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A conserved 11-nucleotide sequence, UGAAUGAAGUU, at the 3’ end of the genomic RNA of coronavirus mouse hepatitis
virus was required for host protein binding and viral RNA synthesis. An RNA probe containing this 11-nucleotide sequence
bound four cellular proteins with a highly labeled protein of 120 kDa and three minor species with sizes of 103, 81, and 55
kDa. Mutation of the 11-nucleotide motif abolished cellular protein binding. The RNA—-protein complexes observed with
cytoplasmic extracts from MHV-JHM-infected cells in both RNase protection/gel mobility shift and UV cross-linking assays
were indistinguishable from those observed with extracts from uninfected cells. Both negative-strand synthesis and positive-
strand replication of viral defective interfering RNAs in the presence of helper virus were affected by mutations that disrupt
RNA-protein complex formation, even though the 11 mutated nucleotides were converted to the wild-type sequence,
presumably by recombination with helper virus. Kinetic analysis indicated that recombination between DI RNA and helper
virus occurred relatively early in the MHV replicative cycle at 5.5 to 7.5 hr postinfection, a time when viral RNA synthesis
and replication of positive-strand DI RNA were at barely detectable levels. A DI RNA with a mutation upstream of the protein
binding element replicated as efficiently as wild type without undergoing recombination. Thus, the 11-nucleotide conserved

host protein binding motif appears to play an important role in viral RNA replication.

INTRODUCTION

Mouse hepatitis virus (MHV), a coronavirus, contains
a large, single-stranded, and polyadenylated genomic
RNA of positive sense which is approximately 31 kb in
length. Coronaviruses utilize a complex transcriptional
strategy which is not completely understood. During the
MHV replicative cycle, seven or eight species of virus-
specific RNAs of positive polarity are synthesized, the
largest of which corresponds to the genomic RNA, while
the smaller subgenomic RNAs comprise a 3'-coterminal
nested-set (Lai, 1990; Lai et al., 1981; Leibowitz et al.,
1981, 1990; Spaan et al., 1982). All of these positive-
sense RNAs also contain a 70- to 75-nucleotide leader
sequence at their 5" termini which is identical to the
sequence of genomic RNA at the 5’ end. Several models
of discontinuous transcription have been described to
explain the mechanism of MHV RNA synthesis (Brian et
al., 1994; Lai, 1990; Leibowitz et al., 1990; Sawicki and
Sawicki, 1990; Schaad and Baric, 1994; Spaan et al.,
1988). In all of these models, the initial step in MHV RNA
replication is the synthesis of negative-strand RNA from
a positive-strand genomic template. Thus, transcription

! Current address: Department of Pathology and Laboratory Medi-
cine, 208 Reynolds Building, Texas A&M University College of Medi-
cine, College Station, TX 77843-1114.

2To whom correspondence and reprint requests should be ad-
dressed. Fax: (409) 862-1299. E-mail: jleibow@tam2000.tamu.edu.

0042-6822/95 $12.00
Copyright © 1995 by Academic Press, Inc.
All rights of reproduction in any form reserved.

128

© 1995 Academic Press, Inc.

of negative-strand RNA is a crucial event in viral replica-
tion. If this event is blocked, virus replication will not
proceed past the translation of input viral genomic RNA.

Analysis of the structure of coronavirus defective in-
terfering (DI) RNAs (naturally occurring or constructed in
vitro) indicated that at least 436 nucleotides (nt) at the
3’ terminus are required for DI RNA replication (Kim et
al., 1993; Lin and Lai, 1993). Moderate deletions within
the 436 nt at the 3’ end of the genome were lethal to DI
RNA replication, suggesting that these sequences con-
tain signals essential for RNA replication (Kim et al.,
1993). Further studies have demonstrated that only 55 nt
at the 3’ terminus are required for negative-strand RNA
synthesis in MHV-infected cells (Lin et al., 1994). The
sequences from 56 to 436 upstream of the 3’ terminus
of the genome [excluding the poly(A) tail] are thought to
play a role in the synthesis of plus-stranded RNA, al-
though the mechanism by which this occurs is not clear.

Our approach to studying MHV RNA replication is to
identify the cis-acting signals for RNA replication and the
proteins which recognize these signals at the 3’ end of
genomic RNA of MHV. We have focused our attention
on the 3’ end of MHV genome as it is likely that the
3’ region contains sequences necessary for viral RNA
polymerase binding, either alone or in combination with
host proteins. We have recently reported the specific
binding of multiple host cell proteins to two distinct sites
within 487 nt at the 3’ end of genomic RNA of MHV. The
first binding element was mapped within the 3’ most 42
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nt of the genomic RNA, while the second element was
located within an 86-nt sequence encompassing nt 171
to 85 from the 3’ end of the genome (Yu and Leibowitz,
1995). Comparison of the sequences of two protein-bind-
ing elements revealed about 42% sequence identity with
the sequence UGARNGAAGUU being present in both
elements.

In this work we more precisely localize the sequence
contributing to host protein binding to the last 42 nt at
the 3’ end of the genome, again using RNase T, protec-
tion/gel mobility shift electrophoresis and UV-induced
cross-linking assays. RNAs containing deletions or clus-
tered-point mutations within the conserved 11-nt se-
quence (UGAAUGAAGUU) were tested for the ability to
form complexes with uninfected and MHV, strain JHM
(MHV-JHM)-infected cytoplasmic extracts. To investigate
a possible role of this 3’ protein-binding element in viral
RNA replication, DI RNAs containing mutations within
the 11-nt motif were transcribed in vitro and transfected
into permissive 17CI-1 cells in the presence of MHV-JHM
helper virus. The replication of positive-strand DI RNA
as well as the transcription of negative-strand DI RNA
were assayed to determine if such mutations affected
either one or both of these steps in RNA synthesis. Here
we report the identification of an 11-nt conserved motif
(UGAAUGAAGUU) spanning nt 36 to 26 from the 3" end
of genomic RNA of MHV required for the specific binding
of host cellular proteins and for the synthesis of both
positive and negative DI RNAs.

MATERIALS AND METHODS
Virus and cells

Murine 17CI-1 cells (a spontaneously transformed 3T3
Balb/c mouse fibroblast cell line) and MHV-JHM were
used throughout this study as previously described (Yu
and Leibowitz, 1995). DME was buffered to pH 7.3-7.4
with 15 mM each HEPES, MOPS, and TES.

Preparation of mock- and MHV-JHM-infected
cytoplasmic extracts

Cytoplasmic extracts from both uninfected- and virus-
infected cells were prepared as previously described (Yu
and Leibowitz, 1995).

