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Fig. 3. Specificity of antibody in patients and
in an‘immunised rat against recombinant hepa-
titis E virus (HEV) antigens by immunoblotting.
Serum samples from HEV-infected patients or
from a rat immunised with 76 pg QE2.1 at 0 to 4
weeks were used to probe recombinant GST-
HEV fusion proteins, representing N-terminal

truncations or extensions of HEV sequences rela-
tive to ORF2.1 (aa 394-660) as follows: 406.3-2+,

‘1
A&

¢ mmy .m .

613-660; 2.1-4, 474-660; 2.1-3, 457-660; 2.1-2,
434-660; 2.1-1, 414-660; 2.1+1, 374-660; 2.1+2,
356-660;, SG3+, 334-660; C2, 225-G60; ORF2,
1-660; 2.1A2.1-4, 394-473. A: Acute-phase pa-
tient and diagrammatic representation of the
ORF2 fragments above the corresponding lanes,
B: Convalescent-phase patient. C-E: immunised
rat at 2 (C), 10 (D), or 27 weeks (E) after primary

immunisation.

TABLE IL. Competitive Inhibition of Anti-HEV Reactivity by Antibodies Present in the Sera of Rats Immunised With
QE2.1 Vaccine*

Immune rat serum inhibition
(mean % + SD)®

Phase of HEV HEV IgG GST-ORF2.1 Baculovirus
Serum infection® source (mIU/ml)® ELISA YLP ELISA
Al Aucte India 91 72+ 3 95¢
GS57 Acute Nepal 39 78+ 0Q 86 +2
G817 Acute Nepal 24 64+4 8L +4
(556 Acute Nepal 111 80+4 891
G516 Convalescent Nepal 95 69+ 1 85+ 3
G526 Convalescent Nepal 46 58+ 0 76 £ 3
GS31 Convalescent Nepal 49 721 87+3
G537 Convalescent Nepal 26 57x5 861
N158° Acute Mexico 46 723 82¢
N116 Convalescent Mexico 173 92+4 971
N162° Convalescent Mexico 51 T3+2 T4 +3

*HEV, hepatitis E virus; ELISA, enzyme-linked immunosorbent assay; VLP, virusiike particles.

nAcute <6 months: 1 year = convalescent = 6 months.

"Measured in the GST-ORF2.1 ELISA in the presence of pre-immune rat sera.
“[nhibition of test serum reactivity in indicated ELISA by serum from immunised rat. Mean of two experiments is shown.

“Tested only once.
*Experimentally infected chimpanzee.

During the first 2 weeks after primary immunisation
with QE2.1, the antibodies produced were reactive
with epitopes in GST-ORF2 (ORF2 aa 1-660) and vari-
ous truncated proteins, including those spanning aa
394-473 (2.142.1-4) and 414-660 (2.1-1) (Fig. 3C). Weak
reactivity to 2.1-2 was also detected in some rats 2
weeks after immunisation (results not shown). These
data suggest that linear B-cell epitopes in the region
414-457 are recognised during the early phase of the
immune response. At week 10, additional antibodies

were detected, with the more C-terminal proteins span-
ning aa 434-660 (2.1-2), 457-660 (2.1-3), 474-660 (2.1-
4), and 613-660 (406.3-2+) {Fig. 3D} in a pattern similar
to human acute-phase sera (Fig. 3A). This finding in-
dicates that further linesar B-cell stimulatory epitopes
lie between 457-660 aa, and most likely beyond 474-
660 aa, since the protein 2.1A2.1-4 was not strongly
immunoreactive with rat sera by week 10. These re-
sults are in concordance with those of previous experi-
ments using synthetic peptide reactivity with acute-
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phase sera from HEV-infected patients, in which linear
epitopes were detected at aa 394-470 and 546-580
[Khudyakov et al., 1994a]. Reactivity to all these linear
epitopes wanes dramatically by 27 weeks after immu-
nisation (Fig. 3E), as seen for convalescent human sera
(Fig. 3B).

While the levels of total anti-HEV IgG fell between
weeks 10 and 27, reactivity with ORF2.1 remained
high (Fig. 3E), again in a pattern similar to convales-
cent-phase patient sera (Fig. 3B) and in agreement
with our previcus finding that the convalescent-
reactive epitopes are conformational [Li et al., 1994; Li
et al., 1897a; Anderson et al., 1999]. With respect to
Western immunoblot reactivity, the antibody response
following QE2.1 immunisation therefore mimics the re-
sponse in humans and macaques infected with HEV.

These data alone, however, cannot address the ques-
tion of whether the antibodies induced by QE2.1 rep-
resent a significant proportion of the total humoral
immune response, since it is possible that immunoblot-
ting may not detect all epitope specificities. This ques-
tion was addressed directly by measuring the ability of
anti-HEV from immunised rats to compete with sera
from HEV-infected humans and chimpanzees in both
GST-ORF2.1 and baculovirus VLP ELISA formats,
Strikingly, immune rat sera strongly inhibited the re-
activity of patients’ sera and primate sera (Table II).
This finding clearly demonstrates that QE2.1 can elicit
a humoral response that largely mimies the one ob-
tained during HEV infection and further suggests that
residues overlapping ORF2.1 (aa 394-660) contribute
almaost all of the antibody reactivity in VLPs. Because
these VLPs represent a further C-terminal truncation
from the 112-660 aa expressed in Tn5 cells [Li et al,,
1997h], the reactive epitopes can be narrowed to the
region from aa 394 (the amino terminus of ORF2.1) to
aa 578 or 607, the C-terminus mapped for similar HEV
SVPs [Robinson et al,, 1998]. The region between aa
112 and 393 of ORF2 appears to contribute little to
VLP antibody reactivity, While it is clear that ORF2.1
conformational epitope specificity is very pronounced
in the immunised rat sera that show strong inhibition
of patient reactivity, at this time we cannot exclude the
presence of other epitopes that are presented by QE2.1
and contribute to blocking bist are not detected by im-
munoblotting.

