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Summary. Human sapovirus (SaV) strains are agents of gastroenteritis. They
cannot be grown in cell culture. In this study, constructs containing SaV N-
and C-terminal-deleted recombinant capsid proteins (rVP1) were expressed in
a baculovirus expression system to allow us to better understand the sequence
requirements for the formation of virus-like particles (VLPs). Only proteins de-
rived from N-terminal-deleted rVP1 constructs that began 49 nucleotides down-
stream assembled into VLPs, which included both small and native-size VLPs.
Our results were similar to those reported in a rabbit hemorrhagic disease virus
(RHDV) N- and C-terminal-deleted rVP1 expression study but were distinct from
those reported in a norovirus N- and C-terminal-deleted rVP1 expression study,
suggesting that SaV and RHDV may have similar expression requirements.

Introduction

The family Caliciviridae contains four genera, Sapovirus, Norovirus, Lagovirus,
and Vesivirus, which include sapovirus (SaV), norovirus (NoV), rabbit hemor-
rhagic disease virus (RHDV), and feline calicivirus (FCV) strains, respectively.
Despite the fact that strains from these four genera are genetically and antigenically
distinct, some characteristics are common. For example, the major capsid gene
of SaV and RHDV is fused to the non-structural genes on open reading frame
1 (ORF1), whereas the major capsid gene of NoV and FCV is located on a
separate ORF (ORF2). This suggests that SaV/ RHDV and NoV/FCV have similar
proteolytic processing or expression characteristics, respectively.

SaV strains can be divided into five genogroups (GI-GV), of which GI, GII,
GIV, and GV strains infect humans, while GIII strains infect porcine species. The
SaV GI, GIV, and GV genomes are predicted to each contain three main ORFs,
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whereas the SaV GII and GIII genomes each have only two main ORFs. SaV
ORF2 and ORF3 encode proteins of yet-unknown functions. Human SaV strains
are noncultivable, but expression of the SaV recombinant capsid protein (rVP1) in
a baculovirus expression system results in the self-assembly of virus-like particles
(VLPs) that are morphologically similar to native SaV [10]. Recently, cryo-EM
analysis of SaV VLPs and X-ray crystallography analysis of NoV VLPs predicted
the SaV shell (S) and protruding (P) domains that were based the NoV domains
[5, 11]. NoV N and C-terminal rVP1 deletion analysis showed that the S domain
controlled the assembly of the VLPs (i.e., N-terminal residues 1-225), where-
as the P domain (residues beyond 226) controlled the size and stability of the
VLPs [2].

Since human caliciviruses are uncultivable, determination of their antigenic
characteristics and proteolytic processing has mostly relied on expression in
bacterial or insect cells. In a previous study, we compared the time-course expres-
sion of two different full-length SaV (Mc114 strain, GenBank accession number
AY237422) rVP1 in a baculovirus expression system [9]. One construct had the

Constructs Western blot (antisera) EM (nm) Expect.ed
rVP1 size
VLP N-term C-term
wi + o+ o+ 41-48 60K
MQG-1076 L 4 o 41-48 60K
NT49-Wt B e ok 21-31 and 41-48 58K
NT49-MQG-1076 LS 4= o= 21-31 and 41-48 58K
NT143-Wt + - + - 55K
143
NT143-MQG-1076 I:Zf_m‘ - - + - 55K
1583
CT1583-MQG-1076 & T LTI - + + - 56K
1260
CT1260-MQG-1076  [& Cama 101000 0 + + + - 44K
1 1068
CT1068-MQG-1076 I T m— o B B - 38K
1 687
CT687-MQG-1076 E I~ + + - - 2K

Fig. 1. The schematic of the r'VP1 constructs and predicted sizes, and the results of the Western
blot and EM analysis. All constructs were amplified with the specific sense primer and an
identical antisense primer, attB2TX30SXN, and included the ORF2 and poly(A) sequences.
The N-terminal constructs began downstream from the predicted start codon (49 or 143 nt).
The asterisks represent the nucleotide mutations that resulted in amino acid substitutions. The
C-terminal constructs began from the predicted start and were identical to the MQG-1076
construct except for the introduced stop codons, as indicated by the dashed line and the
corresponding number above
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native sequence (Wt construct), whereas the other (MQG-1076 construct) had two
nucleotide point mutations in VP1 at positions 4 and 1076 (relative to VP1 start)
resulting in two amino acid substitutions, one at the second residue where glu-
tamic acid (E) — glutamine (Q), and one at residue 358 where asparagine (N) —
serine (S) (Fig. 1). A silent nucleotide point mutation in VP2 also occurred in the
MQG-1076 construct at position 1895 (relative to VP1 start). These mutations
were probably introduced by PCR errors. While both constructs formed VLPs,
the MQG-1076 construct had increased yields of VLPs.

In the current study, we expressed N- and C-terminal-deleted Mc114 rVP1
constructs in a baculovirus expression system to determine the sequence require-
ments for expression of rVP1 and assembly of VLPs.

