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The 3’-end of mouse hepatitis virus (MHV) genomic RNA contains a recognition sequence (55 nucleotides
[nt]) required for minus-strand RNA synthesis. To determine whether the 3’-end sequence is also involved in
subgenomic mRNA transcription, we have constructed MHV defective interfering (DI) RNAs which contain a
chloramphenicol acetyltransferase (CAT) gene placed behind an intergenic sequence and a 3’-end sequence
with various degrees of internal deletions. The DI RNAs were transfected into MHV-infected cells, and CAT
activities, which represent subgenomic mRNA transcription from the intergenic site, were determined. The
results demonstrated that the deletions of sequence upstream of the 350 nt at the 3’'-end, which include the
3'-untranslated region (3'-UTR), of MHV genomic RNA did not affect subgenomic mRNA transcription.
However, deletions that reduced the 3'-end sequences to 270 nt or less completely abolished the mRNA
transcription despite the fact that all of these clones synthesized minus-strand RNAs. These results indicated
that mRNA transcription from an intergenic site in the MHV DI RNA requires most of the 3'-UTR as a
cis-acting signal, which likely exerts its effects during plus-strand RNA synthesis. A substitution of the
corresponding bovine coronavirus sequence for the MHV sequence within nt 270 to 305 from the 3'-end
abrogated the CAT gene expression, suggesting a very rigid sequence requirement in this region. The deletion
of a putative pseudoknot structure within the 3'-UTR also abolished the CAT gene expression. These findings
suggest that the 3'-UTR may interact with the other RNA regulatory elements to regulate mRNA transcription.

Mouse hepatitis virus (MHV) is a prototype coronavirus,
containing a linear, single-stranded, positive-sense RNA of
approximately 31 kb (15, 17, 27). During MHV infection of
susceptible cells, six to seven subgenomic mRNAs are tran-
scribed, which are 3’-coterminal with the genomic RNA and
have a nested-set structure (12). All of them contain a leader
sequence, 72 to 77 nucleotides (nt) in length, at the 5’-end (12,
14, 32), which is derived from the 5'-end of the genomic RNA.

Coronavirus mRNA transcription has been shown to involve
a discontinuous process, fusing the leader and the body se-
quences of mRNAs from two different RNA molecules (8, 18,
23). Several models have been proposed to describe the mech-
anism of discontinuous transcription (7, 12, 28). Among them,
the minus-strand RNA jumping model (28) proposes that the
discontinuous step occurs during negative-strand RNA synthe-
sis, when the nascent minus-strand RNAs jump from an inter-
genic (IG) site to the leader region of the genomic RNA
template to generate subgenomic minus-strand RNAs contain-
ing an antileader sequence. In contrast, another model, the
leader-primed transcription model (12), proposes that the dis-
continuous step occurs during positive-strand RNA synthesis,
when the positive-strand leader RNA dissociates from the tem-
plate and reassociates with the IG site of the minus-strand
RNA template (13). Both of these mechanisms require an
interaction between the leader RNA and the IG sequence of
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positive or negative strand to effect subgenomic mRNA tran-
scription. Transcription models combining the two mecha-
nisms have also been proposed (7, 29).

The cis-acting sequence requirements for MHV genomic
RNA replication and minus-strand RNA synthesis have previ-
ously been determined (9, 19, 20). The sequences required for
genomic RNA replication include 470 to 859 nt from the 5'-
end, an optional 135-nt internal sequence located at gene 1,
and 436 nt from the 3’-end of the genome (9, 19). In contrast,
minus-strand RNA synthesis requires only 55 nt plus poly(A)
tail from the 3’-end (20). The apparent difference in the 3'-end
sequence requirements between genomic RNA replication and
minus-strand RNA synthesis suggests that the 3'-end sequence
not only provides the signal for minus-strand synthesis, but also
is involved in positive-strand RNA synthesis. These 3’-end
sequences may interact with the 5'-end cis-acting sequences to
regulate positive-strand RNA synthesis.

