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Further in vitro characterization of mouse hepatitis
virus papain-like proteinase 1: Cleavage sequence

requirements within PP1a

Henry Teng and Susan R Weiss

Department of Microbiology, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania, USA

Proteolytic processing of the mouse hepatitis virus strain A59 (MHV-A59) repli-
case gene product, ppla, results in polypeptides p28, p65, p50, and p240 in
infected cells. Based on previously identified p28 and p65 cleavage sites, a p50
cleavage site was proposed to occur between Ala-1262 and Ala-1263. Results
of mutagenesis and in vitrocleavage assays show that PLP-1 was able to cleave
in trans when the proposed p50 cleavage sequence replaced the p28 cleavage
sequence. Mutagenesis was also used to investigate cleavage between Gly-904
and Val-905, a cleavage site predicted to produce a precursor of p65, p72, that
was detected in cells infected with MHV strain JHM, but not with MHV-A59.
No cleavage could be detected using substrate that carried both the p65 site
and the predicted p72 cleavage sequence. Thus, it appeared that PLP-1 could
recognize the proposed p50 sequence but not the predicted p72 site under the

in vitro conditions used. Journal of NeuroVirology (2002) 8, 143—149.
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Mouse hepatitis virus (MHV) is an enveloped virus
that belongs to the Coronaviridae family. The genome
of MHV is a 31-kb positive-sense RNA. In infected
cells, the 5’ end of the genome (gene 1) is translated to
produce an RNA-dependent RNA polymerase. This
viral-encoded RNA polymerase transcribes negative-
sense template RNA, from which a nested set of six
3’-coterminal subgenomic mRNAs, encoding the
structural and other nonstructural genes, are tran-
scribed (de Vries et al, 1997). Gene 1, which is
21.7 kb, contains two open reading frames (ORFs),
ORF1a and ORF1b. Sequence analysis has led to
the proposal that ORF1a gene product, ppla, con-
tains two papain-like proteinase (PLP, also referred
to as PCP; Baker et al, 1989) domains, an X domain
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of unknown function adjacent to PLP-1, and a po-
liovirus 3C-like proteinase domain (3CLpro) flanked
by two hydrophobic domain regions (HD1 and HD2;
Figure 1A). Transcriptional readthrough of the ORF 1a
termination codon via a frameshift mechanism re-
sults in translation of ORF1b and synthesis of pp1ab.
It has been proposed that proteolytic processing of
pplab releases the RNA polymerase, putative heli-
case, NTPase, and zinc-binding domains (Lee et al,
1991). Similar genome organizations and replica-
tion strategies among members of the Arteriviridae
and Coronaviridae families led to their classifcation
under the order Nidovirales (de Vries et al, 1997;
Snijder and Meulenberg, 1998). Inhibition of pro-
teolytic processing during coronaviruses or ar-
teriviruses infection results in reduced viral RNA
synthesis, indicating the important roles played by
proteinase in viral maturation and infectivity (Kim
et al, 1995; de Vries et al, 1997; Liu et al, 1997;
Herold et al, 1998; Lim and Liu, 1998; Snijder and
Meulenberg, 1998; Shi et al, 1999).

