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ABSTRACT 

68 

Sequence analysis of the mouse hepatitis virus, strain A59 (MHV-A59) genome 
predicts the presence of two papain-like proteases encoded within the first open reading 
frame of the replicase gene. The more 5' of these domains, the leader papain-like protease, 
is responsible for the cleavage of the amino terminal protein, p28. We have defined the core 
of this protease to between amino acids 1075 and 1344 from the beginning of ORF la. 
Deletion analysis coupled with in vitro expression, was used to study p28 cleavage by this 
leader protease. Expression of a series of deletion mutants showed processing of p28, albeit 
at lower levels in some of them. Reduced p28 production resulting from a 0.4 kb deletion 
positioned between p28 and the protease domain suggests an involvement of this region in 
catalytic processing. Some mutants display cleavage patterns indicative of a second cleavage 
site. Interestingly, this newly identified cleavage site maps to a position similar to the 
expected cleavage site of a p65 polypeptide detected in MHV-A59 infected cells. Mutagene
sis of the catalytic H1272 residue demonstrates that both cleavages observed are mediated 
by the leader papain- like protease encoded in ORF la. 

INTRODUCTION 

The first 21.7 kb of the MHV-A59 genome encode the putative replicase locus I. This 
gene (gene I) encodes two overlapping open reading frames (ORF I a and ORF I b) predicted 
to possess several functional domains 1 (and references therein). Depending on the coro
navirus species, one or two papain-like proteases, a picornavirus 3C-like protease and a 
domain of unknown function designated "X" domain are found in ORF lao Putative 
polymerase, helicase and zinc finger motifs reside in ORF lb. 

The ORFs in gene I potentially encode two large polypeptides (496 and 309 kDa). 
Presumably these are processed into mature replicase-related polypeptides by the predicted 
proteases encoded in ORF la. Some MHV-A59 ORF la encoded proteins have been 
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identified including p28, p240, p290, p50 and p65 polypeptides2-4. The 5' most encoded, the 
leader papain-like protease (PLP-I), is responsible for in vitro cleavage of the amino terminal 
protein p285,6. 

In this report we further characterize the PLP-l ofMHV-A5 9. The amino and carboxy 
termini of the protease domain were mapped. A series ofMHV-A59 ORF 1 a in-frame deletion 
mutants was prepared. We used in vitro processing of p28 in a coupled transcription/trans
lation system as a protease activity assay. A 0.4 kb deletion between the substrate and the 
protease down regulated processing of p28. A new cleavage site, mediated by the PLP-I was 
observed during in vitro analysis of some of the deletion mutants. Interestingly this cleavage 
site corresponds in position to that which would expected to be cleaved in the processing of 
p65 in vivo. 

MATERIALS AND METHODS 

Plasmids. Plasmid pSPNK contains MHV-A59 sequences between nucleotides 182-
4664 under the control of a T7 promoter. Neighboring Msc I fragments were deleted from 
pSPNK. The resulting plasmid ~Msc contains a deletion of 181 amino acids (between 
A623-K805). Construct ~MBst was prepared by digestion of ~Msc with Bst BI followed by 
treatment with the Klenow fragment of DNA polymerase I, restriction with Msc I and 
self-ligation of the large fragment. ~MBst has an in-frame deletion of 245 amino acids 
(between A623-K869). To prepare ~EX the 462 bp Eco RI-Xho I fragment from pSPNK was 
replaced with a synthetic linker containing a 5' end Eco RI overhang, the codons for amino 
acids C371Y372G5l9N520 and a 3' endXho I overhang. The 146 amino acid deletion in 
~EX is between Y372 and G519. This synthetic linker was also used to introduce the ~EX 
deletion into ~Msc, resulting in ~EX~Msc (total deletion of327 amino acids). Plasmid ~EX 
was cut with Bbs I, digested with Bal 31 nuclease and treated with Klenow. After the DNA 
was self-ligated, an in-frame clone, ~EX~Bbs, was identified by DNA sequencing (total 
deletion of278 amino acids). Next, theXho I-Kpn I fragment from pSPNK was replaced for 
the corresponding fragment from ~EX~Bbs creating ~Bbs. ~Bbs contains an in-frame 
deletion the 132 amino acids (between S942-A1075). 