Design of primers and in vitro synthesis of RNA
transcripts

PCR was utilized to synthesize cDNA fragments repre-
senting the 3’ end of the JHM genome under the control
of the T7 RNA polymerase promoter. The 5’ primer con-
taining the T7 RNA polymerase promoter (PT7-CCT GGG
AAG AGC TCA CAT), fused to 18 nt starting at nt 84
from the 3’ end of genomic RNA (positive sense) was
synthesized. The sequence of the 5’ primer for probe 3’
(+) 42, which also contains the T7 promoter fused to 18

TABLE 1

Probes and Primers Synthesized

Probes Negative-sense 3’ primer
3'(+)42 GTG ATT CTT CCA ATT GGC

84-43 GGG CAT TGC AGG AAT AGT A

84-34 TCA TTT ACT AGG GCA TTG

84-24 TCA ACT TCA TTC ATT TAC

84-14 TTG GCC ATG ATC AAC TTC

84-16 GGC CAT GAT CAA CTT CAT TCATTT
mB4 GGC CAT GAT CAA CTT CAT AGT TTT
mC5 GGC CAT GAT CTT GAA GAT TCATTT
mFO0 GGC CAT GAT CTT GAA GAT AGT TTT
nll GGC CAT GAT CAA CTT CTA AGT TTT
mG1 GGC CAT GAT CTT GAA GTA AGT TTT

nt starting at nt 42 from the 3’ end of genomic RNA, is
PT7-TAG TAA ATG AAT GAA GTT. A series of 3’ end
negative-sense primers with deletions or clustered-point
mutations (underlined) were also synthesized as listed
in Table 1.

A double-stranded cDNA representing 487 nt from the
3’ end of JHM genomic RNA was used as a DNA template
for PCR (Yu and Leibowitz, 1995). PCR products with
defined sizes and mutations were synthesized by Taq
DNA polymerase (Perkin—Elmer Cetus), purified by gel
electrophoresis, and recovered from the gel using glass
powder (Mermaid kit, Bio 101). Direct sequencing of PCR
fragments was performed to confirm the identity of cer-
tain mutations. In vitro transcription reactions of PCR
product templates by T7 polymerase were carried out as
previously described (Yu and Leibowitz, 1995).

RNase T, protection/gel mobility shift electrophoresis
assays and UV-induced cross-linking of RNA-protein
complexes

The RNA-protein binding reaction and UV cross-link-
ing of labeled RNA to protein were performed as pre-
viously described (Yu and Leibowitz, 1995). RNA—protein
complex formation was quantitated by scanning the 3?P-
labeled gels with a Betascope 603 blot analyzer (Beta-
gen, Intelligenetics, Inc).

Construction of mutant DI cDNAs

cDNA mutants were constructed as described by the
manufacturer using the Chameleon double-stranded,
site-directed mutagenesis kit (Stratagene) according to
the manufacturer's instructions. DE25, a 2.2-kb DIssE
cDNA clone of the MHV-JHM DI RNA (Makino and Lai,
1989), was used as the target for site-directed mutagene-
sis. The synthetic selection and mutagenic primers de-
signed to introduce clustered-point transversion muta-
tions into the 11-nt protein-binding element or at selected
sites within this element are listed below. The selection
primer (5'-GCG CGA GGC CCA GAA CGT TAATAC GAC
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TCA CTA TAG-3') was positive sense and destroys the
unique Hindlll restriction site upstream of the 5 end of
DE25 (Makino and Lai, 1989). The mutagenic primers
were also positive sense and encoded the various muta-
tions we desired to introduce into DE25 in the region
responsible for host cellular protein binding. The se-
qguence of mutagenic primer of mG1 DI RNA was 5'-CTG
CAA TGC CCT AGT AAA ACT TAC TTC AAG ATC ATG
GCC-3’, of mB4 DI RNA 5’-CTG CAA TGC CCT AGT AAA
ACT ATG AAG TTG ATC ATG GCC-3’, of mC5 DI RNA
5'-GCC CTA GTA AAT GAATCT TCAAGATCATGG CCA
ATT GG-3', and of mD6 DI RNA 5'-GTT GTG GCA GAC
CCT GAT ACA ATT AGT TGA AAG AG-3'. The alterations
from the wild-type MHV sequence are underlined. Each
clone was sequenced to confirm the presence of the
introduced mutation.

DI RNA transcription, transfection, and radiolabeling

Plasmid DNAs were linearized by Xbal digestion and
transcribed with T7 RNA polymerase following a pre-
viously described procedure with some minor modifica-
tions (Soe et al., 1987). After incubation for 90 to 120 min,
the transcription reaction mixtures were treated with 3
units of RNase-free DNase (Ambion) and extracted twice
with  phenol/chloroform. Unincorporated nucleotides
were removed by gel filtration through a Sephadex G-50
column (Sigma). DI RNAs were introduced into cells by
liposome-mediated transfection following a previously
described procedure except that cellFECTIN (Life Tech-
nologies) was used rather than lipofectin (Makino et al.,
1991). Monolayer cultures of murine 17CI-1 cells in 35-
mm six-well plates (~2.5 x 10° cells/well) were first in-
fected with MHV-JHM at a multiplicity of infection of 5.
After 1 hr of virus adsorption, the inoculum was removed
and cells were washed twice with prewarmed serum-
free DME medium. For each well, 1.5 ug of in vitro synthe-
sized DI RNA was incubated with 15 ug of cellFECTIN
in 0.4 ml serum-free DME for 15 min at room temperature
and then added to the virus-infected cells. After incuba-
tion at 37° for 1 hr, 1.5 ml of prewarmed DME was added
and the cultures incubated for another hour. The cellFEC-
TIN-containing media were replaced with 3 ml of DME
containing 2% FBS and incubated for an additional 3.5
to 4 hr. Cells were washed once with prewarmed phos-
phate-free DME, incubated for 20 min in 1 ml phosphate-
free DME containing 10 ug/ml actinomycin D (Calbio-
chem), and then labeled with 200 nCi/ml *Pi (ICN) at 37°
for 2 hr (7.5 to 9.5 hr postinfection) in the presence of
actinomycin D until MHV-induced cytopathic effect (cell
fusion) involved over 90% of the cells.