Previous studies with MHV strain A59 (MHV-
A59)-infected cells demonstrated that ppla is pro-
cessed from the amino terminus to produce p28,
p65, and p290; p290 is further processed to produce
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Figure 1 Functional domains of MHV-A59 gene 1, ORF1a plasmids, and proteolytic processing scheme of A59 ppila. (A) The
functional domains of ORF 1a: papain-like proteinases 1 and 2 (PLP-1 and PLP-2), X domain (X), poliovirus 3C-like proteinase
domain (3CLpro), and hydrophobic domains 1 and 2 (HD 1 and HD 2), are shown. The region in ORF1la that was used to
raised rabbit antiserum UP102 (directed against amino acids Met-1 to Gln-592; Denison et al, 1995) is shown. Plasmid constructs
pSPN, S, (Teng et al, 1999), pSPNKAMsc (Bonilla et al, 1995), and pCITE P,P,, (Teng et al, 1999) are indicated. The locations
of the cleavage sites P28 (between Gly-247 and Val-248, Table 1), p65 (between Ala-832 and Gly833), and the predicted cleavage
sites for p72? (between Gly-904 and Val-905 in MHV-JHM sequence) and p50? (between Ala-1262 and Ala-1263) are indicated on
pSPN,S,. The catalytic residues of PLP-1, Cys-1121 and His-1272, and the catalytic residues of the predicted PLP-2 domain, Cys-
1716 and His-1873 (analogous to the catalytic residues Cys-1715 and His-1872 in MHV-JHM PLP-2; Gorbalenya and Snijder, 1996,
Kanjanahaluethai and Baker, 2000), are also shown. (B) MHV-A59 ORF1a (with its functional domains) and in vivo proteolytic processing
products (Denison and Perlman, 1986; Denison et al, 1992, 1995; Weiss et al, 1994). The locations of the p28 and p65 cleavage sites, and
the predicted cleavage sites for p50? (Bonilla et al, 1997) and p72? (JHM)(Schiller et al, 1998) are indicated. (MHV-A59 p290 is believed
to extend from the carboxyl terminus of p65 site to the carboxyl terminus of HD1, Denison et al, 1992, 1995.)

p50 (amino terminal product) and p240 (carboxyl
terminal product; Figure 1B) (Denison et al, 1992,
1995; Weiss et al, 1994). The electrophoretic mobil-
ity of p290 is consistent with the predicted molec-
ular weight (278 kDa) of the polypeptide encoded
between the C-terminus of p65 and the C-terminus

of HD1 (Figure 1). A role for PLP-1 in the produc-
tion of p28 and p65 has been demonstrated in vitro
using various ORF1a cDNA clones (Baker et al, 1989,
1993; Bonilla et al, 1995, 1997; Dong and Baker, 1994;
Hughes et al, 1995). The cleavage sites for p28
and p65 have been identified between Gly-247 and
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Table 1 Sequence comparisons of MHV cleavage sites®
p5 P4 pP3 p2 P1 pr p2’ p3’ P4’ P5"®

A59 p28 243¢ K G Y R A% K P I L 252
JHM p28 243 R G Y R G A% K P I L 252
A59 p65 828 R F P C A G K K A% E 837
JHM p65 828 R F P C A G K K A% A% 837
Consensus sequence K/R X X X A/IG A/GIV X
Predicted sites?
A59 P50 1253 K A% F R A A C A A% D 1267
JHM P72 900 C K E H G A% I G T K 909

aBonilla et al, 1994; Lee et al, 1991.
bCleavage occurs between P1 and P1’ residues.
¢Amino acid residues in pp1la.

dCleavage proposed to occur between P1 and P1' residues. Bonilla et al, 1997; Schiller et al, 1998.

Val-248 and between Ala-832 and Gly-833, respec-
tively (Figure 1A and Table 1; Bonilla et al, 1997;
Dong and Baker, 1994; Hughes et al, 1995). In con-
trast, p50 production has not been detected under
in vitro conditions (Baker et al, 1989; Denison and
Perlman, 1986; Bonilla et al, 1995, 1997); this has
made the further study of the p50 polypeptide dif-
ficult. It could be that under the in vitro conditions
used, the polypeptide substrate adopted a conforma-
tion that prevented PLP-1 access to the p50 site. This
would be similar to the observation that p65 produc-
tion was not detected in vitro unless an ORF1a dele-
tion construct was used as template (Bonilla et al,
1995). We (Bonilla et al, 1997) proposed a consen-
sus recognition sequence for PLP-1 cleavage (Table 1)
based on sequence comparisons and in vitro mutage-
nesis studies with the p28 and p65 cleavage sites in
MHV-A59 and MHV strain JHM (MHV-JHM). We fur-
ther predicted that in MHV-A59 pp1a, the sequence
from Lys-1258 to Ala-1263 conforms to this consen-
sus, with cleavage between Ala-1262 and Ala-1263
(see Figure 1A and Table 1). Cleavage at this predicted
site (and at the carboxyl terminus of p65) would result
in a 47.4-kDa polypeptide, which has similar molec-
ular mass to p50 detected in MHV-A59-infected cells
(Denison et al, 1992). Because the proposed cleav-
age site is located between the catalytic Cys-1121 and
His-1272 residues of PLP-1, we (Bonilla et al, 1997)
speculated that cleavage at this site could provide
a mechanism for PLP-1 to autoregulate its activity
in vivo. At present, there is no direct evidence for
this type of autoregulation in the replication of any
coronavirus; thus this remains an hypothesis to be
tested.

