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Coronaviruses are enveloped viruses with a positive stranded RNA 
genome of about 20 kilo bases. Upon infection 6 subgenomic mRNAs are 
produced from a negative stranded template of genome length (Stern and 
Kennedy, 1980; Spaan et a1., 1981; Lai et a1., 1982). RNase T1 
fingerprinting and hybridization studies have shown that these subgenomic 
RNAs form a 3' cotermina1 nested set (Leibowitz et a1.,1981; Lai et a1., 
1981; Spaan et a1., 1982). Only the gene located at the 5' end of each 
subgenomic ~NA is translated. 

U.V. transcription mapping studies have shown that the subgenomic RNAs 
are synthesized independently (Jacobs et a1., 1981; Stern and Sefton, 
1982). However, in apparent contradiction with the idea of an independent 
initiation of coronavira1 RNA synthesis, it was subsequently found that all 
subgenomic RNAs share a 5' leader sequence of 65 nucleotides encoded by the 
3' end of the negative stranded template (Spaan et a1., 1983; Lai et a1., 
1984) • 

To explain these data we and others (Spaan et al., 1983; Baric et al., 
1983) have proposed that the viral mRNAs are synthesized by a discontinuous 
transcription process. Several models have been suggested to explain the 
fusion of the non-contiguous transcripts; jumping of the polymerase by 
looping out of the negative stranded template, co-transcriptional or post
transcriptional ligation of the leader and the bodies of the mRNAs and, 
priming of the mRNA body transcription by the leader. 

Recently Makino et al. (1986) have shown that fusion of the leader and 
the mRNA body is a trans-acting process. This excludes jumping of the 
polymerase by looping out of the negative stranded template. The presence 
of leader sequences on the replicative intermediates makes post
transcriptional ligation very unlikely (Baric et al., 1983). 

The remaining two models to explain the unusual transcription process 
of coronaviruses are shown in fig. 1. In the first model (A) independent 
initiation of transcription of leader and body sequences is proposed. The 
leader transcript is ligated to the body RNA while the latter is still 
being trancribed. In the second model (B) the leader serves as a primer for 
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the initation of the transcription at the conserved intergenic regions on 
the minus strand RNA. Reinitiation of transcription is completely leader 
dependent. At this moment we cannot discriminate between the two 
mechanisms. 

In order to identify the sequences involved in the joining of the MHV
A59 leader and mRNA body sequences we have determined the sequence of the 
so called fusion regions located upstream of each gene. To investigate the 
possibility for the MHV leader to act as a primer during viral 
transcription in more detail we have in addition determined the nucleotide 
sequence of the extreme 5' end of the genome. Our data show that the fusion 
region is also located at the 5' end of the genome of MHV. Therefore a 
putative free leader would have a structure that is complementary to the 
internal reinitiation sites on the negative stranded template. 

METHODS 

cDNA Synthesis and Cloning 

cDNA was prepared from genomic RNA and poly (A) selected RNA, \Ising 
pentanucleotides or oligo-dT as a primer. First and second strand cDNA 
synthesis was carried out essentially as described by Gubler and Hoffman 
(1983). Double stranded cDNA was dC-tailed, annealed into Pst 1 cleaved dG 
tailed pUC9 and subsequently transformed (Hanahan,1983) into~. coli strain 
JM109. 
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Fig. 1. Two possible models for the discontinuous transcription of 
coronaviruses. 



Screening and Analysis of the Recombinants 

In situ hybridization of bacterial colonies with kinase-labeled 
oligonucleotides was performed according to Maniatis et al. (1982) and 
Meinkoth and Wahl (1984). Before hybridization the filters were treated 
with 50 pg/ml proteinase K to reduce background hybridization. Plasmid DNA 
was prepared from positive colonies according to Birnboim and Doly (1979). 
Restriction enzyme digestions were performed using standard methods. 

DNA Sequence Analysis 

Virus specific DNA fragments were separated by agarose gel 
electrophoresis and purified by binding to NA 45 paper (Schleicher and 
Schuell) and subsequently recloned into bacteriophage M13 mp9. Sequencing 
was carried out using the chain termination procedure of Sanger et al. 
(1980). The data were analyzed on a DEC 20/60 computer using the programs 
of Staden (1986). 