Materials and methods

PCR, sequencing, electron microscopy (EM), and Western blotting were performed as previ-
ously described [10]. For this study, all constructs were amplified with a specific sense primer
and the same antisense primer, attB2TX30SXN, and included the ORF2 (VP2) and poly(A)
sequences. The primers listed in Table 1 were used to re-amplify the inserted VP1 sequence
from the pDEST8-Wt and pDEST8-MQG-1076 plasmids, which were then cloned into a new
pDONR201 vector (Invitrogen, Carlsberg, CA, USA). The NT49 constructs were designed
to start from a second inframe methionine downstream from the predicted VP1 start, whereas
for the NT143 constructs, we introduced an inframe methionine. Four N-terminal-deleted
rVP1 constructs were designed. Two contained the Wt construct sequence (NT49-Wt and
NT143-Wt), and two contained the MQG-1076 construct sequence (NT49-MQG-1076 and
NT143-MQG-1076), i.e., nucleotide mutations at 1076 and 1895 (Fig. 1).

Since the MQG-1076 construct had increased yields of VILPs, we used this construct as the
template for all C-terminal-deleted rVP1 constructs (CT1583-MQG-1076, CT1260-MQG-
1076, CT1068-MQG-1076, and CT687-MQG-1076) in which we introduced an inframe stop
codon to retain RNA stability [3]. Briefly, two sets of sense and antisense primers were used in
separate PCR to create two overlapping PCR fragments. For the CT687-MQG-1076 construct,
primers CT-F and CT687-R were used for the first PCR, and then primers CT-687-F and CT-
R were used for the second PCR. These two purified fragments were used as templates in a
primer-less PCR, with the results then amplified with CT-F and CT-R primers, creating a single
PCR fragment with two internal introduced stop codons. Restriction enzymes Clal and EcoRI
were used to cut the single PCR fragment (corresponding to nucleotides 352-357 and 1613-
1616 on the VP1 gene, respectively), which was then ligated into a previously Clal- and
EcoRI-digested pDEST8-MQG-1076 plasmid. CT1260-MQG-1076, CT1068-MQG-1076,
and CT1583-MQG-1076 constructs were produced in a similar way except for the primers.

All plasmids were confirmed by sequencing. Expression was then carried out as previously
described [10]. Briefly, recombinant bacmids were transfected into Sf9 cells (Riken Cell Bank,
Japan). The purified recombinant baculoviruses were used to infect Tn5 cells (Invitrogen) at a
multiplicity of infection of 5-10 in 1.5 ml of Ex-Cell 405 medium (JRH Biosciences, USA),
and the infected cells were incubated at 26 °C. The culture medium was harvested 5-6 days
post-infection (dpi), centrifuged for 10 min at 3,000 x g, and further centrifuged for 30 min at
10,000 x g. The VLPs were concentrated by ultracentrifugation for 2 h at 45,000 rpm at 4 °C
(Beckman TLA-55 rotor) and then resuspended in 30 &l of Grace’s medium. Samples were
examined for VLP formation by electron microscopy (EM).

To collect RNA, we harvested the insect cells at 2 dpi, dissolved them with 1 ml of
Isogen-LS, and purified them following the manufacturer’s instructions (Nippon Gene, Tokyo,
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Japan). Total RNA (500 ng) from each construct was loaded onto a 2% denaturing agarose gel
containing formaldehyde and then transferred to a positively charged nylon transfer membrane
(Hybond-N+; Amersham Biosciences, Ireland) under vacuum (VacuGene XL; Pharamacia
LKB, Sweden). Northern blotting was carried out according to the DIG Northern Starter Kit
(Roche, USA) with an RNA probe corresponding to Mc114 VP1 position 157 to 1283 [9].

Results

Transcription and expression experiments were run in parallel. Northern blot
analysis confirmed that rVP1 mRNA, with approximately 2600 nucleotides, was
transcribed from all constructs (data not shown). The culture medium was har-
vested 5-6dpi and examined for rVP1 expression by Western blotting, using
hyperimmune rabbit antisera raised against Mc114 VLPs and E. coli-expressed
N- and C-terminal VP1 [8]. The predicted VP1 (1683 nt) encoded 561 amino acids
with an apparent molecular weight of 60,000 (60 K protein), whereas the predicted
N- and C-terminal-deleted rVP1 construct sizes are shown in Fig. 1. The E. coli-
expressed N-terminal VP1 included nucleotides 1-687, and the E. coli-expressed
C-terminal VP1 included nucleotides 688—1683. All constructs expressed bands
of their predicted sizes as determined by Western blot analysis using different
kinds of antisera.

