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Previous studies suggested that coronavirus RNA transcription involves interaction between leader RNA and
the intergenic (IG) sequences, probably via protein-RNA interactions (X. M. Zhang, C.-L. Liao, and M. M. C.
Lai, J. Virol., 68:4738-4746, 1994; X. M. Zhang and M. M. C. Lai, J. Virol., 68:6626—6633, 1994). To determine
whether cellular proteins are involved in this process, we performed UV cross-linking experiments using
cytoplasmic extracts of uninfected cells and the IG (promoter) sequence between genes 6 and 7 (IG7) and the
5" untranslational region of mouse hepatitis virus genomic RNA. We demonstrated that three different cellular
proteins (p70, p48, and p35/38) bound to the promoter sequence of the template RNA. Deletion analyses of the
template RNA mapped the binding site of p35/38 at the consensus transcription initiation signal. In contrast,
the binding of p70 and p48 was less specific. p35/38 is the same protein as the one previously identified to bind
to the complementary strand of the leader RNA; its binding affinity to the leader was approximately 15 times
stronger than that to IG7. Site-directed mutagenesis of the IG sequence revealed that mutations in the
consensus sequence of IG7 (UCUAAUCUAAAC to UCGAAAC and GCUAAAG), which resulted in reduced
subgenomic mRNA transcription, also caused correspondingly reduced levels of p35/38 binding. These results
demonstrated that the extent of protein binding to the IG sequences correlated with the amounts of subgenomic
mRNAs transcribed from the IG site. These studies suggest that these RNA-binding proteins are involved in

coronavirus RNA transcription and may represent transcription factors.

Among RNA viruses, coronavirus, as exemplified by mouse
hepatitis virus (MHV), employs unique strategies for RNA
replication and transcription, probably as a consequence of the
unusual structure and properties of its RNA genome and RNA
polymerase. MHV contains a single-stranded, positive-sense
RNA genome of approximately 31 kb (10, 15). In MHV-in-
fected cells, six to seven species of virus-specific subgenomic
mRNAs, in addition to the genomic RNA, which form a nested
set at the 3’ end, are synthesized (12, 16). Each mRNA con-
tains a leader sequence of 72 to 77 nucleotides (nt), which is
derived from the 5’ end of the genomic RNA (11, 13, 25). At
the 3’ end of the leader, there are varying numbers (two to four
copies) of a pentanucleotide sequence (UCUAA) among dif-
ferent MHV strains. In most mRNAs, only the 5’-most open
reading frame is translated. The putative RNA polymerase is
encoded by gene 1, which is 22 kb in length and located at the
5" end of the viral genome (15). An intergenic (IG; previously
named IS) sequence containing a consensus UCUAAAC or
similar sequence, which is homologous to the pentanucleotide
(UCUAA) repeats at the 3’ end of the leader, is present be-
tween each gene (3, 23, 24). The IG sequence serves as a
promoter and transcription initiation site for subgenomic
mRNA synthesis (8, 19). It has been postulated that sub-
genomic mRNA synthesis is the result of interactions between
the pentanucleotide sequence of the leader and the consensus
IG sequence through complementary sequences (9, 10). In
support of this, it has been shown that both the site-specific
mutations of the IG sequence and the copy number of the
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UCUAA sequence in the leader could affect the efficiency of
mRNA transcription (8, 14, 18, 27). The fusion of the leader
sequence with the mRNA body sequence occurred between
the UCUAA repeats of the leader and the consensus IG se-
quence (11, 13, 24, 25). However, how the leader and IG
sequence interact remains unanswered.

Recent studies further suggest that the regulation of coro-
navirus RNA transcription involves not only interaction be-
tween the IG sequence and a frans-acting leader sequence but
also a cis-acting leader sequence at the 5’ end of the genomic
RNA (29). This model came from studies using a defective
interfering (DI) RNA reporter system (17). Furthermore, sev-
eral studies demonstrated that the frans-acting leader RNA
was incorporated into subgenomic mRNAs (7, 17, 29). These
results are consistent with a discontinuous transcription mech-
anism which involves a free frans-acting leader RNA. The
involvement of three disparate RNA components, some of
which do not have complementary sequences between them,
suggests that these interactions involve more than direct RNA-
RNA interactions.

More recently, we found that a particular strain of MHV,
JHM2c, which has a deletion of a 9-nt sequence (UUUAU
AAAC) immediately downstream of the leader RNA, tran-
scribes subgenomic mRNA species containing a whole array of
heterogeneous leader fusion sites (28). The leader RNA is
fused with mRNAs at sites either upstream or downstream of
the consensus IG sequence. These regions bear little or no
sequence homology with the leader. Moreover, some of the
leader-mRNA fusion sequences contain a duplication of por-
tion of the leader sequence or an insertion of nontemplated
sequences which are not present in either the leader or tem-
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plate RNA. A similar, though much less conspicuous, hetero-
geneity of leader-mRNA fusion has also been reported in
another MHV DI system (27). If the leader RNA binds to the
IG sequence solely through the complementary sequence, then
how do these leaders tether to the regions upstream or down-
stream of the consensus IG sequence, where there are no
homologous sequences? Also, how does the leader RNA in cis
normally interact with a distant IG region (up to 30 kb apart)?
It has been suggested that, as in DNA-dependent RNA tran-
scription, some cellular proteins first bind to RNA regulatory
sequences (leader and IG) through protein-RNA interactions;
these distant RNA components are then brought together
through protein-protein interactions to form a transcription
initiation complex with the putative RNA-dependent RNA
polymerase (27-29). This model predicts that these cellular
proteins act as transcription factors.

