
Vol. 53, No. 3JOURNAL OF VIROLOGY, Mar. 1985, p. 834-840
0022-538X/85/030834-07$02.00/0
Copyright C 1985, American Society for Microbiology

Three Intergenic Regions of Coronavirus Mouse Hepatitis Virus
Strain A59 Genome RNA Contain a Common Nucleotide Sequence

That is Homologous to the 3' End of the Viral mRNA Leader
Sequence
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cDNA clones that represent various portions of the coronavirus mouse hepatitis virus strain A59 genome
RNA have been constructed. cDNAs were synthesized by transcription of genome RNA by using either
oligo(dT)12.18 or random oligomers of calf thymus DNA as primers. These cDNAs were converted into
double-stranded DNA and cloned into pBR322 by standard techniques. The resulting cloned viral DNA
fragments were mapped to viral genes by hybridization with Northern blots of intracellular RNA from mouse
hepatitis virus strain A59-infected cells. These cDNA clones map in six of the seven viral genes. Clone g344, 1.8
kilobases, is the largest and encompasses gene 5 (which encodes a nonstructural protein) and gene 6 (which
encodes the El viral glycoprotein) as well as the intergenic regions preceding genes 5, 6, and 7. Sequencing of
parts of this cloned DNA show that these three intergenic regions contain a common 11-nucleotide sequence.
This sequence shares homology with the 3' end of the viral mRNA leader sequence. Thus, this common
intergenic sequence may contain a binding site for a leader RNA that hybridizes to negative-strand viral RNA
at the beginning of each gene to prime mRNA synthesis. The different degrees of homology between the leader
and its putative binding site may influence the differential rates of transcription of the various viral mRNAs.

Coronaviruses form a group of enveloped positive-
stranded RNA viruses that cause a variety of diseases in
many species of animals (20). One member of this group is
the murine virus, mouse hepatitis virus (MHV). The genome
of MHV strain A59 is a polyadenylated RNA of approxi-
mately 18,000 nucleotides (15, 18). During infection of
cultured cells MHV A59 generates a nested set of seven
subgenomic mRNAs that all overlap in sequence with the 3'
end of genome RNA (8, 12, 18, 29, 33) (Fig. 1).
UV transcriptional mapping studies have shown that the

synthesis of each MHV A59 subgenomic RNA is initiated
independently (10), suggesting that these RNAs are not
spliced from larger precursors. However, it has recently
been shown that the subgenomic RNAs contain a leader
sequence of approximately 70 nucleotides that is probably
derived from the 5' end of genome RNA (1-3, 11, 13, 28, 29).
These data, taken together with the finding of one genome-
sized negative-strand RNA (6), suggest that transcription of
subgenomic RNAs is initiated from a full-genome-length
negative-strand template and that during the genesis of these
subgenomic RNAs there is a joining of nonadjacent se-
quences.
We describe here the cloning, mapping, and partial se-

quencing of MHV A59 virus-specific cDNA sequences. The
cloned fragments described below map in the sequences
unique to each of the subgenomic RNAs (except RNA 4) and
thus in six of the seven MHV A59 genes. These are the first
cloned DNAs derived from MHV genome RNA (as opposed
to mRNAs) and the first to the 5' side of the two genes most
proximal to the 3' end of the genome, N and El. Two of
these cloned DNA fragments were used to sequence the
intergenic regions preceding genes 5, 6, and 7. Comparison
of these intergenic regions shows a common sequence of 11
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nucleotides. Furthermore, this common sequence shares
homology with the 3' end of the leader sequence found on
viral mRNAs (1, 2, 11, 22, 28). This conserved intergenic
sequence may be involved in the control of transcription of
the mRNAs.

MATERIALS AND METHODS
Virus and cells. MHV A59 (19), a tissue-culture-adapted

strain of MHV, was obtained from Julian Leibowitz and
grown in monolayer cultures of 17CL-1 mouse fibroblasts.
For preparation of virus-specific RNA, cells were infected at
a multiplicity of infection of 1 and harvested approximately
16 h postinfection (33).