Interestingly, in spite of similar amino acid se-
quences between MHV-A59 and MHV-JHM (Weiss
et al, 1994), the proteolytic processing patterns of
ppla are not identical between these two strains. In
MHV-JHM-infected cells, ppla is processed to pro-
duce p28, p65, and p250 (with similar gel mobil-
ity to p290 in MHV-A59), which was further prote-
olyzed to release p210 (with similar electrophoretic
mobility to p250 in MHV-A59) and p40. The model

of processing of the MHV-JHM ppla, however,
maps the end of p210 to the N-terminus of HD1
(Kanjanahaluethai and Baker, 2000). Furthermore,
it is not clear whether p40 in MHV-JHM pp1la
has similar origin as p50 in MHV-A59 ppla
(Schiller et al, 1998), nor more generally, whether
these differences in the two proposed schemes are
indeed strain-specific or simply due to differences
in apparent molecular weights assigned to these
polypeptides. In addition, processing of MHV-JHM
ppla results in production of p72, identified to be a
precursor of p65; which is not detected in MHV-A59-
infected cells (Figure 1B; Gao et al, 1996). Schiller
et al (1998) proposed that p72 resulted from cleavage
between Gly-247 and Val-248 (at the amino terminus)
and between Gly-904 and Val-905 (at the carboxyl ter-
minus; Table 1). The authors further suggested that
substitution of Gly-904 in MHV-JHM pp1la by an Asp
in MHV-A59 pp1a results in lack of p72 production
in MHV-A59-infected cells. The proteinase responsi-
ble for p72 production was notidentified, but the pre-
dicted site is similar to a PLP-1 cleavage site (Table 1)
(Schiller et al, 1998). Recently, MHV-JHM PLP-2 has
been demonstrated to cleave at the amino terminus of
HD1, however, there are no data indicating a role for
PLP-2 in p50 or p72 production (Kanjanahaluethai
and Baker, 2000).

Does the predicted p50 sequence results

in PLP-1-mediated cleavage when placed

in the position of the p28 cleavage site?

Because p50 could not be detected by in vitro studies
(Baker et al, 1989; Bonilla et al, 1995, 1997; Denison
and Perlman, 1986), we investigated the proposed
p50 cleavage sequence (Table 1; Bonilla et al, 1997)
by introducing this sequence into the p28 site. The
rationale for this approach is the observation that ex-
changing the P2, P1, and P1’ residues of the p28 and
p65 cleavage sequences with each other still results
in cleavage at the mutated sites (Bonilla et al, 1997).
Therefore, if the p50 cleavage sequence is recognized
by PLP-1, then introducing this sequence into a more
accessible region (the p28 site) might allow cleavage
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to occur. Mutagenesis was performed using the PCR-
based QuickChange kit (Stratagene) according to the
manufacturer’s protocol and as described previously
(Teng et al, 1999). To introduce the proposed p50
sequence into the p28 sequence, mutagenic primers
were used to mutate pSPN,S;, which encodes ppla
sequence from Met-1 to Lys-1160 and could not
undergo cis cleavage to produce p28 (Figure 1A;
Teng et al, 1999). pSPN;S; G247A/V248A has the
P1 and P71’ residues of the p28 sequence replaced
by the corresponding residues of the proposed p50
sequence (Table 1). pSPN;S; G244V/G247A/V248A
contains an additional mutation at the P4 loca-
tion. pSPN;S; Y245F/G247A/V248A has the P3,
P1, and P1’ residues of the p28 site replaced
by those of the proposed p50 sequence. pSPN;S;
G244V/Y245F/G247A/V248A has the P4, P3,P1, and
P1’ residues of the p28 site replaced. The constructs
were used in in vitro transcription/translation with
the TnT coupled reticulocyte lysate system (Promega)
as described previously (Bonilla et al, 1995, 1997).
Polypeptides translated from constructs described
here were used as substrates and incubated with en-
zyme translated from pCITE P, Py, (Teng et al, 1999),
which encodes both PLP domains (cleavage in trans).
For negative control, enzyme was translated from
pCITE P,P;, H1272P, which is the same as pCITE
P,P,, except the PLP-1 domain contains an inacti-
vating H1272P mutation (Teng et al, 1999).

