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Coronavirus transcription is a discontinuous process, involving interactions between a trans-acting leader
and the intergenic transcription initiation sequences. A 9-nucleotide (nt) sequence (UUUAUAAAC), which is
located immediately downstream of the leader at the 5* terminus of the mouse hepatitis virus (MHV) genomic
RNA, contains a sequence resembling the consensus intergenic sequence (UCUAAAC). It has been shown
previously that the presence of the 9-nt sequence facilitates leader RNA switching and may enhance sub-
genomic mRNA transcription. It is unclear how the 9-nt sequence exerts these functions. In this study, we
inserted the 9-nt sequence into a defective interfering (DI) RNA reporter system and demonstrated that mRNA
transcription could be initiated from the 9-nt sequence almost as efficiently as from the intergenic sequence
between genes 6 and 7. Sequence analysis of the mRNAs showed that the 9-nt sequence served as a site of fusion
between the leaders and mRNA. The transcription initiation function of the 9-nt sequence could not be
substituted by other 5*-terminal sequences. When the entire 5*-terminal sequence, including four copies of the
UCUAA sequence plus the 9-nt sequence, was present, transcription could be initiated from any of the UCUAA
copies or the 9-nt sequence, resulting in different copy numbers of the UCUAA sequence and the deletion of the
9-nt sequence in some mRNAs. All of these heterogeneous RNA species were also detected from the 5*-terminal
region of the viral genomic-length RNA in MHV-infected cells. These results thus suggest that the heteroge-
neity of the copy number of UCUAA sequences at the 5* end, the deletion of the 9-nt sequence in viral and DI
RNAs, and the leader RNA switching are the results of transcriptional initiation from the 9-nt site. They also
show that an mRNA species (mRNA 1) that lacks the 9-nt sequence can be synthesized during MHV infection.
Therefore, MHV genomic RNA replication and mRNA 1 transcription may be distinguishable.

Mouse hepatitis virus (MHV), a prototype coronavirus, con-
tains a single-strand, positive-sense RNA genome of 31 kb (11,
16). Upon infection into susceptible cells, the viral genomic
RNA serves as a template for the synthesis of the negative-
strand RNA, which, in turn, is used for the synthesis of the
genomic and six to seven subgenomic mRNAs (mRNAs 1 to 7)
that are conested at the 39 ends (11, 13, 17). Each mRNA has
a leader RNA of approximately 70 nucleotides (nt) at the 59
end, which is identical to the leader sequence of genomic RNA
(12, 15, 31). It is generally accepted that at the beginning of the
viral replication cycle, viral genomic RNA first serves as an
mRNA for translation of RNA polymerases from gene 1,
which are required for subsequent RNA transcription and rep-
lication. The genomic-length RNA (mRNA 1) is eventually
packaged into virions to become virion RNA. Thus, viral
genomic RNA and mRNA 1 are functionally and probably
structurally indistinguishable, and their names are used inter-
changeably in the literature. However, it has been shown that
transcription of all coronavirus subgenomic mRNAs is a dis-
continuous process (1, 7, 11, 14, 31, 36), involving the interac-
tion and fusion between a trans-acting leader and the inter-
genic (IG) regions, whereas genomic RNA replication is likely
a continuous process. It is not clear whether mRNA 1 and viral
genomic RNA are synthesized by a mechanism similar to that
for subgenomic mRNA synthesis (i.e., discontinuous transcrip-
tion) or by a continuous replication mechanism or both.
The leader RNA of coronaviruses undergoes rapid ex-

changes between two RNA molecules. This has been shown to
occur between mRNAs of two MHV strains (20, 25) or be-
tween MHV RNA and defective interfering (DI) RNA (23).
Recently, it has also been demonstrated between the genomic
RNA of a bovine coronavirus and its DI RNA (3). Recombi-
nant MHVs with leader RNAs exchanged between two MHV
strains have also been isolated (10). Thus, leader exchange
appears to be a common phenomenon during coronavirus rep-
lication. Studies have revealed that the leader exchange occurs
only in the presence of a 9-nt sequence (UUUAUAAAC),
which is located at the 59-proximal untranslated region (UTR)
immediately downstream of the leader of the genomic RNA
(Fig. 1 and 2) (23). In MHV-infected and DI RNA-transfected
cells, the majority of the DI RNA leaders were switched to that
of the helper virus after a single cycle of replication if and only
if this DI RNA contained the 9-nt sequence (23). Thus, the
9-nt sequence is required for leader RNA exchange during
coronavirus replication. How the 9-nt sequence affects leader
exchange is unknown. Recently, we have found that the 9-nt
sequence also plays a role in coronavirus subgenomic mRNA
transcription (36). When a DI RNA contained the 9-nt se-
quence, mRNAs transcribed from the DI RNA contained the
leader sequence derived from the 59 end of the same DI RNA;
however, when the DI RNA lacked the 9-nt sequence, the
leaders of subgenomic DI RNAs were derived exclusively in
trans from the helper virus. Furthermore, the DI RNAs con-
taining the 9-nt sequence have a higher transcription efficiency
than the corresponding DI RNA without this sequence (35).
Under certain circumstances, the 9-nt sequence could also
become part of the leader RNA and be utilized for leader-body
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fusion at the IG region during subgenomic mRNA synthesis
(33). These studies suggest that the 9-nt sequence is part of the
acceptor and donor sequences for leader RNA in subgenomic
mRNA synthesis and that the leader switching is a result of
discontinuous transcription involving the 9-nt sequence. This
may explain how DI RNAs and some variant MHV strains
(e.g., JHM2c) lacking the 9-nt sequence were derived (14, 26).
It also suggests that transcription may be initiated from the
9-nt sequence in the wild-type viral RNA, thus generating
heterogeneous mRNA 1 species, some of which will lack the
9-nt sequence.
The 9-nt sequence in the MHV genome is preceded by a

