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Proteolytic processing of the replicase gene product of mouse hepatitis virus (MHV) is essential for viral
replication. In MHV strain A59 (MHV-A59), the replicase gene encodes two predicted papain-like proteinase
(PLP) domains, PLP-1 and PLP-2. Previous work using viral polypeptide substrates synthesized by in vitro
transcription and translation from the replicase gene demonstrated both cis and trans cleavage activities for
PLP-1. We have cloned and overexpressed the PLP-1 domain in Escherichia coli by using a T7 RNA polymerase
promoter system or as a maltose-binding protein (MBP) fusion protein. With both overexpression systems, the
recombinant PLP-1 exhibited trans cleavage activity when incubated with in vitro-synthesized viral polypeptide
substrates. Subsequent characterization of the recombinant PLP-1 revealed that in vitro trans cleavage is more
efficient at 22°C than at higher temperatures. Using substrates of increasing lengths, we observed efficient
cleavage by PLP-1 requires a substrate greater than 69 kDa. In addition, when PLP-1 was expressed as a
polypeptide that included additional viral sequences at the carboxyl terminus of the predicted PLP-1 domain,
a fivefold increase in proteolytic activity was observed. The data presented here support previous data
suggesting that in vitro and in vivo cleavage of the ORF 1a polyprotein by PLP-1 can occur in both in cis and
in trans. In contrast to the cleavage activity demonstrated for PLP-1, no in vitro cleavage in cis or in trans could
be detected with PLP-2 expressed either as a polypeptide, including flanking viral sequences, or as an MBP
fusion enzyme.

The murine coronavirus mouse hepatitis virus (MHV) is an
enveloped virus that belongs to the Coronaviridae family. The
genome of MHV strain A59 (MHV-A59) consists of a positive-
sense RNA of 31.3 kb. Upon infection, the genome is trans-
lated from its 59 end (gene 1) into a polyprotein, from which an
RNA-dependent RNA polymerase is processed; this polymer-
ase then transcribes a nested set of six subgenomic mRNAs as
well as negative-sense full-length and subgenomic RNAs.
Gene 1, which is 21.7 kb, contains two open reading frames
(ORFs), ORF1a and ORF1b. Sequence analysis of ORF1a
predicted two papain-like proteinase (PLP) domains, an X
domain of unknown function adjacent to PLP-1, and a polio-
virus 3C-like proteinase domain. ORF1b, which is expressed
via a translational frameshift resulting in readthrough of the
ORF1a termination codon, encodes the RNA polymerase do-
main as well as putative helicase, nucleoside triphosphatase,
and zinc-binding domains (5, 16, 22) (Fig. 1A). Similar genome
organization and replication strategy are also characteristic of
members of the Arteriviridae family. The similarities led to the
classification of these two families under the order Nidovirales
(12, 28).

Using antisera raised against various regions of the MHV-
A59 ORF1a gene product, Denison et al. (8, 11) reported that
the ORF1a product was processed in vivo from the amino
terminus to produce p28, p65, and p290; p290 was further
processed to produce p50 and p240. PLP-1 (also referred to as

PCP-1 [13]) has been shown to carry out cleavages of the
ORF1a gene product in vitro at the p28 and the predicted p65
sites (2, 3, 5, 6, 20, 27). In vitro studies identified the cleavage
site for p28 to be between Gly247 and Val248 (20). The use of
deletion constructs identified another in vitro cleavage site,
between Ala832 and Gly833; it is likely that this site corre-
sponds to the cleavage site utilized in vivo to generate p65 (5,
6). (It has not yet been proved that the in vitro cleavage site
between Ala832 and Gly833 corresponds to the site that is
utilized in the synthesis of p65 in vivo. However, since this is
very likely to be the same site, we will refer to the second
cleavage site as the p65 site.) The cleavage site which generates
p50 has not been identified. Deletion studies have mapped the
minimal PLP-1 domain to between ORF1a amino acids 1084
and 1316 (5, 6). A role for PLP-1 in proteolytic processing at
the amino terminus of ORF1a polypeptide has also been dem-
onstrated in other coronaviruses, including MHV strain JHM
(2, 3, 13), human coronavirus strain 229E (19), and infectious
bronchitis virus (23). The second PLP domain (PLP-2), pre-
dicted to be encoded within amino acids Phe1681 to Ser1936 in
the MHV-A59 genome (22), is not found in all coronavirus
genomes, and there are no reports to date of an activity for this
predicted domain (3, 5, 14).

While the functions of p28 and p65 have yet not been de-
termined, the cleavages that result in their production appear
to be a necessary part of MHV life cycle. Addition of the
proteinase inhibitors leupeptin and E64d to infected cells re-
sulted in the inhibition of proteolytic processing of the ORF1a
gene product, with concomitant reduction in viral RNA syn-
thesis (9, 21). The observation that viral RNA synthesis was
inhibited even when the inhibitors were added after viral entry
led to the proposal that MHV replication required continuous
generation of the replicase; thus, inhibiting this proteolytic
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processing resulted in inhibition of viral replication. In view of
a possible role played by PLP-1 during viral replication, eluci-
dating the mechanism of action of this proteinase could pro-
vide insight into the viral life cycle and may help in the devel-
opment of antiviral drugs. To obtain large quantities of PLP-1
and to characterize its enzymatic properties, we have cloned
and overexpressed the predicted PLP-1 domain both as a fu-
sion protein and by itself and have used these recombinant
enzymes to further our understanding of the properties of
PLP-1. In both expression systems, the recombinant PLP-1 was
active on in vitro-synthesized substrates, demonstrating that
the previously mapped domain (5) is sufficient to encode a
functional enzyme. Further investigation of in vitro trans cleav-
age by the recombinant PLP-1 showed a strong dependence on
the length of substrate, with efficient cleavage detected only
with substrates of greater than 69 kDa. In addition, we ob-
served that the presentation of PLP-1 as a polypeptide of 49
kDa or greater, which includes the sequences carboxyl to the
proteinase, greatly enhances proteolytic processing. Thus,
PLP-1 cleavage activity appears to be optimal when both en-
zyme and substrate are presented as part of polyproteins, as

they are in the virus replication cycle. Expression of the pre-
dicted PLP-2 domain either as a polypeptide in vitro or fused
to maltose-binding protein (MBP) in Escherichia coli did not
result in detectable cleavage.

