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and G11/15). A third contained two genotypes (i.e., GI/5 and
GII/15), and the last also contained two genotypes (i.e., GII/5
and GII/15). GII15 was a common genotype. As many as eight
genotypes were detected in those outbreaks,

Single genotypes were observed in most outbreaks that oc-
curred in semiclosed communities, such as dormitories, nurs-
ing homes, schools, and nursery schools. In outbreak 199906,
all five NV-positive stool samples contained a common geno-
type. GII/S. Similarly, all four specimens in outbreaks 199811
and 199914 contained GII/3 and Gl1/6, respectively, and all
three specimens in 200240 contained GI1/2.

Surprisingly, many genotypes were found in the Saitama
area in the past 5 years. Although they are from 156 stool
specimens within the 66 outbreaks, we identified 26 of 31
genotypes. Only five genotypes (i.e., GI/6, G1/10, G11/9, GI1/13,
and GIV/17) were not observed.

Genogrouping and genotyping. Real-time RT-PCR detected
and distinguished genogroups GI and GII and has proved itself
a useful screening method. Genogrouping based on this meth-
od was confirmed in all specimens by genotyping with phylo-
genetic analysis of RT-PCR products (Table 1). For example,
stool specimen KUS82 appeared to contain both GI and GII by
real-time RT-PCR, and GI/2, Gl/4, GI/5, and GII/15 were
actually detected by genotyping. In the case of KU4, only GI
was detected by real-time RT-PCR, and GJI/1 and GI/7 were
identified by RT-PCR after sequencing analysis. In the case of
T28, only GII was detected, and the specimen contained three
genotypes, Gl/1, GII/4, and GII/9 (Table 1).

DISCUSSION

In this study, we used real-time RT-PCR plus electron mi-
croscopy to screen NV in stool specimens from 66 outbreaks in
the Saitama area. The real-time RT-PCR method greatly saved
the time required for selecting stool specimens for further
analysis. From 156 NV-positive specimens, we obtained 368
capsid N/S gene sequences after cloning the RT-PCR products
that were amplified with primer sets GIFF/GISKR and G2FB/
G2SKR (18). Genotyping was performed by phylogenetic anal-
yses according to the scheme described previously (19).

We note that all shelifish-related outbreaks were caused by
multiple NV genotypes (Table 1). With their filter-feeding
mechanisms, shellfish, such as oysters, can concentrate NV
from an environment contaminated by multiple genotypes. In
fact, oysters in the markets were found to contain several
different genotypes (data not shown). Furthermore, some out-
breaks displayed multiple genotypes with relatively high fre-
quencies; the outbreaks occurring in 67% of private homes,
56% of restaurants, 339 of hotels, and 13% of catered lunches
were strongly suspected to be due to shellfish. For example,
shellfish were the common source for outbreak 199917 (Table
1). In this outbreak, specimens were obtained from four pa-
tients, and each specimen contained multiple genotypes, but
the genotypes did not coincide with each other except for
GIV/15. Also, for example, in outbreak 200126, three speci-
mens contained multiple genotype strains, but a common ge-
notype strain did not exist (Table 1).

Among outbreaks which were not directly related to shell-
fish, there were some in which multiple genotypes were de-
tected. In outbreak 199921 involving a restaurant but not
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shellfish, multiple genotypes were identified. One specimen
(KU105) contained three genotypes (G1/4, G1I/4, and G11/6),
two specimens (KU109 and KU111) contained two genotypes
(GI/4 and GII/6), and another specimen (KU112) contained
only one genotype (G1/4). In this outbreak, the four individuals
had eaten dinner together. Since no common foods, such as
oysters, were identified, the cook, from whom KUI1135 was
collected, was presumed 10 be the source. KUL15 contained
one genotype, G1/4, that was a common genotype in this out-
break. Other genotypes were not detected from this specimen.
However, the cook was tested for NV long after the other
patients were tested. Possibly, in the early stage of the disease,
the cook had shed at least all three genotypes (G1/4, G11/4, and
GI1/6) and transmitted them to the other individuals by poor
handling of cooked food. At a later stage, perhaps the virus
titers in KU115 were lower, and only the predominant geno-
type GI/4 was detected. Also, in outbreak 200138, at school,
muitiple genotypes (GII/4 and GII/5) were also identified in
one of three specimens. The other two specimens contained
only a common genotype (GII/5) (Table 1).

On the other hand, stool specimens from outbreaks in semi-
closed communities contained only single genotypes, with the
exception of outbreak 200138. Fourteen of 66 outbreaks oc-
curred in semiclosed communities (schools, nursery schools,
nursing homes, and dormitory), and only seven genotypes (i.e.,
Gl/3, GI/4, GI1/2, G11/3, GII/4, G11/5, and GI1/6) were found.
In each outbreak, one genotype was likely transmitted through
the fecal-oral route.

In NV infection, individual patients seem to differ in their
susceptibility to each genotype. We confirmed that the geno-
types which we identified were also antigenically distinct by an
antigen enzyme-linked immunosorbent assay with hyperim-
mune sera against virus-like particles (unpublished data).
Thus, susceptibility to each genotype seems to differ in each
individual, perhaps due to differences in acquired immunity
from previous NV infections. The different susceptibilities may
also be due to specific ABO histo-blood group antigens in each
individual, as described in recent studies (12-14, 25).

Furthermore, in the case of person-to-person infection with
NV, selection of strains may occur during sequential passages
in the outbreak due to the factors on the agent side, such as
pathogenicity, reproductive rate in the host, and/or stability in
the environment. When a person is infected first by multiple
genotype strains, a strain that replicates faster and has greater
stability may eventually become predominant later in the out-
break. Further epidemiological investigation may be necessary
to clarify the mechanism of selection.

In the present study, we classificd NV into 31 distinet geno-
types (Fig. 1). This analysis added five GI and seven GII
genotypes to the previously published list (19), and all of these
new genotypes, except for GII/9 and GI1/13, were detected in
the Saitama area. GII/10 and GII/14 were isolated exclusively
in Germany and the United States. In the Saitama area during
the study period, a total of 26 of the 31 genotypes, including 10
new genotypes, were found. Saitama Prefecture is only 3.800
km® and ~1% of the total arca of Japan. 1t is surprising that
this small region contained such a diversity of genotypes, in-
cluding ones found in North and South America. Europe,
Oceania, and Asia (Fig. 1). The extensive diversity in the
Saitama arca suggests that many genotypes were imported
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from and exported to other countries with NV-contaminated
foods and travelers afflicted with NV, Various genotypes of NV
may be circulating around the world, and more new genotypes
are likely to be discovered in the future.

With a combination of screening by real-time RT-PCR and

genotyping by phylogenetic analysis, detection of NV in sew-
age, rivers, seawater, and foods may improve our understand-
ing in the epidemiology of NV and, in turn, help us to prevent
and control future NV outbreaks.
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DISPATCHES

Novel Recombinant
Sapovirus

Kazuhiko Katayama,* Tatsuya Miyoshi,}
Kiyoko Uchino,t Tomoichiro Oka,*
Tomoyuki Tanaka,t Naokazu Takeda,"
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We determined the complete genome sequences of
two sapovirus strains isolated in Thailand and Japan. One
of these strains represented a novel, naturally occurring
recombinant sapovirus. Evidence suggested the recombi-
nation site was at the polymerase-capsid junction within
open reading frame one.

he positive-sense polyadenylated single-stranded

RNA virus family Caliciviridae contains four genera,
Norovirus, Sapovirus, Lagovirus, and Vesivirus (1).
Human norovirus is the most important cause of outbreaks
of gastroenteritis in the United States and infects all age
groups (2). Human sapovirus is also a causative agent of
gastroenteritis but is more frequent in young children than
in adults (3). Most animal caliciviruses are grouped within
the other two genera. In 1999, Jiang et al. (4) identified the
first naturally occurring human recombinant norovirus,
and several other strains were later described as recombi-
nants (5 8). Evidence suggested that the recombination
event occurred at the junction of open reading frames one
and two (ORF1 and ORF2), but this finding was not
proven. Norovirus ORF1 encodes nonstructural proteins,
including the RNA-dependent RNA polymerase, ORF2
encodes the capsid protein, and ORF3 encodes a small
capsid protein (1). Nucleotide sequence of the polymerase
and capsid junction generally is conserved among the
human norovirus genotypes (4,6), which likely facilitates a
recombination event when nucleic acid sequences of
parental strains come into physical contact in infected
cells, e.g., during copy choice recombination (9).

The Study

We used genetic analysis to investigate a novel, natural-
ly occurring recombinant sapovirus. Two strains were used
for the analysis, Mcl0 strain (GenBank accession no.
AY237420), isolated from an infant hospitalized with
acute gastroenteritis in Chiang Mai, Thailand, in 2000 (5),
and C12 strain (AY603425), isolated from an infant with
gastroenteritis in Sakai, Japan, in 2001 (unpub. data).
Although the original polymerase chain reaction (PCR)
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primer sets that detected these two strains were different,
both were directed toward the conserved 5’ end of the cap-
sid gene and have been shown to detect a broad range of
sapovirus sequences in genogroup 1 (Gl) and GII (5,10).
For Mcl0, primers SV5317 and SV5749 were used; for
C12, primers SV-FI1 and SV-R1I were used.

The complete genomes for Mc10 and C12 were deter-
mined as previously described (6). As shown in Figure 1A,
the sapovirus genome has an organization slightly different
from that of the norovirus genome. ORFI encodes non-
structural proteins, polymerase, and the capsid protein, and
ORF2 encodes a small protein (1).

Initially, we grouped Mc10 and C12 into two distinct
GII clusters (i.e.. genotypes), on the basis of their capsid
sequences (Figure 2A) and the phylogenetic classification
scheme of Okada et al. (10). In addition, the overall
genomic nucleotide similarity between Mc10 and C12 was
84.3%, while ORF1 and ORF2 shared 85.5% and 73.3%
nucleotide identity, respectively. These results correspond-
ed with the capsid-based grouping shown in Figure 2A. By
comparing sequence similarity across the length of the
genomes with SimPlot with a window size of 100 (11), we
discovered a potential recombination site, where the simi-
larity analysis showed a sudden drop in nucleotide identi-
ty after the polymerase region (Figure 1B). Nucleotide
sequence analysis of ORFI less the capsid sequence and
the capsid sequence indicated 90.1% and 71.3% nucleotide
identity, respectively (Figure 1A). To additionally illustrate
the nucleotide identities of ORF1 less the capsid sequence,
a phylogenetic tree of polymerase sequences of Mcl0,
C12, and other available strains was developed
(Figure 2B). However, for three strains (Mex14917/00,
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Figure 1. A) The genomic organization of Mc10 and C12 strains.
B) the SimPlot analysis of Mc10 and C12. Mc10 genome
sequence was compared to C12 by using a window size of 100 bp
with an increment of 20 bp. All gaps were removed. The recombi-
nation site is suspected to be located between polymerase and
capsid genes, as shown by the arrow. The possible hypervariable
region for the capsid protein is also shown.

