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ABSTRACT Mouse hepatitis virus, which replicates in cy-
toplasm, contains leader RNA sequences at the 5' end of the
virus-specific mRNAs. We have sequenced this leader RNA by
synthesizing cDNA from a synthetic oligodeoxyribonucleotide
primer (15-mer) that is complementary to the sequences at the
junction site between the leader and body sequences of the
mRNAs. The leader sequences on each mRNA have exactly the
same size, which span -70 nucleotides. Leader cDNA frag-
ments obtained from several mRNA species were sequenced
and found to be identical. Computer analysis of the leader
RNA sequences shows that they share extensive sequence ho-
mology with the long-terminal-repeat region of several mam-
malian sarcoma viruses, suggesting possible common func-
tions. This is a novel case of spliced leader sequences in the
mRNAs of a cytoplasmic virus. An identical leader sequence is
also present at the 5' end of the virion genomic RNA. The
leader RNA is thus probably encoded by the virion genomic
RNA template and is fused to the different body sequences of
the various mRNAs. Since conventional RNA splicing is not
involved, a novel mechanism for fusing two noncontiguous
RNA segments in the cytoplasm must be utilized during viral
transcription. Several minor cDNA bands longer than the
leader were also synthesized, suggesting the possible presence
of partially homologous sequences in other parts of the genome
RNA.

Mouse hepatitis virus (MHV), a member of the Coronaviri-
dae, contains a single-stranded 60S RNA of Mr 5.4 X 106,
which is of positive polarity (1). The virus replicates exclu-
sively in the cytoplasm of several established mouse cell
lines (2, 3) and matures by budding into endoplasmic reticu-
lum (4). Upon entry into the cell, the genomic RNA is first
transcribed by a virus-specific "early" RNA polymerase (5)
into a genomic-sized negative-stranded RNA (6). This RNA
species serves as the template for the synthesis of positive-
stranded genomic RNA and six subgenomic mRNA species
by a "late" RNA polymerase (5, 7). These mRNAs range
from Mr 0.6 X 106 to Mr 5.4 x 106 and have a nested-set
structure containing sequences starting from the 3' end of
the genomic RNA that extend for various distances toward
the 5' end (7). We have recently shown that these mRNAs
contain a stretch of leader RNA sequences at their 5' ends
(8), which are not derived from a precursor RNA by the con-
ventional RNA splicing mechanism. More likely, a novel
mechanism, occurring in the cytoplasm and involving an in-
dependently synthesized free leader RNA as the primer for
mRNA synthesis, might be employed in the generation of
MHV mRNAs (9).
The presence of a "spliced" leader RNA at the 5' ends of

each MHV mRNA is puzzling since these viruses replicate
exclusively in the cytoplasm. To understand such a unique
mechanism for RNA "splicing," it is essential to determine

the nature and sequence of the leader RNA. We have now
used primer extension to determine the consensus leader
RNA sequences in each mRNA species. The results showed
that identical leader RNA sequences are present in at least
the majority of mRNAs as well as virion genomic RNA of
MHV. This is a novel case of spliced leader sequences in the
mRNAs of a cytoplasmic virus.

MATERIALS AND METHODS

Preparation of MHV Intracellular RNA. The intracellular
RNA of the A59 strain ofMHV was isolated from the infect-
ed SAC (-) or DBT cells at 6 hr after infection in the pres-
ence of 2 ,ug of actinomycin D per ml (7). The RNA was
extracted with NaDodSO4/phenol as described (7) and used
directly for reverse transcription without further purifica-
tion.
For preparation of individual mRNAs, the total MHV in-

tracellular RNA was mixed with 32P-labeled MHV intracel-
lular RNA (7) and separated by electrophoresis on 1% agar-
ose gels at 90 V for 5 hr (7). Following autoradiography, the
individual MHV mRNA species were extracted from the gels
according to published procedures (7).
Primer Extension. The synthetic oligodeoxyribonucleotide

(15-mer) 5' A-G-T-T-T-A-G-A-T-T-A-G-A-T-T 3' was pre-
pared by Bruce Kaplan (Department of Molecular Genetics,
The City of Hope Medical Center, Duarte, CA). An aliquot
(0.5 jig) of this oligonucleotide was end-labeled at the 5' end
with [y-32P]ATP by polynucleotide kinase (10), mixed with
MHV intracellular RNA, heat-denatured at 100'C for 30 sec,
and then hybridized in a total volume of 20 jml containing
80% formamide, 0.4 M NaCl, 0.01 M Pipes buffer (pH 7.0),
and 2 mM EDTA at 370C for 5 hr (11). After ethanol precipi-
tation and several washings, the hybrids were incubated in a
buffer containing 1 mM (each) dATP, dCTP, dGTP, and
TTP, 10 mM MgCl2, 120 mM KCl, 30 mM mercaptoethanol,
and 10 units of reverse transcriptase at 370C for 1 hr. After
alkaline digestion of the RNA template, the reaction prod-
ucts were analyzed by electrophoresis on 12% polyacrylam-
ide gels either with or without 7 M urea according to pub-
lished procedures (12). The extended primers of various
sizes were eluted from the gel and used for further analysis
(12).

