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Proteolytic processing of the polyprotein encoded by mRNA 1 is an essential step in coronavirus RNA
replication and gene expression. We have previously reported that an open reading frame (ORF) 1a-specific
proteinase of the picornavirus 3C proteinase group is involved in processing of the coronavirus infectious
bronchitis virus (IBV) 1a/1b polyprotein, leading to the formation of a mature viral protein of 100 kDa. We
report here the identification of a novel 10-kDa polypeptide and the involvement of the 3C-like proteinase in
processing of the ORF 1a polyprotein to produce the 10-kDa protein species. By using a region-specific
antiserum, V47, raised against a bacterial-viral fusion protein containing IBV sequence encoded between
nucleotides 11488 and 12600, the 10-kDa polypeptide was detected in lysates from both IBV-infected and
plasmid DNA-transfected Vero cells. Coexpression, deletion, and mutagenesis studies showed that this novel
polypeptide was encoded by ORF 1a from nucleotide 11545 to 11878 and was cleaved from the 1a polyprotein
by the 3C-like proteinase domain. Evidence presented suggested that a previously predicted Q-S (Q3783S3784)
dipeptide bond encoded by ORF 1a between nucleotides 11875 and 11880 was responsible for the release of the
C terminus of the 10-kDa polypeptide and that a novel Q-N (Q3672N3673) dipeptide bond encoded between
nucleotides 11542 and 11547 was responsible for the release of the N terminus of the 10-kDa polypeptide.

Six mRNA species are produced in cells infected with the
prototype virus of the Coronaviridae, avian infectious bronchi-
tis virus (IBV). These include the genome-length mRNA
(mRNA 1), of 27.6 kb, and five subgenomic mRNA species
(mRNAs 2 to 6), with sizes ranging from 2 to 7 kb. The
evidence available suggests that the four virion structural pro-
teins, i.e., the spike (S), membrane (M), nucleocapsid (N), and
small envelope (E) proteins, are encoded by subgenomic
mRNA 2, mRNA 4, mRNA 6, and the third open reading
frame (ORF) of mRNA 3, respectively (11, 21). Nucleotide
sequencing of the genomic RNA of IBV has shown that the
59-terminal unique region of mRNA 1 contains two large
ORFs (ORFs 1a and 1b), with ORF 1a having the potential to
encode a polyprotein of 441 kDa and ORF 1b having the
potential to encode a polyprotein of 300 kDa (1) (Fig. 1). The
downstream ORF 1b protein is produced as a fusion protein of
741 kDa with 1a by a ribosomal frameshift (2, 3, 10). The 1a/1b
fusion polyprotein is expected to be cleaved by viral or cellular
proteinases to produce functional products associated with
viral RNA replication (Fig. 1).
Recently, we have reported the identification of products

encoded by mRNA 1 in both virus-infected and plasmid DNA-
transfected cells by using region-specific antisera raised in rab-
bits against bacterial-viral fusion proteins. This includes the
identification of an 87-kDa protein encoded by the 59-most
part of ORF 1a and a 100-kDa protein encoded by ORF 1b
(13, 14). Both viral papain-like proteinase domains encoded by
the ORF 1a sequence from nucleotide 4242 to 5553 (Fig. 1)
and cellular proteinases have been demonstrated to be in-

volved in the proteolytic processing of the 1a polyprotein to the
87-kDa protein, and a picornavirus 3C-like proteinase (3C-like
proteinase) encoded by the ORF 1a sequence between nucle-
otides 8937 and 9357 (Fig. 1) has been shown to be responsible
for the proteolytic processing of the 1a/1b fusion polyprotein to
the 100-kDa protein species (13, 14). Meanwhile, characteriza-
tion of the 3C-like proteinase domain by use of internal dele-
tion and substitution mutations of its predicted catalytic center
and the cleavage sites has been carried out. These studies
confirmed that the predicted nucleophilic cysteine residue
(Cys2922) and the histidine 2820 (His2820) residue are essential
for the proteinase activity and that two putative Q-S dipeptide
bonds flanking the 100-kDa protein-encoding region are the
target cleavage sites of the 3C-like proteinase.
We report here the identification of a novel 10-kDa polypep-