All of the N-terminal-deleted rVP1 constructs were reactive with the E. coli-
expressed C-terminal VP1 antiserum (Fig. 2A, lanes 1 to 4), whereas the NT49
constructs were reactive with the VLP and E. coli-expressed N-terminal VP1

A C-terminal antiserum B N-termi_nal antiserwm
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Fig. 2. A Western blot analysis of the cell culture medium for NT49-Wt, NT49-MQG-

1076, NT143-Wt, and NT143-MQG-1076 against E. coli-expressed C-terminal antiserum

(I to 4, respectively) and B CT1583-MQG-1076, CT1260-MQG-1076, CT1068-MQG-1076,

and CT687-MQG-1076 against E. coli-expressed N-terminal antiserum (/ to 4). The arrows
correspond to the expressed rVP! for each of the constructs
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antisera, and the NT143-Wt was reactive with the VLP antiserum (data not shown).
The reason the NT143 constructs were non-reactive with the N-terminal antiserum
may be that the antiserum was raised against aregion in the deleted VP1 region (i.e.,
nt 1 to 143), though direct evidence is lacking. All of the C-terminal-deleted rVP1
constructs were reactive with the E. coli-expressed N-terminal VP1 antiserum
(Fig. 2B, lanes 1 to 4). Not surprisingly, the CT687-MQG-1076 construct was
non-reactive with the E. coli-expressed C-terminal VP1 antiserum (i.e., the C-
terminal VP1 antiserum was raised against a region in the deleted region), whereas
the other C-terminal-deleted rVP1 constructs were reactive (data not shown). The
CT1583-MQG-1076 was non-reactive with the VLP antiserum, whereas the other
three C-terminal-deleted rVP1 constructs were reactive (data not shown). The
reason both NT143-MQG-1076 and CT1583-MQG-1076 rVP1 were non-reactive
against the VLP antiserum has not yet been determined; however, the Western blot
results showed that NT143-MQG-1076 and CT1583-MQG-1076 rVP1 reacted
only weakly against the antisera (Fig. 2). Taken as a whole, our results showed
that SaV rVP1 was expressed for all deleted N- and C-terminal-deleted rVP1
constructs.

The 5-6 dpi harvested culture medium described above was then examined
for VLP formation by negative-stain EM. Despite examining more than 10 grid
squares per sample, we found that only the NT49 constructs formed VLPs with

Fig. 3. Electron-microscopic image of CsCl purified Mc114 NT49-MQG-1076 showing both
small and native-size VLPs negative-stained with 4% uranyl acetate (pH 4). The long arrows
show the native-size VLPs, and short arrows show the small VLPs. The bar indicates 100 nm
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morphological features similar to native SaV, having diameters 41-48 nm and the
Star of David structure (Fig. 3). However, smaller VLPs were also observed for
these N'T49 constructs, having approximately 26-31 nm diameters and spikes on
the outline (Fig. 3). These small VLPs appeared to have similar morphological
features to small SaV GV VLPs, which also had spikes on the outline [10].

We further investigated the NT49-MQG-1076 construct by infecting NT49-
MQG-1076 recombinant baculoviruses to approximately 2 x 10® confluent Tn5
cells and incubating them for 6 days. The VLPs were purified by CsCl equilibrium
gradient ultracentrifugation as previously described [7]. Twelve fractions were
collected, and a 58 K band was detected in fractions 7 and 8 by Western blotting
(Fig. 4A). This result was confirmed by our previously described ELISA (Fig. 4B)
[10]. By EM, fractions 7, 8, 9, and 10 were found to contain both small and
native-size VLPs. The amino acid sequence of the 58 K band of fraction 7 was
determined using Edman’s degradation method and was found to be MVVDP,

1 2 3 4 5 6 7 8 9 10 11
Fraction number

12

OD4g2 08 L
0.6 -
04 |
0.2 t

1 2 3 4 5 6 7
Fraction number

Fig. 4. The NT49-MQG-1076 recombinant baculoviruses were infected to approximately
2 x 108 confluent Tn5 cells and incubated for 6 days. The VLPs were purified by CsCl
equilibrium gradient ultracentrifugation, and 12 fractions were collected. A Western blotting
(E. coli-expressed C-terminal antiserum) showed that NT49-MQG-1076 rVP1 (58 K) was
present in fractions 7 and 8 (arrow), and B an antigen ELISA, which used hyperimmune
rabbit (capture) and guinea pig (detector) antiserum raised against MQG-1076 VLPs, showed
that VLPs were present in fractions 6 to 11, though the majority of VLPs were in fractions
7and 8
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which matched the NT49 construct start sequence. Interestingly, the position
of this second methionine was maintained in SaV GV strains [9], whereas for
SaV GII, GIII, and GIV strains a second methionine residue was located further
downstream. Our results suggest that the formation of these smaller VLPs was
probably controlled by the first 48 nucleotides of VP1. The numbers of the small
SaV VLPs appeared to be much lower than those of the native-size VLPs. Our
results suggested that SaV small VLPs were unstable, since they appeared to lose
their morphological features when stored at 4 °C for several months (data not
shown). Likewise in a NoV expression study, small NoV VLPs were reported to
be less stable than native-size NoV VLPs [12].

