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A cellular protein, previously described as p55, binds specifically to the plus strand of the mouse hepatitis
virus (MHYV) leader RNA. We have purified this protein and determined by partial peptide sequencing that it
is polypyrimidine tract-binding protein (PTB) (also known as heterogeneous nuclear ribonucleoprotein
[hnRNP] I), a nuclear protein which shuttles between the nucleus and cytoplasm. PTB plays a role in the
regulation of alternative splicing of pre-mRNAs in normal cells and translation of several viruses. By UV
cross-linking and immunoprecipitation studies using cellular extracts and a recombinant PTB, we have
established that PTB binds to the MHV plus-strand leader RNA specifically. Deletion analyses of the leader
RNA mapped the PTB-binding site to the UCUAA pentanucleotide repeats. Using a defective-interfering RNA
reporter system, we have further shown that the PTB-binding site in the leader RNA is critical for MHV RNA
synthesis. This and our previous study (H.-P. Li, X. Zhang, R. Duncan, L. Comai, and M. M. C. Lai, Proc. Natl.
Acad. Sci. USA 94:9544-9549, 1997) combined thus show that two cellular hnRNPs, PTB and hnRNP Al, bind
to the transcription-regulatory sequences of MHV RNA and may participate in its transcription.

Mouse hepatitis virus (MHV) is a single-stranded, positive-
sense RNA virus and belongs to the Coronaviridae family.
MHYV contains an RNA genome of approximately 31 kb (22),
which encodes seven to eight viral genes. MHV synthesizes six
to seven subgenomic mRNAs, all of which share 5" and 3’ ends
identical to those of the genomic RNA (18). The common 5’
end, termed leader sequence (72 to 77 nucleotides [nt] long), is
derived from the 5" end of the genomic RNA (20, 38). The 3’
end of the leader RNA contains a consensus UCUAA repeat
sequence (30), and the copy number of UCUAA repeats varies
among different MHV strains. Another consensus sequence,
UCUAAAC or a similar sequence, termed intergenic (IG)
sequence, is present between each viral gene (5). The IG se-
quence, which is homologous to the UCUAA repeat of the
leader RNA, serves as the initiation site for subgenomic
mRNA synthesis (14, 29). Each of the seven subgenomic mR-
NAs starts from a different IG site and extends to the 3’ end of
the genome; thus, the subgenomic mRNAs have a 3’-cotermi-
nal, nested-set structure (17, 23). Furthermore, the sub-
genomic mRNA synthesis involves fusion of two stretches of
noncontiguous sequence by a discontinuous-transcription
mechanism, such that the leader RNA is joined to the 5’ end
of each mRNA (13, 25, 43). This fusion occurs between the
UCUAA repeats of the leader and the consensus IG sequence.
Based on this unique subgenomic mRNA structure, several
models have been proposed to explain the discontinuous na-
ture of coronavirus RNA transcription (16, 18, 35). All of these
models require that the leader sequence interact with the IG
sequence in the minus-strand template RNA or plus-strand
genomic RNA. Such an interaction has been inferred from the
findings that the efficiency of mRNA transcription is affected
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by different combinations of the leader and IG sequences,
particularly in the region of UCUAA repeats (21, 36, 43).
Interestingly, this interaction appears to occur between the
leader and IG sequences in two different RNA molecules (in
trans) as well as within the same RNA molecule (in cis) (43).
Furthermore, the 3'-end sequence of MHV RNA is required
for viral mRNA transcription (26), suggesting that the 3" un-
translated region (UTR) of viral RNA may also interact with
the upstream transcription-regulatory sequences. Since se-
quence complementarity is not always present in these inter-
acting RNA regions, these interactions may be mediated by
protein-RNA and protein-protein interactions, involving either
viral or cellular proteins (19, 42).