Preparation of RNA. Virus to be used as a source of
genome RNA was isolated from the medium above infected
cells that had been labeled with [3H]uridine. The virus was
purified by a combination of sucrose velocity and density
gradients as previously described for coronaviruses (15).
RNA was extracted by sodium dodecyl sulfate-proteinase K
treatment followed by phenol extraction and ethanol precip-
itation, sedimented through a sucrose velocity gradient, and
isolated as a uniform peak containing 57S RNA (33). RNA
was extracted from the cytoplasm of MHV A59-infected
cells that had been lysed with 0.1% sodium dodecyl sulfate
and 0.5% Nonidet P-40 and purified by sodium dodecyl
sulfate-proteinase K treatment, phenol extraction, and
ethanol precipitation (33).

Agarose gel electrophoresis, blotting, and hybridization.
DNAs were electrophoresed in 1.0 to 2.0% agarose gels in
0.04 M Tris acetate-0.001 M EDTA, and the DNA bands
were visualized by UV light after the gel was stained with
ethidium bromide. For preparative electrophoresis, low-
melting-point agarose was used. After electrophoresis and
staining, slices containing the DNA fragments were melted
at 65°C for 20 min and the DNA was purified by phenol-chlo-
roform extraction followed by ethanol precipitation. Such
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FIG. 1. MHV A59 genome RNA and subgenomic intracellular
mRNAs. The gene order was deduced from cell-free translation
experiments, assuming that each RNA is translated from the 5'
unique sequences (17, 25, 26), and from sequencing ofmRNAs 6 and
7 (1-3). The boundaries and approximate sizes of the genes were
estimated from the sizes of the unique portions of the subgenomic
RNAs (12, 18, 29) and from the sequencing data for genes 6 and 7
(1-3). The structural proteins are the nucleocapsid, El (small
glycoprotein), and E2 (large peplomer glycoprotein). The nonstruc-
tural proteins include the 35K, 14K, and polymerase proteins (26).
The location of the polymerase gene is tentative and is deduced from
the facts that genome RNA is infectious and must therefore encode
polymerase(s) and that eukaryotic translation usually proceeds from
the 5' end of RNA. It has not been determined whether the 14K
protein is translated from RNA 4 or 5 (17). The leader sequence is
shown by the bar at the 5' end of each mRNA.

fragments were used for nick translations or restriction
digests.
RNAs were electrophoresed in 1.0% agarose gels under

denaturing conditions in the presence of formaldehyde (16)
and blotted onto nitrocellulose for Northern blots. Bacterial
supernatants containing recombinant M13 phage were ap-
plied directly onto nitrocellulose for dot blot analyses.
Northern blots and dots blots were carried out as described
by Thomas (32).

Probes for viral sequences were [32P]dCTP-labeled cDNA
transcribed from viral genome primed by oligomers of calf
thymus DNA (31, 33), nick-translated (24) pBR322 recombi-
nant plasmid DNAs containing viral DNA, or nick-trans-
lated purified viral DNA fragments. All probes had specific
activities of approximately 108 cpm/,ug.

Cloning into pBR322. Synthesis and cloning of double-
stranded virus-specific DNA was carried out by standard
techniques (9). Purified MHV A59 genome RNA was used as
a template for the synthesis of cDNA with oligo(dT)12-18 as
primer and reverse transcriptase. Genome RNA was also
transcribed in similar reactions by using oligomers of calf
thymus DNA as primers at a primer/template ratio of ap-
proximately 6:1 (wtlwt) (23). Second-strand synthesis was
carried out with the Klenow fragment of Escherichia coli
polymerase I. The resulting double-stranded DNA was di-
gested with S1 nuclease, and the larger DNA (500 to 4,000
base pairs) was selected by chromatography on an agarose
A150 column. Homopolymeric tails were added to the DNA
by using terminal transferase and dCTP. The tailed DNA
was then hybridized to bacterial plasmid pBR322 DNA that
had previously been linearized with endonuclease PstI and
tailed with dGTP. These hybrid DNAs were used to trans-
form E. coli HB101. Bacterial colonies containing plasmids
were selected and screened for viral inserts by two rounds of
hybridization with 32P-labeled cDNA (33) and colony filter
hybridization techniques. Approximately 95% of the colo-

nies contained viral sequences. Plasmid DNAs from some
colonies were nick translated (24) and shown to hybridize
with RNA from MHV A59-infected 17CL-1 cells but not
with RNA from uninfected cells; this further confirmed that
the plasmids contained viral sequences. Clones derived from
oligo(dT)12 18-primed DNA (a total of 300) were designated
gl, g2, etc.; those derived from calf-thymus-primed DNA (a
total of 120) were designated ctl, ct2, etc.