We believe that the QE2.1 antigen has a number of
potential advantages as an HEV vaccine. Recombinant
protein expression in E. coli is simple and inexpensive,
and the use of the hexahistidine tag in QE2.1 allows for
rapid and convenient purification. Since the QE2.1 pro-
tein undergoes complete denaturation in urea during
production, yet retains the ability to induce a compre-
hensive range of antibody specificities, including the
conformational epitope, it is reasonable to speculate
that the vaccine would be very stable, which has im-
portance in developing countries. Indeed, we have ob-
served no reduction in antibody responses when the
QE2.1/Alum vaccine was stored at room temperature
for 7 weeks before use in a two-dose regimen (results
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not shown). Similarly, the robustness of QE2.1 should
facilitate the formulation of comhination vacecines
where buffer conditions may need to be altered to suit
other vaccine components.

A general concern with the use of recombinant anti-
gens expressed in E. coli is that their tertiary structure
does not necessarily resemble that of the native pro-
teins. This may result in the absence of correct confor-
mational B-cel]l epitopes that may be crucial for the
generation of a protective immune response. The re-
sults of this study clearly demonstrate that ORF2.1 is
an exception: antibodies to the conformational ORF2.1
epitope are readily induced by QE2.1 with Alum adju-
vant, and the antibody specificities induced by QE2.1
largely mimic those found in HEV patients. Studies of
the protective efficacy of QE2.1 will further define the
importance of these antibodies in immunity, since we
cannot yet exclude the formal possibility that immu-
nity depends instead on the small proportion of pa-
tients’ antibodies that were not blocked by immune rat
sera in this study.
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FIG. 1. Genomic organization of ChV. The ChV genome is composed of 7637 bases, excluding the 3' poly(A) tail. Three ORFs are predicted. ORF1t
encodes a polyprotein, GRF2 encodes the capsid protein, and ORF3 encodes a small basic protein with unknown function. The first 26 nucleotides
of the genome are aligned with the sequence around the start codon of ORF2, showing 88% identity.

seven and five genetically distinct viruses, respectively
{Vinje et al, 2000; Green et al. 2000). Recently, the Jena
strain of bovine calicivirus was cloned, and the nucleo-
tide sequence indicated that it is closely related to Gl MV
{Liu et a/, 1999a; Al011099).

The genome of AV contains three open reading
frames (ORFs). ORF1 encodes a large polyprotein con-
taining amino acid sequence motifs observed in many
RNA viruses, such as RNA helicase, 3C-like protease
and RNA-dependent RNA polymerase, as well as VPg,
originally described in a poliovirus {Lee et al, 1977;
Rueckert and Wimmer, 1984). Protease activity is be-
lieved to be required for the maturation of functional
proteins encoded by ORF1. ORF2 is predicted to encode
the capsid protein. ORF3 encodes a small protein abun-
dant in basic amino acids. Although the precise role of
the ORF3 protein in the virus replication is unknown, it is
likely that ORF3 protein is a minor structural protein that
interacts with the genome RNA when the virion formation
occurs (Dingle et a/, 1995; Jiang et &/, 1993; Lambden et
al, 1993; Seah et a/, 1999; Glass et al, 2000).

Previous studies showed that in witro transcription-
translation of a full-length clone of SAV with a T7 poly-
merase-coupled reticulocyte lysate system yielded a
200-kDa precursor protein corresponding to the ORF1
polyprotein. This large protein was cotranslationally
cleaved into three major products with 113, 48, and 41
kDa {Liu et a/, 1996). A 3C-like protease encoded in the
113-kDa protein is likely to function in the cleavage of the
N-terminal 48-kDa protein and 41-kDa putative 2C-like
protein. A recent study demonstrated that the nonstruc-
tural precursor polyprotein of SAV is cleaved into at least
six smaller products (Liu et al, 1999b).

In this paper, we describe the isolation of the & un-
translated region (UTR) by 5'-rapid amplification of cDNA
ends (6'-RACE) and amplification of the ORF1-coding
region of Chiba virus (ChV) by reverse transcription—
polymerase chain reaction (RT-PCR) t0 compiete the
entire nucleotide sequence. Based on the deduced

amino acid sequence of ORF1 polyprotein, the ChV pro-
tease was expressed in Escherichia coli. Bacterially ex-
pressed protease showed enzymatic activity with spec-
ificity similar to that of the human rhinovirus 3C protease.

RESULTS AND DISCUSSION
Sequence analyses of the ChV genome

ChV was first detected in a stool specimen collected
from a patient with gastroenteritis in an oyster-associ-
ated outbreak that occurred in December 1987 in Chiba
Prefecture, Japan (Kasuga et al., 1990). The 3’ half of the
genome encading ORF2, ORF3, and 3' UTR has been
cloned, and the nucleotide sequence has been deter-
mined (Utagawa et al, 1994). In this experiment, we
obtained 26 different clones covering the entire genome
using RT-PCR, as described in Materials and Methods.
Moreover, to confirm the 5’ end sequence of the ge-
nome, 5'-RACE was also performed using the genomic
RNA. The determination of the ORF1 sequence allowed
us to complete the entire genome of 7697 bases, exclud-
ing the 3’ poly(A} tail. The tength and GC content (47.4%)
of the genome were comparable with those of other Gl
NV. The ChV entire genome has an approximately 70%
nucleotide identity with those of NV/68, SAV, and BS5,
whereas it has about 50% identity with those of LV, CWV,
and HWV.

The overall genomic organization of ChV is the same
as those of known NV {Fig. 1), in which three ORFs were
identified. The translation of ChV ORF1 was predicted to
initiate at nucleotide position 5, the same position as in
Nv/88, SAV, BS5, LV, CWV, and HWV (Hardy and Estes,
1996; Lambden et a/, 1925 and 1994; Seah et af, 1999).
Chv ORF1 encodes a nonstructural polyprotein com-
posed of 1785 amino acid residues that is highly homol-
ogous to NV/68, SAV, and BS5, with about 85% amino
acid identities. Several amino acid sequence motifs are
conserved in ChV ORF1, as described later, In addition,
the first 26 nucleotides at the 5’ terminus of the genome
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We cloned the genome RNA of the Chiba virus (ChV; Hu/NLV/Chiba 407/1987/JP) and determined its complete nucleotide
sequence. The genome is predicted to be a positive-sense, single-stranded RNA of 7697 bases, aexcluding a poly(A) tract
Comparison of the nucleotide and amino acid sequences with those of other members of the species Norwalk virus NV}
revealed that ChV belongs to genogroup | AV The ChV genome contains three open reading frames (ORFs). A large
5'-tarminal ORF (ORF1) encodes a polyprotein with 1785 amino acids that are likely processed into functional proteins,
including RNA helicase, VPg, protease, and RNA-dependent RNA polymerase. ORF2 encodes the capsid protein with 544
amino acids, and a small 3'-terminal ORF (ORF3) encodes a basic protein with 208 amino acids. The amino acid sequences
of five cleavage sites in ORF1 are highly conserved compared with those of other members of ANV When expressed in
Escherichia coli, the glutathione-S-transferase (GST) fusion protein of the ChV protease connected via a short peptide
containing a human rhinovirus 3C protease cleavage site was cleaved into GST and the protease; however, this cleavage did
not occur when the Cys mutation was introduced into the putative active site of the protease. Moreover, the ChV protease
recognized and cleaved the predicted proteolytic sites between VPg and protease and between protease and RNA
polymerase. Therefore, the ChV protease expressed in E. coli retained an enzymatic activity and a substrate specificity

