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Summary. The sequence of the MHV-A 59 non-structural gene 4 (ns 4) reveals 
two open reading frames. The upstream ORF potentially encodes a 19 amino 
acid (2.2 kDa) polypeptide and the downstream ORF potentially encodes a 106 
amino acid ( l l .7kDa)  polypeptide. This is in contrast to MHV-JHM gene 4 
which expresses a 15 kDa protein. Cell free translation of a synthetic mRNA 
containing both ORFs of MHV-A 59 ns 4 results in the synthesis of a 2.2 kDa 
poylpeptide; the predicted l l .7kDa product of the MHV-A 59 downstream 
ORF is not detected during cell free translation nor in infected cells. These 
results add to the recent data suggesting that expression of some of the ns 
proteins of MHV is not necessary for efficient growth in tissue culture. 

The murine coronavirus MHV contains a single stranded positive sense genome 
of approximately 31 kb [3, 10, 14]. MHV synthesizes a nested set of subgenomic 
mRNAs; in general, each mRNA is translated from its 5' ORF although in at 
least one case a downstream ORF is also translated [4, 12]. The genome of 
MHV strain A 59 encodes the following structural proteins: N, the 50 kDa basic 
nucleocapsid protein; S, the glycoprotein that forms the spikes on the viral 
envelope and is responsible for attachment and induction of cell fusion and M, 
the transmembrane glycoprotein [18]. In addition, the genome contains an 
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approximately 22 kb gene encoding the putative viral polymerase(s) and several 
genes encoding small non-structural proteins. The polypeptides predicted to be 
encoded by these non-structural genes include the basic 30kDa polypeptide 
encoded by ORF 2a [2, 22], the basic 13.9 and hydrophobic 9.6kDa poty- 
peptides encoded by ORFs 5 a and 5 b respectively [4]. Both the 30 kDa and 
9.6 kDa polypeptides have been detected in infected cells using specific antisera 
[2, 12, 22]. The 13.9kDa polypeptide is synthesized poorly during in v i t ro  
translation of a synthetic RNA containing ORF 5 a and it is not clear whether 
the 13.9 kDa polypeptide is in fact synthesized during infection [4]. While it is 
unclear what the functions of these ns proteins are, sequence analyses suggest 
that the 30kDa and 13.9 kDa polypeptides may play a role in RNA binding 
and the 9.6 kDa polypeptide may interact with membranes. Another non-struc- 
tural polypeptide, 15 kDa in size, has been shown to be encoded by ORF 4 of 
MHV-JHM and has been detected, using an antibody, during infection with 
JHM [6]. While no function has been attributed to this 15 kDa JHM ns 4 gene 
product, it is predicted to be an integral membrane protein [17]. A 14kDa 
protein was reported in A 59 infected cells [ 13, 15]; however, there are no data 
to link this protein to the ns 4 gene. We report here the sequence of ns 4 of 
MHV-A 59. We have found that the sequence of A 59 ns 4 differs from that of 
JHM such that deletions within the 15 kDa polypeptide coding region result in 
the presence of two ORFs instead of the one encoding the 15 kDa polypeptide. 

Figure 1 shows the sequence of the MHV-A 59 ns 4 gene including the in- 
tergenic consensus sequences preceeding the ns 4 and ns 5 genes. This was ob- 
tained by sequencing three A 59 cDNA clones. Clone 344, obtained by cloning 
of oligo (dT) primed cDNA transcribed from A 59 genome RNA [5], was 
cleaved with Hae III and Hpa II and subcloned into the RF of M 13 bacterio- 
phage. Subclones were sequenced using dideoxynucleotide sequencing tech- 
nology and an M 13 universal sequencing primer [5]. Clones 613 and 332 were 
obtained from a cDNA library constructed from randomly primed cDNAs 
transcribed from A 59 genome RNA [14]; the ns 4 region was sequenced using 
oligonucleotide primers on double stranded plasmid DNAs. The sequence up 
to nt 110 of A59 was confirmed by sequencing of genome RNA using an 
oligonucleotide primer complementary to nucteotides 123-150. This A 59 ns 4 
sequence is similar to that of JHM but has single nucleotide deletions that result 
in frame shifts. This creates two ORFs in the A 59 sequence as opposed to one 
for the JHM sequence. The one base deletion just downstream of the AUG 
initiation codon of ORF 4 of JHM (nt 76 of the A 59 sequence) interrupts the 
15kDa protein ORF and instead results in two ORFs in this region, one 19 
amino acids or 2.2kDa and the other 106 amino acids or 11.7 kDa. (See Fig. 1 
for nucleotide sequence and Fig. 2 for predicted amino acid sequence.) There 
is another one base deletion near the 3' end of JHM ORF 4 (nt 389 of the A 59 
sequence) that results in a protein truncated at the carboxyterminus relative to 
the JHM protein. We are confident that this sequence (including the deletions) 
is not due to cloning artifacts as it was obtained from at least two cDNA clones 
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A59 