Mutagenesis. Mutagenesis of the PLP-l catalytic H1272 was performed using 
recombinant PCR7. For the 5' end fragment used primers FSP 3663-3683 (5' GGCTATGAC
CAATGCTTTGTG 3') and RMP 4035-4013 (5' CAGCCATAGAGXGACAATCATTA 3') 
where X = A, C or G. For the 3' end fragment used FMP 4013-4035 (5' TAATGATTGTCX
CTCTATGGCTG 3') where X = T, C or G and RK20 (5' GCGCTTCAACTTCCTGCAAC 
3'). Both fragments were PCR-amplified with Pfu DNA polymerase. The PCR-amplified 
fragments were purified and used as templates for a third PCR reaction with primers FSP 
3663-3683 and RK20. The 1132 bp fragment was purified, digested with Kpn I and Spe I 
and cloned into the corresponding sites in pSPNK. A histidine to arginine mutant, pSPNK
HI272R, was identified by DNA sequencing. The Hl272R mutation was then cloned into 
the deletion constructs. 

Antisera directed against ORF la polypeptides. ap28 (provided by Dr. S. Perlman) 
is an anti-peptide serum directed against 14 amino acids encoded between nucleotides 
287-329 of the JHM strain ofMHV (MHV-JHM) genome2• Polyclonal antiserum UPI02 is 
directed against epitopes present in the first 593 amino acids of gene 1 of MHV-A59. The 
virus encoded polypeptide was expressed in E. coli as a viral/bacterial fusion product and 
used to immunize rabbits8,9. To generate the immunogen, an ORF la fragment (nucleotides 
182-1989) was placed under the control of a T7 promoter in pET3B and expressed is E. coli 
using T7 polymerase 1o. The induced insoluble fusion protein was recovered from the pellet 
following bacterial cell lysis and used directly and after denaturation with 2% SDS and 5% 
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2-mercaptoethanol as an immunogen. Antiserum 81043 was prepared in a similar manner2,4 

from a cDNA containing gene I sequences between nucleotides 2819 and 4177. 
In vitro transcription and translations. Expression of the plasmid DNAs was done 

using a coupled transcription/translation system (Promega) following manufacturer recom
mendations. The incorporation of [3'S]methionine into acid precipitable counts was used as 
an indicator of protein synthesis. Equal amounts of counts were used for immunoprecipita
tions and analyzed by SDS-PAGE as described before". 

RESULTS 

In vitro cleavage ofp28. Plasmid pSPNK (Figure 1) was used to further define the 
properties of the coronavirus PLP-l. It contains MHV-A59 gene 1 sequences coding for p28, 
the PLP-l and the "X" domain'2. Radioabeled products resulting from in vitro expression 
of pSPNK in the presence and absence of the thiol-protease inhibitor leupeptin were 
immunoprecipitated with ap28 and analyzed by SDS-PAGE (Figure 2). Polypeptides of 
about 164 kDa and 28 kDa are immunoprecipitated with ap28. These correspond to the 
full-length translation product of pSPNK and the amino terminal cleavage product p28 
respectively. Addition of leupeptin to the reticulocyte lysate inhibited p28 cleavage. Leu
peptin-insensitive bands of intermediate size probably correspond to prematurely terminated 
products of the full-length protein. 

Leader papain-like protease boundaries. Plasmlds pSPNK and LlBbs were used to 
define the amino and carboxy termini of the protease domain responsible for cleavage of 
p28 (Table 1). The 3' end terminus of the protease domain was defined using 3' end 
truncations ofpSPNK. The shortest pSPNK truncation which retained p28 cleavage activity 
was at the Hpa I site (V 1344). This truncation eliminates the coronavirus "X" domain 
(between V1342 and SI443). WhenSpe I-linearized pSPNK was used as template expression 
ofp28 was abolished. The Spe I restrictIOn site is between the catalytic residues C1121 and 
H1272 of the PLP-l and removes the carboxy half of the PLP-l. LlBbs was used to define 
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Figure 1. Map of MHV-A59 ORF la and diagram of plasmid constructs The PLP-l (1IIIIIIIIl ), "X" domam 
( _ ) and slgmficant restnctlOn sites are shown The regIOns encodmg the epltopes recogmzed by the 
antisera used m thiS study ( ~ ) are mdlcated Upward pomtmg arrows Illdlcate the locatIOns of the p28 
cleavage site and the putative p65 cleavage site The MHV-A59 sequences III pSPNK and ItS deletIOn mutants 
are shown The open tnangle to the left of each construct represents the T7 promoter The zig-zag arrow on 
top of each construct mdlcates the translatIOn mlt1atlOn site 
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Figure 2. Immunoprecipitations ofMHV-A59 polypeptides encoded in pSPNK, LlEX and LlMsc. Supercoiled 
plasmid DNA was used for in vitro coupled transcription/translation. Samples were analyzed by 6-18% 
SDS-PAGE. The (-) and (+) signs indicate the absence or presence of 2 mM leupeptin in the reaction. (A) 
Antiserum ap28 was used to immunoprecipitate MHV-A59 polypeptides from the eSS]methionine labeled 
lysates. Lanes: 1-2; pSPNK, 3-4; LlEX, 5-6; LlMsc. (8) Immunoprecipitations with antiserum UP 102. Lanes: 
1-2; LlMsc. (C) Immunoprecipitations with antiserum 81043. Lanes: 1-2; LlMsc. 