MATERIALS AND METHODS

Plasmids. Plasmid pSPNK (20) (Fig. 1B) contains the MHV-A59 genome
sequences between nucleotides 182 and 4664 and encodes the amino-terminal
1,484 amino acids of ORF1a. Plasmid pSPNKDMsc (5) contains an in frame
MscI-MscI deletion (DMsc) between codons 623 and 869, and pSPNKDMAG (6),
previously referred to as DAG, contains in addition an in-frame deletion of the
codons encoding the p65 cleavage site, Ala832 to Gly833. Plasmids pSPN1S1,
pSPDMscN1S1, and pSPDMAGN1S1, which are truncated at the SpeI site within
PLP-1, were constructed by digesting pSPNK, pSPNKDMsc, and pSPNKDMAG
with BglII (within the vector sequence) and SpeI (within the PLP-1 domain,
ORF1a nucleotide 3690). The resulting BglII/SpeI fragments were ligated into
pSP72 (Promega) previously digested with BglII and XbaI. The resulting plas-
mids encode viral polypeptides with the same amino termini as authentic viral
ORF1a polypeptide; however, the viral sequences in these polypeptides end at
Lys1160 (within PLP-1 [Fig. 1B]) and contain 26 plasmid-derived amino acids
downstream of the viral polypeptides before termination.

Plasmid pSPN1S2, which contains nucleotides 182 to 6755 and encodes the
amino-terminal 2,181 amino acids of ORF1a (including both PLPs [Fig. 1B]),
was constructed as follows. A 0.56-kb KpnI/BglII fragment (nucleotides 4664 to

FIG. 1. Functional domains of MHV-A59 gene 1 and plasmids encoding ORF1a polypeptides. (A) The two ORFs of gene 1, ORF1a and ORF1b, and their
predicted functional domains: PLP-1 and PLP-2, X, picornavirus 3C-like proteinase (3CLpro), and hydrophobic (HD1 and HD2). NTPase, nucleoside triphosphatase.
(B) Diagrams of plasmids used for transcription and translation of ORF1a polypeptides, along with relevant functional domains and restriction sites. The catalytic
residues of PLP-1, Cys1121 and His1272, and the proposed catalytic residues of PLP-2, Cys1716 and His1873, are indicated. The T7 bacteriophage RNA polymerase
promoter is designated T7. The cleavages sites for p28 (Gly247/Val248) and p65 (Ala823/Gly833) and the region of ORF1a polypeptide used to raise antiserum UP102
(11) are also indicated. (C) Plasmids used for expression of the PLP domains in E. coli. T7 and ptac are procaryotic promoters for RNA synthesis, and malE encodes
MBP.
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5219 of the genome) from cDNA clone pUC19-K1E2 (4) was ligated into KpnI/
BamHI-digested pSP72, which resulted in pSPKBg. This plasmid was then di-
gested with BglII (within the vector sequence) and KpnI (nucleotide 4664) and
ligated to a 4.6-kb fragment from pO1aNK1.4 (a plasmid derived from pSPNK
containing the same viral sequences as pSPNK) that had been digested with BglII
(within the vector sequence) and KpnI (nucleotide 4664). The resulting con-
struct, pSPN1Bg, contains ORF1a nucleotide from the NarI site at nucleotide 182
to the BglII site at nucleotide 5219 (Fig. 1B). Finally, pSPN1Bg was digested with
KpnI (nucleotide 4664) and XbaI (within the vector sequence) and then ligated
to a KpnI/SpeI fragment (nucleotides 4664 to 6752) from cDNA clone K1E2 (4)
to generate pSPN1S2.

For the construction of pCITE P1P2a, encoding both PLP domains (Fig. 1B),
pSPN1S2 was digested with BstBI (ORF1a nucleotide 2811), and the ends were
filled in with DNA polymerase I Klenow fragment. The blunt-ended plasmid was
then digested with SpeI (ORF1a nucleotide 6752), and the fragment containing
ORF1a nucleotides 2811 to 6752 was ligated into pCITE (Novagen) previously
treated with MscI and XbaI. To construct plasmids in which PLP-2 was placed
closer to the p28 cleavage site, pSPN1S2 was treated with XmaI and SpeI and
then with exonuclease Bal 31. The recessed ends were filled in with Klenow
fragment and ligated. Deletion clones were then screened for (i) retention of the
BglII site upstream of the predicted PLP-2 domain and (ii) maintenance of an
ORF through PLP-2. Two of the resulting clones, which positioned the predicted
amino terminus of PLP-2 domain at 824 and 848 amino acids from the p28 site,
are designated pSPN1S2DD1049K1657 and pSPN1S2DF1085A1670, respectively
(Fig. 1B).

Overexpression plasmids. For the construction of pET-PLP-1 (Fig. 1C), the
region corresponding to nucleotides 3393 to 4301, which encodes Ser1062 to
Lys1364, was amplified from pSPNK by using PCR primers PLP NS, which
introduced an NdeI site at the 59 end, and PLP CA, which introduced a trans-
lational termination codon followed by an XbaI site at the 39 end (Table 1).
Following XbaI and partial NdeI digestion, a 0.9-kb fragment containing the
predicted PLP-1 domain was ligated into XbaI/NdeI-cleaved pHB40P (a pET
overexpression vector derivative obtained from R. Fletterick, University of Cal-
ifornia, San Francisco).

PLP-1 was also expressed as an MBP–PLP-1 fusion protein. Plasmid pMAL-
PLP-1 was constructed by amplifying the same PLP-1 domain as described above
for pET-PLP-1 and ligating the fragment into XmnI/EcoRI-digested pMAL-c2
(New England Biolabs) (Fig. 1C). DNA sequencing showed that the construct
contained conservative A1084V substitutions 38 and 189 amino acids from the
catalytic residues, Cys1121 and His1272, respectively. PLP-2 was also expressed
as an MBP-virus enzyme fusion protein. The region encoding Phe1681 through
Ser1936 was amplified from plasmid pCITE P1P2a by using primers PLP-2 FCP,
which introduced a BamHI site at the 59 end, and PLP-2 RCP, which added a
translational termination signal followed by a HindIII site at the 39 end (Table 1).
The amplified fragment was then digested with BamHI and HindIII and ligated
into BamHI/HindIII-cleaved pMAL-c2 (Fig. 1C).

Mutagenesis. Site-directed mutagenesis was carried out by using PCR tech-
nology and the primers listed in Table 1, using a QuickChange site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s protocol. Muta-
genic primers FMPH1272P and RMPH1272P were used to replace the catalytic
His1272 of PLP-1 with Pro. Primers FMPH1873P and RMPH1873P were used to
substitute Pro for the proposed catalytic His1873 in PLP-2. In this mutagenesis
procedure, the entire plasmid is amplified. Thus, to avoid sequencing the entire
plasmids to ascertain that no secondary mutation was introduced, restriction
fragments containing the desired mutations (which were sequenced and shown
not to contain secondary mutations) were introduced into the parental plasmids
as indicated. For construction of pMAL-PLP-1 H1272P, a 0.6-kb SpeI/EcoRI
fragment containing the mutation was ligated to a 6.9-kb fragment of pMAL-

PLP-1 digested with the same enzymes. To introduce H1272P into pCITE P1P2a,
a 0.5-kb SpeI/BstXI fragment from pMAL-PLP-1 H1272P was ligated to a 7.2-kb
SpeI/BstXI fragment from pCITE P1P2a. For pMAL-PLP-2, the entire insert
(BamHI to HindIII) carrying the H1873P mutation was ligated to pMAL-c2
digested with BamHI and HindIII.