By UV cross-linking assays, several cellular proteins have
been detected to bind specifically to the transcription-regula-
tory regions of MHV RNA (7, 27, 41, 44). Among these pro-
teins, p35/38 binds to the minus-strand leader RNA and minus-
strand IG sequences (7, 44), while another protein, p55, binds
to the plus-strand leader RNA (7). The binding of p35/38 to
the minus-strand IG sequence correlates with the efficiency of
subgenomic mRNA transcription (44), suggesting that p35/38
may act as a transcription factor. Recently, this protein has
been identified as heterogeneous nuclear ribonucleoprotein
(hnRNP) Al (24), a nuclear protein involved in the alternative
splicing of cellular RNAs (6). It is hypothesized that the bind-
ing of hnRNP A1 to both the leader and IG sequences on the
minus-strand template may bring these two distant RNA do-
mains together and facilitate the formation of either an MHV-
specific RNA transcription complex or an MHV RNA process-
ing (splicing) complex.

Since plus-strand leader RNA interacts with the template
RNA during MHV RNA transcription, p55 may serve as a
mediator of this interaction. Therefore, we are interested in
understanding the nature of this protein. In this report, we
identified the p55 as polypyrimidine tract-binding protein
(PTB), also known as hnRNP I. This protein has previously
been shown to interact with hnRNP Al in a pre-mRNA splic-
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FIG. 1. 2-D PAGE analysis of the partially purified proteins from HeLa cytoplasmic extracts. HeLa cytoplasmic extract was separated by ammonium sulfate
precipitation and Q-Sepharose and heparin agarose chromatography. The partially purified proteins were UV cross-linked to *P-labeled plus-strand leader [5'-182(+)]
RNA and separated by 2-D nonequilibrium pH gradient gel electrophoresis according to the procedures of O’Farrell et al. (31), by using Ampholine pH 3 to 10
(Bio-Rad) and pH 7 to 9 (Pharmacia) at a 1:1 ratio and separation for 5 h at 650 V for the first dimension. The second dimension was performed by SDS-PAGE on
10% polyacrylamide gels. (A) Silver-stained gel. p55 (spots 1 to 6) and molecular mass markers in kilodaltons are indicated, and eEF-la is identified. (B)
Autoradiogram of the same gel as in panel A. The two arrows indicate the radiolabeled spots that match spots no. 1 and no. 4 in the silver-stained gel.

ing complex in normal cells (3). Thus, the binding of hnRNP
Al and PTB to the minus-strand leader and IG site and the
plus-strand leader RNA, respectively, may bring together these
RNAg, fulfilling a requirement for MHV RNA transcription.

Purification of MHV plus-strand leader RNA-binding pro-
tein p55. Although p55 was originally found in the cytoplasm of
a murine cell line (DBT) (12), a similar protein was detected in
both the nuclear and the cytoplasmic fractions of HeLa cells
(data not shown). Therefore, HeLa cell lysates were used for
protein purification according to the previously published pro-
cedures (24). After three steps of purification (ammonium
sulfate precipitation and Q-Sepharose and heparin agarose
chromatography), partially purified proteins were UV cross-
linked to *?P-labeled plus-strand leader RNA, 182(+) RNA
(7), representing the 5'-end 182 nt of viral genomic RNA, as
previously described (24). The RNA-protein complex was di-
gested with RNase A and analyzed by nonequilibrium two-
dimensional (2-D) gel electrophoresis according to the proce-
dure of O’Farrell et al. (31). The silver-stained protein profile
of the 2-D gel (Fig. 1A) was then compared with the autora-
diogram of the UV cross-linked **P-labeled proteins (Fig. 1B).
Two streaks of radiolabeled spots ranging from 55 to 57 kDa,
each with a correspondingly decreasing isoelectric point (pI)
that represents different numbers of nucleotides linking to the
same protein (24), were detected on the autoradiogram (Fig.
1B). Since nucleotide attachment to a protein will increase the
molecular weight and correspondingly lower the pI value of the
protein, the radiolabeled spot with the lowest molecular weight
and the highest pI (indicated by two arrows; Fig. 1B) repre-
sents the minimally cross-linked protein, which corresponded
to spot no. 1 and spot no. 4 identified on the silver-stained gel
(Fig. 1A). These two spots, thus, are the most likely candidates
for p55. Four other protein spots, no. 2, 3, 5, and 6 (Fig. 1A),
are in close proximity to spot no. 1 and no. 4 and have the same
molecular weights; they may represent isoforms of pS55. Be-
cause these six protein spots were not well separated, they were
collected as two groups: p55a (spot no. 1 to 3) and p55b (spot
no. 4 to 6). Each of these six protein spots has a pI value close
to that of the translation factor eEF-1a (50 kDa, pI 9.5) (4)
(Fig. 1A), and all were detected in both cytoplasmic and nu-
clear fractions (data not shown). Another streak of radiola-
beled protein represents p70 (44). The identity of this protein
was not further pursued in this study.

