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Identification of the Murine Coronavirus p28 Cleavage Site
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Mouse hepatitis virus strain A59 encodes a papain-like cysteine proteinase (PLP-1) that, during translation
of ORF1a, cleaves p28 from the amino terminus of the growing polypeptide chain. In order to determine the
amino acid sequences surrounding the p28 cleavage site, the first 4.6 kb of murine hepatitis virus strain A59
ORF1a was expressed in a cell-free transcription-translation system. Amino-terminal radiosequencing of the
resulting downstream cleavage product demonstrated that cleavage occurs between Gly-247 and Val-248.
Site-directed mutagenesis of amino acids surrounding the p28 cleavage site revealed that substitutions of
Arg-246 (P2) and Gly-247 (P1) nearly eliminated cleavage of p28. Single-amino-acid substitutions of other
residues between P7 and P2’ were generally permissive for cleavage, although a few changes did greatly reduce
proteolysis. The relationship between the p28 cleavage site and other viral and cellular papain proteinase

cleavage sites is discussed.

Murine coronavirus, mouse hepatitis virus strain AS59
(MHV-A59), is an enveloped, positive-stranded RNA virus.
Upon infection, MHV-A59 gene 1 is translated, presumably
into the proteins necessary for viral RNA replication. The
31-kb viral genomic RNA is replicated, and a 3’ coterminal
nested set of six subgenomic RNAs is then synthesized by the
RNA-dependent RNA polymerase.

Two overlapping open reading frames (ORF1a and ORF1b)
constitute gene 1 and could potentially encode an approxi-
mately 800-kDa polyprotein. It is presumed that translation of
gene 1 is initiated at the 5" end of ORF1a and either is termi-
nated at the 3’ end of ORF1a or is continued through ORF1b
via a translational frameshift near the end of ORFla (6).
Sequence analysis of gene 1 predicts ORF1b to encode the
RNA polymerase and several other functional domains con-
served among coronaviruses, including a helicase and zinc-
finger-like motif (4, 6, 19). ORF1a is predicted to encode two
papain-like proteinases and a poliovirus 3C-like proteinase (4,
19). It is thought that the ORFla-encoded proteinases are
responsible for processing both ORF1a- and ORF1b-encoded
polypeptides into mature replicase proteins. The virus-en-
coded polymerase and proteinases are potentially important
targets for antiviral therapies in that they are specific for virus
replication; inhibition of these activities should not affect the
host cell functions. Thus, the understanding of the structure
and functions of these domains is important for the design of
antiviral strategies. We have recently focused on the function
of the 5'-ORF1la-encoded papain-like proteinase (PLP-1), and
in this study we have begun to characterize its role in the
processing of ORF1a proteins.

Polypeptides encoded in ORF1a have been detected in in-
fected cells by using antibodies directed against sequences en-
coded in ORF1la. These intracellular viral proteins include the
amino-terminal p28 polypeptide, p65, and a precursor poly-
peptide of 290 kDa which is processed into p50 and p240 (12,
16, 27). During in vitro translation of genome RNA or of
synthetic RNAs derived from constructs containing amino-
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terminal portions of ORF1a, only p28 and a larger downstream
cleavage product are detected (1, 11).

Of the predicted ORFla-encoded proteinases, only PLP-1
has been shown to have proteolytic activity. Encoded in the
first 3.43 to 4.23 kb of ORFla, PLP-1 is responsible for cis
cleavage of p28 during in vitro translation (1, 5). While the
catalytic cysteine and histidine residues of PLP-1 have been
identified for both A5S9 and JHM (3, 5), the p28 cleavage
dipeptide is not known. Soe et al. speculated that cleavage of
P28 may occur at one of two Tyr-Gly dipeptides present in the
vicinity of the potential p28 cleavage region (25). However, on
the basis of cleavage sites utilized by other viral papain-like
proteinases (7, 9, 10, 24), it seemed more likely that cleavage
would occur with a Gly or Ala in the P1 position. In the current
study, we report that the p28 cleavage site occurs between
Gly-247 (P1) and Val-248 (P1’). Site-directed mutagenesis
identified Arg-246 (P2) and Gly-247 as critical residues for
efficient cleavage.

