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Open Reading Frame 1 of the Norwalk-Like Virus Camberwell:
Completion of Sequence and Expression in Mammalian Cells
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The ORF1 sequence was determined for Camberwell virus, a genogroup 2 Norwalk-like virus, completing the
full genome of 7,555 nucleotides. ORF1 cDNA was cloned into a simian virus 40-based expression vector, and
the viral proteins synthesized following transfection into COS cells were analyzed. By using antisera directed
against the helicase, protease, or polymerase regions, eight polypeptides ranging in size from 19 to 117 kDa
were detected by radioimmunoprecipitation. The cleavage sites determining the amino and carboxy termini of
the 3C-like protease were identified at E,y4/A and E,,4,/G, respectively.

Norwalk-like viruses (NLVs), also known as the small
round-structured viruses, constitute a genus within the family
Caliciviridae (25). They cause viral gastroenteritis in humans
and have not been grown in cell culture (17). The genomes of
Southampton (19, 20), Norwalk (10, 16), and Lordsdale (6)
NLVs have been completely sequenced. Extensive compari-
sons of partial sequences for a number of NLVs have shown
that the viruses may be divided into at least two genogroups (4,
15, 32, 35). Genogroup 1 includes Southampton and Norwalk
viruses, while genogroup 2 includes Lordsdale and Camberwell
viruses (4).

The NLV genome is single-stranded, positive-sense RNA of
about 7.5 kb organized into three open reading frames
(ORFs). The RNA is polyadenylated at the 3" end. ORF1
encodes a polyprotein of approximately 190 kDa and contains
motifs for a 2C-like helicase, a 3C-like protease, and a 3D-like
RNA polymerase. ORF2 encodes a capsid protein of about 60
kDa, and ORF3 encodes a small basic protein of 20 to 30 kDa
with unknown function (4, 6, 16, 19, 28).

The inability to propagate the NLVs in cell culture has so far
restricted the study of the processing of the ORF1 polypeptide
to in vitro transcription and translation (21) and synthesis in
bacterial cells (22). These experiments have been done with
Southampton, a genogroup 1 virus. By using in vitro transcrip-
tion and translation, cleavage of the ORF1 polyprotein at two
Q/G sites was demonstrated. These sites defined the putative
helicase protein (21). More recently, three additional cleavage
sites, one at E/A and two at E/G, were identified by N-terminal
analyses of polypeptides synthesized in Escherichia coli (22).
Additional information on polypeptide cleavage is available for
two animal caliciviruses, rabbit hemorrhagic disease virus
(RHDV) and feline calicivirus (FCV). For RHDV, cleavage
sites were identified at E/G and E/T (1, 33, 34), whereas E/A,
E/S, E/T, and E/G are utilized in FCV (30, 31). In the exper-
iments described below, the proteolytic processing in mamma-
lian cells of the NLV ORF1 polypeptide was examined for
Camberwell virus (genogroup 2). The proteins produced were
identified by immunoprecipitation with region-specific anti-
sera, and the results were compared with those reported for
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Southampton virus and in vitro translation or expression in E.
coli.

Completion of the ORF1 sequence. The sequence of the 3’
half of the Camberwell virus genome (approximately 3.5 kb)
incorporating part of ORF1 and the complete ORF2, ORF3,
and 3’ untranslated region has been reported by our laboratory
(4, 28). Now the complete genome sequence of 7,555 nucleo-
tides (nt) [excluding the poly(A) tail] has been determined
(accession no. AF145896). The procedures of RNA extraction
and reverse transcription-PCR were described previously (4,
5). Superscript II RNase H™ reverse transcriptase (GIBCO-
BRL) and AmpliTag DNA polymerase (Perkin-Elmer) were
used. PCR fragments of 500 to 750 bp were sequenced without
cloning. Eight overlapping PCR fragments extending towards
the 5’ terminus were obtained by using 3’ primers based on the
known Camberwell virus sequence and 5 primers based on the
published ORF1 sequences of Southampton, Norwalk, and
Lordsdale viruses. The 5’ untranslated region was determined
by the rapid amplification of cDNA end method (9).