similar to that of the human rhinovirus 3C protease. © 2000 Academic Press
Kay Words: Norwalk virus; complete genome sequencs; recombinant protein; 3C-like protease; expression in £, coli,

INTRODUCTION

Norwalk virus (NV) is the causative agent of nonbac-
terial acute gastroenteritis that has occurred in various
epidemiological settings, including nursing homes (Jiang
et al, 1996; Vinje and Koopmans, 1996; Vinje et al.,, 1997),
schools (Kobayashi et a/, 1991), hospitals {Vinje et al,
1997; Stevenson et al., 1994), restaurants (Parashar et a/,
1998; Fleissner ef &/, 1989), and cruise ships (Herwaldt
gt al, 1994; Khan et a/, 1994; Ho et 4/, 1989; Gunn et a/,
1980). Transmission of NV was carried out by contami-
nated food, especially oysters (Kohn et a/, 1995; Dowell
et &/, 1995) and water (Beller et a/, 1997, Gray et al,
1997), and by person-to-person contact (Kaplan et al,
1982). NV was recently assigned as a new species of a
genus with the temporary name "Norwalk-like viruses” in
the family Caliciviridae. NV is usually isolated from stool
specimens of the patient with diarrheal iliness and is
often discovered in bivalves such as oysters and in
half-cooked foods (Dowell et al, 19985; Le Guyader et a/,
1996). NV forms a group of genetically and antigenically
diverse caliciviruses. NV has been observed as small,
round particles with a diameter of 38 nm on electron
microscopy, and the term used 1o describe MV was “small

'To whom correspondence should be addressed. Fax- 81-3-5286-
1161. E-mail: someya@nih.go.jp.
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round structured viruses" (SR3Vs) (Appleton,
lversen et af, 1987; Brugha et al, 1999).

Since the genome of Norwalk virus (NV/68), a proto-
type of NV was sequenced in 1933 for the first time (Jiang
et al, 1990, 1993; Hardy and Estes, 1996; MB7661), de-
termination of the complete nucleotide sequence of AV
has been carried out in Southampton virus {SAV) (Lamb-
den et al, 1993; 1L07418), BS5 strain (unpublished,
AF093797), Lordsdale virus (LV) (Dingle et a/, 1995;
X86557), Camberwell virus (CWV) (Seah et a/, 1999;
AF145896), and Hawaii virus (HWV) (U07611). In addition,
a number of partial genomic sequences derived from the
RNA-dependent RNA polymerase and capsid protein re-
gion of AV have been cloned, sequenced, and deposited
in databases. Members of NV share common features in
that their genomes are a positive-sense, single-stranded
RNA molecule to which a putative genome-encoded pro-
tein called VPg is linked at the 5’ end of the genome
(Estes et al., 1997; Clarke et &/, 1998). Extensive genetic
analyses of NV demonstrated that AV is further ¢lassified
into two subgroups, genogroup | {Gl), which includes
NV/68, SAV, and BS5, and genogroup Il (Gil}, which in-
cludes LV, CWV, and HWV (Wang et a/, 1994; Green et al.,
1994; Lew et al, 1994 Liu et a/, 1995). The phylogenetic
tree of published NV sequences based on pan of the
RNA-dependent RNA polymerase gene demonstrated
that the Gl and Gl subgroups are composed of at least

1987,
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FIG. 2. Phylogenetic trees for CRF1 (A), ORF2 {B), and ORF3 (C} from
NV whose genomes are thoroughly sequenced. Analyses are based on
the UPGMA method (Sneath and Sokal, 1974). The branch length
indicates relative evolutionary distances. The relative alignment score
is indicated at the bottom. Norwalk virus, MB7661; Southampton virus,
L07418; BSS strain, AF093797; Lordsdale virus, X86557; Camberwell
virug, AF145896; Hawaii virus, U07611.

were very similar to those of the 5" end of ORF2, with 23
of the nucleotides being identical, 8 common feature
observed in known AV (Hardy and Estes, 1996; Lambden
et al, 1995 and 1994; Seah et al, 1999). When N-terminal
amino acid sequences of ORF1 and ORF2 of AV were
compared, we found that both ORF1 and ORF2 of GI ANV
started with MMMASKD, whereas those of GIl NV
started with MKMASN{IS)D.

Phylogenetic trees generated for each ORF1, ORF2,
and ORF3 are depicted in Fig. 2. ChV was most closely
related to BS5 when the amino acid sequence of ORF1
was compared. The same results were essentially ob-
tained when ORF1 was separated into six putative fung-
tional parts. However, ORF2 and ORF3 of ChV were most
closely related to those of SAV. Although there is no
direct evidence, this suggests that genetic recombina-
tion might occur among different AV, conferring genetic

diversity on AV as described previously (Jiang et af,
1999; Vinje et al, 2000).

Putative cleavage sites of QRF1 proteins

Five proteolytic cleavage sites have been identified in
the SAV ORF1 polyprotein {Liu et a/, 1999b), and the
boundary amino acid sequences of the cleavage sites
were highly conserved among the members of NV when
seven MY ORF1 sequences were aligned. As shown in
SAV, the protease encoded in ORF1 may be involved in
the cleavage of the polyprotein at Q/G in the N-terminal
protain/helicase and helicase/3A, at E/G in the 3A/VPg
and protease/polymerase, and at E/A in the VPg/pro-
tease boundaries. Therefore, ORF1 polyprotein of ChV is
also expected to be cleaved into six portions at the
conserved cleavage sites (Fig. 3A).

