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The 5' most gene of the murine coronavirus genome, gene 1, is presumed to encode the viral RNA
dependent RNA polymerase. cDNA clones representing this gene encompass more than 22 kilobases, 
suggesting that this region may encode multifunctional polyprotein(s). It has previously been shown that the 
N-terminal portion of this gene product is cleaved into a protein of 28 kilodaltons (p28). To identify possible 
functional domains of gene 1 and further understand the mechanism of synthesis of the p28 protein, cDNA 
clones representing the 5'-most 5.3 kilobases of the murine coronavirus mouse hepatitis virus strain JHM were 
subcloned into pT7 vectors from which RNAs were transcribed and translated in vitro. Although p28 is 
encoded from the first 1 kilobase at the 5'-end of the genome, translation of in vitro transcribed RNAs indicated 
that this protein was not detected unless the product of the entire 5.3 kilo base region was synthesized. This 
result suggests that the region close to 5.3 kilobases from the 5'-end of the genomic RNA is essential for the 
proteolytic cleavage and may contain an autoproteolytic activity. Addition of the protease inhibitor ZnCl2 
blocked cleavage of the p28 protein. Site-directed mutagenesis of Cys residue 1137 significantly reduced the 
cleavage of the p28 protein, indicating that this residue, probably in conjuction with a downstream domain, 
plays an essential role in the cleavage of p28. This Cys residue may be part of a papain-like autoprotease 
encoded by gene 1. 

INTRODUCTION 

Mouse hepatitis virus (MHV) contains an RNA genome of more than 6 x 106 molecular weight (15, 
27). Upon infection of a susceptible cell, the viral genomic RNA is first translated, producing the viral RNA
dependent RNA polymerase. This polymerase transcribes the virion genomic RNA into a negative-stranded 
RNA, which is, in turn, transcribed into a positive-sensed genomic RNA and six subgenomic mRNAs (2, 3, 
12, 14). These mRNAs form a nested-set structure and contain an identical 5'-end leader sequence of 
approximately 72 nucleotides, which is derived by a unique leader-primed transcription mechanism (13, 19,21, 
24). 

In vitro translation studies of MHV mRNAs revealed three viral structural proteins which are the 
nucleocapsid protein, N, and two glycoproteins, M and S. Several small, nonstructural proteins are also en
coded by sUbgenomic mRNAs (17,22). The largest mRNA, which is of genomic length, is thought to encode 
the viral RNA-dependent RNA polymerase. Sequencing of the entire genome of another coronavirus, avian 
infectious bronchitis virus (!BV), suggests that this gene has a capacity to encode two very large proteins of 
larger than 300 kilodaltons (kDa) (I, 6). In vitro translation studies of murine coronavirus genomic RNA 
indicated that a large polyprotein of 250 kDa is synthesized and cleaved to 28 kDa and 220 kDa proteins (7,23). 
The p28 protein has been detected in MHV -infected cells (8). Previous sequencing and translation studies had 
established that the p28 protein represents the N-terminal portion of the presumed RNA polymerase precursor 
(7,23). To further elucidate the structure and mechanism of synthesis of the potential RNA-dependent RNA 
polymerase of MHV, eDNA clones representing the 5'-end 5.3 kilobase (kb) region of genomic RNA were 
translated in vitro. Translation studies of in vitro synthesized RNA derived from these eDNA clones showed 
that this protein may contain an autoproteolytic activity which is responsible for the cleavage of the p28 
protein. The protein domain essential for this proteolytic activity is located in the region from 3.9 to 5.3 
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Fig. 1. Schematic diagram of cDNA clones representing MHV ·JHM gene 1. Lengths are expressed in kilobase 
pairs (kb). 

kb from the S'·end of the genomic RNA. Site·directed mutagenesis of this cDNA suggests that Cys 1137 
interacts with this domain and is essential for the cleavage of p28. 

MATERIALS AND METHODS 

cDNA Clones, cDNA clones representing the entire genome of MHV ·JHM were generated by priming 
for first·strand cDNA synthesis with specific oJigodeoxyribonucleotides as previously described (21, 23). Fig. 
1 shows the positions of the cDNA clones relative to MHV ·JHM genomic RNA. 

In vitro transcription and translation. Plasm ids pTI·NH, pTI·N2H, and pTI·NBgl consist of MHV· 
JHM gene 1 sequence from the Nar I site (nucleotide 187) to the first Hind III site (nucleotide 1989), the second 
Hind III site (nucleotide 3880), and the Bgi II site (nucleotide S273), respectively, inserted downstream from the 
T7 polymerase promoter (26). DNA was linearized in the polylinker region following the MHV sequence by 
digestion with restriction enzyme Eco RI and transcribed in vitro with T7 RNA polymerase as previously 
described (23). The resulting RNA was translated in an mRNA·dependent rabbit reticulocyte lysate (Promega 
Biotech) under conditions optimized for MHV RNA translation (7). 

