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We have previously shown that some strains of the murine coronavirus mouse hepatitis virus (MHV)
synthesize an additional mRNA species (mRNA 2b, previously called mRNA 2a) with a size intermediate
between that of mRNAs 2 and 3, suggesting the presence of an optional transcriptional initiation site. This
transcriptional start is dependent on the leader sequence of the virus strains. To study the mechanism of
coronavirus transcriptional regulation, we have cloned and sequenced the region of the viral genome

corresponding to the 5' unique coding region of mRNA 2 of the JHM strain of MHV. In addition to the open

reading frame (ORF) predicted to encode the viral nonstructural protein p30, a second complete ORF, with the
potential to encode a 439-amino-acid polypeptide, was discovered. The transcriptional initiation sites of both
mRNA 2a (formerly called mRNA 2) and mRNA 2b were determined by primer extension studies and RNA
sequencing. The data indicated that transcription of mRNA 2a initiated at a site, UCUAUAC, that resembled
the consensus intergenic sequence. In contrast, the start signal of the optional mRNA 2b, UAAUAAAC,
deviated from the consensus sequence. mRNA 2b is a functional mRNA, as shown by in vitro translation studies
of mRNA and ORF 2b and by the detection of an additional viral structural protein, gp65, in the JHM strain
that synthesized this mRNA. Although the A59 strain ofMHV was found to retain ORF 2b, it lacked the correct
transcriptional and translational start signals for this gene. This study has therefore identified an optional gene

product for murine coronaviruses and provided insights into the mechanism of regulation of MHV RNA
transcription.

The murine coronavirus mouse hepatitis virus (MHV) is
an enveloped virus containing a nonsegmented and positive-
sensed RNA genome with a molecular weight of greater than
6 x 106 (18, 44). In infected cells, MHV synthesizes six
major species of subgenomic mRNAs that are 3' coterminal,
each of which extends for various distances toward the 5'
end. This results in a nested-set structure of mRNAs (17).
The 5' unique portion of each mRNA is the functional part
which is translated monocistronically (32, 36). These
mRNAs code for three structural proteins, gpl8O/gp9O (E2),
gp23 (El), and pp5O (N), and an assortment of nonstructural
proteins that have so far been poorly characterized.

All of the mRNAs of MHV, including genomic RNA,
contain identical leader sequences of 72 to 77 nucleotides
(16, 40). Although these leader nucleotides are not repeated
in the internal region of genomic RNA, short stretches of
consensus sequences similar to the 3' end of the leader
sequence have been found in all of the intergenic regions
studied so far (6, 34, 35, 38). A considerable body of
evidence suggests that MHV utilizes a unique mechanism of
leader-primed transcription in which a leader RNA is tran-
scribed from the 3' end of the template RNA, is dissociated
from the template, and then rejoins the template RNA at the
downstream intergenic regions to serve as the primer for
mRNA transcription (2, 3, 15, 26). This binding is probably
mediated by the complementary sequences between the 3'
ends of the free-leader RNA and the template RNA at the
intergenic regions, which include a consensus sequence
UCUAAAC, common to the transcription initiation sites of
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most of MHV mRNAs (35). The free-leader RNA has been
detected in MHV-infected cells (1, 3) and shown to be
involved in mRNA transcription by the demonstration that
the leader sequences of MHV mRNAs can be freely reas-

sorted during mixed infection of two MHV strains (26). The
3' end of the leader RNA contains a pentanucleotide se-

quence, UCUAA, that is repeated two to four times in
different MHVs (24) and is also included in the intergenic
consensus sequences (6, 25, 35). This pentanucleotide is
probably part of the leader-binding sequence, and the num-

ber of repeats of this pentanucleotide in a given mRNA
species is heterogeneous even in a homogeneous virus
preparation (25). Thus, the MHV mRNA transcriptional
start is the result of interaction between the 3' end of the
leader sequence and the intergenic sequences on the tem-
plate RNA.
We have recently shown that the number of the UCUAA

repeats at the 5' end of the genomic RNA decreases upon
serial in vitro passages of the virus (24). We have isolated
JHM viruses with either two or three UCUAA repeats.
Interestingly, the two-repeat virus, JHM(2), synthesizes an

additional mRNA species, mRNA 2b (previously named
mRNA 2a), with a size intermediate between that of mRNAs
2 and 3 (24). This finding suggests that this virus can

efficiently recognize a cryptic transcriptional start site within
the 5' coding region of mRNA 2. In contrast, the A59 strain
of MHV, another prototype MHV, does not synthesize this
additional mRNA even though it contains only two UCUAA
repeats (24). The published sequence of the 5' unique portion
of mRNA 2 of A59 shows the presence of a complete open
reading frame (ORF) and an additional downstream incom-
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42a HA A R MAFPAD KP NH FI N FP LAQ0F SGFFMG 27
3114 5 " TTTAGCGGAAaw..a£~99
A59...........G....T..A................C.......C..G.............