Indeed, by performing UV light cross-linking with cytoplas-
mic extracts, we have identified three different cellular proteins
binding to the complementary strands of the 5’ untranslated
region (UTR) of MHV genomic RNA (5). A 55-kDa protein
(p55) binds to the 5’ end of the positive-strand RNA, while
p35/38 binds to the 3’ end of the negative-strand RNA. Their
binding sites were mapped to the region encompassing the
pentanucleotide repeats of the leader (5). However, the func-
tional significance of these RNA-binding proteins was not
clear. In the present study, we further identified several cellular
proteins binding to the promoter sequence (IG7, IG sequence
between genes 6 and 7). One of the proteins (p35/38) is the
same as that binding to the leader RNA, but its binding affin-
ities to the IG sequence and leader are significantly different.
Furthermore, site-directed mutagenesis revealed that muta-
tions in the consensus sequence of IG7 resulted in the concor-
dant changes in the amounts of protein binding and mRNA
transcribed. This study thus provides the first evidence that
cellular RNA-binding proteins are involved in coronavirus
RNA synthesis, suggesting that these RNA-binding proteins
are transcription factors.

MATERIALS AND METHODS

Plasmid construction: pIG7-SS237. The cDNA clone pT7-4N(+), which rep-
resents the 3’ 2.2 kb of the MHV RNA genome, encompassing the 3" end of gene
6, IG7, and the complete gene 7, was constructed in pT7-4 vector as described
previously (1). This plasmid was linearized with AccI and subjected to PCR
amplification to generate a 0.23-kb DNA fragment containing IG7 and the
surrounding sequences. PCR was performed using a pair of primers (5'1G7,
5'-TAGCCCGGGTAGACGGTGTTAGCG-3'; 3'IG7, 5'-TTCCCGGGTCCA
CGCTCGGTTTGG-3"); the DNA product was digested with Smal and cloned
into the Smal site of pBluescript, resulting in pIG7-SS237. pIG7-SS237 was used
for construction of all the deletion mutants used in this study.

Deletion mutants. pIG7-SS237 was digested with Smal, and the Smal-Smal
fragment (insert) was purified by low-melting-point agarose gel electrophoresis.
This fragment was then digested with Hincl, Fokl, and Msel, and the resulting
fragments, Smal-Hincl (152 nt) and Hincl-Smal (85 nt), Smal-FokI (135 nt) and
FokI-Smal (102 nt), and Smal-Msel (118 nt) and MseI-Smal (119 nt), respec-
tively, were blunt ended by T4 DNA polymerase and cloned into the blunt-ended
Sall and Xbal sites of pBluescript. These constructs are termed pIG7-SH152,
pIG7-HS8S, pIG7-SF135, pIG7-FS102, pIG7-SM118, and pIG7-MS119, respec-
tively (Fig. 1). Fragment SH152 was further digested with BstUI, and the result-
ing fragments, Smal-BstUI (83 nt) and BstUI-Hincl (70 nt), were cloned as
described above, generating pIG7-SB83 and pIG7-BH70, respectively. The struc-
ture and orientation of these clones are illustrated in Fig. 1. The sequence and
orientation of these constructs were confirmed by dideoxyribonucleotide chain
termination sequencing (20).

Mutants generated by site-directed mutagenesis. To introduce mutations into
the consensus IG sequence, we incorporated mutated nucleotides into the 3’
primers for PCR amplification. pIG7-SS237 DNA was used as a template. The 5’
primer 5'IG7 and one of the two 3’ primers (3'MG, 5'-CCTTAAAGTTTCGAT
TCTCAACAATGCGGT-3'; 3’'MGG, 5'-CCTTAAACTTTAGCTTCTCAACA
ATGCGGT-3") were used to generate mutants IG7-MG and IG7-MGG, respec-
tively. The sequences of the wild-type IG7 (SM118) and mutants (IG7-MG and
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FIG. 1. Structures of IG7 and its deletion derivatives. Only the MHV se-
quence (open boxes) and the neighboring vector sequences (thin lines) are
shown. The names of the constructs, which include the first letters of the enzyme
sites at both ends and the length of the MHV-specific sequence, are indicated on
the right of each construct. The direction of the constructs from left to right is 5
to 3’; thus, the orientations of the transcripts from T7 or T3 promoter as
indicated will be negative sense. The positions of the deletion clones are aligned
with the parental sequence SS237. The MHV-specific sequence in SS237 includes
the 3’ end (109 nt) of the gene 6 open reading frame (ORF), the 5" end (114 nt)
of the gene 7 OREF, and the sequence between genes 6 and 7. The enzyme sites
shown inside SS237 were used for construction of deletion derivatives, and the
enzyme sites shown within the vector sequence were used for digestion for runoff
transcription.