Detection of positive-strand DI RNA replication by
agarose gel electrophoresis

32p-labeled MHV-specific intracellular RNAs were ex-
tracted as previously described with some minor modifi-

cations (Leibowitz and DeVries, 1988). Briefly, the cells
were washed twice with cold PBS, dissolved in 700 ul
of cell lysis buffer containing 8 M guanidium hydrochlo-
ride, 0.1 M 2-mercaptoethanol, and 0.2 M sodium acetate,
pH 5.0, and then the DNA was sheared by passage
through a hypodermic needle. One-half volume of ethanol
was added to the extract, the mixture was split into two
aliquots containing one-third and two-thirds of the sam-
ple, and the RNA was allowed to precipitate at —20°
over 2 hr. The aliquot containing one-third of the original
sample was analyzed directly by agarose gel electropho-
resis for positive-strand MHV-specific RNA. The re-
maining two-thirds of the sample was reserved for nega-
tive-strand RNA analysis. For detection of positive-strand
DI RNA, the precipitated RNAs were dissolved in 1xX TE
containing 0.5% SDS and 50 pg/ml proteinase K (Sigma)
and digested at 37° for 30 min. After two phenol/chloro-
form extractions, the RNA was ethanol precipitated, col-
lected by centrifugation, and resuspended in water. Iden-
tical amounts of total RNA from each sample were dis-
solved in a buffer containing 50% formamide, 4%
formaldehyde, 20 mM MOPS, heat-denatured at 65° for
15 min, and electrophoresed in 1% agarose gels con-
taining 2.2 M formaldehyde. The gels were dried and
autoradiographed with X-ray film (Fuji). Quantitative anal-
ysis of the replication of positive-strand DI RNA was car-
ried out by scanning autoradiographic images with a
ImageMaster DTS laser densitometer (Pharmacia LKB).

Detection of negative-strand DI RNA transcription by
competitive RT-PCR

For analysis of negative-strand DI RNA, precipitated
RNA representing two-thirds of each culture were dis-
solved in DNase digestion buffer (40 mM Tris—HCI, pH
7.5, 6 mM MgCl,, 2 mM spermidine, and 10 mM NacCl)
and digested with 3 U RNase-free DNase (Promega) at
37° for 15 min followed by digestion with 50 pg/ml pro-
teinase K in 0.5% SDS at 37° for 30 min. After two phenol/
chloroform extractions, the RNA was ethanol precipi-
tated, collected by centrifugation, and resuspended in
water. A reverse-transcription primer, 5'-GGC GTT GTC
TAA AGA GAT TTG-3’, which encompasses the junction
region between domain Il and domain Il of DE25 and
specifically hybridizes to negative-strand DI RNA at nt
615 to 594 from the 3’ end of the DI RNA (Makino et al.,
1988), was used to prime DI RNA cDNA synthesis from
intracellular RNA templates. Total RNAs (2.5 pg) from
each sample and 180 ng of RT primer were mixed in 15
ul H,0, heat-denatured at 75° for 10 min and incubated
at 42° for 30 min in a final volume of 50 ul of 1X PCR
buffer 1l (Perkin—Elmer Cetus) containing 5 mM MgCl,,
1 mM of dNTPs, 5 U Moloney murine leukemia reverse
transcriptase (MuLV RT, Perkin—Elmer), and 15 U RNasin
(Promega). After the RT reaction, 6 g of RNase A (Sigma)
and 2 U RNase T, (Calbiochem) were added to each tube
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and incubated at 37° for 15 min to completely digest
RNA. MuLV RT was inactivated by heating the tubes at
100° for 10 min.

The protocol developed for the quantitative analysis of
negative-strand DI RNA by competitive RT-PCR is based
on a previously reported method with some minor modifi-
cations (Dukas et al., 1993). The 5’ positive-sense primer
was identical to the primer used for cDNA synthesis; the
sequence of the 3’ negative-sense primer was 5'-GTG
ATT CTT CCA ATT GGC-3’, which binds to nt 18 to 1
from the 3’ end of viral genome, yielding a 615-bp PCR
fragment of DI RNA. Competitive RT-PCR was carried out
in a final volume of 50 ul of 1X PCR buffer Il (Perkin—
Elmer Cetus) containing 5 mM MgCl,, 0.4 mM dNTPs,
100 ng of each primer, and 0.5 U Taq polymerase in the
presence of a 3-ul aliquot of cDNA from the RT reaction
and different concentrations of a 510-base internal stan-
dard cDNA (competitor cDNA). This competitor cDNA
contains the same primer binding sites as cDNA derived
from DIsSE RNA and a 105-base internal deletion corre-
sponding to nt 593 to 489 from the 3’ end of the viral
genome. Thirty cycles of PCR were performed with a
denaturation step at 95° for 60 sec, annealing step at 51°
for 30 sec, and an elongation step at 72° for 90 sec. The
last cycle had an elongation step of 5 min. All reactions
were performed in a DNA Thermal Cycler (Perkin—Elmer
Cetus). Twenty microliters of PCR products was electro-
phoresed on a 6% nondenaturing polyacrylamide gel. The
gel was stained with ethidium bromide (0.5 pg/ml) for 30
min and photographed with Type 55 positive/negative
film (Polaroid). The amplified DNA bands were quanti-
tated by scanning the negative film with a laser densitom-
eter.

Direct sequencing of RT-PCR products

PCR products corresponding to DI RNA (615 bp) were
purified by electrophoresis on a 0.8% agarose gel. The
DNA bands were excised from the gel and purified with
the Geneclean Il kit (Bio 101). A sequencing oligonucleo-
tide (5'-TAA GTT GAA AGA GAT TGC-3') corresponding
to positive-strand genomic RNA of JHM at nt 171 to 154
or oligonucleotide (5'-GTG ATT CTT CCA ATT GGC-3')
corresponding to negative-strand RNA at position of nt
18 to 1 from the 3’ end of genome was synthesized and
direct sequencing of PCR fragments was performed with
the dsDNA cycle sequencing system kit (Life Technolog-
ies) following the procedure described by the manufac-
turer.

RESULTS

Precise localization of host protein binding motif at
the 3’ end of JHM genomic RNA

To more precisely localize the protein-binding element
we had previously identified within the last 42 nt of the

A DE25 & 3
(2.2 kb) | . I | in
B r T ¥ T
Probe Size(nt) Binding
3(+)84 84+
84-43 _ 42
3(+)42 _— 42+
84-34 51 -
84-24 61+
84-14 7 +
B Binding activity
Probe 5' 3+ Mock Inf.
84-16 ———————UGAAUGAAGUU— 100 100
mB4 ACU 37 39
mC5 CUUCAA— 88 91
mFO — —ACU—CUUCAA— 17 19
mJ AU 58 53
mG1 —ACUUACUUCAA— 9 10

