
JOURNAL OF VIROLOGY, JUIY 1988, p. 2421-2426
0022-538X/88/072421-06$02 .00/0
Copyright ©D 1988, American Society for Microbiology

Identification of Cross-Reactive and Serotype 2-Specific
Neutralization Epitopes on VP3 of Human Rotavirus

K. TANIGUCHI,'t* W. L. MALOY,2 K. NISHIKAWA,' K. Y. GREEN,' Y. HOSHINO,' S. URASAWA,'
A. Z. KAPIKIAN,' R. M. CHANOCK,' AND M. GORZIGLIA1

Laboratory of Infectious Diseases' and Laboratory of Immuniogenetics,2 National Inistitu(te of Allergy (d Infectious

Diseases, Bethesda, Maryland 20892, and Depar-tinenit of Hygiene, Sapporo Medical College, Sappor'o 060, Japan3

Received 30 November 1987/Accepted 28 March 1988

The group A rotaviruses are composed of at least seven serotypes. Serotype specificity is defined mainly by
an outer capsid protein, VP7. In contrast, the other surface protein, VP3 (775 amino acids), appears to be
associated with both serotype-specific and heterotypic immunity. To identify the cross-reactive and serotype-
specific neutralization epitopes on VP3 of human rotavirus, we sequenced the VP3 gene of antigenic mutants
resistant to each of seven anti-VP3 neutralizing monoclonal antibodies (N-MAbs) which exhibited heterotypic
or serotype 2-specific reactivity, and we defined three distinct neutralization epitopes on VP3. The mutants
sustained single amino acid substitutions at position 305, 392, 433, or 439. Amino acid position 305 was critical
to epitope I, whereas amino acid position 433 was critical to epitope III. In contrast, epitope II appeared to be
more dependent upon conformation and protein folding because both amino acid positions 392 and 439
appeared to be critical. These four positions clustered in a relatively limited area of VP5, the larger of the two
cleavage products of VP3. At the positions where amino acid substitutions occurred, there was a correlation
between amino acid sequence homology among different serotypes and the reactivity patterns of various viruses
with the N-MAbs used for selection of mutants. A synthetic peptide (amino acids 296 to 313) which included
the sequence of epitope I reacted with its corresponding N-MAb, suggesting that the region contains a

sequential antigenic determinant. These data may prove useful in current efforts to develop vaccines against
human rotavirus infection.

Human rotavirus (HRV) is the major etiologic agent of
severe gastroenteritis in infants and young children world-
wide (3, 5, 15). HRV is particularly important in less-
developed countries where diarrhea is a major cause of
death, and HRV is known to be associated with severe

episodes of diarrhea which, if untreated, can be fatal (2).
Thus, the need for an effective vaccine is quite clear.

Rotaviruses (RVs) have two outer capsid proteins, VP3
and VP7, which are involved in neutralization (9, 11, 24).
Independent segregation of the neutralization specificities of
VP3 and VP7 was demonstrated previously by analysis of
RV reassortants (11). Furthermore, these two proteins are

independently capable of inducing a protective immune
response in experimental animals which confers resistance
against RV challenge (19, 21).

Extensive cross-neutralization tests have identified at
least seven serotypes among group A RV (12). This serotype
specificity is defined mainly by an outer capsid protein, VP7,
which is encoded by RNA segment 8 or 9 (13, 22). In
contrast, there is also the following evidence that one or
more cross-reactive neutralization antigenic sites are present
among heterotypic RVs. (i) Hyperimmune or convalescent-
phase serum from animals or humans immunized with some

RV strains often neutralizes RVs belonging to one or more
different serotypes, although the heterotypic titers are low
(1, 5, 29). (ii) Heterotypic cross-protection against diarrhea
can be induced by active or passive immunization (16, 27,
30). Hence, it would be of interest to define the structure of
the cross-reactive antigenic site(s) since this may allow us to
formulate a broadly reactive protective RV vaccine. Recent
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studies have begun to elucidate the role of VP3 in heteroty-
pic reactivity. Recently, a number of anti-VP3 neutralizing
monoclonal antibodies (N-MAbs) have been produced which
react with heterotypic virulent HRVs or only with virulent
HRV serotype 2 strains (23, 24). In addition, a relatively high
degree of homology of VP3 amino acid sequence has been
demonstrated among different HRV strains belonging to
serotypes 1, 3, and 4 (7, 8; M. Gorziglia et al., submitted for
publication). These various observations suggest that VP3
may be responsible for some of the heterotypic immunity or

cross-protection previously described.
We previously prepared (i) six anti-VP3 N-MAbs capable

of neutralizing virulent HRV strains belonging to serotypes 1
through 4 or serotypes 1, 3, and 4 and (ii) antigenic mutants
resistant to each of the six N-MAbs (23). The pattern of
neutralization of the antibody-selected mutants by the panel
of N-MAbs suggested the presence of three distinct cross-
reactive neutralization epitopes on HRV VP3 (23). In the
present study, we identified the location of cross-reactive
and serotype 2-specific neutralization epitopes on the HRV
VP3 by sequence analysis of the VP3 gene of antigenic
mutants selected with N-MAbs which exhibited different
reactivity patterns with HRV strains.