RESULTS 

cDNA cloning and mapping of recombinant plasmids 

Initially, molecular clones of cDNA prepared from poly (A) selected 
RNA were o/)tained using oligo-dT as a primer. The largest clone isolated 
from this library contained a cDNA insert corresponding to a full-length 
mRNA 5. To clone the remaining part of the MHV genome a cDNA library from 
random primed viral genomic RNA was prepared which library contained 
recombinant plasmids with virus-specific inserts up to 8.5 kilo bases (kb). 
Several of the obtained recombinant plasmids hybridized with a leader
specific probe. 

From these two libraries several large clones were selected. They were 
used to construct a continuous map of approximately 17 kb starting at the 
3' end of the genome (Fig 2). Hybridization studies did not reveal any 
overlap between cDNA clones located at the 5' end part of this alignment 
and the recombinant plasm ids containing leader sequences (data not shown). 
Considering the length of the largest MHV leader positive insert which is 
approximately 3 kb and the continuous map of 17 kb it is obvious that the 
MHV-A59 genome is larger than 20 kb. 

S' _____________ .A ________________ .B ________ .c ______ B.E.,.F., __ G ... 3' 

~ 1 kb. 

Fig. 2. Map of the MHV-A59 genome showing the localization of the most 
important clones obtained. Letters A to G indicate the viral genes. 
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Homology region Intergenic region 

TGACGGTGTTAGATTGCATGAGGCATAATCTAAACATGCTGTTCGTGTTTATTC 

TCACAGCCTCTCCTGGAAAGACAGAA~ATCTAAA~TTATAGCATTCTCATT 
I I 

GGCCTAAGACCCTAGATTATGTTACTAATCTAAACCTCATCTTAATTCTGGTCG 
I I 

GCCCCTATTAGAGGTGGATGATATCTAATCCAAACATTATGAGTAGTACTACTC 
I 1-

CGCGGACACCGCATTGTTGAGAATCTAATCTAAACTTTAAGGATGTCTTTTGTT 

I T I -
AATC AAAC 

C 

2/3 

3/4 

4/5 

5/6 
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Fig. 3.Comparison of the sequences of inter genic regions on the MHV-A59 
genome. The vertical lines enclose the homology region. The start 
codons of the E2, El and nucleocapsid gene are underlined. The 
sequence of the intergenic region 4/5 has been published by 
Budzilowicz et al., (1985), the sequences of the intergenic regions 
5/6 and 6/7 are from Spaan et a1., (1983). 

Sequences involved in the replication of MHV-A59 

From the random-primed cDNA library several clones were isolated to 
determine the sequence of the MHV-A59 E2 gene (W. Luytjes et a1., 
manuscript in preparation). Immediately upstream and downstream of the open 
reading frame encoding the peplomer protein (E2), two hitherto unknown 
intergenic regions are located. They show a remarkable homology with the 
three intergenic regions already known (Fig. 3) (Spaan et al., 1983; 
Budzilowicz et a1., 1985). 

Restriction enzyme digestions of the leader-positive clones obtained 
from the genomic cDNA library revealed that these clones have an identical 
map. The inserts of two clones were recloned in bacteriophage M13 and 
sequenced (Fig. 4). The 5' end of this sequence is identical to the leader 
sequence of mRNAs 5,6, and 7. The presented sequence is incomplete at the 
5' end. The first 21 nucleotides (as determined by Lai et., 1984) are not 
present in the clones. The underlined sequence AATCTAAAC is very similar to 
the nucleotide sequence at the leader/body junctions of these mRNAs. 
Starting at position 99 there is a very small open reading frame with the 
potential to encode a protein of only 8 amino acids. 

5' 
22 TACGTACCCTCTCAACTCTAAAACTCTTGTAGTTTAAATCTAATCTAAACTTTATAAACG 81 

GCACTTCCTGCGTGTCCATGCCCGTGGGCCTGCTCTTGTGATAGTGTCTGACATTTGTAG 141 

Fig. 4. Sequence of the 5' end of the MHV-A59 genome. The numbering of the 
nucleotides is taken from Lai et a1. (1984). 
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DISCUSSION 

In this paper the isolation and sequence analysis of cDNA clones 
containing important sequences for the replication of MHV-A59 is described. 
Although we have cloned approximately 20 kb of the MHV-A59 genome there is 
still a gap in gene A. 