FIG. 1. (A) Schematic diagram of DE25 cDNA, the locations of RNA
probes, and summary of RNase T, protection/gel mobility shift assays.
cDNAs representing various segments of the 3’ end of the genome
fused to the T7 promoter were synthesized as described under Materi-
als and Methods. *P-labeled RNA probes were synthesized by in vitro
transcription with T7 RNA polymerase. Each probe was named by
nucleotide numbers or location within the genomic RNA sequence
upstream from the 5’-most A in the poly(A) tail (position 0). For example,
3'(+)42 represents the 42 nt upstream from 0, and probe 84-34 repre-
sents a 51-nt sequence from nt 84 to 34 upstream from position 0. The
size of each probe is indicated, as the relative position and length. +,
formation of an RNase T,-resistant complex; —, no complex was de-
tected in RNase protection/mobility shift assays. (B) Summary of muta-
tional analysis of 11-nt sequence essential for RNA—protein interaction.
Two nanograms of the wild-type 84-16 RNA, corresponding to the 69-
nt sequence from nt 84 to 16 from the 3’ end of the genome and
encompassing the 11-nt UGAAUGAAGUU, as well as mutant RNA
probes with transversion substitutions within this 11-nt region, were
tested for the protein-binding ability in RNase protection/gel retardation
assay using 7 ug of mock- and JHM-infected cell lysates. The RNA—
protein binding activity was quantitated by scanning the *?P-labeled
gels with a Betascope blot analyzer. Each number represents the mean
of three individual experiments.

MHV genome four **P-labeled RNA probes (the 84-34,
84-24, 84-16, and 84-14 RNAs), which span nt 84 to 34,
84 to 24, 84 to 16, and 84 to 14, respectively, from the 3’
end of viral genome, were synthesized in vitro and tested
for the ability to form RNA-protein complexes, using
RNase T, protection/gel mobility shift electrophoresis.
These results are summarized in Fig. 1. Two poorly re-
solved complexes were observed with the 84-24, 84-16,
or 84-14 probes, but no complexes could be detected
with the 84-34 RNA (data not shown). To verify the speci-
ficity of RNA—protein binding, competition experiments
with 75-fold molar excesses of unlabeled specific and
nonspecific competitor RNA were performed. One such
experiment with the 84-16 probe is shown in Fig. 2. The
formation of the complex by the 84-16 RNA was almost
completely blocked by a 75-fold molar excess of the unla-
beled 84-16 RNA (Fig. 2, lanes 3 and 6), but barely af-
fected by a 75-fold nonspecific competitor tRNA (Fig. 2,
lanes 4 and 7). Furthermore, no bands corresponding to
the complexes were observed when the 84-16 probe
alone was digested with RNase T, in the absence of
cytoplasmic extract (Fig. 2, lane 1).

These results, coupled with our previous report that
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FIG. 2. Specific binding of host cellular proteins to the wild-type 84-
16 RNA. Two nanograms of **P-labeled 84-16 RNA was incubated with
7 upg cytoplasmic extracts from either mock-infected (lanes 2 to 4) or
MHV-JHM-infected (lanes 5 to 7) 17CI-1 cells. The binding mixtures
were digested with RNase T, (0.00625 U/10 ul) and analyzed by electro-
phoresis on a 6% nondenaturing polyacrylamide gel. Lane 1, free 84-
16 RNA probe; lanes 2 and 5, 84-16 probes incubated with mock- and
MHV-infected lysates in the absence of competitor RNA; lanes 3 and
6, 84-16 probes incubated with mock- and MHV-infected lysates in the
presence of a 75-fold molar excess of unlabeled specific 84-16 RNA;
lanes 4 and 7, 84-16 probes incubated with mock- and MHV-infected
lysates in the presence of a 75-fold molar excess of 70 to 90-nt nonspe-
cific tRNA. Arrowheads denote the positions of RNA—protein com-
plexes.

the 84-43 RNA did not have any protein-binding activity
(Yu and Leibowitz, 1995), mapped a protein-binding ele-
ment to a 19-nt sequence from nt 42 to 24 at the 3’
end of JHM genomic RNA. These 19 nt include an 11-
nt sequence motif, UGARNGAAGUU (Fig. 1), which is
conserved in both the MHV upstream (171-85) and the
downstream (42-1) protein-binding regions (Yu and Lei-
bowitz, 1995). To investigate whether this 11-nt sequence
is responsible for host protein binding, we compared the
ability of wild-type (the 84-16 RNA) and a set of mutant
RNA probes to form RNA-protein complexes in the pres-
ence of cytoplasmic extracts from mock- and MHV-in-
fected 17CI-1 cells. A series of cDNAs corresponding to
nt 84 to 16 of the wild-type sequence or the mutations
shown in Fig. 1 was put under the control of the T7
promoter by PCR. **P-labeled RNA probes were tran-
scribed from these templates with T7 RNA polymerase; 2
ng of each labeled probe was incubated with cytoplasmic
extracts, digested with RNase T,, and then RNase-resis-
tant RNA—protein complexes were resolved by electro-
phoresis and visualized by autoradiography. The 84-16
probe formed two poorly resolved complexes in the pres-
ence of either mock- or JHM-infected lysate (Fig. 3A,
lanes 2 and 3). RNA—protein complexes were barely de-
tectable in reactions containing either mock- or JHM-
infected lysates incubated with the mG1 probe in which
the entire 11-nt sequence had been mutated (Fig. 3A,
lanes 5 and 6). Quantitative analysis indicated that the

protein-binding activity of the mG1 probe was only 9-
10% of the wild-type 84-16 probe. Less extensive muta-
tions within this 11-nt sequence, such as those contained
in the mB4, mC5, and mFO RNA probes, resulted in vari-
able decreases in RNA—protein complex formation (Fig.
3B, lanes 4 to 12). The mB4 RNA expressed 39% of the
protein-binding activity seen with the wild-type RNA,
while the mC5 RNA with a mutation of the last 6-nt GAA-
GUU sequence maintained 90% of the protein-binding
activity (Fig. 1B). However, the contribution of this se-
quence to protein binding could be observed when this
mutation (mC5) was combined with the mutation con-
tained in mB4 (mF0). The mFO RNA had 17% of the wild-
type activity, considerably less than that observed with
either of the mutant RNA probes (mB4 and mC5) carrying
the mutations separately. The complexes formed by the
wild-type and mutant probes with cytoplasmic extracts
from mock- and JHM-infected cells had identical electro-
phoretic mobilities (Figs. 3A and 3B). In addition, for each
probe the efficiency of complex formation was similar
with mock-infected and MHV-infected lysates. These re-
sults confirmed that the sequence UGAAUGAAGUU at
the 3" end of genomic RNA of MHV is an important deter-
minant of specific binding of host cellular proteins.