MATERIALS AND METHODS

Virus. Strain KU (serotype 1) and DS-1 (serotype 2) of
HRV and strain MMU18006 of rhesus RV (RRV) (serotype
3) were used to produce the antigenic mutants. KU antigenic
mutants were selected with each of six anti-VP3 cross-

reactive N-MAbs (KU-4D7, KU-6B11, YO-1E6, YO-1S3,
YO-2C2, and ST-1F2) and characterized serologically (23).
We used several tubes for each selection as described
previously (23) and isolated two or three independently
selected clones for each mutant. A DS-1 antigenic mutant
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resistant to serotype 2-specific anti-VP3 N-MAb (S2-2F2)
and an RRV mutant resistant to KU-6B11 antibody were
also selected as described previously (23, 24). Each mutant
was designated by a V followed by the designation of the
N-MAb used for its selection. The viruses were propagated
in MA-104 cells in the presence of trypsin (1 p.g/ml) and
harvested 2 or 3 days after infection.

Neutralization test. The following 20 HRV strains were
used to examine the neutralizing reactivity of the N-MAbs:
Wa, KU, K8, S12, and M37 (serotype 1); DS-1, HN-126, S2,
P1, AK26, and 1076 (serotype 2); P, YO, S3, P2, AK35, and
McN13 (serotype 3); and Hochi, Hosokawa, and Saint
Thomas 3 (ST-3; serotype 4). Four of these strains, M37,
1076, McN13, and ST-3, were recovered from neonates
undergoing asymptomatic infection. A fluorescent-focus
neutralization test or plaque neutralization test was per-
formed as described previously (12, 26).

Preparation of viral mRNA. Single-shelled particles ob-
tained by treatment of concentrated virions with EDTA were
purified by CsCl gradient centrifugation. Viral mRNA was
synthesized in vitro by the endogenous transcriptase in viral
cores and was freed of double-stranded RNA by precipita-
tion with 2 M lithium chloride (6).

Nucleotide sequence analysis. Oligonucleotide primers
complementary to the mRNA of gene 4 of Wa or RV-5 virus
(14) at intervals of 200 to 300 nucleotides were synthesized
on an Applied Biosystems synthesizer. These primers were
used to sequence mRNA by reverse transcription in the
presence of dideoxynucleotides as previously described (8).
Briefly, a mixture of the primer and RV mRNA was heated
at 95°C for 1 min and allowed to anneal at 42°C for 4 min.
Primer extension was performed in a set of four reverse
transcription reactions containing 3 ,uM dATP; 50 p.M each
dCTP, dGTP, and dTTP; 1 U of reverse transcriptase
(Molecular Genetics Resources); 1.5 p.Ci of [o-32P]dATP;
and the appropriate dideoxynucleoside triphosphate. Reac-
tion mixtures were incubated at 42 to 45°C for 30 min,
combined with 10 [L1 of sequencing gel sample buffer, heated
at 95°C for 3 min, and analyzed on 6% sequencing gels. The
3'-terminal 80 nucleotides of the viral RNA were determined
by using denatured double-stranded RNA.

Preparations of synthetic peptides. The synthetic peptide
and the peptide-keyhole limpet hemocyanin conjugate were
prepared as previously described (18).
ELISA. An enzyme-linked immunosorbent assay (ELISA)

was performed as follows. Polyvinyl microtiter plates were
coated with free synthetic peptide (5 p.g per well) and
incubated overnight at 37°C. After being washed with phos-
phate-buffered saline containing 0.05% Tween 20 (PBST),
the wells were coated with 10% fetal calf serum and subse-
quently washed thoroughly. Samples (50 [L1) of various
dilutions of ascitic fluid were then placed in the wells and
incubated for 2 h at 37°C. After being washed with PBST, the
samples were incubated for a further 2 h with alkaline-
phosphatase-conjugated goat anti-mouse immunoglobulin G.
Finally, 100 p.l of a p-nitrophenylphosphoric acid disodium
salt solution was added. Values over 300, when expressed as
the sum of the A405 x 1,000 for two wells, were considered
positive.

RESULTS

Identification of cross-reactive neutralization epitopes on
VP3 of HRV. The complete nucleotide sequence of the VP3
gene of the KU strain (serotype 1) was determined by primer
extension. The gene contained 2,359 base pairs with 5'- and

3'-noncoding regions of 9 and 25 nucleotides, respectively.
The gene contained an open reading frame of 2,325 bases
capable of coding for a protein of 775 amino acids. Figure 1
shows the nucleotide sequence and the deduced amino acid
sequence of the VP3 gene of strain KU.