IG7-MGG) are shown in Fig. 5A. The PCR fragments were digested with Smal
and cloned into the blunt-ended Sacl and Xhol sites of pBluescript.

To construct the DI RNA-chloramphenicol acetyltransferase (CAT) reporter
vector (17, 29) containing the mutated IG sequence, IG7 of plasmid p25CAT
(17) was replaced with mutant IG7 by PCR mutagenesis. Briefly, PCR was
performed using one of two 5’ primers (5’'MGCAT, 5'-TAACTAGTAGAATC
GAAACTTTAAGGAATGGAGAAAAAAAT-3'; 5MGGCAT, 5'-TAACTA
GTAGAAGCTAAAGTTTAAGGAATGGAGAAAAAAAT-3'), paired with
the 3" primer 3CAT542 (29) and p25CAT DNA (17) as a template. The PCR
products were digested with Spel and BspEI, and the Spel-BspEI fragments were
cloned into the Spel and BspEI sites of p25CAT to replace its original Spel-BspEIl
fragment, resulting in pPDECAT-MG and pDECAT-MGG, respectively (see Fig.
5A). The sequences of these mutants were confirmed by dideoxyribonucleotide
chain termination sequencing (20).

In vitro RNA transcription. To generate negative-strand RNAs, pIG7-SS237
and pNX1-182 (5) were linearized with HindIII and pIG7-SH152 was linearized
with Xhol. The linearized plasmid DNAs were subjected to in vitro transcription
using T3 RNA polymerase. pIG7-SF135, pIG7-SM118, pIG7-SB83, pIG7-HSS5,
pIG7-FS102, pIG7-MS119, and pIG7-BH70 were linearized with NotI and tran-
scribed with T7 RNA polymerase. The orientation of the inserts and the polarity
of the transcripts are shown in Fig. 1. For synthesis of a nonspecific competitor,
pBluescript was linearized with Xbal and transcribed with T7 RNA polymerase
to generate a 60-nt RNA which represents cloning sites and internal sequences
between T7 and T3 promoters of the vector.

In vitro transcription was carried out according to the manufacturer’s recom-
mended procedure (Promega). 3?P-labeled RNAs were obtained by transcription
in the presence of 50 p.Ci of [«-*P]JUTP (3,000 Ci/mmol [ICN Biomedicals]),
12.5 uM UTP, and 500 pM (each) ATP, GTP, and CTP. Unlabeled RNAs were
transcribed in the presence of 500 wM (each) ATP, CTP, GTP, and UTP. After
transcription at 37°C for 1 h, 1 U of RQ DNase I (Promega) was added to the
reaction to eliminate DNA templates, and the transcribed RNAs were purified
with a Sephadex G-25 column equilibrated in STE buffer (10 mM Tris-HC], 1
mM EDTA, 0.1 mM NaCl [pH 7.5]) to remove unincorporated ribonucleotides
and deoxyribonucleotides from DNA digestion. The activity of the radiolabeled
probes was determined with a liquid scintillation counter (LC6000 IC; Beck-
man).

For transcriptional analysis, DI RNAs were prepared by in vitro transcription
by T7 RNA polymerase from Xbal-linearized plasmid DNAs (p25CAT, pDE
CAT-MG, and pDECAT-MGG) as described previously (29).
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FIG. 2. UV cross-linking of cytoplasmic extracts with IG7-SF135(—) RNA.
Lanes 1 to 4, UV cross-linking with a fixed amount of the radiolabeled probe
(100 pg of RNA in each lane) and various amounts of cytoplasmic extracts,
without the addition of unlabeled competitor (lane 1, no cytoplasmic extract;
lanes 2 to 4, with 2, 10, and 20 pg of cytoplasmic protein, respectively); lanes 5
to 8, homologous competition assay with a fixed amount of cytoplasmic extracts
(20 pg of protein in each lane) and various amounts of unlabeled RNAs (2-, 10-,
25-, and 50-fold molar excesses over the radiolabeled probe, respectively); lanes
9 and 10, nonspecific competition assay with a fixed amount of cytoplasmic
extracts (20 wg of protein in each lane) and various amounts of unlabeled
plasmid RNAs (25- and 50-fold molar excesses over the radiolabeled probe,
respectively). The protein markers (lane M) and molecular sizes are indicated on
the left. The arrows and names on the right side indicate the protein bands.
Computer imagings were generated by Adobe Photoshop, version 2.5.1 LE.