tide in IBV-infected Vero cells by using region-specific anti-
serum V47, raised against a bacterial-viral fusion protein con-
taining the IBV sequence encoded between nucleotides 11488
and 12600. Coexpression, deletion, and mutagenesis studies
showed that this novel polypeptide was encoded by ORF 1a
between nucleotides 11545 and 11877 and was cleaved from
the 1a polyprotein by the 3C-like proteinase domain. A previ-
ously predicted Q-S (Q3783S3784) dipeptide bond encoded by
ORF 1a between nucleotides 11875 and 11880 was demon-
strated to be responsible for releasing the C terminus of the
10-kDa protein, and a novel Q-N (Q3672N3673) dipeptide bond
specified by the IBV sequence between nucleotides 11542 and
11547 was responsible for the release of the N terminus of the
10-kDa protein. The first identification of a Q-N dipeptide
bond as an authentic cleavage site of the IBV 3C-like protein-
ase presented here illustrates the diversity of the cleavage
specificities of the proteinase and suggests that proteolytic
cleavage of the 1a/1b polyprotein is a more complicated pro-
cess than the previously predicted.
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MATERIALS AND METHODS
Virus and cells. The Beaudette strain of IBV was used in this analysis. Virus

stocks were prepared by infecting Vero cells at a multiplicity of approximately 0.1
PFU/cell and incubating for 48 h. The virus was assayed by plaquing on Vero
cells.
Vero cells were grown at 378C in 5% CO2 and maintained in Glasgow’s

modified minimal essential medium supplemented with 10% fetal calf serum.
Labelling of IBV-infected cells with [35S]methionine. Confluent monolayers of

Vero cells were infected with IBV at a multiplicity of approximately 2 PFU/cell.
Prior to being labelled, the cells were incubated in methionine-free medium for
30 min. After 120 min of labelling with [35S]methionine (60 mCi/ml), the cells
were scraped off the dishes in phosphate-buffered saline, recovered by centrifu-
gation, and stored at 2708C.
Radioimmunoprecipitation. IBV-infected and plasmid DNA-transfected Vero

cells were lysed with radioimmunoprecipitation assay buffer (50 mM Tris HCl
[pH 7.5], 150 mM NaCl, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate
[SDS]) and precleared by centrifugation at 15,000 3 g for 5 min at 48C. Radio-
immunoprecipitation with polyclonal rabbit antisera was carried out as described
previously (12).
SDS-PAGE. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of virus

polypeptides was carried out with a range of polyacrylamide concentrations (12.5
to 17.5%) (7). Labelled polypeptides were detected by autoradiography or flu-
orography of dried gels.
Cell-free transcription and translation. Plasmid DNA was transcribed and

translated in vitro by using the TnT T7-coupled reticulocyte lysate system (TnT
system) according to the instructions of the manufacturer (Promega). Reaction
products were separated by SDS-PAGE and detected by autoradiography.
PCR. Appropriate primers and template DNAs were used in amplification

reactions with Pfu DNA polymerase (Stratagene) under standard buffer condi-
tions with 2 mM MgCl2. The PCR conditions were 30 cycles of 928C for 30 s,
568C for 30 s, and 728C for 6 min.
Site-directed mutagenesis. Site-directed mutagenesis was carried out by two

rounds of PCR with two pairs of primers. The first pair was referred to as the
cloning primers (primers 1 and 2). Primer 1 is the upstream primer, which
represents the 59 end sequence of the PCR fragment, and primer 2 is the
downstream primer, representing the complementary sequence of the 39 end of
the PCR fragment. The second pair was referred to as the mutation primers
(primers 3 and 4). Primer 3 is the upstream primer containing the desired
mutation, and primer 4 is the downstream primer with sequence complementary
to primer 3.
The first round of PCR was carried out with appropriate template and primer

combinations of primer 1-primer 4 and primer 3-primer 2. The two PCR frag-
ments were then gel purified. Equal amounts of DNAs were mixed and used for
the second round of PCR together with primer 1 and primer 2. The PCR
fragment was then cloned into an appropriate vector, and the mutant was se-
lected by nucleotide sequencing.
Construction of plasmids. Plasmid pIBV3C, which covers the IBV sequence

from nucleotide 8871 to 9786 with an AUG initiation codon in an optimal

context (ACCAUGG) located immediately upstream of the viral sequence and a
UAG termination codon located immediately downstream of the viral sequence,
was constructed by cloning an NcoI/BamHI-digested PCR fragment into NcoI/
BamHI-digested pKT0 (14). The sequence of the upstream PCR primer is
59-AGATTACCATGGGTTTTAAGAAAC-39, and that of the downstream
primer is 59-TTAACAGGATCCTATTGTAATCTAAC-39.
Plasmid pBP5, which contains the IBV sequence from nucleotide 10752 to