Overexpression and purification of recombinant PLP-1 and PLP-2. Overex-
pression and affinity chromatography purification of MBP–PLP-1 and MBP–
PLP-2 fusion proteins were carried out according to the protocols from New
England Biolabs. Briefly, the plasmids was transformed into E. coli DH5a, and
the transformed cells were grown in LB supplemented with ampicillin (100
mg/ml) at 37°C until the A600 was between 0.4 and 0.7, at which time isopropyl-
b-D-thiogalactopyranoside was added to 0.5 mM to induce fusion protein ex-
pression. Induction was continued for 3 h before harvesting, and cell pellets were
stored frozen at 280°C in column buffer (20 mM Na-HEPES [pH 7.4], 1 mM
EDTA, 200 mM NaCl, 2 mM dithiothreitol [DTT]). After thawing and sonica-
tion of the cell suspension, the crude extract was centrifuged at 18,000 3 g, and
the supernatant was applied onto an amylose column (New England Biolabs)
previously equilibrated with column buffer. After washing with column buffer to
remove contaminants, the fusion enzymes were eluted with column buffer sup-
plemented with 10 mM maltose. The MBP–PLP-1 fusion enzyme was then
concentrated in a Centriplus 10 concentrator (Amicon) and stored frozen at
280°C in the presence of 25% glycerol. To release PLP-1, the fusion enzyme was
incubated with factor Xa (New England Biolabs) at 4°C overnight according to
the manufacturer’s protocol.

For expression of pET-PLP-1 and pET-PLP-1 H1272P, the plasmids were
transformed into E. coli BL21(DE3)/pLysS (29). The transformed cells were
grown and harvested as described above except that chloramphenicol (25 mg/ml)
was included in the medium. For purification of enzyme, the cell pellet was
thawed and sonicated on ice for 2 min. Subsequently, 50 to 100 U of DNase I
(Boehringer Mannheim) was added, and the mixture was incubated at room
temperature for 20 min before another round of sonication. The suspension was
centrifuged at 18,000 3 g for 30 min, and the inclusion bodies were solubilized
in buffer containing 50 mM sodium phosphate (pH 9), 1 mM EDTA, 1 mM DTT,
and 8 M urea. To refold the denatured enzyme, the solubilized enzyme was
centrifuged at 27,000 3 g for 40 min, and the urea in the supernatant was
removed stepwise by dialysis at 4°C against buffer containing 50 mM sodium
phosphate (pH 9), 1 mM EDTA, 1 mM DTT, and 8 M urea. To refold the
denatured enzyme, the solubilized enzyme was centrifuged at 27,000 3 g for 40
min, and the urea in the supernatant was removed stepwise by dialysis at 4°C
against buffer containing 50 mM sodium phosphate (pH 9), 1 mM EDTA, 1 mM
DTT, and 1 mM reduced/0.1 mM oxidized glutathione, and with the urea grad-
ually replaced by 8% glycerol. The refolded enzyme was centrifuged at 27,000 3
g for 40 min to remove insoluble aggregates. The supernatant containing the
refolded enzyme was then precipitated with ammonium sulfate (10% saturation);
the pellet was dissolved in 50 mM sodium phosphate (pH 9)–1 mM EDTA–1
mM DTT–33% glycerol, and stored at 4°C. Protein concentrations of the recom-
binant enzymes were determined with the Bradford assay, using bovine serum
albumin as the standard (1).

In vitro transcription and translations and trans cleavage assays. In vitro
transcription and translation of plasmid DNAs was carried out by using the TnT
coupled reticulocyte lysate system (Promega) as described previously (5), using
as template 1 mg of plasmid and [35S]methionine to radiolabel the products. For
in vitro synthesis of nonradiolabeled enzymes, radiolabeled methionine was
replaced with 1 mM methionine. The coupled in vitro transcription-translation
reaction (50 ml) was carried out at 30°C for 90 min, and the synthesis was
terminated by the addition of 1/10 volume of stop buffer (0.6 U of RQ DNase I
per ml, 1.6 mg of RNase A per ml, 20 mM methionine), followed by further
incubation for 15 min at 30°C. This procedure has been shown to terminate

TABLE 1. Primers used for PCR amplifications and mutagenesis

Primer Sequence (59–39)a ORF1a positionb

Cloning primers
PLP NS TCGATCGCATATGTCTATCTTGGATGAGCTTCAA 3393–3413
PLP CA GAGTCTAGATAACTTTTCAGCTATAGCACCTGC 4301–4281
PLP-2 FCP GAAGGAGATCGCGGATCCTTTGATGAACCACAACTGCTG 5250–5270
PLP-2 RCP GCCCGCCTGCAGAAGCTTCTACGATAAATCTGGCTTATA 6017–6000

Mutagenesis primers
FMPH1272P GATGTTAATGATTGTCCCTCTATGGCTGTAGTAGAGGG 4008–4045
RMPH1272P CCCTCTACTACAGCCATAGAGGGACAATCATTAACATC 4045–4008
FMPH1873P GGTGGTAGTGTGGGCCCTTACACGCATGTGAAATG 5811–5843
RMPH1873P CATTTCACATGCGTGTAAGGGCCCACACTACCACC 5843–5811
FMPD904G CCTTGTAAGGAGCATGGTGTGATAGGCACAAAAG 2904–2937
RMPD904G CTTTTGTGCCTATCACACCATGCTCCTTACAAGG 2937–2904

a Restriction sites introduced into primers are shown in boldface; mutated codons are underlined.
b Reverse position of ORF1a indicates a negative-strand primer.
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further incorporation of radiolabel (6). The radiolabeled substrates were then
incubated in vitro at 22 to 25°C overnight with either purified recombinant
enzyme or nonradiolabeled enzyme synthesized in vitro, as designated. Cleavage
reactions were quenched with sodium dodecyl sulfate (SDS)-gel loading buffer,
and the samples were then boiled for 2 min before loading onto SDS-polyacryl-
amide gels (20). After electrophoresis, gels were treated with Autofluor (Na-
tional Diagnostics), dried at 80°C under vacuum, and exposed to X-ray films at
280°C (6). Immunoprecipitation of cleavage products with polyclonal antibody
UP102 (8) was done as described previously (5).