MATERIALS AND METHODS

Construction of expression plasmid. A Narl-HindIII fragment from cDNA
ZAl1 (20) was cloned into the EcoRV and HindIII sites of pSP72 (Promega),
resulting in pSPZA11NH. This plasmid has MHV-A59 ORF1la sequences down-
stream of the bacteriophage T7 promoter. A synthetic linker containing a Kpnl
restriction site was inserted into the Ndel site of this vector, downstream of the
viral sequences, to create pSPZA11NHK. pSPNK was constructed by cloning a
2.89-kb Xhol-Kpnl fragment from PCR clone X1K1 (4) into the corresponding
sites of pSPZA11INHK. pSPNK includes ORF1a sequences from nucleotides 182
to 4664.

PCR mutagenesis. Site-directed mutagenesis of residues Lys-241 to Lys-249 in
plasmid pSPNK was accomplished by PCR (15). To decrease the probability of
sequencing mistakes due to nucleotide misincorporation during amplification,
Vent DNA polymerase was used (18). Specific mutations were introduced into a
BamHI-EcoRI fragment by using two complementary “inside” primers contain-
ing mismatches to the same nucleotide position of the target sequence. Recom-
binant PCR products were generated by using inside primers in conjunction with
the corresponding upstream (Fp425-444) or downstream (Rp1347-1328) outside
primers. The amplified DNA was digested with BamHI and EcoRI and inserted
into pSPNK at the same sites (Fig. 1). Arg-246—Phe was generated by inserting
a specific mutation into an AfIII-EcoRI fragment as described above. Specific
mutations were identified by the Sanger dideoxy sequencing method (21).

In vitro transcription-translation. In vitro transcriptions and translations were
performed as described in Promega Technical Bulletin 126 by using a coupled
transcription-translation rabbit reticulocyte system. Briefly, 250 ng of plasmid
DNA was added per 25-ul reaction mix, which included 1,000 wCi of [**S]me-
thionine per ml. Reaction mixtures were incubated for 90 min at 30°C. Equal
counts per minute of samples were added to 2X Laemmli buffer, and mixtures
were incubated for 5 min at 100°C before being electrophoresed on gradient
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FIG. 1. Diagram of 5’ end of MHV-A59 genome and amino acid sequence
surrounding predicted p28 cleavage site. (A) The 5’ region of MHV-A59 gene 1
from the Narl site to the Kpnl restriction site was placed under the control of a
T7 polymerase promoter. pSPNK encodes a 164-kDa protein that is cleaved into
28- and 136-kDa polypeptides. Restriction sites BamHI, AflIl, and EcoRI were
utilized during PCR mutagenesis. The predicted p28 cleavage region is indicated
by an arrow, and the PLP-1 domain is depicted as a shaded region. Abbrevia-
tions: N, Narl; B, BamHI; A, Aflll; E, EcoRI; K, Kpnl; PLP-1, papain-like
proteinase 1. (B) Amino acid sequence from Ser-235 to Ser-278 at and around
the predicted p28 cleavage site.

polyacrylamide-sodium dodecyl sulfate (SDS) gels. The gels shown in Fig. 4 and
5 were processed for fluorography in Autofluor (National Diagnostic) and ex-
posed to X-ray film.

pSPNK encodes a 164-kDa polypeptide (p164) that is processed into a 136-
kDa polypeptide (p136) and a 28-kDa polypeptide (p28). Processing of p164 is
inhibited by the thiol protease inhibitor leupeptin (11). In addition to producing
pl64, p136, and p28, transcription and translation of pSPNK produce other
polypeptides that are insensitive to proteinase inhibitors and mutations of PLP-1
(3, 5, 11). These polypeptides probably represent premature termination prod-
ucts. The ratio of p136/(pl64+p136) was used to determine the p28 cleavage
efficiency of each construct. The ratio determined for the wild-type construct was
designated 100% efficient, and the ratio obtained for each mutant was compared
with the wild-type ratio. The ratio of cleavage product to precursor provides an
internal control for the amount of protein produced in each reaction. This ratio
is a more accurate reflection of cleavage efficiency than is the value obtained by
measuring the absolute levels of p28, which can vary from reaction to reaction.
We did not use the levels of p28 to determine the ratio of cleavage product to
precursor because the counts per minute for p28 of some of the mutants were
below the level of detection of the Phosphorimager. To determine the percent
cleavage, levels of pl64 polyprotein precursor and p136 cleavage product in
nonfluorographed gels were quantitated with a Molecular Dynamics Phosphor-
imager.