stretch of pentanucleotide (UCUAA) sequences, which are
repeated two to four times in all MHVs (22, 23). Part of the
9-nt sequence resembles the consensus IG sequences or tran-
scription initiation sites (UCUAAAC or a similar sequence)
for subgenomic mRNAs (2, 29, 30, 32). This fact suggests the
potential capacity of the 9-nt sequence to serve as a transcrip-
tion initiation site. Indeed, previous site-specific mutagenesis
studies of MHV RNA have shown that UAUAAAC can serve
as a transcription initiation site when inserted in the DI RNAs
(8, 21, 32). However, it has not been demonstrated that the
9-nt sequence in the context of the viral genome can initiate
mRNA transcription. In this study, we show that the 9-nt
sequence in the context of 59 UTR flanking sequence could
serve as a transcription initiation site, resulting in the synthesis
of an mRNA 1 species lacking this 9-nt sequence. These results
suggest a possible distinction between genomic RNA replica-
tion and mRNA 1 transcription and may explain the possible
mechanism of leader RNA exchange and the frequent gener-
ation of MHV DI RNAs with the 9-nt deletion.

MATERIALS AND METHODS

Viruses and cells. MHV strains A59 (27) and JHM(2) and JHM(3) (22) were
used for infection. DBT cells (6) were used for all experiments throughout this
study.
Plasmid constructions. To construct a DI RNA reporter plasmid containing

the 9-nt sequence (UUUAUAAAC) upstream of the chloramphenicol acetyl-
transferase (CAT) gene, we performed PCR with a sense primer, 59Spe9ntCAT
(59-TAACTAGTTTATAAACGGCATGGAGAAAAAAAT-39), which contains
an SpeI site (underlined), the 9-nt sequence (boldface), and the first 14 nt of the
CAT open reading frame (ORF), and an antisense primer, 39CAT542 (36),
which is complementary to the 39 end of the CAT ORF. Plasmid DNA p25CAT
(18) was used as a template. The PCR fragments were digested with SpeI and
BspEI, and the SpeI-BspEI fragment was directionally cloned into the SpeI-BspEI
sites of p25CAT, resulting in pDECAT-1 (Fig. 1).
For construction of pDECAT-1U, three sets of PCRs were performed. In the

first PCR, a fragment of the 59 UTR was generated with a sense primer
(59Spe9ntUTR; 59-TAACTAGTTTATAAACGGCACTTCC-39, containing an
SpeI site, the 9-nt sequence, and the 59 UTR), and an antisense primer
(39UTRCAT; 59-TTTTCTCCATTATGCAACCTATG-39, complementary to
the 39 end of the MHV 59 UTR and the first 10 nt of the CAT ORF). In the
second PCR, the CAT gene was synthesized with a sense primer (59UTRCAT;
59-GTTGCATAATGGAGAAAAAAATC-39, containing the last 8 nt of the 59
UTR and the first 15 nt of the CAT ORF) and an antisense primer, 39CAT542.
p25CAT19nt DNA (36) was used as a template for both PCRs. The PCR
fragments were purified by electrophoresis on a low-melting-point agarose gel. In
the third PCR, the two PCR fragments described above were used as templates,
and 59Spe9ntUTR and 39CAT542 were used as a primer pair. The resulting PCR
products were digested with SpeI and BspEI and directionally cloned into
p25CAT19nt (36) as described above.
The construction of pDECAT-4RU and pDECAT-4R1U was similar to that of

pDECAT-1U except that in the first PCR, the 59 primer was 59SpeI4R (59-TAA
CTAGTCTAATCTAATCTAATCTAAAC-39), and p25CAT and p25CAT19nt