Except for the inter genic region between gene A and B the nucleotide 
sequences of all intergenic regions have now been determined. From these 
data we can conclude that the sequence 5' AATCT/CAAAC 3' is repeated at the 
interg~nic regions on the viral genome. These regions of homology are 
thought to play an important role in the (re)initation of the MHV RNA 
polymerase (Spaan et aI., 1983; Budzilowicz et aI., 1985) and can be 
considered as a promoter or recognition signal for the viral polymerase. 

At this moment the termination site on the negative RNA strand for the 
transcription of the leader is unknown. Previously we have postulated a 
donor and acceptor site sequence homology between the 3' end of the leader 
and the intergenic regions (Spaan et al., 1983). The sequence of the 5' end 
of the genome confirms that such a model is possible. Comparison between 
the sequences of the 5' non-coding regions of mRNAs 5,6 and 7 shows that 
for each mRNA potentially a different number of nucleotides can be derived 
from the 5' end of the genome (Fig. 5). S1 mapping studies indicate that 
the length of the leader transcript varies from 72 to 75 nucleotides (Baric 
et aI., 1985). In addition, leader transcripts from 130 - 250 nucleotides 
have been detected in MHV-A59 infected cells (Baric et aI., 1985). These 
mUltiple leader-related transcripts suggest that different leader RNAs are 
fused to different mRNAs. 

It has been suggested previously that base pairing between the 3' end 
of the leader and the intergenic regions on the negative stranded template 
plays an important role during the reinitiation of the polymerase in the 
leader-primed transcription model of coronaviruses (Spaan et aI., 1983; 
Budzilowicz et aI., 1985; Bredenbeek et aI., 1986.). We have investigated 
the possibilities for base pairing, assuming leader transcripts longer than 
72 nucleotides (Fig. 6). In this model fusion between the leader transcript 
and the body sequence should take place upstream of the nucleotide 
indicated by an arrowhead, which has to be transcribed from the intergenic 
region. The differences in the degree of base pairing could account for the 
different molar ratios of the viral mRNAs. If leader transcripts of at 

5' 
35 AACTCTAAAACTCTTGTAGTTTAAATCTAATCTAAACTTTATAAACGGC genome RNA 

-------------------------------------CTCATCTTAATT mRNA 5 

--------------------------------CAAACATTATGAGTAGT mRNA 6 

-----------------------------------------AGGATGTC mRNA 7 

Fig. 5. Comparison of the leader sequences starting at nucleotide 35 of 
MHV-A59 mRNA 5, 6, 7 and genome RNA. The part of the leader 
sequence of the different mRNAs that can be derived from the leader 
is indicated with dashes. 
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, Intergenic Region 

,3' CCGGATTCTGGGATCTAATACAATGATTAGATTTGGAGTAGAAT 5' 4/5 

* ** * * * * * *********** * ** 
leader CTCTAAAACTCTTGTAGTTTAAATCTAATCTAAACTTTATAAAC , 

3' CGGGGATAATCTCCACCTACTATAGATTAGGTTTGTAATACTCA 5' 5/6 

* * ** * * * ******** **** *,~** * 
leader CTCTAAAACTCTTGTAGTTTAAATCTAATCTAAACTTTATAAAC , 

3' GCGCCTGTGGCGTAACAACTCTTAGATTAGATTTGAAATTCCTA 5' 6/7 

* * * ** * * ****************** * leader CTCTAAAACTCTTGTAGTTTAAATCTAATCTAAACTTTATAAAC 

Fig. 6.Base pairing model for the synthesis of MHV-A59 mRNAs 5, 6 and 7 
if the leader transcript is longer than 72 nucleotides. The upper 
strand represents the intergenic regions on the viral minus strand 
RNA. The lower strand reprsents the leader transcript. Base 
pairing is indicated with asteriks. 

least 75 nucleotides are involved in the reinitiation of the polymerase, 
trimming of the leader to the correct length by a nuclease must be 
postulated • This model resembles that of the mRNA transcription of 
infuenza virus. However in this system is host-cell encoded in contrast to 
the viral encoded primer of coronaviruses (Plotch et a1.,1981). 
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