Subcloning into M13 and DNA sequencing. Viral inserts
were removed from pBR322 by endonuclease PstI digestion
and ligated into the PstI site of the replicative form (RF) of
bacteriophage M13, strain mp8 (21). Alternatively, the viral
inserts were digested with endonucleases HpaII or HaeIII
and the resulting fragments were treated with T4 polymerase
and blunt-end ligated into the SmaI site of the mp8 RF (21).
The recombinant RFs were used to transform E. coli JM 103.
The resulting phage were plaque purified and screened for
insert size by agarose gel electrophoresis and for viral
sequences by dot blot hybridization with nick-translated
probes representing the viral insert or restriction fragment
desired. Phage clones containing viral positive-strand DNA
were differentiated form those containing negative-strand
DNA by hybridization with virus-specific cDNA which
detects positive-strand viral sequences only (33). Sequenc-
ing was accomplished by the Sanger dideoxynucleotide-
chain-terminating method as modified by Biggins et al. (5).

RESULTS
Cloning and mapping of sequences from MHV A59 genome

RNA. To sequence MHV intergenic regions, cDNA clones
representing various portions of genome RNA were con-
structed. These cloned fragments were then mapped on the
viral genome, and clones potentially containing intergenic
sequences were selected for further study. Thus, virus-spe-
cific DNA sequences were transcribed from polyadenylated
MHV A59 genome RNA by using oligo(dT) to prime specif-
ically at the 3' end or random oligomers of calf thymus DNA
to prime at random sites along the genome. These cDNAs
were converted into double-stranded DNA and inserted into
the bacterial plasmid pBR322 as described above. The
resulting recombinant plasmid DNAs were digested with
endonuclease PstI, and the viral fragments were analyzed on
agarose gels. The average size of the viral inserts from the
clones derived from oligo(dT)-primed DNA (designated gl,
g2, etc.) was 650 base pairs, and the average size of the viral
inserts from the clones derived from randomly primed DNA
(designated ctl, ct2, etc.) was 350 base pairs. Clone g344
contained a viral insert of 1,800 base pairs, much larger than
any of the other cloned DNAs.
To map these cloned DNA fragments along the viral

genome, recombinant plasmid DNAs (or in some cases
purified viral inserts) were nick translated, and the resulting
probes were hybridized to Northern blots of intracellular
RNAs from MHV A59-infected cells. MHV A59 intracellular
RNA consists of a nested set of subgenomic RNAs overlap-
ping at the 3' ends (8, 12, 18, 29) (Fig. 1). These subgenomic
RNAs therefore represent progressively longer segments of
genome RNA with common 3' ends. Cloned fragments were
assigned to the various genes on the basis of the smallest
RNA with which they hybridized. A representative experi-
ment is shown in Fig. 2. The map positions of the cloned
fragments derived from randomly primed DNA were distrib-
uted among all the genes with the exception of the smallest,
gene 4. Of the 35 clones so far mapped, 21 (60%) mapped in
gene 1, the largest and putative polymerase gene. Three to
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four clones mapped in each of the remaining five genes.
(None of these clones contained the 70-nucleotide leader
sequence derived from the 5' end of genome RNA [1-3, 11,
13, 28, 29]. The viral insert from a clone containing the
leader sequence would hybridize to all seven RNAs and thus
appear to map in gene 7. However, such a clone would not
contain sequences from the coding region ofmRNA 7. All of
the clones obtained that mapped in mRNA 7 contained
sequence homology with clone c8 which is derived from the
3' portion of gene 7 [data not shown]. These clones were
therefore derived from the coding region of gene 7 and not
from the leader sequence.) All of the clones derived from
oligo(dT)-primed DNAs (with the exception of clone g344,
which will be discussed in detail below) shared sequence
homology as determined by dot blot hybridization (data not
shown). All cloned DNAs derived from oligo(dT) priming
mapped to gene 7 by Northern blot analysis (as in Fig. 2f).
However, sequencing of a few of these clones demonstrated
that they were not derived from the extreme 3' end of the
genome, as they did not contain polyadenylate tails. Clone
g344, although derived from oligo(dT)-primed DNA, was not
homologous to the smaller oligo(dT)-primed clones and
extended from gene 7 at least into gene 5 as demonstrated by
its homology to DNAs from clones ct54, ct55, and ct71 that
all mapped in gene 5. This clone was selected for further
study of intergenic sequences.