FIG. 1. The 59-proximal 9-nt sequence of MHV functions as a transcription
initiation site. (A) Structures and transcription efficiencies of the DI RNA re-
porter constructs. All three constructs have the same structure and sequence
except for the IG region. The IG sequence in pDECAT-1 is the 9-nt sequence
(UUUAUAAAC), which is shown as a small patterned box upstream of the CAT
reporter gene. Leader sequence (L) denotes the 59-end sequence common to all
subgenomic mRNAs and upstream of the UCUAA repeats. The four UCUAA
repeats (R) are indicated by four narrow boxes, and their sequences are shown
at the top and underlined. The V-shaped breaks in the lines represent a 9-nt
deletion. p25CAT, which contains a known transcription initiation site (IG7),
and pRISCAT, which lacks an IG sequence, are used as positive and negative
controls, respectively (18). CAT activities expressed from these constructs,
shown on the right, represent fold increase against the background, which is set
as onefold (13) (36). The CAT activities are representative of five independent
experiments. (B) Positions and names of the primers (59L9 and 39CAT542) used
in RT-PCR to amplify genomic and subgenomic mRNAs (shown on the right) in
MHV A59-infected and pDECAT-1 RNA-transfected cells. The expected sizes
of the PCR products are indicated in kilobases below the sequences. The solid
arrow indicates the transcription start site from the 9-nt sequence. (C) PCR
products were analyzed by electrophoresis on a 1% agarose gel. The gel was
stained with ethidium bromide, photographed with Polaroid film, and scanned
with a ScanJet IIc (Hewlett-Packard), and the computer imaging was saved in a
tagged image file format (TIFF) with Adobe Photoshop 2.5.1 LE software. Lanes
DECAT-1 and RISCAT are the RT-PCR products from helper virus A59-
infected and DECAT-1 RNA- and RISCAT RNA-transfected cells, respectively.
Bands corresponding to the genomic or subgenomic RNAs are indicated on the
right with arrows. On the left are positions of molecular size markers (lane M).
(D) Summary of sequences of cDNA clones representing subgenomic CAT-
containing RNAs as shown in panel C. Only the IG sequences of the template
RNA and the leader fusion site of the subgenomic mRNA are shown. The

number of the UCUAA copies at the leader-body fusion site is underlined and
indicated. (V), helper viral origin of the leader RNA. The number of cDNA
clones specifying the mRNA species is shown on the right. The total number (n)
of cDNA clones sequenced is shown in parentheses. The arrow indicates the
direction of transcription.
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DNAs were used as templates for pDECAT-4RU and pDECAT-4R1U, respec-
tively.
To construct pDECAT-U, PCR was performed with a pair of primers

(59SpeIUTR [59-TAACTAGTGGCACTTCCTGCGTG-39, containing an SpeI
site and the 59 UTR lacking the 9-nt sequence] and 39CAT542) and pDE-
CAT-1U DNA as a template. The PCR fragments were digested with SpeI and
BspEI and cloned into the SpeI-BspEI sites of p25CAT19nt (36).
In vitro transcription and RNA transfection. All plasmid DNAs were linear-

ized with XbaI and transcribed in vitro with T7 RNA polymerase as recom-
mended by the manufacturer (Promega). RNA transfection was carried out by
the DOTAP method (Boehringer Mannheim) as described previously (36).
Extraction of cell lysates and CAT assay. Infected and transfected DBT cells

from a 60-mm-diameter petri dish were harvested at 8 h postinfection in most
experiments, resuspended in 150 ml of 0.25 M Tris-HCl (pH 8.0), and lysed by
freezing and thawing three times. Cellular lysates were incubated at 608C for 10
min. Following a brief centrifugation, 50 ml of each sample was assayed for CAT
activity, using an assay kit as instructed by the manufacturer (Promega). The
CAT reaction was carried out for 12 h as described previously (36).
RT-coupled PCR (RT-PCR) and cloning of subgenomic mRNAs and viral

genomic RNAs. For detection of subgenomic DI mRNAs, total RNAs were
isolated from MHV-infected and RNA-transfected DBT cells at 7 h postinfec-
tion by the Nonidet P-40 method (19) and used for cDNA synthesis by reverse
transcription (RT) with the CAT-specific antisense primer 39CAT542. An addi-
tional sense primer (59L9) representing the 59 end of the leader was used for the

subsequent PCR amplification (36). The specific PCR fragment, which repre-
sents the 59 terminus of the subgenomic CAT-containing mRNA, was analyzed
either by agarose (1%) gel electrophoresis or by sequencing. For the latter, the
PCR products were digested with SnaBI and EcoRI, and the SnaBI-EcoRI
fragment was cloned into the SmaI and EcoRI sites of pBluescript (Stratagene).
For detection of viral genomic RNAs, total intracellular RNAs were isolated
from DBT cells infected with JHM(3) at 9 h postinfection. The 39 primer used in
RT and PCR was 39499 (59-CATCATAGTCGAGGCCTCCAC-39, complemen-
tary to the nt 470 to 499 of gene 1, including an endogenous StuI sequence) (16)
to amplify the 59-terminal 499-nt sequence. The 499-nt PCR fragment was
digested with SnaBI and StuI and cloned into the SmaI site of pBluescript.
DNA sequencing. The sequences of all cDNA clones were determined by the

dideoxynucleotide chain termination method (28). Primers 39-A140 (59-AAT
GTCAGCACTATGACAAG-39) (36) and 39-CAT56 (59-TTACGATGCCATT
GGGATA T-39, complementary to nt 37 to 56 from the beginning of the CAT
ORF) were used to determine the 59-terminal sequences of genomic and sub-
genomic RNAs, respectively.