JHM 

A59 

JHM 

A59 

JHM 

3/4 intergenic 
AGAAA_ATCTAAACAATTTATAGCATTCTCATTGCTACCTGGCCCCGTAAG-50 

AGAAAATCTAAACAATTTATAGCATTTTAGTTGCTACTTTGCTCCTCTAG-50 

4 a ~  
AGG - CAGTCA-TAGCTATGGCCGTGTT-GGTCCTAAGGCTACATTGGCTG- 97 

AGGG CAG CAAGTAGTTATGG C C CT CATCGGT CCCAAGACTACTATTGCTG - 100 
4 ~  

4a TERM 4b--e~ 
CTGTCTTTATTGGTCCATTTATTGTAGCATGTATGCTAGGCATTGGCCTA-147 
******************** , *************************** 

CTGTCTTTATTGGTCCATTTCTAGTAGCATGTATGCTAGGCATTGGCCTA-150 

A59 

JHM 

GTTTATTTATTGCAATTGCAAGTTCAAATTTTTCATGTTAAGGATACCAT-197 

GTTTATTTATTGCAATTGCAAGTTCAAATTTTTCATGTTAAGGATACCAT-200 

A59 

JHM 

ACGTGTGACTGGCAAGCCAGCCACTGTGTCTTATACTACAAGTACACCAG-247 

ACGCGTGACTGGCAAGCCAGCCACTGTGTCTTATACTACAAGTACACCAG-250 

A59 

JHM 

T~CACCGAGCGCGACGACGCTCGATGGTACTACGTATACTTTAATTAGA-297 

TAACGCCGGTTGCAACTACGCTCGACGGTACTACGTATACTTTAATTAGA-300 

A59 

JHM 

A59 

JHM 

CCCACTAGCTCTTATACAAGAGTTTATCTTGGTACTCCAAGAGGTTTTGA-347 

CCCACCAGCTCTTATACAAGAGTCTACCTTGGTAGTTCAAGAGGTTTTGA-350 

4/5 intergenic 
TTATAGTACATTTGGGCCTAAGACCCTAGATTATGTTACTA&-TCTAAAC-396 
. ************ ******** ********* ****** ******* 

TACTAGTACATTTGGTCCTAAGACTCTAGATTATATTACTAGTTCTAAAC-400 

A59 CTCATCTTAAGTCTGGTCGTCCATATACTTTTAAGGCA-TTGTCCAGG CA-445 

JHM CTCATCTTAATTCTGGCCGTCCATACACACTTA-GG CACTTGCCGAAGTA- 449 

4b TERM 
5---e~ 

A59 TATGAGA CCAACAGCCACATGGA- -TTTGG CATGTGAG- 481 

JHM TATGACACCACCAG CTACATGGAGATTTGGCTTGTGAG - 487 
5 ~ 4 TERM 

Fig. I. Comparison of the nucleotide sequences of ns 4 of A 59 and JHM. The nucleotide 
sequence of the ns4 gene of A59 was obtained from cDNA clones 344, 613, 332. The 
sequence of JHM was taken from Skinner and Siddell [17] and confirmed by sequencing 
of pIBI 31.JHMD (described in text). The initiation and termination codons of ORFs 4, 

4 a and 4 b, as weli as the intergenic consensus sequences are indicated by underlining 

across the entire region. Furthermore, the same sequence (up to nucleotide 110 
of  the A 59 sequence) was obtained from genome R N A .  The viral R N A  used 
for c D N A  cloning or for R N A  sequencing was derived from virus that was 
never more than three passages away from clonal isolation by plaque purifi- 
cation. Thus it is unlikely that deletions have arisen through multiple passages 
of  virus. 
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ORF 4a ORF 4b 55 
MAVLVLRLHWLLSLLVHLL---MLGIGLVYLLQLQVQIFHVKDTIRVTGKPATVS A59 

MALIGPKTTIAAVFIGPFLWACMLGIGLVYLLQLQVQIFHVKDTIRVTGKPATVS JHM 

ORF 4 

Ii0 
YTTSTPVTPSATTLDGTTYTLIRPTSSYTRVYLGTPRGFDYSTFGPKTLDYVTNL A59 
e~w,wwwww www**wwww*wew~w,www*www* *w** wwwwwwww*w * 