Extension by RACE towards the 5’ end revealed only four
nucleotides preceding the first AUG codon in ORF1. The four
nucleotides (GUGA) were identical to those determined for
Southampton, Norwalk, and Lordsdale viruses (6, 10, 20).
ORF1 of Camberwell virus consists of 5,100 nt (including the
stop codon) and encodes a polyprotein of 189 kDa. The motifs
for a putative 2C-like helicase, a 3C-like protease, and a 3D-
like RNA polymerase are present. The complete genome of
Camberwell virus, when compared pairwise with those of
Southampton, Norwalk, and Lordsdale viruses, showed 59.7,
59.3, and 93.2% identities, respectively, at the nucleotide level.
For ORF1 only, the corresponding identities were 60.0, 59.9,
and 93.3%. The close relationships between Camberwell and
Lordsdale viruses in ORF2 (93.3%) and ORF3 (90.7%) have
been described previously (4, 28). A comparison of the amino
acid sequences encoded by ORF1 of these two genogroup 2
viruses showed an identity of 97.8%, with 37 of 1,699 amino
acid differences. Of these changes, 20 of 37 were conservative;
12 changes (32.4%) were contained in the N-terminal 257
amino acids (15.1% of ORF1), and the remainder were scat-
tered throughout the polyprotein.

A repeated sequence was observed in the Camberwell virus
genome corresponding to nt 1 to 22 at the 5’ end and at nt 5081
to 5102 overlapping the 5’ terminus of ORF2 (capsid gene).
There was a 19 of 22 nucleotide match between these se-
quences. This conservation of a repeated sequence also occurs
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FIG. 1. Schematic representation of the Camberwell virus ORF1 polypro-
tein, containing 1,699 amino acids. Cleavage products are shown as boxes. The
molecular masses in kilodaltons determined by SDS-PAGE are indicated as “p”
values, whereas those calculated from the deduced amino acid (a.a.) sequence
are shown in parentheses. The solid lines below the ORF1 polyprotein represent
the fusion proteins used in the production of antisera. Probable cleavage sites are
Q330/G and Qg496/G (21) and Egy5/G (22); sites confirmed in these experiments
are E;yg/A and E|,5o/G (Fig. 3). x, a predicted protein of 20 kDa.

in Southampton, Norwalk, and Lordsdale viruses, as well as
FCV and RHDV, although for the latter the repeated se-
quence is found at the beginning of the capsid gene in ORF1.
For both FCV and RHDV, the repeated sequence is located at
the 5’ terminus of the subgenomic RNA encoding the capsid
protein (3, 23). The function of the repeated sequences in the
NLVs is still unknown, but comparison with RHDV and FCV
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suggests a possible role in the synthesis of the subgenomic
RNA for the human viruses (12).

Analysis of viral proteins in transfected mammalian cells.
The vector pCMVS5 (a gift from Anthony Mason) was used to
express the ORF1 ¢cDNA of Camberwell virus. The vector
contains the cytomegalovirus immediate-early promoter up-
stream of a multiple-cloning site, followed by the simian virus
40 polyadenylation signal and origin of replication. ORF1
cDNA of Camberwell virus (nt 5 to 5383) was inserted into the
vector between the EcoRI and Xbal sites. This plasmid was
designated pCMCI1 (abbreviated name, C1) and was intro-
duced into COS-M6 cells by transfection with FuGENE 6
reagent (Roche). After 24 h, the cells were incubated in me-
dium deficient in methionine and cysteine for 1 h. The medium
was removed and replaced with medium containing 100 nCi of
Trans>>S-label (ICN) per ml and incubated for 4 h. The same
labeling procedure was used in all subsequent experiments
with other constructs. The cells were washed with phosphate-
buffered saline and cell lysates were immunoprecipitated as
described previously (26) with one of three region-specific an-
tisera. These antisera were raised in rabbits against glutathione
S-transferase fusion proteins obtained by using the pGEX vec-
tors in E. coli (29). The proteins contained parts of either the
putative helicase, protease, or polymerase regions (Fig. 1). The
corresponding antisera were later designated anti-Hel, anti-
Pro/Pol, and anti-Pol.