Quantitative analysis of cleavage. Cleavage activity was determined by quan-
tification of radiolabeled polypeptides after analysis on SDS-polyacrylamide gels,
using a Molecular Dynamics Storm 860 PhosphorImager equipped with the
ImageQuant software. In vitro trans cleavage efficiency with substrate synthe-
sized from pSPN1S1 was determined by using the equation {1 2 [p131/(p28 1
p103 1 p131)]}, in which p131 is the uncleaved substrate and p28 and p103 are
the cleavage products. Cleavage efficiency with substrates of various lengths was
determined with a similar equation. In the case of substrate synthesized from
pSPDMscN1S1, cleavage at both the p28 site (between Gly247 and Val248) and
the p65 site (between Ala832 and Gly833) produces p28, a downstream p43 (the
deleted form of p65), and the carboxyl-terminal p50 (calculated molecular mass
is 39 kDa). With partial processing at only the p28 site, p28 and p93 (p43 1 p50)
are obtained. Cleavage only at the p65 site produces p70 (p28 1 p43) in addition
to the carboxyl-terminal p50. The in vitro trans cleavage activity of each construct
was calculated by subtracting the fraction of unprocessed precursor (p120) ra-
dioactivity from total radioactivity, using the equation {1 2 [p120/(p28 1 p43 1
p50 1 p70 1 p93 1 p120)]}. The cleavage activity was expressed as a percentage
of cleavage activity obtained for the longest substrate. In determining the effect
of substrate length on cleavage efficiency (Fig. 5), the extent of cleavage was
determined by subtracting the radioactivity generated with inactive PLP-1 (trans-
lated from pET-PLP-1 H1272P) from the radioactivity generated with active
PLP-1 (translated from pET-PLP-1).

To quantify cleavage efficiency by PLP-1-containing polypeptides of different
lengths, cleavages were carried out with enzymes synthesized from pCITE P1P2a.
For this purpose, pCITE P1P2a was truncated at various restriction sites, and the
linearized plasmids were translated in vitro in the presence of [35S]methionine or
with 0.1 mM unlabeled methionine. In the in vitro trans cleavage assays with the
viral substrates described above and unlabeled enzymes, the cleavage efficiency
was determined by normalizing the amount of cleavage to equal molar amount
of enzymes. The amount of enzyme synthesized in vitro from each template was
calculated by measuring incorporation of [35S]methionine into the truncated
polypeptides after adjusting for the methionine content. Cleavage activity was
calculated as described above.

RESULTS

Cloning, overexpression, and purification of recombinant
PLP-1. Numerous in vitro studies have suggested a role for
coronavirus PLP-1 in proteolytic processing of the ORF1a-
encoded polyprotein (2, 3, 5, 6, 10, 13, 19, 20). In the murine
coronavirus MHV-A59, deletion of either upstream or down-
stream sequences flanking the proposed PLP-1 domain defined
a minimal region, between Ala1084 and Tyr1316, that when
expressed by in vitro transcription-translation was able to
cleave in cis and in trans at the p28 and p65 sites (5, 6). To
further study the properties of PLP-1 in MHV-A59, we have
cloned and overexpressed recombinant PLP-1, using the re-
gion from Ser1062 to Lys1364. We initially expressed PLP-1
from a pET vector. However, a majority of the recombinant
enzyme was partitioned into insoluble inclusion bodies (Fig.
2A, lanes 1 and 2) and required solubilization with urea fol-
lowed by refolding and purification. The yield was about 7 mg
of purified enzyme per liter of culture (Fig. 2A, lane 3). This
insolubility led us to overexpress PLP-1 as an MBP-virus en-
zyme fusion protein from pMAL-c2. Expression of this plasmid
resulted in high levels of a soluble fusion protein and, following
affinity chromatography on an amylose column, yielded about
10 mg of fusion enzyme per liter of culture (Fig. 2B, 2 lanes).
However, cleavage by factor Xa, which released PLP-1 from
the fusion enzyme, substantially reduced the amount of PLP-1
polypeptide obtained (Fig. 2B, 1 lane). Therefore in the ex-
periments described below we used the fusion enzyme rather
than the factor Xa-cleaved PLP-1.

Proteolytic activity of recombinant PLP-1. To examine
whether the recombinant PLP-1 proteins are enzymatically

active, we incubated MBP–PLP-1 with viral substrates, synthe-
sized in transcription-translation reactions from templates
pSPN1S1, pSPDMscN1S1, and pSPDMAGN1S1. These con-
structs, derived from pSPNK, pSPNKDMsc (Fig. 1B), and
pSPNKDMAG, respectively, terminate at the SpeI site within
PLP-1, resulting in polypeptides lacking the carboxyl two-
thirds of PLP-1, and are unable to catalyze either cis or trans

FIG. 2. Overexpression and purification of recombinant PLP-1. Proteins
were purified as described in Materials and Methods, analyzed by SDS–10% (A)
or 4 to 15% (B) polyacrylamide gel electrophoresis, and stained with Coomassie
blue. (A) Expression of PLP-1 from pET-PLP-1. Lane 1, supernatant after
sonication and centrifugation; lane 2, pellet after sonication and centrifugation;
lane 3, refolded PLP-1. PLP-1 is indicated by the arrow. (B) Purified MBP–
PLP-1 H1272P and MBP–PLP-1 with (2) and without (1) factor Xa cleavage.
MBP–PLP-1 (or MBP–PLP-1 H1272P), MBP, PLP-1, and factor Xa are indi-
cated by arrows. The molecular masses of marker proteins are indicated to the
left of each panel.

FIG. 3. trans cleavage of viral substrates by PLP-1. (A) Cleavage of viral
substrate translated in vitro from pSPN1S1. Lane 1, with MBP–PLP-1 enzyme;
lane 2, with MBP–PLP-1 H1272P enzyme; lane 3, with refolded PLP-1. (B)
Cleavage of viral substrate translated in vitro from pSPDMscN1S1. Lane 1, with
MBP–PLP-1 enzyme; lane 2, with MBP–PLP-1 H1272P enzyme; lane 3, with
refolded PLP-1. (C) Immunoprecipitation with antiserum UP102 after cleavage
of viral substrates translated in vitro from pSPN1S1 (lane 1), pSPDMscN1S1 (lane
2), and pSPDMAGN1S1 (lane 3) by MBP–PLP-1 enzyme. Samples were analyzed
on SDS–10% polyacrylamide gels. Cleavage products are indicated by arrows. In
panel B, p50 represents the carboxyl-terminal cleavage product resulting from
cleavage at the p65 site. The molecular masses of marker proteins are indicated
to the left of panel A. Much less p28 was produced with substrate translated from
pSPDMscN1S1 than with substrates translated from pSPN1S1 and pSPDMAGN1S1
(B, lanes 1 and 3; C, lane 2). The p28 protein bands were visible upon prolonged
exposure.
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cleavage (6). Results in Fig. 3A and B (lanes 1) demonstrate
that the fusion enzyme can catalyze cleavage of these viral
substrates. The identities of the products were confirmed by
immunoprecipitation using antiserum UP102, which is directed
against the first 593 amino acids encoded in gene 1 (8) (Fig.
1B). As expected, the cleavage product, p28, was immuno-
precipitated when the viral substrate was translated from
pSPN1S1 (Fig. 3C, lane 1). With viral substrate translated from
pSPDMscN1S1, p28, p43, and p70 were immunoprecipitated
(Fig. 3C, lane 2). (The p50 polypeptide indicated in Fig. 3B is
the carboxyl-terminal product of the cleavage at the p65 site
and is therefore not immunoprecipitated by UP102.) When the
p65 site is deleted, as in the pSPDMAGN1S1 construct, neither
p43 nor p70 was detected, as expected (Fig. 3C, lane 3) (6).
These products are the same as those cleaved in cis, using
full-length plasmids as substrates, or those cleaved in trans,
from similar substrates by TnT-derived enzyme. Similar to our
previous observation, the amount of p28 produced with sub-
strate synthesized from constructs carrying the DMsc deletion
was considerably less than with substrates synthesized from
either a full-length construct or a construct carrying the
DMAG deletion (6, 20). The same products were obtained with
refolded PLP-1 expressed from pET-PLP-1 in vivo (Fig. 3A
and B, lanes 3). The authenticity of proteolytic activity was
demonstrated by the observation that incubation of these sub-
strates with mutant enzyme containing an inactivating H1272P
mutation (6) did not result in cleavage of these polypeptides
(Fig. 3A and B, lanes 2). Thus, these results demonstrate that
expression of the region of the MHV-A59 genome encoding
Ser1062 to Lys1364 does result in a functional proteinase.

