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Coronavirus gene expression invelves protealytic processing of the mRNA 1-enceded polyproteins by virat and cellular
proteinases. Recently, we have demonstrated that an ORF 1b-encoded 100-kDa protein is proteolytically cleaved from the
1a/1h fusion polyprotein by a viral-specific proteinase of the picornavirus 3C proteinase group (3C-like proteinase). In this
report, the 3C-like proteinase has been further analysed by internal deletion of a 2.3-kb fragment between the 3C-like
proteinase-encoding region and ORF 1b and by substitution mutations of its catalytic centre as well as the two predicted
cleavage sites flanking the 100-kDa protein. The results show that internal deletion of ORF ta sequences from nucleotide
9911 {0 12227 does not influence the catalytic activity of the proteinase in processing of the 1a/1b polyprotein to the 100-
kDa protein species. Site-directed mutagenesis studies have confirmed that the predicted nucleophilic cysteine residue
{Cys®*) and a histidine residue encoded by ORF 1a from nuclectide 8985 to 8987 (His™ ) are essential for the catalytic
activity of the proteinase, and that the QS(G) dipeptide bonds are its target cleavage sites. Substitution mutations of the
third component of the putative catalytic triad, the glutamic acid 2843 (Giu?®*®) residue, however, do not affect the processing
to the 100-kDa protein. In addition, cotransfection experiment shows that the 3C-like proteinase is capable of trans-cleavage
of the 1a/1b polyprotein. These studies have confirmed the involvement of the 3C-like proteinase domain in processing of

the 1a/1b polyprotein, the predicted catalytic centre of the proteinase, and its cleavage sites,

INTRODUCTION

Avian infectious bronchitis virus (IBV} is the prototype
species of the Coronaviridae, a family of enveloped vi-
ruses with large positive-stranded RNA genomes. lis ge-
nomic RNA is 27.8 kb in lengih and contains 10 distinct
open reading frames (ORFs) (Boursnelf et af, 1987}, Six
mRNA species, including a genome-length mBNA (mRNA
1} and five subgenamic mRNA speciges {mRNAs 2-6),
are produced in virus-infected cells and are involved in
expression of viral structural and nonstructiurat proteins.
The four virion structural proteins spike, membrane, nu-
cleccapsid, and small membrane are encoded by mRNA
2, mRNA 4, mRNA B, and the third ORF of mRNA 3,
respectively (Stern and Sefton, 1984; Liu and Inglis, 1991},
Recently, four small nonstructural proteins encoded by
mRNA 3 and mRNA 5 have been identified in virus-in-
fected cells {Smith ef af, 1990; Liv ef a/, 1991; Liu and
Inglis, 1992a).

Nucleotide sequencing of the genomic RNA of 1BV
has shown that the 5'-terminal unique region of mRNA
1 contains two large ORFs {1a and 1b), with ORF ta
having the potential to encode a polypeptide of 441 kDa
and 1b a polypeptide of 300 kDa (Boursnel et al, 1987)
{Fig. t1a). The downstream ORF 1b is likely to be produced
as a fusion protein of 741 kDa with 1a by a ribosomal
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frameshift (Brierley ef a/, 1987, 1989). 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. 1a). Significant progress
has recently been achieved in identification and charac-
terisation of the products encoded by IBY mRNA 1. These
include the identification of an 87-kDa protein encoded
by the 5'-most section of ORF 1a and a 100-kDa polypep-
tide encoded by ORF 1b in both |BV-infected and plasmid
DNA-transfected cells using region-specific antisera (Liu
et al, 1994, 1995). Both viral papain-like proteinase en-
coded by IBV sequence fram nucleotide 4680 to 5550
and cellular proteinases have been demonstrated to be
involved in protealytic processing of the 1a polyprotein to
the 87-kDa protein, and a picornavirus 3C-like proteinase
{3C-like proteinase) located in 1BV ORF 1a between nu-
cleotides 8937 and 9357 has been shown tc be capable
of proteolytic processing of the 1a/1b fusion polyprotein
to the 100-kDa protein species (Liu et a/, 1994, 1995).
We report here experiments designed to characterise
the 3C-like proteinase by internal deletion and substitu-
tionr mutations of its predicted catalytic centre and the
cleavage sites. Data presented show that defetion of ORF
ta sequences from nucleotide 9911 to 12227 has no
effect on proteolytic cleavage of the 1a/1b polyprotein to
the 100-kDa protein species, though the production of the
100-kDa protein is significantly increased. Site-directed
mutagenesis studies have confirmed that the predicted
nucteophilic cysteine (Cys™?) residue and the histidine
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FIG. 1. {a)Diagram of the structure of ORFs 1a and 1b, showing the locations ¢f the putative functional domains and the predicted cleavage sites
of the 3C-like proteinase. (b) Deduced amino acid sequence of the predicted 3C-like proteinase domain encoded by ORF 1a between nuclectide
8937 and 9357. The putative catalytic triad, His®®?, GIu®*, and Cys®?, is shown with bold print and underlined, and the Glu®*' iz outlined. Also
shown are all the substitution mutations introduced at the putative catalytic centre of the proteinase and two of its cleavage sites. The first amino
acid position of ORF th-encoded polyprotein is counted from the methionine residue encoded by nucleotides 12458 to 12460.