Discussion

Our expression results were similar to those reported in a RHDV N- and
C-terminal-deleted rVP1 expression study [1]. The formation of small RHDV
VLPs was not observed with a construct that deleted 103 amino acids of the
N-terminal region, but it was observed with constructs that deleted either 29 or
61 amino acids of the N-terminal region. These results suggested that the 29
amino acids at the N-terminal region played a crucial role in the formation of
small and native-size VLPs. Our results clearly indicated that at least the first 16
amino acids at the N-terminal region played a crucial role in the formation of SaV
VLPs. In comparison, SaV and RHDV N-terminal regions, 16 and 29 amino acids,
respectively, shared only the first three amino acids, MEG. The MEG capsid start
motif is conserved among all human SaV strains, whereas human NoV strains do
not contain this sequence. However, porcine SaV, which belongs to GIII, does not
contain this motif, though small porcine VLPs have yet to be reported. Further
investigations with other human SaV genogroups are needed to help define the
sequences that control the formation of the SaV VLPs.

The formation of these smaller SaV GI VLPs was observed only when the
first 48 nucleotides of VP1 were deleted, whereas the formation of smaller SaV
GV VLPs was observed using a construct that began from the predicted start
codon [10]. Small SaV virions have not yet been described in clinical stool spec-
imens, which may suggest that these smaller VLPs were exclusive to insect cell
expression. However, since these smaller VLPs lacked native SaV morphological
features, identification may be difficult in clinical specimens.

Classification of caliciviruses has been hampered mostly because many calici-
viruses cannot be grown in cell culture [6]. In the early 1980s, caliciviruses were
grouped based on morphological features [4], but as sequence data accumulated in
the 1990s, the International Committee on Taxonomy of Viruses (ICTV) created
four genera in the family Caliciviridae, primarily based on phylogenetic analysis.
On the other hand, Green et al. [6] mentioned that proteolytic processing and
differences in the replication strategy may also be important tools for distin-
guishing caliciviruses. In this study we expressed SaV N- and C-terminal-deleted
rVP1 constructs in a baculovirus expression system. All constructs transcribed
rVP1 mRNA and expressed rVP1, but VLP formation was only observed with
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N-terminal-deleted rVP1 constructs (NT49-Wt and NT49-MQG-1076 constructs).
Of novel findings was the formation of smaller and native-size VLPs for these
two SaV N-terminal-deleted rVP1 constructs. These results were similar to those
reported in a RHDV N- and C-terminal-deleted rVP1 expression study [1] but
were distinct from those reported in a NoV N- and C-terminal-deleted rVP1
expression study [2]. Barcena et al. [1] showed that RHDV N-terminal-deleted
rVP1 constructs could form small and native-size VLPs and that all RHDV C-
terminal-deleted rVP1 constructs failed to form VLPs, whereas Bertolotti-Ciarlet
et al. [2] showed that both NoV N- and C-terminai-deleted rVP1 constructs could
form VLPs. It is tempting to draw parallels for these studies and propose that SaV
expression was more closely related to RHDV than to expression of NoV in insect
cells. What’s more, SaV and RHDV strains have a similar genomic organization,
and their small and native-size VLPs appeared to have similar morphological
features, hinting that these two genera may have evolved from a common ancestor.
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Summary. We recently determined the ORF1 cleavage map of Mc10, a human
sapovirus (SaV) strain, as follows: NHy—p11-p28-p35(NTPase)-p32-p14(VPg)-
p70(Pro-Pol)-p60(VP1)-COOH. This cleavage was dependent on the viral en-
coded 3C-like protease. To identify the cleavage site of SaV ORF1, putative p70
(Pro-Pol) and p14-p70 (VPg-Pro-Pol) were expressed as N-terminal GST and
C-terminal 6 x His-tag fusion proteins in Escherichia coli, and the expressed
products were analyzed by SDS-PAGE and Western blotting. Our results indi-
cated that the efficient proteolytic cleavage occurred between p14 (VPg) and p70
(Pro-Pol), and N-terminal amino acid sequencing revealed that the cleavage site
was between E'9° and A!9% In contrast, the p70 (Pro-Pol) was not further
cleaved. We also found that SaV protease cleaved the Q/G site within the rhinovirus
3C protease recognition site. Site-directed mutagenesis in a conserved GDCG
motif of the protease completely abolished these proteolytic activities. This is the
first report to identify the cleavage site of the SaV ORF1 polyprotein.