28 KY LK LQ SQ LV EM G LD CKL QK V P HV SIT L LD IKA 60
3H14 100 AAGTAT'TA 1CTTACTTGAT0TGATTATAAMTCCTTTTACTCTA&TAGA 198
A59.........A..............A...... ...G ... C...............T.....

61 DQ YK QVEF A IQEI ID D LA AY EG DI V FD NP H MLG 93
311 199 GACAAAAAGGATTCAAAG TAAAGT OOCT GAAAZTTTAACCCTTC1GC 297
A59..............................................C......

94 R C L V L D V K G F E E L H E D I V E I L R R R G C T A D Q S R Q 126
3114 298 I:GCTGrCrlTTaAAArIAGATGcTAGAATGATTT4CGAGGTGCCGCGTcACAGACAA 396
A59 ...C.........G..............................G..........C

127 W I P H C T V A Q F D E E K E I K E M Q F Y F K L P F Y L K H N N 159
3114 397 TGATCCCQ~TTGC~TTAG AAMAATAAAGAAATC CTTAMGCCTTACCGCTCAC 495

160 L L T D A R L E L V K I G S S K V D G F Y C S E L S I W C G E R L 192
31H4 496 CATCGTGAGTTATGGATAGCTCATGTGTmTTTGCTGTTGTTTGAGTT594
A59 ....T.A......G......C............A..............G... G.........G...

193 C Y K P P T P K F S D I F G Y C C I D K I R G D L E I G D L P P D 225
3114 595 GTCAGCCACCCACGTTTTLGTAGTCTMTATATTGTAGATGGCTCCCGT 693
A59 ...T....T...A.......................................G.

226 D E E A N A E L S Y H Y Q R N T Y F F R H V H D N S I Y F R T- V C 258
311 694 GTGGMTGOCCT TACTTCACATCVTMACATCOFAAAAGATTATTCCTAG 792
A59.C.................................................G...

259 R M K G C M C 402 MGSTCIIAMAP 1
3114 793AGAGGGTG9GG1!ATGTTTCCA

3114 892 NTCTTCGTGCGCGTGGTOGYATA CTAACTCCTTATAGCGTTTTZGT 990

44 D SR SDC TY VENN GH PK LDWVL D LD PK LCN SG KI S 76
3114 991 GCTGTGCTTCTTTG ATGGCCTAAAGTGTMCTGCCMTGGATCCZAATTT1069

77 AK SG N SLF R SF HFT DF YNIY T GSGD QI V FY EGV N 109
3114 1090 GcAGT0ATTT?CCGGTrATCCGf UCATTCGTAGAACAT~AITAGAGGrA 1188
A59 ..A...........TA......................................

110F S P N H G F K C LA Y G D N K RVM G N K A AF Y A RVY E K M 142
3114 1189 rTMTT C cAGCTTAAGCTGTrTGGAATAAGAGATICAT CTG 1AGkGGGAGGAAGATG 1287

143 A Q Y R S L S F VN V P Y A Y G G K AK P T S IC K H K T L T L N 175
3114 1288 GCATTGGTACTTTATTcrACTTGGGAGMGCACCTTcACTAATACCCAC 1386
A59............G.......T........A....T..A....G........G.C..T........T

176 N P T F I S K E S N Y V D Y Y Y E S E A N F T L A G C D E F I V P 208
3114 1387AA;ITCTCCGGGCCATTGTAEATTlCl.GG,CT.T CCCTGAGTGGTGATATATACC 1485
A59.........A.......T..........C..T.............A.............

209 L C V F N G H S K G S S S D P A N K Y Y H D 5 Q 5 Y Y N M D T G V 241
3114 1486 CCTTTCAGGCCCAGCTTTGATCACAAAATGGAT AATATTAAGAATGGC1584
A59 ....G....T.....T.......C.....TG.....T.CT....L"..T............T....

242 L Y G L N C T L D V G N T A K D P G L D L T C R Y L A L T P G N Y 274
3114 1585 TATATGTTACTcCrTGT WT.AAACleGT,GGCTGTTACTTAGATTGATGCTCGTAATTAT 1683
A59 .......C. .T.CG. .C.C.......C.T................C................

275 K A V S L £ Y L L S L P 5 K A I C L R K P K R F M P V Q V V D S R 307
3114 1684 AAGOC G-TAATTTGEACTCCCAGC-TGCCCTGC GTTAGC-AGTGGA AG 1782
A59.............................A....A...............T..C....

308 W N S T R Q S D N H T A V A C Q L P Y C F F R N T S A D Y S G G T 340
3114 1783 TGATTCCCATTAATAGCGTTCTTACGCAA e5 lhAACGCGTAMGTGAG18
A59 ....G...C.T......A.........C...C..........T..C..T....C......A........C..A

341 H D V H H G D F H F R Q L L S G L L L N V S C I A Q 0 G A F L Y N 373
311 1882 CAGTTCACTGGAlYATC,CGTTGCGTTTATATGTVTTTGCACGGGA TTC1TATAAT 1980
A59 .............................TA.........T..............