The first N-terminal protein was composed of 396
amino acid residues with an estimated molecular mass
of 44.6 kDa. This protein is in the equivalent region
corresponding ta 2B or 2AB of the picornavirus. Although
it has 68-80% amino acid identity with other GI NV its
function is unknown. The second polypeptide is 2C-like
RNA helicase, which is composed of 363 amino acids
with an estimated molecular mass of 39.6 kDa. The
nucleotide-binding motif GPPGIGKT is found at position
162. The ChV helicase has about 0% amino acid identity
with other Gl NV having the highest identity with the BS5
strain (94%). The third protein, corresponding to 3A-like
protein, is composed of 201 amino acids with an esti-
mated molecular mass of 21.3 kDa and has 67-77%
identity with other Gl NV The fourth protein, VPg, is
believed to bind to the 5’ terminus of the genomic RNA
and be highly homologous to other Gi strains (82—83%
identity). ChV VPg is rich in basic amino acids and
migrated as a 20-kDa protein in SDS—-PAGE, although it is
composed of 136 amino acid residues with an estimated
molecular mass of 16.0 kDa {see Fig. 5).

The fifth protein, corresponding to 3C-like protease, is
composed of 181 amino acid residues (19.4 kDa). The
ChV protease is a serine-like protease in which the 139th
cysteine residue within the GDCG motif is predicted to
be the active site. The 30th histidine and 54th glutamate
are conserved in all MV and probably form a catalytic
triad. The 157th histidine is also conserved and is
thought to be a member of the substrate-binding pocket
{Boniotti et al, 1994). The amino acid identity is very high
(more than 90%)}, as high as 95% with the 855 strain. The
C-terminal polypeptide is the 3D RNA-dependent RNA
polymerase, containing 508 amino acid residues with an
estimated molecular mass of 56.9 kDa. This protein is
highly homologous to other Gl AV {89-93% amino acid
identity}, and highly conserved GLPSG and YGDD motifs,
which are believed to play an important role in the
polymerase activity, are found in all NV An endoplasmic
reticulum-targeting signal, KDEL, is also conserved in
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FIG. 3. Schematic representation of the Chv ORF1 polyprotein and construction of the expression plasmids. (A} Map of the proteolytic cleavage
sites. Cleavage sites are predicted on the basis of studies of the Southampton virus (Liu et &/, 1936 and 1939). The numbers indicate the positions
of the amino acids. Slashes indicate the cleavage sites recognized by the protease. The calculated molecular masses of the cleavage products are
indicated. (B) Construction of the expression plasmids encoding the ChV protease. An AorS1HI site is introduced befare the start (APPTL) of the
protease, and the stop codon and an Sphl gite are introduced after the end (ETTLE) of the protease. pUC[His-Pro] encodes the His-tagged protease.
pUC[GST-Pro] and pUCIGST2TK-Pro] encede the protease fused to GST derived from pGEX-6P-2 and pGEX-2TK, respectively. The former includes the
sequence cleaved by the human rhinovirus 3C protease, which is possibly cleaved by the ChV protease. The latter includes the thrombin site in place
of the human rhinovirus 3C protease site. The fusion genes are controlled by the /ac promoter (Plac).

the RNA polymerase region, although direct evidence of
the sorting has not been shown.

Functional expression of the ChV 3C-like protease in
E. coli

In order to characterize the ChV protease, we expressed
the protein in £. cofi using two types of plasmids. The first,
pUC[His-Pro], was generated for the production of the ChV
protease flanked by a histidine tag (6xHis) at the N termi-
nus, and the second, pUC[GST-Prc], was generated for the
production of a GST-protease fusion protein. In both expres-
sion vectors, the fusion genes were placed under the con-
trol of the /ac promoter (Fig. 3B).

E. cofi BL21-CodonPlus-RIL was transformed with the
vector plasmid and grown in a rich medium. The expres-
sion was induced with isopropyl-S-p-thiogalactopyrano-
side (IPTG) for 2 h, followed by disruption of the cells by
sonication. After centrifugation, the supernatant was col-
lected, and the proteins were separated in SDS-PAGE
and visualized with Coomassie brilliant blue {CBB) R-250
(Fig. 4A). When the lysate from the pUC[His-Pro] was
analyzed in the gel, we observed a 23-kDa band {Fig. 4A,
lane 3). Although this molecular mass was slightly higher
than that caloulated from the recombinant ChV protease
containing a 6xHis sequence {20.7 kDa), this band was

detected by anti-His antibody (Fig. 48, lane 3) and absent
in an £ coli extract without the vector plasmid (Fig. 4A,
lane 2). Therefare, we concluded that this 23-kDa band
was the protease containing the 6xHis sequence. The
23-kDa protein was purified and used to inject rabbhits to
elicit the antibody against the protease. This anti-Pro
antibody reacted with His-Pro protein (Fig. 40, lane 3).
Because no other His-tagged proteins were detected by
this anti-Pro antibody (data not shown), we concluded
that the antibody reacted with the protease moiety.
When the expression was done in £. coli transformed
with pUC[GST-Pro], two distinct bands with 26 and 22
kDa were visualized (Fig. 4A, lane 5). If an intact GST-
protease fusion protein was generated, a band with 46.5
kDa was expected. The GST gene was derived from
pGEX-6P-2 vector, and this GST gene contains an oc-
tapeptide (LEVLFQGP) at the C terminus, in which Q/G is
the cleavage site recognized by the human rhinovirus 3C
protease. When the specificity of the 3C-like proteases of
SAV is considered {Liu et &/, 1296 and 1999b), it is likely
that the Q/G site between the GST and the ChV protease
was recognized by the protease and that the 46.5-kDa
protein is cleaved into two proteins. Because the 26-kDa
protein has mobility similar to that of a control GST-6xHis
fusion protein (Fig. 4A, lanes 5 and 9} and has immuno-
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FIG. 4. Expression of the fusion preteins of the ChV protease. Expression plasmids were used 10 transform £. cofi BL21-CodonPlus-RIL cells. The
gene expression was induced with IPTG. The cell tysates were subjected to SDS-PAGE. {A} CBB staining of the gel. Lanes 1 and 10, molecular weight
marker, lane 2, lysates from BL21-CodonPlus-RIL cells without plasmids; lane 3, with pUC[His-Pro]; lane 4, with pUC[His-ProC1235A]: lane 5, with
pUCIGST-Pro]; lane &, with pUC[GST2TK-ProJ; lane 7, with pUCIGST-ProC1235A]; lane 8, with pUC[GST2TK-ProC1235A); lane 9, with pUCIGST-His).
(B} Western blot analysis with anti-His monoclonal antibody. Lane 1, molecular weight marker; lane 2, without plasmids; lane 3, with pUC[His-Pro];
lane 4, with pUC[His-ProC1235A]; lane 5, with pUC[GST-His]. (C) Western blot analysis with anti-GST antibody. Lane 1, molecular weight marker; lane
2, without plasmids; lane 3, with pUC[GST-Pro]; lane 4, with pUC[GST2TK-Pro); lane 5, with pUC[GST-ProC1236A); lane 8, with pUC[GST2TK-
ProC1238Al; lane 7, with pUC[GST-His]. (D) Western blot analysis with anti-Pro antibody raised against His-Pro proteins. Lane 1, molecular weight
marker; lane 2, without plasmids; lane 3, with pUC{His-Pro]; lane 4, with pUC[His-PreC1235A); lane 5, with pUC[GST-Pro}; lane 6, with pUCIGST2TK-
Prol; lane 7, with pUC[GST-ProC1235A]; lane 8, with pUC[GST2TK-ProC1235A].