Introduction

Sapovirus (SaV), amember the family Caliciviridae, is a causative agent of human
and porcine gastroenteritis [9, 12, 18]. SaV strains are currently divided into five
genetic groups, genogroups I (GI) to GV, of which the GI, GII, GIV, and GV strains
infect humans [6]. Although GIII porcine SaV is able to grow in cultured cells,
there have been no studies in which SaV was cultured in human cells, and no animal
model of human SaV has been developed [3]. The SaV genome is a positive-sense,
single-strand RNA molecule of approximately 7.5 kb that is polyadenylated at its
3’ terminus. The genome of the SaV GI, GIV, and GV strains are predicted to
contain three main open reading frames (ORFs), whereas those of SaV GII and
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GIII strains have two ORFs [6, 8, 15, 20, 22-24]. The SaV ORF1 encodes
non-structural proteins and the capsid protein (VP1), whereas ORF2 and ORF3
encode proteins of as-yet-unknown function [5]. The SaV ORF1 polyprotein
contains amino acid (aa) motifs conserved in 2C-like NTPase (NTPase), VPg, 3C-
like protease (Pro), 3D-like RNA-dependent RNA polymerase (Pol), and capsid
protein (VP1) of caliciviruses [5].

Our previous study of a SaV GII strain, Mc10, demonstrated that the ORF1
polyprotein is processed into at least 10 major proteins, p11, p28, p35, p32, p14,
p70, p60, p66, p46, and p120. Seven of these products were arranged in the follow-
ing order: NH,—p11-p28-p35(NTPase)-p32-p14(VPg)-p70(Pro-Pol)-p60(VP1)—-
COOH [21].

Mutagenesis of the GDCG motif in the 3C-like protease fully abolished
the proteolytic activity, demonstrating that the cleavage was dependent on vi-
ral encoded 3C-like protease [21]. Although p70 (Pro-Pol) has two aa motifs
characteristic of Pro and Pol, we were unable to demonstrate further processing
in an in vitro rabbit reticulocyte-coupled transcription-translation system [21].
Inefficient cleavage of the protein corresponding to p70 has also been reported
in other caliciviruses, including Norovirus (NoV), rabbit hemorrhagic disease
virus (RHDV), and feline calicivirus (FCV), when a similar in vitro system was
used [1, 17, 27, 28, 31]. In contrast, further cleavage between Pro and Pol was
demonstrated when the Pro-containing regions derived from RHDV, NoV, and
FCV were expressed in Escherichia coli (E. coli) [2, 16, 17, 25-28, 30].

The objective of this study was to determine whether the putative p70 (Pro-
Pol) region of human SaV is further cleaved in E. coli. We also aimed to identify
the cleavage site around the protease domain, because none of the cleavage sites
in the SaV ORF1 have been identified.

Materials and methods

Virus and full-length cDNA clones

SaV GII Mc 10 strain (Hu/SaV/Mc10/2000/Thailand; GenBank accession number AY237420)
was isolated from an infant hospitalized with acute gastroenteritis in Chiang Mai, Thailand,
in 2000 [10]. Two clones constructed previously [21] were used as a template for PCR. The
first clone, pUC19/SaV Mc10 full-length, contained the native Mc10 sequence. The second
clone, pUC19/SaV full-C1171A/ORF1, was a protease mutant and has nucleotide changes
from TGT (*!171C) to GCG (!171A) in the GDCG motif.

Construction of E. coli expression plasmids

Putative p70 (Pro-Pol) and p14-p70 (VPg-Pro-Pol) derived from Mcl0 (Fig. 1) were se-
lected for the expression in E. coli. A DNA fragment corresponding to either p70 (nt 3179-
5173, aa 1056-1720) or pl4-p70 (nt 28345173, aa 941-1720) with or without nucleotide
changes from TGT (M71C) to GCG (1171A) in the GDCG motif was amplified by a sense
primer including a BamHI site for p70, (5-CAGGGGCCCCTGGGATCCgctcccacaccaattgtt
acattc-3'); for p14-p70, (5'-CAGGGGCCCCTGGGATCCgecaaaggaaagaccaageatgge-3'; the
BamHI site is underlined) and an antisense primer (5'-GCCGCTCGAGTCGACTCA
GTGATGGTGATGGTGATGttcaaacactaatttggtggtctcticactgggget-3') including a 6 x His-
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Fig. 1. Cleavage map of Mc10 ORF1 and the construction of the expression plasmids.
Schematic representation of the fusion proteins expressed in E. coli. Putative p70 (Pro-
Pol) was cloned into pGEX-6P-3 and pGEX-4T-1 vectors, and putative p14-p70 (VPg-Pro-
Pol) was cloned into a pGEX-4T-1 vector. Closed triangles indicate the position in the 3C-
like protease where the ''7!C-to-!!7'A change was introduced. Both the wild and mutant
(Pro™") forms of the constructs were used for the expression. The recombinant proteins were
expressed as the N-terminal GST and C-terminal 6 x His- tag fusion proteins. The protease
recognition sites derived from the vectors are indicated in bold and the SaV sequences are
underlined. The cleavage sites identified in this study are indicated by slashes and arrows

tag sequence (double-underlined), a stop codon (bold), and a Sall site (underlined). PCR
was performed with 500 ng of each full-length cDNA.