Emerging'lnfectious Diseases « www.cdc.gov/eid » Vol. 10, No. 10, October 2004

—102—



8 Cepsid Palymarase B
------ CrbAtO0GT (101989 Jome G0
RUCRR!
\ ‘“’{ i 5548 , M 14 oy
] - SarearoiBanan .
x %tvml%l’mm p—
Stocknornd 1BTISE
i) 6. .,

M2 TAH 1 TANS wcvvmavmamramessmensarnsd fgu

Max1491 100

oo BOSOAZTROS J— 86 1l g

Y~ }85ta, {“
}— 51;\)«(6\ "

]—“ S50
e A

— ot Sp0) }— saet
[FCrpaner 172510
Sl
IR
—AE— Caweren Yo $5-10 Conden ~ff-

Loy ks

Figure 2. Phylogenetic analysis of (A) capsid (376 nt) and (B) poly-
merase (289 nt) sequences of Mc10, C12, and additional strains in
GenBank. Sapovirus capsid sequences were classified on the
basis of the scheme of Okada et al. (10). Two unclassified strains,
Mex340/1990 and Cruise ship/00, were assigned SG-ll-(d) and
SG-iI-(e). The asterisks indicate noncontinuous polymerase-capsid
sequences. The numbers on each branch indicate the bootstrap
values for the genotype. Bootstrap values of >9850 were considered
statistically significant for the grouping (6). The scale represents
nucleotide substitutions per site. GenBank accession no. for the
reference strains are as follows: Chiba/000671T/1999, AJ412805;
Chiba/990727S/1999, AJ412795; Chiba/9911725/1999, AJ412797;
Mc114, AY237422; Cruise ship/00, AY289804 and AY157863;
Cowden, AF182760; Houston/27/90/US, U35644; Mc2, AY237419;
Mc10, AY237420; Mex340/1990, AF435809 and AF435812;
Mex14917/00, AF435813 and AF35810; Sapporo/82/Japan,
U65427; and Stockholm/318/97/SE, AF194182.

Mex340/1990, and Cruise ship/00), the polymerase and
capsid sequences of ORFI were not continuous, i.e., they
may represent two different strains. Nevertheless, Mc10
and C12 were in the same cluster by polymerase-based
grouping but were in distinct clusters by capsid-based
grouping (Figure 2). All other strains maintained clusters
by polymerase- and capsid-based groupings.

These findings showed Mcl0 and CI12 had high
sequence identity up to the beginning of the capsid region
where the sequence identity was considerably lower. These
results are easily explained by a recombination event, a
single point recombination event occurring at the poly-
merase-capsid junction. At the end of the polymerase
region, there were 44 nt, which included the first 8 nt of the
capsid gene and showed 100% homology. After these
nucleotides, the identity decreased and was clearly differ-
ent, as shown in Figure 1B. This conserved region may
represent the break and rejoin site for Mc10 and C12 dur-
ing viral replication, although direct evidence for this
event is lacking.

A sudden drop was indicated, followed by a rise in
nucleotide identity between nt 6,250 and 6,500
(Figure 1B). Although our initial hypothesis was that
another recombination event occurred, closer inspection
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indicated that this region corresponded to amino acids 358
and 440 for the capsid protein and likely represented the
hypervariable region, as described recently in the structur-
al analysis of sapovirus capsid protein (12). For recombi-
nant norovirus strains, we also observed a sudden decrease
in nucleotide identity in the related capsid region (13),
which represents the outermost protruding domain (P2)
and is subject to immune pressure (14). For these reasons,
a low homology, even between closely related strains, is
generally seen in this region (6), although further studies
by sequence analysis with other strains are needed.

In a recent study, we genetically and antigenically ana-
lyzed two recombinant norovirus strains (13). When the
polymerase-based grouping was performed, these two
strains clustered together; when capsid-based grouping
was performed, these two strains belonged in two distinct
genotypes. When we compared the cross-reactivity of
these two viruslike particles (VLPs) and hyperimmune
sera against the VLPs, we found distinct antigenic types
for the VLPs, although a considerable level of cross-reac-
tivity was found between them. We recently expressed C12
capsid protein that resulted in the formation of VLPs, but
we were unsuccessful in expressing Mcl0 VLPs (G.S.
Hansman, unpub. data); therefore the antigenicity of these
two strains remains unknown,

Jiang et al. (4) reported two potential parental norovirus
strains that were cocirculating in the same geographic
region (Mendoza, Argentina, in 1995), which provides
some evidence for where and when the recombination
event may have occurred. In addition, liang identified the
progeny strain from the event, the Arg320 strain. In our
study, Mcl0 and C12 were isolated from Thailand and
Japan, respectively, but we have no evidence for the place
and time of the event. While the genetic analysis for Mc10
and C12 identified a possible recombinant sapovirus
strain, the analysis does not clarify which of the two strains
was the parent strain and which was the progeny strain.
Further extensive studies are needed that perform
sequence analysis of polymerase and capsid genes and
compare results with analysis of other strains.
Nevertheless, other strains with capsid sequences that
closely match those of Mcl0 and C12 are in the public
database, which suggests the circulation of other recombi-
nant sapovirus strains.

Conclusions

Recombination and evolution are important survival
events for all living creatures as well as viruses. These
events in viruses are not completely understood, but they
can be potentially dangerous for host species, and they
likely influence vaccine designs (15). From our studies, the
human sapovirus and norovirus recombination appears
limited to the intragenogroup because no intergenogroup
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or intergenus recombination has yet been identified and
recombination only occurs at the polymerase-capsid junc-
tion. Finally, the results of this study have increased our
awareness of recombination in the Sapovirus genus and
may have an influence on the future phylogenetic classifi-
cation of sapovirus strains.
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Human noroviruses (NoVs), members of the
genus Norovirus in the family Caliciviridae, are
the leading agents of nonbacterial acute gastro-
enteritis worldwide. Human NoVs are currently
divided into at least two genogroups, genogroup
| (Gl) and genogroup Il (GHl), each of which
contains at least 14 and 17 genotypes. To explore
the genetic and antigenic relationship among
NoVs, we expressed the capsid protein of four
genetically distinct NoVs, the GI/3 Kashiwa645
virus, the GlI/3 Sanbu809 virus, the GII/5
Ichikawa754 virus, and the Gll/7 Osaka10-25 virus
in baculovirus expression system. An antigen
enzyme-linked immunosorbent assay (ELISA)
with hyperimmune serum against the four
recombinant capsid proteins and characterized
previously three capsid proteins derived from G/
1, Gl/4, and GlI/12 was developed to detect the
NoVs antigen in stools. The antigen ELISA was
highly specific to the homotypic strains, allowing
assignment of a strain to a Norovirus genetic
cluster within a genogroup. J. Med. Virol.
76:128-136, 2005. © 2005 Wiley-Liss, Inc.

KEY WORDS: norovirus; ELISA; gastroenter-
itis; virus-like particle; calici-

virus

INTRODUCTION

Norovirus (NoV), a member of one of four genera in the
family Caliciviridae |Atmar and Estes, 2001; Green
et al., 2001a/, is a major cause of water and food-borne
acute nonbacterial gastroenteritis, and is composed of
many genetically distinct viruses. [Kapikian, 1994

© 2005 WILEY-LISS, INC.

Kapikian et al., 1996; Estes et al., 1997]. The detection
and molecular characterization of NoV have been
hampered due to the lack of cell culture and small
animal models [Duizer et al., 2004]. However, recent
progress in molecular cloning and the sequence deter-
mination of RNA-dependent RNA polymerase and
capsid protein genes of the NoVs has enabled us to
classify NoVs into at least two genogroups: genogroup I
(GD) and genogroup II (GII) [Green et al., 2001b}. In a
previous study, a scheme for genotyping based on the N-
terminal capsid protein was demonstrated [Katayama
et al.,, 2002], and a recent report proposed that GI and
GII contain at least 14 and 17 genotypes, respectively
[Kageyama et al., 2004}.

The NoV contains a single-stranded positive-sense
RNA genome of 7.6 kb excluding the poly-A tail that
encodes three open reading frames (ORFs) [Jiang et al.,
1993; Lambden et al., 1993}. ORF1 encodes a nonstruc-
tural polyprotein, which is cleaved into functional
proteins by a virus-encoded 3C-like protease, and
ORF2 and ORF3 encode the major capsid protein VP1
and minor capsid protein VP2, respectively [Jianget al.,
1992; Glass et al., 2000]. When the ORF2 gene alone
or the 3’ end of 2.3 kb, including ORF2, ORF3, and the
3’ noncoding region is expressed by a recombinant
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baculovirus, the recombinant protein spontaneously
self-assembles into virus-like particles (VLPs) which
are antigenically and morphologically similar to the
native virion |Jiang et al.,, 1992, 2002; Lew et al.,
1994a,b; Dingle et al., 1995; Hale et al., 1999; Kobayashi
etal,,2000a,b,c; Belliot et al., 2001}. The VLPs have been
used successfully for in structural studies | Prasad et al.,
1994, 1999], as well as the development of enzyme-
linked immunosorbent assay (ELISA) for serological
diagnosis of NoV infection [Gray et al., 1993; Green et al.,
1993; Parker et al., 1993, 1994, 1995]. Though antigen
ELISA using hyperimmune antisera raised against the
VLPs has been developed to detect NoV in stools
[Graham et al.,, 1994; Jiang et al., 1995a,b,c; Hale et al.,
1999], the sensitivity is low due to the ability of the
ELISA to detect only strains closely related to one used
to produce the hyperimmune serum [Numata et al,,
1994; Jiang et al., 1995ab,c]. The expression of
antigenically distinct more VLPs and the preparation
of antisera to them are needed to clarify the antigenic
relationship among NoVs.