Figure 2 shows that substitution of the P1 and
P1’ residues (with or without substitution of the P3
residue) of the p28 cleavage sequence by the cor-
responding residues of the proposed p50 sequence,
results in p28 production (lanes 3 and 4, 7 and 8),
comparable to that observed with substrate translated
from wild-type pSPN; S; (lanes 1 and 2). The absence
of p28 production when substrates were incubated
with polypeptides carrying inactive PLP-1 (odd num-
bered lanes indicated with minus signs in Figure 2)
show that the observed cleavage was catalyzed by
PLP-1. (Active PLP-2, also encoded in pCITE P;P5,,
was present in all reactions and was apparently un-
able to mediate cleavage when PLP-1 was inacti-
vated.) Preliminary results also show that in vitro
transcription and translation of a mutant construct,
which has the P2 and P1’ residues of the p65 site re-
placed by the corresponding residues of the proposed
p50 sequence (Table 1), produced similar proteolytic
products as the wild-type construct (data not shown),
suggesting that the proposed p50 sequence (Bonilla
et al, 1997) may function to mediate cleavage when
placed in the p65 cleavage site as well as the p28
cleavage site positions.

Surprisingly, additional substitution at the P4 po-
sition of the p28 site (Gly-244; Table 1) by the corre-
sponding residue of the proposed p50 sequence (Val;
Table 1) abolished p28 production (Figure 2, lanes 5
and 6, 9 and 10). The results imply that PLP-1 can
recognize and cleave at the -Ala-Ala-dipeptide, the

proposed P1 and P71’ residues of the p50 sequence,
provided the P4 residue is not a Val. Because mutage-
nesis studies of the p28 and p65 sites did not point to
strict conservation at their P4 residues (Gly and Phe,
respectively), the reason for the observed inhibition
remains unclear. It could be that under our in vitro
conditions, the G244V substitution (in addition to the
substitutions at the P1 and P1’ residues) specifically
reduced cleavage at the mutated cleavage site. Inci-
dentally, previous studies on the p28 site also show
that the G244V mutation resulted in lower level of
p28 when compared to the G244D mutation (Hughes
et al, 1995). Alternatively, the presence of a Val at
the P4 position could prevent unregulated cleavage
(by PLP-1) at the natural p50 site in vivo. In support
of this proposal, replacing the P2 to P1’ residues of
the proposed p50 sequence with the corresponding
residues of the p28 cleavage sequence did not result
in cleavage at the mutated region (results not shown),
indicating that other factors, such as change in sub-
strate conformation induced by a P4 Val, determine
PLP-1 access to the proposed p50 site. If this were the
case, then viral and/or host factors, not present in our
in vitro conditions, would be required to maintain the
substrate in a conformation that favors cleavage at the
P50 site.