Hybridization Analysis of the MHV Intracellular RNA.
RNA from virus-infected cells was denatured by dimethyl
sulfoxide/glyoxal and separated by electrophoresis accord-
ing to McMaster and Carmichael (13). After electrophoresis,
the RNA was transferred to nitrocellulose paper and hybrid-
ized to the 32P-labeled leader-specific cDNA (see Results)
according to the procedure of Thomas (14).

Abbreviations: MHV, mouse hepatitis virus; LTR, long terminal re-
peat.
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DNA Sequencing. DNA sequence analysis was performed
by a modification of Maxanm-Gilbert procedure (12, 15).

RESULTS
Extension of a Synthetic Primer il the Leader Region. Our

previous studies suggested that a T1 oligonucleotide, no. 19,
is likely to contain sequences created by the fusion between
a leader RNA and the body segments of the individual
mRNAs ofMHV (16). This oligonucleotide has been mapped
at the 5' end of the mRNAs (8). Recently, the map location
of oligonucleotide 19 has been confirmed by comparison
with the sequences of the cDNA clones ofmRNA 7 (17). To
characterize the complete sequence of the leader RNA, we
synthesized an oligodeoxyribonuclotide complementary to
part of oligonucleotide 19. This synthetic 15-mer (5' A-G-T-
T-T-A-G-A-T-T-A-G-A-T-T 3') was labeled at the 5' end
with [y_32P]ATP by polynucleotide kinase and hybridized to
the MHV-specific mRNAs. Complementary DNA was then
synthesized from the hybrid by reverse transcriptase. As
shown in Fig. 1A, the primer oligodeoxyribonucleotide
bound to the MHV mRNAs was extended by reverse tran-
scriptase to yield a single DNA fragment of roughly 70 nucle-
otides. The primer alone, without hybridizing to RNA, could
not be extended. This result suggests that the synthesized
cDNA probably corresponds to the consensus 5'-end se-
quences of the MHV mRNAs, since only one distinct major
DNA band was observed. Several minor DNA bands were
also occasionally observed, which were more evident when
the DNA products were analyzed by electrophoresis in poly-
acrylamide gels containing 7 M urea (Fig. 1B). These bands
are constant in size, although the relative amounts of each
DNA fragment varied from experiment to experiment. The
molar quantities of these fragments are always lower by at
least a factor 10 than that of the primary product, the leader-
specific fragment (Fig. 1B).
The sequences of the major DNA fragment and some of

the minor DNA bands were determined by the Maxam-Gil-
bert procedure (12, 15). The DNA sequences of the major
fragment and the corresponding complementary RNA se-
quences are shown in Fig. 2. These RNA sequences contain
sequences corresponding to oligonucleotides 10 and 82 (cap-
N-U-A-A-G), which we have shown to be present within the
leader RNA region (8, 16). The sequence also shows that no
AUG codon is present and that the 3' half of this RNA seg-
ment is poor in G, whereas the 5' half is rich in G. There is a
7-nucleotide (A-A-A-U-C-U-A) mirror-image direct repeat
present within nucleotides 57-70. A comparison with known
nucleic acid sequences by computer search revealed that this
leader RNA does not represent any cellular DNA or RNA.
However, this leader RNA shows an extensive sequence ho-
mology with the long-terminal-repeat (LTR) sequence of
mammalian sarcoma viruses (Fig. 3). This homology is clus-
tered at the 3' end of the R region. Of the 72 nucleotides, 30
are shared between the MHV leader RNA and LTR se-
quences of mammalian sarcoma viruses, including Moloney
murine, simian, and feline sarcoma viruses (18). The signifi-
cance of such homology is unclear.
The minor DNA bands, which are smaller than the com-

plete leader cDNA (Fig. 1B), were found to have partial se-

quences representing the 5' side of the major cDNA product
(Fig. 2). They are, therefore, likely to be premature termina-
tion products of in vitro reverse transcription. The DNA
bands larger than the major leader-specific DNA fragment
are of considerable interest. However, due to the difficulty
in obtaining enough radioactivity, only partial sequences