the 5' end boundary of the protease domain. In vitro translations reactions using full-length 
fiBbs or fiBbs truncated at the Hpa I site as templates, showed cleavage ofp28. This defines 
the amino terminus of the PLP-I to Al 075, although it is possible that further deletions into 
the protease domain could still show p28 cleavage. 

Expression of in-frame deletion mutants: detection of a second cleavage site. Proc
essing of p28 was further studied by examining the expression of a series of in-frame deletion 
mutants derived from pSPNK (Figure 1). All of the deletion mutants cleaved p28 in vitro 
albeit some at reduced levels. The position of the deletion appears to determine the level of 
p28 processing. The fiEX deletion, alone or in combination, dramatically decreased p28 
processing. However deletions located between 2.1 kb and 3.4 kb away from the 5' end of 
the genome (fiMsc, fiMBst and fiBbs) had little or no effect on p28 cleavage relative to 
pSPNK. 

Some mutants displayed expression patterns indicative of a second cleavage site. The 
in vitro expression products of fiMsc, include polypeptides of 43, 70 and 90 kDa, in addition 
to p28 (Figure 2). Synthesis ofthese polypeptides was inhibited by leupeptin suggesting that 
they are the products of proteolytic processing. The 43 kDa polypeptide immunoprecipitates 
only with UP I 02 antiserum indicating that this polypeptide is encoded just downstream of 
p28. These data, together, also suggest that the 43 kDa polypeptide results from two cleavage 
events. The amino terminal side of the 43 kDa polypeptide is generated by cleavage ofp28 
and the carboxy terminus of the 43 kDa polypeptide by a downstream cleavage. The 70 kDa 
polypeptide, which immunoprecipitates with antisera ap28 and UP I 02, results from a single 
cleavage at the downstream site and is a partially processed protein containing both p28 and 
p43 sequences. The 90 kDa polypeptide, detected only with antiserum 81043, corresponds 
to the cleavage product downstream of the second cleavage site and contains the protease 
domain. Similar, cleavage products were detected with other deletion mutants (Table 2). 
Interestingly expression of fiMBst shows no evidence of a second cleavage site. We propose 
that fiMBst does not carry out the second cleavage because the site at which this cleavage 
occurs is deleted in this construct. 
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Table 1. In vitro cleavage ofp28. Either pSPNK or llBbs linearized at a Pvu I site 
downstream of the MHV-AS9 coding region, a Hpa I site or the Spe I were used 

as templates for in vitro expression. Antiserum ap28 was used to immunoprecipitate 
radiolabeled polypeptides from the lysates. Samples were analyzed by 

SDS-PAGE. The difference in the length between plasmid templates linearized 
at the same restriction site arises from the 132 amino acid deletion in llBbs 