Identification of p55 as PTB or hnRNP 1. The identity of
p55a and p55b was determined by partial peptide sequencing
and amino acid composition analysis (performed by W. M.
Keck Foundation Biotechnology Resource Laboratory of Yale

University). The high-pressure liquid chromatography patterns
of the tryptic peptides of p5S5a and p55b were very similar (data
not shown), suggesting that they were related proteins. One
tryptic peptide from p55a, which was shared with p55b, was
selected for peptide sequencing. The sequence of this peptide,
DYGNSPLHR, matched the C-terminal sequence (amino acid
429 to 437) of a human PTB, also known as hnRNP I. Upon
further analysis, the high-pressure liquid chromatography pro-
files of tryptic peptides of pS5a and p55b were found to be
similar to that of PTB (data not shown), further indicating the
identity of p55 as PTB. PTB has been reported to consist of at
least four isoforms (9, 10, 32), due to alternative splicing, and
their molecular masses range from 57 to 62 kDa, and their plI
range from 8.0 to 8.5 (6). The p55 (PTB) protein pattern in the
silver-stained 2-D gel (Fig. 1A) was also similar to that of the
immunopurified hnRNP I complex (9). The amino acid se-
quence of human PTB shows greater than 97% identity to its
murine counterpart (3).

The identity of pS5 as PTB was then tested by immunopre-
cipitation studies of UV cross-linked protein with a monoclo-
nal antibody specific for human PTB (kindly provided by E.
Wimmer, State University of New York, Stony Brook). The
cytoplasmic extracts from HelL.a and DBT cells were UV cross-
linked with the MHYV plus-strand leader RNA, and the RNA-
protein complex was immunoprecipitated with antibodies
against several different nuclear proteins (PTB, TFIIB, and
Sam68). Only the PTB-specific monoclonal antibody (Fig. 2,
lanes 2 and 6), and not the other two antibodies (Fig. 2, lanes
3,4, 7, and 8), could precipitate the UV cross-linked p55 from
both HeLa and DBT cells. These data established that the
MHYV plus-strand leader RNA-binding protein (p55) is PTB.

RNA-binding property of the recombinant murine PTB
(GST-PTB). To further confirm that PTB is the protein that
binds to the plus-strand MHV 5" UTR, a recombinant gluta-
thione S-transferase (GST)-fused murine PTB (GST-PTB) was
prepared and used for UV cross-linking to the **P-labeled
182-nt plus-strand 5" UTR. The results showed that the puri-
fied GST-PTB fusion protein (Fig. 3B, lane 1) bound to this
RNA (Fig. 3A, lane 3), whereas the purified GST protein (Fig.
3B, lane 2) did not bind the same RNA (Fig. 3A, lane 4). The
binding of GST-PTB to the *?P-labeled 5'-end leader RNA
[5'-182(+)] could be competed completely by a 10-fold excess
of the cold homologous RNA but not by other RNAs, such as
3’ end of MHV RNA [3'-350(+)] or tRNA (Fig. 3C). These
results indicate that PTB is indeed the protein that binds spe-
cifically to the 5'-end leader RNA.