have been obtained. DNA 5 was found to contain the com-
plete sequences of the major leader cDNA plus an additional
15 nucleotides at the 3' end of the DNA, which correspond
to additional sequences at the 5' end of the mRNA. The
cDNA band 6, on the other hand, contains sequences com-
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FIG. 1. Primer extension of the unfractionated total mRNAs of
MHV. The synthetic oligomer (15-mer), which is complementary to
T1 oligonucleotide 19, was labeled with 32P at the 5' end, hybridized
to intracellular mRNAs, and used as a primer for reverse transcrip-
tion. The cDNA synthesized was boiled at 100'C for S min and ana-

lyzed by electrophoresis on a 12% polyacrylamide gel (A) or a 12%
polyacrylamide gel containing 7 M urea (B). (A) lane 1, free 15-mer;
lane 2, 15-mer annealed to total intracellular mRNAs and "primer-
extended"; lane 3, 15-mer annealed to uninfected cellular RNAs and
primer extended. XC, xylene cyanol; PR, phenol red. The marked
DNA bands in B were eluted and sequenced as shown in Fig. 2. The
arrowhead in B marks the position of the smallest Hae III fragment
(72 nucleotides) of OX174 replicative form DNA. The cDNA bands
1-6 were eluted and used for sequence analysis (Fig. 2).

pletely unrelated to the leader cDNA. The origin of these
DNA bands is unclear and will be discussed below.

Hybridization of the Leader RNA to All of the mRNAs. Pre-
vious studies showed that some of the MHV mRNAs con-
tained identical T1 oligonucleotides within the leader RNA
segments (8, 16). To extend this finding to all of the mRNAs,
we synthesized a leader-specific cDNA from mRNA 7 using
the synthetic 15-mer as a primer. This probe represents the
entire leader RNA sequences of mRNA 7 and was used to
hybridize to the intracellular RNA of MHV by using RNA
transfer blot analysis (14). As shown in Fig. 4, this probe
hybridized to all of the subgenomic mRNAs ofMHV. Partic-
ularly interesting is that mRNA 4, Which was usually unde-
tectable with metabolically labeled virus-specific RNA (Fig.
4, lane B) (7), was clearly detected by hybridization. mRNAs
1 and 2 hybridized to a lower extent, probably due to degra-
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cDNA 3'
RNA 5'

10 20 30 40 50

U-A-U-A-A-G-A-G-U-G-A-U-U-G-G-C-G-U-C-C-G-U-A-C-G-U-A-C-C-C-U-C-U-C-A-A-C-U-C-U-A-A-A-A-C-U-C-U-U-G
no.82 no.10

60 primer 70
A-T-C-A-A-A-T-T-T-A-G-A-T-T-A-G-A-T-T-T-G-A 5'
U-A-G-U-U-U-A-A-A-U-C-U-A-A-U-C-U-A-A-A-C-U 3'

no.19

30 40 50 60 70
cDNA 1 3' T-G-C-A-T-G-G-G-A-G-A-G-T-T-G-A-G-A-T-T-T-T-G-A-G-A-A-C-A-T-C-A-A-A-T-T-T-A-G-A-T-T-A-G-A-T-T-T-G-A 5'

30 40 50 60 70
cDNA 2 3' A-T-G-G-G-A-G-A-G-T-T-G-A-G-A-T-T-T-T-G-A-G-A-A-C-A-T-C-A-A-A-T-T-T-A-G-A-T-T-A-G-A-T-T-T-G-A 5'

40 50 60 70
cDNA 3 3' A-T-T-T-T-G-A-G-A-A-C-A-T-C-A-A-A-T-T-T-A-G-A-T-T-A-G-A-T-T-T-G-A 5'

50 60 70
3' G-A-A-C-A-T-C-A-A-A-T-T-T-A-G-A-T-T-A-G-A-T-T-T-G-A 5'

FIG. 2. Sequences of the leader-specific cDNA fragments and the corresponding leader RNA. The DNA fragments were eluted from the
polyacrylamide gels as shown in Fig. 1 and then sequenced by a modification of the Maxam-Gilbert procedure (12, 15). Only the corresponding
RNA sequence of the leader-specific fragment is shown. The positions of oligonucleotides 82, 10, and 19 (16) are denoted in the RNA sequence.
The other DNA sequences are those of the small DNA fragments shown in Fig. 1B.

dation of the larger mRNA species during RNA extraction.
This result suggests that all of the mRNAs share at least
some leader sequences. There are several minor small RNA
bands that hybridized to the leader-specific probe (Fig. 4,
lane A). These RNAs probably are the premature termina-
tion products of the mRNAs (unpublished observation) or
their degradation products.