Intergenic regions. To more precisely map the 1,800-base-
pair viral insert from clone g344 and to isolate intergenic
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FIG. 2. Mapping of MHV A59 cloned DNAs by Northern blot
hybridization. Viral inserts were excised from recombinant plas-
mids, purified by electrophoresis and elution from agarose gels, and
nick translated with 32P[dCTP]. Each probe (106 cpm) was hybrid-
ized to a strip from a Northern blot ofRNA from MHV A59-infected
17CL-1 cells (32). Hybridization and exposure to X-ray film were
each done for 24 h (32). Lanes: (a) Clone ct42 (gene 1); (b) clone ctSO
(gene 2); (c) clone ctlO6 (gene 3); (d) clone ct54 (gene 5); (e) clone
ct30 (gene 7); and (f) clone g344 (gene 7). Lanes a-b, c-d, e, and f
were from different Northern blots. In each case another strip from
the same blot was hybridized with MHV A59 cDNA to locate the
positions of all seven virus-specific intracellular RNAs.
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FIG. 3. Mapping of clone g344 restriction fragments by Northern

blot hybridization. HaeIII- or HpaII-digested g344 restriction frag-
ments were eluted from agarose gels as described in the text and
nick translated, and the resulting probes were hybridized with strips
from Northern blots of RNA from MHV A59-infected cells as
described in Fig. 2. Lanes: (a) Hpa A; (b) Hpa B; (c) Hpa C; (d) Hae
B; (e) Hae C. A parallel Northern blot strip was hybridized with
virus-specific cDNA to locate the seven virus-specific RNAs. The
arrows indicate the migration of 18S and 28S marker rRNAs.

regions in smaller DNA fragments appropriate for sequenc-
ing, restriction digests were carried out. Thus the viral insert
was excised from g344 plasmid DNA, separated from pBR322
DNA by preparative agarose gel electrophoresis, and then
digested with endonuclease HpaII. HpaII digestion followed
by agarose gel electrophoresis resulted in three major bands
of approximately 1,400 (Hpa A), 250 (Hpa B), and 150 base
pairs (Hpa C). To map these DNAs on the viral genome, the
fragments were eluted from agarose gels, nick translated,
and hybridized to Northern blots of intracellular RNA from
MHV A59-infected cells as described above. The Hpa A
fragment hybridized to RNAs 1 through 6, while the Hpa B
and Hpa C fragments hybridized to RNAs 1 through 7 (Fig.
3). This indicates that, whereas the Hpa B and Hpa C
fragments contain sequences from gene 7, the 3' end of the
Hpa A fragment must be in gene 6. These fragments were
aligned on the viral genome by using these Northern blot
data as well as the known HpaII restriction sites in genes 6
and 7 (1, 2) (Fig. 4). The position of the Hpa A and Hpa C
bands as end fragments was later confirmed by partial
sequencing of these fragments, which demonstrated oligode-
oxycytidylic acid tracts as well as the sequences from the
ends of the original g344 insert (data not shown). This cloned
DNA therefore mapped from approximately 200 base pairs
in gene 4 to 200 base pairs into gene 7 and must include the
intergenic regions preceding genes 5, 6, and 7. The Hpa B
fragment had to contain the intergenic sequence preceding
gene 7.
To obtain DNA fragments containing the other intergenic

regions, the viral insert from g344 DNA was digested with
endonuclease HaeIII. This digestion resulted in eight frag-
ments which were mapped to viral genes by hybridization to
Northern blots of intracellular RNA from MHV A59-
infected cells as described above. The blots of the fragments
likely to contain intergenic regions, Hae B and Hae C, are
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FIG. 4. Map positions of g344 and ct54 viral DNAs along the viral genome. The HpaII digest restriction fragments of g344 DNA were
aligned on the viral genome by using the results of Northern blot hybridization (Fig. 3) and the known HpaII restriction sites in genes 6 and
7 (1, 2). The Hae B and Hae C fragments were aligned by using Northern blot data (Fig. 3) and known restriction sites in genes 6 and 7 (1,
2) and were more precisely aligned by sequence data. The position of ct54 DNA was determined by its hybridization with mRNA S (Fig. 2),
homology with g344, and its HaeIII restriction digest pattern (not shown). Abbreviations: nt, nucleotides; bp, base pairs.