Six polypeptides, p4l, p117, p70, p54, p56, and pl9, were
detected by radioimmunoprecipitation (RIP) of the trans-
fected cell lysate. The anti-Hel antiserum precipitated the pro-
tein p41 (Fig. 2A, lane 3), corresponding to the 41-kDa heli-
case protein of Southampton virus, which was detected
following in vitro transcription and translation (21). The prob-
able cleavage sites for Camberwell virus were Qs;,/G and
Qgo6/G (Fig. 1). The anti-Pro/Pol antiserum precipitated p117
(Fig. 2B, lane 3), corresponding to the 113-kDa product of
Southampton virus. It matched the calculated size of a C-
terminal product generated by cleavage at Qgys/G (Fig. 1).
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FIG. 2. SDS-PAGE analysis of proteins immunoprecipitated from transfected COS cells by the anti-Hel (A) and anti-Pro/Pol or anti-Pol (B) antisera. Lanes Ve,
lysates of COS cells transfected with the vector pCMVS5 lacking an insert; lanes Pr, lysates of cells transfected with pCMC1 and precipitated with corresponding
preimmune sera; lanes C1 to C4, lysates of cells transfected with the pCMC constructs listed in Fig. 3. C1 samples are shown in duplicate lanes in Fig. 2B. The
14C-labeled molecular mass markers (in kilodaltons) are shown on the left. The viral proteins detected are indicated on the right and by dots in the lanes where

appropriate.
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FIG. 3. Constructs containing the cDNA of Camberwell virus ORF1 mu-
tagenized in the protease-encoding region. Mutations were introduced by over-
lap PCR (14) and confirmed by sequencing. Amino acid sequences flanking the
cleavage sites and the protease motif are shown. The amino acid(s) mutated to
alanine for each construct is listed. Lysates of cells transfected with the various
constructs are designated by the letter C and corresponding number in Fig. 2 and
4.

Protein p117 was not precipitated to a detectable level by
anti-Pol in the experiment shown in Fig. 2B (lane 10) but was
observed on other occasions (see Fig. 4, lane 11).

Proteins p70 and p54 were precipitated by both anti-Pro/Pol
and anti-Pol (Fig. 2B, lanes 3 and 10) antisera, suggesting that
these products are also located in the C-terminal region of the
ORF1 polyprotein (Fig. 1). They matched the calculated sizes
of proteins generated by cleavage at the N and C termini of the
putative protease protein (see below).

Two other products, p56 and p19, were precipitated by anti-
Pro/Pol antiserum only (Fig. 2B, lanes 3 and 10). Based on
their sizes and precipitation pattern, the proposed locations of
the two polypeptides in the ORF1 polyprotein are shown in
Fig. 1. The protease motif H;ss. . .E;po. . .GDCy147 (18) is
contained in p19, which is also similar in size to the protease of
RHDV (15 kDa) (33). The C residue in the conserved
GDC, 4, motif is thought to be involved in peptide bond cleav-
age (7). Thus, to confirm that a virus-encoded protease was
required for the observed proteolytic processing, C, 4, and the
neighboring C,,,, were mutated to A in construct pCMC3
(Fig. 3). A single product of 190 kDa corresponding to the size
of the complete ORF1 polyprotein was observed following
RIPs using either anti-Hel, anti-Pro/Pol, or anti-Pol antiserum
with pCMC3-transfected cell lysate (Fig. 2A, lane 5; Fig. 2B,
lanes 6 and 13). Therefore, mutagenesis of the protease motif
abolished proteolytic activity, showing that the viral 3C-like
protease was responsible for the processing of the polyprotein.

Mutation at E,,os/A. To identify the cleavage sites defining
p19, the deduced amino acid sequences of Southampton, Nor-
walk, Lordsdale, and Camberwell viruses were compared. A
conserved sequence, FE,,s/APP (Camberwell sequence num-
bering), was identified in all four viruses; this site was chosen as
possibly defining the N terminus of p19 since E/A was known
to be a cleavage site in FCV (30). Downstream, the sequence
TQ,,5,/GSE was conserved in Lordsdale and Camberwell vi-
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ruses; cleavage at Q/G was known to define the Southampton
virus helicase (21) and, presumably, Camberwell virus helicase
(Q43¢/G and Qg/G) from the results shown in Fig. 2A (lane
3). The region defined by these sites corresponded to a protein
of 172 amino acids (18.5 kDa). Overlap PCR (14) was used to
introduce mutations at the proposed cleavage sites.