2820 (His®®® residue are essential for the catalytic activ-
ity of the proteinase and that the flanking QS dipeptide
bonds are its target cleavage sites. Substitution muts-
tions of the third component of the putative catalytic triad,
the glutamic acid 2843 (GIu®®*) residue, however, do not
influence the catalytic activity of the proteinase reguired
for releasing the 100-kDa protein. This report therefore
represents the first effort to characterise in detail the 3C-
like proteinase encoded by a coronavirus.

MATERIALS AND METHODS

Site-directed mutagenesis

Site-directed mutagenesis was carried out, as pre-
viously described (Liu and Inglis, 1992b), using single-
stranded DNA templates prepared from plasmid
p!BV14A1 and appropriate oligonucleotide primers (see
Table 1 for the list of the oligonucleotide primers used).

Transient expression of IBV sequences in Vero cells
using a vaccinia/T7 expression system

Cpen reading frames placed under contrcl of the T7
promoter were expressed transiently in eukaryotic cells
as descriped previcusly (Liu et &/, 1993). Briefly, semi-
confluent monclayers of Vero cells were infected with 10
PFU/cell of a recombinant vaccinia virus (VTF7-3), which
expresses the bacteriophage T7 RNA polymerase, and
then transfected with appropriate plasmid DNA using

lipofection {Gibco—BRL} according to the manufacturer's
instructions. After incubation of the cells at 37° for 4
hr, 26 uCi/ml [*S]methionine was added directly to the
medium. The radiclabelled celis were harvested at 18 hr
postinfection.

Radioimmunoprecipitation

Plasmid DNA-transfected Vero cells were lysed with
RIPA buffer (50 mM Tris—HCI, pH 7.5, 160 mM NaCl,
1% sodium deoxycholate, 0.1% SDS) and precleared by
centrifugation at 12,000 rpm for 5 min at 4° in a microfuge.
Immunocprecipitation was carried out as described pre-
viously (Liu et g/, 1994}.

SDS—polyacrylamide gel electrophoresis

30S-polyacrylamide gel electrophoresis  (SDS—
PAGE) of virus polypeptides was carried out using 10%
polyacrylamide gels {Laemmli, 1970). Labelled polypep-
tides were detected by autoradiography or flucrography
of dried gels.

Construction of plasmids

Flasmid pIBV11, which covers IBV sequences from
nucleotide 8693 to 18980 (Liu et af, 1994), was used
to construct plasmids plBV14 and plBV14A1. Plasmid
plBV14 was made by deletion of IBV sequences from
nucleotide 16637 to 16788 by digestion of pIBV11 with
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FIG. 2. {a)Diagram showing IBV sequence present in plasmids piBV14 and pIBV14A1 and the sequence used to raise antiserum V58. (b} Analysis
of transiently expressed ORF 12 and 1b products from plasmids piBV14 and p/BV14A1, using the vaccinia/T7 recombinant virus expression system.
Cells were 1abelied with [*S)methionine, ysates were prapared, and polypeptides were immunoprecipitaied with amtiserum V68, Poiypeptides were
separated on a 10% SDS-polyacrylamide gel and detectad by fluorography. Control DNA, plasmid DNA without 1BV sequence.

restriction endonuclease Psil and religation with T4 DNA
ligase. Plasmid plBV14 was then digested by restriction
enzymes Pvuil and SnaBl, which cut IBV sequences at
nucleotide positions 9911 and 13046. 't was then reli-
gated with a SnaBl fragment (containing |BY sequences
from nucleotide 12227 to 130486} of pIBV14, giving plas-
mid piBV14A1. The RNA sequences present in ptasmids
pIBV14 and plBV14A1 are shown in Fig. 2a.