Preparation of cytoplasmic extracts. DBT cells (6) were grown in 10-cm-
diameter dishes to confluence, washed with cold phosphate-buffered saline
(PBS), scraped off with a rubber policeman, and centrifuged at 2,000 X g for 5
min at 4°C. The cell pellets were resuspended in 1 ml of cold PBS (approximately
2.5 x 107 cells per ml) and stored at —80°C. Cytoplasmic extracts were prepared
by the method described previously (5, 22) with slight modifications. Briefly, 1 ml
of frozen cell preparation was thawed on ice and pelleted by centrifugation in an
Eppendorf tube for 1 min. Cell pellets were resuspended in 400 pl of the
extraction buffer (10 mM HEPES [N-2-hydroxyethylpiperazine-N’-2-ethanesul-
fonic acid, pH 7.9], 10 mM KCI, 0.1 mM EDTA, 1 mM dithiothreitol, 0.5 mM
phenylmethylsulfonyl fluoride) at 4°C by gentle pipetting. Cells were then al-
lowed to swell on ice for 15 min. After addition of 25 wl of 10% Nonidet P-40,
the mixture was vortexed vigorously for 20 s and centrifuged for 1 min in a
microcentrifuge. The supernatant was collected, and the total protein concen-
tration was determined with a protein assay kit (Bio-Rad).

UV cross-linking of RNA-protein complex. UV cross-linking experiments were
carried out essentially as described previously (5) with slight modification.
Briefly, all reactions were carried out in a sequencing microplate (Stratagene).
Different amounts of cytoplasmic extracts were mixed with 10 pg of yeast tRNA
in 20 pl of the binding buffer (25 mM KCI, 5 mM HEPES [pH 7.8], 2 mM MgCl,,
0.1 mM EDTA, 3.8% glycerol, 2 mM dithiothreitol). In competition assays,
different amounts of unlabeled RNAs were mixed with a fixed amount of cellular
extracts in the binding buffer. The amounts of the unlabeled competitor RNAs
were determined with a spectrophotometer. Following an incubation at 30°C for
10 to 15 min, approximately 100 pg of 3?P-labeled RNA (2.5 X 10° cpm/ul) was
added, and the reaction mixture was incubated for an additional 10 to 15 min.
The reaction mixture was then irradiated with UV light (254 nm [UV Stratal-
inker 2400; Stratagene]) on ice at a distance of 13 cm for 10 min. After irradi-
ation, RNase A was added to a final concentration of 1 mg/ml, and the mixture
was incubated for 30 min at 37°C, boiled for 3 min in the sample buffer (10%
glycerol, 200 mM dithiothreitol, 3% sodium dodecyl sulfate [SDS], 62.5 mM
Tris-HCI [pH 6.8]), and electrophoresed on a 10% polyacrylamide gel containing
0.1% SDS at 50 V overnight. After drying, the gel was exposed to X-ray film, and
in some instances, protein bands of interest were quantitated with a radioanalytic
scanner (Ambis). The X-ray films were then scanned with a ScanJet IIc (Hewlett-
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Packard), and the computer imagings were saved in a tagged image file format
with Adobe Photoshop 2.5.1 LE software.

Virus infection, RNA transfection, preparation of cell lysates, and CAT assay.
DBT cells (6) were infected with MHV strain JHM(2) and transfected with in
vitro-transcribed DI RNAs by the DOTAP method (29). Cell lysates were pre-
pared at 8 h posttransfection and subjected to CAT assay by the procedures
described previously (29).

RESULTS

Cellular proteins bind to the negative-strand IG sequence of
MHY RNA. Our previous study demonstrated that several cel-
lular proteins bind to the positive and negative strands of the
5" UTR of MHV RNA (5), which are the sequence involved
in the regulation of RNA synthesis (10). It is thus of interest
to determine whether other regulatory sequences of MHV
RNA also bind cellular proteins. Since IG sequences are the
initiation sites (promoter sequences) of subgenomic mRNAs
and IG7 is the best-studied promoter of MHV RNA, we chose
IG7 for this study. Since the template for mRNA synthesis
should be negative-strand RNA, we first used SS237(—) and
SF135(—) RNAs, both of which represent negative strands
and include the IG sequence (Fig. 1), for UV cross-linking
experiments with the cytoplasmic extracts of uninfected DBT
cells. The results showed that four major proteins, p110,
p70, p48, and p35/38, bound to IG7-SF135(—) RNA (Fig. 2,
lanes 2 to 4). With increasing amounts of cytoplasmic extracts,
the amounts of cross-linked proteins increased correspond-
ingly (Fig. 2, lanes 2 to 4). Similar results were obtained with
SS237(—) RNA (data not shown). To determine whether the
binding of these proteins was specific, we used an unlabeled
homologous RNA [IG7-SF135(—)] and a nonspecific RNA
(vector plasmid) to perform competition assays. The unlabeled
competitor RNA was added to the binding reactions at 30°C
for 10 to 15 min prior to the addition of the radiolabeled probe.
When increasing amounts of the unlabeled homologous RNA
(2- to 50-fold molar excess) were preincubated with a fixed
amount of cytoplasmic extracts (20 g of cellular proteins), the
binding of most of the proteins was inhibited, except that the
binding of p110 was not efficiently inhibited (Fig. 2, lanes 5 to
8). In contrast, the nonspecific vector sequence (25- to 50-fold
molar excess) did not affect the amount of protein binding
(Fig. 2, lanes 9 and 10). We conclude that at least three cyto-
plasmic proteins (p70, p48, and p35/38) specifically bound to
IG7-SF135(—) RNA, while p110 binding was probably not
specific.