12600 and was originally called pKTBP5 (13), was used to construct three
deletion plasmids. An HindIII/SnaBI restriction fragment covering the IBV
sequence from nucleotide 11306 to 12227, was cloned into HindIII/SmaI-
digested pKT0, giving plasmid pBP5D2.
Plasmid pBP5D4 was made by cloning an NcoI/BamHI-digested PCR frag-

ment covering the IBV sequence from nucleotide 11568 to 12312 into NcoI/
BamHI-digested pKT0. The sequence of the upstream PCR primer is 59-GCC
ACCCATGGTTAAAACAAAGGC-39, and that of the downstream primer is
59-GCTCCAGGATCCTATTGAACAGAAGA-39.
Plasmid pBP5D5 was made by cloning an NcoI/BamHI-digested PCR frag-

ment covering the IBV sequence from nucleotide 11306 to 11877 into NcoI/
BamHI-digested pKT0. The upstream primer is a 20-mer oligonucleotide corre-
sponding to the T7 promoter sequence (59-TAATACGACTCACTATAGGG-
39), and the sequence of the downstream primer is 59-GCTCCAGGATCCTAC
TGTAAGACAAC-39.
Plasmid pBP5D4Q3783-E was created by PCR with pBP5D4 as the template.

The sequence of the mutation primer is 59-GTTGTTGTCTTAGAGTCTAAA
GG-39, and the sequence of the complementary primer is 59-CCTTTAGACTC
TAAGACAACAAC-39.
Plasmid pBP5D5Q3672-E was constructed by PCR with pBP5D5 as the tem-

plate. The sequence of the mutation primer is 59-GATGTTGTTTTGGAGAA
TAATGAGCTT-39, and the sequence of the complementary primer is 59-CTC
ATTATTCTCCAAAACAACATCAAC-39.

RESULTS
Further identification of gene products encoded by mRNA 1

in IBV-infected Vero cells. We have previously reported the
application of four region-specific antisera (V47, V57, V58,
and V60) for detection of viral products encoded by the 39
region of ORF 1a, the junction of 1a/1b, and the 59 region of
ORF 1b (13). Immunoprecipitation studies of IBV-infected
and plasmid-transfected Vero cells with antisera V57 and V58
led to the identification of a 100-kDa polypeptide, which was
subsequently identified to be encoded by the IBV sequence
from nucleotide 12313 to 15131 and cleaved from the 1a/1b
polyprotein by the 3C-like proteinase (10, 13). However, no
viral products could be detected by immunoprecipitation with

FIG. 1. Diagram showing the structures of ORFs 1a and 1b and the locations of four cleavage products, the 87-kDa (87K), 35-kDa (35K), 10-kDa (10K), and
100-kDa (100K) proteins, of the 1a/1b polyprotein. The locations of several putative functional domains, including the papain-like proteinase (PLP), the 3C-like
proteinase (3CLP), the cysteine-rich region (CR), the RNA-dependent RNA polymerase (RdRP), the metal binding region (MB) and the RNA helicase (RH), are
shown. Also shown are the nucleotide positions of the IBV sequences used to raise antisera V47, V57, V58, and V60 and the Q-S(N) cleavage sites responsible for the
release of the 35-, 10-, and 100-kDa proteins. The positions of the last nucleotides of the triplets encoding the Q residues of the Q-S(N) dipeptide bonds are as follows:
1, 8865; 2, 9786; 3, 11544; 4, 11877; 5, 12312; and 6, 15131. The two Q-S cleavage sites flanking the 35-kDa protein containing the 3C-like proteinase domain were
determined by in vitro expression and mutagenesis studies (23).
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the other two antisera (V47 and V60), although immunopre-
cipitation of in vitro-synthesized 1a/1b proteins showed that
antiserum V47, raised in rabbits against a bacterial-viral fusion
protein containing the IBV sequence encoded between nucle-
otides 11488 and 12600, could efficiently precipitate its target
products (13). The failure to detect any specific viral products
with this antiserum may either reflect the low abundance of the
corresponding cleavage products in virus-infected cells or sim-
ply indicate that unexpected cleavages may occur in this region,
leading to the formation of products too small to be detected
by the SDS-PAGE system used. To investigate these possibil-
ities, confluent monolayers of Vero cells were infected with
IBV at a higher multiplicity, and the precipitated products
were separated by SDS–17.5% PAGE. Figure 2 shows the
results of immunoprecipitation of cell lysates prepared from
Vero cells infected with IBV at a multiplicity of approximately
2 PFU per cell. As can be seen, antiserum V58 efficiently
precipitated the 100-kDa protein from IBV-infected-cell ly-
sates (Fig. 2). The same protein species was also detected by
immunoprecipitation with antiserum V57 (Fig. 2). These re-
sults are consistent with the data previously reported (13),
although more efficient detection of the 100-kDa protein was
observed with both antisera. Immunoprecipitation of the same
virus-infected-cell lysates with antiserum V47, however, led to
specific detection of a polypeptide with an apparent molecular
mass of approximately 10 kDa (Fig. 2), which was not observed
in our previous study (13).
Reactivity of antiserum V47 to the in vitro-synthesized tar-