774 NOTES
Hela DBT
IP. IP.
L -]
£ES EES
TN s 5 ¢

° T
—

<¢— PTB

-
43—

o BC-REC UM 5 6 7 8

FIG. 2. Immunoprecipitation of UV cross-linked proteins. Cytoplasmic ex-
tracts from HeLa (lanes 1 to 4) and DBT (lanes 5 to 8) cells were UV cross-
linked with 3?P-labeled plus-strand leader RNA; digested with RNase A; and
precipitated with monoclonal antibody for PTB (lanes 2 and 6), monoclonal
antibody for TFIIB (lanes 3 and 7), or polyclonal antibody for Sam68 (Santa
Cruz Biotechnology) (lanes 4 and 8). The precipitated proteins were collected
with protein A-Sepharose beads (Zymed) and analyzed by SDS-PAGE. Lanes 1
and 5 are UV cross-linked proteins without immunoprecipitation (IP). Numbers
at left show molecular mass in kilodaltons.

Mapping of the PTB-binding site on the plus-strand MHV
5’ UTR. To locate the binding site of PTB on the MHYV plus-
strand 5’ UTR, various truncated, **P-labeled RNAs of this
region (Fig. 4A) were UV cross-linked to HeLa cell extract,
followed by RNase A digestion and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Figure 4B
shows that the amounts of PTB bound to 182(+) (lane 1,
100%) and 112(+) (lane 2, 70%) RNAs were comparable but
that the amount of its binding to RNA 56(+) (lane 3) was
significantly lower (19%). No PTB was found to bind RNA
35(+) (lane 4). As expected, PTB did not bind to the minus-
strand, 182-nt RNA (lane 5), further confirming that PTB
binds specifically to plus-strand 5" UTR. These data indicated
that nt 56 to 112 of the plus-strand leader RNA are the se-
quence most critical for the binding of PTB. Within this region,
there is a stretch of four UCUAA repeats (nt 60 to 80 from the
5" end), which has been demonstrated to be important for the
MHYV transcription (2, 21, 37, 43). The region between nt 35
and 56 from the 5’ end may also contribute to PTB binding to
some extent since 56(+) RNA bound PTB weakly; this region
includes part of the UCUAA repeat sequence and has two
sequences similar to UCUU, which has been reported to be
one of the PTB-binding consensus sequences (33). However,
the extent of PTB binding to this region was variable. In some
experiments, very little PTB binding was detected (see below)
(Fig. 4C). Thus, PTB binding to nt 35 to 56 was very weak at
best. Therefore, the major PTB-binding site is within nt 56 to
112 from the 5’ end. There was a slight difference in PTB
binding between the 182(+) and 112(+) RNAs, suggesting
that the extent of PTB binding to nt 56 to 112 may be affected
by other RNA sequences or overall RNA conformation.

To investigate whether the UCUAA pentanucleotide repeat
sequence in the leader RNA was responsible for the PTB
binding, a mutant 5'-UTR RNA, 182A4R(+), in which the
four UCUAA repeats have been deleted (Fig. 4A), was used to
perform a UV cross-linking assay. The results showed that this
mutant leader RNA bound very little PTB from the lysates of
uninfected or MHV-A59-infected HeLa or DBT cells (Fig. 4C,
lanes 4 to 6). This was significantly less than that bound to the
wild-type leader RNA (lanes 1 to 3). Similarly, GST-PTB also
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FIG. 3. UV cross-linking analysis of recombinant PTB. Plasmid pGEX-4T-
1/PTB, which expresses a GST-murine PTB fusion protein, was constructed by
subcloning a reverse-transcribed PCR-synthesized cDNA fragment (1,587 bp),
containing the entire open reading frame of murine PTB (GenBank/EMBL data
bank with accession no. X52101 [3]), made from the RNA of DBT cells. The
expression of GST fusion protein in Escherichia coli was induced by addition of
0.2 mM isopropyl-1-thio-B-p-galactoside (IPTG) for 3 to 5 h at 37°C. GST fusion
protein was purified from bacterial lysates with glutathione-Sepharose 4B beads
(Pharmacia). (A) Purified recombinant PTB (GST-PTB) (lane 3) and GST (lane
4) were UV cross-linked with 3>P-labeled plus-strand leader RNA and separated
by SDS-PAGE. Cytoplasmic extracts from HeLa (lane 1) and DBT (lane 2) cells
cross-linked to the same RNA were included as controls. (B) Coomassie blue-
stained gel of the purified GST-PTB (lane 1) and GST (lane 2). (C) Competition
analysis of GST-PTB binding to 5'-182(+) RNA. The purified GST-PTB was
first incubated with increasing concentrations of unlabeled RNAs (cold compet-
itors, 2.5X, 5X, or 10X molar excess over the labeled RNA) and then with
32P-labeled 5'-182(+) RNA. The UV cross-linked proteins were separated by
SDS-PAGE. Numbers to the left of panels A and B show molecular mass in
kilodaltons.