Residue E,(,3 was mutated to A in construct pCMC2 (Fig.
3). RIPs using the anti-Pro/Pol antiserum with cells transfected
by pCMC2 showed a loss of p70 and p19 and the addition of
p88 and p38 (Fig. 2B, lane 5). We propose that the latter two
proteins arose by cleavage at a site upstream of the blocked
E, gos/A site, possibly at KTEg,s/GKK (Fig. 1). This site is
conserved in Southampton, Norwalk, and Lordsdale viruses,
and cleavage at this location in the Southampton virus ORF1
polyprotein synthesized in E. coli was demonstrated (22). We
also suggest that the C terminus of p38 is generated by cleav-
age at the C terminus of the protease. In support of these
proposals, there were good matches between the observed (in
gels) and calculated (deduced from amino acid sequence) sizes
of the two proteins (Fig. 1). It is likely that cleavage at Eg,s/G
occurs at a lower rate than cleavage at E,s/A since p88 and
p38 were not observed in cells transfected with pCMC1 (Fig.
2B, lanes 3 and 5).

RIPs using anti-Pro/Pol with cells transfected by pCMC2
also showed a loss of p70 (Fig. 2B, lane 5). A similar result was
obtained when anti-Pol (Fig. 2B, lane 12) was used, although
the lack of p70 was less clear due to a closely migrating host
cell band. Together, the RIP results obtained with anti-Pro/Pol
and anti-Pol implicated E,,,s/A as the cleavage site, defining
the N terminus of p19 and p70.

Mutation at Q,,3,/G and adjoining sites. Cleavage at
Q,,50/G, proposed to define the C terminus of p19, was tested
by mutagenesis of Q,;g, to A in pCMC4 (Fig. 3). The proteins
immunoprecipitated by anti-Pro/Pol and anti-Pol antisera from
lysates of cells transfected by pCMC4 or pCMC1 were identi-
cal (Fig. 2B, lanes 3 and 7 and 10 and 14). This indicated either
that Q,,4,/G was not the cleavage site or that other potential
cleavage sites in the vicinity were utilized as a result of the
blocked Q,,4,/G. The amino acid sequences of this region in
Southampton, Norwalk, Lordsdale, and Camberwell viruses
were compared for conserved sites. Three potential cleavage
locations downstream of Q,,5,G were identified at E, 45/G,
E,|155/A, and E|54/G; E/G and E/A were known cleavage sites
in RHDV and FCV, respectively (1, 30, 33). Cleavage at any
one of these sites would produce a protein the size of p19. In
order to identify the true cleavage site, a series of constructs
was made (Fig. 3). In pCMCS5, all four cleavage sites were
mutagenized, and then each of the potential cleavage sites was
restored individually in pCMC6 to pCMC9. Proteins p56, p54,
and p19 were not immunoprecipitated by anti-Pro/Pol from
lysates of cells transfected with pCMCS5, pCMC6, pCMC7, or
pCMCS, whereas a strong band corresponding to p70 was
detected. These results were consistent with no cleavage in the
vicinity of amino acids 1180 to 1185 (Fig. 4, lanes 3 to 7).
However, p56, p54, and p19 were present in cells transfected
with pCMC9 (Fig. 4, lane 8), indicating that the restored cleav-
age site E;4/G in pCMC(9 is utilized in the processing of the
ORF1 polyprotein. Similarly, when immunoprecipitated by an-
ti-Pol, lysates of cells transfected with pCMCS5, pCMCo6,
pCMC7, and pCMCS lacked p54 and a strong band of p70 was
detected (Fig. 4, lanes 11 to 15). The protein p54 was, however,
immunoprecipitated from lysates of cells transfected with
pCMC9 (Fig. 4, lane 16). Together, these results showed that
cleavage at the site E;;3,/G generated the C terminus of the
protease. The faster migration of p70 from cells transfected
with pCMCS5 to pCMC9 (Fig. 4, lanes 4 to 8 and 12 to 16) was
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FIG. 4. SDS-PAGE analysis of proteins immunoprecipitated from trans-
fected cells by the anti-Pro/Pol or anti-Pol antiserum. Lanes Ve, lysates of COS
cells transfected with the vector pCMVS5 lacking an insert; lanes Pr, lysates of
cells transfected with pCMC1 and precipitated with corresponding preimmune
sera; lanes C1 and C5 to C9, lysates of cells transfected with constructs listed in
Fig. 3. The '*C-labeled molecular mass markers (in kilodaltons) are shown on
the left. The viral proteins detected are indicated on the right and by dots in the
lanes where appropriate.

presumably due to alanine substitution for three or more
amino acids. Although the cleavage site was restored in
pCMC9, lysates of cells transfected with this construct still
showed a strong retention of p70 (Fig. 4, lanes 8 and 16). This
suggested that cleavage at E,,4,/G was suboptimal, due to the
changed sequence (three alanine substitutions) immediately
upstream.