get products. The detection of a 10-kDa polypeptide from
IBV-infected cells with antiserum V47 was unexpected, as no

cleavage sites in the V47-recognizing region were predicted to
be used by the 3C-like proteinase to release a 10-kDa product
(Fig. 1). In order to locate precisely the region encoding the
10-kDa protein, the reactivity of antiserum V47 to its target
products was determined by immunoprecipitation of in vitro-
synthesized proteins. For this purpose, plasmid pBP5, which
contains the IBV sequence from nucleotide 10752 to 12600
(13), was linearized at different positions with restriction en-
zymes and transcribed and translated in vitro with the TnT
transcription-coupled translation system (Promega). As shown
in Fig. 3a, three restriction enzymes were used to linearize
pBP5: AccI digests the IBV sequence at nucleotide 11739,
SnaBI digests the IBV sequence at position 12227, and BamHI
incises the vector sequence immediately downstream of the
viral sequence. Transcription and translation of AccI-digested
and SnaBI-digested pBP5 led to the synthesis of two protein
species with molecular masses of approximately 38 and 56 kDa,
respectively, representing the full-length products encoded by
these constructs (Fig. 3b). Transcription and translation of
BamHI-digested pBP5 resulted in the synthesis of two protein
species of approximately 60 and 72 kDa (Fig. 3b), representing
the 1a termination and the 1a/1b frameshifting products, re-
spectively (13). Immunoprecipitation showed that all four pro-
tein species can be efficiently precipitated by antiserum V47
(Fig. 3b). As antiserum V47 was raised against a bacterial-viral
fusion protein containing the product of the IBV sequence
from nucleotide 11488 to 12600, these results indicate that an
antigenic determinant recognized by this serum is located in
the 1a polyprotein encoded between nucleotides 11488 and
11739.
Coexpression of pBP5 with pIBV3C in a eukaryotic system.

Plasmid pBP5 was then expressed either on its own or together
with pIBV3C in Vero cells by using the vaccinia virus-T7 ex-
pression system (5). Plasmid pIBV3C covers the whole 3C-like
proteinase-encoding region from nucleotide 8871 to 9786 with
an artificial AUG codon in an optimal context (ACCAUGG)
located immediately upstream of the viral sequence, and this
proteinase has been shown to be able to cleave the 1a/1b
polyprotein in trans (data not shown). As shown in Fig. 4,
expression of pBP5 in Vero cells led to the synthesis of the 60-
and 72-kDa protein species; no processing of the two proteins
to smaller polypeptides was observed. Cotransfection of pBP5
with pIBV3C, however, resulted in complete processing of the
60- and 72-kDa proteins (Fig. 4). Instead of the 60- and 72-kDa
protein species, a polypeptide with an apparent molecular
mass of 10 kDa was detected (Fig. 4). This 10-kDa protein
species was shown to comigrate in SDS-PAGE with the 10-kDa
polypeptide detected in IBV-infected Vero cells (data not
shown). No other processing products were detected (Fig. 4).
Determination of the region encoding the 10-kDa polypep-