bound strongly to 182(+) RNA but only weakly to 182A4R(+)
RNA (Fig. 4D). These results combined thus indicate that the
UCUAA repeat sequence is most crucial for PTB binding.
The PTB-binding site is crucial for the viral subgenomic
mRNA transcription. Previous studies have shown that the
number of the UCUAA repeats at the 3’ end of the leader
sequence determines the efficiency of transcription of viral
subgenomic mRNAs in both a frans- and a cis-acting manner
(21, 40, 43). Since PTB binds to this UCUAA region, we asked
whether the elimination of this PTB-binding site would affect
the transcription of MHV subgenomic mRNA. We con-
structed a variant of defective-interfering (DI) RNA reporter
vector p25-A4R-CAT, in which the four UCUAA repeats in
the leader sequence were deleted but which contains a chlor-
amphenicol acetyltransferase (CAT) reporter gene placed be-
hind an IG sequence (25) (Fig. 5). Previous studies have shown
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FIG. 4. Mapping of PTB-binding sites on the MHV 5’-UTR RNA. (A) Schematic diagrams of the structure of plasmids and their transcribed RNAs used in this
study. The unfilled box represents the MHV 5" UTR, and shaded boxes indicate the four UCUAA repeats in the RNA. Vertical arrows represent the enzyme sites for
linearizing the plasmids. The numbers under the boxes denote nucleotide numbers from the 5’ end of the MHV RNA. Horizontal arrows represent the in vitro
transcribed RNAs. The open arrows represent T7 and T3 RNA polymerase promoters. The RNA *35 (+) was transcribed from synthetic DNA oligomers containing
the T7 promoter. pNX1A4R is identical to pNX1 but lacks the four UCUAA repeats. (B) UV cross-linking of HeLa cytoplasmic extracts with various 5’-end RNAs.
The amounts of PTB binding were quantitated by using the Ambis Radioanalytic Imaging System. (C) UV cross-linking of 5'-UTR RNA with or without the UCUAA
repeat. Cytoplasmic extracts from HeLa (lanes 1 and 4), DBT (lanes 2 and 5), and A59-infected DBT (lanes 3 and 6) cells were used. (D) UV cross-linking of GST-PTB
with 5'-182(+) and 5'-182A4R(+) RNAs. H/C and D/C represent cytoplasmic extracts of HeLa and DBT cells, respectively. Numbers at left of panels B and C show

molecular mass in kilodaltons.

that the CAT activity detected from this DI RNA in the pres-
ence of a helper virus reflects mRNA transcription from the IG
site (25, 44). Various DI RNAs, including p25CAT (with the
wild-type leader), p25-A4R-CAT (with a mutant leader), and
p25CAT/RIS (without the IG site) (Fig. 5), were transfected
into A59-infected DBT cells at 1 h postinfection. Cell lysates
were collected at 9 h postinfection for CAT assay. The results
indicated that the CAT activity expressed by p25-A4R-CAT
was approximately 15% of that of the wild-type DI vector,
whereas the RNA without the IG sequence (p25CAT/RIS) was
totally devoid of the CAT activity (data not shown). These
results are consistent with the previous reports that the UC-
UAA repeat sequence in the leader RNA modulates mRNA

transcription in cis and in trans (25, 43). Since PTB binds to this
repeat sequence, PTB may play a role in this regulation.