Previous analysis of the six N-MAbs in neutralization tests
with antigenic mutants selected with these N-MAbs identi-
fied three distinct cross-reactive neutralization epitopes on
VP3 (23): epitope I (defined by YO-2C2 antibody), epitope II
(defined by KU-6B11, YO-1E6, YO-1S3, and ST-1F2 anti-
bodies), and epitope III (defined by KU-4D7 antibody). We
sought to determine the location of the cross-reactive neu-
tralization epitopes on VP3 by sequencing the VP3 gene of
the six antigenic mutants. Only a single nucleotide base
change was found on the entire VP3 gene in each mutant.
Table 1 shows the nucleotide and deduced amino acid
sequence changes in the mutants. V-YO-2C2 (epitope I) or
V-KU-4D7 (epitope lII) sustained a base substitution in the
codon for amino acid 305 (Leu to Pro) or 433 (Glu to Lys),
respectively. Three mutants, V-KU-6B11, V-YO-1S3, and
V-ST-1F2, selected by N-MAbs recognizing epitope II had
an identical amino acid change at position 392 (Ala to Thr).
However, V-YO-1E6, which was also resistant to the
N-MAb directed against epitope II, sustained an amino acid
substitution at a different position (amino acid 439; Leu to
Ser). In addition, an RRV mutant selected with KU-6B11
antibody (epitope II) had a single base substitution (AGA to
GGA) in the codon for amino acid 441 (Arg to Gly). Two or
three clones independently selected with the same N-MAbs
were sequenced, and the same amino acid substitution was
found at the same position in all clones derived from each
mutant. Thus, each of the six mutants sustained only one
amino acid substitution, and these substitutions were clus-
tered in a relatively limited area of VP5, which is the larger
of the two cleavage products of VP3.
The amino acid sequence of the VP3 gene of virulent and

asymptomatic HRV strains of serotypes 1, 2, 3, and 4 was
recently determined (8; Gorziglia et al., submitted). These
sequences were analyzed in the context of the amino acid
substitutions identified in the various N-MAb escape mu-
tants and the cross-reactivity patterns of the N-MAbs with
virulent and asymptomatic HRV strains of different se-
rotypes. Sequence of the various HRV strains of serotype 1,
2, 3, or 4 in the regions identified as critical to epitopes I, II,
or III exhibited a correlation to the reactivity of these viruses
with N-MAbs.
Thus, amino acid Leu at position 305 appears to be critical

to epitope I because N-MAb YO-2C2 selected an escape
mutant of KU with an amino acid substitution at this
position. Leu is conserved in each of the other HRVs which
react with this N-MAb (i.e., virulent HRV serotypes 1, 3,
and 4 and asymptomatic HRV serotypes 1 through 4),
whereas the two virulent HRV serotype 2 viruses which do
not react with this N-MAb possess another amino acid at
position 305 (Fig. 2). Similarly amino acids Ala at position
392 and Leu at position 439, which appear to be critical to
epitope II, are conserved among HRVs (strains of virulent
serotypes 1, 3, and 4 and avirulent serotypes 1 through 4)
reactive with the N-MAbs used to select epitope II escape
mutants, whereas the two virulent HRV serotype 2 viruses
and one virulent HRV serotype 4 strain (VA70) which do not
react with these N-MAbs exhibit divergence of sequence in
one or both of these two positions. Finally, amino acid 433
(Glu), which is critical to epitope III (as indicated by a sole
amino acid substitution at this site in an epitope III escape
mutant V-KU-4D7), is present on virulent HRV serotype 1,
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GGC TAT AMA ATOGOCT TCG CTC ATT TAT AGA CAG CTT CTC ACT AAT TCA TAT TCA GTA CAT TTA CAT CAT CMA ATA GAG CAA ATT COG TCA CMA AMA ACT CMA AAC GTA ACT GTA MAT CCA

MET Al. Ur Lou It. Tyr Art Gin Lou Lou Thr Amn Sor Tyr Sir Vat Asp Leu His Asp Gtu Ito Gtu Gin It. Gly Ser Gtu Lys Thr Gin Asn Val Thr Val Asn Pro

132 144 156 168 180 192 204 216 228 240
CGT CCA TTT CCC CMA ACT MGA TAT OCT CCA GTA MAT TOO GGT CAT GGA GAG AlA AAT CAT TCA ACC ACA GIA GAA CCA ATT TIA CAT COT CCT TAT CAG CCT ACT ACA TTT MAA CCA CIT
Cly Pro Ph. Ale Gin Thr Art Tyr Ale Pro Val Asn Trp Oty Hse Gly Giu Ito Asn Asp Sor Thr Thr Vol Gtu Prs Its Leu Asp Cty Pro Tyr Gin Pro Thr Thr Ph. Lys Pro Lou