Radiosequencing N terminus of p136. For the radiosequencing of p136, in
vitro transcription and translation of pSPNK were performed as described above
with either 1,000 wCi of [**S]cysteine (ICN) per ml or 800 pCi of [*H]leucine
(ICN) per ml. Translation products were resolved by electrophoresis on 5 to 12%
polyacrylamide-SDS gradient gels. Electrophoretic transfer onto a polyvinyli-
dene difluoride membrane (Bio-Rad) was performed at 1.0 A for 3 h in 0.5X
Towbin buffer (26). After exposure of dried membrane to X-ray film, the p136
cleavage product was located and excised by using the autoradiogram as a key.
Edman degradation was performed on 100 mm? of membrane to which p136 was
immobilized. The eluate from each cycle was collected, added to scintillation
cocktail (ICN), and counted in a liquid scintillation counter.

RESULTS

Identification of the p28 cleavage site. In order to determine
the amino acid sequence surrounding the p28 cleavage site, we
used the polypeptides synthesized during transcription-trans-
lation of the pSPNK construct. This construct contains ORF1la
sequence downstream of the T7 RNA bacteriophage poly-
merase promoter from nucleotides 182 to 4664, which includes
the region encoding p28 through PLP-1. During transcription
and translation of this plasmid, a large polypeptide of 164 kDa
is synthesized and quickly processed into p28 and the down-
stream product, p136 (2, 11). This system provides a simple
assay for p28 cleavage. Sequencing of the amino terminus of
p136 would provide the sequences at the in vitro cleavage site
of p28. Because expression in reticulocyte lysates does not
produce enough protein for microsequencing and our attempts
at expressing this plasmid in Escherichia coli to obtain higher
levels of protein were unsuccessful, we turned to sequencing of
radiolabeled p136 synthesized in the coupled transcription-
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FIG. 2. Cleavage sites of viral papain-like proteinases. The arrow indicates
the cleavage site. TEV, tobacco etch virus; HAV, hypovirulence-associated virus.

translation reticulocyte system. From the electrophoretic mo-
bility of p28, we predicted that cleavage of p28 occurs some-
where between Ser-235 and Gly-258. On the basis of cleavage
sites utilized by other viral papain-like proteinases (Fig. 2), we
focused on sites with Gly or Ala in the P1 position. We then
determined that mapping Cys and Leu residues near the amino
terminus of p136 would allow us to unambiguously determine
the cleavage site.

Thus, to determine the amino terminus of the downstream
cleavage product, sequencing of both [PH]Leu- and [*°S]Cys-
labeled p136 was carried out (Fig. 3). After 10 cycles of Edman
degradation of [*H]Leu-labeled p136, a peak was observed in
cycle 5 (Fig. 3). The radioactivity observed in fraction 1 is an
artifact caused by nonspecific radioactive material which elutes
in the first cycle (25a). After 20 cycles of Edman degradation of
[°S]Cys-labeled p136, peaks were observed in fractions 12 and
17 (Fig. 3). The radioactivity observed in fraction 18 is a result
of carryover from previous cycles. This is a phenomenon that
occurs because of the inefficient nature of amino acid cleavage
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FIG. 3. N-terminal radiosequence analysis of p136. The downstream 136-
kDa cleavage product was generated by coupled in vitro transcription and trans-
lation of pSPNK in the presence of either [**S]cysteine or [*H]leucine. Radio-
labeled p136 was analyzed by Edman degradation, and the radioactivity in the
resulting fraction was determined. The deduced amino-terminal amino acid
sequence of p136 is shown by single-letter amino acid code, with cysteine and
leucine residues in boldface. Cycle numbers are shown above leucine and cys-
teine residues.
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FIG. 4. Invitro translation and processing of pSPNK polyproteins containing
mutagenized Arg-246 or Gly-247 residues. Polyproteins were synthesized and
analyzed as described in Materials and Methods. Wild-type transcripts of pPSPNK
encode a 164-kDa polyprotein that is processed into 28- and 136-kDa polypep-
tides. The migratory positions of p164, p136, and p28 are indicated by arrows.
The wild-type residues are shown at the top, and the amino acid substitutions are
indicated above each lane. Synthesis and processing of wild-type polyprotein
were carried out in the absence (—) or presence (+) of 2 mM leupeptin. The
single-letter amino acid code is used. Abbreviation: WT, wild type.