Immunoprecipitation of in vitro translated proteins. Anti·p28 serum was generated in rabbits directed 
against a synthetic peptide representing amino acids 78·93 (NH3·R·D·I·F· V·D·E·D·P·Q·K· V ·E·A·S·T·COOH) 
of the p28 protem (23). Immunoprecipitation was performed by the method of Kessler (11) and proteins were 
analyzed by electrophoresis on S to I2.S% SDS·polyacrylamide gels (18). 

Mutagenesis of plasmid pT7·NBgL Site·directed mutagenesis was accomplished following the 
procedure of Higuchi et aI using oligonucleotides containing specific mismatches and the polymerase chain 
reaction to amplify mutated DNA (10). Briefly, oligo #98 (S'·GTGAGGCATGCGACAGGGAA-3'), 
encompassing the unique Sph I site at nucleotide 3339, and oligo #99 (S'·CGAAGCCAAGAATTAGTACG·3,) 
containing a mismatch at nucleotide 3624, were used to prime DNA synthesis from plasmid pTI·NBgi in the 
polymerase chain reaction (PCR). Likewise, oligo #101 (S'·CGCTCTTAACTAGTTTGTCC·3'), en· 
compassing a unique Spe I site at nucleotide 3743 and oligo #100 (S'·CGTACTAA TTCTTGGCTGCG·3') also 
containing a mismatch at nucleotide 3624 were used to prime DNA synthesis from pTI·NBgl. The product 
DNAs from these two reactions were then mixed, denatured and reassembled, and oligos #98 and #101 added to 
again prime DNA synthesis by PCR. The resulting PCR product DNA consisted of MHV genomic cDNA 
sequence from nucleotide 3334 to 37S6 with a specific mutation (G to C) at nucleotide 3624 which would 
result in an amino acid change from cysteine to serine at residue 1137. The DNA was digested with Sph I and 
Spe I and inserted into the Sph I to Spe I site ofpTI·NBgl and the resultanL plasmid designated pTI·NB.l. The 
specific mutation was confirmed by sequencing the double stranded plasmid DNA using the Sequenase system 
(US Biochemicals). 

RESULTS 

cDNA cloning of MHV ·JHM. To understand the structure and biochemical properties of the probable 
RNA polymerase of MHV, cDNA clones representing the entire gene were preparcd (Fig. 1). From preliminary 
sequence information, we estimate the size of gene 1 to be greater than 22 kilobases, making the genomic RNA 
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Fig. 2. Translation and immunoprecipitation of MHV-JHM gene 1 polypeptides (left). Capped RNA was 
synthesized from linearized plasmids pTI-NH, p17-N2H, and pT7-NBgl with T7 RNA polymerase. The RNA 
was translated in vitro in rabbit reticulocyte lysates in the presence of (35S)-methionine. The protein products 
were analyzed on a 3 to 12.5% gradient SDS-polyacrylamide gel. Lanes A, B, C, and D, respectively, show 
translation products of MHV-JHM genomic RNA, pTI-NH generated RNA, pT7-N2H generated RNA, and 
pT7-NBgl generated RNA. Lanes E, F, G and H show the products of immunoprecipitation with antiserum to 
p28. Lane M contained (l4C)-labeled marker polypeptides; molecular masses are given in kilodaltons on the 
left. 

Fig. 3. Effects of ZnCl2 on cell-free translation of gene 1 RNA (right). Zinc Chloride (1 mM) was added to 
the reticulocyte lysate before the addition of RNA, and translation reactions were incubated for 90 min in the 
presence of (35S)-methionine. Lanes: A, control translation of MHV-JHM genomic RNA; B, with ZnCI2; 
C, translation of pT7-NBgl-generated RNA; D, with ZnCI2. 

of murine coronavirus approximately 32 kb. The sequence of the 5'-most 2.0 kb region encoding the p28 
protein has been reported previously (23). We have further extended the sequence for an additional 4.5 kb 
downstream (data not shown). 