Our data, to date, do not prove that the proposed
p50 cleavage site is utilized during processingof ppla
in vivo. We must consider possible explanations for
our results. For example, it is possible that the ob-
served cleavage products derived from mutant con-
structs in Figure 2 (lanes 4 and 8) arise from cleav-
age at nearby undefined sites (Table 1; Bonilla et al,
1997); the observed cleavage could be due to arelaxed
specificity of PLP-1 at the p28 and p65 sites under
our in vitro conditions (i.e., PLP-1-mediated cleavage
could tolerate substitutions at the p28 and p65 sites
by an -Ala-Ala-dipeptide). However, if such nonspe-
cific cleavages within ppla were to occur in vivo, then
that could disrupt the regulation of proteolytic pro-
cessing, thus compromising viral RNA synthesis and
virus maturation. In results not presented, introduc-
ing the P2 to P1’ residues of the p28 sequence, shown
to play important roles in cleavage specificity (Baker
et al, 1993; Hughes et al, 1995), into a random loca-
tion within pp1la (just upstream of the p28 cleavage
site in a construct in which the authentic p28 site is
inactivated), did not create a new cleavage site, pro-
viding further support to the assumption that cleav-
age by PLP-1 is both sequence- and location-specific.
Thus, to determine under what conditions, and if so,
cleavage at the p50 site may indeed occur, further
experiments must be carried out. These would in-
clude immunoprecipitation experiments using anti-
sera specific against sequences within the PLP-1 do-
main, the isolation and characterization of p50 from
infected cells, and mutagenesis studies (e.g., with ad-
ditional substitutions at the P4 Val residue in the pro-
posed p50 cleavage site).
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Figure 2 PLP-1 cleaves at the predicted p50 sequence in the p28 sequence location. Substrates were transcribed and translated
in vitro from pSPN,S, (with the sequence 243 -K-G-Y-R-G| V-K- 249) (lanes 1 and 2), pSPN,S, G247A/V248A (243 -K-G-Y-R-A | A-K-
249) (lanes 3 and 4), pSPN, S, G244V/G247A/V248A (243 -K-V-Y-R-A/A-K- 249) (lanes 5 and 6), pSPN,S, Y245F/G247A/V248A (243 -K-
G-F-R-A | A-K- 249) (lanes 7 and 8), and pSPN,S, G244V/Y245F/G247A/V248A (243 -K-V-F-R-A/A-K- 249) (lanes 9 and 10). (The arrow
within the sequences indicates that cleavage does occur with the addition of active PLP-1, whereas the slash indicates cleavage does not
occur in the presence of active PLP-1.) Substrates were then incubated with inactive PLP-1 transcribed and translated in vitro from pCITE
P,P,, H1272P (—lanes), or with active PLP-1 transcribed and translated in vitro from pCITE P,P,, (+lanes). The cleavage products were
electrophoresed on an SDS-12.5% polyacrylamide gel. The molecular masses of marker proteins are indicated on the right. The location
of p28 is indicated. In lane 7, the protein band with mobility similar to p28 migrates faster than the authentic p28 and is not a cleavage

product.

The putative JHM p72 cleavage recognition
sequence is not cleaved by PLP-1 when introduced
into A59 ppla.

Previously we reported that in vitro transcription and
translation of pPSPNKAMAG D904G, which contains
the predicted p72 cleavage sequence of MHV-JHM
(with the D904G mutation), but has the p65 cleav-
age site dipeptide of MHV-A59 deleted; did not result
in production of p72 (Teng et al, 1999). In this work
we further examined the proposed p72 site by con-
structing pSPNKAMsc D904G, which introduced the
D904G mutation into MHV-A59 pp1la while retaining
a functional p65 site. The construct was transcribed
and translated in vitro as described before (Bonilla
et al, 1995, 1997). Aliquots were withdrawn at indi-
cated times and the reactions quenched with 4 mM
leupeptin (Denison and Perlman, 1986). Results in
Figure 3A show that when pSPNKAMsc D904G was
transcribed and translated in vitro, p28, p43, and
P70 (resulting from cleavage at wild-type p28 and
p65 sites) were detected. When rabbit antiserum
UP102 (directed against ppla Met-1 to GIn-592;
Denison et al, 1995) was used to immunoprecipi-
tate the cleavage products transcribed and translated