For subgenomic mRNA transcription, the major cis-acting
signal is the IG sequence, since the insertion of an IG sequence
into any site in a defective interfering (DI) RNA initiates
subgenomic mRNA transcription (22). However, other RNA
regions may also be required for, or can regulate, mRNA
transcription. For example, the leader RNA has both cis- and
trans-acting activities on the subgenomic mRNA transcription
from a DI RNA (18, 38). The leader RNA derived in cis or in
trans (i.e., from the same or a different RNA molecule) is
incorporated into subgenomic mRNAs (8, 18, 38). The dele-
tion of the leader sequence from an RNA template resulted in
significant loss of transcription activity, even though the leader
RNA for the subgenomic mRNA could have been supplied in
trans from the helper viral RNA (18). These results suggest
that MHV subgenomic mRNA transcription requires an 1G
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sequence and is regulated by cis-acting sequences at the 5'-end
and a frans-acting leader RNA.

In this communication, we examined the possible role of the
3’-end sequence on subgenomic mRNA transcription, in light
of the finding that the 3’-end cis-acting signal for MHV RNA
replication (9, 19) is longer than that for minus-strand RNA
synthesis (20). By using a DI RNA construct containing a series
of 3’-end deletions, we found that subgenomic mRNA tran-
scription also required a 3'-end sequence that is longer than
that for minus-strand RNA synthesis. These data suggest that
the 3'-end sequence is involved in plus-strand RNA synthesis;
thus, there is likely a direct or indirect interaction among 5'-
and 3'-end sequences and the IG site of the viral RNA during
subgenomic mRNA transcription.

For this study, we used a DI RNA vector containing a chlor-
amphenicol acetyltransferase (CAT) gene behind an inserted
IG 7 sequence (the intergenic sequence between genes 6 and
7) (18); the CAT activity could be expressed only when a
subgenomic CAT mRNA was transcribed from the IG site in
the presence of a helper virus (18). We used DIssF cDNA (24),
instead of DIssE cDNA (18), to make DI vector RNA to take
advantage of its longer 3'-end and convenient restriction en-
zyme sites for plasmid construction. The resulting clone, DF-
CAT, was capable of RNA replication in the cells infected with
MHV-AS59 strain (data not shown). As shown previously (18),
the CAT activity from this RNA system reflects subgenomic
mRNA transcription and was detected only when this RNA
was transfected into helper virus-infected cells but not mock-
infected cells (data not shown).

Most of the 3’-UTR of the MHV genomic RNA is required
for mRNA transcription from the DI RNA vector. A series of
3’-end deletion mutants derived from DF-CAT were con-
structed. These DI RNAs were transfected into A59-infected
cells, and the cytoplasmic extracts were prepared at 7 to 8 h
postinfection and assayed for their CAT activities. As shown in
Fig. 1, DI RNA clones, DF2-4CAT, DF2-2CAT, DF3-4CAT,
and DF-350CAT produced very high CAT activities (>100-
fold) comparable to that of the wild-type DI RNA, while DF-
305CAT had an approximately 15-fold increase over the back-
ground. In contrast, DF-270CAT, DF-240CAT, and DFo6-
1CAT yielded only background levels of CAT activities. Since
all of the DI clones that contained a 3'-end sequence of no less
than 305 nt produced significant CAT activities and those with
no more than 270 nt did not, we concluded that at least 305 nt
from the 3'-end of the genomic RNA were required for sub-
genomic mRNA transcription. It is interesting to note that 305
nt represents the complete 3'-untranslated region (3’-UTR) of
MHYV RNA (30). There were some variations in CAT activities
between different clones; for example, DF3-4CAT had a
slightly lower CAT activity than the others. The significance of
this variation is not clear. However, DF-305CAT had a signif-
icantly lower CAT activity (only 15X background), suggesting
that the nt 305 to 350 region from the 3'-end could enhance
mRNA transcription.