Several rnutants with alterations at the putative cata-
lytic centre of the 3C-like proteinase domain and two of
its cleavage sites were made by site-directed mutagene-
sis using single-stranded DNA templates prepared from
plasmid plBV14A1, All the mutants were detected by
nucleotide sequencing, and the mutations were con-
firmed by transformaticn into Escherichia coli strain TG1
and resequencing. Figure 1b shows the substitutions in-
treduced.

RESULTS

Effect of internat deletion of IBV sequences from
nucleotide 9911 to 12227 on processing to the 100-
kDa polypeptide

We have recently reportied the identification of a 100-
kDa polypeptide in IBV-infected Vero cells using a region-
specific antiserum V58, which recognises IBV sequences
encoded between nucleotides 14492 and 15520. Expres-
sion and deletion analyses indicated that this proiein is
encoded by 1BV sequence information from nucleotides
8693 to 15537 and is cleaved from the 1a/1b polyprotein
by the putative 3C-like proteinase domain located in ORF
ta between nucleotides 8937 and 9357 (Liu et af,, 1994).

Ta support further the reqguirement for the 3C-like domain
in processing of the polyprotein to the 100-kDa protein,
piasmid pIBV14A1 was made by internal deletion of 1BV
sequences between nucleotides 9911 and 12227 from
piBV14 {Fig. 2a) and was expressed transiently in Vero
cells using the vaccinia/T7 system {Fuerst et al, 1986). As
shown in Fig. 2b, expression of pIBV14A1 led to efficient
production cf the 100-kDa protein, reinforcing our previ-
ous observation that the 3C-iike proteinase domain 1s
resporsible for proteolytic processing of 1a/1b polypro-
tein to the 100-kDa protein and suggesting that the de-
leted region is not essential for processing of the pely-
protein region encoded by this plasmid. Furtharmgre, this
deletion results in much more efficient production of the
100-kDa protein species (Fig. 2b), and reduction in size
cf the inserted IBV fragment from 6827 to 4511 bp greatly
facilitates mutagenesis studies of the catalytic centre of
the proteinase and its cleavage sites.

Mutation of the putative catalytic triad of the 3C-like
proteinase domain

Computer-aided analysis has predicted that the 3C-
like proteinase domain is located in the ta polyprotein
between aming acids 2779 and 3085, corresponding to
ORF 1a sequences from nucieotide 8937 to 9357 {Gorba-
lenya et &/, 1989, see alsc Fig. 1). Three important resi-
dues, His®®® Glu®™®*, and Cys®*, are predicted to form
a catelytic triad associated with the catalytic acivity of
the proteinase (Fig. 1). To test this prediction, site-di-
rected mutagenesis was carried out using appropriate
oligonuclectide primers (Table 1) and single-stranded
DNA templates were prepared from pIBV14A1.
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TABLE 1

Oligonucleotide Primers Used in Site-Directed Mutagensis Analysis
of the Catalytic Centre of the 3C-like Proteinase Domain and Its Cleav-
age Sites

Mutants Nuclectide sequences
WT B TGCGGGAGCCTGTGGTTCAGTTGH -2
o2 p TGCGGGAGCCGCTGETTCAGTTG
cBRg GGGAGCCTCTGGTTCAGTTG
WT S ATGAGTTTGAAGTTACAACTC
EZN CATGAGTTTAATGTTACAACTC
E®EL(Q CATGAGTTTCAAGTTACAACTC
EE-0 CATGAGTTTGATGTTACAACTC
WT G CTAATAATCATGAGTTTGAAGT
E®.Q GCTAATAATCATCAGTTTGAAGT
WT SSCGTCCTCGTCATGTATTGGGTSY
H2820-K CTGTCCTCGTAAGGTATTGGGT
H2820.G CTGTCCTCGTGGTGTATTGGGT
WT S22 GACTTTACAATCTTGTGGCG ™'
gesabl g GACTTTACAAGGTTGTGGCG
goe0sp GACTTTACAAGCTTGTGGCG
WT BISCTACGACTTTACAATCTTGTGG ™0
QB CTACGACTTTAGAATCTTGTGG
WT 1A TCTTCTGTTCAATGAGTTGC' 2!
Q8- ATCTTCTGTTGAATGAGTTGC