252 2U 276 288 300 312 324 336 348 360
ACT CAT TAT TOG ATA CIT ATT MAC TCA MAT ACA MAT CCA 0T0 CTA TAC GAO ACT ACO MAT MAT ACT CAC TTT TGO ACT GCA CIA OTT GCT ATT CMA CCC CAC OTT ATC CMA CIA CAT ACA
Thr Asp Tyr Trp Ito Lou It. Asn Ser Asn Thr Asn Gty Vat Vet Tyr Gtu Sir Thr Asn Amn Ser Asp Ph. Trp Thr Ale Vat Val Aia Ito Gtu Pro Itil Vet Its Gin Val Asp Art

372 384 396 408 420 432 444 456 4,68 480
CMA TAT ACT CIA TTT GGT GAA MAT AMA CMA TTT MAT CIA ACA MAT CAT ICA CAT MAA TOO MOG ITT TTA CMA ATG ITT ACA GCC ACT ACT CMA MIT CMA TTT TAT MAT ACA COT ACA CIA
Gin Tyr Thr Vat Ph. Gty Gtu Aen Lys Gin Ph. Asn Vat Arg Asn Asp Ser Asp Lys Trp Lys Ph. Lou Giu MEST Ph. Art Cty Ser Ser Gin Amn Gtu Ph. Tyr Asn Art Arg Thr Lou

492 504 516 528 540 552 564 576- 588 600
ACT TCT CAT ACT MAA CTC CIA GCA AlA TTA AMA TAT COT GCA AGG AlA TOO ACA ITTT CAT COT CAA ACA CCC AGA OCT ACT ACT CAT ACT TCA MAT ACT GCA MAT TTA MAC CAT ATA TCA
Thr ter Asp Thr Lye Lou Vet GtY It. Lou Lys Tyr Giy Gly Art Ito Trp Thr Ph. His Giy Giu Ihr Pro Art Aia Thr Thr Asp Ser Sir Asn Thr Ale Asn Lou Asn Asp Its S.r

612 624 636 648 660 672 684 696 708 720
ATT ATA ATA CAT TCA GAM TIT TAT ATT ATC CCA AGG ICC CMA CMA CT MCG TOT AAT GAA TAT All AAC MAT COT TIC CCA CCA ATT CMA MAT ACT ACA MAT CIA CIA CCA TTA ICA TTA
Ito Its Its Hst Ser Gtu Ph. Tyr Its Its Pro Arg tSr Ctn Gtu Ser Lys Cys Aan Gtu Tyr Ies Aen Aen Gly Lou Pro Pro Ito Ctn Aan Thr Art Asn Vei Vel Pro Lou Sir Lou

1732 744 756 768 780 792 804 816 828 840
TCA TCT ACA ICC AlA CAG TAT MAA ACAGCCA CMA OTT MIT CMA CAT AlT ACA All TCA MAA ACC TCA TTA ICC MAA CMA ATG CMA TOT MAT AGG CAT All AlA ATT ACA ITT AMA TTT OCT
Sir SUr Arg $ir It. Gin Tyr Lye Art Ate Gin Vet Asn Giu Asp Ie* Thr Ito Sir Lys Thr Sir Lou Trp Lys Gtu MET Gin Cys Amn Art Asp Its Ito Ito Arg Phe Lys Ph. Gty

852 864 876 888 900 912 924 936 948 960
MAT ACT All GTA AMA CTC GCC GCA CIA COT TAT MAA ICC ICC CMA AlA TCA TAT MAA GCA GCA MAT TAT CMA TAT MAT TAT CTA CCI CAT GGC CMA CMA CIA ACT GCA CAT ACT ACT IGCC
Asn Sr Its Vet Lye Lou Gty Gty Lou Gly Tyr Lys Trp Sir Giu lie Sir Tyr Lye Ale Ale Asn Tyr Gin Tyr Asn Tyroa&rg Asp Gty CtU Gin Vei Thr Ale His Thr Thr Cys

972 984 996 1008 1020 1032 1044 1056 1068 1080
TCA CIA MAT GGA CIA MAT MAT IT AGC TAC MAC GCA GCA TCT TTA CCI ACT OAT ITT ACT GTC TCA AGG TAT CAA CIT All MAA CMA MAT TCT TAT CIA TAT CIA CAT TAT ICC CAT CAT
Ser VoL Asn Gly Vet Asn Asn Ph.s Ser Tyr Asn Oty Cty Ser Leu Pro Ihr Asp Phe Sir Vol Ser Art Tyr Gtu VeItsi Lys Glu Aen Sor Tyr Vet Tyr VoL Asp Tyr Trp Asp Asp