Translation and processing of the MHV Gene 1 protein products. In vitro translation studies of MHV 
genomic RNA have revealed two primary protein products, p28 and p220 (7). It has previously been shown 
that p28 is an amino-terminal cleavage product of the MHV gene I protein (23). To obtain more information 
on the translation and processing of gene 1 protein products, we subcloned into pTI vectors various fragments 
of cDNA clones containing gene 1 sequences. These plasm ids represent gene 1 sequences starting from nu
cleotide 187, which is just upstream of the initiator AUG (nucleotide 215), and extend to 2.0,3.9, and 5.3 kb 
from the 5'-end of the genome. RNA was transcribed from linearized piasmids and translated in the presence of 
(35S)-methionine in rabbit reticulocyte lysates. The protein products were analyzed by polyacrylamide gel elec
trophoresis as shown in Fig. 2. In vitro translation of MHV-JHM genomic RNA resulted in the synthesis of 
the p28 and p220 proteins (Fig. 2, lane A), in agreement with the previously published results (7, 23). The 
identity of p28 was confirmed by its precipitation by an antiserum specific to a peptide of p28 (Fig. 2, lane E). 
In contrast, translation of an RNA representing the first 2.0 kb of gene 1 yielded only a primary translation 
product of approximately 65 kDa (Fig. 2, lane B). Translation of an RNA extending 3.7 kb into the gene 1-
coding region resulted in the translation of a primary protein product of approximately 135 kDa (Fig. 2, lane 
C). No p28 was detected in either of these two translation reactions even though both primary translation 
products are predicted to contain p28 sequence. However, translation of an RNA extending to 5.3 kb of the 
gene 1 sequence yielded a translation product of approximately 160 kDa and the p28 protein (Fig. 2, lane D). 
The identity of p28 was confirmed by its precipitation by the specific antiserum against the peptide of p28 

285 



1038 E V G E A CDR E G I A E V KAT V CAD A L D A C P D 0 V E A F D 1071 
3327 GAAGTCGGTGAGGCATGCGACAGGGAAGGGATTGCTGAGGTCAAGGCAACTGTGTGTGCTGATGCTTTAGATGCCTGCCCCGATCAAGTGGAGGCATTTGAT 3428 

Sph I 

1072 I E K V E D S I L S E L Q TEL NAP A D K T Y E D V L A FDA I { 1105 
3429 ATTGAAMGGTTGAAGACTCTATCTTAAGTGAGCTTCAAACCGAACTTAATGCGCCCGCGGACAAGACCTATGAGGATGTCTTGGCATTCGATGCCATATAC 3530 ... 
1106 SET L S A F Y A V P S D E T H F K V C G F Y SPA I E R T N C Ii L 1139 
3531 TCAGAGACGTTGTCTGCATTCTATGCTGTGCCGAGTGATGAGACGCACTTTAAAGTGTGTGGATTCTATTCGCCAGCTATAGAGCGTACTAATTGITGGCTG 3632 

1140 R S T L I V M Q S L P L E F K D L G M Q K L Ii L S Y K A G Y D Q C F 1173 
3633 !;GTTCTACTTTGATAGTAATGCAGAGTTTACCTTTGGAATTTAAAGACTTGGGGATGCAAAAGCTCTGGTTGTCTTACAAGGCTGGCTATGATCAATGCTTT 3734 

1174 V D K L V K SAP K S I I L P Q G G Y V A D FAY F F L S Q C S F K 1207 
3735 GTGGACl\MCTAGTTAAGAGCGCGCCCAAGTCTATTATTCTTCCACAAGGTGGCTATGTGGCAGATTTTGCCTATTT=CTAAGCCAGTGTAGCTTCAAA 3836 
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3637 GTTCATGCTAACTGGCGTTGTCTAAAGTGTGGCATGGAGTT~~~GGCTTGGJ\CGCCGTGTTTTTCTATGGAGACGTTGTGTCTCATATGTGTAAG 3938 

Hind III 

1242 C G N S M T L L SAD I P Y T F D F G V R D D K F C A F Y T P R K V 1275 
3939 TGTGGTAATAGCATGACCTTGTTGTCTGCAGATATACCTTACACATTCGATTTTGGAGTGCGAGATGJ\CAAATTTTGTGCTTTTTACACGCCGAGJ\AAAGTC 4040 

'V 
1276 F R A A C A V D V N D C H SMA V V D G K Q I D G K V V T K F N G D 1309 
4041 TTTAGGGCTGCTTGTGCGGTTGATGTTAATGATTGCCACTCTATGGCTGTTGTGGATGGCAAGCAAATTGATGGTAAAGTTGTTACCAAATTTAATGGTGAC 4142 

'V 
1310 K F D F M V G H GMT F S M S P F E I A Q L Y G SCI T P N V C F V 1343 
4143 AAATTTGATTTTATGGTGGGTCATGGTATGACATTTAGTATGTCTCCCTTTGAGATCGCCCAGTTATATGGTTCATGTATAACACCAAATGTTTGTTTTGTT 4244 

Fig 4. Sequence of the putative protease domain of MHV -JHM gene 1. A translation of the long open reading 
frame is shown in single-letter amino acid code. The cysteine residue proposed to be essential for protease ac
tivity is indicated by the filled triangle. Histidine residues which may be important for protease activity are 
indicated by open triangles. Sequences used to generate oligonucleotides used for site-directed mutagenesis are 
underlined. 