reactivity 1o anti-GST antibody (Fig. 4C, lanes 3 and 7},
this 26-kDa protein should be the GST protein. Therefore,
the 22-kDa band represents the ChV protease, because
it has a size similar to that containing the 6xHis se-
quence as described earlier (23 kDa} and it has immu-
noreactivity to anti-Pro antibody (Fig. 4D, lane 5). These
results indicate that ChV protease expressed in £. coli is
enzymatically active and capable of cleaving the specific
site recognized by the human rhinovirus 3C protease.

Identification of the functional element of the ChV
protease

As shown previously (Liu et af, 1996 and 1998b), 3C-
like protease of SAV is thought to be a serine-like pro-

tease, and the active site is predicted to be a cysteine
residue within the GDCG motif conserved in the pro-
teases. in the ChV genome, it corresponds to the 1236th
cysteine residue in the precursor polyprotein {Cys1235),
Therefore, this amino acid was replaced with alanine by
using an oligonucleotide-directed site-specific mutagen-
esis, as described under Materials and Methods. The
mutated protease gene was introduced into an expres-
sion vector in the same manner as pUC[His-Pro] and
pUC[GST-Pro] to generate pUC[His-ProC1235A] and
pUC[GST-Pro C1235A], respectively. These plasmids
were introduced into £ coli and were subjected to the
expression. In the extract of £ cofi harboring pUC[His-
ProC1235A], a 23-kDa mutant protease band was de-
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tected by CBB staining of the gel (Fig. 4A, lane 4} and
Western blot analysis with anti-His antibody (Fig. 4B, 1ane
4} and anti-Pro antibody (Fig. 4D, lane 4). The size of the
band in the gel is identical to that of the wild-type pro-
tease (Figs. 4A, lane 3, 4B, lane 3, and 4D, lane 3). In the
extract of £. coli harboring pUC[GST-ProC1235A), a band
with an apparent mass of 44 kDa was visualized (Fig. 4A,
lane 7), and Western blot analysis indicated that this
band was reactive to anti-GST antibody (Fig. 4C, lane 5)
and anti-Pro antibody {Fig. 4D, lane 7). Although the
fusion protein contains a seqguence recognized by the
human rhinovirus 3C protease, it was not cleaved by the
mutant protease at all, demonstrating that the C1235A
mutation caused a complete loss of cleaving activity. The
results confirmed the importance of Cys1235 residue as
a functional element.

To further confirm the specificity of the cleavage, we
constructed an expression vector containing the active
ChV protease designated pUC[GST2TK-Pro]. This vector
contains a GST gene derived from an expression vector
pGEX-2TK, which is flanked by a thrombin-specific cleav-
age sequence (LVPR/GS) and a kinase-specific se-
quence (RRASV) at the C terminus. However, this plas-
mid lacks the human rhinovirus 3C protease recognition
sequence. When the extract from E. coli cells harboring
this plasmid was analyzed by SDS-PAGE, a fusion pro-
tein with an apparent molecular mass of 44 kDa was
visualized, a size close to the calculated mass of 46.7
kDa (Fig. 4A, lane 6). This protein was immunocreactive to
anti-GST antibody (Fig. 4C, lane 4) and anti-Pro antibody
{Fig. 4D, lane 6). The results indicate that the fusion
protein was resistant to digestion by ChV 3C-like pro-
tease consistent with the lack of a cleavage site. A
plasmid containing the C1235A mutant protease gene
designated pUC[GST2TK-ProC1235A] resulted in the pro-
duction of a 44-kDa protein, as with the case of
pUC[GST2TK-Pro] (Figs. 4A, lane 8, 4C, lane 6, and 4D,
lane 8).

Cleavage at the predicted proteolytic sites by the ChV
protease

We were most interested to see whether the ChV
protease could cleave the predicted proteolytic sites
within the ChY ORF1 polyprotein. We therefore con-
structed two plasmids, pUC[His-3BCD] and pUC[His-
3CD), encoding the VPg (3B)-protease (3C)-RNA poly-
merase (3D) region and the protease-RNA polymerase
region, respectively, and tested whether the se-
quences between VPg and protease and between pro-
tease and RNA polymerase were cleaved by the ChV
protease in £. coli. When the lysate of E. coli cells with
pUC[His-VPg] was examined by Western blot analysis,
a 23-kDa band was detected with both anti-His anti-
body (Fig. BA, lane 3) and anti-VPg antibody (Fig. 6B,
lane 3). Although the calculated mass of His-VPg pro-

tein is 176 kDa, mobility in SDS-PAGE was much
slower. This is probably because VPg protein is rich in
basic amino acid residues. In the lysate of £, coli cells
carrying pUC[Pol-His], we detected a 58-kDa band that
was reactive with both anti-His antibody {Fig. 5A, lane
7) and anti-Pol peptide antibody (Fig. 5D, lane 3).
These results indicated that antibodies raised against
VPg and RNA polymerase were highly specific 1o the
respective proteins.