In a previous study we reported that cleavage in trans could
be carried out with TnT-generated PLP-1 at 22 to 25°C (6). To
allow direct comparison with those results, experiments de-
scribed here were carried out under similar conditions, includ-
ing length of incubation and reaction temperature (22 to
25°C). Subsequently, we investigated the temperature depen-
dence of trans cleavage by incubating MBP–PLP-1 with viral
substrates at 22 and 30°C. Cleavage was significantly more
efficient when carried out at 22°C (Fig. 4, lanes 1) than when
carried out at 30°C (lanes 2). We further observed that cleav-
age at both the p28 and p65 sites was even more efficient at

16°C, whereas cleavage at 37°C was even less efficient than
cleavage at 30°C (data not shown). With the temperature used
in the trans cleavage experiments (22 to 25°C), the proteinase
activity was slow, with substantial cleavage at the p28 and p65
sites detected after 6 to 8 h of incubation (data not shown).

Effect of substrate length on p28 cleavage efficiency. Baker
et al. (2) reported that in vitro-translated MHV-JHM PLP-1
failed to cleave in trans a 65-kDa polypeptide including the p28
cleavage site and downstream sequences. In MHV-A59, dele-
tions of amino acid sequences downstream of the cleavage sites
reduced cleavage efficiency from 22 to 63%, depending on the
region and amount deleted (5). This suggests that PLP-1 may
prefer long substrates, probably above 65 kDa. To examine this
hypothesis, plasmid pSPNK H1272P was linearized with vari-
ous enzymes, followed by in vitro transcription and translation.
This resulted in the synthesis of polypeptides of increasing
lengths: 301 amino acids (34.7 kDa), generated by PstI diges-
tion; 368 amino acids (40.9 kDa), generated by EcoRI diges-
tion; 622 amino acids (69.4 kDa), generated by MscI digestion;
867 amino acids (96.2 kDa), generated by BstBI digestion; and
1,160 amino acids (128 kDa), generated by SpeI digestion. The
polypeptide products were then incubated in a trans cleavage
assay with PLP-1 synthesized in vitro from pET-PLP-1 as de-
scribed in Materials and Methods. (Substrates were also incu-
bated with mutant PLP-1 containing the H1272P substitution;
the low level of radioactivity present in the p28 region of the
gel following incubation with mutant PLP-1 was considered
background and was subtracted in the calculation of the cleav-
age efficiency shown in Table 2.) PhosphorImager quantifica-
tions showed that cleavage activity was not detectable with
substrates of less than 301 amino acids (34.7 kDa) (Fig. 5 and
Table 2). As substrate length increased to 622 amino acids
(69.4 kDa), substantial cleavage (44%) could be detected. Fur-
ther increasing the substrate length to 867 amino acids (96.2
kDa) resulted in maximal cleavage. The results presented here
thus demonstrate that efficient trans cleavage by PLP-1 in vitro
is strongly dependent on substrate length. Consistent with this
finding, we failed to detect cleavage of synthetic peptides con-
taining either the p28 or the p65 sites by recombinant PLP-1
(data not shown).

Effect of flanking regions on p28 cleavage efficiency. Results
from earlier studies and those described above demonstrated
that expression of the region between Ala1084 and Tyr1316 is
sufficient to produce an enzymatically active PLP-1. However,
the presence of additional sequences on either the amino or
carboxyl side of the mapped domain result in more efficient
cleavage of p28 (5). Furthermore, the X domain, adjacent to

FIG. 4. In vitro trans cleavage by recombinant PLP-1 is more efficient at
room temperature. Radiolabeled viral polypeptides were synthesized in a cou-
pled transcription-translation system using as templates pSPN1S1 (A) and
pSPDMscN1S1 (B). Viral substrates were incubated with recombinant MBP–
PLP-1 fusion enzyme overnight at either 22°C (lane 1) or 30°C (lane 2), followed
by electrophoresis on SDS–10% polyacrylamide gels. Cleavage products are
indicated by the arrows. In panel B, cleavage at the p65 site generates the
carboxyl-terminal p50 polypeptide. The molecular masses of marker proteins are
indicated to the right of panel B.

TABLE 2. Cleavage efficiency at the p28 site, using substrates of
increasing length

Enzymea Length (amino acids)b Mass (kDa)c Cleavage efficiency (%)d

PstI 301 34.7 0
EcoRI 368 40.9 5
MscI 622 69.4 44
BstBI 867 96.2 116
SpeI 1,160 128.0 100

a Plasmid pSPNK H1272P (6) was linearized with the enzymes listed; each
linearized plasmid was used as template in in vitro-coupled transcription-trans-
lation reactions to produce polypeptides of increasing size.

b Lengths of polypeptides synthesized by using the truncated plasmid tem-
plates.