The expression of four capsid proteins from the GI/3,
GI1/3, GII/5 and GII/7 NoVs and the preparation of the
VLPs are described and the antigenic relationship
among seven VLPs, including three NoV VPLs from
GI/1, G1/4, and GII/12 prepared previously [Kobayashi
et al., 2000a,b,c], and the detection of NoVs in fecal
specimens by using an ELISA are described.

MATERIALS AND METHODS

Viruses, RT-PCR, and molecular cloning. Hu/NV/G1/
Kashiwa645/1999/JP (Kashiwa645, sequence accession
number BD011871), Hu/NV/GII/Sanbu809/1998/JP
(Sanbu809, BD011876), and Hu/NV/GIl/Ichikawa745/
1998/JP (Ichikawa745, BD011877) were associated with
outbreaks of acute gastroenteritis as reported by the
Kashiwa, Sanbu, and Ichikawa Health Centersin Chiba
prefecture, Japan in 1989-1999. Hu/NV/GII/Osakal0-
25/1999/JP (Osakal0-25, BD011881) was associated
with an outbreak of acute gastroenteritis in Osaka
Prefecture, Japan, in 1999. Stool samples containing
these viruses were homogenized in phosphate buffered
saline (PBS), and a 10% suspension was prepared. After
centrifugation at 3,000g for 10min, the supernatant was
used for RNA extraction with Trizol™ (Gibco BRL,
Gaithersburg, MD) [Kobayashi et al., 2000a]. The cDNA
synthesis was performed with an oligo-dT15 (Promega
Co., Madison, WI) and reverse transcriptase from the
Molony murine leukemia virus (Gibco BRL) as described
by Green et al. [1997]. An approximately 1.6 kb
fragment that encodes the entire VP1 of Kashiwa645,
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Sanbu809 and Ichikawa745, and a 2.3 kb fragment that
encodes the VP1, VP2, 3 noncoding region, and poly-A of
Osakal0-25 were amplified with the primers shown in
Table I. The PCR was performed in 100 pl of the reaction
mixture containing 2.5 U of Takara Ex Taq (TaKaRa
Shuzo Co., Ltd., Kyoto), 10 ul of 10 x PCR buffer, 8 ul of
256 mM dNTPs, 1 pl of 50 uM of each primer, and 5 pl of
cDNA. After an initial denaturation at 94 C for 5 min,
35 cycles of amplification were performed using the
GeneAmp PCR System 9600 (PE Biosystems, Foster
City, CA). Each cycle consisted of denaturation at 94°C
for 1 min, primer annealing at 55°C for 1 min, and
extension reaction at 72°C for 2 min followed by final
extension at 72°C for 7 min. The amplified fragments
were cloned into a pCR2.1 plasmid (Invitrogen, San
Diego, CA). The nucleotide sequences were determined
with an ABI PRISM 310 Genetic Analyzer (Applied
Biosystems, Foster City, CA) and phylogenetically
analyzed as described previously [Katayama et al.,
2002; Kageyama et al., 2004].

Recombinant VLPs

The amplified fragment was isolated from the vector
by digestion with the appropriate restriction endonu-
cleases, and inserted into a baculovirus transfer vector
pVL1392 (Pharmingen, San Diego, CA), which was used
to cotransfect the Sf9 cells (Riken Cell Bank, Tsukuba}
with linearized wild-type Autographa californica
nuclear polyhedrosis virus DNA (Pharmingen) by the
lipofectin-mediated method, as described by the manu-
facturer (Invitrogen). Recombinant baculoviruses thus
obtained were selected by two rounds of plaque
purification and used to prepare the seed viruses. Tnb
cells (Invitrogen) were infected with the seed virus at a
multiplicity of infection (m.o.i.) of 10, incubated at
26.5°C, and the culture medium was harvested at 5—
6 days post infection (p.i.). Leupeptin 10 uM (Sigma
Chemicals, St. Louis, MO) and 2 uM pepstatin A (Sigma
Chemicals) were added to the medium at 3 days p.i. The
expression of the recombinant protein in the medium
was monitored by sodium dodecyl sulfate-10% polyacry-
lamide gel electrophoresis (SDS—PAGE) followed by
staining with Coomassie brilliant blue. The culture
medium was clarified by centrifugation at 10,000g for
30 min, and then the VLPs in the supernatant were
concentrated by centrifugation at 100,000g for 4 hr in a
Beckman SW27 rotor. The pellet was resuspended in
Grace’s medium (DIFCO, Franklin Lakes, New Jersey)
and examined by electron microscopy (EM). The VLPs
were further purified by CsCly equilibrium gradient
density gradient centrifugation at 100,000g for 24 hr at

TABLE 1. Primer Sequences

NoV Forward primer Reverse primer

Kashiwa 645 G1/F2 (5-AATGATGATGGCGTCTAAAGGA-3) T07R1 (5'-"TGAGCCATTATGATCTTCTGATGC-3')

Sanbu 809 G2/F3 (5'-TTGTGAATGAAGATGGCGTCGA-3) MVR1 (5-AATTATTGAATCCTTCTACGCCCG-3')
Ichikawa 754 G2/F3 (5'-TTGTGAATGAAGATGGCGTCGA-3") SMVRL1 (5-AATTACTGAACCCTTCTACGCCCATTTC-3")
Osaka 10-25 G2FCR7 (5'-ATGAAGATGGCGTCGAATGACG-3') Oligo-dT(33)
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16°C. The purified VLPs were used to immunize the
animals.

Hyperimmune Sera

Hyperimmune sera to recombinant Kashiwa645
VLPs (r645), Sanbu809 VLPs (r809), Ichikawa754 VLPs
(r754), and Osakal0-25 VLPs (r10-25) were prepared in
rabbits. The first subcutaneous injection was performed
with the purified 500 g VLPs in Freund’s complete
adjuvant. After 3 weeks, the animals received two or
three booster injections of 250 pg of the VLPs in Freund’s
incomplete adjuvant at intervals of 1 week. The animals
were bled 1 week after the last booster injection. The
antibody titers of rabbit hyperimmune sera to VLPs
were tested in parallel by an indirect ELISA, as
described previously for rSeto 124 VLPs {Kobayashi
et al., 2000b] except that a VLP concentration of 0.5 pg/
mi was used to coat the ELISA plate. ELISA titers were
expressed as the reciprocal of the highest dilution of
antiserum giving an optical density (OD) at 450 nm
of >0.2.

Antigen ELISA

An antigen detection ELISA was developed using the
rabbit hyperimmune sera to four recombinant capsid
proteins (r645, r809, r754, and r10-25), and three
previously characterized VLPs, Seto 124 VLPs (rSeto)
[Kobayashi et al., 2000b], Chiba 407 VLPs (rChiba)
[Kobayashi et al., 2000a}, and Chitta 1876 VLPs (rChitta)
[Kobayashi et al., 2000¢c}. Microtiter plates (96-well)
(Maxisorp, Nune, Denmark) were coated with 100 nl
(0.5 pg of IgG/ml) of the rabbit preimmune (1:8,800
dilution) or hyperimmune sera (1:8,800—12,000 dilu-
tions) in a coating buffer (0.05M carbonate-bicarbonate
buffer, pH 9.6) overnight at 4°C. The well was washed
twice with PBS containing Tween 20 (PBS-T), and then
blocked with 0.5% bovine serum albumin in PBS
overnight at 4°C. One-hundred microliter of a 10% stool
sample was added to the well and incubated 1 hr at room
temperature. After washing the well four times with
PBS-T, 100 ul of peroxidase-conjugated rabbit anti-
serum to VLPs were added to the well and incubated for
1 hr at room temperature. The microplate was washed
four times with PBS-T, and then 100 pl of substrate,
tetrametyl bentijin (TMB), was added. The plate was left
for 30 min at room temperature, and the reaction was
stopped with 100 ul of 0.6N HyS0O,. The OD,50 value of
the reactions at both the hyperimmune and preimmune
sera was measured. The sample was considered positive
when the difference between the ODysy values for
the hyperimmune and preimmune sera was >0.15 and
the ratio was >2 [Kobayashi et al., 2000c].

Detection of NoV in Stool
Specimens by RT-PCR

Extraction of viral RNA from the stools and ¢cDNA
synthesis were performed as described above. A forward
primer G1F1 and a reverse primer G1R1 were used to
amplify the N-terminal VP1 of GI NoV, and a forward
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primer G2F1 and a reverse primer G2R1 were used to
amplify the same region of the GII NoV as previously
described [Kobayashi et al., 2000c; Kojima et al., 2002].
The reaction was carried out in 50 pl of the solution
containing 1.25 U of Ex Taq polymerase (TaKaRa), 5 pl
of 10 x PCRbuffer (100 mM Tris-HCI, 15 mM MgCl,, 500
mM KC)), 5 ul of 25 mM deoxynucleotide mixture, 0.5 uM
of each primer, and 2 ul of ¢cDNA. After an initial
denaturation at 94°C for 5 min, 35 cycles of amplification
were performed using the GeneAmp PCR System 9600
(PE Biosystems). The nucleotide sequence and phyloge-
netic analyses were performed as described above.

Phylogenetic Analysis

Nucleotide sequences of the entire VP1 capsid protein
and N-terminal VP1 were aligned with Clustal X (http:/
www-igbme.u-strasbg.fr/BioInfo/). The genetic distances
were calculated by Kimura's two parameter method
{Kimura, 1980], and a distance matrix file was created
as described previously [Katayama et al.,, 2002]. The
phylogenetic dendrogram was constructed by the
neighbor-joining method [Saitou and Nei, 1987] with
1,000 times of bootstrap resampling [Feisenstein, 1985]
as described previously {Katayama et al., 2002].