tide by deletion analysis. The results obtained from the coex-
pression of pBP5 and pIBV3C (Fig. 4) confirm that the 10-kDa
polypeptide is encoded within the IBV sequence from nucle-
otide 10752 to 12600. To define further the sequence encoding
the 10-kDa polypeptide, constructs covering different parts of
the V47-recognizing region were made by ligation of different
restriction fragments obtained from pBP5 or PCR fragments
into a T7 promoter-based expression vector (Fig. 5a) and ex-
pressed either alone or together with pIBV3C in Vero cells by
using the vaccinia virus-T7 system.
Expression of pBP5D2, a plasmid which covers the IBV

sequence from nucleotide 11306 to 12227 and therefore con-
tains the putative Q3783S3784 cleavage site encoded by the IBV
sequence from nucleotide 11875 to 11880 (Fig. 5a), resulted in
the synthesis of a protein of approximately 35 kDa, represent-
ing the full-length product encoded by this plasmid (Fig. 5b).

FIG. 2. Detection of polypeptides encoded by mRNA 1 in IBV-infected (’I’)
and mock-infected (’M’) Vero cells by immunoprecipitation with region-specific
antisera (see text). Cells were labelled with [35S]methionine, lysates were pre-
pared, and polypeptides were either analyzed directly or immunoprecipitated
with the antiserum indicated above each lane. Polypeptides were separated by
SDS–17.5% PAGE and detected by fluorography. HMW, high-molecular-mass
markers (numbers indicate kilodaltons).
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Coexpression of pBP5D2 with pIBV3C led to the detection of
the 10-kDa protein (Fig. 5b), indicating that the 10-kDa pro-
tein is encoded within this region of the IBV sequence and that
the putative Q3783S3784 dipeptide bond might be recognized
and cleaved by the 3C-like proteinase to release the 10-kDa
protein.
Expression of pBP5D4, which covers the IBV sequence from

nucleotide 11568 to 12312 and contains a termination codon
(UAG) immediately downstream of the viral sequence (Fig.
5a), resulted in the synthesis of the full-length protein of ap-
proximately 30 kDa (Fig. 5c). Coexpression of pBP5D4 with
pIBV3C led to the detection of a novel product migrating in
SDS-PAGE slightly faster than the 10-kDa protein (Fig. 5c).
The predicted size of this product is approximately 9 kDa. It is
therefore possible that the 9-kDa polypeptide may represent
an N-terminally truncated version of the 10-kDa protein and
that its C terminus may be released by cleavage at the pre-
dicted Q3783S3784 dipeptide bond.
Determination of the C-terminal cleavage site of the 10-kDa

protein by mutational analysis. Our previous report showed that
substitution mutation of the Q residue of the predicted Q-S(G)
cleavage site with an E residue totally abolished cleavage at
this dipeptide bond (10). Mutation of the S residue to sev-
eral different residues, however, had no obvious effect (10). As
the data presented above strongly suggest that the predicted
Q3783S3784 cleavage site may be responsible for release of the
C terminus of the 10-kDa protein, substitution mutation of the
Q residue of the Q3783S3784 dipeptide bond with an E residue
was used to define the cleavage site. Site-directed mutagenesis
was therefore carried out to introduce this Q-to-E mutation, giv-
ing the construct pBP5D4Q3783-E. Expression of pBP5D4Q3783-E
in Vero cells resulted in the detection of the 30-kDa full-length
product (Fig. 6). Coexpression of pBP5D4Q3783-E with pIBV3C
showed that processing of the full-length 30-kDa protein to the
9-kDa polypeptide was significantly inhibited; only a trace
amount of the 9-kDa species was detected by immunoprecipi-
tation with antiserum V47 (Fig. 6).
Determination of the N-terminal cleavage site of the 10-kDa

protein. The mutagenesis studies presented above demon-

FIG. 3. (a) Diagram showing the IBV sequence present in plasmid pBP5 and
the sequence used to raise antiserum V47. Also shown are the restriction sites
used to linearize pBP5 for in vitro transcription and translation. 59-UTR, 59
untranslated region. (b) Analysis of in vitro translation products of RNAs co-
transcribed from AccI-, SnaBI-, and BamHI-digested pBP5 in reticulocyte lysates
with the TnT coupled translation system (Promega) and testing of the specific-
ities of antiserum V47 by immunoprecipitation against in vitro-synthesized target
polypeptides. Plasmid DNA was added to reticulocyte lysates at approximately
200 mg/ml. [35S]methionine-labelled translation products were separated on an
SDS–12.5% polyacrylamide gel directly or after immunoprecipitation with anti-
serum V47 and were detected by fluorography. Control DNA indicates that a
plasmid containing the IBV sequence from nucleotide 15131 to 16931 was used
in the in vitro TnT coupled translation system. Numbers indicate molecular
masses in kilodaltons.