c Predicted molecular mass of corresponding viral polypeptides.
d Cleavage efficiency (p28 production) was calculated as described in Materials

and Methods; the cleavage efficiency with the longest substrate was arbitrarily set
to 100%.
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the carboxyl side of the PLP-1 in MHV (15), is conserved
among different viruses and has been suggested to play a role
in the proteinase activity (5, 17). In view of the observation that
the major polypeptide, detected in infected cells, containing
the PLP-1 domain is p290 (11), it is possible that the proteo-
lytic activity exhibited by PLP-1 is most effective when synthe-
sized as part of a very large polyprotein. To further examine
possible roles for the X domain, PLP-2, and the intervening
sequences in affecting the efficiency of PLP-1 cleavage, we used
plasmid pCITE P1P2a as a source of PLP-1; this plasmid con-
tains the viral sequences encoding Lys869 to Leu2182 (includ-
ing both proteinase domains), downstream of a T7 RNA poly-
merase promoter (Fig. 1B). Plasmid pCITE P1P2a was linearized
with SpeI (between the catalytic Cys1121 and His1272 of PLP-
1), BstXI (at the carboxyl terminus of PLP-1), NsiI (including
the entire PLP-1 and the X domain), ClaI (including in addi-
tion the amino one-third of PLP-2), and AgeI (including in
addition the rest of PLP-2), followed by in vitro transcription
and translation in the presence of unlabeled methionine as
described in Materials and Methods. The products were then
incubated overnight at 22°C with viral substrates synthesized in
vitro in the presence of [35S]methionine, using either pSPN1S1
or pSPDMscN1S1 as the template (as described in Materials
and Methods). The results demonstrated that the presence of
the downstream sequence enhanced cleavage efficiency (Fig. 6
and Table 3). As the inclusion of the X domain increased
cleavage from 16 to 18% to 29 to 33%, addition of the amino
one-third of the PLP-2 domain further enhanced the extent of
cleavage of p28 to 48%. Interestingly, increasing the down-
stream sequence to include the complete PLP-2 doubled the
cleavage efficiency (Table 3), suggesting that regions in addi-
tional to the X domain may play a role in regulating PLP-1
activity (see Discussion).

PLP-2 does not cleave viral substrates under the same con-
ditions under which PLP-1 activity is observed. Despite the

prediction of a second conserved PLP domain (PLP-2) in sev-
eral, but not all, coronaviruses (12, 16, 17, 22), there have not
yet been any reports of detection of an in vitro cleavage activity
associated with this second proteinase. Therefore, we exam-
ined the PLP-2 domain for a proteinase activity in several ways.
Based on the results presented previously (5) and in Fig. 6,
which show that PLP-1 cleavage is more efficient in the pres-
ence of adjacent regions, we hypothesized that PLP-2 cleavage
might also require the presentation of the proteinase as a
larger polypeptide. To examine this hypothesis, we introduced
the H1272P mutation into pCITE P1P2a and then used the
wild-type and mutant plasmids to produce polypeptides in a
coupled transcription-translation reaction. The polypeptides were
then incubated with substrate translated from pSPDMscN1S1

FIG. 5. In vitro trans cleavage efficiency of PLP-1 increases with increase
substrate length. Plasmid pSPNK H1272P was digested with the enzymes indi-
cated at the top followed by transcription and translation in the coupled system
in the presence of [35S]methionine. The radiolabeled viral substrates were incu-
bated with unlabeled mutant PLP-1 H1272P (A) or wild-type PLP-1 (B), also
synthesized in the coupled transcription-translation using pET-PLP-1 H1272P or
pET-PLP-1, respectively, as the templates. Cleavage products were immunopre-
cipitated with UP102 and then analyzed by SDS–10% polyacrylamide gel elec-
trophoresis; p28 is indicated by the arrow. The molecular masses of marker
proteins are indicated between the panels.

FIG. 6. PLP-1 cleavage efficiency at the p28 and p65 sites increases with
increased length of proteinase polypeptide. Plasmid pCITE P1P2a was digested
with the enzymes listed at the top and used as templates in coupled transcription-
translation reactions in the presence of unlabeled methionine. The translated
polypeptides, serving as a source of PLP-1, were incubated in trans cleavage
assays with viral substrates synthesized in coupled transcription-translation re-
actions in the presence of [35S]methionine (as described in Materials and Meth-
ods), using pSPN1S1 (A) and pSPDMscN1S1 (B) as templates. Cleavage reactions
were analyzed by SDS–10% polyacrylamide gel electrophoresis; cleavage prod-
ucts p28, p43, p50, and p70 are indicated by the arrows. p50 is the carboxyl-
terminal product derived by cleavage at the p65 site. The molecular masses of
marker proteins are indicated to the left of panel A.

TABLE 3. Cleavage efficiency at the p28 and p65 sites, using
polypeptides of increasing length as sources of PLP-1

Enzymea Length
(amino acids)b Mass (kDa)c

Cleavage efficiency (%)d

pSPN1S1 pSPDMscN1S1

SpeI 294 31.9 0 1
BstXI 448 49.2 18 16
NsiI 638 69.3 33 29
ClaI 904 99.2 48 48
AgeI 1,161 128.0 100 100

a To synthesize PLP-1-containing polypeptides, plasmid pCITE P1P2a (Fig.
1B) was linearized with the enzymes listed, followed by in vitro transcription-
translation in the presence of 0.1 mM unlabeled methionine.

b Lengths of polypeptides synthesized by using the truncated plasmid tem-
plates.

c Predicted molecular mass of corresponding viral polypeptides.
d Substrates were synthesized in similar reactions using [35S]methionine and

either pSPN1S1 or pSPDMscN1S1 as the template. Cleavage efficiency was cal-
culated as described in Materials and Methods; the cleavage efficiency with the
longest enzyme polypeptide was arbitrarily set to 100%.
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in a trans cleavage assay. The results in Fig. 7A show that
inactivation of PLP-1 abolishes cleavage at both the p28 and
p65 sites.

To examine whether the position of PLP-2 can affect its activity,
or whether the presence of PLP-1 can inhibit PLP-2 cleavage
activity, we constructed plasmids pSPN1S2DD1049K1657 and
pSPN1S2DF1085A1670, in which the PLP-1 domain is deleted
and the predicted PLP-2 domain is moved to the approximate
position of PLP-1 (Fig. 1B). As shown in Fig. 7B, cis cleavage
was not observed at either the p28 or p65 sites when the plas-
mids pSPN1S2DD1049K1657 (lane 2) and pSPN1S2DF1085A1670
(lane 3) were transcribed and translated in vitro. However, it
was still possible that the activity of PLP-2 synthesized in vitro
from these constructs was too low for detection. To address
this possibility, we subcloned the predicted region for PLP-2
(Phe1681 to Ser1936) (16) into pMAL-c2, and overexpressed
PLP-2 as a fusion protein. As with PLP-1, the fusion protein
was soluble, and about 10 mg of fusion enzyme per liter of
culture could be isolated following affinity chromatography.
Results in Fig. 7C show that under conditions with which
cleavage by MBP–PLP-1 could be detected (lanes 1 and 3),
incubation of MBP–PLP-2 with polypeptides generated from
either pSPN1S1 or pSPDMscN1S1 did not result in detectable
cleavage (lanes 2 and 4). Therefore, the results presented sug-
gest that PLP-2 may not be active in cleavage at the p28 and
p65 sites (see Discussion).