We first analysed the catalytic role of the presumed
nucleophilic residue Cys™? in proteclytic cleavage of
the polyprotein by substitution mutations of the residue,
expression of the mutants in Vero cells, and monitoring
the production of the 100-kDa protein in transfected celt
lysates. Two mutants were made by substitution of this
residue either with an alanine (pIBV14A15%224) or with
a serine (pIBVI4A1%2%29) and they were expressed in
Vero cells using the vaceinia/T7 system. As can be seen
from Fig. 3, a polypeptide of approximately 180-kDa was
immunoprecipitated from  pIBV14A1%%22 A ransfected
cell lysate with antiserum V58. This protein comigrated
on SDS—PAGE with the pIBV14A1%*%*derived poly-
peptide synthesised in reticulocyte lysates {data not
shown), suggesting that it represents the full-length prod-
uct enceded by this construct, No 100-kDa polypeptide
was detected from the same lysate with antiserum V58.
In addition, a polypeptide of approximately 48 kDa was
also  immunoprecipitated  from  pIBV14A1{1%2922A
transfected cell lysate with antiserum V58 (Fig. 3). As
antiserum Vb8 has been shown to cross-react with the
products encoded by the 3’-tarminus of ORF 1a (Liu et
al, 1994), this protein species may therefore represent
the full-length 1a stop product encoded by this construct.
These resutts demonstrate that substitution of the Cys*#
residue with an alanine abotishes the catalytic activity of
the proteinase required for release of the 100-kDa pro-
tein. Expression of plBV14A1%%%2% in Verg cells, how-

ever, led to partial processing of the polyprotein encoded
by this construct. The 100-kDa protein was immunopre-
cipitated from pIBV14A 122 E.qransfected Vero cell ly-
sate with antiserum V58 (Fig. 3). Furthermore, a polypep-
tide with an apparent molecular weight of approximately
155 kDa was also precipitated with antiserum V58 (Fig.
3}, suggesting that certain catalytic functions of the pro-

teinase are maintained afler mutation of the Cys™ resi-
due to a serine.
We next analysed the role of the Giu®**® residue in

formation of the catalytic centre of the proteinase. Three
mutants were made by mutation of Glu®®® to Asp (pIB-
VI14ATEE DY Agn (pIBYV14A1M*™) and Gin (pIB-
V14A158%8)  As expected, substitution of GIu™® with
Asp did not affect the proteinase activity required for
release of the 100-kDa protein. As shown in Fig. 4, the
100-kDa protein was detected following transfection of
pIBV14A1EE¥ D ing Vero cells: neither futl-length prod-
uct nor intermediately processed species were immuno-
precipitated. It is surprising, however, that expression of
both pIBV14A 11BN and pIBV14A158939 in Vero cells
also resulted in detection of only the 100-kDa protein
species (Fig. 4). These results suggest that the Giu™*
residue may not be essential for the catalytic activity
of the proteinase required for release of the 100-kDa
protein.

It is therefore possible that other glutamic acid resi-
dues may be required for the catalytic activity of the
proteinase. txamination of the aminc acid composition
of the 3C-like proteinase reveals that a glutamic acid
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FIG. 3. Mutational analysis of the putative nuclecphilic residue
{Cys™) of the 3C-like proteinase. The mutants were transiently ex-
pressed in Vero celis, using the vaccinia/T7 recombinant virus expres-
sion system, as described in the 'egend for Fig. 2. Polypeptides were
separated on a 10% SDS-polyacrylamide gel and detected by fluorog-
raphy.
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FIG. 4. Mutational analysis of Glu™* and GIL™® residues at the
catalytic centre of the 3C-like proteinase. The mutants wers transiently
expressed in Vero cells, using the vaccinia/T7 recombinant virus ex-
pression system. Polypeptides were separated on a 10% SD3-poly-
acrylamide gel and detected by flucrography.