(Fig. 2, lane H). These data indicated that the translation of a region between 3.9 kb and 5.3 kb from the 5'-end 
of the genomic RNA is required for the cleavage of the N-terminal portion, p28, from the primary gene 1 
protein. The estimated molecular mass of the primary translation products of the three in vitro transcribed 
RNAs is 66 kDa, 136 kDa, and 186 kDa, respectively. This is in close agreement with the estimated 
molecular mass of the translation products detected on the gels: 65 kDa for pTI-NH, 135 kDa for pTI-N2H, 
and 160 kDa plus 28 kDa for pTI-NBgl. 

Interestingly, the 65 kDa protein from the pTI-NH-generated translation reaction was precipitated by 
p28-specific serum (Fig. 2, lane F), while the 135 kDa protein from the pTI-N2H translation reaction was not 
(Fig. 2, lane G), indicating that the p28 epitope is either unavailable for binding or absent from that protein. 
As predicted, p160 was not precipitated since it docs not contain the p28 sequence. The above data indicated 
that the cleavage of the p28 protein occurred only after the translation of a region more than 3.9 kb from the 5'
end of the viral RNA. This suggests that the region between 3.9 and 5.3 kb may contain an autoproteolytic 
activity or that it induces a conformational change in the protein which allows cleavage of p28. 

To identify the primary translation product of pTI-NBgl RNA, we performed in vitro translation in the 
presence of protease inhibitors. As has been shown previously (7), the cleavage of p28 from the primary trans
lation product (250 kDa) of MHV genomic RNA could be inhibited by addition of 1 mM ZnCI2 to the 
translation reaction (Fig. 3, lane B). When the pTI-NBgl RNA was translated in the presence of 1 mM ZnCI2, 
a protein of 185 kDa, but no p28, was obtained (Fig. 3, lane D). This result is in agreement with the predicted 
molecular weight of the primary translation product of this open reading frame. 

Identification of a putative protease domain. Analysis of the amino acid sequence of the gene 1 
polyprotein revealed a homology to the thiol family of proteases (Gorbalenya, A. E. and E. V. Koonin, 
personal communication). Thiol proteases such as papain, act by the juxtaposition of a cysteine (Cys) and a 
histidine (His) residue brought together by secondary structure to form a catalytic site. For MHV gene 1 
polyprotein, Cys 1137 and either His 1288 or His 1317 were identified as the probable amino acids that may be 
involved in the protease activity (Gorbalenya, A.T. and Koonin, E.V. personal communication). The positions 
of these amino acids are shown in Fig. 4. The Hind III site at the end of plasmid pTI -N2H falls between the 
Cys and His residues. The failure of pT7-N2H polyprotein to cleave p28 suggests that both Cys and His 
residues are required for the catalytic site. Site-directed mutagenesis was used to directly test the role of Cys 
1137 in the protease activity of the gene 1 polyprotein. Mutagenesis of this residue in pTI.NBgl was 
aecomplished by the method of Higuchi (10), using synthetic oligonucleotides and polymerase chain reaction as 
described in the Materials and Methods section. Nucleotide 3625, G, was converted to C, resulting in the 
amino acid change at position 1137 from Cys to serine (Ser). The mutant plasmid was designated pT7-NB.1. 
Mutagenesis was confirmed by sequencing the region of the mutation in both the parent and mutant plasmids 
(Fig. 5). 
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Fig. 5. Sequence of region encompassing the Cys to Ser mutation in plasmid pn-NB.l. (A) DNA sequence 
of plasmids pT7-NBgl and pn-NB.1 from nucleotide 3619 to 3632. (B) Translation of the open reading frame 
is shown in single-letter amino acid code. The G to C change is underlined. 