DISCUSSION

To further our understanding of the MHV-A59 replicase
processing events, we have cloned and overexpressed the pre-
dicted PLP-1 domain. We previously mapped the minimal
functional domain of PLP-1 to between Ala1084 and Tyr1316

(5), nearly the same span of residues as originally predicted by
Lee et al. (16) based on sequence analysis. However, we also
found that activity of the polypeptide containing this minimal
domain was not optimal. Starting with plasmid pSPNK (Fig.
1B), which encodes the first 1,484 amino acids of ORF1a,
deletion of various sequences between the enzyme and cleav-
age sites, or truncation of the ORF1a polypeptide to eliminate
the X domain, reduced cleavage by 22 to 63% (5). For expres-
sion of the proteinase in E. coli, we have cloned a region
slightly larger than the minimal domain, from Ser1062 to
Lys1364; this was a compromise between cloning a region large
enough to optimize the efficiency of proteinase activity and
cloning a region that was not too large for efficient polypeptide
expression in E. coli.

Initial expression of the region from Ser1062 to Lys1364,
using a pET-based vector (Fig. 1C), resulted in the majority of
the recombinant enzyme partitioning into inclusion bodies
(Fig. 2A, lane 2), which required solubilization and refolding in
order to reconstitute an active enzyme (Fig. 3A and B, lanes 3).
This led us to express this region as an MBP–PLP-1 fusion
protein (Fig. 1C), which was soluble (Fig. 2B, 2 lanes) and
enzymatically active (Fig. 3A and B, lanes 1). Our results,
therefore, demonstrate that the region between Ser1062 and
Lys1364 encodes a functional proteinase. However, incubation
of MBP–PLP-1 with factor Xa results in greatly reduced yield
of the amount of PLP-1-containing polypeptide (Fig. 2B, 1
lane). This is likely due to either nonspecific cleavage of PLP-1
by factor Xa, as reported for other MBP fusion proteins (25,
26), or insolubility of the PLP-1 domain alone after cleavage.
The poor recovery of PLP-1 after factor Xa digestion thus led
us to perform the subsequent characterizations with the MBP–
PLP-1 fusion enzyme.

Characterization of the enzymatic properties of MBP–PLP-1
revealed a requirement for low temperature for in vitro trans
cleavage (Fig. 4). Similar temperature requirements were also
observed with the refolded enzyme and PLP-1 synthesized in
vitro from pET-PLP-1 and pCITE P1P2a (data not shown),
indicating that this unusual cleavage condition is a character-
istic of PLP-1 activity and is not specific to MBP–PLP-1. Tak-
ing into consideration that PLP-1 has to be functionally active
at in vivo temperatures, the dependence of low temperature
for cleavage could reflect an intrinsic property specific to the in
vitro trans cleavage conditions. A possible explanation for this
temperature dependence could be that the ORF1a polypeptide
must adopt a specific conformation in order to present the
cleavage sites to the active site of PLP-1, and under the in vitro
conditions used, a low temperature (16 to 25°C) favors the
adoption of this conformation. Substrate conformation has
also been proposed to explain the lack of in vitro cleavage by
PLP-1 at the p65 site in polypeptide encoded by pSPNK (5).

The cleavage pattern observed for PLP-1 is quite different
from those of some other viral papain-like proteinases, includ-
ing the nonstructural nsP2 protein of Sindbis virus, the leader
proteinase of foot-and-mouth disease virus, and the PCPa and
PCPb from porcine reproductive and respiratory syndrome
virus and lactate dehydrogenase-elevating virus (7, 18, 24). In
those cases, the fully functional proteinases are generated via
cis and/or trans cleavages of the precursor polypeptides at the
amino and carboxyl termini of the proteinase domains. The
data to date suggest, however, that (i) MHV PLP-1 does not
have cleavage sites flanking the amino and carboxyl termini of
the predicted domain and (ii) PLP-1 is probably more active as
part of a larger polypeptide. An in vivo study with infected cells
showed that PLP-1 exists as part of the p290 polypeptide (9,
11). Kinetic studies in which viral genomic RNA was translated
in vitro demonstrated that p28 cleavage is initially detectable at

FIG. 7. Proteolytic activity could not be detected for PLP-2. (A) trans cleav-
age of [35S]methionine-labeled viral substrates encoded by pSPDMscN1S1 with
enzymes synthesized by coupled transcription-translation using as the template
pCITE P1P2a (lane 1) or pCITE P1P2a H1272P (lane 2). (B) cis cleavage with
[35S]methionine-labeled viral polypeptides synthesized by transcription-transla-
tion using as templates pSPNK (lane 1), pSPN1S2DD1049K1657 (lane 2), and
pSPN1S2DF1085A1670 (lane 3), followed by immunoprecipitation with UP102.
(C) trans cleavage carried out with MBP fusion enzymes using [35S]methionine-
labeled viral polypeptides as substrates. Lane 1, MBP–PLP-1 (enzyme) and
pSPN1S1-encoded polypeptide (substrate); lane 2, MBP–PLP-2 (enzyme) and
pSPN1S1-encoded polypeptide (substrate); lane 3, MBP–PLP-1 (enzyme) and
pSPDMscN1S1-encoded polypeptide (substrate); lane 4, MBP–PLP-2 (enzyme)
and pSPDMscN1S1-encoded polypeptide (substrate). All cleavage reactions were
analyzed by SDS–10% polyacrylamide gel electrophoresis; cleavage products
p28, p43, p50, and p70 are indicated by the arrows. p50 is the carboxyl-terminal
product derived by cleavage at the p65 site. The molecular masses of marker
proteins are indicated to the left of panel A. The p28 protein bands were visible
upon prolonged exposure.
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about the time that the PLP-1 domain is synthesized (2, 10).
This led to the speculation that PLP-1 acts in cis to cleave p28
from the amino terminus of a nascent ORF1a polyprotein.
Subsequent in vitro studies using deletion constructs demon-
strated that a second cleavage could occur at the p65 site (5).
Furthermore, both cleavage events have been demonstrated to
occur in vitro in trans (reference 6 and this study). There is also
evidence that cleavage at the p28 and p65 sites can occur in
trans in vivo as well as in vitro. Previous in vivo kinetic studies
show that production of both p28 and p65 is rapid, and no
precursors containing p28 or p65 sequences could be detected
(11). If the cleavages at these two sites were to occur exclu-
sively in cis, then p28 and p65 should not be detectable until
translation of a functional PLP-1 occurs. The lack of detection
of a precursor polypeptide containing p28 and p65 suggests
that cleavage may occur in vivo, at least at late times after
infection when these studies were carried out, in trans.