RESULTS

The 5*-proximal 9-nt sequence (UUUAUAAAC) immedi-
ately downstream of the leader serves as a transcription ini-
tiation site in the DI RNA reporter. Since part of the 9-nt
sequence (UAUAAAC) resembles the consensus IG sequence
(UCUAAAC), and UAUAAAC has been shown to serve as a
transcription initiation signal for mRNA synthesis when in-
serted into DI RNAs (21, 32), we expected that the 9-nt se-
quence may also act as a transcription initiation site for mRNA
synthesis. However, the transcription initiation potential of
various IG-related sequences as determined by site-specific
mutagenesis in DI RNA and those in viral genome did not
correlate precisely (21, 32), suggesting that neighboring se-
quence context could affect transcriptional initiation. There-
fore, to determine the transcriptional potential of the 9-nt
sequence, we used a previously characterized DI-CAT con-
struct, p25CAT (18, 36), and replaced the IG sequence with
the 9-nt sequence, so that the CAT gene was under the control
of this 9-nt sequence (pDECAT-1) (Fig. 1). Previous studies
have shown that the CAT activity from this construct
(p25CAT) could be only detected when a CAT-containing
subgenomic mRNA is transcribed from the IG site (18). Fol-
lowing infection of cells with a helper MHV (A59) and trans-
fection with the in vitro-transcribed DI-CAT RNA, CAT ac-
tivities in the cell lysates were assayed. Since the leader
sequences of helper virus (A59) and DI RNA (derived from
JHM) are different, the origin of the leader sequence in the
subgenomic mRNA could be identified (7, 18, 36). As shown in
Fig. 1A, the CAT activity from pDECAT-1 was expressed at a
level (281-fold increase) comparable to that from p25CAT
(301-fold increase). In contrast, when the construct pRISCAT
(18), which lacks the consensus IG sequence, was used, no
CAT activity was detected. These results were reproducible in
five independent experiments. The results suggest that the 9-nt
sequence alone is sufficient to promote the transcription of
subgenomic mRNAs.
We next examined the structure of the CAT-containing sub-

genomic mRNA by RT-PCR using a CAT-specific antisense 39
primer and a leader-specific sense 59 primer (Fig. 1B). Figure
1C shows that CAT-containing subgenomic mRNAs were de-
tected in cells transfected with pDECAT-1 RNAs, but not in
pRISCAT RNA-transfected cells, consistent with the results
obtained from the CAT assay (Fig. 1A). Sequence analysis of
the 12 cDNA clones showed that they represent CAT sub-
genomic mRNAs containing a leader RNA which is joined via
two UCUAA copies (without the 9-nt sequence) to the CAT
gene sequence. These results suggest that the leader-mRNA
fusion occurred within the 9-nt sequence (Fig. 1D). All of the
leader sequences in these clones were derived in trans from the
helper virus RNA, which contains a trinucleotide sequence

FIG. 2. The 9-nt sequence functions as a transcription initiation site in the
presence of the 59 UTR sequence. (A) The structures of pDECAT-1U and
pDECAT-U differ only in the presence (pDECAT-1U) and absence (pDE-
CAT-U) of the 9-nt sequence. CAT activities expressed from these DI RNA
constructs are shown on the right and are representative of five independent
experiments. UTR, 59 UTR of MHV genomic RNA (nt 86 to 214 from the 59
end). (B) Detection of DI RNA transcripts by RT-PCR. RT-PCR products were
generated by using primers as shown in Fig. 1B and analyzed by electrophoresis
on a 1% agarose gel. Lanes 2 and 3, RT-PCR products of RNA samples from
helper virus A59-infected and pDECAT-1U- and pDECAT-U RNA-transfected
cells, respectively; lane 4, RNAs from A59-infected and mock-transfected cells;
lane 5, RNAs from mock-infected and DECAT-1U-transfected cells. Bands
corresponding to genomic and subgenomic RNAs are indicated on the right with
arrows. Positions of molecular size markers (M; lane 1) are shown on the left. (C)
Structures of the subgenomic mRNA species. Only the sequences of the IG site
of the template and the leader fusion site of the subgenomic mRNA are shown.
(D) indicates that the leader RNA in subgenomic RNA was derived from the DI
RNA. Other depictions are the same as in the legend to Fig. 1.
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CUC at positions 30 to 32 (36) (data not shown). This result is
consistent with the previous finding that when DI RNA does
not contain the 9-nt sequence, the leader of subgenomic RNAs
is derived exclusively in trans (18, 36), inasmuch as this DI
RNA does not contain the 9-nt sequence at the 59 end.
The 9-nt sequence could initiate transcription in the context