In order to verify that the CAT activities detected reflect the
synthesis of CAT-containing subgenomic mRNA, we used re-
verse transcription (RT)-PCR to detect the subgenomic CAT
mRNA species. An oligonucleotide (3'CAT106) complemen-
tary to nt 87 to 106 of the CAT open reading frame was used
to reverse transcribe the virus-specific RNA derived from A59-
infected and DI-RNA-transfected cells. The cDNA was then
amplified by PCR by using an additional primer, 5'L9, which
corresponds to the 5'-end of the leader sequence (38). Since
both the input DI RNA and the synthesized subgenomic
mRNA contained CAT and leader sequence, both RNA spe-
cies would be amplified by this RT-PCR. Consistent with the
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FIG. 1. Schematic diagram of the structure and CAT activities of DF-CAT
and the 3'-end deletion clones. The restriction enzyme sites of DF-CAT used for
plasmid construction are indicated. DF-CAT was derived from DF1-1 cDNA
(19) by inserting the IG 7 (the IG sequence between genes 6 and 7) of MHV-A59
strain and the CAT open reading frame sequence into the Spel site (19). DF2-
4CAT, DF2-2CAT, DF3-4CAT, and DF6-1CAT were derived by inserting the
Sphl-BssHII fragment of DF-CAT into the corresponding sites of the previously
constructed 3’-end deletion clones of DF1-1 (19). For other deletion clones,
PCR fragments were generated by using a primer corresponding to the different
nucleotides in the 3’-UTR region and another primer corresponding to the
vector sequence immediately downstream of the DF1-1 viral sequence. The PCR
fragments were inserted into the AccI and Xbal (in the vector sequences) sites of
DF-CAT, resulting in DF-350CAT, DF-305CAT, DF-270CAT, and DF-
240CAT. These clones retain the Accl site. Numbers of nucleotides left at the
3’-end of each clone are indicated on top of the junction site. All the constructs
were confirmed by DNA sequencing. DI RNAs were transfected into AS59-
infected DBT cells, cell extracts were harvested at 8 h postinfection, and CAT
activity was determined as previously described (19). CAT activity is summarized
to the right of each clone; each value represents the average activity of more than
five independent experiments. The CAT activity derived from A59-infected and
mock-transfected cells was arbitrarily set as one fold (x).

CAT activities described above, a PCR fragment expected
from the subgenomic CAT mRNA was detected from cells
transfected with DF-CAT, DF-350CAT, and DF-305CAT
RNAs (Fig. 2A, lanes 2 to 4) but not from DF-270CAT, DF-
240CAT, and DF6-1CAT RNAs (lanes 5 to 7). The PCR
products corresponding to the full-length DI RNA were de-
tected in all of the cells transfected with the DI RNAs. These
results confirmed that the CAT activities detected in cells
transfected with DF-305CAT and larger clones were derived
from the subgenomic CAT mRNA. In contrast, the absence of
CAT activity in cells transfected with DF-270CAT and smaller
clones reflects their inability to synthesize a subgenomic CAT
mRNA.

All the 3’-UTR truncation mutants synthesized minus-
strand RNAs. All of the DI RNA clones examined in Fig. 1
contain the 55 nt from the 3'-end plus poly(A) tail which are
required for minus-strand RNA synthesis (20). Therefore, all
the clones should be able to synthesize minus-strand RNA.
However, the 305 nt in the 3’-end might contain sequences
which modulate minus-strand RNA synthesis. To rule out this
possibility, we performed a two-cycle RNase protection assay
(20) to detect the minus-strand RNA in these cells by using a
CAT-specific probe. As shown in Fig. 2B, all of the DI RNAs
that did not yield a CAT activity, namely, DF-270CAT, DF-
240CAT, and DF6-1CAT, synthesized minus-strand RNA,
which was even more abundant than that of DF-350CAT,
which yielded a high CAT activity. This result is consistent with
the previous finding that mRNA transcription inhibits minus-
strand RNA synthesis in cis (20). As a negative control, DE3'-
0CAT, which does not have the 3'-UTR sequence at all (20),
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FIG. 2. Detection of RNA species made by the 3'-end deletion clones. (A) Positive-strand RNA species. RNA from the transfected cells was amplified by RT-PCR
using a CAT-specific antisense primer, 3'CAT106, and a leader-specific sense primer, 5'L9 (38), and the PCR products were analyzed by agarose gel electrophoresis.
Lanes 2 to 7, RT-PCR products of RNA samples from cells infected with MHV-A59 and transfected with various DI RNA as indicated at the top of each lane; lane
8, RNA from mock-infected and DF-CAT-transfected cells; lane 9, RNA from A59-infected and mock-transfected cells. The arrowhead and arrow indicate genomic
and subgenomic RNAs, respectively. Lane 1, molecular size markers. (B) Minus-strand RNA species. RNA from the transfected cells was analyzed for the presence
of minus-strand RNA by the two-cycle RNase protection assay (20), by using a 3?P-labeled CATbh(+) probe, which is complementary to the minus-strand CAT gene
(20). The protected fragments were analyzed by agarose gel electrophoresis and detected by autoradiography. Lane 2, undigested CATbh(+) probe; lane 3, ADI2-CAT
(19) DNA used for hybridization to *?P-labeled CATbh(+) in RNase protection assay (20); lanes 4 to 8, cytoplasmic RNA from cells transfected with various RNAs.
The protected fragment is indicated by a solid arrow, and the probe is indicated by an open arrow. Lane 1, HifllI-digested ¢x174 replicative form DNA fragments as
size markers. The sizes of the probe and the protected bands are given in number of nucleotides.