Genome Sequences

The GenBank accession numbers of the entire VP1
sequences of the strains used in this study are as follows:
Aichi124-89 (Seto), accession no. AB031013; Alphatron,
AF195847;, Amsterdam, AF195848; Appalachicola,
AF414406; Arg320, AF190817; Auckland, U46039; M7,
AY130761; Birmingham, AJ277612; Boxer, AF538679;
Bristol, X76716; BS5, AF093797; Burwash Landing,
AF4144925; Camberwell, AF145896; Chiba, AB022679;
Chitta, AB032758; Desert Shield, U04469; Dijon,
AF472623; Erfurt, AF427118; Florida, AF414407,
Girlington, AJ277606; Grimshy, AJ004864; Gwynedd,
AF414408; Hawaii, U07611; Hillingdon, AJ277607;
Honolulu, AF414403; Hesse, AF414406, IdahoFalls,
AY054299; Kashiwad7, AB078334; LittleRock;
AF414405; Leeds, AJ277608; Manchester, X86560; Mex-
ico, U22498; Melksham, X81879; Miami, AF414410;
Musgrove, AJ277614; NewOrleans, AF414422; Nor-
walk/68, M87661; QueenArms, AJ313030; SaintCloud,
AF414427; SaitamaUl, AB039775; SaitamaUls6,
AB067539; SaitamalU25, AB067543; Saitama SzUGI;
AB039774, Seacroft, AJ277620; Sindlesham, AJ277615;
Snow Mountain , U70059; Southampton, 1.07418; Sta-
vanger, AF145709; Toronto, U02030; Valetta, AJ277616;
Virginia, AY038599; White River, AF414423; WhiteRose,
AJ277610, Winchester, AJ277609; Wortley, AJ277618;
Mc37, AY237415, WUG1, AB081723, Kashiwa 645,
BD011871, Sanbu 809, BD011876, Ichikawa 754,
BD011877, and Osaka 10-25, BD011881.

RESULTS

Characterization of Four NoV Strains

To classify genetically the four NoVs, the entire VP1
genes were amplified by RT-PCR and the nucleotide

—107—



132

Kamata et al.

Genotype
GUTAI2TT609Winchester/Q4/UK = = = = = = G177
GUIOAFS38679Boxer/0l/HS = = = = =+ GJ/10
0.05 GYAL04469DesertShic kDS V 305
BDOI87 1 Kashiwa645/99/)P
ARTIGUBinminghanv93/UK o o o o o 1
1060 AT HST0YS v imgerDS/NO GU3
AF4 14403 LittleRock/3 16/94/US
AFIT4403Hono It/ 21 9/92/U8
1000 GUOBSSOSIDE = = = = e o o= oo e (G1/6
AJ27761 58 indlestran/9S/ K } - = GV8
1000 GI/SABOS1723W UG LO0/IP
10w [ AJ27761 0WhiteRose/96/UK } ———- GI2
= GU2LO7418Southampton/91 /UK -
. ART7616Valoitw/95/Malta
1000 AT4144H02NewOrlcans/266/93/US - GU4
AII30300Queen s Arms/LeedsA2/U
GUHABOI2S08Chibad07/87/IP
GIYOABOIOT74SaitamaS2UGLo9p = = = = G1/9
GYSAI2TT614Musgrove/89/ UK === G5
1000 AR$14400 AppalachRay/3 ROS/LS
GIIMB7661Norwalk/65/US -——- G
1000 ABOI013Aichi 1 24/89/0P_Seti. ¥
1000 16339 Auchland/ 94/ AL
1000 '—‘EIfZZJOK:\ACML'@/S‘)/.\AX
C02030Toronto24/9 /CA - e o= (G]]/3
BDO11876Sunbus9/98/p |
1000 Y= AT 190817 Arg320/05/AR
1060 ABOATS39Swilamati 1 6/98/1P
AJ277620Seacroft UK } el € § 1/
1600 AF414407Florida/269/93/US
T ABO7RIMKashiwad7/000p = = = = = = = G{[/14
FGIVIOAY 23741 SMe 37/997 T hai } - - GIV10
Lo00 ATA27 11 SEfurt/S46/00/CE
— [ GUMellshanSOUK } - GII2
Li700598nowMamtain/76/1:8
BDO1187Tchihawa7S4/98/JP |
1000 AR77607THillingdonS0/UK === GIUS
e AFS14423WhiteRiver/290/94/US
1o0n AJ27T615Wonley/90/UK
GIV/I2ABN39775Saitamal: 1/97/IP === G2
Loon™ ABUR2TSRChit W Aichi76-96/96/5P
GIVILOT6 ] HHawail/7HUS
‘um—(_—Dummmcirnngu-,.n/os/m\' } - G/
1000 AP 1441 6Maiami/292/94/Us
L"”(’—ij[mm18810531‘310-25/99/.11‘ [} ————— CIVT
ATIT760RLeed OOIUTR
o o GI/IBAYI076IMIOULS = = = == = = =~ GT[/13
AYOS4299KhoFally/ 3TS/96/US —— == GII/Y
AY03IS599Virginia207/97/U8
AF193848 Amsterdan/98/NE o o o e . 3
1000 ABO6T3438aitamali23/98/1P } GIV8
1000 AJOO4RI6GHMsby/9S/UK
[AH?Z(JQSDi ijon 1 7196FR
AF414425BurwashLanding/331/95/48 == Gil/4
oo [ GIIXT67 16Brsol 931K
AF145890Camberwell/9O4/AU

£ AF414427SaintCloud/624/98/US

1060

Fig. 1. Phylogenetic tree of NoVs based on entire VP1 nucleotide
sequences. The numbers on each branch indicate the bootstrap values
for the clusters supported by each branch. Cryptograms indicating the
accession number/location or strain name/(isolate)/year/country are
given for the strains. Putative genotypes are indicated for each cluster.

sequence was determined. The phylogenetic analysis of
these viruses and representative NoVsisshownin Fig. 1.
Kashiwa 645 was close to Birmingham/93/UK and
classified into GI/3 where Desert Shield/90/US is the
representative strain. The other three strains had
higher nucleotide sequence identities to GII than to
the GI NoVs. Sanbu 809 was classified into GII/3 with
the Toronto/93/CA and Mexico/89/MX viruses. Ichikawa
754 belongs to the GII/5 Hillingdon/90/UK genotype,

F---- et

The names Gl/1 to GI/10, and GI1/1 to G11/17, with the exception of G11/
11, GI/15, and G1I/16, are from our previous study | Katayama et al.,
2002|. The complete sequences of VP1 of GII/11, GI1/15, and G11/16 are
not available. The four NoVs characterized in this study are shown in
boldface and boxed.

b AF19584 TAIpharon/98/NE

whereas Osaka 10-25 was classified into GII/7 with the
Leeds/90/UK virus.

Expression of the Capsid Proteins
in Insect Cells

Tnb cells (Tn5) were infected with the virus at m.o.i.
10, and the cells were incubated at 26.5 C[Liet al., 1997;
Kobayashi et al., 2000a,b,c]. The expressed recombinant
proteins were analyzed by 10% SDS—-PAGE. A major
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protein band with a molecular mass of 58—60 kDa was
observed in the infected cells 2 days p.i., and the
expression reached to a maximum 6 days p.i. The size
of the proteins were in agreement with the molecular
mass calculated from the 545, 548, 540, and 541 amino
acids of Kashiwa 645, Sanbu 809, Ichikawa 754, and the
Osaka 10—-25 capsid proteins, respectively. The super-
natant was collected at 6 days p.., centrifuged at
100,000g for 2 hr in a Beckman TLA-45 rotor, and then
the pellet was examined by EM. Uniform, round-shaped
empty VLPs with a 38 nm diameter were observed at
over 100 particles per EM field at a magnification of
20,000x (data not shown).

Antigenic Relationships of Newly Expressed
Four VLPs With Previously Characterized
Three VLPs

Rabbit hyperimmune antisera raised against purified
r645, r809, r754, and r10--25 had titers as high as
1:409,600—1:819,200. The hyperimmune serum was not
adsorbed with the wild baculovirus-infected Tn5 cell
lysate, because the OD values in the antibody ELISA
were negligible even when 0.5 jig protein/ml of the lysate
was used to coat the microplate wells (data not shown).

The antigenic relationship of the four NoV strains was
examined with three previously characterized VLPs
(Table II). The highest antibody titers were detected in
hyperimmune sera against homologous recombinant
capsid antigens for all seven strains. Although variable
cross-reactivity was detected among different recombi-
nant antigens, higher cross-reactivity was observed
with the intra-genogroup strains than with the inter-
genogroup strains. For example, GI Kashiwa 645 is
genetically closer to two GI NoVs, Seto 124, and Chiba
407, than the other four GII NoVs. The anti-r645
hyperimmune serum had higher antibody titers to rSeto
and rChiba than to the other four GII VLPs. The
hyperimmune sera to rSeto and rChiba also had higher
antibody titers to the other two GI VLPs than fo the
other four GII VLPs. Conversely, the four GII NoVs were
genetically closer to each other than to the three GI
NoVs, and each GII hyperimmune serum had a higher
antibody titer to the other three GII VLPs. Thus, NoVs

133

in the same genogroup were not only genetically but also
antigenically closer to one another than to those in the
different genogroup.

To test further the specificity of hyperimmune serum
to seven recombinant capsid proteins, an antigen ELISA
was developed. In this experiment, hyperimmune sera
(50 ng/well) were used to coat microplate wells to
capture the recombinant VLPs. As shown in Table III,
the OD values in the homologous reaction decreased in a
dose-dependent manner. Little cross-reactions between
different genotypes were observed. In contrast, high
sensitivity was found in the homologous reactions
although the limit of detection is 0.4 ng/ml as observed
in the reaction with rChiba and r809, and this cor-
responds to 2.5 x 10° particles of NoVs.