Next, using these antibodies, we examined the ex-
pression of His-3BCD and His-3CD proteins. If the His-
3BCD protein (93.7 kDa) is cleaved at the predicted
proteolytic sites, a His-VPg with 17.5 kDa, a protease with
19.4 kDa, and an RNA polymerase with 56.9 kDa are
expected to be produced. When the lysate of E. coli cells
with pUC[His-3BCD] was separated on SDS-PAGE, a
23-kDa band was detected with both anti-His antibody
and anti-VPg antibody (Figs. 5A, lane 4, and BB, lane 4).
This 23-kDa band had the same mobility as the controi
His-VPg protein, suggesting that the cleavage occurred
at the predicted site (FE/AP) between VPg and protease.
Two faint bands of 94 and 40 kDa, corresponding to
His-3BCD and His-3BC, respectively, were also detected
with anti-VPg antibody {Fig. 5B, lane 4). Anti-Pro antibody
detected a 20-kDa band corresponding 1o protease and
a 77-kDa band corresponding to 3CD {Fig. 5C, lane 4),
and anti-Pol peptide antibody detected a 57-kDa band
corresponding to RNA polymerase (Fig. 8D, lane 4).
These results suggested that the cleavage between pro-
tease and RNA polymerase also occurred at the pre-
dicted site (LE/GG).

The 20-kDa band detected with anti-Pro antibody (Fig.
5C, lane 4) was subjected to the N-terminal amino acid
sequencing that produced the sequence APITLASRVVR-
FGSG. The amino acid sequence deduced from the nu-
cleotide sequence is APPTLWSRVVRFGSG. Although the
third and sixth amino acid residues were inconsistent, it
may be sequencing error due to low yields of sequenc-
ing reactions at those positions, hecause nucleotide
sequencing of pUC[His-3BCD] indicated P {proline) at
the third position and W {tryptophan) at the sixth position.
The data indicated that the cleavage between VPg and
protease occurred exactly at the predicted site {FE/AP)
and that the ChV protease expressed in £. coli retained
substrate specificity.

The His-3CD protein is expected to be cleaved into
His-Pro with 20.7 kDa and an RNA polymerase with
56.9 kDa. When the lysate of £. coli cells harboring
pUC[His-3CD] was examined by Wastern blot analysis,
anti-His antibody and anti-Pro antibody detected a
77-kDa band corresponding to His-3CD, as well as a
23-kDa His-Pro band corresponding to His-Pro pro-
teins {Figs. BA, lane 6, and 5C, lane 5). Much more of
the 77-kDa protein remained uncleaved, compared
with the case of the 94-kDa His-3BCD protein {see Fig.
8B, lane 4). Anti-Po! peptide antibody detected both a
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FIG. & Cleavage of the predicted intrinsic sequences by the ChV protease. Expression plasmids were used to transform E. coff
BL21-CodonPlus-RIL cells. The gene expression was induced with IPTG, The cell lysates were subjected to SDS-PAGE. (A} Western blot
analysis with anti-His monoclonal antibedy. Lane 1, molecular weight marker; lane 2, without plasmids; lane 3, with pUC[His-VPg]; tane 4, with
pUC([His-3BCD]; lane 5, with pUC[His-Pro]; lane 6, with pUC[His-3CD]; lane 7, with pUC[Pol-His]. {B} Western blot analysis with anti-vPg antibody
raised against His-VPg proteins. Lane 1, molecular weight marker; lane 2, without plasmids; lane 3, with pUC[His-VPg]; lane 4, with
pUC[His-3BCD]. (C) Western blot analysis with anti-Pro antibody. Lane 1, molecular weight marker; lane 2, without plasmids; lane 3, with
pUC[His-Pro}; tane 4, with pUC[His-3BCD]; lane 5, with pUC[His-3CR). (D) Western blot analysis with anti-Pol antibody raised against
KLH-conjugate of Pol-peptide. Lane 1, molecular weaight marker; lane 2, without plasmids; lane 3, with pUC[Pol-His]; lane 4, with pUC[His-3BCD];

lane 5, with pUC[His-3CD1.

57-kDa RNA polymerase and a 77-kDa uncut His-3CD
(Fig. 5D, lane 5). It is likely that the activity of the
protease from His-3CD was lower than that from His-
3BCD. An unnaturat His-tag sequence introduced prior
to protease moiety may affect proteolytic activity. In
any case, it was clearly demonstrated that the ChV
protease recognized and cleaved the predicted pro-
teolytic site between a protease and an RNA polymer-
ase. ‘
From these results, we concluded that the Chv 3C-like
protease expressed in E. coli had a proteolytic activity
and retained a substrate specificity, which would be
exerted in mammalian cells. The molecules expressed in

E. coli might be useful for structure—function study as
well as drug design in diarrheal therapy.

Correction of the nucleotide sequence for the ChV
ORF2

Although the sequence data for OQRF2 and ORF3 of the
ChV have been registered as AB022679 and D38547, two
errors were found in ORF2. Two guanine residues at
positions 941 and 947 in the sequence from ABG22679
should be replaced with cytosine. As a result, amino
acids at positions 314 and 316 were changed to Ala in
place of Gly.
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Nucleotide sequence accession number

The nucleotide sequence data reported in this paper will
appear in the DDBJ, EMBL, and GenBank nuclectide se-
quence databases with the accession number AB042808.

MATERIALS AND METHODS
Bacterial strains

E. coli strains TG 1, IM109, DHba (TaKaRa Shuzou Co.,
Tokyo, Japan), and XL10-Gold (Stratagene, La Jolla, CA)
were used for the genetic manipulation. £. coli CJ236
strain (TaKaRa Shuzou Co.) was used for the preparation
of the deoxyuracil-containing single-stranded DNA. E.
coli BL21-CodonPlus-RIL strain (Stratagene) was used
for the exprassion of recombinant proteins.

cDNA cloning of the ChV genome

The genomic RNA of ChV was extracted from a 10%
stool suspension by using TRIZOL LS (Life Technologies,
Grand lsland, NY) according to the manufacturers in-
struction. First-strand cDNA was synthesized using the
RAV-2 reverse transcriptase {TaKaRa Shuzou Co.) with
random nanomer (TaKaRa Shuzou Co.) or oligo(dT),
primer (TaKaRa Shuzou Co.) and used as a template for
the PCR. Ampiification was done by using ExTaq (TaKaRa
Shuzou Co.), AmpliTag Gold (PE Applied Biosystems,
Branchburg, NJ), or PfuTurbo {Stratagene) DNA polymer-
ase with a specific primer based on the ChV ORF2, and
degenerated primers based on the complete AV se-
quences appearad in the databases. The PCR products
were subjected to PAGE, and the separated fragment
was electrophoretically eluted from the excised gel,
which was then ligated with pCR2.1 T-vector {Invitrogen,
San Diego, CA) or pUC118 Hincll/BAP vector (TaKaRa