Plasmid Restriction site Length (amino acids) p28 production 
pSPNK Full-length 1485 Yes 
pSPNK HpaI 1344 Yes 
pSPNK SpeI 1160 No 
~Bbs Full-length 1353 Yes 
~Bbs HpaI 1212 Yes 
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Both cleavages are carried out by the same protease. The data described above 
suggest that both cleavages are carried out by the PLP-l as it is the only protease encoded 
in these plasmids and both cleavages are sensitive to leupeptin, an inhibitor of this class of 
proteases. In order to determine the role played by this protease in the second cleavage event, 
mutagenesis of one of the catalytic residues of the leader protease was performed. The 
catalytic cysteine and histidine residues of this protease were first identified for MHV-JHM5. 
The high degree of similarity (95%) between the MHV-A59 and MHV-JHM in this region 
of the replicase genel, allowed us to identify Cl12l and H1272 as the catalytic residues of 
the PLP-l ofMHV-A59. A Hl272R mutation was introduced into pSPNK and all of the 
deletion mutants. Figure 3 shows the results of immunoprecipitations with UPI 02 after in 
vitro expression of the wild type and H 12 72R mutant constructs. The H 12 72R mutation leads 
to a complete inhibition of p28 processing in all of our constructs, thus confirming the 
importance ofHl272 for the activity of the PLP-l. In addition, the presence of this mutation 
also inhibits the second cleavage event in llMsc, L1EX, L1ExllMsc and L1EXL1Bbs. Production 
of both the 43 kDa and 70 kDa polypeptides, was inhibited after introducing the arginine 
mutation into L1Msc (see lanes 5 and 6). These results confirm that the PLP-l is also 
responsible for the second in vitro cleavage event. 

Table 2. Summary of in vitro cleavage products. Cleavage products were classified 
into four types. N; the p28 amino terminal cleavage product that results from 
processing at the p28 cleavage site and detected with both ap28 and UP 102 

antisera. I; internal cleavage products resulting from cleavage at both the p28 
and second sites and detected only with antiserum UPI02. C; PLP-I containing 

carboxy terminal cleavage products obtained after cleavage at the second 
cleavage site and detected with antiserum 81043. N+I; fusion polypeptides 

containing p28 and internal products detected with antisera ap28 and UPl 02. 
No (C+I) fusion polypeptides were detected 

Plasmid N C N+I 
pSPNK 28 
~EX 28 90 74 
~Msc 28 43 90 70 
~MBst 28 
~Bbs 28 
~Ex~Msc 28 29 90 55 
~Ex~Bbs 28 60 75 
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Figure 3. Effect of a mutation of the catalytic H1272 on the expres
sion of pSPNK, ~EX and ~Msc. Supercoiled plasmid DNA was used 
for in vitro expression. Antiserum UP 102 was used to immunopre
cipitate MHV-A59 polypeptides from the [35S]methionine labeled 
lysates. Samples were analyzed by 6-18% gradient SDS-PAGE. 
Lanes: 1-2; pSPNK, 3-4; ~EX and 5-6; ~Msc. Lanes I, 3 and 5 
correspond to constructs containing a wild type papain-like protease 
(HI272). Lanes 2, 4 and 6 correspond to constructs containing a 
HI272R mutation in the papain-like protease. 

By comparing the electrophoretic mobilities of polypeptides resulting from cleavage 
at the second cleavage site relative to that of molecular weight standards we have estimated 
the position of this second site in ORF I a. It maps to a small area between the downstream 
Msc I and the Bst BI restriction sites (Figure I). It is noteworthy that this region is deleted 
in ~MBst which does not carry out the downstream cleavage. 

The second cleavage site maps to a position similar to the putative cleavage site of 
a product observed in MHV-A59 infected cells. Our laboratory has previously examined the 
synthesis of ORF la proteins in MHV-A59 infected cells2-4 . We have used the antisera 
described here to detect 0 RF I a products in infected cells: p28 p65 and other high molecular 
weight polypeptides. The observation that p65 is detected with UPI02 serum, but not with 
ap28 or 81043 antisera suggests it is encoded between p28 and the protease domain. 
However p65 is not observed during in vitro expression of genome RNA13. Assuming that 
the amino terminus ofp65 is at the p28 cleavage site, the carboxy terminal end for a 65 kDa 
product would map to near K834, about 2.71 kb away from the 5' end of the genome. 
Coincidentally, the second cleavage site that we have identified also maps to this same region, 
thus raising the possibility that these sites are identical. 

DISCUSSION 

Here we report a characterization of the 5' most protease of MHV-A59. Deletion 
mapping was used to define the amino and carboxy termini of the PLP-l ofMHV-A59 to at 
least between 3.4 and 4.2 kb away from the 5' end of the viral genome. These results map 
more precisely the coronavirus PLP-l domain than previously reported5,6. The core of this 
coronavirus protease is contained within a domain of 269 amino acid residues between 
A1075 and V1344. Our results also show that the coronavirus "X" domain is not essential 
for in vitro cleavage ofp28. 