shown in Fig. 3. The Hae B fragment hybridized to RNAs 1
through 5, indicating that its 3' end must be in gene 5,
whereas the Hae C fragment hybridized with RNAs 1
through 6, indicating that its 3' end is in gene 6. These
fragments were aligned on the genome again by using the
Northern blot data and the known HaeIII restriction sites in
genes 6 and 7 (1, 2) and were more precisely aligned after
sequencing as described below (Fig. 4).
For sequencing, the HpaII- and HaeIII-digested g344

DNAs were subcloned into the RF of bacteriophage M13,
strain mp8. The resulting phage clones containing the indi-
vidual restriction fragments were selected by hybridization
with nick-translated probes derived from each of these
fragments. Subclones containing the Hae B, Hae C, and
Hpa B fragments were sequenced by the dideoxynucleotide-
chain-terminating method (5). For each fragment, at least
two subclones were sequenced and each subclone was
sequenced at least four times. The gene 4-5 intergenic
sequence was confirmed by sequencing the Hae B restric-
tion fragments derived from an independent pBR322 clone,
clone ct54, that overlapped with g344 and mapped in gene 5
(Fig. 2 and 4). The intergenic sequences (converted into

RNA sequences) are shown in Fig. 5. A common 11-nucleo-
tide sequence, CUAAUCU(C)AAAC, is present and for
genes 6 and 7 closely precedes an AUG sequence. It is clear
from the published sequencing data of genes 6 and 7 (1-3)
that these are the initiation codons for the N and El
proteins, respectively. Furthermore, this common sequence
is also present at the end of the noncoding regions just 5' to
the El and N genes in mRNAs 6 and 7, respectively (1-3, 22,
28) (Fig. 5). Nucleotide 7 is a U in the common intergenic
sequences preceding genes 5 and 7 and a C preceding gene 6.
This is consistent with the sequences obtained for the 5'
noncoding regions mRNAs 6 and 7 (1-3, 22, 28). This
conserved sequence is discussed below in relation to the
viral leader sequences and possible function in transcrip-
tional control.

DISCUSSION
A leader sequence of approximately 70 nucleotides, prob-

ably derived from the 5' end of genome RNA, has been
found on the 5' ends of all the MHV A59 subgenomic RNAs
(11) and has been sequenced for mRNAs 6 and 7 (1-3, 22,

A
1 5 4 10

Gene 4/5 AUUAUGUUA CUAAUCUAAAC CUCAUCU.....AUGAGACCACAG
(Genome)

B El Coding Sequence

Gene 5/6 GGAUGAUAU CUAAUCCAAAC AUU AUGAGUAGUACU
(Genome)

Gene 6 AGUUUAAAU CUAAUCCAAAC AUU AUGAGUAGUACU
(mRNA)

C N Coding Sequence

Gene 6/7 GUUGAGAAC CUAAUCUAAAC UUUAAGG AUGUCUUUUGUU
(Genome)

Gene 7 NGUUUAAAU CUAAUCUNAAC UUUAAGG AUGUCUUUUGUU
(mRNA)

FIG. 5. MHV A59 intergenic sequences. The sequences obtained for the MHV A59 intergenic regions are shown in comparison with the
5' noncoding regions of the mRNAs of the corresponding genes. The beginnings of the coding regions for genes 6 and 7 are also shown. The
common nucleotides are numbered 1 through 11. Homology between the genomic sequences and the corresponding mRNA sequences is
shown by underlining. The arrow over nucleotide 7 indicates the only variable nucleotide within the 11-nucleotide common region. (A) The
gene 4-5 boundary obtained from sequencing of the Hae B fragment; the first AUG is 53 nucleotides downstream from nucleotide 1. (B) The
gene 5-6 boundary obtained from sequencing of the Hae C fragment is compared with the corresponding sequence from mRNA 6 taken from
Armstrong et al. (1) and Niemann et al. (22). (C) The gene 6-7 boundary obtained from sequencing of the Hpa B fragment is compared with
the corresponding region of mRNA 7 taken from Spaan et al. (28).