of the 5*-terminal sequence. The experiment described above
suggested that the 9-nt sequence could serve as a potential
transcription initiation site. Previous studies have also sug-
gested that some neighboring sequences of the IG region could
affect transcription efficiencies (8, 9, 21). Therefore, to deter-
mine whether the 9-nt sequence located at the 59 end of the
genomic RNA can initiate mRNA transcription, we examined
the effect of the neighboring 59-terminal sequence on the tran-
scriptional initiation from the 9-nt sequence. We first studied
the effects of the 59 UTR (nt 86 to 214 from the 59 end), which
is downstream of the 9-nt sequence and immediately precedes
the ORF for gene 1 in the viral genomic RNA (Fig. 2A). We
used a construct, pDECAT-1U, which contains the MHV 59
UTR inserted between the 9-nt sequence and the CAT gene
(Fig. 2A). The subgenomic mRNA transcribed from this DI
RNA would mimic the structure of a potential mRNA 1 tran-
scribed from the 9-nt sequence in the viral genomic RNA. As
shown in Fig. 2A, CAT activity was expressed from pDE-
CAT-1U RNA at a high level (255-fold increase), similar to
that from pDECAT-1 RNA (Fig. 1A), suggesting that the 9-nt
sequence initiated the transcription of a CAT mRNA, even in
the presence of the 59 UTR sequence. No CAT activity was
detected from pDECAT-U RNA, which contains the 59 UTR
but lacks the 9-nt sequence (Fig. 2A), again indicating the
requirement of the 9-nt sequence in initiating CAT mRNA
transcription. To confirm these results, we performed RT-PCR
using a CAT-specific antisense primer and a leader-specific
sense primer to detect possible subgenomic RNA transcripts in
DI RNA-transfected and MHV-infected cells. A subgenomic
CAT-containing mRNA species was detected in pDECAT-1U-
transfected and A59-infected cells by RT-PCR (Fig. 2B, lane
2). No specific PCR products derived from subgenomic CAT
mRNAs were detected in pDECAT-U-transfected, mock-
transfected, or mock-infected cells (Fig. 2B, lanes 3 to 5). As
expected, all of the cells transfected with DI RNAs yielded a
PCR product representing the full-length DI RNA. Since these
PCR primers would have favored shorter RNA (subgenomic
mRNA, ca. 0.86 kb) over the longer RNA (full-length DI
RNA, ca. 2.36 kb), the total absence of PCR products repre-
senting subgenomic mRNAs suggested that very little, if any,
subgenomic mRNA was synthesized by pDECAT-U. These
results thus indicate that the 9-nt sequence is the only sequence
at the 59UTR (downstream of the leader) required for mRNA
transcription.
The structures of CAT-containing subgenomic mRNAs

transcribed from pDECAT-1U RNA were studied by sequenc-
ing of RT-PCR clones. The sequences of these clones suggest
that the leader fusion sites in these subgenomic mRNAs were
likely at the 9-nt sequence (Fig. 2C), similar to those tran-
scribed from pDECAT-1 RNAs (Fig. 1D), further suggesting
that the 9-nt sequence could serve as a transcriptional start
sequence. Interestingly, the leaders of all nine cDNA clones
were of DI RNA origin, which contains the trinucleotide se-
quence UAA at positions 30 to 32 from the 59 end, in contrast
to those from pDECAT-1 RNA. This result is consistent with
the previous finding that the presence of the 9-nt sequence
enables the DI RNA-derived leader to contribute to sub-
genomic mRNA (36), since pDECAT-1U contains the 9-nt
sequence immediately downstream of the leader.

The transcription initiation function of the 9-nt sequence
could not be replaced by the 5*-UCUAA repeat sequences.
Viral and DI genomic RNAs contain several copies of the
UCUAA sequence immediately upstream of the 9-nt se-
quence. Since the pentanucleotide repeat sequence is similar
to the 9-nt sequence and part of it is identical to the consensus
IG sequence, it was predicted that this repeat sequence may
also function as a transcription initiation site. To test this
possibility, we constructed a DI RNA reporter plasmid (pDE-
CAT-4RU) which contains the CAT gene behind the four
copies of the UCUAA sequence and the 59 UTR (nt 86 to 214
from the 59 end) (16) but lacks the 9-nt sequence (Fig. 3A).
The result surprisingly showed that no CAT activity was de-