YTTSTPVTPVATTLDGTTYTLIRPTSSYTRVYLGSSRGFDTSTFGPKTLDYITSS JHM 

139 

NLILSLWHILLR/{CPGI ........... A59 

KPHLNSGRPYTLRHLPKYMTPPATWRFGL JHM 

Fig. 2. Comparison of the predicted proteins encoded in ns 4 of A 59 and JHM. The nu- 
cleotide sequences of ns 4 were translated into protein sequences. The predicted proteins 
of A 59 ORFs 4 a and 4 b and JHM ORF 4 were aligned using the ALIGN program of 

PC/gene 

The predicted 2.2 kDa protein encoded in ORF 4 a of A 59 would be quite 
hydrophobic (Fig. 3) and thus if expressed in vivo may contain a membrane 
spanning region. The predicted 11.7 kDa protein encoded in ORF4b  is, for 
most of its length, similar to the JHM 15 kDa protein (Figs. 2 and 3). Both the 
A 59 and JHM proteins are predicted to be integral membrane proteins; how- 
ever, because the A 59 protein is truncated at both ends there are some differ- 
ences. The A 59 protein has two predicted membrane spanning domains (amino 
acids 1-17; 84-100) while the JHM has one (amino acid 10-26). 

Like MHV-A 59, the antigenically related bovine coronavirus (BCV) genome 
contains two ORFs (potentially encoding 4.9 and 4.8 kDa polypeptides). Abra- 
hams etal. [1] suggested that these ORFs could have arisen from a one-nu- 
cleotide deletion in an ORF similar to ns 4 of JHM or the 4 b polypeptide 
encoded by A 59 described here. 

Thus, ns 4 of A 59 resembles in structure the ns 5 gene in which two ORFs 
follow one intergenic consensus region and are present on one mRNA. In the 
case of ns 5 the downstream ORF is the more frequently expressed by cell free 
translation and also has been the only one detected in infected cells [12]. Thus 
we wanted to determine which is the more likely to be translated with ns 4. The 
region encoding ns 4 (containing ORF 4 a and ORF 4 b) was excised from A 59 
cDNA clone 613 and ligated into pIBI 31 downstream of the T 7 bacteriophage 
RNA polymerase promoter (pIBI 31.A 594 ab). Briefly pIBI 31.A594 ab was 
constructed as follows. Clone 613 was cleaved with Ssp I (about 60 nts upstream 
of the gene 3/4 intragenic sequence) and Dra I (about 150 nts downstream of 
the O R F 4 b  terminator). This fragment was then treated with Bal31. The 
resulting 650 nt fragment was ligated into Hinc II cut pIB131 downstream of 
the T 7 RNA polymerase promoter. This plasmid was cleaved with HindIII 
and Pst I, blunt-ended with T 4 DNA polymerase and religated. This last step 
removed a potential ATG initiation site for protein synthesis in the multiple 
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Fig. 3. Hydropathy plots for the proteins predicted from the sequences of MHV-A 59 ORFs 
4 a and 4 b and JHM ORF 4. Hydropathy plots [9] were derived from the amino acid 
sequences shown in Fig. 2. Each bar represents the average hydropathy of a segment 5 
amino acids long. Each bar is placed at the midline of the segment. The baseline ( -  0.49) 
is the average hydropathy for most proteins that have been sequenced. A A 59 ORF 4 a; 

B A 59 ORF 4 b; C JHM ORF 4 

cloning site. As a control, R N A  was transcribed from a plasmid containing the 
O R F  4 o f J H M  (pIBI 31. JHM 4), encoding the 15 kDa  protein. The construction 
of  pIBI 31. JHM 4 was accomplished as follows. JHM c D N A  clone 370-1 [11] 
D N A ,  spanning genes 4, 5, 6 and containing portions o f  genes 3 and 7 was 
amplified by polymerase chain reaction utilizing primers complementary to the 
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termini of gene 4 and cloned into the Hinc II site of pIBI 31 downstream of the 
T 7 promoter.  The viral sequences in this clone were sequenced and the gene 4 
insert found to have the identical sequence to that reported previously [17]. 