Shuzou Co.). The 5" UTR of the genomic RNA was am-

plified with Amp!iTag DNA polymerase by 5’ RACE using
cDNA as the template. The nucleotide sequence was
determined with the ABI Prism 310 Genetic Analyzer (PE
Applied Biosystems). Individual PCR fragments were am-
plified at least three times independently, and at least
three clones from each PCR product were subjected to
nucleotide sequence determination. The fragment, in-
cluding the 5" UTR and the entire ORF1 coding region of
Chv, was reconstructed on pUC118 vector by ligating
several restriction fragments and designated pUC-
[CVORF1]. The ORF2, ORF3, and 3’ UTR were amplified
with the same strategy, cloned into pUC118 vector, and
sequenced. The full-length ChV genome was recon-
structed on pUC118, which is designated pUC[CVORF1/
2/3].

Construction of plasmids used for expression
in E. coli

pUC118Nd, which contains the Ndel site overlapped at
the initial codon of the /acZ gene, was constructed from

pUC118 by site-directed mutagenesis. Mutagenesis was
carried out according to the method described by Kunkel
et al. (1987) using the Mutan-K mutagenesis kit (TaKaRa
Shuzou Ca.). The pUC118Nd was digested with Ndel and
Hindlll, and the following four 5'-phosphorylated oligo-
nucleotides were inserted to construct pUCHisNd con-
taining a fragment encoding a 6xHis tag: 5'-TATGGGTG-
GCCATCATCATCATCACCATGGGGCTA-3', 5'-GCGCTC-
CCGGGAGATCTTCGAACGCGTACGCATGCA-3', 5'-AGC-
TTGCATGCGTACGCGTTCGAAGATCTCCCGGG-3', and
5'-AGCGCTAGCCCCATGGTGATGATGATGATGGCCALCC-
CA-3'.

The gene encoding the ChV 3C-like protease was
amplified by PCR using pUC[CVORF1] as a template and
a set of primers. The forward primer {Pro-5A, 5'-CTCAG-
TAGCGCTGCCCCACCAACCCTCTGG-3') contains  an
Aors1HI site (underlined) introduced before the GCC
codon for Ala1097, and the reverse primer (Pro-3S, 5'-
TTTGCATGCTTACTCTAGGGTGGTTTCACCTIC-3) con-
tains the stop codon and an Sphl site {undertined) after
the GAG codon for Glu1277. The PCR product was cloned
into pUC118 Hincll/BAP vector .and designated pUC-
[CVPro-AS]. The AorS1HI-Sphl fragment encoding the
protease was cut out and inserted into the equivalent
position on pUCHisNd to generate pUC[His-Pro).

The gene fragment was amplified by PCR with pGEX-
6P-2 (Amersham Pharmacia Biotech, Piscataway, NJ) as
a template using the forward primer {GST-6N, 5'-ACAG-
TACATATGTCCCCTATACTAG-3’) containing an AMdel site
overlapping at the initial codon, as indicated by under-
lining, and the reverse primer (GST-3A, 5'-AGTCGAC-
CCAGCGCTTCCTGGGGATCCC-3") containing an Aors1H|
site, as indicated by underlining. The GST gene was also
amplified by PCR with pGEX-2TK {Amersham Pharmacia
Biotech) as a template using the same forward primer
(GST-6N) and the reverse primer {(2TK-3A, 5 -TCAGTCACG-
AGCGCTTCCCGGGGATCCAAC-3') containing an Aors1H|
site, as indicated by underlining. The PCR fragment was
cloned into pUC118 Hincll/BAP wvector to construct
pUC[GST6P-NA] and pUC[GST2TK-NA], and the nucleo-
tide sequence was verified. The Ndel-Aor51HI| fragment
containing the GST gene was isolated from the
pUC[GSTEP-NA] or pUC[GST2TK-NA] and inserted into
the Ndel-Sphl site of pUC118Nd along with the Aor51HI-
Sphl fragment containing ChV 3C-like protease. The
plasmid carrying the GST gene derived from pGEX-6P-2
was designated pUC[GST-Pro], and the plasmid carrying
the gene from pGEX-2TK was designated pUC[GST2TK-
Pro].

The mutation of Cys to Ala at position 1235 in the
protease was introduced by a site-directed mutagenesis.
The plasmid pUC[CVPro-AS] and a synthetic oligonucle-
otide (6'-CTACCAGGTGATGCCGGCGCCCCTTATGTG-3')
equivalent to the nucleotide residues 3695-3724 waere
used as a template and a mutagenic primer, respectively.
The introduction of proper mutation was monitored by
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the appearance of two unigue restriction enzyme sites.
One is the £hel site (GGCGCC), which contains a T-to-C
silent mutation at the nucleotide position 3712, and the
other is the ANael site (GCCGGC), which contains the
Cys-tc-Ala change (TGT to GCC, represented in bold
letters). The substitutions were verified by DNA sequenc-
ing, and no other mutation was confirmed. The resultant
expression plasmid to produce mutant proteases was
designated pUC[CVPro-ASC1236A]. Plasmids pUC[His-
ProC1235A], pUC[GST-ProC1235A], and pUC[GST2TK-
ProC1235A] encoding the mutant ChV protease were
constructed by the same strategy used to construct
pUC[His-Pro}, pUC[GST-Pre] and pUC[GST2TK-Pro] en-
coding the wild-type protease, respectively.