Mapping of the protein-binding sites on IG7. To dissect the
sequence requirement for protein binding, a series of deletion
constructs were transcribed in vitro with either T7 or T3 RNA
polymerase to generate negative-strand RNA fragments of
different lengths (Fig. 1). Figure 3 shows that p35/38 bound
only to the fragments which contain the consensus IG se-
quence [constructs SS237(—), SH152(—), SF135(—), and
SM118(—) in Fig. 3A and BH70(—) in Fig. 3B] and not RNAs
without the IG sequence [e.g., constructs SB83(—) in Fig. 3A
and HS85(—), FS102(—), and MS119(—) in Fig. 3B]. From
these binding studies, we conclude that the 35-nt sequence (nt
83 to 118), including the consensus IG7 sequence, is essential
for p35/38 binding. In contrast, the binding of p70 and p48 was
only slightly decreased in some of the deletion clones, suggest-
ing that the sequence requirement for p70 and p48 was not
very specific or that these two proteins bound to a longer
stretch of RNA sequence. The results are summarized in Fig.
3C and D. It is noted that some RNA fragments bound these
proteins better than the others did. For example, SF135(—)
RNA bound more proteins than even the larger RNAs
[SS237(—)] did, suggesting that overall RNA conformation
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could affect the level of protein binding. Nevertheless, the
binding of all of the proteins was similarly affected in each
RNA fragment, suggesting that these proteins bind to specific
RNA sequences rather than a conformational structure.
Comparison of the proteins bound to the IG sequence and to
the 5" UTR of MHV RNA. We previously demonstrated that
cellular protein p35/38 bound to the negative-strand RNA of
the 5" UTR (5). In this study, a protein of similar molecular
weight was found to bind to the negative-strand RNA of IG7.
To determine whether these are the same proteins, the protein
binding to IG7-SF135(—) RNA was directly compared with
that binding to NX182(—) RNA, which represents the 5'-most
182 nt of DI RNA (5). In the previous study (5), only p35/38
was found to bind to NX182(—) RNA, but a slightly modified
procedure for the preparation of cellular extracts as described
in Materials and Methods and longer exposure of the gel done
in this study showed that p70 also bound to NX182(—) RNA
(Fig. 4A). A small amount of p48 also bound to NX182(—)
RNA when a large amount (20 pg) of cellular lysates was used.
Thus, the protein-binding patterns between the two RNAs
were similar when a large amount of cytoplasmic extracts was
used. However, the binding affinities of these proteins to these
two RNA regions were significantly different (Fig. 4A). p35/38
bound much more strongly to NX182(—) RNA, while p48
bound almost exclusively to IG7(—) RNA. The differences in
binding affinities of these proteins to IG7-SF135(—) and
NX182(—) RNAs were determined quantitatively with a radio-
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FIG. 3. Mapping of the protein binding sites on the negative-strand 1G7
RNAs by using downstream deletions (A) and upstream deletions (B). Increas-
ing amounts of cytoplasmic extracts [2, 10, and 20 ug of cellular protein in the
left, middle and right lanes, respectively, in each panel, except for the panel
SB83(—), which had only two lanes with 10 and 20 wg of protein, respectively]
were mixed with 3?P-labeled RNAs and UV irradiated. Lanes (—), no cytoplas-
mic extracts added; lane M, molecular mass standards. Arrows on the right show
the 70-kDa (p70), 48-kDa (p48), and 35- and 38-kDa (p35/38) proteins. (C)
Summary of the protein-binding properties of IG7 and its deletion derivatives. +,
binding positive; —, no binding; *, weak binding. (D) Schematic diagram of
cellular proteins bound to the IG7(—), showing the relative binding sites of each
protein. The question marks indicate that the specificity and precise site of
protein-binding on the negative-strand RNAs could not be firmly determined.
Computer imagings were generated by Adobe Photoshop, version 2.5.1 LE.

analytic scanner. The results showed that p35/38 bound to
NX182(—) RNA 15-fold more strongly than to IG7-135(—)
RNA, whereas p48 bound to IG7-SF135(—) RNA 10-fold
more strongly than to NX182(—) RNA (Fig. 4B). The large
difference in the intensity of protein bands between the
NX182(—) RNA and IG7-SF135(—) RNA most likely repre-
sented differences in protein-binding affinities of the two
RNAs but was not due to the different specific activities of the
probes, because the specific activity of radiolabeled NX182(—)
RNA was only 20% higher than that of IG7-SF135(—) RNA
[NX182(—) RNA contains 49 UTPs, while 1G7-SF135(—)
RNA contains 39 UTPs]. Approximately the same amounts of
p70 bound to both RNAs (Fig. 4B). We conclude from these
data that p35/38 predominantly bound to the negative-strand
5" UTR while p48 predominantly bound to the negative-strand
IG7.