The PCR products were purified and digested with BamHI and Sa!l (New England Biolabs,
Beverly, MA) and cloned into the corresponding sites of either pGEX-6P-3 or pGEX-4T-1
vectors (Amersham Biosciences, Piscataway, NJ). E. coli DHSa cells (Toyobo, Osaka, Japan)
were used for the transformation and propagation of the plasmids. All plasmids were verified
by sequence analysis. Six plasmids containing putative p70 (Pro-Pol) or pl4-p70 (VPg-
Pro-Pol) sequences were prepared and were designated as pGEX-6P-3- Pro-Pol, pGEX-6P-
3-Pro™-Pol, pGEX-4T-1-Pro-Pol, pGEX-4T-1-Pro™"-Pol, pGEX-4T-1-VPg-Pro-Pol, and
pGEX-4T-1-VPg-Pro™"-Pol (Fig. 1). The designation “Pro™""” refers to a protease in which
C was changed to A in the GDCG motif, as described previously [21].

Expression of recombinant proteins in E. coli

The products were expressed as fusion proteins with glutathione S-transferase (GST) at the
N-terminus and 6 x His-tag at the C-terminus. E. coli BL21-CodonPlus-RIL cells (Stratagene,
La Jolla, CA) were transformed with the expression plasmids, and the transformants were
incubated at 37 °C in 10ml of Luria Broth containing 50 pg/ml of ampicillin and 50 jLg/ml
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of chloramphenicol until the ODggp value reached 0.6-0.8. The expression was induced in a
final concentration of 1 mM isopropyl-1-thio-B-D-galactopyranoside followed by incubation
at 37°C for 3 h.

Analysis of recombinant proteins

The E. coli culture or purified recombinant proteins were mixed with an equal volume of
the 2 x SDS-PAGE sample buffer (125 mM Tris-HCI (pH 6.8), 10% (w/v) sucrose, 4% (w/v)
SDS, and 0.004% (w/v) bromophenol blue with 10% (v/v) 2-mercaptoethanol), and heated at
95 °C for 5 min prior to loading on 5-20% Tris-Glycine polyacrylamide gel (ATTO, Tokyo,
Japan). Electrophoresis was performed in 25 mM Tris/192 mM glycine/0.1% SDS buffer at
20mA for 1.5h. The proteins in the gel were visualized by staining with GelCode Blue
Staining Reagent (Pierce, Rockford, IL). Precision Plus Protein All Blue standards (BioRad,
Hercules, CA) were used as a size marker for CBB staining and Magicmark XP Western
standard (Invitrogen, Carlsbad, CA) was used as a size marker for the Western blotting.

For Western blotting, the proteins separated in the gel were electrically blotted onto a
PVDF membrane (Immobilon-P; Millipore, Billerica, MA) and detected with anti-His tag
monoclonal antibodies (Roche Diagnostics, Tokyo, Japan) at a dilution of 1:500, horseradish
peroxidase-conjugated anti-GST goat-polyclonal antibody (Amersham Biosciences) at a dilu-
tion of 1:5000, or anti-VPg, -Pro, -Pol rabbit hyperimmune IgG (Fig. 1) at a dilution of 1:3000
as previously described [11, 21]. The membrane was treated with ECL detection reagent
(Amersham Biosciences) according to the manufacturer’s instructions, and the signals were
exposed on film (Fuji Film, Tokyo, Japan).

The recombinant proteins were purified using TALON resin (BD Clontech, Palo Alto, CA)
as previously described [21], then subjected to N-terminal amino acid sequencing (APRO
Science, Tokushima, Japan).

Results
Analysis of Pro-Pol recombinant proteins

To determine whether the p70 (Pro-Pol) of human SaV (Fig. 1) is further cleaved
in E. coli, putative p70 (Pro-Pol) was expressed as a fusion protein using an E. coli
expression plasmid, pPGEX-6P-3-Pro-Pol. The recombinant protein contains GST
at the N-terminus and 6 x His-tag at the C-terminus. Three major products of
approximately 96, 70, and 26kDa were visualized when the total lysate was
analyzed by SDS-PAGE (Fig. 2A, lane 1). Western blot analysis revealed that
the 96kDa protein was immunoreactive to anti-GST, anti-His tag, anti-Pro, and
anti-Pol antibodies (lane 1 in Fig. 2B, C, E, and F), and thus corresponds to
the GST-Pro-Pol-6 x His fusion protein. The 26 kDa band corresponds to GST,
because it was solely detected by anti-GST (Fig. 2B, lane 1), whereas the 70 kDa
band corresponds to Pro-Pol-6 x His, as it was detected by anti-Pro, anti-Pol, and
anti-His tag antibodies (lane 1 in Fig. 2C, E, and F). These results indicated that
the cleavage between Pro and Pol did not occur in E. coli as observed in our
previous study with an in vitro transcription/translation system [21].