We demonstrate here that efficient cleavage in trans is de-
pendent on the lengths of both the polypeptides containing
substrate and enzyme. By measuring the in vitro trans cleavage
efficiency by using substrates and enzyme presented as polypep-
tides of increasing lengths, we observed that substrates of
greater than 69 kDa show substantial cleavage, with the highest
cleavage efficiency achieved with substrates of greater than 90
kDa (Table 2). The observation that maximal cleavage was
detected when PLP-1 was expressed with the downstream X
and PLP-2 domains, regardless of the whether the cleavage
was at the p28 or the p65 site (Table 3), suggests that the
presentation of the enzyme within a polyprotein also enhances
cleavage. In results not presented here, we observed that sub-
stituting the proposed catalytic His1873 of PLP-2 (in pCITE
P1P2a [Fig. 1B]) with a Pro did not reduce in vitro trans cleav-
ages at the p28 and p65 sites significantly, suggesting that the
presence of adjacent residues contributes more to efficient
PLP-1 cleavage rather than the presence of a functional PLP-2
domain. Thus, in vitro trans cleavage by PLP-1 is most efficient
when both the enzyme and substrate are presented as long
polypeptides. Thus, taken together the in vivo and in vitro data
are most consistent with a model in which PLP-1 cleavage may
occur in cis and in trans, providing that the ORF1a polypeptide
folds into a conformation which exposes the p28 and p65 sites
to the active site of PLP-1.

As proposed by Bonilla et al. (6), the consensus sequence for
PLP-1 cleavage recognition is [P5-(Arg,Lys)XXX(Gly,Ala)2
(Gly,Ala,Val)-P19], with the residues at P5, P1, and P19 shown
to be essential for cleavage recognition. We previously pro-
posed that the sequence Lys1258-Val-Phe-Arg-Ala2Ala1262 in
MHV-A59 ORF1a was the sequence closest to a consensus
sequence within ORF1a (other than the p28 and p65 cleavage
sites) (6). Cleavage at this site, which is between the catalytic
dyad of PLP-1, would generate a 50-kDa protein, which could
be the p50 detected in vivo as a result of processing of the p290
polypeptide (6, 11, 30). Nevertheless, in vitro transcription and
translation of the full-length construct, pSPNK, did not result
in cleavage at either the p65 or p50 site (5, 6, 20). Similarly,
when pCITE P1P2a was in vitro transcribed and translated,
products corresponding to cleavage at this potential p50 site
were not detected (data not shown), indicating that the pro-
duction of p50 (as well as p65) was not determined simply by
the length of the substrate. Based on the in vitro cleavage
experiments described previously (5, 6, 20) and here, which
show that cleavage at the p65 site is observed only with the
DMsc deletion construct; we have hypothesized that only sub-
strates translated in vitro from the deletion constructs could
adopt specific conformation to allow access of the p65 site to
the active site of PLP-1. The lack of processing at the potential

p50 site may be similarly explained. Interestingly, if cleavage
between Ala1262 and Ala1263 were to occur in vivo, that could
suggest a possible mechanism for regulating the proteolytic
processing of the replicase gene product during infection, pos-
sibly via a trans-acting autocatalytic inactivation of PLP-1.

Recently, Schiller et al. (27) proposed a PLP-1 cleavage site
(to generate p72) in the MHV-JHM ORF1a-encoded polypro-
tein, not detected in the MHV-A59 ORF1a polyprotein. They
speculated that cleavage occurred within the sequence [P5-
Cys900-Lys-Glu-His-Gly2Val905-P19]. It should be noted that
this proposed JHM p72 cleavage sequence differs from the
proposed consensus PLP-1 cleavage sequence discussed above
(6) at the P5 residue; the corresponding region in MHV-A59
ORF1a is [P5-Cys900-Lys-Glu-His-Asp-Val905-P19], which dif-
fers from the consensus sequence at P1 as well as P5 residues.
Moreover, Schiller et al. (27) suggested that the lack of cleavage
in MHV-A59 ORF1a at this site was due to the presence of an
Asp, rather than a Gly (as in MHV-JHM), at the P1 site (residue
904) in the MHV-A59 sequence. To examine their hypothesis, we
mutated Asp904 in pSPNKDMAG (6) to Gly, which results in the
sequence [P5-Cys900-Lys-Glu-His-Gly-Val905-P19]. In vitro tran-
scription and translation of this construct, pSPNKDMAGD904G,
did not result in any new cleavage products (data not shown).
The lack of cleavage between Gly904 and Val905 in this mu-
tant construct provides further support for the important roles
of P5, P1, and P19 residues in determining cleavage by PLP-1.
However, we cannot rule out the possibility that the lack of
cleavage was due to the translated polypeptide adopting an
unfavorable conformation in vitro, or the lack of cellular co-
factors essential for cleavage at this mutated site, similar rea-
sons as those proposed to explain the lack of cleavage at the
p65 site in the pSPNK-encoded polypeptide (5, 6).

Based on sequence comparisons, it has been proposed that
MHV ORF1a encodes a second PLP domain, located down-
stream of PLP-1 (16, 22). However, no proteolytic activity for
this domain has yet been demonstrated (3, 5, 14). In this study,
we used several approaches to investigate a possible proteo-
lytic role for PLP-2: (i) expression of PLP-2 as part of a
polypeptide adjacent to an inactive PLP-1, (ii) removal of
PLP-1 and placing PLP-2 into the approximate location of
PLP-1, and (iii) expression of PLP-2 as an MBP fusion. In all
cases, no cleavage activity could be detected (Fig. 7). The lack
of cleavage with PLP-2 was at least not due to the incubation
temperature, as overnight incubation from 22 to 37°C did not
result in cleavage at either the p28 or the p65 site (data not
shown). Thus, the PLP-2 domain may be nonfunctional in
mediating cleavage at the p28 and p65 sites. Alternatively,
cellular factors not present in our in vitro transcription-trans-
lation system, or a certain conformation adopted by the sub-
strate in vivo, may be essential for the PLP-2-mediated catal-
ysis. Lastly, PLP-2 may be involved in cleavage other than the
p28 and p65 sites within the ORF1a polypeptide. Further ex-
periments will be required to examine these hypotheses.

In conclusion, the data presented here provide support for a
model in which the ORF1a polypeptide adopts a conformation
which allows PLP-1 to catalyze cleavage at the p28 and p65
sites. While early studies of in vitro translation of genome
RNA or ORF1a-encoded plasmids suggested that cleavage was
in cis only, studies of ORF1a processing in vivo and studies
reported here using recombinant PLP-1 demonstrate that
PLP-1 can function in trans at both cleavage sites. The question
of whether the adjacent X domain and PLP-2, or even other
cofactors, may play a regulatory role cannot yet be answered. It
should be noted that even though the cloned region, from
Ser1062 to Lys1364, may not encode a fully active PLP-1, the
proteolytic activity demonstrated in this study suggests that this
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region may constitute the catalytic domain of the native, or in
vivo, form of PLP-1. Thus, studying the cloned region can
provide us with useful structural information and can contrib-
ute to the development of antiviral therapy.
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