To confirm that the proteins bound to both RNAs were the
same, we performed cross competition analyses. The results
showed that the binding of p70 and p35/38 to the radiolabeled
IG7-SF135(—) RNAs was inhibited efficiently by unlabeled
NX182(—) RNAs in a concentration-dependent manner (Fig.
4C, lanes 1 to 4). In contrast, the binding of p48 was poorly
inhibited, consistent with the finding that p48 bound strongly
to IG7-SF135(—) RNA but very poorly to NX182(—) RNA.
The reciprocal competition experiments showed that the bind-
ing between the radiolabeled NX182(—) RNA and p35/38
could not be efficiently inhibited by unlabeled IG7-SF135(—)
RNA (Fig. 4C, lanes 5 to 8), consistent with the finding that
p35/38 binding to NX182(—) RNA was much stronger than
that to IG7-SF135(—) RNA. In contrast, p70 binding was in-
hibited efficiently in both cross competition experiments, sug-
gesting that p70 binds equally strongly to the 5" UTR and IG7.
Very little p48 bound to NX182(—) RNA. These results indi-
cate that (i) the same cellular proteins (p70 and p35/38) bound
to the negative strands of both the IG sequence and 5’ UTR,
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(ii) p35/38 predominantly bound to the negative-strand 5’
UTR, and (iii) p48 predominantly bound to IG7.
Site-specific mutagenesis of IG7 in RNA-protein interac-
tion. Our modified model of transcriptional regulation of coro-
navirus RNA proposes that cellular or viral proteins interact
with the regulatory sequences of viral RNAs and that these
proteins, in turn, interact with each other to bring the regula-
tory RNA sequences together with viral RNA polymerase to
form a transcriptional initiation complex (17, 29). Conceivably,
these cellular proteins may act as transcription factors. To test
this hypothesis, we constructed two different IG mutants (Fig.
5A), which have previously been shown to have significantly
reduced transcriptional efficiencies (8, 18), for both transcrip-
tional studies and UV cross-linking with cytoplasmic extracts.
The results showed that the relative binding affinities of these
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FIG. 4. Comparison of the protein-binding properties between the negative-
strand RNAs of IG7 and the 5" UTR. (A) UV cross-linking of cellular proteins
with IG7-SF135(—) and NX182(—) RNAs. Increasing amounts of cytoplasmic
extracts (2 pg of protein in lanes 2 and 6, 10 pg in lanes 3 and 7, and 20 ng in
lanes 4 and 8) were mixed with the same amount of *?P-labeled IG7-SF135(—)
RNAs (lanes 1 to 4) and NX182(—) RNAs (lanes 5 to 8) and UV-irradiated.
Lanes (—) (lanes 1 and 5), no cytoplasmic extracts added; lane M, molecular
mass standards. Arrows on the right indicate the protein bands. (B) Diagram-
matic presentation of the binding affinities of the two RNAs [IG7-SF135(—) and
NX182(—)] with three different cellular proteins (p35, p48 and p70). The inten-
sity of each protein band from lanes 3 and 7 in panel A was quantitated with the
Ambis radioanalytic scanner and is presented as total counts. (C) Cross compe-
tition assay. A fixed amount of cytoplasmic extracts (20 pg of protein in lanes 1
to 4 and 2 pg in lanes 5 to 8) was preincubated with various amounts of unlabeled
NX182(—) RNAs (lanes 1 to 4) and IG7-SF135(—) RNAs (lanes 5 to 8) (2-, 25-,
and 50-fold molar excesses over radiolabeled RNAs in lanes 2 and 6, 3 and 7, and
4 and 8, respectively) prior to the addition of 3?P-labeled, heterologous RNAs.
Lanes (—), no competitor RNAs added; lane M, molecular mass standards.
Arrows on the right indicate the protein bands of interest. Computer imagings
were generated by Adobe Photoshop, version 2.5.1 LE.

IG mutants with p35/38 correlated approximately with the rel-
ative amounts of the subgenomic mRNAs transcribed from
each IG sequence. Specifically, mutant MGG, which has a
deletion of a UCUAA sequence and two additional single-
nucleotide substitutions (U — G and C — G) in the remaining
consensus sequence (UCUAAAC to GCUAAAG) (Fig. 5A),
did not exhibit any transcriptional activity (CAT activity was
virtually the same as the background level; Fig. 5A), consistent
with the previous results obtained by Northern (RNA) blot
analysis (18). Correspondingly, MGG(—) RNA did not bind
p35/38 and bound slightly less p48 and p70 (Fig. 5B). Mutant
MG, which has a deletion of a UCUAA sequence and a C —
G substitution (UCUAAAC to UCGAAAC) (Fig. 5A), had
CAT activity 50-fold lower than that of the wild-type IG7 (Fig.
5A). Correspondingly, this IG mutant bound significantly less
p35/38 than the wild-type RNA (Fig. 5B). These results dem-
onstrated that the binding efficiencies of p35/38 to the different
IG7 sequences correlated roughly with the amounts of sub-
genomic mRNAs transcribed, suggesting that binding of
p35/38 to IG7 is required for subgenomic mRNA transcription
and that the cellular RNA-binding protein(s) is a transcription
factor(s) for coronavirus RNA synthesis.