Detection of NoV Antigen in Stool Specimens

To test the performance of the antigen ELISA, NoVs
detection was carried out with stool specimens from
acute gastroenteritis patients. Microplates were coated
with the rabbit preimmune or hyperimmune sera to
capture the antigen in the stool specimens, and per-
oxidase-conjugated antiserum was used as the detector
antibody. In control experiments, antisera against
recombinant VLPs efficiently captured at least 4 ng of
the homologous antigen but not the heterologous
antigen (Table III). The preimmune sera did not capture
any of the VLPs at any concentration (the OD value was
usually lessthan 0.05). Two to three representative stool
specimens were selected from outbreaks associated with
the GI/1, GI/3, GI/4, GII/3, GII/5, GII/7, and GII/12
genotypes to evaluate the antigen ELISA. All specimens
were positive by RT-PCR targeting the N-terminal
capsid region, and the amplified fragments were
genotyped by sequencing analyses followed by phyloge-
netic analyses (Table IV). All hyperimmune sera except
GI/1 Seto reacted only to the homologous genotype
samples. In Seto virus detection, all three GI/3 and one of
the three GI/4 samples were positive by ELISA.
Interestingly, stool samples 98-MC4 (Gl/1) and 2000K-
518 (GI/3) were negative by EM but positive by the
ELISA, suggesting that the antigen ELISA established
in this study is capable of detecting disrupted NoV

TABLE II. ELISA Titers of Seven Hyperimmune Antisera Against VLPs

Hyperimmune sera against VLP antigens

VLPs* G1/1 Seto GI/3 645 G1/4 Chiba  GII/3 809 GII/5 754 GII/7 10-25  GI¥/12 Chitta
GI/1 rSeto 819200° 25600 12800 200 12800 1600 3200
G1/3 ré45 102400 819200 25600 400 12800 6400 6400
Gl/4 rChiba 102400 25600 819200 800 6400 6400 6400
GII/3 r809 25600 6400 6400 819200 51200 51200 25600
Gll/5 r754 25600 6400 3200 25600 819200 25600 51200
GII/7 r10-25 12800 12800 6400 25600 51200 819200 25600
GII/12 rChitta 25600 1600 1600 25600 51200 25600 409600

"Four VLPs: 1645, r809, r754, and r10-25 and their hyperimmune sera were prepared in this study, and three VLPs: rSeto, rChiba, and rChitta and
their hyperimmune sera were prepared in our previous studies| Kobayashi et al., 2000a,b,cl. .
bELISA titers were expressed as the reciprocal of the highest dilution of antiserum giving an optical density (O1)) at 450 nm of =0.2. Homologous

titers are shown in boldface.
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TABLE 1. Reactivity Between VLPs and Hyperimmune Antisera as Determined by Antigen ELISA

Hyperimmune sera

VLPs (ng/mL) GI/1 Seto GI/3 645 Gl/4 Chiba  GI1/3 809 GII/5 7564  GII/7 10-25  GII/12 Chitta

rSeto 40 4.007 0.075 0.063 0.011 0.010 0.012 0.011
4 1.430 0.034 0.023 0.009 0.011 0.014 0.010

0.4 0.192 0.028 0.023 0.009 0.010 0.013 0.011

0 0.010 0.028 0.013 0.008 0.011 0.012 0.011

r645 40 0.173 3.235 0.047 0.009 0.014 0.010 0.020
4 0.061 0.893 0.035 0.010 0.010 0.009 0.013

0.4 0.023 0.114 0.010 0.009 0.011 0.010 0.013

0 0.010 0.030 0.010 0.009 0.014 0.010 0.015

r Chiba 40 0.1056 0.034 4.259 0.009 0.012 0.010 0.011
4 0.048 0.029 1.408 0.010 0.011 0.013 0.010

0.4 0.011 0.026 0.209 0.010 0.010 0.010 0.010

0 0.011 0.026 0.026 0.009 0.011 0.010 0.010

r809 40 0.060 0.028 0.023 3.650 0.075 0.056 0.066
4 0.018 0.031 0.010 1.271 0.029 0.023 0.024

0.4 0.013 0.034 0.007 0.209 0.015 0.013 0.014

0 0.012 0.032 0.010 0.008 0.012 0.010 0.016

1754 40 0.011 0.030 0.025 0.014 3.994 0.041 0.083
4 0.010 0.028 0.024 0.010 1.329 0.020 0.039

0.4 0.010 0.029 0.025 0.010 0.184 0.012 0.015

0 0.011 0.031 0.025 0.009 0.011 0.010 0.016

r10-25 40 0.018 0.049 0.025 0.016 0.107 4.326 0.100
4 0.015 0.048 0.027 0.011 0.049 1.343 0.058

0.4 0.010 0.038 0.025 0.010 0.017 0.160 0.021

0 0.010 0.037 0.027 0.010 0.010 0.011 0.010

r Chitta 40 0.014 0.034 0.030 0.011 0.061 0.019 3.356
4 0.011 0.031 0.026 0.010 0.022 0.012 0.819

0.4 0.013 0.032 0.025 0.009 0.013 0.012 0.124

0 0.014 0.024 0.024 0.009 0.012 0.011 0.025

Thereaction was considered to be positive when the difference between the OD, 5 values for the hyperimmune and preimmune sera was :-0.15 and
the ratio was :-2. Positive reactions were shown in boldface.

TABLE IV. Detection of NoV Antigens in Fecal Specimens by Antigen ELISA

Hyperimmune sera

GI/1 Gl1/3 Gl/4 GII/3 GI1/5 GH/7 GII/12
Fecal
Samples Seto 645 Chiba 809 754 10-25 Chitta EM RT-PCR  Genotype
2000K-600 1.921° 0.052 0.028 0.015 0.013 0.016 0.014 N/AP | GI/1
98-MC3 1.407 0.155 0.060 0.023 0.017 0.018 0.018 i { GIn1
98-MC4 0.596 0.086 0.056 0.029 0.017 0.018 0.017 - + Gl/1
2000K-514 0.498 1.521 0.035 0.029 0.015 0.017 0.017 4 + Gl/3
2000K-518 0.225 0.597 0.033 0.017 0.012 0.015 0.016 - + Gl/3
Sel 0.450 2.641 0.029 0.016 0.012 0.015 0.015 N/ 4 Gl/3
2000K-691 0.038 0.040 © 0.446 0.017 0.013 0.015 0.015 } + Gl/4
2000K-694 0.358 0.080 4.899 0.049 0.016 0.016 0.017 + 4 Gl/4
96-844 0.166 0.071 2.171 0.017 0.014 0,015 0.017 + 4- Gl/4
98K-826 0.022 0.051 0.065 1.369 0.016 0.039 0.066 + b GI1/3
98K-836 0.018 0.037 0.032 1.296 0.015 0.042 0.030 ¢ i GII/3
98-249 0.016 0.063 0.030 1.083 0.020 0.043 0.034 +- i G11/3
95-277 0.016 0.034 0.023 0.015 1.696 0.024 0.029 i I GII/5
00-683 0.011 0.036 0.031 0.090 0.428 0.012 0.018 ¥ t GII/5
00-684 0.012 0.025 0.015 0.039 2.994 0.041 0.136 4 : GIl/b
599-75 0.037 0.041 0.071 0,101 0.147 0.426 0.168 N/A + G11/7
S599-21 0.008 0.021 -0.035 0.021 0.082 1.712 0.010 N/A + G1/7
98-41 0.021 0.035 0.031 0.023 0.013 0.028 1.433 | i Gli/12
98-2345 0.019 0.037 0.026 0.020 0.013 0.023 0.453 F t GII/12
99-1007 0.021 0.055 0.036 0.130 0.014 0.031 2.722 i i GIi/12

#The reaction was considered to be positive when the difference between the OD ;5 values for the hyperimmune and preimmune sera was >0.15
and the ratio was >»2. Positive reactions were shown in boldface.

"Not applicable.
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antigen, although the titers were relatively low even in
the homologous reaction. Another possible (even more
likely) explanation is that the antigen ELISA is more
sensitive than EM as described previously [Graham
et al., 1994].

DISCUSSION

This study describes the cloning, sequencing, and
expression of the capsid proteins of four currently
circulating NoV strains and their genetic and antigenic
relationships with three previously characterized
strains. The phylogenetic analyses indicated that these
seven strains belong to GI/1, GI/3, GI/4, GII/3, GII/5,
GI1/7, and GII/12. In contrast to the rapid accumulation
of information for genetic diversity, at least 14 in the G1
and 17 in the GII genotypes, studies on the determina-
tion of antigenic type have been relatively slow
[Kageyama et al., 2004]. This is because generation of
the VLPs antigen is not an easy task, and a comparative
study with a panel of a large number of VLPs antigens
and their antisera is difficult to be performed at the
moment. Continued preparation and characterization of
more VLPs antigens and their hyperimmune sera are
highly useful to refine the panel.

Although the seven antigenic types were distinguish-
able by the hyperimmune antisera generated against
the VLPs, low levels of cross-reaction were observed
among these strains when the antibody ELISA was
used. Because no NoV specific antibody was detected in
the preimmune animal sera, the cross-reactive anti-
bodies in the hyperimmune antisera originated from
common antigenic epitopes among NoVs. In fact,
Kitamoto et al. [2002] obtained not only genogroup-
specific, but also common cross-reactive monoclonal
antibodies (MAbs) for four GI and six GII VLPs. Further
characterization of antigenic epitopes using MAbs for
the antigenic type-specific diagnosis of NoVisneeded. In
antibody ELISA (Table II), higher responses were
observed between the intra-genogroup strains than
between the inter-genogroup strains. This observation
is worth noting, because it indicates that GI and GII are
not only genetically, but also antigenically distinct.

Previous observations of the immune responses of
patients involved in outbreaks have also explained the
common antigenic epitopes. Immune responses to
multiple antigenic types, most of which were caused by
a single NoV strain, are often detected in outbreaks of
gastroenteritis [Vipond et al., 2004]. Higher responsesto
homotypic than to heterotypic strains may allow us to
make a seroresponse-based diagnosis of NoV infection.
Indeed, we recently identified a GII/4 infection in a
hospital based on the immune responses of the patients
(data not shown).

As has been shown in the case of the Norwalk virus,
Mexico virus, Grimsby virus, Seto virus, Chiba virus,
and Chitta virus, the antigen ELISA for NoV was highly
genotype-specific [Numata et al., 1994; Hale et al., 1996,
1999; Kobayashi et al., 2000a,b,c}. Further generation of
VLPs antigens and hyperimmune sera against each
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genotype VLPs and the subsequent development of both
antibody and antigen ELISAs are necessary for the
detection of NoVs, for the antigenic relationship among
NoVs, and for the classification of NoVs.
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The most intensively studied rotavirus strains initially attach to cells when the “heads” of their protruding
spikes bind cell surface sialic acid. Rotavirus strains that cause disease in humans do not bind this ligand. The
structure of the sialic acid binding head (the VP8* core) from the simian rotavirus strain RRV has been
reported, and neutralization epitopes have been mapped onto its surface. We report here a 1.6-A resolution
crystal structure of the equivalent domain from the sialic acid-independent rotavirus strain DS-1, which causes
gastroenteritis in humans. Although the RRV and DS-1 VP8* cores differ functionally, they share the same
galectin-like fold. Differences between the RRV and DS-1 VP8* cores in the region that corresponds to the RRV
sialic acid binding site make it unlikely that DS-1 VP8* binds an alternative carbohydrate ligand in this
location. In the crystals, a surface cleft on each DS-1 VP8* core binds N-terminal residues from a neighboring
molecule. This cleft may function as a ligand binding site during rotavirus replication, We also report an escape
mutant analysis, which allows the mapping of heterotypic neutralizing epitopes recognized by human mono-
clonal antibodies onto the surface of the VP8* core. The distribution of escape mutations on the DS-1 VP8*
core indicates that neutralizing antibodies that recognize VP8* of human rotavirus strains may bind a

conformation of the spike that differs from those observed to date.