The results presented here have demonstrated that PTB
binds to the MHYV leader RNA at the UCUAA repeat region.
This UCUAA repeat is the site where the leader RNA inter-
acts with the IG sequences on the template RNA in both a
trans- and a cis-acting manner and where the leader joins
subgenomic mRNAs (43). The deletion of the UCUAA repeat
sequence resulted in the loss of PTB binding and the corre-
sponding reduction of mRNA transcription from a down-
stream IG site. This finding further confirmed that the leader
sequence has a cis-acting effect on subgenomic mRNA tran-
scription (43) and that the UCUAA sequence plays an impor-
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FIG. 5. Structure of various DI RNAs. 25CAT RNA (25) contains a wild-
type leader RNA sequence; 25-A4R-CAT contains a mutant leader RNA without
the four UCUAA repeats. IG 7 is the promoter sequence for gene 7; 25CAT/RIS
is similar to 25 CAT but lacks the IG site (25). The plasmids for these RNAs were
made by PCR amplification of p25CAT with appropriate primers.

tant role in mRNA initiation. Conceivably, the effect of the
UCUAA repeats on transcription is mediated through PTB.

PTB is predominantly a nuclear protein, particularly local-
ized in a discrete perinucleolar structure (9). It contains four
repeated domains, each of which consists of 80 amino acids,
constituting RNA-binding domains (9). Therefore, one mole-
cule of PTB can potentially interact with several different RNA
regions. PTB binds preferentially to the polypyrimidine tract of
pre-mRNAs, near the 3’ splice site, and is involved in alterna-
tive RNA splicing and RNA transport in normal cells (8-10,
32, 33). In addition, PTB has been shown to regulate transla-
tion of some viral RNAs (1, 11, 15) and cap-independent
cellular mRNAs (28). So far, we have identified two cellular
proteins, hnRNP Al (24) and PTB, which bind to several
different regions of MHV RNA. hnRNP Al binds to minus-
strand leader sequence and the IG site, whereas PTB binds to
plus-strand leader. Previous studies have suggested that these
three regions may interact with each other to regulate mRNA
transcription (19). It is conceivable that these interactions are
mediated through hnRNP Al and PTB by protein-RNA and
protein-protein interactions. Our preliminary data have, in-
deed, shown that minus-strand leader sequence and the IG site
can interact with each other through hnRNP A1 (45). Further-
more, PTB and hnRNP A1 have been shown to interact with
each other in spliceosome complexes in normal cells (3).
Therefore, once PTB and hnRNP Al bind to plus-strand
leader RNA and minus-strand IG and leader sequences, re-
spectively, these two proteins may bring together these RNAs
to form a ribonucleoprotein complex.

One intriguing feature about these proteins is that both
hnRNP Al and PTB are primarily nuclear proteins (6, 8, 9,
32); yet, coronavirus replicates in the cytoplasm. However,
both hnRNP Al and PTB are shuttled between the nucleus
and cytoplasm in normal cells (11, 34), and all proteins are
synthesized in the cytoplasm. These cytoplasmic proteins,
hnRNP Al and PTB, have been shown to promote translation
in normal cells by facilitating ribosome binding via a 5'-end,
cap-mediated mechanism (39). We have previously found that
hnRNP Al is translocated from the nucleus to the cytoplasm in
MHV-infected cells (24). However, there is only a marginal
increase in the amount of PTB in the cytoplasm of MHV-
infected cells (unpublished observation). Nevertheless, since
PTB participates in the regulation of mRNA translation in
normal cells, sufficient PTB may be present in the cytoplasm of
MHV-infected cells to allow its participation in MHV RNA

J. VIROL.

transcription. The functional role of the cytoplasmic PTB in
normal and MHV-infected cells should be of great interest.
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script.
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