DISCUSSION

In this study, we have identified several cytoplasmic proteins
that were cross-linked by UV irradiation to the promoter se-
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A. CAT activity
167 (Fold increase)

25CAT 5" 3 300x
AGAA UCUAAUCUAAAC UUUAAGGA

DECAT-MG &' 3 6.1x
AGAA ----- UCGAAAC UUUAAGGA

DECAT-MGG 5' 3 1.2x
AGAA ----- GCUAAAG UUUAAGGA

FIG. 5. Site-specific mutagenesis of the consensus sequence of IG7 with
regard to the relative transcriptional levels and protein-binding properties. (A)
Structure and relative transcription levels of the DI RNAs containing the wild-
type (25CAT) and mutant (DECAT-MG and DECAT-MGG) IG7. The se-
quence at and around the consensus IG7 is shown below each construct and in
the sense strand. Nucleotide mutations are underlined, and deletions are indi-
cated by dashes. The amounts of transcription were determined as previously
described (17, 29) and are indicated as the increase in CAT activity against the
background level, which was set as 1X. (B) UV cross-linking of cellular proteins
with negative-strand RNAs of the wild-type IG7 (SM118) and the mutants (MG
and MGG). These RNAs differ only in the consensus IG7. The consensus
sequences for SM118, MG, and MGG are the same as 25CAT, DECAT-MG,
and DECAT-MGG, respectively, as shown in panel A. Cytoplasmic extracts (2
and 20 pg of proteins, respectively) were mixed with a fixed amount of 32P-
labeled RNAs and UV irradiated as described in Materials and Methods. Lane
M, molecular mass standards. Protein bands p70, p48, and p35 are indicated with
arrows on the right. Computer imagings were generated by Adobe Photoshop,
version 2.5.1 LE.

quence of coronavirus template RNA. Some of the same pro-
teins also bound to the template strand of the leader RNA at
the 5’ end of the genome. Furthermore, we demonstrated by
site-directed mutagenesis that the extents of the interactions
between the promoter sequence (IG) and cellular proteins
correlated with the amounts of subgenomic mRNA tran-
scribed. These results provide direct evidence supporting the
recently proposed model of coronavirus RNA transcription
which proposes that the interactions among the regulatory
RNA sequences for transcription are mediated by protein-
RNA and protein-protein interactions rather than by direct
RNA-RNA interactions (27-29). This is in contrast to the
classical model of leader-primed transcription and other dis-
continuous transcription mechanisms (9, 21), which are based
on direct RNA-RNA interactions between the leader RNA
and the IG sequence. Recent findings that leader-mRNA fu-
sions can occur at regions bearing no sequence homology be-
tween the leader and the IG sequence (27, 28) also suggest that
direct RNA-RNA interaction does not necessarily lead to
mRNA transcription. Finally, previous site-specific mutagene-
sis studies of IG sequences failed to explain why different
mutations within the IG sequence affected the efficiency of
transcription to different extents, although all these mutations
affected the sequence complementarity (8, 18, 27). Our data
here indicated that the extents of p35/38 binding to these
mutant IG sites correlated with the amounts of mRNAs tran-
scribed, suggesting that protein-RNA interactions are critical
for the initiation of mRNA transcription from the IG site (28,
29). Thus, the cellular proteins, particularly p35/38, can be
considered transcription factors for coronavirus RNA tran-
scription and/or replication. In this modified transcription
model, cellular factors first bind to the IG sites and the leader
sequences on the template RNA and also the trans-acting
leader RNA (5); these protein factors then interact with each
other to bring the regulatory RNA elements together to form
a transcription initiation complex (29). This proposed mecha-
nism is very similar to DNA-dependent RNA transcription. At
the present, there is no evidence for the existence of protein-
protein interactions among the various cellular proteins iden-
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tified. Undoubtedly, the characterization of these cellular pro-
teins will shed further light on the mechanism of coronavirus
RNA transcription. These investigations are currently in
progress.

Our previous data suggested that both the cis-acting leader
sequence and the IG sequence are the regulatory sequences
for subgenomic mRNA transcription (17, 29). Our studies here
showed that both elements bound to cellular proteins, some of
which are common to both RNA regions (p35/38 and p70) but
others of which (e.g., p48) are distinct. We have also shown in
the previous UV cross-linking study that the inclusion of an
additional 5’-end genomic sequence (1.2 kb) of negative strand
with the leader sequence did not increase the amounts or
species of proteins bound (5), suggesting that the 5'-end leader
sequence is the only sequence within the 5’ 1.2 kb of viral
genome capable of binding cellular proteins. Our studies here
also showed that the deletion of the IG consensus sequence
eliminated p35/38 binding. These results combined suggest
that the cellular proteins indeed bind primarily the RNA reg-
ulatory elements for coronavirus transcription. Since some of
the proteins (e.g., p35/38 and p70) bind to both regions, con-
ceivably these proteins could interact with themselves to form
a transcription initiation complex.