Rotavirus is the most important cause of severely dehydrating
childhood gastroenteritis worldwide (37). To prime the nonenve-
loped virion for host membrane penetration, intestinal trypsin
cleaves the rotavirus spike protein, VP4, into two fragments,
VP8* and VP5* (15). In some strains, VP8* mediates initial
attachment to target cells by binding cell surface sialic acid (SA)
(6, 16). In electron cryomicroscopy image reconstructions of tryp-
sin-primed, SA-dependent virions, the protruding part of the
spikes has approximate twofold symmetry (Fig. 1). It is tipped by
paired heads, separated by a smail gap (41, 44). The heads are
formed by a globufar. domain of VP8* (14). We refer 1o this
globular domain as the “VP8* core,” because it remains intact
following limit protease digestion of recombinant VP4 (12). VP5*
forms more virion-proximal parts of the spikes (Fig. 1) and has a
hydrophobic apex (13), which has been implicated as a potential
membrane penetration region (32). VP8* masks the hydrophobic
apex of VP5* on primed spikes (13). During cell entry, VP8*
probably separates from VP5*, exposing the hydrophobic apex
and allowing a fold-back rearrangement of VP5*. Some antibod-
ies that bind VP8* appear to neutralize virus by triggering un-
coating—the shedding of VP4 or its fragments and the coat pro-
tein VP7 (45). This mechanism of neutralization suggests that
conformational changes involving VP8* could trigger subsequent

* Corresponding author. Mailing address: Laboratory of Molecular
Medicine, Enders 673, Children’s Hospital, Boston, MA 02115. Phone:
(617) 355-3026. Fax: (617)730-1967. E-mail: dormitze@ crystal.harvard
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+ Supplemental material for this article may be found at http:/jjvi
.asm.org.
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entry events, such as VP5* rearrangement and outer-layer disas-
sembly. VP8* may also function intracellularly, binding intracel-
lular tumor necrosis factor receptor-associated factors to activate
cellular signaling pathways (28).

Although SA was the first rotavirus receptor identified
(2), most rotavirus strains do not, in fact, bind this receptor
during entry (6). None of the strains that are known to be
virulent in humans bind SA (6). Differences between SA-
dependent and SA-independent strains extend beyond the
ability or inability of their spike proteins to bind SA: SA-
independent strains are generally more fastidious in cell
culture than SA-dependent strains (40, 42), and although
SA-independent strains infect polarized epithelial cells from
either the apical or basolateral membrane, SA-dependent
strains enter only at the apical surface (4).

The VP8* core is an important target of neutralizing antibodies
against rotavirus (reviewed in reference 14). Some neutralizing
monoclonal antibodies (MADbs) that recognize this domain on
SA-dependent strains protect mouse pups from rotavirus diar-
rhea when present in the gut lumen (33). The VP8" core is the
major determinant of P serotype (which correlates reasonably
well with P genotype) for both SA-dependent and SA-indepen-
dent strains (22). Therefore, this domain contains key neutraliza-

tion determinants for both functional variants, While most VP4-

specific MAbs that necutralize SA-dependent rotavirus virions
map to the VP8* fragment, most VP4-specific MAbs that neu-
tralize SA-independent virions map to the VP53* fragment (re-
viewed in reference 25). It is not known whether this difference
reflects biological differences between SA-dependent and SA-

—113—



1514 MONNIER ET AL.

-

FIG. 1. The rotavirus VP4 spike. The Ca traces of the VP8* core
(white) and a globular domain of VP5* (yellow) from RRV are fitted
to the molecular envelope of the VP4 spike in an approximately 12-

-resolution electron cryomicroscopy image reconstruction of a primed
SA11-4F rotavirus virion. The arrow indicates the perspective of the
depictions in Fig. 3 and 4B.

independent strains or the use of different strategies to screen
hybridomas.

Although understanding the structure and function of SA-in-
dependent strains is particularly important for understanding and
preventing rotavirus gastroenteritis in humans, SA-independent
strains are less studied than SA-dependent strains. X-ray crystal
and nuclear magnetic resonance (NMR) solution structures of
the VP8” core of an SA-dependent simian rotavirus strain (RRV)
have been obtained (14), but neither electron cryomicroscopy-
based image reconstructions nor high-resolution structures are
available for any SA-independent strain. Therefore, the structural
basis for the differences in VP8 function is not known. Here, we
present the X-ray crystal structure of the VP8* core {rom rotavi-
rus strain DS-1, an SA-independent P genotype 4 strain that
causes gastroenteritis in humans. We also report neutralization
escape mutations of VP8* selected by two human monoclonal
antibodies derived from cDNA of B lymphocytes {rom naturally
infected humans. Mapping neutralization escape mutations onto
the DS-1 VP8* core structure suggests that VP8*-specific anti-
bodies that neutralize SA-dependent and SA-independent ro-
tavirus strains recognize different conformations of the spike
protein.

MATERIALS AND METHODS
Subeloning of the DS-1 and KU VP8* cores. Genes encoding the VP8* cores
of rotavirus strains DS-1 and KU were subcloned from recombinant baculo-
viruses that contain the full-length DS-1 and KU VP4 coding sequences (18).

J. VIROL.

Primers (o amplify the KU VP8* coding sequence were designed based on a
previously banked KU VP4 sequence (GenBank accession code M21014). The
sequence of the DS-1 VP8* core was determined from DNA amplified by PCR
from the recombinant baculovirus using primers complementary to sequences in
the BlueBac2 vector on either side of the VP4 coding sequence. The sequences
encoding KU and DS-1 VP4 residues 60 to 223 (the VP8* cores) were isolated
as PCR products with Xhol and Notl ends and with a potential trypsin cleavage
site just N terminal to residue 60. Each fragment was subcloned into the multiple
cloning site of a pGex 4T-1 vector (Amersham Biosciences) that had been
digested with Sall and Notl.

Expression and purification of recombinant VP8* cores. The RRV, DS-1, and
KU VP8* cores were expressed in Escherichia coli strain BL21 and purified as
described previously (14). Overnight cultures were diluted 1:100 in LB contain-
ing 0.1 mg/ml ampicillin and incubated at 37°C. When the cultures reached an
Apy of about 0.6, the temperalure was reduced to 25°C. After 30 to 60 min of
incubation al 25°C, isopropyl-B-p-thiogalactopyranoside (IPTG) was added to 1
mM. The cultures were then incubated for an additional 4 h at 25°C before being
harvested. Pelleted bacteria were lysed by sonication. The lysates were clarified
by centrifugation in a Tid4S rotor (Beckman) at 40,000 rpm for 2 h at 4°C. The
clarified lysates were passed over a glutathione-Sepharose column (Amersham
Biosciences), and the VP8* cores were cleaved from the bound glutathione
S-transferase (GST) tags by incubation on the column with 5 pg/ml tosylsulfonyl
phenylalanyl chloromethyl ketone-treated trypsin (Worthington Biochemical) in
TNC (20 mM Tris, pH 840, 100 mM NaCl, 1 mM CaCl,) for 2 h at room
temperature. The trypsin was removed from the released VP8* by passage over
a benzamidine-Sepharose column (Amersham Biosciences), and any residual
Lryptic activity was eliminated by the addition of 1 mM phenylmethyisulfonyl
fluoride and 2.5 mM benzamidine. The VP8* cores were further purified by size
exclusion chromatography on a Superdex 200 column (Amersham Biosciences)
in TNE (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA) at 4°C using a
fast-protein liquid chromatography system (Amersham Biosciences).

Crystallization, The DS-1 VP8* core crystallized in space group P1 with the
following unit cell purameters: ¢ = 42,42 A b=84.12 A, c=90.77 A, o = 90.03°,
B = 90.02°, and v = 75.54°. The crystals have a solvent content of 38.5%, and
each asymmetric unit contains eight VP8* cores, Crystals formed within | week
at 20°C in hanging drops, with i sample solution containing 5 to 10 mg/ml protein
in TNE-0.02% sodium azide-0.1 mM benzamidine, mixed 1:1 with a well solution
containing 20% polyethylene glycol 4000, 500 mM sodium chloride, 100 mM
sodium citrate, pH 5.6, and 3% ethanol or ethylene glycol. Harvested crystals
were soaked in a cryoprotectant solution containing 22% polyethylene glycol
4000, 550 mM sodium chioride, 100 mM sodium citrate, pH 5.6, 3% ethanol or
ethylene glycol, 15% glycerol and then frozen by rapid immersion in liquid
nitrogen.

X-ray diffraction data collection and processing. X-ray diifraction data were
collected at 100 K and a wavelength of 0.916 A using beam line F1 at the Cornell
High Energy Synchrotron Source. Diffracted X rays were detected by an ADSC
Quantum 4 charge-coupled device, Diffraction data were indexed, integrated,
and scaled using HKL2000 (HKL Research, Inc.). (For scaling statistics, see
Table 2.)

Structure determination and refinement. The DS-1 VP8* core structure was
determined by molecular replacement, using an initial phasing model based on
the previously determined structure of the SA-bound RRV VP8* core (14).
Rotation and translation solutions were determined using CNS (3). The
structure was refined by multiple cycles of simulated annealing, energy min-
imization, and individual B-factor refinement using CNS (3). The mode! was
rebuilt in O (24) using simulated annealing omit maps calculated in CNS (3)
to eliminate phasing bias {rom the molecular replacement model. The geom-
etry of the structures was analyzed using PROCHECK (29). (For refinement
statistics, see Table 2.)