during Edman degradation. With each successive cycle of Ed-
man degradation, this carryover effect becomes more signifi-
cant (25a). The profile obtained was (aa), Leu (aa), Cys (aa),
Cys. This pattern fits with the known amino acid sequence of
MHV-A59 ORFla (4), in which there is Leu at residue 253
and Cys at residues 259 and 264. The above data are consistent
only with cleavage occurring between Gly-247 and Val-248.
These data are not consistent with cleavage at any other sites
in the region encoded by the plasmid pSPNK, which includes
the first 4.6 kb of the genome.

Characterization of the p28 cleavage site. Identification of
Gly-247 and Val-248 as the dipeptide cleaved by PLP-1 allows
for further definition of amino acids required for efficient
cleavage of p28. Eight sets of mutations from the P7 position to
the P2’ position were introduced into the pSPNK construct,
and the effect on cleavage was assayed by using the rabbit
reticulocyte coupled transcription-translation system as de-
scribed above. The gels in Fig. 4 and 5 show the effect of
mutagenesis of the amino acids in the P2 (Arg-246), P1 (Gly-
247), and P1’ (Val-248) positions on cleavage of p28. To quan-
titate the inhibition of cleavage as a result of mutagenesis, we
carried out assays using constructs with mutations in amino
acids 241 through 249. The efficiency of cleavage for each
mutant was determined as described in Materials and Methods
(Fig. 6). The gels from which Fig. 6 was derived are not shown
(see Materials and Methods). Both conservative and noncon-
servative changes of Gly-247 in the P1 position reduced cleav-
age by over 80% in comparison with the wild-type levels (Fig.
4 and 6). These levels of inhibition are consistent with the
microsequencing analysis which identified Gly-247 as the P1
residue. Furthermore, these data show that cleavage with
MHYV PLP-1 is similar to cleavages carried out by other viral
papain-like proteinases which require small uncharged amino
acids in the P1 position for efficient cleavage (8, 10, 22-24).
Substitution of Arg-246 in the P2 position also resulted in
dramatic inhibition of p28 cleavage (Fig. 4 and 6). Substitution
of Arg-246 for His or Lys also inhibited cleavage, indicating
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FIG. 5. Invitro translation and processing of pSPNK polyproteins containing
mutagenized Val-248 residues. Polyproteins were synthesized and analyzed as
described in Materials and Methods. Mutations, positions of polypeptides, and
abbreviations are indicated as in Fig. 4.

that positive charge alone in the P2 position is not sufficient for
cleavage of p28. Substitution of either Gly-247 or Arg-248
resulted in levels of inhibition greater than or equal to that
caused by the addition of the thiol protease inhibitor leupeptin,
which previously has been shown to be a potent inhibitor of
p28 cleavage (11). Substitutions of Val in the P1’ position with
either Gly or Ala did not significantly reduce cleavage, al-
though other less conservative substitutions such Asp or Ile did
inhibit cleavage by over 60% (Fig. 5 and 6). This suggests that
there are some requirements for the P1’ position.

Amino acid substitutions at the P7, P5, P3, and P2’ positions
were tolerated (Fig. 6). Although cleavage was reduced some-
what in most cases, substitution of these residues did not affect
cleavage to the degree seen with mutagenesis of either the P2
or P1 position. For example, substitution of the aromatic Tyr-
245 in the P3 position with a closely related Phe residue did not

P7 P6 P5 P4 P3 P2 P1 P1' P2’

Leu241 Leu242 Lys243 Gly244 Tyr245 Arg246 Gly247 Val248 Ly5249

Pro+ ND. Thr+ Val+/-Cys+ Cys- Val- Asp- Arg+
Arg + Ala+ Ser+ Ser- Ala- Ala+ Met+
His +/- Asp+ Phe ++ Gly- Asp- Gly ++ Thr +/-

Leu- Ser- Phe+

His- Cys- lle +/-

Lys -

Phe-

FIG. 6. Wild-type amino acid sequence and substitutions around the p28
cleavage site. The wild-type amino acid sequence from the P7 position to the P2’
position is indicated in boldface. Corresponding substitutions are shown directly
below the wild-type residues. The notations —, +/—, +, and ++ indicate >80%
inhibition, 60 to 80% inhibition, 40 to 60% inhibition, and 20 to 40% inhibition,
respectively. Mutations were introduced as described in Materials and Methods.
Quantitation of percent inhibition of cleavage relative to the wild-type level was
carried out as described in Materials and Methods. Gels used to quantitate
percent inhibition are not shown. The scissile bond is between the P1 and P1’
residues.
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significantly affect cleavage. This is in sharp contrast to the
outcome with conservative substitutions, which have dramatic
effects in the P1 and P2 positions.