Primer Extension of Each Individual MHV mRNA. Analy-
sis by RNA transfer blot hybridization by using mRNA 7-
specific leader probe showed that all of the MHV mRNAs
share at least some leader-specific RNA sequences. Howev-
er, it is not clear whether the leader RNA segments in each
of the different mRNAs are exactly identical. This would be
expected if a single leader RNA species is utilized for the
transcription of all of the MHV mRNAs. To determine the
exact size and sequence of the leader RNA segment in each
mRNA, we performed primer extension of the synthetic 15-
mer hybridized to the individual mRNA. Genomic and sub-
genomic mRNAs were eluted from the gel as shown in Fig.
4, lane B, and hybridized separately to the 5'-end-labeled
synthetic 15-mer. Complementary DNA was then synthe-
sized with reverse transcriptase, and the products were ana-
lyzed by electrophoresis on denaturing gels. As shown in
Fig. 5, a major cDNA band of 72 nucleotides was synthe-
sized from all of the MHV mRNA species. The sizes of the
major products were identical for all of the mRNAs and they
were identical to the major cDNA produced from the total
unfractionated virus-specific mRNA (Fig. 5, lane T). The

major DNA products derived from mRNAs 7, 6, and 5 were
sequenced by the Maxam-Gilbert method and found to have
sequences identical to that of the consensus sequence ob-
tained from the leader DNA synthesized from the unfrac-
tionated mRNA, as shown in Fig. 2 (data not shown). Al-
though the leader DNAs from mRNAs 1, 2, and 3 were not
sequenced, they are likely to have identical sequences since
all of them have identical sizes and their premature termina-
tion products are also similar (see below). This result sug-
gests that all of the mRNAs contain identical leader se-
quences. Furthermore, the same predominant leader DNA
band was also observed when the virion genomic RNA was
used for primer extension (Fig. 5, lane G). This DNA band
also has the same sequence as that of the leader segment in
mRNA 7 (data not shown). Thus, the identical leader se-
quences also exist at the 5' end of the virion RNA.

Several minor DNA bands were also synthesized from the
individual mRNAs hybridized to the synthetic primer. These
DNAs had the same size for all of the mRNA species and
were identical to those found with the unfractionated virus-
specific mRNAs, although the relative quantities vary with
preparations. They are therefore likely to be premature ter-
mination products of reverse transcription.

DISCUSSION
This study presents evidence that most, if not all, of the
mRNA species ofMHV contain a stretch of identical leader

20 30 40 50
MHV Leader G-C-G-U-C-C-G-U-A-C-G-U-A-C-C-C-U-C-U-C-A-A-C-U-C-U-A-A-A-A-C-U-C-U-U-G

FeSV LTR A-C-C-G-C-C-C-C-G-G-G-T-A-C-t-C-G-T-G-T-A-C-G-A-A-T-A-A-A-C-C-T-C-T-T-G
370 380 390

60 70
U-A-G-U-U-U-A-A-A-U-C-U-A-A-U-C-U-A-A-A-C-U

C-T-G-T-T-T-G-C-A-T-C-T-G-A-C-T-C-G-T-G-G-T
400 410

R U5

FIG. 3. Sequence comparison between the MHV leader RNA and the LTR region of Gardner-Arnstein feline sarcoma virus (FeSV). The
FeSV sequences were obtained from Hampe et al. (18). The matched nucleotides are denoted by two dots. The R and US domains of LTR
regions are marked.
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FIG. 4. Hybridization of the intracellular RNAs to the leader-
specific cDNA. Lane A, the MHV-specific intracellular RNAs were
denatured by dimethyl sulfoxide/glyoxal, separated by electropho-
resis on 1% agarose, transferred to nitrocellulose paper, and hybrid-
ized to the leader-specific probe, made by primer extension from the
synthetic 15-mer that had been hybridized to the purified mRNA 7.
Lane B, 32P-labeled RNA from the MHV-infected cells was separat-
ed by electrophoresis as shown in lane A. The bands 1-7 represent
mRNAs 1-7, respectively.

sequences of roughly 70 nucleotides. This is a novel case of
spliced leader sequences in the mRNAs of a cytoplasmic
RNA virus. These data support conclusions previously
reached by oligonucleotide fingerprinting studies that
showed that the leader RNA sequences are present only
once at the 5' ends of MHV mRNAs (8). In this study, we
have further shown that this leader RNA segment is also
present at the 5' end of the genomic RNA and that it is not a
cellular RNA species, thus establishing that the leader RNA
originated from the viral genomic RNA sequences. There-
fore, the mechanism ofMHV RNA synthesis is distinct from
that of influenza virus, which utilizes 5' ends of cellular
mRNAs as primers for its own mRNA synthesis (19).
The consensus sequence of the leader RNA as determined

in this study is similar, but not identical, to the 5'-end se-
quences of a cDNA clone of mRNA 7 of the JHM strain of

w- Leader

*mow~~~~~~~~~.