FIG. 3. The 9-nt sequence is the only transcription initiation site at the
59-terminal region of MHV RNA. (A) Structures of pDECAT-4RU and pDE-
CAT-4R1U. They differ only in the presence (pDECAT-4R1U) and absence
(pDECAT-4RU) of the 9-nt sequence. CAT activities expressed from these DI
RNA constructs are shown on the right and are representative of five indepen-
dent experiments. UTR, 59 UTR of MHV genomic RNA. The V-shaped break
indicates the deletion of the 9-nt sequence. (B) Detection of RNA transcripts by
RT-PCR. RT-PCR products were generated by using primers as shown in Fig.
1B and analyzed by electrophoresis on a 1% agarose gel. Lanes 2 and 3, RT-PCR
products of RNA samples from helper virus A59-infected and pDECAT-4RU-
and pDECAT-4R1U RNA-transfected cells, respectively; lane 4, RNAs from
A59-infected and mock-transfected cells; lane 5, RNAs from mock-infected and
pDECAT-4R1U-transfected cells. Bands corresponding to genomic and sub-
genomic RNAs are indicated on the right with arrows. Positions of molecular size
markers (M; lane 1) are shown on the left. (C) Structures of the subgenomic
mRNA species transcribed from pDECAT-4R1U. Only the IG sequence of the
template and the leader fusion site of the subgenomic mRNAs are shown. Each
box represents one copy of UCUAA. The larger box represents UCUAAAC. (V)
and (D) indicate that the leaders of subgenomic mRNAs were derived from the
helper viral and DI RNAs, respectively. Other depictions are the same as ex-
plained in the legend to Fig. 1.
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tected (Fig. 3A), indicating that the pentanucleotide sequences
at the 59-terminal viral genomic RNA could not substitute for
the 9-nt sequence to initiate mRNA transcription. When the
9-nt sequence was inserted between the four copies of the
UCUAA sequence and the 59 UTR (pDECAT-4R1U), the
CAT activity was restored (Fig. 3A). These data were con-
firmed by five independent experiments. This result was unex-
pected since the four copies of UCUAA include the consensus
sequence found in most of the IG sequences. To rule out the
possibility that pDECAT-4RU had transcribed a subgenomic
mRNA which could not be translated, we performed RT-PCR
to detect possible subgenomic CAT RNA transcripts in MHV-
infected and pDECAT-4RU- or pDECAT-4R1U-transfected
cells. Figure 3B shows that a specific CAT-containing mRNA
was transcribed from pDECAT-4R1U RNA (lane 3) but not
from DECAT-4RU RNA (lane 2), whereas the full-length DI
RNAs were detected in all of the samples. No CAT-specific
subgenomic mRNAs were detected in mock-transfected or
mock-infected cells (lanes 4 and 5). These results are consis-
tent with those of the CAT assay (compare Fig. 3A and B),
thus confirming that the lack of CAT activity from pDECAT-
4RU was due to failure of mRNA transcription. The combined
results suggest that the 9-nt sequence is the only signal at the
59 terminus of the genomic RNA capable of transcriptional
initiation. The failure of the four UCUAA repeats to serve as
a transcription initiation signal may be due to RNA conforma-
tion, as the neighboring sequence has been shown to affect the
transcription initiation (8, 9).
The leader-body joining regions of the CAT-containing

mRNAs transcribed from pDECAT-4R1U RNA were exam-
ined by RT-PCR cloning and DNA sequencing. Eight of the
eleven cDNA clones contained two UCUAA copies and the
9-nt sequence at the junction, and one clone contained four
UCUAA copies and the 9-nt sequence (Fig. 3C). These RNAs
represent the fusion of the leader RNA at the UCUAA repeat
region. The leaders of these mRNAs were derived from the
helper virus, which has a CUC at nt 30 to 32 from the 59 end
of the genome (reference 36 and data not shown). Two addi-

tional clones contained four UCUAA copies but lacked the
9-nt sequence at the junction site (Fig. 3C). These mRNAs
represent the fusion of the leader RNA at the 9-nt sequence,
resulting in the loss of the 9-nt sequence in the mRNA.
Detection of the 9-nt deletion in MHV genomic-length RNA