Characterization of RNA binding proteins by UV-
induced cross-linking

To characterize the proteins bound to the wild-type
and mutant RNA probes and determine their molecular
weights, %P label was transferred from RNA probes to

Probe  84:16  miil 84-16 [T LS V) e il
Lysate - M 1 - M | =M | sl =BT - M
| (] | 1"
e = e A ———
A 1 23 45 6 B1 23 4 5 6789 101112

FIG. 3. Mutational analysis of 11-nt sequence required for RNA—
protein binding. RNA-protein binding reactions were carried out as
described in the legend to Fig. 2. (A) Lanes 1 and 4, free 84-16 RNA
and mG1 RNA with a mutation of 11-nt UGAAUGAAGUU in the absence
of cell lysates; lanes 2 and 5, 84-16 and mG1 RNAs incubated with
mock-infected lysates; lanes 3 and 6, 84-16 and mG1 RNAs incubated
with JHM-infected lysates. (B) Lanes 1, 4, 7, and 10, free 84-16 probe,
mB4 probe with a mutation of 3-nt UGA, mC5 probe with a mutation
of 6-nt GAAGUU, mFO0 probe with a mutation of both UGA and GAAGUU
in the absence of cell lysates, respectively; lanes 2, 5, 8, and 11, 84-
16, mB4, mC5, and mFO probes incubated with mock-infected lysates,
respectively; lanes 3, 6, 9, and 12, 84-16, mB4, mC5, and mF0 probes
incubated with JHM-infected lysates, respectively.
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FIG. 4. Identification of host cellular proteins binding to the 11-nt
motif by UV cross-linking. RNA—protein binding reactions using labeled
RNA were carried out as described in the legend to Fig. 2. Following
incubation with RNase T, (0.00625 U/10 ul), **P-labeled RNA-protein
complexes were UV cross-linked and digested with RNase A prior to
10% SDS-PAGE. The experiments shown in A and B were performed
with two different preparations of cytoplasmic lysates. A highly labeled
protein of 120 kDa is indicated by arrowheads; minor proteins are
indicated by asterisks. Prestained molecular weight standards (Bio-
Rad) were used as markers. (A) Lanes 1 and 4, free 84-16 and mG1
RNA probes in the absence of cell lysates; lanes 2 and 5, 84-16 and
mG1 RNAs incubated with mock-infected lysates; lanes 3 and 6, 84-
16 and mG1 RNAs incubated with JHM-infected lysates. (B) Lanes 1,
4,7, and 10, free 84-16, mB4, mC5, and mFO probes in the absence of
cell lysates; lanes 2, 5, 8, and 11, 84-16, mB4, mC5, and mFO probes
incubated with mock-infected lysates, respectively; lanes 3, 6, 9, and
12, 84-16, mB4, mC5, and mFO probes incubated with JHM-infected
lysates, respectively.

proteins bound directly to these RNAs by UV irradiation.
After limited RNase T, digestion, RNA binding reaction
mixtures were irradiated with UV for 30 min and then
completely digested with RNase A. Proteins to which *?P
label was transferred by UV cross-linking were analyzed
by SDS-polyacrylamide gel electrophoresis (PAGE). In
the absence of cytoplasmic extracts, no bands were ob-
served after UV irradiation of any RNA probe (Fig. 4A,
lanes 1 and 4, and Fig. 4B, lanes 1, 4, 7, and 10). The
RNA-—protein complex formed with the 84-16 RNA con-
tains approximately four host polypeptides, a highly la-
beled protein of 120 kDa, and three minor species with
sizes of 103, 81, and 55 kDa (Figs. 4A, and Fig. 4B, lanes
2 and 3). Incubation of mG1 RNA probe, which contained
an 11-nt mutation, with cell lysates, decreased the
amount of the 103- and 80-kDa proteins in the complex
to undetectable levels, and strongly reduced the binding
of the 120-kDa protein (Fig. 4A, lanes 4 and 5). The pro-
tein profiles of RNA—protein complexes formed with mB4
and mFO RNA probes were similar to that of mG1 probe
(Fig. 4B, lanes 5, 6, 11, and 12), while the protein profile
of the complex formed with mC5 probe was similar to
that of wild-type 84-16 probe (Fig. 4B, lanes 8 and 9).
The 55-kDa protein seems to be a relatively nonspecific
binding protein; its presence in the complex seems not
affected by mutations which decrease the binding of the
other proteins in the complex. In addition, with some

preparations of cytoplasmic extract the 55-kDa protein
is barely observed in the complex (compare lanes 2 in
Figs. 4A and 4B).

Effects of mutation at the protein-binding motif on
replication of positive-strand DI RNA

Having identified the 11-nt sequence at position 36-26
nt as a required motif in the 3’ protein-binding element,
we investigated the role this protein-binding motif might
play in the viral life cycle, particularly in RNA replication.
The plasmid DE25, which carries a 2.2-kb cDNA insert
of the MHV-JHM DI RNA DIssE (Makino and Lai, 1989),
was used as the wild-type template for the introduction
of mutations into the protein-binding element by site-
directed mutagenesis. DE25-derived mutants containing
the same mutations utilized in our protein-binding experi-
ments were constructed, and DI RNAs were transcribed
in vitro and transfected into host 17CI-1 cells infected
with MHV-JHM as helper virus 1 hr prior to transfection.
Viral replication was assayed by labeling replicating DI
RNA with 32Pi in the presence of actinomycin D and di-
rectly analyzing the RNA by gel electrophoresis. We have
elected to use this assay rather than an assay based
on hybridization to avoid potential confusion from input-
transfected RNA. No DI RNA was observed when host
cells were only infected with helper virus in the absence
of transfected DE25 derived RNA (Fig. 5A, lane 1). Repli-
cation of wild-type DE25 and mG1 DI RNA was easily
detected (Fig. 5A, lanes 2 and 3), while replication of
mB4 and mC5 DI RNA was at barely observable levels
(Fig. 5A, lanes 4 and 5).