FIG. 4. Analysis of transiently expressed mRNA 1 products from cotransfec-
tion of plasmids pBP5 and pIBV3C, using the system described by Fuerst et al.
(5), in which Vero cells were infected with a recombinant vaccinia virus express-
ing the T7 RNA polymerase and subsequently transfected with plasmid DNA.
Cells were labelled with [35S]methionine, lysates were prepared, and polypep-
tides were either analyzed directly or immunoprecipitated with antiserum V47.
Polypeptides were separated by SDS–17.5% PAGE and detected by fluorogra-
phy. HMW, high-molecular-mass markers (numbers indicate kilodaltons).
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strated that the Q3783S3784 dipeptide bond was the cleavage
site responsible for the release of the C terminus of the 10-kDa
protein. Furthermore, coexpression of the IBV sequence from
nucleotide 11568 to 12312 (pBP5D4) with the 3C-like protein-
ase domain led to detection of an N-terminally truncated ver-
sion of the 10-kDa protein. These results suggest that the
N-terminal cleavage site of the 10-kDa polypeptide is encoded
between nucleotides 11306 and 11568. To facilitate mutagen-
esis study of the N-terminal cleavage site of the 10-kDa pro-
tein, plasmid pBP5D5, which covers the IBV sequence from
nucleotide 11306 to 11877 and contains a termination codon
(UAG) immediately downstream of the viral sequence, was
constructed. Expression of pBP5D5 resulted in the synthesis of
a polypeptide of approximately 25 kDa, representing the full-
length product encoded by this construct (Fig. 7). Coexpres-
sion of pBP5D5 with pIBV3C led to the detection of the 10-
kDa protein species, which comigrates with the 10-kDa protein
detected from coexpression of pBP5 and pIBV3C (Fig. 7). As
the C terminus of the polyprotein encoded by pBP5D5 is Q3783,

these results reinforce the conclusion that the Q3783S3784

dipeptide bond is the C-terminal cleavage site of the 10-kDa
protein and demonstrate that the 10-kDa protein is encoded
within the IBV sequence from nucleotide 11306 to 11877.
Site-directed mutagenesis was then carried out to identify

the N-terminal cleavage site. Based on the expression and
processing patterns of pBP5D5, it was assumed that one of the
Q-X dipeptide bonds located within the 1a polyprotein en-
coded from nucleotide 11306 to 11877 was the candidate cleav-
age site. Examination of the amino acid sequence of this region
indicated that two Q-X dipeptide bonds might be recognized
and cleaved by the 3C-like proteinase to release the N termi-
nus of the 10-kDa protein. The first potential site is the
Q3692A3693 dipeptide encoded by the IBV sequence from nu-
cleotide 11602 to 11607. Cleavage at this position would result
in the synthesis of a polypeptide with a calculated molecular
mass of 11.4 kDa, which is consistent with the predicted mo-
lecular mass of the 10-kDa protein. However, data presented
in Fig. 5c showed that coexpression of pBP5D4 with pIBV3C
led to the synthesis of a polypeptide migrating in SDS-PAGE
slightly faster than the 10-kDa protein, ruling out the possibil-
ity that this site is responsible for the release of the N terminus
of the 10-kDa protein. The second potential cleavage site is
the Q3672N3673 dipeptide bond encoded between nucleotides
11542 and 11547. Cleavage at this position would result in the
synthesis of a polypeptide with a calculated molecular mass of
13.9 kDa. To investigate whether this Q-N dipeptide is respon-
sible for release of the N terminus of the 10-kDa protein,