NMR spectroscopy. Purified protein for NMR was prepared as described
above, except that size exclusion chromatography was carried out in 20 mM
sodium phosphate, pH 7.0-100 mM NaCl, and the resulting protein sample was
dialyzed into 20 mM sodium phosphate, pH 7.0-10 mM NaCl. The assayed
peptide was '*N labeled on valine and had the sequence TVEPVS, correspond-
ing to DS-1 VP4 residues 60 to 64 plus a C-terminal serine. To avoid competition
between the peptide and residues of the authentic N-terminal leader of the
unlabeled DS-1 VP8* core, residues 60 to 64 of the core were mutated to
SGSGG using PCR. Samples were made 10% in D,O for field locking. Spectra
were obtained at 25°C using a 500-MHz Bruker spectrometer equipped with a
cryoprobe. Two-dimensional ""N-"H heteronuclear single quantum coherence
spectra showed no change in the chemical shifts of the "N valines of the peptide
when (.29 mM DS-1 VP8* core was mixed with 0.1 mM peptide. NMR data were
processed using PROSA (20), and spectra were analyzed using XEASY (1).
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Structural analysis and figure production, Structure alignments were calcu-
lated using LSQKAB in CCP4 (7). Amino acid variability was calculated by
AMAS (30). To determine the accessibility of VP8* core surfaces for antibody
binding on trypsin-primed virions, the DS-1 VP8* core structure was aligned with
an RRV VP8* core structure that had been fitted to an approximately 12-A
electron cryomicroscopy-based envelope of trypsin-primed SA11-4F rotavirus
particles, contoured at 0.5 o, as previously described (13). The envelope and
fitted crystal structure were probed with the crystal structure of an Fab of a
human immunoglobulin G1(x) in complex with Lewis Y nonoate methyl ester
(Protein Data Bank accession code 1CLY) using O (23, 24). Residues that could
be brought into contact with any portion of the antigen-combining site were
scored as accessible. The figures were made using GRASP (34), MOLSCRIPT
(27), Mustrator {Adobe Systems, Inc.), and Photoshop (Adobe Systems, Inc.).

Selection of neutralization escape mutants. Rotavirus strain KU (30 pl; 3.6 X
10% PFU) was pretreated with trypsin (10 pg/ml) und mixed with 70 pl of purified
1-2H (200 pg/ml) or 2-3E (50 pg/ml) Fab in Eagle's minimum essential medium
(MEM). After 1 h of incubation at 37°C, the virus-antibody mixtures were
inoculated onto MA104 cell monolayers in 1 ml of Eagle’s MEM in roller tubes
(15 mm by 15 cm). After adsorption for 1 I, the monolayers were washed with
phosphale-buffered saline and then incubated in a rotator (RT-550; Taitec Inc.)
with 1 ml of Eagle’s MEM containing purified 1-2H (100 pg/ml) or 2-3E (25
pg/ml) antibody and trypsin (5 pg/mi). Cuitures were harvested 7 days after
infection. After three rounds of propagation in the presence of neutralizing
antibody, the selected viruses were plaque purified on CV-1 cells.

Sequencing of rotavirus variants. Full-length ¢cDNA encoding VP4 and VP7
was prepared by reverse transcription-PCR. Nucleotide sequences were deter-
mined directly from the PCR products using ABI Prism BigDye Terminator
Cycle Sequencing Ready Reaction Kits (PE Biosystems) with an automated
sequencer, the ABI Prism 310 Genetic Analyzer (PE Applied Biosystems). The
VP4-encoding genes of the two selected viruses each differed from the parental
gene by a single nucleotide substitution. The VP7-encoding genes contained no
mutations.

Protein structure and nucleotide sequence accession numbers. The atomic
coordinates and structure factor amplitudes for the DS-1 VP&* core have been
deposited in the Protein Data Bank under accession code 2AEN. Nucleotide
sequences have been deposited in GenBank with the following accession codes:
DS-1 VP8* core, DQI141310; KU VP4 clone 1, AB222784; M-KU-1-2H,
AB222785; M-KU-2-3E, AB222786.

RESULTS AND DISCUSSION

Expression, purification, and stability of rotavirus VP8* cores.
The VP8* core is a compact domain that presents conforma-
tional neutralizing epitopes. Our previously reported data
demonstrate that the RRV VP8* core (P genotype 3) can be
expressed in E. coli as a soluble GST fusion protein (14). After
glutathione affinity chromatography, the domain can be sepa-
rated from its GST tag by trypsin cleavage and purified by size
exclusion chromatography with high yield as a homogeneous,
protease-resistant, and very soluble protein (14).

We tested whether the VP8* core of an SA-independent
strain that causes gastroenteritis in humans has similarly favor-
able characteristics. When expressed and purified using the
protoco! developed for the RRV VP8* core, the DS-1 VP8*
core (P genotype 4) was obtained in good yield as a homoge-
neous, protease-resistant, soluble, pure protein (Fig. 2A and
Table 1). As assayed by size exclusion chromatography, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
matrix-assisted laser desorption ionization mass spectrometry,
and N-terminal sequencing, the RRV and DS-1 VP8* cores
remain intact, homogeneous, and soluble after storage at 4°C
for approximately 2 years (Fig. 2A, Table 1, and data not
shown).

This purification procedure is also effective at producing a
homogeneous VP8* core from a P genotype 8, SA-indepen-
dent rotavirus strain, KU (Fig. 2B and Table 1). Together, P
genotypes 4 and 8 cause more than 90% of human cases of
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FIG. 2. Size exclusion chromatography and SDS-PAGE of purified
VP§* cores. (A) Chromatograms of RRV (red) and DS-1 (blue) VP8*
cores, which were separated on a Superdex 200 10/30 column at 4°C in
TNE after storage for 2 years at 4°C in TNE with 0.02% sodium azide
and 0.1 mM benzamidine. The inset image of a Coomassie blue-
stained SDS-PAGE gel shows stored samples prior to chromatogra-
phy. (B) Chromatogram of a freshly prepared sample of the KU VP8*
core, which was separated on a Hi-Load Superdex 200 16/60 column at
4°C in TNE. The inset image of a Coomassie-blue stained SDS-PAGE
gel shows protein from the pooled peak fractions. Apparent molecular
masses that correspond to peak elution volumes are listed in Table 1.

rotavirus gastroenteritis in temperate climates (11). Although
the KU VP8* core is also very soluble, it is produced in rela-
tively low yield and undergoes substantially more degradation
and aggregation with storage than do the RRV and DS-1 VP8*
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TABLE 1. Biochemical characteristics of the RRV, DS-1, and KU VP8* cores
Value
Characteristic

RRV DS-1 KU
No. of rotavirus VP4 residues in construct 60-224 60-223 60-223
Predicted MW 18570.6 18738.3 18882.4
MW fresh 18592.8 18826.8 19104.4
MW after storage” 18568.2 18734.3 Multiple fragments
Length of storage (days) 798 718 767
Apparent mass (kDa)” 23.6 (after storage) 17.4 (after storage) 7.9 (fresh)”
Yield (mgfliter of bacterial culture)” 16 8.6 2.6
Solubility {mg/ml) =88 =39.1 =227

¢ Determined by matrix-assisted laser desorption jonization mass spectrometry.

" Based on elution volume by gel filtration chromatography (Fig. 2).

¢ This anomalously low apparent molecular mass probably results from affinity of the KU VP8* core for the chromatography medium.

/' Yield refers to the final purified VP8* core.

cores (Fig. 2B, Table 1, and data not shown). Thus, the bio-
chemical characteristics of the RRV and DS-1 VP8* cores
make them promising potential immunogens for use in recom-
binant rotavirus vaccines. The less favorable characteristics of
the KU VP8* core indicate that developing an antigenic cock-
tail of VP§* cores to completely cover the P types causing
human disease will require screening of additional strains and
possibly protein engineering.

Structural comparison of the DS-1 and RRV VP8* cores.
Using the X-ray crystal structure of the RRV VP8* core as an
initial phasing model for molecular replacement, we deter-
mined the X-ray crystal structure of the DS-1 VP8* core at
1.6-A resolution (see Materials and Mecthods) (Table 2). The
DS-1 VP8* core. like the RRV VP8* core. resembles the
galectins, a family of animal lectins, in its fold. It is built around
a central B-sandwich, with a B-hairpin (strands E and F)
packed against a six-stranded B-sheet and a C-terminal a-helix
packed against a five-stranded B-sheet (Fig. 3A). Each asym-
melric unit contains eight molecules of the DS-1 VP8* core.
There are no major conformational differences between the
cight molecules, which can be superimposed on each other
with an average root mean square deviation (RMSD)  between
Ca atoms of 0.26 A (not shown).

Although the DS-1 and RRV VP8* cores have only 45%
amino acid identity (for residues 65 to 224 of RRV and 65 to
223 of DS-1), they can be superimposed on each other with an
RMSD of 1.04 A for 159 equivalent Ca atoms (Fig. 3B). The
broad surface that is formed by the EF B-hairpin, strands H
and G of the six-stranded B-sheet, and strands J and K of the
five-stranded B-sheet is furrowed by two clefts (Fig. 3A to D).
Both clefts are wider in the DS-1 VP8* core than in the RRV
VP&* core (Fig. 3B). In the DS-1 VP8* core, the architecture
of the cleft corresponding to the RRV SA binding site, which
lies between the five-stranded and six-stranded B-sheets, is
extensively reworked (Fig. 3C to F). In the RRV VP8* core,
the R101 side chain amide makes key contacts with SA. It
‘projects from strand D to the floor of the binding site to form
a positively charged surface patch and makes bidentate hydro-
gen bonds to the glycerol group of the bound carbohydrate
(Fig. 3D and F). In the DS-1 VP8* core. phenylalanine re-
places arginine at this site and has a very different structural
role. F101 of DS-1 makes no contribution to the molecular
surface (Fig. 3C); instead. its aromatic ring forms part of a

hydrophobic core in the interface between the B-sheets (Fig.
3E). In the RRV VP8* core, the aromatic rings of Y155 and
Y 188 project out into solvent to form walls on either side of the
SA binding pocket (Fig. 3D and F). In the DS-1 VP8* core.
replacement of these residucs by R154 and S187 removes these
walls. In fact, the R154 side chain replaces the floor of the SA
binding pocket with a low ridge, as it stretches across the gap
between the six- and five-stranded B-sheets (Fig. 3C and E).
Although the structural data do not exclude the possibility that
an alternative carbohydrate ligand binds in place of SA in

TABLE 2. Crystallographic data collection and refinement statistics

Statistic Vulue

Data collection .
Resolution limit (A) ...