did not synthesize any minus-strand RNA, in agreement with
the previous finding (20). Therefore, we conclude that the
failure of the 3’-end deletion clones to transcribe mRNAs is
not due to their inability to synthesize minus-strand RNA.
Thus, the 305 nt at the 3’-end of the genomic RNA must be
required for mRNA transcription during plus-strand RNA syn-
thesis.

Substitution of BCV for MHV sequence at nt 270 to 305
from the 3’-end abolished mRNA transcription. The results
shown above suggested that the sequence at nt 270 to 305 from
the 3’-end of MHV RNA contained at least part of the cis-
acting signal for MHV subgenomic mRNA transcription. To
determine the sequence specificity of this requirement, we
substituted a bovine coronavirus (BCV) sequence which differs
by 4 nt for the MHV sequence within this region. The resulting
clone, 305BCV4CAT, did not express significant CAT activi-
ties. In contrast, the parental clone, DF-305CAT, expressed a
CAT activity that is approximately 15-fold higher than the
background (Fig. 3). Since these two sequences vary only by 4
nt, this result suggests that the sequence requirement in nt 270
to 305 from the 3'-end is very rigid.

Internal deletions within the 3’-UTR also reduced mRNA
transcription. We further examined whether some other se-
quence within the 3’-UTR was also important for subgenomic
mRNA transcription. For this purpose, the nt 122 to 270 region
from the 3'-end (BstEIl-PpuMI fragment of the cDNA) was
deleted from DF-CAT. The resulting clone, DF-CATAPK,
expressed a relatively low level of CAT activity (fivefold over
the background) (Fig. 3), whereas the parental clone, DF-
CAT, expressed CAT activity of more than 200-fold over the
background, suggesting that the nt 122 to 270 region is also
required for efficient subgenomic mRNA transcription. Inter-

estingly, this region includes a putative pseudoknot structure
(from nt 182 to 240 from the 3’-end), which is important for
coronavirus RNA replication (35). Whether the pseudoknot
structure per se is required for mRNA transcription was not
further studied.

These data combined suggested that the presence of most of
the 3’-UTR sequence is required for subgenomic mRNA tran-
scription. The partial deletion of the 3’-UTR inhibited sub-
genomic mRNA transcription but did not affect the ability of
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FIG. 3. Structure and CAT gene expression of DF-305CAT, 305BCV4CAT,
DF-CAT, and DF-CATAPK. The 305BCV4CAT plasmid was constructed by
replacing the Accl-Xbal fragment of DF-305CAT with a PCR fragment gener-
ated by using a primer containing the BCV-specific sequence in the nt 270 to 305
region from the 3'-end and another primer corresponding to the vector sequence
(at the Xbal site) immediately following the viral sequences (19). DF-CATAPK
was generated by digesting DF-CAT with BstEII (2 sites) and PpuMI (1 site) and
blunt-ended with T4 DNA polymerase. The two large fragments were isolated
and ligated. The CAT activity is summarized to the right of each clone; each
value represents the average activity of two to three experiments. The solid black
box in 305BCV4CAT denotes BCV-specific sequences. The nucleotide numbers
from the 3’-end are indicated.
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these RNAs to synthesize minus-strand RNA (Fig. 2B), con-
sistent with the previous finding that the initiation of minus-
strand RNA synthesis requires only the 3’-terminal 55 nt and
poly(A) (20). Thus, the remaining sequence of 3’-UTR most
likely participates in regulating plus-strand mRNA synthesis.
This result and previous findings (9, 19) combined show that
the 3'-end sequence of genomic RNA may participate in the
regulation of both RNA replication and transcription during
positive-strand RNA synthesis. It is interesting that the 3’-end
length requirements for replication and transcription are dif-
ferent (436 nt for RNA replication and 305 nt for mRNA
transcription), suggesting that these two processes are separa-
ble.