The genes encoding the VPg and the RNA-dependent
RNA polymerase were amplified by PCR using pUC-
[CVORF1] as a template. For subcloning of VPg, the
forward primer (VPg-5A, 5'-ACTAGGGCTGGTAAAAA-
CAAAGGAAAGACCAAG-3') contains an Aorb1H| site
{underlined) introduced prior to the GGT codon for
Gly981, and the reverse primer (VPg-3S, 5-GGTGCAT-
GCTTATTCAAAACTGAGTTTTTCATTGTA-3') cantains the
stop codon and an Sphl site (underlined) after the GAA
codon for Glu1096. The PCR product was cloned into
pUC118 Hincll/BAP vector and designated pUC[CVVPg-
AS]. The Aor51HI-Sphl fragment encoding the VPg was
cut out and inserted into the equivalent position on pU-
CHisNd to generate pUC[His-VPg]. For subcioning of
RNA polymerase, the forward primer (Pol-6N, 5'-GGT-
GAAACCACCCATATGGGTGGTGATAAAGGC-3') contains
an Ndel site (underlined) introduced prior to the GGT
codon for Gly1278, and the reverse primer {Pol-3A,
- 5"-GGTGGATCCAGCGCTGACGCCATCATCATTTACGA-
ATTC-3) contains an AorS1HI site (underlined) after the
GTC codon for Val1785, the last amino acid of the
polyprotein. The PCR product was cloned into pUC118
Hincll/BAP vector and designated pUC[CVPal-NA]. The
Ndel-Aorb1HI fragment encoding the RNA polymerase
was cut out and inserted into the Ndel-BamH| vector
fragment of pUC118Nd together with the His-tag linker
{the mixture of 5'-GCTGGCCACCATCATCATCACCATG-
GCTAG-3' and 5'-GATCCTAGCCATGGTGATGATGATG-
GTGGCCAGC-3'). The resultant plasmid was designated
pUC[Pol-His].

The region encoding 3CD {protease and RNA polymer-
ase) and 3BCD (VPg, protease and RNA polymerase)
was also amplified by PCR. For amplification of the 3CD-
encoding region, the Pro-5A primer and the reverse
primer (Pol-3S, 5'-GTAGCATGCTTAGACGCCATCATCATT-
TACGAATTC-3') containing a stop codon and an Sphl
site after the GTC codon for Val1786 were used. For
amplification of the 3BCD-encoding region, we used the
VPg-5A primer and the Pol-3S primer. The Aor51HI~Sphl
fragments from amglified products were inserted into the
equivalent position on pUCHisNd. The resultant plas-

mids were designated pUC[His-3CD] and pUC[His-
3BCD], respectively.

Expression of wild-type and mutant proteases
in E. coli

E. cofi BL21-CodonPlus-RIL cells were transformed
with the expression plasmids. The transformant was
grown in 2X YT broth, and protein expression was in-
duced with 0.5 mM PTG when optical density at 610 nm
reached 0.4. After 2 h of incubation, cells were har-
vested, washed with 20 mM Tris—HCI {pH 7.4}, and dis-
rupted by sonication. The cell lysate was céntrifuged to
remove unbroken cells, and the supernatant was used
as a sample. The protein concentration was determined
by the Bradford method {1976) using bovine serum albu-
min as a standard. The supernatant containing 20 ug of
proteins was used for SDS-PAGE, followed by staining
with CBB R-250 or Western blotting. The His-tagged
protein was detected by mouse anti-His monoclonal an-
tibody (Sigma Chemical Co., St. Louis, MO} and alkaline
phosphatase-linked goat anti-mouse IgG (Jackson Im-
munoResearch Laboratories, West Grove, PA). The GST
fusion was detected by goat anti-GST antibody {Amer-
sham Pharmacia Biotech) and alkaline phosphatase-
linked rabbit anti-goat IgG (Chemicon International, Te-
mecula, CA).

Purification of His-Pro and His-VPg proteins

£ cofi BL.21-CodonPlus-RIL cells harboring pUC[His-
Pro] were grown in the same manner as described ear-
lier. Cells were suspended in 20 mM Tris—HCI (pH 7.4) to
a final concentration of 0.2 g cells/ml and disrupted by
sonication. After removal of unbroken cells, the lysate
was centrifuged at 200,000 X g for 1 h at 4°C, and the
supernatant was taken as the starting material for puri-
fication. The supernatant containing 100 mg of proteins
was applied to a column {bed volume, 1 ml) packed with
TALON Metal Affinity Resin {Clontech, Palo Alto, CA) that
had been equilibrated with 20 mM Tris—HCI {pH 8.0)
buffer containing 0.1 M NaCl. The column was washed
with 20 mM Tris—HCI (pH 8.0} buffer containing 0.1 M
NaCl and 10 mM imidazole. His-Pro proteins were eluted
with 20 mM Tris=HCI {pH 8.0) buffer containing 0.1 M
NaCl and 50 mM imidazole. His-Pro proteins were puri-
fied almost to homogeneity as judged by SDS-PAGE.
Purified His-Pro proteins were concentrated to 3 mg/ml
by using an Ultrafree-15 Centrifugal Filter Device
equipped with a Biomax-10 filter (Millipare, Bedford, MA}.

His-VPg proteins were purified from E£. coff BL21-
CodonPlus-RIL cells harboring pUC[His-VPg] in the
same manner as was used to purify His-Pro proteins,
except that pH 9.0 Tris buffer was used for purification
with metal affinity chromatography.
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Preparation of antisera against VPg, protease and
RNA polymerase

Antisera against VPg and protease were prapared
using purified His-VPg and His-Pro proteins, respectively.
For preparation of antiserum against RNA polymerase,
we used the conjugate of the synthetic peptide {N-
BOOHKTTSSGHPYHKRKNDDWNG “®-C) and KLH (key-
hole limpet hemogcyanin).

Purified His-tagged proteins (1.5 mg) or conjugate (3.3
mg) was mixed with Freund's complete adjuvant, and
rabbits were immunized subcutaneously with each emul-
sion. At 4 weeks, the rabbits were boosted with the
mixture of respective protein and Freund's incomplete
adjuvant. At 5 weeks, the rabbits were boosted with the
respective protein solution. At 6 weeks after initial im-
munization, we bled the rabbits to prepare antisera.

Isolation of proteins for amino acid sequencing

The lysate of E. cofi BL21-CodonPlus-RIL cells harbor-
ing pUC[His-3BCD] was separated by SDS-PAGE, fol-
lowed by electroblotting onto Trans-Blot PYDF mem-
brane (Bio-Rad, Hercules, CA). The membrane was
stained by CBB R250, and then the 20-kDa band corre-
sponding to the ChV protease was excised for amino
acid sequencing (Sawady Technology, Japan).
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