15-mer

FIG. 5. Primer extension of the individual mRNA of MHV. The

same experiments as that in Fig. 1 were performed, with the excep-

tion that individual MHV mRNAs were used in this experiment. The

32P-labeled intracellular RNA was separated by electrophoresis as

shown in Fig. 4, lane B, and each RNA species was eluted separate-

ly (7). The purified RNAs were then used for primer extension by

using the synthetic 15-mer as the primer. The cDNAs synthesized
were analyzed by electrophoresis on 12% polyacrylamide gels con-

taining 7 M urea. Lane T, total intracellular RNA; lane G, genomic

RNA; lanes 1-3 and 5-7, mRNAs 1-3 and 5-7, respectively.

MHV (20). It is, however, different from the sequences pub-
lished on the 5' ends of the A59 strain of MHV (17). Since

the primer extension approach used in our study would de-

tect the consensus leader sequence present in the majority of

the mRNAs, rather than a single mRNA molecule, the se-

quences determined by us would more likely represent the

true leader RNA of MHV. Indeed, the published 5'-end se-

quence of A59 MHV (17) has recently been shown to be the

result of cloning artifacts (21). It is noteworthy that the 5'

end of the leader RNA, 5' U-A-U-A-A-G-, agrees with that

predicted from the oligonucleotide analysis (16).

The homology between the MHV leader RNA and the

LTR of mammalian sarcoma viruses is very interesting. The

R region contains the capping site and poly(A) addition sig-
nal (18) and also provides the jumping mechanism for re-

verse transcriptase. None of these functions appears to be

conserved in MHV. There might be some common unknown

functions or common evolutionary origin between the MHV

leader and the LTR region. Further study on the mechanism

of MHV RNA synthesis might shed light on this issue.

The origins of the cDNA products larger than the consen-

sus leader cDNA are very curious. There are three possible

interpretations for cDNA 5, which contains the entire leader

A B
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sequences plus 15 additional nucleotides: (i) the extra nucle-
otides could represent fold-back synthesis of in vitro reverse
transcription of the leader region; (ii) the length of the leader
region could be heterogeneous, with a small amount having a
longer RNA region; and (iii) cDNA 5 could represent the real
leader sequences, while the major leader DNA band repre-
sents a strong stop for reverse transcription. Currently, no
data are available to distinguish these three possibilities.
cDNA 6, which has a sequence unrelated to the leader
cDNA, also suggests a very interesting possibility that there
are short leader-related sequences somewhere in the MHV
genomic RNA, other than the 5'-leader region. cDNA band 6
could represent the reverse transcription product resulting
from the priming at such a location. Indeed, a stretch of se-
quences homologous to oligonucleotide 19, which is the
junction site between the leader and body sequences of
mRNAs, has been found in the genomic RNA at the initia-
tion points of mRNA 7 (8, 16, 22). There could be similar
sequences in other regions of the MHV genomic RNA.
Whether cDNA 6 was transcribed from such regions will re-
quire more extensive sequence information.
The presence of a leader sequence common to all of the

mRNAs and genomic RNA indicates that these mRNAs
must be synthesized by joining two noncontiguous RNA seg-
ments, since the leader RNA sequences are present only
once in the genomic RNA (8). Previous studies on the repli-
cative intermediate RNA of MHV suggests that the leader
RNA is probably synthesized independently as a free RNA
species and then used as the primer for the synthesis of the
body sequences of the mRNAs (9). This is a novel mecha-
nism for mRNA synthesis. The presence of such a free lead-
er RNA has recently been demonstrated in the cytoplasm of
MHV-infected cells (unpublished observation).
The finding that there is probably a homologous sequence

between the 3' end of the leader RNA segment and the initia-
tion site of the body sequences of mRNA 7 may provide a
mechanism for the binding of the putative free leader RNA
to the mRNA initiation sites on the negative-stranded RNA
template. We do not know whether similar homology exists
between the leader and the initiation sites of other MHV
mRNAs. If such homology exists and the extent of homolo-
gy differs for each individual mRNA, the binding efficiency
of the free leader RNA to different mRNA initiation sites on
the negative-stranded template would be different. Since it
has been shown that different MHV mRNA species are pres-
ent at different quantities in infected cells (23), this could
provide a mechanism by which the rate of synthesis of the
individual mRNAs is regulated.
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