(GIu™*') residue is located two amino acids upstream of
the GIW*®? {see Fig. 1b) and might be required for forma-
tion of the catalytic centre of the proteinase. To test this
possibility, GIu*®*' was changed to Gin {pIBV14A 1589
by site-directed mutagenesis. As shown in Fig. 4, expres-
sion of pIBV14A 152" % in Vero cells again showed com-
plete processing of the polyprotein to the 100-kDa pro-
tein. Only the 100-kDa species was detected from the
transfected cell lysates by immunoprecipitation with anti-
serum Vb8 (Fig. 4).

Finally, the third component of the predicted catalytic
triad, the histidine (His**®") residue at amino acid position
2820 of the ta polyprotein, was mutated to lysine
(pIBV14A1H2820K) 504 glveine (pIBV14A1H25206) (gee Fig.
1b). As shown in Fig. 5, expression of piBV14A1H28%0K
and plBV14A1"%29°C in Vero cells resulted in formation
of the full-fength 180-kDa protein species and the 48-kDa
1a stop product. Both products were immunopracipitated
from the transfected cell lysate with antiserum V58, but
no 100-kDa protein species was detected (Fig. 5).

Mutation of the two putative QS cleavage sites
flanked the 100-kDa protein

C-terminal deletion data presented previously indi-
caled that a predicted QS cleavage site encoded by nu-
clectides 18123 {o 15135 may be responsible for releas-
ing the C-terminus of the 100-kDa protein (Liu &t al,
1994). To test this possibility, substitution mutations of
both the glutamine 891(1b} (GIn®'"%) and serine 892(1h)
(Ser®®1) ragidues were produced by site-directed muta-

genesis. Three mutants were made, two by substitution
of the Ser®'® with either Ala (pIBV14A 1582054 o Gy
(pIBV14A158920016) and one by changing the GIn®'™ tg
Glu (pIBV14A198100E) (sea Fig, 1b). As shown in Fig.
Ba, expression of plBV14A1SRINA and pIBY14/1580200-6
resulted in efficient detection of the 100-kDa protein spe-
cies, suggesting that both mutations did not affect the
cleavage of the proteinase at this target site. Mutation
of the GIn®*'"" residue to Glu, however, completely
blocked the processing to the 100-kDa protein. A poly-
peptide of approximately 125 kDa was immunoprecipi-
tated from plBV14A19%""%E transfected Vero cells (Fig.
8a). The apparent molecular weight of 125 kDa of this
protein on SDS—-PAGE is consistent with the calcuiated
molecular weight of a processed product covering the
100-kDa protein-encoding region, but with the C-terminal
cleavage occurring at the next QG {Q'*®110G 19210} ginep-
tide bond {see Fig. 1), 181 amino acid residues down-
stream of the Q®'"'98%20' gite in this construct. These
results confirm that the Q'"IS%08 dineptide bond is
cleaved by the 3C-like proteinase to release the C-termi-
nus aof the 100-kDa protein.

We next analysed the N-terminal cleavage site of the
100-kDa protein. A QS dipeptide bond (%8539} en-
coded by ORF 1a from nucleotide 12310 to 12315, is
predicted to be the cleavage site responsible for release
of the N-terminug of the 100-kDa protein (see Fig. 1). One
substitution mutation was made by changing the GIn*?®
o a GIn {pIBV14A19%2% %), Ag shown in Fig. &b, substitu-

<+ 48 kDa

FIG. 5. Mutational analysis of the His®™® residue at the catalytic
centre of the 3C-like proteingse. The mutants were transiently ex-
pressed in Vero cells using the vaccinia/T7 recombinant virus expres-
sion system. Polypeptides were separated on a 10% SDS—polyacryl-
amide gel and detected by fluprography.
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FIG. 6. (a)Mutational analysis of the predicted QS cleavage site re-
sponsible for release of the C-terminus of the 100-kDa protein. The
mutants were transiently expressed in Vere cells using the vaccinia/
T7 recambinant virus expression system. Polypeptides were separated
on a 10% SDS—polyacrylamide gel and detected by flucrography, (b}
Mutational analysis of the predicied QS cleavage site responsible for
release of the N-terminus of the 100-kDa protein.