FIG. 5. (a) Diagram showing IBV sequences present in plasmids pBP5,
pBP5D2, and pBP5D4. (b and c). Determination of the region encoding the 10-
kDa polypeptide by deletion analysis. Plasmids pBP5 and either pBP5D2 (b) or
pBP5D4 (c) were transiently expressed in Vero cells by transfection either alone
or together with pIBV3C, using the recombinant vaccinia virus-T7 expression
system as described in the legend for Fig. 4. The transfected cells were labelled
with [35S]methionine, lysates were prepared, and polypeptides were analyzed direct-
ly or immunoprecipitated with antiserum V47. Polypeptides were separated by
SDS–17.5% PAGE and detected by fluorography. LMW and HMW, low- and
high-molecular-mass markers, respectively (numbers indicate kilodaltons).
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site-directed mutagenesis was carried out to mutate the Q3672

residue to E, giving the construct pBP5D5Q3672-E. As shown in
Fig. 7, expression of plasmid pBP5D5Q3672-E led to the syn-
thesis of the full-length 25-kDa protein. Coexpression of plas-
mid pBP5D5Q3672-E with pIBV3C resulted in the synthesis of
only the full-length 25-kDa protein; no formation of the 10-
kDa product was observed (Fig. 7). These results demonstrate
that the Q3672N3673 dipeptide bond is the cleavage site respon-
sible for the release of the N terminus of the 10-kDa protein.

DISCUSSION

Coronavirus gene expression involves proteolytic processing
of the mRNA 1-encoded polyproteins by viral and cellular
proteinases. Recently, we have demonstrated that an ORF
1a-encoded proteinase domain of the picornavirus 3C protein-
ase group is responsible for proteolytic processing of the IBV
1a/1b fusion polyprotein to a 100-kDa protein species (10, 13).
Subsequently, the 100-kDa protein was identified to be en-
coded by the IBV sequence from nucleotide 12313 to 15131,
and the two putative Q-S dipeptide bonds flanking the 100-
kDa protein were confirmed to be recognized and cleaved by
the 3C-like proteinase to release the 100-kDa protein (10). In
this communication, we report the identification of a novel

ORF 1a-specific polypeptide of 10 kDa and the involvement of
the 3C-like proteinase in processing of the 1a polyprotein.
Evidence presented above showed that this novel polypeptide
was encoded by ORF 1a between nucleotides 11545 and 11877
and was cleaved from the 1a polyprotein by the 3C-like pro-
teinase domain. Deletion and mutagenesis studies revealed
that a previously predicted Q-S (Q3783S3784) dipeptide bond
encoded by ORF 1a from nucleotide 11875 to 11880 was re-
sponsible for the release of the C terminus of the 10-kDa
protein and that a novel Q-N (Q3672N3673) dipeptide bond
encoded between nucleotides 11542 and 11547 was responsible
for the release of the N terminus of the 10-kDa protein.
The demonstration here that a Q-N dipeptide bond is one of

the authentic cleavage sites for the IBV 3C-like proteinase
suggests a great diversity of the cleavage specificities of the
proteinases in this group. Our previous mutagenesis studies
showed that replacement of the Gln891(1b) residue with a Glu
completely blocked the processing of the 1a/1b polyprotein to
the 100-kDa protein (10). However, alterations of the Ser892(1b)

residue to either Ala or Gly had no effect on this processing,
suggesting that both Gln-Ala and Gln-Gly dipeptide bonds can
be recognized and cleaved efficiently by the IBV 3C-like pro-
teinase (10). For picornaviruses, the 3C proteinases also show
diversity in recognizing their target cleavage sites. It was re-
ported that most cleavages mediated by picoronavirus 3C pro-
teinases occurred at the Gln-Gly peptide bond; less commonly,

FIG. 6. Mutational analysis of the predicted Q3783S3784 cleavage site respon-
sible for release of the C terminus of the 10-kDa polypeptide. The mutants were
transiently expressed in Vero cells, using the recombinant vaccinia virus-T7
expression system. The transfected cells were labelled with [35S]methionine,
lysates were prepared, and polypeptides were either analyzed directly or immu-
noprecipitated with antiserum V47. Polypeptides were separated by SDS–17.5%
PAGE and detected by fluorography. HMW, high-molecular-mass markers
(numbers indicate kilodaltons).