A series of deletion mutants was prepared to investigate the effect of alterations 
on the spacing between the substrate and the protease on p28 cleavage. All mutants 
showed in vitro processing ofp28. Some however demonstrated significantly lower levels 
of p28 processing. The position of the deletion appears to determine the extent of p28 
cleavage. Plasmids with a 0.4 kb deletion (~EX deletion) near the p28 cleavage site 
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consistently produced significantly less p28. Therefore, the coding region between the 
Eco RI and Xho I sites appears to playa role associated with the PLP-I. This deletion 
may result in an altered conformation at or near the cleavage site with reduced accessibility 
of the scissile bond to the active site of the protease. Alternatively a protease auxiliary 
domain may be encoded within this region and its absence results in a basal level 
processing of p28. Our results resemble those observed for a flavivirus protease respon
sible for cleavage of nonstructural proteins. The NS3 protease of Dengue virus type 2 
requires the presence of NS2B for processing of a precursor polyprotein l4 • It was pre
viously observed that a deletion of the region between 1.1 kb and 2.0 kb of MHV-JHM 
abolished in vitro cleavage ofp28 thus suggesting this region plays a role in the processing 
of the polyprotein. Comparison of the nucleotide sequences of the A59 and JHM strains 
of MHV allowed us to determine that the 0.4 kb deletion, between 1.3 kb and 1.7 kb of 
the polymerase gene in MHV-A59, is present within the 0.9 kb region in MHV-JHM. 
Thus our results refine the mapping of this putative protease auxiliary domain to between 
1.3 kb and 1.7 kb of gene I. The effects of alterations in the spacing between p28 and 
the protease on the cleavage of p28 was further examined in other deletion mutants. 
Deletions located between 2.1 kb and 3.4 kb away from the 5' end of the genome did 
not significantly reduce production of p28 and likely are not involved in proteolytic 
processing of the amino terminal portion of the genome. 

Several mutants showed in vitro expression patterns indicating the presence of a 
second cleavage site downstream of the p28 cleavage site. This a novel function assigned to 
the coronavirus leader protease. Cleavage products derived from this downstream cleavage 
site were absent in reactions carried out in the presence of the protease inhibitor leupeptin. 
Also these products were not expressed by plasmids containing a mutation of the PLP-I 
catalytic histidine. Some of the Hl272R catalytic site mutants apparently produced small 
amounts of products derived from the second cleavage site. This could be due to a residual 
amount of activity from the protease itself or from another leupeptin-sensitive proteolytic 
activity present in the Iysates. Altogether the data indicate that the PLP-I of MHV-A59 is 
responsible for this second cleavage. 

Cleavage products associated with the second cleavage site were absent from in 
vitro translations ofpSPNK and viral genomic RNA I3. One possibility is that the second 
cleavage site is unique to the deletion mutants and is not an event that occurs in MHV-A59 
infected cells. However, the correlation between the predicted location of this in vitro 
cleavage site and that of the p65 product observed in MHV-infected cells may indicate 
otherwise. Processing of p65 in MHV-infected cells may be mediated by a cellular or 
viral factor, either alone or in combination with the PLP-I, that is absent from the in 
vitro translation lysates. Alternatively p65 cleavage may only occur at a specific cellular 
locale. An altered tertiary structure that allows access of the protease to the second 
cleavage site in some of our mutants may compensate for the element missing from the 
translation lysates. 

Recently we determined the p28 cleavage site, between amino acids G247 and 
V248 of ORF la l5 . This cleavage site resembles that determined for other viral pa
pain-like proteases 16-19. In general cleavages by viral papain-like proteases occur be
tween two small amino acids, the first one usually being a glycine. We examined the 
region to which the second cleavage site was mapped for likely cleavage sites. A 
G821-V822 dipeptide within this region meets the requirements of a probable candidate 
in agreement with our data. The predicted size for a product having V248 as the 
amino terminus and G821 at the carboxy end would be 63.5 kDa similar to the 
molecular mass of a p65 product. Experiments are underway to determine the cleavage 
site by direct protein sequencing. 
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