tion of the GIn®*?® residue with a Giu (pIBV14A19%928E)
abolished the production of the 100-kDa protein. Instead
of the 100-kDa protein species, a major polypeptide of
approximately 130 kDa was immuncprecipitated from
pIBV14A19%8 Eransfected Vero cell lysate with antise-
rum V58 (Fig. 8b). This result suggests that mutation of
the GIn**® residue to a Glu blocked the proteolytic cleav-
age of the polyprotein from occurring at this site and led
to formation of a novel protein species with extra N-
terminal sequences. However, the migration of this pro-
tein on SDS-PAGE is somehow slower than what is
expected, since mutation of this cleavage site should
result in addition of only 70 amino acid residues to the
N-terminus of the 100-kDa protein, and hence produce
a protein of approximately 110 kDa. The reason for this
discrepancy is currently unclear, but presumably it re-
flects the complexity of the factors governing polypeptide
migration on 3DS-PAGE.

The trans-cleavage of the 1a/1b polyprotein by the
3C-like proteinase

As shownin Fig. 2b, internal deletion of IBV sequences
from nuclectide 9911 to 12227 did not block the pro-
cessing of the 1a/1b polyprotein 1o the 100-kDa protein
from, confirming the cis-activity of the 3C-like proteinase.
It was then of interest to see if trans-cleavage of the 1a/
1b polyprotein could also be mediated by this proteinase.
Far this purpose, we coexpressed in Vero cells plasmid
pKT205, which covers IBV sequence from nucleotide
8623 to 10925 (Liu et al, 1994) and therefore provides
trans-activity of the 3C-like proteinase, and one of the
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mutants, pIBV14A 12224 which lacks the proteinase ac-
tivity, As expected, expressicn of pKT205 alene did not
produce any products detectable by immunoprecipitation
with antiserum V58 (Fig. 7). Expression of piBV14A 15225
once again, resulted in synthesis of the full-length 180-
kDa protein and the 48-kDa 1a stop product {Fig. 7. alse
see Fig. 3). No 100-kDa protein was detected (Fig. 7).
Cotransfection of pKT205 and pIBV14A1%%¥% % however,
led to processing of the 180-kDa full-tength product to
the 100-kDa protein (Fig. 7). In addition, the 48-kDa 1a
stop product was also seen to be processed to undetect-
able products (Fig. 7). These results suggest that trans-
cleavage of the polyprotein did occur in this cotransfec-
tion experiment and further indicate that all the cleavage
sites contained in this construct may be sensitive to the

trans-activity of the proteinase.

DISCUSSION

We have recently reporiad the identification of a 100-
kDa protein in |{BV-infected Vero cells using a region-
specific antiserum V568 (Liu et a/, 1994}, Our previous
data suggested that this novel protein is encoded by the
5"-portion of ORF 1b up to nucleotide 15520 and may be
cleaved from the 1a/1b fusion polyprotein by the putative
picornavirus 3C-like proteinase domain located in ORF
1a region from nucleotide 8937 to 9357. Several lines of
evidence presented here confirm that the 3C-like protein-
ase domain is responsibie for proteclytic cleavage of the
1a/1b polyprotein at the predicted QS dipeptide bonds
1o release the 100-kDa protein. First, internal deletion of
ORF 1a seguences from nucleotide 9911 to 12227 does
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FIG. 7. The trans-cleavage of the 1a/1b polyprotein mediated by
the 3C-like proteinase. Plasmids pKT205 and plBY14A19%22% were
transiently coexpressed in Vero cells, using the vaccinia/T7 recombi-
nant virus expression system. Polypeptides were separated on a 10%
SDS-polyacrylamide gel and detected by fluorography.
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not influence the 3C-like proteinase-mediated proteclytic
processing of the polyprotein t© the 100-kDa protein.
Taken together with the N-terminal deletion data pre-
viously reported (Liu et al, 1994), this result suggests
strongly that the 3C-like proteinase is involved in pro-
cessing of the 1a/1b pclyprotein. Seccnd, substitution
mutations of the presumed nucleophilic cysteine residue
(Cys®™®%) to alanine and a histidine (His*™®®°) residue to
either a lysine or a glycine completely abolished the
proteolytic activity of the 3C-like proteinase; while partial
loss of the catalytic activity was observed when the
Cys® residue was substituted by a serine. Finally, alter-
alion of the GIn*™% and GIn®""® rasidues of the predicted
QS cleavage sites encoded by nuclectides 12310 to
12315 and 15128 to 15135, respectively (Gorbalenya et
al, 1989), blocked the proteolytic processing of the poly-
protein to the 100-kDa protein species.