The levels of positive-strand DI RNAs replication for
the experiment shown in Fig. 5A were measured as de-
scribed under Materials and Methods. Replication of
mG1 DI RNA (which contains a completely mutagenized
11-nt motif), mB4 DI RNA (which contains a UGA mutation
in positions 36-34 nt), and mC5 DI RNA (which contains
a GAAGUU mutation in positions 31-26 nt) were 63, 28,
and 21% of wild-type DE25 RNA (Fig. 5C). The replication
level of mG1 RNA which carried a completely mutagen-
ized 11-nt motif was higher than that of either mB4 or
mC5 RNAs containing partial mutations of this motif, a
result which surprised us. As coronaviruses undergo re-
combination at high frequency (Liao and Lai, 1992), we
determined if the mG1 RNA sequence was maintained
or if the replicated mutant DI RNA had been converted
to the wild-type RNA sequence. cDNAs were synthesized
using a reverse-transcription primer complementary to
negative-strand DI RNA and RNA templates prepared
from each of the transfections described above; these
cDNAs were amplified by PCR and directly sequenced.
As indicated in Fig. 5B, transcription of negative-strand
RNA from each transfected DI RNA, DE25, mG1, mB4,
and mC5 (lanes 2 to 5), was observed, but not from RNA
isolated from nontransfected JHM-infected cells (lane 1).
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FIG. 5. (A) Replication of wild-type DE25 and DE25-derived mutants
in DI RNA-transfected and JHM-infected cells. Each 1.5-ug in vitro
synthesized DI RNA was mixed with 15 g cellFECTIN and transfected
into JHM-infected cells. Virus-specific and replicated DI RNAs were
labeled with *Pi for 2 hr from 7.5 to 9.5 hr postinfection in the presence
of actinomycin D. Total RNA (2.5 ng) from each sample was electropho-
resed on a 1% denaturing agarose gel containing formaldehyde. Lane
1, no DI RNA; lane 2, DE25; lane 3, mG1, lane 4, mB4; lane 5, mC5 DI
RNA. The replicated DI RNA is indicated by an arrowhead and the MHV-
JHM-specific mRNAs were numbered from 1 to 7. (B) Transcription of
negative-strand wild-type DE25 and DE25-derived mutants in DI RNA-
transfected and JHM-infected cells. DI RNA cDNAs were synthesized
from intracellular RNAs by MuLV reverse transcriptase using a primer
which binds only negative-strand DI RNA. A 615-bp DNA fragment
was amplified by subsequent PCR, resolved on 0.8% agarose gel, and
stained with ethidium bromide. Lane 1, no DI RNA transfection; lane
2, DE25; lane 3, mG1; lane 4, mB4; lane 5, mC5 DI RNA. The arrowhead
denotes amplified 615-bp DNA fragment derived from negative-strand
DI RNA. PhiX 174 DNAs digested with Haelll (Promega) were used as
markers. (C) Quantitative analysis of DI RNA replication and summary
of recombination of mutant DI RNAs during replication. Replication of
DI RNAs was quantitated by scanning the autoradiographic film from
(A) with a laser densitometer and expressed relative to the percentage
of DE25 replication. Detection of recombination was performed by di-
rect sequencing of RT-PCR fragments derived from negative strand DI
RNA. +, mutated sequence was converted to wild-type sequence; —,
mutated sequence was not converted to wild-type sequence.

The sequencing data demonstrated that the mG1 RNA
mutated sequence, ACUUACUUCAA, had been con-
verted to the wild-type sequence, UGAAUGAAGUU, pre-
sumably via recombination with helper virus. However,
both the mB4 and the mC5 DI RNAs maintained their
mutated sequence in this experiment (Fig. 5C).

We repeated this experiment but also included a DI
RNA containing a mutation outside the 11-nt protein-
binding motif. Different results were obtained, as shown
in Fig. 6A. The replication of mG1 RNA was barely detect-
able (lane 3), while replication of mB4 and mC5 RNA

almost reached the level of wild-type DE25 RNA (lanes
4 to 5). Quantitative analysis indicated that replication of
positive-strand mG1 RNA was reduced to 27% of that
observed for DE25 RNA, while mB4 and mC5 RNA repli-
cation was 96 and 89% of DE25, respectively (Fig. 6C).
These results differed from those shown in Fig. 5, where
the replication of mB4 and mC5 RNA were strongly re-
duced relative to wild type, while mG1 RNA replication
was only moderately decreased compared to DE25 RNA.
Again, RT-PCR demonstrated the synthesis of negative-
strand DI RNA from each transfected DI RNA (Fig. 6B).
Sequencing data revealed that all three DI RNAs, mG1,
mB4 and mC5, had been converted to the wild-type se-
guence, presumably by recombination (Fig. 6C). Despite
recombination of mG1 DI RNA with helper virus, a signifi-
cant decrease of mG1 RNA synthesis was observed in
this experiment (Fig. 6A, lane 3). A DI RNA (mD6) con-
taining a 3-nt mutation from nt 177 to 175 at the 3’ end of
genome and located upstream of both known 3’ protein-
binding elements was also included in this experiment
to see if a DI RNA carrying a mutation which is predicted
to have little or no effect on protein-binding or replication
would achieve similar replication levels as DE25 without
undergoing recombination. As shown in Fig. 6A, lane 6,
mD6 RNA replicated at the same level of wild-type DE25
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FIG. 6. (A) Replication of wild-type DE25 and DE25-derived mutants
in DI RNA-transfected and JHM-infected cells. The assay was carried
out as described in the legend to Fig. 5 (A). Total RNA (1.5 ug) from
each sample were electrophoresed on 1% formaldehyde—agarose gel.
Lane 1, no DI RNA; lane 2, DE25; lane 3, mG1; lane 4, mB4; lane 5,
mC5; lane 6, mD6 DI RNA. The replicated DI RNA is indicated by an
arrowhead. (B) Transcription of negative-strand wild-type DE25 and
DE25-derived mutants in DI RNA-transfected and JHM-infected cells.
The assay was performed as described in the legend to Fig. 5 (B).
Lane 1, no DI RNA; lane 2, DE25; lane 3, mG1, lane 4, mB4; lane 5, mC5;
lane 6, mD6 DI RNA. (C) Quantitative analysis of DI RNA replication and
summary of recombination of mutant DI RNAs during replication. The
data were expressed as described in the legend to Fig. 5 (C).
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FIG. 7. Quantitative analysis of transcription of negative-strand DE25
and mG1 DI RNA by competitive RT-PCR. Total RNA (2.5 ng) from DE25
(lanes 1 to 6) and mG1 (lanes 7 to 12) transfected cells were reverse
transcribed and subjected to 30 cycles of PCR amplification in the
presence of increasing amounts of competitor cDNA (lanes 1 and 7,
0; lanes 2 and 8, 1.875 pg; lanes 3 and 9, 3.75 pg; lanes 4 and 10, 7.5
pg; lanes 5 and 11, 15 pg; lanes 6 and 12, 30 pg). Target PCR fragment
with size of 615 bp (top bands) and competitor PCR fragment with size
of 510 bp (bottom bands) were resolved on a 6% native polyacrylamide
gel. The ratios of target PCR products formed in each mixture to com-
petitor PCR products are calculated and plotted versus the relative
abundance of the competitor cDNA in each mixture.

RNA while still maintaining the mutant sequence (Fig.
6C). We interpret these results as providing an indication
that the 11-nt sequence UGAAUGAAGUU at the 3" end
of genomic RNA of MHV is required for the efficient repli-
cation of DI RNA, although high rates of recombination
with helper virus appear to preclude unequivocally, dem-
onstrating this point.