'1092 1104 1`116 1128 1140 1152 1164 '1176 1188 1200

TCA AMA GCA ITT AGA MAT AICGTCA TAT CIC ACA TCA TTA GCA OCT MIT TIC MAC TCA GTG MAA TGT ACA CCI GCA ACT TAT CAC ITT ACT AlA CCI CIA COT GCA TGOG CCA CTC ATC MAT
Sir Lye Ate Ph. Art Aen MOT Vet Tyr Vet Art Sir Leu Ale Ale Amn Liu Asn Sir Vet Lye Cys Thr Cty Gty Sir Tyr Asp Phi Sir IL* Pro Vol Gty=Trp Pro Vat HET Asn

1212 1224 1236 124.8 1260 1272 1284 1296 1308 1320
OCT GGC GCCI GII IC TIC CAT ITT GCCI GGA CIT ACA TTA TCT ACC CMA TTC ACA CAT TIC CIA ICA TIC MAT TCA CIA CCA ITT ACA ITT ACT TIC ACA CTC CAT GAC CCA TCT ITT ICA
GLy Gty Ate Vol $ser Lou Nst Ph. Ale Cty Vet Thr Lou Sir Thr Ctn Pho Thr Asp Ph. Vol Sor Lou Amn Sir Liu Art Ph., Art Ph. Sor Lou Thr Vol AspMDPro Sir Phi Sir

1332 1344 1356 1368 1380 1392 1404 1416 1428 '1440

ATA TIC ACA ACA CCI AC OTGI MAT TIC TAC GCA TTA CCA GCCI GCA AAT CCA MAT MAT GCA MAT CAA TAC TAT CMA AlA TCA GCA AGO TTT TCC CTC All ICT TTA CIT CCA ACT MAT CAT

itlo~Arg Ihr Art Thr Vol Aen Lou Tyr Gty Lou Pro Ale Ale Amn Pro Asn Asn Oty Asn Ctu lyr Tyr Gtu Ito Sor Cty Art Phi tsr Lou Ito Sor Lou Vol Pro Thr Asn Asp

1452 1464 1476 1488 1500 152 1524 1536 1548 1560

CAT TAT CAC ACT CCA AlT ATG MAT TCA CIA ACA GTA ACA CAA CAT TTA CAA COT CAA CTT ACT CAT TTA CCA GAG CMA ITT MAT TCA TTA TCA CMA GMA AlA GCCI ATC TCA CMA TTA All

Asp Tyr Gin Thr Pro Ito MET Asn tSr VoL Thr Vet Art Cin Asp Liu Clu Art Ctn Lou Thr Asp Lou Art Clu Gtu Ph. Aen Sir Lou Sor Gin Ctu Ito Ale MET ts Gin Lou Ito

'1572 1584 '1596 1608 1620 '1632 1644 1656 1668 '168o

CAT TTA GCCC TTA TTA CCI TTA CAT AIG ITT ICT AIG ITT TCC CMA TTA AMA ACT ACA ATT OAT ITO ACT MAA ICA ATG GCA ACT ACT CIA ATO AMA MAA ITT AGA MAA TCA AMA TTA GCCI

Asp Lou Ate Lou Lou Pro Lou Asp MET Ph. tSr MOT Ph. Sir Gtu Lou Lye Sir Thr Ito Asp Liu Thr Lye Sir HOET Ate Ihr Sir Vol MET LYe Lye Ph. Art Lye Sir Lye Lou Ale

1692 1704 176 1728 1740 1752 1764 1776 1788 1800

ACA TCA ATT TCA CM ATC ACT CAT ICA ITOG CA CAC GCA GCA TCA ICA GCA TCA ACA AGC CIT TCT AIC ACA ICC MAT AlA ICC ACA All ICC MAT ICCo ACT AAT CIT TCA MAT CAT CIA

Ihr tsr it. sir Gtu MET Thr His Sir Lou Sor Asp Ate Ate Sir Sir Ate Sir Art Sir Vol tSer Ito Art Sir Asn It* Sir Ihr ltie Sir Aen Irp Thr Asn Vet Sir Aen Asp Vet

1812 1824 1836 1848 1860 1872 1884 1896 '1908 1920

ICA MAT GIG ACT MT ICC TIC ACT CAT AlT ICA ACA CAA ACO TCT ACA ATC ACT MOG MAC CIT ACA ITA AMA CMA AC All ACT CMA ACT CMA GGA ATC ACT ITT CAT CAT'All ICA 0CC

So Asn Vet Thr Aen Sor Lou Sor Asp It. Sor Ihr Gin Ihr tSr Thr Ito sir Lys Asn Liu Art Lou Lye Gtu MET Ieo Thr Gin Thr Gtu Gty MOT Se Ph. Asp Asp Ito Sir Ale

1932 1944 1956 1968 1980 1992 2004 2016 2028 2040

00A CIA TIA AMA ACA AMA AlA CAT ATC ICT ACT CMA All GCA MCG MAT ACT TIA CCC CAT AlA CTC ACA CAG GCA ICT CAG MAA ITT ATl CCA AMA CCA ICC TAT CCA AlA TIC MAA CAT
Ate Vet Lou Lye Ihr Lye It. Asp MET tor Ihr Gtn Ito Gty Lys Asn Ihr Lou Pro Asp Ito Vol Ihr Gtu Ate Sir Gtu Lys Ph. Ito Pro Lys Art Ser Tyr Art It. Lou Lye Asp