4 5
(700 nt)

6(E 1)
(700 nt)

7(N)
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Gene 5 3' UAAUACAAUGAUUAGAUUUGGAGUAG 5 negative strand template
lIllll

5 aguuuaaaucuaaucUAAACCUCAUC 3' mRNA

Gene 6 CCUACUAUAGAUUAGGUUUGUAAUAC negative strand template

aguuuaaaucuaaucCAAACAUUAUG mRNA

Gene 7 CAACUCUUGGAUUAGAUUUGAAAUUCCUAC negative strand template
1I 111111

aguuuaaaucuaaucUAAACUUUAAGGAUG mRNA

FIG. 6. Hypothetical binding of leader RNA to negative-strand template. The 5' noncoding regions of the mRNAs are aligned with the
negative-strand templates (complement of the intergenic sequences shown in Fig. 5). The sequences for mRNAs 6 and 7 are taken from
Armstrong et al. (1-3), while the sequence of mRNA 5 is inferred from the fact that all the mRNAs have the same leader sequence (11) and
from the sequencing of g344 DNA. THe lower-case letters represent the 3' end of the putative leader RNA. Base pairing between the leader
and template is indicated by vertical lines. The probable site at which the leader ends and the body of the mRNA begins is suggested by the
divergence of the common nucleotide sequence at nucleotide 7. The body of the mRNA is shown in capital letters. The underlined nucleotides
UUUG (AAAC, in the positive strand genome) are those that are conserved among the intergenic regions but are probably not derived from
the leader RNA.

28). The JHM strain of MHV, which has a genome that is
about 75% homologous in nucleotide sequence to MHV A59
(33), generates a very similar leader sequence (27). Two
models have been proposed for the genesis of the MHV
subgenomic RNAs (4, 28). In the first, a positive-stranded
leader RNA is transcribed from the 3' end of genome-sized
negative-strand RNA and subsequently released (perhaps in
association with an RNA polymerase); this RNA then is
used to prime RNA synthesis at the beginning of each of the
viral genes. In the second model, after transcription the
leader remains associated with the negative-strand template
and there is a looping out of template as the polymerase
jumps and continues transcription at the beginning of each
gene. The first model is currently favored because Baric et
al. (4) have shown that only one size of RF RNA can be
derived by ribonuclease treatment of MHV A59 replicative
intermediates.

Either model suggests that common sequences might
precede each of the seven viral genes that serve as transcrip-
tional control signals, perhaps recognition sites for the
binding of a polymerase, an RNA primer, or a primer
RNA-polymerase complex. Several other classes of RNA
viruses have conserved regions of 10 to 20 nucleotides that
are thought to serve as control signals for transcription or
translation (30). To explore this possibility for corona-
viruses, we have cloned and sequenced three intergenic
regions derived from viral genome RNA. The intergenic
regions preceding genes 5, 6, and 7 contain a common
11-nucleotide sequence (with one variable nucleotide) (Fig.
5). Furthermore, this sequence has been found in the 5'
noncoding region adjacent to the coding regions of mRNAs
6 and 7 (1-3, 22, 28) (Fig. 5), the probable site of fusion of the
leader sequence and the body of the mRNAs. (We have
sequenced at least 200 nucleotides in from the initiator AUG
codons of genes 6 and 7 as well as almost all of gene 5 [data
not shown]. The common 11-nucleotide sequence was not
observed within these coding regions or within the published
coding regions of mRNA 6 and 7 [1-3].) The fact that
nucleotide 7 differs in the 5' noncoding regions of mRNAs 6
and 7 as well as in the corresponding intergenic regions
strongly suggests that this is the site at which the leader
sequence ends and the body of the mRNA begins. (It is
unlikely that this difference at nucleotide 7 is a cloning

artifact, as the common sequence preceding gene 6 con-
tained a C at nucleotide 7 when obtained from at least two
independent cDNAs clones synthesized from mRNA [1, 22]
and from the genomic cDNA clone g344, while the common
sequence preceding gene 7 contained a U at nucleotide 7
when obtained from a cDNA synthesized from mRNA [2, 3],
from primer-directed sequencing on mRNA 7 directly [28],
and from the genomic cDNA clone g344.) The homology
between the 5' portion of the common intergenic sequence
and the 3' end of the leader sequence suggests that the
intergenic region may contain a primer binding site for leader
RNA (Fig. 6).