Effects of mutation at the protein-binding motif on
transcription of negative-strand DI RNA

To determine if the mutation in the mG1 DI RNA differ-
entially affects negative-strand or positive-strand RNA
synthesis, competitive RT-PCR was performed to quanti-
tate negative-strand synthesis of DE25 and mG1 DI RNA.
To allow a comparison of the synthesis of positive- and
negative-strand DI RNAs from the same samples, ali-
quots of the *P-labeled viral RNAs shown in Fig. 6 were
also used for detection of negative-strand DI RNA, except
an additional step of DNase digestion was included.
cDNA was synthesized by reverse transcriptase using
the positive-sense RT primer spanning the junction of DI
RNA regions Il and lll. After the RT reaction, increasing
amounts of competitor cDNA were added to each aliquot
of samples and cDNAs were coamplified by PCR. Size-
separated PCR fragments (615 bp for DI RNA cDNA and
510 bp for competitor cDNA) were resolved by gel elec-
trophoresis. As shown in Fig. 7, there is a linear decrease
in the coamplification of negative strand DI RNA with
increasing concentrations of standard cDNA and a linear
response between the amount of input competitor cONA

and PCR product. The ratio of DI RNA PCR (target PCR)
to competitor PCR product was calculated and plotted.
Results indicated that a ratio of one is obtained at a
value of 9.75 for DE25 cDNA, whereas the same ratio is
obtained at a value of 3 for mG1 cDNA. Thus a 3.25-fold
difference between the two samples was demonstrated.
These results indicated that synthesis of negative-strand
mMG1 RNA is approximately 31% of wild-type DE25 RNA,
which is similar to the effect on positive-strand replica-
tion of mG1 RNA relative to the wild-type DE25 (27%,
Fig. 6C).

Kinetic analysis of DI RNA replication and
recombination

In an attempt to detect when recombination might oc-
cur, DE25 RNA and mG1 RNA were transfected into cells
and viral RNA were labeled with *Pi at different times,
from 5.5t0 7.5 hr and from 7.5 to 9.5 hr postinfection (p.i).
When cells were labeled with **Pi from 55 to 7.5 hr
p.i., no replication of either DI RNA was observed and
replication of helper virus mRNAs was just beginning
(Fig. 8A, lanes 2 and 3). When **Pi labeling was con-
ducted from 7.5 to 9.5 hr, both DE25 and mG1 RNA were
replicating, with the latter reduced by 38% compared to
the former (Fig. 8A, lanes 5 and 6). Again sequencing
data from RT-PCR demonstrated that at relatively early
times of infection (5.5 to 7.5 hr p.i.), when replication of
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FIG. 8. (A) Replication of DE25 and mG1 DI RNA at different time
postinfection. Virus-specific and replicated DI RNAs were labeled with
3pj for 2 hr from 5.5 to 7.5 hr (lanes 1 to 3) and from 7.5 to 9.5 hr
postinfection (lanes 4 to 6) in the presence of actinomycin D. Total
RNA (2.5 pg) from each sample was electrophoresed on a 1% denatur-
ing agarose gel containing formaldehyde. Lanes 1 and 4, no DI RNA;
lanes 2 and 5, DE25 DI RNA; lanes 3 and 6, mG1 DI RNA. The replicated
DI RNA is indicated by an arrowhead. (B) Synthesis of negative-strand
DI RNA and recombination of mG1 mutant at different time postinfec-
tion. Detection of negative-strand DI RNA was conducted as described
in the legend to Fig. 5 (B). Lanes 1 and 4, no DI RNA; lanes 2 and 5,
DEZ25; lanes 3 and 6, mG1 DI RNA. Recombination was assayed as
described in the legend to Fig. 5 (C).
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positive-strand DI RNA was barely observed, synthesis
of negative-strand mG1 RNA could be detected and the
recombination between transfected mG1 RNA and helper
virus had already taken place (Fig. 8B).

DISCUSSION

Our approach to studying the mechanism of MHV RNA
replication is to precisely identify the host and/or viral
protein-binding element at the 3’ end of genomic RNA,
to examine the requirement for protein binding to this
site for viral replication, and to determine the identity and
function of the protein(s) which bind to this element. We
have presented evidence here that a host protein-binding
site maps to a 19-nt sequence from nt 42 to nt 24 at the
3’ end of genomic RNA of MHV, and that mutation of
the 11-nt sequence UGAAUGAAGUU within this region,
prevented binding of cellular proteins in vitro, confirming
that this 11-nt sequence is an important determinant for
RNA-protein complex formation. This sequence is fully
conserved among MHV strains (Parker and Masters,
1990).

The large size of MHV genome RNA (31 kb) has to
date prevented the construction of its full-length, infec-
tious cDNA clone. Thus, cDNA clones corresponding to
replication competent MHV DI RNAs have been created
and extensively utilized to study MHV replication in the
presence of helper virus (Brian et al., 1994; Kim et al.,
1993; Lin and Lai, 1993; Lin et al., 1994; van der Most et
al., 1994). Such a strategy has also been applied to iden-
tify cis-acting replication signals in other positive-strand
virus such as Sindbis virus (Levis et al., 1986) and brome
mosaic virus (French and Ahlquist, 1987). Although the
availability of a MHV DI RNA cDNA (DE25) allowed us
to assess the effect of the protein-binding motif on DI
RNA replication, detection of DI RNA replication in vivo
in the presence of helper virus was complicated by re-
combination between transfected DI RNA and helper vi-
rus, resulting in considerable variability from experiment
to experiment. Mutations within the 11-nt motif which
disrupt RNA-protein interactions were introduced into
DI RNA. The synthesis of positive-strand mG1 DI RNA
carrying a completely mutagenized motif was only 27 to
63% of wild-type DE25 RNA, even though the mutation
sequence was repaired by recombination with helper
virus during the course of the experiment. Replication of
positive-strand DI RNA carrying less extensive mutations
within the protein-binding motif, i.e., mB4 (UGA) and mC5
(GAAGUU), was dependent on recombination events dur-
ing infection. In the experiment where reversion to the
wild-type sequence did not take place (Fig. 5), the replica-
tion level of either DI RNA was greatly decreased com-
pared to that of wild type. However, there was not an
absolute correlation between the effect of a given muta-
tion on protein-binding activity and RNA replication.
Among several mutant RNA probes, the mC5 mutation

had a minimal effect on protein-binding activity (Fig. 1).
However, in the experiment shown in Fig. 5, where re-
combination did not rescue the mutation, it nevertheless
substantially decreased DI replication. Thus, the 11-nt
sequence may contain two partially overlapping func-
tional elements, one of which is necessary for replication
independent of its effect on protein binding. In experi-
ments where recombination events had restored the
wild-type sequence, mB4 and mC5 replicated to levels
similar to wild-type DE25 RNA. mD6 RNA, containing a
3-nt mutation located upstream of both known 3’ protein-
binding elements and predicted to have little or no effect
on protein-binding or replication, replicated as efficiently
as DE25 RNA without undergoing recombination. This
indicated that recombination is not an indispensable
event for every transfected mutant RNA which replicates
as well as wild type, but depends on the site of the
introduced mutation. Although replication of mG1 RNA
varied greatly from one experiment to another, RT-PCR
sequencing data from three separate experiments all
demonstrated the conversion of transfected DI RNA to
the wild-type sequence, providing an indication that the
conserved 11-nt sequence located from nt 36 to 26 at
the 3’ end of genomic RNA of MHV is strongly selected
during replication. These results also raise special cau-
tions in the interpretation of data from studies of coro-
navirus DI RNA replication when RT-PCR sequencing of
DI RNA is not performed in parallel to verify the mainte-
nance of the introduced mutation.