2052 2064 2076 2088 2100 2`112 2124 2136 2148 2160

CAT GM CIA ATG CMA AlT MAT ACT GM GGG AMA CTC ITT GCA TAT AMA ATC GAC ACA CI MIT CMA GTC CCA ITT CAT CIA MAT AM -TTT GCCI CMA CII CIA ACA MT ICT CCA CIT ATA

Asp Glu Vol HOET Gtu Ito Asn Thr Ctu Gty Lye Vet Phi Ate Tyr Lye Its Asp Thr Leu Asn Gtu Vet Pro Phi Asp Vol Asn Lys Ph. Ale Gtu Leu Vol Ihr Aen Sir Pro Vet Ito

2172 2184 2`196 2208 2220 2232 2244 2256 2268 2280

1CA OCA AlA ATC CAT TTT AMA ACA TTA AMA MAT TIC MAT CAT MAT TAT GGA All ACT CCA AlA CMA CCA TTA MAT TIA AlT MAA ICC MAT CCA MT CIA TTA CGT MAT TIC All MAC CMA
Sor Ate lit. Its Asp Ph. Lys Thr Lou Lys Asn Lou Asn Asp Aen Tyr Gty Its Ihr Art Its Gtu Ate Lou Asn Lou Ito Lye tsr Amn Pro Asn Vet Lou Art Asn Ph. Ite Asn Cin

2292 2304 2316 2328 2340 2352

MAT MAT CCA AlT AlA AGO MAT ACA AlT CMA CAC CIA All CIA CMA TOT AMA ITO TCA CMA CCC TAT TCA GGA TOT CAC C

Aen Aen Pro its It. Art Aen Art It. Gtu Gin Lou Ito Lou Gin Cy$ Lye Lou

FIG. 1. Complete nucleotide sequence and deduced amino acid sequence of the VP3 gene of strain KU. The numbers above the sequence
refer to the nucleotide positions. The amino acid residues which changed in the antigenic mutants are boxed. Cleavage sites are shown by
arrows. The amino acid sequence corresponding to the region from which peptides were synthesized is underlined.
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TABLE 1. Nucleotide and amino acid sequence changes found in the antigenic mutants selected with anti-VP3 N-MAbs

Selecting N-MAb Neutralizing reactivity of N-MAbs" Antigenic mujtant
EpitopeImmunizing Desig- Pairent Codon change Amino acid change group"

virusni Dig- Virulent HRV Asymptomatic HRV v. Designationvrs nation virusgru
(serotype)

YO (3) YO-2C2 Serotypes 1, 3, 4 Serotypes 1, 2, 3, 4 KU V-YO-2C2 CTA to CCA (923)' Leu to Pro (305)" 1
KU (1) KU-6B11 Serotypes 1, 3, 4 Serotypes 1, 2, 3, 4 KU V-KU-6B11 GCA to ACA (1183) Ala to Thr (392) II
YO (3) YO-1S3 Serotypes 1, 3, 4 Serotypes 1, 2, 3, 4 KU V-YO-1S3 GCA to ACA (1183) Ala to Thr (392) II
ST-3 (4) ST-1F2 Serotypes 1, 3, 4 Serotypes 1, 2, 3, 4 KU V-ST-1F2 GCA to ACA (1183) Ala to Thr (392) ll
KU (1) KU-4D7 Serotypes 1, 2, 3, 4 None KU V-KU-4D7 GAG to AAG (1306) Glu to Lys (433) III
YO (3) YO-1E6 Serotypes 1, 3, 4" Serotypes 1, 2, 3, 4 KU V-YO-1E6 TTG to TCG (1325) Leu to Ser (439) II
S2 (2) S2-2F2 Serotype 2 None DS-1 V-S2-2F2 AAA to GAA (1183) Lys to Glu (392) Il
KU (1) KU-6B11 Serotypes 1, 3, 4 Serotypes 1, 2, 3, 4 RRV V-KU-6B11 AGA to GGA (1330) Arg to Gly (441) Il

(RRV)

"Neutralizing reactivity of N-MAbs was determined by fluorescent-focus reduction or plaque redLuction assay against 16 virulent and 4 asymptomatic HRV
strains.

Epitope group was defined by cross-neutralization tests between N-MAbs and their antigenic mutants.
Number in parentheses shows position of nucleotide substitution.

"Number in parentheses shows position of amino acid substitution.
'YO-1E6 antibody neutralized two serotype 4 virulent HRV strains (Hochi and Hosokawa) but not one strain (VA70).