To identify the cleavage site between the 26kDa and 70 kDa proteins, the
N-terminal amino acid sequence of the affinity-purified 70 kDa protein was deter-
mined. The amino acid sequence was G (7.6 pmol)-P (6.2 pmol)-L (7.7 pmol)-G
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Fig. 2. Analysis of the products expressed in E. coli. A Coomassie brilliant blue (CBB)
staining. Western blot analysis with B anti-GST antibody, C anti-His tag antibody, D anti-VPg
antibody (raised against aa 941-1055), E anti-Pro antibody (raised against aa 1056-1194),
and F anti-Pol antibody (raised against aa 1247-1720). Lane M indicates the molecular size
marker. /, pGEX-6P-3-Pro-Pol; 2, pGEX—6P—3-Prom”‘—Pol; 3, pGEX-4T-1-Pro-Pol; 4, pGEX-
4T-1-Pro™-Pol; 5, pGEX-4T-1-VPg-Pro-Pol; 6, pGEX-4T-1-VPg-Pro™™-Pol. The products
of interest are indicated by arrows on the right side of the gel. The specific cleavage products
derived from pGEX-6P-3-Pro-Pol, and those from pGEX-4T-1-VPg-Pro-Pol are indicated
by open and closed triangles, respectively. Anti-VPg, anti-Pro, and anti-Pol antibodies are
designated as Anti-D, E, and F, respectively [21]

(7.7 pmol)-S (1.8 pmol), which is not encoded in the SaV p70 (Pro-Pol) sequence
(Fig. 1). Because the original plasmid, pGEX-6P-3, used for the expression study
contains a human rhinovirus 3C protease recognition sequence (LEVLFQGP)
plus a sequence derived from a multi-cloning site of the vector (LGS) between
GST and putative Pro-Pol (APTPL. . .), as depicted in Fig. 1, the Q/G site within
the human rhinovirus 3C protease recognition sequence was recognized by SaV
3C-like protease, and generated two major products of 26 kDa (GST-LEVLFQ)
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and 70 kDa (GPLGS-Pro-Pol-6 x His), though the cleavage site did not originate
from the native SaV sequence.

To demonstrate that proteolytic cleavage was mediated by SaV protease, a
plasmid containing a mutated protease, pGEX-6P-3-Pro™"-Pol, was constructed
and the proteins were expressed in E. coli. A major fusion protein with an apparent
molecular mass of 96kDa was observed (Fig. 2A, lane 2). This protein was
immunoreactive with anti-GST, anti-His tag, anti-Pro, and anti-Pol antibodies
(Lane 2 in Fig. 2B, C, E, and F), indicating that C1171A mutation in the SaV
protease abolished the cleavage activity at the Q/G site within the human rhinovirus
3C protease recognition sequence. The finding that C!17! played a critical role in
the protease activity was consistent with our previous observation made using an
in vitro coupled transcription-translation system {21].

To further confirm the specificity of the SaV 3C-like protease, the putative p70
(Pro-Pol) region that contained either the wild-type or C1171A mutant (designated
as Pro™") was cloned into the pGEX-4T-1 vector, which contained a thrombin
recognition sequence (LVPRGS) at the C-terminus of the GST. The recombinant
protein should be GST-LVRGS-p70 (APTPI.. .)-6 x His, as depicted in Fig. 1.
When the pGEX-4T-1-Pro-Pol and pGEX-4T-1-Pro™"'-Pol were expressed in
E. coli, a major fusion protein with an apparent molecular mass of 96 kDa was
observed in both lysates (Fig. 2A, lanes 3 and 4). Western blot analysis revealed
that these products were immunoreactive to anti-GST, anti-His tag, anti-Pro, and
anti-Pol antibodies (Fig. 2B, C, E, and F, lanes 3 and 4), indicating that the fusion
protein was GST-Pro-Pol-6 x His.

We detected smaller products by Western blot analyses (Fig. 2B, C, E,
and F, lanes 1, 2, 3, and 4) and these were likely to be N-terminal truncated
forms of the fusion protein —i.e., they were likely to have been cleaved by E. coli
proteases, because of the reactivity against a set of the antibodies.

These results indicated the following: (i) there is no cleavage between Pro
and Pol; (ii) the Q/G site within the human rhinovirus 3C protease recognition
sequence was cleaved by the SaV 3C-like protease; and (iii) C!'7! was critical for
the cleavage activity.

Analysis of the VPg-Pro-Pol recombinant proteins

To determine whether the cleavage occurs between VPg and Pro-Pol, both the
wild and Pro™ forms of the putative pl4-p70 sequence (VPg-Pro-Pol) were
expressed as an N-terminal GST and a C-terminal 6 x His-tag fusion protein.
The recombinant protein should be GST-LVRGS-VPg(AKGKTXK. . .)-Pro-Pol-
6 x His, as depicted in Fig. 1.