in vivo. As demonstrated above, the 9-nt sequence in the con-
text of 59-end genomic sequence functions as a transcription
initiation site in the DI RNA system. If it also functions as a
transcription initiation site in the viral genomic RNA, then the
genomic-length RNAs in the virus-infected cells should con-
tain some mRNA species that have lost the 9-nt sequence at
the 59 terminus. Such an RNA species has not been detected
previously by primer extension and direct RNA sequencing
(22). We reexamined this possibility by RT-PCR. MHV strain
JHM(3), which has three copies of the UCUAA sequence and
the 9-nt sequence, was plaque purified and then propagated in
DBT cells for fewer than five passages. Cells were infected with
JHM(3) at a multiplicity of infection of 5, and total intracel-
lular RNAs were isolated at 9 h postinfection. The 59-terminal
499-nt sequence of the viral genomic RNA was reverse tran-
scribed and monitored by PCR amplification for 10 cycles.
Individual cDNA clones were sequenced (Fig. 4). Of the total
of 48 clones sequenced, 31 clones contained three UCUAA
copies and the 9-nt sequence at the 59-terminal end (Fig. 4A,
panel a), identical to the parental genomic RNA. Ten other
clones had two UCUAA copies and the 9-nt sequence (panel
b), consistent with the previous finding that viruses with three
UCUAA copies rapidly lost one copy during virus evolution
(22). Interestingly, two other clones contained four UCUAA
copies and the 9-nt sequence (panel c); these clones thus con-
tained one more copy of UCUAA than the parental virus. This
type of RNA has not been observed previously in JHM(3)
virus. Additionally, five clones had three UCUAA copies but
were missing the 9-nt sequence (panel d), consistent with an
mRNA 1 species initiated from the 9-nt sequence (Fig. 4A and
B). These data suggest that the 9-nt sequence in the viral
genomic-length RNA could serve as a transcriptional initiation
site, resulting in the loss of the 9-nt sequence. These results

FIG. 4. Heterogeneity of the 59-terminal sequence and structure of JHM(3) genomic RNA. (A) DNA sequences of the RT-PCR products, showing the sequences
at the 39 end of the leader of JHM(3) genomic-length RNAs. The copy number of the UCUAA sequence and the 9-nt sequence are indicated on the right for each
RNA species (a through d). (B) Structural diagram of the 59 terminus of the newly synthesized RNA species and the parental viral genomic RNA. The last repeat in
the leader is a heptanucleotide sequence (UCUAAAC) instead of a pentanucleotide sequence (UCUAA); it is represented by a longer rectangle. The V-shaped break
indicates the 9-nt deletion. The numbers of cDNA clones representing each RNA species are shown on the right. The total number (n) of cDNA clones sequenced
is shown in parentheses.
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combined suggest that a discontinuous transcription process
may occur during coronavirus genomic-length RNA synthesis,
generating an mRNA 1 species which is distinct from the viral
genomic RNA.

DISCUSSION

The 9-nt sequence as a transcription initiation site. In this
study, we demonstrated by using a DI RNA reporter system
that a 59-proximal 9-nt sequence (UUUAUAAAC) of MHV
genomic RNA functioned as a transcription initiation site for
mRNA synthesis. The 9-nt sequence either alone or in the
presence of other neighboring sequences was able to initiate
the synthesis of a subgenomic mRNA. This finding is consis-
tent with the fact that part of the 9-nt sequence resembles the
consensus transcriptional initiation sequence at various IG
sites. It is also supported by the previous findings that two
mutant IG sequences containing the motif UAUAAAC in DI
RNA constructs had a transcription efficiency similar to that of
the wild-type consensus IG sequence (UCUAAAC) (8, 32).
However, the UAUAAAC sequence alone may not necessarily
be a functional promoter; its activity may be modulated by
other flanking sequences. In fact, the UAUAAAC sequence is
present at two other locations in MHV genomic RNA (at nt
11432 to 11438 of gene 1 and 54 to 60 of gene 2), but no
corresponding mRNA species were synthesized from these
sites. Our present finding directly demonstrated that the 9-nt
sequence serves as a transcription initiation site in the context
of the 59UTR sequence. It is surprising, however, that the four
copies of UCUAA sequence at the 39 end of the leader plus the
59 UTR, but in the absence of the 9-nt sequence (construct
pDECAT-4RU in Fig. 3), did not serve as a transcription
initiation site for mRNA synthesis, despite the fact that the last
14 nt of the UCUAA repeat sequence (AAUCUAAUC
UAAAC) are identical to the consensus sequence IG7, which
is the strongest transcription initiation signal of MHV. One
possible interpretation is that multiple copies of the UCUAA
sequence form a stem-loop structure (data not shown), which
is unfavorable for interacting with a trans-acting leader. The
inability of the UCUAA repeat sequences in initiating mRNA
transcription is consistent with the finding that the UCUAA
sequence alone is not sufficient to cause leader RNA switching
(23) (see below). More recently, it was reported that the UC
UAA sequence also was not required for leader RNA ex-
change of bovine coronavirus (4), again consistent with this
concept. In contrast, the 9-nt sequence resides at the end of a
possible stem-loop structure (data not shown), thus probably
allowing the binding of trans-acting leaders. Alternatively, the
9-nt sequence may bind a protein, which is required for tran-
scription, in a mechanism similar to the proposed model for
subgenomic mRNA transcription (32, 34, 36). It will be inter-
esting to determine whether the 59-terminal sequences of
MHV genomic RNA containing or lacking the 9-nt sequence
have different protein-binding properties.
Leader RNA switching. Previously, it was found that the