2, 3, and 4 strains that react with the epitope III N-MAb
KU-4D7. It should be noted that the asymptomatic HRV
strains of serotype 1 through 4 which do not react with this
N-MAb also possess the conserved Glu at position 433;
however, these viruses exhibit sequence divergence at posi-
tion 432, which may explain their lack of reactivity.

Antigenicity of synthetic peptides which correspond to pu-
tative epitopes. The preceding observations are compatible
with the view that the region in which amino acid substitu-
tions occurred in the escape mutants is the actual binding
site of the antibody. This hypothesis was evaluated by
preparing three synthetic peptides corresponding to the
regions around the position where each mutant had sus-
tained its amino acid substitution and examining the reactiv-
ity of the N-MAbs with the peptides by ELISA (Table 2).
N-MAb YO-2C2, which defines epitope I, exhibited specific
binding to synthetic peptide 1 (amino acids 296 to 313) which
included amino acid 305, which was previously shown to be
critical to epitope I. However, the other two peptides were
not recognized by their corresponding N-MAbs. As a posi-
tive control reaction, guinea pig antisera to the synthetic
peptides were used in the ELISA. They reacted specifically
with the corresponding peptides.

Identification of a serotype 2-specific neutralization epitope
on VP3 of HRV. We previously obtained several anti-VP3
serotype 2-specific N-MAbs by using strain S2 (serotype 2)
as the immunizing antigen (24). One (S2-2F2 antibody) of
these N-MAbs was used for selecting an escape mutant from
strain DS-1 (serotype 2). Sequence analysis of the VP3 gene
of the parent DS-1 and its escape mutant V-S2-2F2 showed
that the latter had undergone a single amino acid substitution
at position 392 (Lys to Glu). Lysine or glycine was present at
position 392 of the two serotype 2 virulent strains, buit a
different amino acid (Ala) was conserved in the correspond-
ing position in the virulent serotype 1, 3, and 4 strains, as
well as in the asymptomatic serotype 1 through 4 strains.

DISCUSSION

At least four serotypes of HRV have been recognized by
cross-neutralization tests (12, 25, 28). Serotype specificity is
determined mainly by epitopes on the outer capsid glycopro-
tein VP7 (13). On the other hand, cross-reactive antigenic
sites which react with antibodies induced by heterotypic
HRV strains have been described. VP3, the other surface
protein of RV, appears to be responsible for some of this
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NEUTRALIZATION EPITOPES ON VP3 OF HUMAN ROTAVIRUS

TABLE 2. Reactivity of synthetic peptides with anti-VP3
cross-reactive N-MAbs

ELISA titer"
Antibody Peptide 1 Peptide 2 Peptide 3

(296-313)" (383-400) (428-445)

Ascitic fluids
YO-2C2 3,200 <200 <200
KU-6B11 <200 <200 <200
YO-1S3 <200 <200 <200
ST-1F2 <200 <200 <200
KU-4D7 <200 <200 <200
YO-lE6 <200 <200 <200

Guinea pig sera'
Anti-peptide 1
Pre-immune <200 <200 <200
Hyperimmune 6,400 <200 <200

Anti-peptide 3
Pre-immune <200 <200 <200
Hyperimmune <200 <200 1,600

ELISA was performed as described in Materials and Methods.
"Amino acid sequence number of VP3 for which peptides were synthe-

sized.
'Guinea pigs were immunized intramuscularly with 50 p.g of peptide-

keyhole limpet hemocyanin conjugate emulsified in complete Freund adju-
vant. Four boosters with the same amount of conjugate in incomplete Freund
adjuvant were given at intervals of 2 weeks.

heterotypic cross-reactivity. Thus, VP3 N-MAbs induced by
a virulent strain of serotype 1, serotype 3, or serotype 4 also
react with the other two serotypes (23). In addition, VP3
N-MAbs specific for strains of serotype 1, 3, or 4 virulent
HRV have not been isolated to date. However, several
serotype 2-specific VP3 N-MAbs have been produced (24).
The latter observation was not unexpected because the
amino acid sequence of virulent serotype 1, 3, and 4 HRV
VP3 is highly conserved and quite distinct from that of
virulent serotype 2 HRV. Additionally, the VP3 sequence of
the DS-1 and RV-5 strains of serotype 2 is highly conserved
(8, 14; Gorziglia et al., submitted). Thus, by serological
characterization and amino acid sequence analysis, it is
implied that serotypic diversity of VP3 among serotype 1, 3,
and 4 HRV strains is quite limited.