in vitro from pSPNKAMSsc D904G, only p28, p43,
and p70 were detected (Figure 3B). There is no ev-
idence for additional proteolytic product resulting
from cleavage at the mutated site such as the pre-
dicted 77-kDa polypeptide, which would have been
immunoprecipitated as well. Results in Figure 3C
show that substitutions of the P2, P1, and P1’ residues
of the p65 site with the corresponding residues of the
predicted p72 sequence (Table 1) did not result in
cleavage at the mutated p65 site (lane 3), in contrast
to the wild-type construct (lane 1; Bonilla et al, 1995)
and similar substitutions by the p28 sequence (lane 2;
Bonilla et al, 1997).

Gao et al (1996) initially suggested that p72 syn-
thesis was mediated by 3CLpro, with cleavage be-
tween Glu-894 and Ser-895. Although cleavage be-
tween a Glu and a Ser has been reported for equine
arterivirus virus, an arterivirus, this cleavage site has
not been reported for MHV 3CLpro (Gorbalenya and
Snijder, 1996; de Vries et al, 1997; also see Liu et al,
1997; Pinén et al, 1997; and van Dinten et al, 1999).
Subsequently, Schiller et al (1998) suggested that
the p72 cleavage site occurs between Gly-904 and
Val-905, similar to the p28 cleavage site (Table 1).
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Figure 3 The predicted p72 cleavage site is not cleaved in polypeptide derived from A59 ppla. (A) Cis cleavage time course of
pSPNKAMsc D904G (with the sequence 900 -C-K-E-H-G/V-I- 906, slash indicates cleavage does not occur). Aliqouts were withdrawn
at 30 min (lane 1), 45 min (lane 2), 60 min (lane 3), 75 min (lane 4) and 90 min (lane 5) and quenched with 4 mM leupeptin (Denison and
Perlman, 1986). The products were separated on an SDS-12.5% polyacrylamide gel. Molecular masses of marker proteins are indicated
on the right side. Locations of p28, p43, and p70 are indicated by arrows. (B) Inmunoprecipitation of cis cleavage reactions. Substrate
transcribed and translated in vitro from pSPNKAMsc D904G was immunoprecipitated with UP102 (Denison et al, 1995) according to
Bonilla et al (1995). Cleavage products were separated on an SDS-12% polyacrylamide gel. Locations of p28, p43, and p70 are indicated
by arrows. (C) Replacing the p65 cleavage site by the proposed p72 sequence did not result in cleavage. Cis cleavage reactions were
carried out with substrates transcribed and translated in vitro from pSPNKAMsc (with the sequence 828 -F-R-P-C-A | G-K- 834, arrow
indicates cleavage occurs; lane 1)(Bonilla et al, 1997), pSPNKAMsc C831R/A832G/G833V (828 -F-R-P-R-G| V-K- 834; lane 2)(Bonilla et al,
1997), and pSPNKAMsc C831H/A832G/G833V (828 -F-R-P-H-G/V-K- 834; lane 3). Cleavage products were separated on an SDS-12.5%
polyacrylamide gel. Molecular masses of marker proteins are indicated on the right. Locations of p28, p43, and p70 are indicated by

arrows.

However, in the putative p72 cleavage sequence the
P5 residue is a Cys instead of a basic residue, and
does not conform to the proposed consensus se-
quence (Table 1). Nevertheless, our experimental re-
sults cannot rule out the possibility that strain spe-
cific differences allow cleavage at the p72 site within
MHV-JHM ppla. Possibly, under in vivo conditions,
MHV-JHM pp1la adopts a conformation that enables
PLP-1 to access the proposed p72 site. It is also pos-
sible that the PLP-1 of JHM has the ability to cleave
at the proposed p72 site while the PLP-1 encoded
by A59 does not; this seems unlikely as the PLP-1
domain is highly conserved between the two strains
of virus (Lee et al, 1991; Bonilla et al, 1994). Cur-
rently, our experimental results support neither the
proposed p72 sequence nor its proposed location.