Conceptually, the conclusion reached in this study seems
unexpected, because positive-strand RNA synthesis must start
from the 5’-end of the genome (or 3’-end of the negative-
strand template); thus, it should be regulated by the 5'- and not
the 3’-end sequence of genomic RNA. These studies therefore
suggest a potential interaction between the 5'- and 3'-ends of
RNA in regulating RNA replication and transcription. Such an
interaction has been implicated in the regulation of RNA syn-
thesis of an increasing number of RNA viruses. For example,
the presence of the 3'-end sequence of turnip crinkle virus
genomic RNA enhanced the viral positive-strand RNA synthe-
sis in vitro (31). An RNA pseudoknot structure in the 3'-UTR
of brome mosaic virus RNA also stimulated viral RNA repli-
cation (11). Furthermore, tobacco mosaic virus RNA has a
pseudoknot structure in the 3’-UTR (33), which may interact
with the 5 leader sequence via protein factors, enhancing the
efficiency of RNA replication (16). Several other viral RNAs,
such as vesicular stomatitis virus DI RNAs (34), alphavirus
genomic RNA (26), and influenza virus genomic RNAs (6),
have complementary sequences between the 5'- and 3’-ends.
The complementarity between the two ends has been shown to
regulate the RNA synthesis of vesicular stomatitis virus and
influenza virus (21, 34). Infectious bronchitis virus, an avian
coronavirus, also has terminal complementary sequences (1),
which potentially enable the genomic RNA to fold into a
panhandle structure. However, MHV genomic terminal se-
quences do not have obvious complementarity (unpublished
observation); therefore, any potential interaction between the
5’- and 3’-ends of MHV RNA would probably be mediated by
protein-RNA and protein-protein interactions.

The results in this and other studies thus suggest that the
positive-strand RNA synthesis of MHYV is regulated by multi-
ple RNA components, including an IG sequence, a trans-acting
leader sequence, and the cis-acting sequences at both the 5'-
and 3’-ends of genomic RNA (18, 38). These elements may
interact with each other via protein-RNA and protein-protein
interactions. Several cellular proteins have been shown to bind
to the 5’- and 3’-ends and IG sites of MHV RNA (3, 36, 37).
It remains to be seen if any of these proteins are involved in the
putative interactions of various RNA regions.

A recent study of another coronavirus, porcine transmissible
gastroenteritis virus, showed that when a negative-strand RNA
containing only the IG and no other cis-acting sequence was
transcribed from a DNA template by T7 RNA polymerase in
situ (via a recombinant vaccinia virus), it could express CAT
activity in cells infected with the transmissible gastroenteritis
virus (5). This finding appears to contradict the requirement of
cis-acting sequences, other than the IG sequence, for mRNA
transcription. However, the RNA structural requirements for
transcription as determined by using a vaccinia virus-T7 RNA
polymerase system and those determined by RNA transfection
often differ significantly. For example, transfection of a nega-
tive-strand RNA construct similar to that described above (5)
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into virus-infected cells did not result in CAT expression (un-
published observation). Since in RNA transfection studies,
negative-strand RNA was synthesized from the RNA template
by the coronaviral polymerase, this approach probably reflects
more closely than the vaccinia virus-T7 polymerase system the
natural requirement of viral RNA synthesis. It is possible that
the IG sequence alone is sufficient to confer a basal level of
transcription, which could be detected in the vaccinia virus-T7
polymerase expression system; the presence of other cis-acting
sequences conceivably enhanced the transcriptional efficiency.

The results of this study contribute to the list of the func-
tional roles of 3'-UTRs of RNAs. The 3’-UTR has previously
been shown to affect the translation of various mRNAs (2, 4,
10, 16, 25). In this study, we found that the 3’-UTR also had a
significant effect on the regulation of mRNA transcription.
Such a functional role for the 3’-UTR of RNA may be com-
mon to many RNA viruses.
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