When the total lysate of E. coli cells harboring pGEX-4T-1-VPg-Pro-Pol
was analyzed by SDS-PAGE, two major proteins of approximately 38 kDa and
70 kDa were visualized (Fig. 2A, lane 5). Western blot analysis revealed that the
38 kDa protein corresponds to GST-VPg, because it was detected by anti-GST
and anti-VPg antibodies (Fig. 2B and D, lane 5), whereas the 70kDa protein
corresponded to Pro-Pol-6 x His, as it was detected by anti-His tag, anti-Pro-,
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Fig. 3. Comparison of the amino acids sequences of the putative p14 (VPg) and p70 (Pro-Pol)

junction of SaV, for which the full-length genomic sequence has been determined. Amino

acids at positions P1 and P1” of the cleavage site of the Mc10, and the corresponding site

of the other SaV strains are boxed. The positions of the amino acid residues in the ORF

polyprotein are indicated on both sides of the figure. The GenBank accession numbers are as

follows: Mc10, AY237420; Sakai C12, AY603425; Bristol, AJ249939; Manchester, X86560;
Dresden, AY694184; PEC, AF182760; and LL14, NC_000940

and anti-Pol antibodies (Fig. 2C, E, and F, lane 5). The N-terminal amino acid se-
quence of the purified 70 kDa protein was A (8.1 pmol)-P (4.8 pmol)-T (3.8 pmol)-
P (4.0 pmol)-I (2.8 pmol), which corresponds to SaV Mc10 ORF1 aa 1056-1060
(Fig. 3). These results indicated that the efficient cleavage occurred between
E'%5 and A!056, which is the exact predicted boundary site between the pl14
(VPg) and p70 (Pro-Pol). A major product with a predicted size of 112kDa
was observed when the pGEX-4T-1-VPg-Pro™"-Pol plasmid was expressed. This
product was immunoreactive to anti-GST, anti-His tag, anti-VPg, anti-Pro, and
anti-Pol antibodies (Fig. 2A-F, lane 6), demonstrating that the cleavage was
dependent on the SaV protease activity.

We also detected smaller products by Western blot analyses (lane 5 in Fig. 2B
and D, lane 6 in 2B, 2C, 2D, 2E, and 2F). These appeared to be N-terminal
truncated forms of the fusion proteins, and were not examined further.

The results indicated the following: (i) efficient cleavage occurred between
E!955 and A1056 at the exact predicted boundary site between the p14 (VPg) and
p70 (Pro-Pol); and (ii) C''7! was critical for this cleavage activity.

Discussion

Cleavage between Pro and Pol has been reported in other members of caliciviruses
in studies using recombinant proteins expressed in E. coli [2, 16, 17,2528, 30]. In
this study, however, we did not detect the viral protein corresponding to the Pro and
Pol. Prolonged expression in E. coli, i.e., up to 16 h, also failed to identify further
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cleavage product(s) (data not shown). It has been demonstrated that the Pro-Pol
precursor accumulated in RHDV-infected hepatocytes and also in FCV-infected
cells [7, 13, 28]. Furthermore, a 70kDa protein corresponding to Pro-Pol was
recently identified in porcine enteric calicivirus (PEC: SaV GIII strain)-infected
LLC-PK cells [4]. The lack of the cleavage in the Pro-Pol suggested that SaV p70
has both protease and polymerase activities as previously reported in the case of
FCV [14, 29].

The residues E (or Q)/G, A, S, T, D, N have been identified as the cleavage
sites in other caliciviruses [1, 19, 25, 27]. In this study, we demonstrated that the
SaV protease cleaves between E!95° and A10%6, at the exact predicted boundary
site between the p14 (VPg) and p70 (Pro-Pol). We also found that the SaV
3C-like protease cleaves the Q/G site within the rhinovirus 3C protease recognition
sequence as reported in the Chiba virus, in the genus Norovirus [25]. Although the
cleavage efficiency was significantly different between GST-p14-p70 and GST-
p70, it may depend on either vector- or virus-derived sequence. Nevertheless, these
characteristics were consistent with those of other calicivirus 3C-like proteases,
in which the cleavage occurs after either glutamic acid (E) or glutamine (Q).

Identification of the N-terminal sequence of the p70 (Pro-Pol) demonstrated
that our prediction of the boundary between p14 (VPg) and p70 (Pro-Pol) was
correct. To date, seven SaV complete genomes belonging to GI, GII, and GIII have
been reported. When the amino acid sequences surrounding the E!933/A1056 sjte
were aligned, the amino acid E in the P1 and G (or A) in the P1” position (P1 is the
amino acid immediately upstream of the scissile bond, and P1’ is the amino acid
immediately downstream of the scissile bond) were commonly conserved among
SaV strains (Fig. 3). Although we found several EA and QG sequences within the
putative p14-p70 region, these were not cleaved by the SaV protease. Interestingly,
these sites were not conserved among SaV strains (data not shown), suggesting
that other cleavage sites in the SaV ORF1 polyprotein would be conserved among
the SaV strains. Further studies are needed to identify other cleavage sites to
confirm this expectation.
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