Figure 6 shows a model for priming of transcription of the
viral mRNAs by using the data discussed above. The puta-
tive leader RNA is aligned with the corresponding regions on
the negative-stranded templates (the complement of the
intergenic regions) for each mRNA, and the complementary
nucleotides are indicated. Two of the three nucleotides just
5' to the common regions preceding genes 6 and 7 are
complementary to the mRNA leader sequence so that there
are eight complementary base pairs in these intergenic
regions. The total number of complementary base pairs in
the intergenic region preceding gene 5 is six. In this model,
the leader RNA would hybridize to each of the intergenic
regions and then be used as a primer for mRNA transcrip-
tion. Since only 6 to 8 base pairs would be involved in base
pairing, it seems unlikely that this alone accounts for the
ability of the primer RNA to find and base pair with the
intergenic region. A primer-polymerase complex is more
likely to be involved in binding. Nucleotides 8 through 11,
which are probably not part of the leader, are conserved in
the intergenic regions preceding genes 5, 6, and 7 and thus
may be involved in transcriptional control. Perhaps part or
all of the 11-nucleotide conserved region serves as a recog-
nition site for binding of a polymerase-RNA complex which
brings the primer into proximity with the intergenic regions
so that base pairing and subsequent priming occurs.
The mRNAs of MHV are present in infected cells at

widely varying concentrations, and these amounts remain
constant at various times during infection (18). It is likely
that these varying molar amounts are due to synthesis and
not to degradation of the mRNAs, as the same ratios are
obtained after 1 h and steady-state pulses of label (18). This
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variation in transcription rates among the viral mRNAs
could be at least partially explained by the differences in the
homology between leader RNA and its seven putative inter-
genic binding sites which might affect the rate of transcrip-
tion. The molar ratios of mRNAs 7:6:5 in the infected cell
are 100:32:11. The fact that the intergenic region preceding
gene 5 has less homology with the leader sequence than with
the sequences preceding genes 6 and 7 (Fig. 5 and 6) may be
one of the factors, resulting in the less frequent transcription
of mRNA 5. Other factors, such as the sequences found
between the common 11 nucleotides and the beginning of the
coding region, presumably play a role in the control of
transcription. For example, the distance between the con-

served sequence and the beginning of the coding region is
much greater for gene 5 than for genes 6 and 7. More
intergenic regions as well as the extreme 5' end of genome
RNA must be sequenced to more completely understand
these factors.

For genes 6 and 7, the common intergenic sequence is
closely followed by an AUG sequence, and it is clear from
the published sequences of the El and N genes that these are

the initiation codon for the El and N proteins (1-3). Further-
more, in the case of the gene 6-7 intergenic boundary, it is
clear from the published sequence of the El mRNA that the
UAA in positions 2 to 4 in the sequence is the termination
codon for the El protein. The sequence that we obtained for
the gene 6-7 boundary differs by one nucleotide from that
obtained by primer extension (28). However, our sequence

is consistent with the composition of oligonucleotide 17 (14)
that is present in all the mRNAs except mRNA 7 and is
thought to represent the sequence just upstream from the
coding region of mRNA 7. In the case of the gene 4-5
intergenic region, the first AUG is 53 nucleotides down-
stream for the conserved 11 nucleotides. Since neither of
these genes have been completely sequenced, we cannot yet
determine the protein start and stop regions within this
intergenic sequence.
The two intergenic boundaries preceding the two most 3'

proximal genes of avian infectious bronchitis virus, another
coronavirus, have been sequenced. These regions have a

9-base-pair homology which appears twice for the intergenic
region preceding gene B and only once for gene A (7). There
is no significant homology between the MHV A59 and
infectious bronchitis virus intergenic sequences.

The cDNA clones that are described here have many

further applications. Because the MHV A59 mRNAs form a

nested set, it has been difficult to construct probes for
individual genes. This is the first report of gene-specific
cloned fragments not proximal to the 3' end of genome RNA
and representing nonstructural genes. The clones described
here will be useful for the sequence analysis of more

intergenic regions as well as for the sequencing and expres-

sion of nonstructural genes. This includes genes encoding
the 35,000-molecular-weight (35K), 14K (26), and polymer-
ase proteins.
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