After linearization of  plasmids pIBI 131.JHM 4 and pIBI 31.A 594 ab with 
Eco RI, capped R N A  transcripts were synthesized using T 7 R N A  polymerase 
in reactions containing 300 ng of template D N A  as described by Krieg and 
Melton [8]. R N A  was transcribed in vitro using T 7 R N A  polymerase [8] and 
translated in a wheat germ lysate. The results of  these translations are shown 
in Fig. 4. The major  product  of  translation of the A 59 R N A  is the predicted 

Fig. 4. Celt free translation of RNAs encoding JHM and A 59 gene 40RFs. Approximately 
equal amounts of RNA, about 200 ng, were translated utilizing a wheat germ translation 
kit (Promega) and the translation products analyzed by SDS-PAGE in a 20% polyacryl- 
amide gel. a Translation reactions programmed with transcripts representing JHM gene 4; 
b translation reactions programmed with transcripts representing A 59 gene 4; c translation 
reactions in the absence of added RNA. The positions of molecular pre-stained weight 

markers (BRL) are indicated to the left of the autoradiograph 

Fig. 5. Detection of ORF4 products in M tfV-A 59 and MHV-JHM infected cells. Lysates 
of 17C1-1 cells, either infected with MHV-A 59 (a), mock infected (b) or infected with 
MHV-JHM (c) were electrophoresed in 15% polyacrylamide gels, transferred to nitrocel- 
lulose and analyzed by Western blot [-19] using anti antiserum (1:200 dilution) directed 
against a peptide encoded in JHM ORF 4 (as described in the text). Binding of antibody 

was visualized using 125I-labeled protein A (ICN) 
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2.2 kDa polypeptide encoded in the upstream ORF. Thus in vitro translation 
of a synthetic mRNA containing the open reading frames of ns 4 results primarily 
in the polypeptide encoded in the upstream ORF. This is not surprising as the 
AUG initiation codon for ORF 4 a is not only near the 5' end of the RNA but 
also is in a better context for translation. ORF 4 a is initiated with the sequence 
GCU AUG G while ORF 4 b contains UGU AUG C. The consensus sequence 
for protein synthesis initiation by ribosome scanning is A(G)CC A UG GG with 
the - 3 and + 4 positions (the A of the AUG is position 1) being the most 
important for efficency of initiation of translation [7]. 

Given the sequence of ORF 4 a, b of MHV-A 59 and the cell-free translation 
results described above, it seemed unlikely that the 15 kDa protein observed in 
JHM infected cells would be present in A 59 infected cells. However, to confirm 
this, and to determine if the predicted 11.7 kDa protein was expressed from 
MHV-A 59 ORF 4 b, we used an antiserum directed against the JHM 15 kDa 
ns 4 gene product to detect products of ORF 4 in cells infected with MHV-A 59 
or MHV-JHM. Since this antiserum (obtained from Dr. Stuart Siddell, Wiirz- 
burg, Federal Republic of Germany) is directed against a peptide containing 
the 71 carboxyterminal amino acids of the JHM 15 kDa ns 4 gene product [6], 
it should detect an A 59 polypeptide encoded in A 59 ORF 4 b (see Fig. 2). As 
shown in Fig. 5, using a Western blot assay, this antiserum detected the JHM 
15 kDa ORF 4 product, but did not detect a polypeptide in MHV-A 59 infected 
cells. Thus it is unlikely that the predicted A 59 ORF 4 b product is synthesized 
in infected cells. This antiserum would not be expected to detect the predicted 
2.2 kDa product of MHV-A 59 ORF 4 a. 

Recent data have suggested that some of the MHV small ns proteins may 
not be necessary for efficient replication in cell culture. MHV strains lacking 
expression of ORF 2 a [16] in one case and ORF 4 and 5 a [21] in another have 
been identified. In both these cases the corresponding mRNAs are not synthe- 
sized due to mutations in the intergenic region or deletions in the coding regions 
(Table 1). In the case ofns 4 of A 59, it is clear that the 15 kDa protein synthesized 
by JHM is not synthesized and thus is not necessary for A 59 replication in cell 
culture. It is also unlikely that an alternative polyprotein is expressed from 

Table 1. Expression of  the ns 4 gene in several strains of MHV 

MHV-strain Intergenic sequence mRNA 4 ORFs (kDa) 

JHM AAUCUAAAC + 15 
MHV-S AAUUUAAAC - 15 
A 59 AAUCUAAAC + 2.2, 11.7 

The data for JHM were taken from Skinner and Siddell [17] and the data for MHV- 
S were taken from Yokomori  and Lai [21]. The proteins predicted from the ORFs were 
deduced from the nucleotide sequences of  the ns 4 genes of  the three strains, mRNA 4 of 
A 59 has been shown to be expressed in many publications (for example [5, 20]) 
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M H V - A  59 O R F  4 b. However ,  while m R N A  4 is expressed at as least as high 
levels for A 59 as for J H M  [20], it is no t  clear whe ther  the 2.2 k D a  polypept ide 
is indeed necessary for replication. It  is possible that  the differences in expression 
o f  ns 4 could influence the different  pa thogenic  potentials  o f  M H V - A  59 and  
JHM.  
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