presence of the 9-nt sequence promoted leader RNA exchange
(23). It was unclear how the 9-nt sequence exerts such a func-
tion. Data from the current report and previous studies (22,
23) suggest a possible mechanism (Fig. 5). When the 9-nt
sequence is absent at the 59 terminus of the genomic RNA, no
discontinuous transcription (mRNA 1) occurs at the 59 termi-
nus. Thus, the leader RNA cannot be switched to another
RNA molecule (Fig. 5A). In this case, the genomic-length
RNA results from faithful copying of the template strand
through a continuous replication mechanism. When the 9-nt
sequence is present between the UCUAA repeat sequence of

the leader and the 59 UTR sequence, the negative-strand re-
petitive sequence (including the UCUAA repeats and the 9-nt
sequence) provides an initiation site for a trans-acting leader to
transcribe an mRNA 1, resulting in leader RNA switching (Fig.
5B). Because of the imprecise nature of leader binding during
the discontinuous transcription process, the leader-body fusion
site of mRNA 1 is heterogeneous [Fig. 5B, (a) to (c)], contain-
ing different numbers of UCUAA copies [Fig. 3 and 4 and Fig.
5B, (a9) and (b9)]. When the leader binding takes place on the
9-nt sequence, an mRNA species lacking the 9-nt sequence will
result [Fig. 5B, (c9)].
Evolution of MHV variants and DI RNAs. It was shown

previously that JHM(3), which contains three UCUAA copies
in the leader, undergoes rapid conversion to JHM(2), which
contains only two UCUAA copies (22). In this study, an RNA
species containing four UCUAA copies in the leader was
found in JHM(3)-infected cells (Fig. 4A, panel c). This in-
crease of the copy number of UCUAA sequence in the viral
genome during virus replication has not been observed previ-
ously. The current finding that the 9-nt sequence serves as a
transcription initiation site for mRNA synthesis suggests that
the heterogeneities of UCUAA copy number may have re-
sulted from transcriptional start from the UCUAA repeats or
the 9-nt sequence at the 59 end of the viral genome, similar to
the heterogeneity of the leader fusion in MHV subgenomic

FIG. 5. Proposed mode of leader switching and evolutionary pathway of
MHV variants and DI RNAs. (A) In the absence of the 9-nt sequence, the
trans-acting leader cannot initiate transcription. Hence, there is no mRNA 1
transcription and consequently no leader RNA switching, although RNA repli-
cation still takes place. In this case, the synthesis of genomic-length RNA results
from a continuous replication process. The patterned boxes and breaks indicate
the UCUAA repeats (R) in the leader (L) and the 9-nt sequence deletion,
respectively. (B) In the presence of the 9-nt sequence in the genomic RNA, the
trans-acting leader primes the mRNA 1 transcription, and as a result, leader
RNA switching takes place. (a) to (c), the trans-acting leaders bind to the
different positions of the template, resulting in the synthesis of mRNA 1 species
differing in sequences at the leader-body joining site [(a9) to (c9)]. Thus, the
newly synthesized RNA species are heterogeneous at the 59-terminal repetitive
sequence, including the UCUAA repeats and the 9-nt sequence.
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mRNAs (24). Since these genomic-length mRNAs contain the
packaging signal (5), they are expected to be packaged into
virions and function as viral genomic RNAs. This interpreta-
tion may explain why MHV genomic RNA evolves so rapidly in
this region. In contrast, if the heterogeneity of viral RNA were
due to RNA polymerase slippage during continuous RNA rep-
lication, similar heterogeneity would have been detected in the
IG regions of viral genomic RNA. Such a heterogeneity did not
occur. Likewise, this finding may also explain why many re-
combinant viruses have recombination sites at the 59 end of the
viral genome, exchanging only the leader sequences (10). It
should be noted that although the experiments performed here
and previously (33) used plaque-cloned viruses, it cannot be
rigorously ruled out that the heterogeneity of viral genome
existed in the virus population and did not arise de novo during
viral RNA replication. A definite experiment would require an
infectious recombinant viral RNA. Nevertheless, the hetero-
geneity of RNA sequence in this region, in contrast to other
regions, suggests the unusual property of the 59-proximal se-
quence in the viral genome.
Possible distinction between genomic RNA and mRNA 1.

Our findings also suggest that the synthesis of coronavirus
genomic-length RNAs may include both a discontinuous pro-
cess (i.e., transcription of mRNA 1) and a continuous, faithful
replication mechanism. This raises an interesting question: are
mRNA 1 and genomic RNA functionally distinguishable?
Conceivably, the mRNA 1 species, which lacks the 9-nt se-
quence, detected in this study may be translated more effi-
ciently than the viral genomic RNA, which contains the 9-nt
sequence, in virus-infected cells. If this is the case, the viral
gene 1 products would be more abundantly synthesized during
the peak of viral mRNA synthesis but not of RNA replication.
This possibility can be experimentally tested.
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