FIG. 7. Determination of the N-terminal cleavage site of the 10-kDa
polypeptide by deletion and mutational analyses. Plasmids pBP5, pBP5D5, and
pBP5D5Q3672-E were transiently expressed in Vero cells, using the recombinant
vaccinia virus-T7 expression system. The transfected cells were labelled with
[35S]methionine, lysates were prepared, and polypeptides were immunoprecipi-
tated with antiserum V47, separated by SDS–17.5% PAGE, and detected by
fluorography. Numbers indicate molecular masses in kilodaltons.
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cleavages between Gln-Ser, Gln-Ala, Glu-Ser, or Glu-Gly pairs
were also observed (16). Some Q-X dipeptide bonds are au-
thentic cleavage sites in a certain virus but are inactive in
others. For example, Q-T and Q-I are cleavage sites in foot-
and-mouth disease virus but cannot be recognized by the 3C
proteinase of encephalomyocarditis virus (4, 17). Systematic
substitution mutations are required to provide a complete pic-
ture of the cleavage specificity of the IBV 3C-like proteinase.
It is intriguing that some internal Q-S (Q-G or Q-A) dipep-

tide bonds could not be recognized and cleaved by the 3C-like
proteinase domain. A typical example here is the Q3692A3693

dipeptide bond encoded by the IBV sequence from nucleotide
11602 to 11607. The mechanism involved in this discrimination
is currently unknown. Since no obvious sequence homology
was found around the authentic Q-X cleavage sites, the pri-
mary amino acid sequence context is unlikely to be a predom-
inant determinant. Interestingly, examination of the amino
acid sequence of the 1a/1b polyprotein showed that if a Q-X
dipeptide bond was located in a functional domain, this site
was usually inactive. Examples include two Q-G dipeptide
bonds [Q566(1b)G567(1b) and Q732(1b)G733(1b)], encoded by the
IBV sequence from nucleotide 14154 to 14159 and from nu-
cleotide 14652 to 14657, respectively; a Q-A dipeptide bond
[Q657(1b)A658(1b)], encoded between nucleotides 14427 and
14432 within the polymerase domain; and two Q-G dipeptide
bonds [Q1172(1b)G1173(1b) and Q1430(1b)G1431(1b)], encoded from
nucleotide 15972 to 15977 and from nucleotide 16746 to 16751,
respectively, within the helicase domain (10, 14a). This sug-
gests that local folding of a certain functional domain might
mask a suitable Q-X dipeptide bond located in the region and
block the cleavage occurring at that position. Further investi-
gations are required to address this issue.
During the manipulation of plasmid pBP5 and its deriva-

tives, we noted that a segment of viral cDNA in this region is
either unstable in or highly toxic to all of the Escherichia coli
host strains used. The yields of these plasmids were very low,
and no bacterial colonies could be recovered by transformation
of plasmid DNA into bacteria (data not shown). We also ob-
served a spontaneous deletion of 240 bp of IBV sequence from
nucleotide 11385 to 11625 when site-directed mutagenesis was
carried out by using uracil-containing single-stranded DNA
templates prepared from pBP5D2 (data not shown). Bacteria
harboring this deletion plasmid exhibited normal growth prop-
erties, and normal transformation efficiencies was observed
with the deletion plasmid. Unstable and/or toxic viral cDNA
fragments were also reported for other plant and animal vi-
ruses. For example, multiplication of full-length cDNA clones
of yellow fever virus (19) and Japanese encephalitis virus (22)
in bacteria always led to introduction of mutations in the viral
sequences. Similar problems were also observed during con-
struction of cDNA clones from dengue virus type 4 (8), RNA
2 of beet necrotic yellow vein virus (18), pea early browning
virus (15), and eggplant mosaic virus (20).
Throughout this report, the 10-kDa polypeptide has been

referred to as such based on its migration in SDS-PAGE.
However, the amino acid sequence of this protein suggests that
it has a calculated molecular mass of 13.9 kDa. The decreased
apparent molecular mass of the protein in SDS-PAGE might
be a reflection of its amino acid composition. Examination of
the deduced amino acid sequence of this protein showed that
it contained a very high proportion of valine residues
(16.22%). As no functional domains have so far been identified
in this region of the viral genome by computer-aided methods
(6, 9), it is not clear if this unusual amino acid composition
might reflect some functional significance of this protein in the
virus infection cycle.
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