Recently published work demonstrated that only 55 nt
from the 3’ end of genome is required for negative-strand
DI RNA synthesis (Lin et al., 1994). These 55 nt encom-
pass the 11-nt protein-binding motif we identified. Our
results are consistent with this observation, in that the
mG1 mutation resulted in a parallel decrease in both
positive- and negative-strand RNA synthesis. The compli-
cating effects of recombination combined with the tem-
poral linkage of positive- and negative-strand synthesis
(Sawicki and Sawicki, 1990) preclude definitively de-
termining if the primary requirement for this motif is for
negative-strand synthesis and its effect on positive-
strand replication is indirect or if it directly effects posi-
tive-strand synthesis as well.

At present we are unsure whether the related se-
quence UGAGAGAAGUU, located 129-nt from the 3’ ter-
mini of viral genome within the upstream (171-85) 3’ pro-
tein-binding element, plays any role in viral replication.
The data we have presented here, indicating that the
mutagenized 11-nt motif in the mG1 RNA probe has a
small amount of residual activity of protein-binding, does
not let us distinguish between two alternative hypothe-
ses. In the first hypothesis, the upstream protein-binding
motif does not function in RNA replication; the residual
low-level protein-binding activity of the 3’ most motif
allows for a low level of replication sufficient for rescue
of the mutated DI by recombination with helper virus.
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The second hypothesis invokes a role for the upstream
protein-binding motif in replication. The upstream ele-
ment would provide a degree of redundancy for the MHV
replicon and allows replication to proceed, albeit less
efficiently, if the downstream nt 36-26 protein-binding ele-
ment is inactivated. The sequencing data demonstrating
that all transfected mG1 DI RNA was converted to the
wild-type sequence by recombination suggest that this
upstream protein-binding element, if it does have a role
in MHV RNA synthesis, could not completely compensate
for the mutation in the mG1 RNA. Further studies of the
effect of mutations in upstream (175-85) protein-binding
element or in both protein-binding elements will help
answer this question.

Sequences at the 3’ end of genomic RNA are strongly
conserved amongst MHV strains (Parker and Masters,
1990); therefore, it seems likely that sequences flanking
the 11-nt protein-binding motif might also play a role in
viral replication. The particular role of these sequences
in replication is unknown but could include stabilizing
secondary structures at the 3’ end of genome as well as
directly interacting with host or viral proteins.

Host cell proteins binding to either the 3’ or the 5" end
of genome RNA have been reported in positive-strand
coronavirus (Furuya and Lai, 1993; Yu and Leibowitz,
1995), hepatitis A virus (Nuesch et al., 1993), hepatitis C
virus (Yen et al., 1995), poliovirus (Andino et al., 1990,
1993; Del Angel et al., 1989), rhinovirus (Todd et al., 1995),
and rubella virus (Nakhasi et al., 1991) as well as in
negative-strand measles virus (Leopardi et al., 1993).
Host proteins were also found to bind to the 3’ end of
the full-length negative-sense Sindbis virus-specific RNA
(Pardigon and Strauss, 1992), suggesting the involve-
ment of host proteins in the life cycle of a number of
diverse viruses. A 55-kDa host cell protein has been
shown to bind to positive-sense RNA corresponding to
nt 56 to 112 from the 5’ end of genomic RNA of MHV
(Furuya and Lai, 1993). The association of host proteins
with viral RNA replication has been reported for some
positive-strand RNA viruses, such as brome mosaic virus
(Quadt et al., 1993) and poliovirus (Andino et al., 1990,
1993). In brome mosaic virus, a host protein of 45 kDa
bound to the RNA-dependent RNA polymerase (RDRP)
was determined to be the barley analog of elF-3 subunit
p41, but the interaction of this protein with genomic RNA
was not detected (Quadt et al., 1993). In poliovirus, the
binding of a 36-kDa host protein associated with RDRP
to 5’-most 90 nt of genomic RNA was observed, but the
identity of this host protein was not established (Andino
et al.,, 1990, 1993). At present little is known regarding
host and virus-specific proteins in the RDRP complex
necessary for initiation of negative-strand RNA synthesis
during MHV RNA replication, due in part to a lack of
characterization of MHV RDRP and the unavailability of
a reproducible and efficient system to study viral RNA
replication in vitro. The results of our UV cross-linking

experiment showed that RNA probe containing the 11-nt
sequence binds four host proteins with sizes of 120, 103,
81, and 55 kDa. Mutations which disrupt RNA-protein
complex formation appeared to result in the disappear-
ance of two proteins of 103 and 80 kDa from the complex
and dramatically decreased the binding of a highly la-
beled 120-kDa protein, suggesting a correlation between
the presence of these protein components in the RNA—-
protein complex and DI RNA replication. The identity and
biological functions of these proteins in viral replication
remains to be established.

All of our RNase protection/gel mobility shift and UV
cross-linking experiments to date have failed to demon-
strate binding of any virus-specific protein to this 11-nt
sequence, a result which puzzles us. Yet the MHV RDRP
must recognize the 3’ region of the genome to initiate
negative-strand RNA transcription. This may be an indi-
cation that viral proteins do not bind directly to the geno-
mic RNA, but associate with protein-binding elements
within genomic RNA via protein—protein interactions and
thus could not be detected by the UV cross-linking assay.
Alternatively, the binding affinity of viral protein to RNA
could be sufficiently low that the RNA—protein complex
formed with MHV polymerase proteins is not resistant to
RNase T, digestion under any of the conditions we used.

An intriguing question raised by the above results is
how the binding of host proteins to the conserved 11-nt
sequence at the 3’ end of genome affects viral replication
and what the identities of these host proteins are. Future
studies will be directed to determine the identity of the
host cellular proteins associated to the 11-nt motif in viral
replication.
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