In this study, sequence analysis of antigenic mutants
selected with the various cross-reactive or serotype 2-spe-
cific N-MAbs allowed us to identify cross-reactive and
serotype 2-specific epitopes on VP3. The highly hydrophobic
region which includes amino acid residue 392 appears to be
an especially immunodominant epitope. Thus, four of the
seven HRV VP3 antigenic mutants selected with a panel of
seven N-MAbs sustained a single amino acid substitution at
position 392. Furthermore, each of seven antigenic mutants
of simian RV SA-11 selected with SA-11 hyperimmune
serum sustained a substitution of amino acid 393 (which
corresponds to amino acid 392 of HRV) (8; Gorziglia et al.,
submitted). Antigenic mutants selected with other N-MAbs
also had a single amino acid substitution, but in these
instances the substitution was located at position 305, 433, or
439. Thus, in the seven antigenic mutants, a single amino
acid substitution occurred and was located in the N-terminal
half of VP5 which is the larger cleavage product of VP3. This
suggests that this region contains the major antigenic sites
involved in cross-reactive or serotype 2-specific neutraliza-
tion. It is of interest that the epitope II including residue 392
is a neutralization epitope cross-reactive to serotype 1, 3,
and 4 strains and, at the same time, specific to serotype 2

strains. Since the residue 305, which is critical to epitope I,
is conserved among only serotypes 1, 3, and 4, epitope I also
might be a site specific to serotype 2 as well as cross-reactive
to serotypes 1, 3, and 4. For clarifying more the location of
the serotype 2-specific neutralization epitopes, the sequence
analysis of the antigenic mutants selected with each of
several other serotype 2-specific N-MAbs is in progress.
The shorter trypsin cleavage product (VP8) of VP3 may

also have neutralization epitopes, especially strain-specific
neutralization epitopes, since the sequences in the region of
amino acids 70 to 202 are highly variable among different RV
strains and since several amino acid substitutions in this
region of VP8 have been detected in SA-11 mutants selected
in the presence of hyperimmune SA-11 antiserum (8, 14;
Gorziglia et al., submitted). Also, several N-MAbs which
have hemagglutination inhibition activity and which react
with VP8 by Western blot (immunoblot) have been produced
(17).
There was a correlation between the epitope specificity of

the cross-reactive antibodies used to select mutants and the
position at which an amino acid substitution occurred.
Mutant V-YO-2C2 selected with YO-2C2 antibody (epitope
I) had an amino acid substitution at residue 305, whereas
mutant V-KU-4D7 selected with KU-4D7 (epitope III) anti-
body had an amino acid substitution at position 433. Three
mutants, V-KU-6B11, V-YO-1S3, and V-ST-1F2, selected
with KU-6B11, YO-1S3, or ST-1F2 antibody (epitope II) had
an amino acid substitution at residue 392. However, V-YO-
1E6 selected with YO-1E6 antibody which was also directed
against epitope II had an amino acid substitution at position
439. Furthermore, an RRV antigenic mutant selected with
KU-6B11 antibody had an amino acid substitution at posi-
tion 441 (corresponding to position 440 of HRV). This
suggests that amino acid residues in the vicinity of positions
392 and 439 are in close proximity on the folded molecule
and that they contribute to a single antigenic region. This
might explain why two of the synthetic peptides (corre-
sponding to amino acids 383 to 400 and 428 to 445) were not
recognized by the corresponding N-MAbs. Similar observa-
tions have been made regarding the major antigenic sites on
RV VP7; two regions (amino acids 87 to 96 and 211 to 223)
seem to be in close proximity on the native protein, although
they are widely spaced on the linear molecule (4). Synthetic
peptides corresponding to each of these two regions did not
elicit neutralizing antibodies (10).
At positions where amino acid substitutions occurred in

the antigenic mutants, there was a correlation between
conservation of sequence among different HRVs and the
reactivity of these viruses with antibodies used for selection
of mutants (Table 1 and Fig. 2). Also, the synthetic peptide
corresponding to the YO-2C2 epitope (amino acids 296 to
313) reacted with the YO-2C2 monoclonal antibody. Fur-
thermore, all the VP3 N-MAbs readily immunoprecipitated
VP3, in contrast to the failure of most VP7 N-MAbs to
immunoprecipitate VP7 (23, 24). These findings suggest that
some VP3 neutralization epitopes, i.e., the YO-2C2 epitope,
are sequential or linear. As the YO-2C2 epitope is located in
a highly hydrophilic region (data not shown), this particular
peptide may be a candidate for a synthetic vaccine.
VP3 appears to play a major role in RV virulence (20).

This view is supported by the observation that the VP3 genes
of virulent HRV strains are highly conserved and distinct
from the VP3 genes of asymptomatic HRV strains which
also exhibit a high level of conservation of VP3 gene
sequence. It should be noted that all the cross-reactive
N-MAbs used in this study, except the KU-4D7 antibody,
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neutralized the four asymptomatic HRV strains tested.
which included a representative of each of the four HRV
serotypes (Table 1). This finding indicates that asymptomatic
viruses carry some cross-reactive neutralization epitopes on
VP3 which are similar to those of virulent viruses. Conse-
quently, asymptomatic strains or reassortants with a VP3
gene from an asymptomatic strain might be desirable caindi-
dates for inclusion in an RV vaccine.
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