Conclusions

In conclusion, the in vitro data presented here
showed that substitutions of the P2 to P1’ residues
of the p28 or p65 site by the corresponding residues

References

Baker SC, Shieh C-K, Soe LH, Chang MF, Vannier DM,
Lai MMC (1989). Identification of a domain required for
autoproteolytic cleavage of murine coronavirus gene A
polyprotein. J Virol 63: 3693—3699.

of the predicted p50 cleavage site (Bonilla et al, 1997)
can support cleavage at the mutated p28 and p65
sites, in agreement with our proposed p50 cleav-
age sequence. As the predicted p50 site (Table 1)
is located between the catalytic residues of PLP-1
(Cys-1121 and His-1272), the virus can regulate
in vivo proteinase activity (hence viral genome repli-
cation) through self inactivation of PLP-1 (Bonilla
et al, 1997). On the other hand, the lack of p50 pro-
duction in cells infected with MHV-JHM hints that
MHV-JHM may regulate PLP-1 activity differently
from MHV-A59. It is possible that differences in pro-
teolytic processing of ppla between MHV-A59 and
MHV-JHM could contribute to differences in the bi-
ology of these two strains. However, to study the full
effects of these processing events in vivo, we must
await methods to introduce the various mutations
into the genome (Yount et al, 2000). It is hoped that
integration of the in vivo and in vitro data can help
us to gain greater insight into the complex proteolytic
processing events of coronavirus, and providing us a
guide to rational antiviral drug design.

Baker SC, Yokomori K, Dong S, Carlisle R, Gorbalenya AE,
Koonin EV, Lai MMC (1993). Identification of the cat-
alytic sites of a papain-like cysteine proteinase of murine
coronavirus. J Virol 67: 6056—6063.



Bonilla PJ, Gorbalenya AE, Weiss SR (1994). Mouse hep-
atitis virus strain A59 RNA polymerase gene ORF1a:
Heterogeneity among MHYV strains. Virology 198: 736—
740.

Bonilla PJ, Hughes SA, Pifién JD, Weiss SR (1995). Char-
acterization of the leader papain-like proteinase of
MHV-A59: Identification of a new in vitro cleavage site.
Virology 209: 489-497.

Bonilla PJ, Hughes SA, Weiss SR (1997). Characteriza-
tion of a second site and demonstration of activity in
trans by the papain-like proteinase of the murine coro-
navirus mouse hepatitis virus strain A59. J Virol 71: 900—
909.

Denison MR, Hughes SA, Weiss SR (1995). Identification
and characterization of a 65-kDa protein processed from
the gene 1 polyprotein of the murine coronavirus MHV-
A59. Virology 207: 316—320.

Denison MR, Perlman S (1986). Translation and processing
of mouse hepatitis virus virion RNA in a cell-free system.
J Virol 60: 12—18.

Denison MR, Zoltick PW, Hughes SA, Giangreco B, Olson
AL, Perlman S, Leibowitz JL, Weiss SR (1992). Intra-
cellular processing of the N-terminal ORF1a proteins of
the coronavirus MHV-A59 requires multiple proteolytic
events. Virology 189: 274—284.

de Vries AAF, Horzinek MC, Rottier PJM, de Groot R]
(1997). The genome organization of the nidovirales:
Similarities and differences between arteri-, toro-, and
coronaviruses. Semin Virol 8: 33—47.

Dong S, Baker SC (1994). Determinants of the p28 cleav-
age site recognized by the first papain-like cysteine
proteinase of murine coronavirus. Virology 204: 541—
549.

Gao H-Q, Schiller JJ, Baker SC (1996). Identification of the
polymerase polyprotein products p72 and p65 of the
murine coronavirus MHV-JHM. Virus Res 45: 101-109.