The results presented above demonstrate that cleavage oc-
curs at a minimum of five sites in the Camberwell virus ORF1
polyprotein when synthesized in mammalian cells (Fig. 1).
They extend the results obtained for the genogroup 1 virus,
Southampton, by using in vitro-coupled transcription and
translation (Q/G sites identified) and expression in E. coli (E/G
and E/A sites identified) (21, 22). The proteins detected in
COS cells include p41, p19, and p54.

The protein p41 of Camberwell virus corresponds to the
putative helicase p41 of Southampton virus and is presumably
released by cleavage at Q55y/G and Qgo/G. For Southampton
virus, these sites were identified by using site-directed mu-
tagenesis and in vitro transcription and translation. The pro-
tease is p19; the two cleavage sites defining p19 were identified
by N-terminal analysis of bacterially synthesized protein for
Southampton virus (22) and are now confirmed by Camberwell
virus ORF1 expression in COS cells and site-specific mutagen-
esis. Cleavage occurred at E,s/A and E,,5,/G in our experi-
ments, whereas none was detected for Southampton virus by
using coupled transcription and translation. Presumably, host
cell factors not available in the cell-free system are required for
the proteolysis. Mutagenesis of the cysteines in the
..GDC,,,,GC, .. motif in p19 abolished proteolytic activity
(C3 in Fig. 2), confirming the assignment of p19 as the pro-
tease. The putative polymerase protein p54 was detected as a
cleavage product and also as part of the proteins p117, p70,
and p88 (expressed from pCMC2). These intermediate prod-
ucts and others such as p56 (containing the protease) may act
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in regulating the replication cycle (22), as proposed for picor-
naviruses (2, 11, 24, 36).

Some additional products of cleavage of the ORF1 polypro-
tein are predicted, although suitable antisera for their identi-
fication were not available in this study and they were not
detected in direct analyses of nonimmunoprecipitated cell ly-
sates (data not shown). First, the predicted N-terminal protein
encoded by Camberwell virus has a size calculated from the
deduced amino acid sequence of 36.7 kDa. Mainly because of
the differences in sequence towards the N terminus, it is
smaller than the corresponding Southampton p48 detected
after coupled transcription and translation. This is of interest
because the analogous 39-kDa protein of RHDV is cleaved
into picornavirus 2A-like (16-kDa) and 2B-like (23-kDa) pro-
teins (34), and 2A-like proteins are variable in size and se-
quence (27). No processing of the Southampton p48 was de-
tected in vitro (21). It is possible that the Camberwell and
Southampton N-terminal proteins are further processed in
mammalian cells, but this remains to be investigated. Second,
a protein of 20 kDa (Fig. 1, labeled “X”) corresponding to
amino acids 697 to 875 is predicted. The detection of proteins
p38 and p88 following mutagenesis at the E,ys/A site were
consistent with cleavage at Eg,5/G. This latter site was identi-
fied for Southampton virus by N-terminal analysis of bacteri-
ally synthesized protein (22). The protein occupying this region
is hypothesized to be the picornavirus 3A-like protein (22, 34).
Third, the likely VPg lies between Eg,s/G and E,,s/A based
on the similarities of its size and position to RHDV (23, 34),
FCV (13), and the primate calicivirus Pan-1 (8). The conserved
motifs of VPg, KGK(N/T)K and EY(E/D)E, are also found
here (8).

In summary, we determined the full genomic sequence of
Camberwell virus and demonstrated its close similarity to
Lordsdale virus. Processing of the NLV ORF1 polyprotein in
mammalian (COS) cells produced polypeptides ranging in size
from 19 to 117 kDa. In particular, we have shown that cleavage
in mammalian cells at E/A and E/G forms pl9, a 3C-like
protease.

Nucleotide sequence accession number. The GenBank ac-
cession number for the sequence of the Camberwell virus ge-
nome is AF145896.

This work was supported by a project grant from the National
Health and Medical Research Council of Australia.
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