DISCUSSION

In this report, we have demonstrated that p28 cleavage oc-
curs between Gly-247 and Val-248. This is the first identifica-
tion of a cleavage site in the large polypeptide encoded in the
21-kb replicase gene (gene 1) of MHYV and the first cleavage
site identified for any coronavirus proteinase. It has been
shown previously that this cleavage is carried out by PLP-1
encoded in ORFla. Further characterization of the amino
acids surrounding the cleavage site demonstrates that Arg-246
and Gly-247 in the P2 and P1 positions, respectively, are re-
quired for cleavage of p28. Val-248 in the P1’ position and
residues in positions P7, P6, P5, P4, P3, and P2' were not
essential for cleavage, although most substitutions did result in
some inhibition of cleavage. Substitution of Tyr-245 in the P3
position with Phe did not affect cleavage, suggesting the ne-
cessity for an aromatic ring in the P3 position, rather than Tyr
itself, for efficient cleavage.

Sequence alignment analysis of MHV-A59, MHV-JHM, and
human coronavirus 229E reveals that the RG dipeptide is
conserved in all three strains. In 229E, the P1’ Val, which is
conserved in MHV-A59 and MHV-JHM, is replaced with a
Gly residue (14). In MHV-AS59, Val-248—Gly permits efficient
cleavage of p28, indicating that the cleavage site has been
relatively conserved among these mouse and human coronavi-
rus strains. Cleavage at the GG dipeptide in ORF1la of 229E
would generate an approximately 12-kDa polypeptide (14).

On the basis of sequence analysis, PLP-1 of MHV-AS59 ap-
pears to belong to a family of viral papain-like cysteine pro-
teinases (13); this family contains both animal and plant viral
proteinases, including the potyviral HC proteinase, Sindbis
virus nsP2, and the papain-like proteinases encoded by chest-
nut blight hypovirulence-associated virus and equine arteritis
virus (13, 24). The cleavage sites of these proteinases, which
include tobacco etch virus HC-Pro (7, 8), chestnut blight hy-
povirulence-associated virus p48 (9, 22), equine arteritis virus
nsP1 (24), and Sindbis virus nsP2 (10, 23), have been deter-
mined and characterized and are listed in Fig. 2. All of these
proteinases cleave at sites which have Gly or Ala, uncharged
residues with short side chains, in the P1 position. It is there-
fore not surprising to see that PLP-1 of MHV also requires a
Gly in the P1 position.

On the basis of a sequence alignment of the rubella virus
proteinase and cellular papain-like proteinases, it was origi-
nally suggested by Gorbalenya et al. that this group of viral
cysteine proteinases resembles the papain-like cellular protein-
ases (13). While the cellular and viral proteinases share con-
served Cys and His catalytic residues at similar distances within
the proteinase domains, as well as an aromatic amino acid
following the catalytic Cys residue, there is little other se-
quence homology between the cellular and viral proteinases.
Our results suggest that Arg-246 in the P2 position is a critical
residue required for cleavage by MHV PLP-1. Interestingly,
the P2 position is a critical residue for cleavage by papain and
some of the related cellular proteinases (17). This group of
cellular enzymes usually prefers Phe in the P2 position. How-
ever, the same proteinases can utilize, to different extents,
substrates in which the Phe in the P2 position is replaced with
Arg. Those proteinases that can utilize Arg have a conserved
glutamic acid residue in the substrate-binding pocket which is
thought to allow the positioning of the Arg residue in the
substrate (17). The question of whether the coronavirus papa-
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in-like proteinases also contain a conserved negatively charged
amino acid in the substrate-binding pocket remains to be an-
swered. The structure of PLP-1 remains to be elucidated. Un-
derstanding the structure of the viral proteinases may be im-
portant in the design of antiviral strategies.
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