In vitro translation of RNA synthesized from pn-NB.l resulted in the synthesis of a large primary 
product of approximately 185 kDa (Fig. 6, lane B) in contrast to the pT7-NBgl-generated RNA which yield a 
smaller protein, p160, likely representing the processed protein (Fig. 6, lane A). As expected, when these 
translation reactions were precipitated with p28-specific antiserum, p28 was detected in the translation products 
of pT7 NBgl but not pT7-NB.l. Interestingly, the large primary protein product of 185 kDa was also 
precipitated from the pn-NB.l translation product (Fig. 6, lane D). This indicated that the conformation of 
this protein was such that the p28 epitope was available to bind to the antibody. Cys residue 1137 may be 
essential for both a conformational and catalytic role in the protease activity of the gene 1 polyprotein. 

DISCUSSION 

Theoretical considerations suggest that the S'-most gene of the RNA genome of MHV, gene 1, codes 
for MHV-specific RNA-dependent RNA polymerases (23). We estimate the size of this genetic region to be 
greater than 22 kb; so far, only the amino-terminal protein, p28, of the potential gene product has been detected 
in virus-infected cells (8). This large genetic region is probably expressed as a single protein since there is only 
one mRNA species corresponding to gene 1. According to the nested-set structure of coronavirus mRNAs (12), 
only one translation initiation site at the S'-end of each mRNA is utilized and, thus, only one functional protein 
is probably expressed from this entire gene. Significantly, the sequence of the avian coronavirus!BV genome 
reveals the presence of two overlapping ORFs in this region, which are likely translated into a polyprotein by a 
ribosomal frameshifting mechanism (4, 5). The exceptionally large size of this gene product suggests that the 
protein may have many different functional domains. Alternatively, the primary product of this large gene may 
undergo post-translational processing into smaller proteins. This possibility is comparable to other positive
stranded RNA viruses in which several non structural proteins are generated from post-translational cleavage of a 
single polyprotein (20, 25). Indeed, it has been shown that the 28 kDa protein is the N-terminal cleavage 
product of the gene 1 polyprotein (7, 23). The data presented in this report further show that this polyprotein 
may contain an autoproteolytic activity which is responsible for the cleavage of p28 from the primary 
translation product. . A potential papain-like protease domain was identified, which corresponds to 
approximately 3.6 to 4.2 kb from the S'-end of the genomic RNA. Interestingly, IBV also contains a papain
like protease region at 4.3 to 4.9 kb from the 5'-end of the genomic RNA (1). The presence of an autoprotease. 
activity may be a common feature for all coronaviruses. 

Mutagenesis of Cys residue 1137 indicated that it was essential for the autoprotease activity. This 
Cys residue probably interacts with a downstream region, since the 135 kDa protein containing amino acids 1-
1222 is unable to cleave p28 (Fig. 2). Cys 1137 may also be important for maintaining the conformation of 

287 



A 8 M C 0 

- 200 

.98 

67 

43 

~ 29 p28 ...... 

Fig. 6. Translation and immunoprecipitation of pT7-NBgl and pT7-NB.l polypeptides. Capped RNA was 
synthesized from linearized plasm ids pT7-NBgl and pT7-NB.l with T7 RNA polymerase. The RNA was 
translated in vitro in rabbit reticulocyte Iysates in the presence of (35S)-methionine. The protein products were 
analyzed on a 3 to 12.5% gradient SDS-polyacrylamide gel. Lanes A and B, respectively, show translation 
products of pT7-NBgl and pT7-NB.l generated RNA. Lanes C and D show the products of immunopre
cipitation with antiserum to p28. Lane M contained (14C)-labeled marker polypeptides; molecular masses are 
given in kilodaltons. 

the protein. The primary translation product p13S was not precipitated by anti-p28 serum, indicating that the 
epitope was unavailable. In contrast, the pT7-NB.l translation product, p18S, which had a Ser at 1137, was 
precipitated with anti-p28 serum. 

The gene 1 product of MHV may be a polyprotein analogous to that of picornaviruses, alphaviruses or 
flaviviruses (20,25). In these viruses, the proteases are an integral part of the polyprotein and cleave the 
polyprotein at several sites. It is likely that the proteolytic activity of the MHV gene 1 product may also 
cleave itself at several additional sites. These cleavage products may perform various functions directly or 
indirectly involved in RNA synthesis. Each cleavage product of the gene 1 polyprotein may belong to a 
separate complementation group (16). By computer analysis of the IBV gene 1 sequence, it has been suggested 
that this protein may contain different domains for RNA polymerase, helicase, nucleotide binding activities and 
several proteases (9). Indeed, the complex mechanism of MHV RNA synthesis may require all of these 
enzymatic activities. The approach demonstrated in this paper may help us identify the enzymatic activities 
associated with these proteins. We are currently working to determine the role of His residues in the proteolytic 
activity and to identify the minimal region of the protease domain. 
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