By comparing the IG sequence with the 5" UTR, we noticed
that the binding affinities of the different proteins with the IG
sequence were significantly different from those with the 5’
UTR. For example, p35 bound to the negative-strand RNA of
the 5" UTR at least 15 times more strongly than to the IG
sequence. Conceivably, the amounts of p35 bound to the 5’
UTR may also regulate the efficiency of subgenomic mRNA
transcription. The cellular proteins which have been identified
so far to bind to the MHV RNA regulatory elements are
summarized in Fig. 6. It should be noted here that p55 binds
exclusively to the positive-strand leader sequence and not to
the negative strand (5); nor does it bind to the IG site of either
strand (Fig. 2 and data not shown). It is tempting to suggest
that p55 directly or indirectly interacts with the proteins on the
IG sequence, thus bringing the leader RNA in frans to the 1G
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FIG. 6. Model of coronavirus RNA transcription through protein-RNA and protein-protein interactions. The open boxes indicate the UCUAA repeats at the 3’
end of the leader and the consensus IG sequence. The proteins bound to the different regions were identified in reference 5 and this study. N, viral nucleocapsid protein.
Its binding to the 3’ end of leader RNA was demonstrated elsewhere (26). The presence of the putative viral RNA polymerase, N, p70, and p48 in the complex is
hypothetical. In this putative complex, the negative-strand RNA serves as a template, and the leader RNA (positive sense) in trans binds to the negative-strand IG RNA

and serves as a primer. The subgenomic mRNA transcription starts at the IG region inside the complex.

region. Very likely, viral RNA polymerase and other viral
proteins, such as N protein (4, 26), also are required for com-
plex formation. The involvement of the N protein in the for-
mation of the transcription complex has been suggested from
the findings that the N protein binds to the 3’ end of the leader
RNA (26) and that the monoclonal antibody against the N
protein inhibited MHV RNA synthesis (4). Conceivably, other
possible cis-acting RNA regulatory elements, such as the 3’
end of genomic RNA, also participate in the formation of such
a transcription complex. Once the leader RNA (positive
strand) is associated with the negative-strand IG sequence of
the template RNA in the complex, the leader RNA may then
serve as a primer to initiate subgenomic mRNA transcription
(Fig. 6). Results from a number of recent studies are compat-
ible with this modified transcription model involving RNA-
protein interactions (5, 17, 27-29). It should be noted that in
this study, only the binding of p35/38 was found to correlate
with the amounts of mRNA transcribed. The binding of p70
and p48 is less specific, and the role of these proteins in MHV
RNA synthesis is less certain. It is likely that the transcription
efficiency of MHV RNA is regulated by multiple factors.

In this study, we showed that an extra species of cellular
protein (p70) which was not detected previously (5) bound to
the negative strand of the 5" UTR. Since the same NX182(—)
RNA was used in both studies, the most likely explanation is

that the procedure for preparation of cellular lysates used in
this study allowed the more efficient release of p70 from a
cellular compartment, such as cellular membranes. It has been
shown previously that MHV RNA synthesis takes place in the
membrane fraction (2). Another explanation is that in this
study, we used more lysates for UV cross-linking studies; the
more weakly binding proteins may have escaped detection
previously. This is evident for p48, whose binding with
NX182(—) RNA could not be detected when less than 10 g of
cellular proteins was used, as demonstrated here and previ-
ously (5). In contrast, when a large amount of cellular proteins
(20 pg) was used, a weak band of p48 was detectable (Fig. 4A).

It should be noted that IG7 used in this study is a short RNA
fragment (237 nt), containing only one IG sequence. The full-
length viral genomic RNA, which contains multiple IG se-
quences, may have different protein-binding capabilities be-
cause of different RNA conformations. It has been shown here
that the protein-binding affinities of different deletion clones
were slightly different (Fig. 3), suggesting that overall RNA
conformation could affect protein binding. However, the bind-
ing of these proteins is sequence specific rather than merely
dependent on RNA conformation, as suggested from the stud-
ies of the IG7 mutants (Fig. 5). Thus, the full-length viral RNA
likely binds the same proteins. Nevertheless, because the ge-
nome-length template RNA contains seven distinct IG sites, it
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is possible that competition between the different IG sites
affects the extent of protein binding. Regardless, the identifi-
cation of these cellular proteins bound to the regulatory se-
quences of MHV RNA (the leader and IG sequence) and the
correlation of the protein-binding affinity with the transcrip-
tion efficiency at the IG site provide the first direct evidence
that protein-RNA interactions are involved in the regulation of
coronavirus mRNA transcription.
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