Gorbalenya AE, Snijder EJ (1996). Viral cysteine pro-
teinases. Perspect Drug Discov Des 6: 64—86.

Herold J, Gorbalenya AE, Thiel V, Schelle B, Siddell SG
(1998). Proteolytic processing at the amino terminus of
human coronavirus 229E gene 1-encoded polyproteins:
Identification of a papain-like proteinase and its sub-
strate. J Virol 72: 910-918.

Hughes SA, Bonilla PJ, Weiss SR (1995). Identification of
the murine coronavirus p28 cleavage site. J Virol 69:
809-813.

Kanjanahaluethai A, Baker SC (2000). Identification of
mouse hepatitis virus papain-like proteinase 2 activity.
J Virol 74: 7911-7921.

Kim JC, Spence RA, Currier PF, Lu X, Denison MR (1995).
Coronavirus protein processing and RNA synthesis is

Cleavage by coronavirus papain-like proteinase 1
H Teng and SR Weiss 149

inhibited by the cysteine proteinase inhibitor E64d.
Virology 208: 1-8.

Lee H-J, Shieh C-K, Gorbalenya AE, Koonin EV, La
Monica N, Tuler J, Bagdzhadzhyan A, Lai MMC (1991).
The complete sequence (22 kilobases) of murine coro-
navirus gene 1 encoding the putative proteases and RNA
polymerase. Virology 180: 567—582.

Lim KP, Liu DX (1998). Characterization of the two overlap-
ping papain-like proteinase domains encoded in gene 1
of the coronavirus infectious bronchitis virus and de-
termination of the C-terminal cleavage site of a 87-kDa
protein. Virology 245: 303—312.

Liu DX, Xu HY, Brown TDK (1997). Proteolytic process-
ing of the coronavirus infectious bronchitis virus 1a
polyprotein: Identification of a 10-kilodalton polypep-
tide and determination of its cleavage sites. J Virol 71:
1814-1820.

Pifién JD, Mayreddy RR, Turner JD, Khan FS, Bonilla PJ,
Weiss SR (1997). Efficient autoproteolytic processing of
the MHV-A59 3C-like proteinase from the flanking hy-
drophobic domains requires membranes. Virology 230:
309-322.

Schiller JJ, Kanjanahaluethai A, Baker SC (1998). Process-
ing of the coronavirus MHV-JHM polymerase polypro-
tein: Identification of precursors and proteolytic prod-
ucts spanning 400 kilodaltons of ORF1a. Virology 242:
288-302.

Shi ST, Schiller JL, Kanjanahaluethai A, Baker SC, Oh
J-W, Lai MMC (1999). Colocalization and membrane as-
sociation of murine hepatitis virus gene 1 product and
de novo-synthesized viral RNA in infected cells. J Virol
73: 5957-5969.

Snijder EJ, Meulenberg JJM (1998). The molecular biology
of arterivuruses. | Gen Virol 79: 961-979.

Teng H, Pifién JD, Weiss SR (1999). Expression of murine
coronavirus recombinant papain-like proteinase: Effi-
cient cleavage is dependent on the lengths of both the
substrate and the proteinase polypeptides. J Virol 73:
2658—-2666.

van Dinten LG, Rensen S, Gorbalenya AE, Snijder EJ (1999).
Proteolytic processing of the open reading frame 1b-
encoded part of arterivirus replicase is mediated by nsp4
serine protease and is essential for virus replication.
J Virol 73: 2027—-2037.

Weiss SR, Hughes SA, Bonilla PJ, Turner JD, Leibowitz JL,
Denison MR (1994). Coronavirus polyprotein process-
ing. Arch Virol 9: 349-358.

Yount B, Curtis K, Baric RS (2000). An approach to sys-
tematically assemble large RNA and DNA genomes: The
transmissible gastroenteritis virus model. J Virol 74:
10600-10611.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


