which amino acids can be
tolerated in specific positions in the functional VP7.

Heterotypic protective immunity has been observed fol-
lowing RV infection, but this has not been a consistent
finding (2, 8, 15, 18, 24, 25). An understanding of the viral
determinants responsible for eliciting such heterotypic pro-
tective immunity is fundamental to the construction of an
effective RV vaccine. In previous studies (20), we demon-
strated that VP3 has at least three cross-reactive neutraliza-
tion epitopes. Furthermore, recently, the location of the
cross-reactive neutralization epitopes was identified, at the
molecular level, by sequencing the VP3 genes of the anti-
genic mutarits resistant to cross-reactive N-MAbs (K. Tani-
guchi, Y. Hoshino, K. Nishikawa, K. Y. Green, W. L.
Maloy, Y. Morita, S. Urasawa, A. Z. Kapikian, R. M.
Chanock, and M. Gorziglia, submitted for publication). Offit
et al. (18) showed that in a murine model, passively acquired
antibodies to VP3 are capable of protecting mice from
heterotypic RV challenge. Also, Hoshino et al. demon-
strated similar protection in piglets following active immu-
nization with VP3 (12a). Thus, VP3 may be more important
for heterotypic immunity than VP7, which is the major
protein determining a serotype-specific antibody response.
However, the role of VP7 in heterotypic immunity is still not
clear, since we obtained one N-MAb, YO-4C2, which was
capable of neutralizing serotype 1, 3, and 4 strains. Coulson
et al. (5) also reported the derivation of an N-MAb which
neutralized serotypes 1 and 3. This indicates that VP7 also
possesses cross-reactive neutralization epitopes. Unexpect-
edly, cross-neutralization tests between six N-MAbs includ-
ing the cross-reactive YO-4C2 antibody and antibody-se-
lected antigenic mutants showed that the cross-reactive
neutralization epitope recognized by YO-4C2 antibody was
located within variable region B, which also contains sero-
type-specific neutralization epitopes. The KU antigenic mu-
tants resistant to YO-4C2 antibody had an amino acid
substitution at position 96 or 99, depending on the mutant
analyzed. Similarly, the P, ST-3, and RRV antigenic mutants
resistant to YO-4C2 antibody sustained an amino acid sub-
stitution in the same region: 96 (Asn to Asp), 94 (Ser to Asn),
and 98 (Trp to Leu), respectively.

Sequence analysis of the VP7 gene of antigenic mutants
selected with serotype-specific or cross-reactive N-MAbs
allowed us to identify the amino acid substitution responsi-
ble for the antigenic alteration of each mutant. However, the
position of an amino acid substitution does not necessarily
correspond to the actual binding site of the N-MAb. For
example, most amino acid substitutions found in the N-
MAb-selected poliovirus type 1 mutants were located out-
side the binding site of N-MAb, whereas all mutations of
poliovirus type 3 were found to cluster between amino acids
93 and 100 of VP1, which is the N-MAb-binding site (1, 6,
17). In this study, the failure of reactivity of N-MAbs with
synthetic peptides corresponding to the amino acid sequence
in the region of amino acid substitutions found in the RV
mutants may suggest that the regions of amino acid substi-
tutions found in the RV mutants are outside the N-MAb-
binding site. Alternatively, the regions form the conforma-
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tional antigenic site which resulted in the failure of
recognition by N-MAbs, even if the positions of amino acid
substitutions are located inside the N-MAb-binding site.
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