The chservation that substitution of the Cys™= residue
with alanine completely abclished the catalytic activity
of the 3C-like proteinase suggests that this residue may
play an essential role in formation of the catalytic centre
of the proteinase. Recently, increasing numbers of Cys-
active-centre viral proteinases have been identified in
animal and piant viruses, including picornaviruses,
comoviruses, and potyviruses (Gorbaleya et al, 1986;
Bazan and Fletterick, 1988). This type of viral proteinase
was originally classified as a cysteine proteinase, but
they are now considered to belong t¢ the irypsin super-
family of serine proteinases. Two recent reparts on the
X-ray crystal structures cf the 3C proteinases from two
viruses of the picornavirus family reveal similarities in
folding of the proteinase polypeptides, in RNA-binding
sites, and in cleavage mechanisms betwsen the viral
proteinases and cellular serine proteinases of the trypsin
or chymotrypsin class (Matthews et a/, 1994; Allaire ef
al, 1994). In fact, poliovirus 3C proteinase has been re-
ported to be ablfe 1o use serine as its nucleophilic residue
(Lawson and Semler, 1991; Kean et a/, 1993). Similarly,
catalytic activity of the |IBV 3C-like proteinase was par-
tially maintained after substitution of the Cys™*? residue
with a serine (Fig. 3).

Mutation of the Cys to serine leads to partial
processing to the 100-kDa protein species. Both the
100-kDa protein and a 155-kDa intermediate cleavage
product were detected by immunoprecipitation with
the C-terminal-specific antiserum V58 (Liu et a/,, 1994).
Furthermore, onby a trace amount of the full-length
polyprotein of 180 kDa was immunoprecipitated with an-
tiserum V58 from the same lysates. These results indi-
cate that an efficient cleavage of the full-length 180-kDa
polyprotein had occurred, resulting in removal of the 3C-
like proteinase domain and seqguences upstream of the
100-kDa protein-encoding region. Itis therefore likely that
individual cleavage sites have differential sensitivity to
the amino acids substituted at the catalytic centre of the
1BV proteinase. Similar observations are also docu-
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mented with the picornavirus 3C-like proteinase {Lawsan
and Semiler, 1981; Kean et al, 1993). lackson and col-
leagues have recently reported differential effects of sub-
stitution muzations of Giu” and Cys' residuas of the
putative catalytic triad of the poliovirus 3C proteinase on
cleavage at different sites of the poliovirus polyprotein
(Kean et a/, 1993). Substitutions of GIu*™®*" and Glu®*
residues with amino acids of similar or distinct properties
do nct affect the catalytic activity of the proteinase re-
quired for release of the IBV 100-kDa protein species
from its precursor (Fig. 4). The reason for this is currently
not clear. It may, however, simply reflect the particular
tolerance of the QS cleavage sites flanking the 100-kDa
protein to the amino acids substituted. Development of
an in vitro processing system and an attempt to identify
more mature cleavage preducts are underway 1o address
this issue further.

Our previous deletion results indicated that the C-ter-
minus of the 100-kDa protein is specified by ORF 1ib
sequences clese to nucleotide 15120, raising the possi-
bility that proteolysis at a predicted QS cleavage site
encoded by nucleotides 15129 to 15135 may lead to re-
leasing the C-terminus of this protein (Gorbalenya et g/,
1989). This is supported hy the observation that substitu-
tion of the GIn®""™ residue with a Glu completely blocked
the cleavage at this position. However, alterations of the
Ser®2™ residue to either Ala or Gly had no effect on the
proteolytic processing of the polyprotein to the 100-kDa
protein, suggesting that both Gin—Ala and GIn—Gly di-
peptide bonds can be recognised and cleaved by the
IBV 3C-like proteinase. For picornavirus 3C proieinases,
it has been reported that most cleavages occurred at the
GIn-Gly peplide bond; less commonly, cleavages were
also observed betwean Gln—Ser, GIn—Ala, Glu—3er, or
Gtu—Gly pairs (Palmenberg, 1990). Systematic substitu-
tion mutations of both Gin and Ser (Gly} residues are
required 1o provide a complete picture of the cleavage
specificities of the IBV 3C-like proteinase.
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