No. of unique reflections. 153,466

Redundancy” e s et 1.95 (1.72)

Completeness” (%) 96.8 (94.7)

Io" ... 17.2(3.4)

R (% 5.0 (37.6)
Refinement

No. of polypeptide chains ..., 8

No. of protein atoms .............

No. of water molecule

No. of glycerol molecul

No. of ethanol molecules ...

No. of amino acids with alternative
conformations ..

Residues in allowed regions of
Ramachandran plot (%) .. 100

Residues in most favored regions of

10,762
L1724

Ramachandran plot (%) 91.8
RMSD bond lengths (A) 1.011
RMSD bond angles (%) 1.31

Mean B value (A7)...........
RMSD main chain B (A?)......
Resolution range (

R factort . ..
Free R factort.

2491
1.019
14.9-1.6
0.158
00192

" Value for the highest-resolution shell is given in parentheses,

P Rygm = 2 — (DVEL () is the average intensily over symmetry-equivalent
reflections. .

R factor = (R0 = 1F gV SIF 0, where the summiations is over the
working set of reflections. For the free R factor, the summation is over the test
set of reflections (5% of the total reflections).
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FIG. 3. Comparison of DS-1 and RRV VP8* cores. (A) Ribbon diagram of the DS-1 VP8* core. Labeling of secondary-structure elements is
as previously described for the RRV VP8* core (14), except that strand BH, which splits into strands BH and BH' in RRV, is continuous in DS-1.
The EF B-hairpin is red, the six-stranded B-sheet is green, and the five-stranded B-sheet is blue. (B) Superimposed Co traces of the DS-1 VPg*
core (blue) and the RRV VP8* core (red). Residue Q135 of RRV, which lacks a structural equivalent in DS-1, is indicated. The blue and red
arrows indicate the widths of surface clefts, measured in A between Ca atoms of the labeled residues, for the DS-1 and RRV VP8* cores,
respectively. (C) Surface representation of the DS-1 VP8* core colored by electrostatic potential. Blue is positive; red is negative. The bound leader
of an adjacent molecule in the crystal is depicted with a ball-and-stick model. Residues in the space-filling model are labeled in white text boxes.
Residues in the ball-and-stick model are labeled in yellow text boxes. (D) Surface representation of the RRV VP8* core colored by electrostatic
potential. The bound sialoside is depicted with a ball-and-stick model. (E) Molecular details of the site in DS-1 VP8* that corresponds to the RRV
SA binding pocket. The depicted area is indicated by the dashed outline in panel C. (F) Molecular details of the SA binding pocket of RRV VP8*.
The depicted area is indicated by a dashed outline in panel D. Selected hydrogen bonds are indicated by dashed gray lines. In panels E and F,
residues on strand BK are depicted with backbone and side chain atoms; only Ca and side chain atoms of other residues are shown. The perspective
of all the panels is indicated by the arrow in Fig. 1. i
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FIG. 4. Leader binding in the DS-1 VP8* core crystal. (A) Ca
traces of representative molecules in the crystal. The cleft between the
B-hairpin and the six-stranded B-sheet of each molecule binds the
leader of an adjacent molecule. (B) Molecular details of the cleft-to-
leader interaction. The leader is depicted in yellow. Hydrogen bonds
are depicted as dotted black lines. Residues on strand BF are depicted
without side chains. The perspective and coloring match Fig. 3A.

DS-1, the surface of the DS-1 VP8* core that corresponds to
the RRV SA binding site is not an obvious binding pocket.

DS-1 VP8* binds a polypeptide chain in a second surface
cleft. Does the DS-1 VP8 core structure suggest an alternative
ligand to SA? The packing of the EF B-hairpin against the
six-stranded {-sheet creates a cleft, which is adjacent to the cleft
between the B-sheets that forms the SA binding pocket in
RRYV (Fig. 3A, C, and D). In the DS-1 VP8* core crystal, this
cleft is occupied by the five N-terminal residues (residues 60 to
64) of an adjacent molecule, so that each DS-1 VP8* core
“bites its neighbor’s tail,” linking the cores into chains (Fig.
4A). The bound N-terminal residues are not part of the tightly
folded structure of the core, but instead form an exténded
N-terminal “leader.” The equivalent residues are disordered in
the RRV VP8* core crystal and solution structurey (14). In the
DS-1 VP8* core crystal, this leader is held in alignment by five
backbone amide-to-carbonyl hydrogen bonds that form be-
tween residues 60, 62, and 64 of the leader and residues 131,
129, and 127 of strand F in the B-hairpin, thus making a new
intermolecular three-stranded B-sheet with strands E and F
(Fig. 4B). Leader binding is also stabilized by insertion of the
aliphatic V61 side chain into a pocket lined by hydrophobic
residues at the base of the cleft (Fig. 5B).

We used NMR spectroscopy to assay the binding in solution
of a peptide based on the DS-1 VP8* core leader sequence to
this potential peptide binding cleft (see Materials and Meth-
ods). The free peptide did not bind in the cleft with measurable
affinity (data not shown). Close inspection of the DS-1 VP8*
core crystal structure indicates that the bound leader does not
fit the cleft optimally: the cleft continues beyond the N termi-
nus of the bound leader (Fig. 3C), the hydrophobic pocket that
holds the V61 side chain could accommodate a bulkier moiety
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(not shown), the P63 side chain prevents formation of potential
hydrogen bonds between the leader and residues in strand H
and the GH loop (Fig. 4B), and the leader is forced out of the
cleft C terminal to P63 by steric hindrance from the tightly
folded region of its own VP8* core (Fig. 4A).

The peptide binding cleft of the DS-1 core is one of the only
exposed VP8” core surfaces that is conserved among SA-inde-
pendent strains (Fig. 5B), suggesting a conserved function. A
similar, but narrower, cleft is also present on the surface of the
RRV VP8* core (Fig. 3D). Similar residues line this cleft in
SA-dependent and SA-independent strains (see Table S1 in
the supplemental material). Fitting to electron cryomicroscopy
image reconstructions of virions from SA-dependent strains
shows that this cleft is exposed at the tips of the VP4 spikes in
a position favoring interaction with host cell proteins (Fig. 5B
and D). As described previously, the VP8* B-hairpin appears
to be an elaboration of a much shorter loop in the galectins,
and it blocks the galectin carbohydrate binding site (14). The
DS-1 VP8* core crystal structure suggests that this elaboration
of the B-hairpin may also have created a new ligand binding
site at the tip of the primed VP4 spike.

Structural polymorphism. Many rotavirus $trains, such as
DS-1, have a deletion in the FG loop (Table 3) so that they lack
a residue that is structurally cquivalent to RRV residue Q135
(Fig. 3B). The FG loop links the EF B-hairpin to the six-
stranded B-sheet (Fig. 3A). Near the deletion, the potential
peptide binding cleft between the EF B-hairpin and the six-
stranded B-sheet is wider in the DS-1 VP8* core than in the
RRV VP8* core (Fig. 3B), possibly because the shorter loop
does not permit as close an approximation of the proximal
portion of the B-hairpin to the six-stranded B-sheet.

Most human rotavirus strains have this deletion in the FG
loop (Table 3). The infrequently isolated human rotavirus
strains without the deletion have P types (such as SA{3], 3]9],
4[10], and 11{14}), that also include animal rotavirus strains.
These strains may have been introduced into human popula-
tions relatively recently. The deletion is consistently associated
with SA independence (as verified by the presence of a hydro-
phobic residue at position 101), but it is not required for SA
independence (Table 3). The phylogeny of rotavirus VP4 (6)
does not clearly demonstrate whether this common structural
feature is an adaptation to replication and spread in humans or
simply a consequence of common ancestry: the clustering of
VP4 molecules with the deletion in a single clade (containing
P genotypes 4, 6, 8, and 19) is not absolute, and some bovine
strains (in the outlying P[11] group) also have the deletion.
Potential ligand binding in the cleft between the B-hairpin and
the six-stranded B-sheet suggests that the structural polymor-
phism may reflect differences in ligand specificity.

Escape mutations selected by human neutralizing MAbs
against rotavirus. Three human neutralizing MAbs against
rotavirus have been derived from a phage display library of
B-lymphocyte cDNA from naturally infected humans (21). The
phage antibodies were selected for binding to rotavirus strain
KU virions, tested for neutralization of strain KU, and con-
verted to immunoglobulin G1 MAbs through recombinant
DNA manipulation. One of the MAbs, 2-11G, binds VP7. The
other two bind VP4 and neutralize heterotypically (i.e., neu-
tralize more than one P type): 1-2H neutralizes P[4] and P[S]
2-3E neutralizes P[6] and P{8].
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FIG. 5. Neutralization surfaces of the RRV and DS-1 VP8* cores. Panels A to C show three views of a surface representation of the DS-1 VP8*
core, colored by conservation among a set of VP8* sequences that contains one representative from each of 14 SA-independent P genotypes (Table
3). Blue is conserved; red is variable. Residue numbers mark neutralization escape mutations selected in SA-independent human rotavirus strains.
Dashed outlines mark the previously described (14) neutralization epitopes of SA-dependent strains: green, 8-1; blue, 8-2; yellow, 8-3; pink, 8-4.
The white asterisk in panel B indicates a hydrophobic pocket at the base of the peptide binding cleft. Red lines in panel C mark a surface that
is inaccessible to antibody binding when the DS-1 VP8* core is fitted to the head of the SA11-4F VP4 spike. The bound leader is depicted with
a ball-and-stick model. The perspectives of panels A, B, and C are indicated by arrows a, b, and ¢, respectively, in panel D. An observer looking
down arrow ¢ would be “head down” to view the perspective in panel C. In panels D to F, Co traces of VP8* cores are fitted to the molecular
envelope of the head from an electron cryomicroscopy image reconstruction of the SA11-4F spike on primed virions. Residues selected in
neutralization escape mutants are indicated with space-filling models. (D) The RRV VP8* core with escape mutations selected in SA-dependent
animal rotavirus strains. (E) The DS-1 VP8* core with escape mutations selected in SA-independent human rotavirus strains. Exposed escape

mutations are labeled by residue number. (F) The model from panel E rotated 45° to show more clearly the inaccessible escape mutations in the
cleft between the heads.
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