374 N V S S S W P A Y G Y G Q C P T A A N I G Y H A P V C I Y D IPLP 406
311 1981AAi GCGC ATGGTAATGCcCGTTGATTrGACCCATTACCG 2079
A59 . .T....T.............C..T..T.......A.................C.TC.......Mc.

4071IVVLLLGV L LGI AVL I I-V F-L-I L Y,F T D SG VRL H EA 439
3114 2080 GTGATCCGTC TCATGGATGTGGTAATTATTTTY ATTT1AGA AA~TTAA1GATGAGGCA 2178
A59 ... A. .C.G. .A....G...........G....G....T.G.A.G.IT.. ...T.................

311 2179 2191
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plete ORF without the initiator AUG codon (21). This
downstream ORF also lacks the consensus transcriptional
start sequence present at the immediate upstream sites of all
of the other mRNAs of MHV. These findings prompted us to
examine the mRNA 2 sequence of the JHM strain. The
results presented in this report reveal an additional func-
tional gene that codes for a structural glycoprotein, gp65.
The transcriptional start sequence of this new optional gene
is also distinct from the known consensus sequence for other
genes of MHV. These results provide further insights into
the transcriptional regulation of MHV RNA.

MATERIALS AND METHODS

Virus and cells. The plaque-cloned JHM strain of MHV
(23, 27) was used for cDNA cloning and sequencing.
JHM(3) and JHM(2), which contain three and two repeats of
UCUAA, respectively, at the 3' end of the leader sequence,
were isolated after 11 consecutive passages of the original
plaque-cloned JHM strain (24). Viruses were propagated in
the DBT cell line and purified on successive discontinuous
and continuous sucrose gradients as described previously
(27, 28).

Molecular cloning and DNA sequencing. A specific oligo-
deoxyribonucleotide (oligo 31; 5'-CAAGAGGGTAATAG
TAAAAT-3') complementary to the RNase T1-resistant oli-
gonucleotide no. 7 (29) was synthesized. This oligonucleo-
tide had previously been mapped to the 5' end ofgene C (29).
The procedures for RNA sequence analysis were identical to
those described previously (35). cDNA cloning was per-
formed by the general method of Gubler and Hoffman (9),
using oligo 31 as primer for first-strand cDNA synthesis on
purified genomic RNA. The double-stranded cDNAs were
ligated to EcoRI linkers and inserted into the EcoRI site of
plasmid pTZ18U (United States Biochemical Corp.). The
recombinant DNAs were transformed into Escherichia coli
MV1190 competent cells (8) and screened by colony hybrid-
ization (35), using the 5'-end-labeled oligo 31 as probe. Four
overlapping cDNA clones were used to sequence the entire
2.2-kilobase (kb) of gene B by both chemical modification
(30, 39) and dideoxynucleotide-chain termination (33) meth-
ods directly on plasmid DNA (7).

Isolation of intracellular mRNAs. The intracellular RNA of
JHM(2) was extracted from infected DBT cells at 9 h
postinfection (p.i.) as previously described (29). Virus-spe-
cific RNA was enriched by passing intracellular RNA
through an oligo(dT)-cellulose (Collaborative Research,
Inc.) column. The poly(A)-containing RNAs were mixed
with 32P-labeled mRNA of the same virus and separated by
preparative electrophoresis on urea-agarose gels (27). The
individual mRNA species were eluted and extracted by
published procedures (20). The mRNAs were further puri-
fied on oligo(dT) columns to remove contaminating degraded
genomic RNA.
Primer extension. Two specific oligodeoxyribonucleotides,

oligo 61 (5'-AATACTTACCCATAAAGCCACTA-3') and
oligo 62 (5'-GAGCCATAGCTATGCACGTACTGC-3'),
complementary to nucleotides 83 to 106 and 868 to 889,

respectively, from the 5' end ofmRNA 2 (Fig. 1), were used.
The oligonucleotides were 5' end labeled with [-y-32P]ATP
(7,000 Ci/mmol; ICN Biochemicals) by polynucleotide ki-
nase (Pharmacia, Inc.) (31). Primer extension reactions were
performed as described previously (25) on purified mRNAs
2a and 2b separately. Reaction products were analyzed on
6% polyacrylamide gels containing 7.7 M urea.
RNA sequencing. Oligos 61 and 62 were used as primers to

sequence both genomic RNA and mRNAs of JHM(2). The
dideoxynucleotide-chain termination method adapted for
RNA sequencing was used (46).

35S and [3H]glucosamine labeling of virion. The virus-
infected DBT cells were switched to methionine-free me-
dium at 7.5 h p.i. After 30 min of starvation for methionine,
35S Translabel (100 ,uCi/ml; 1,193 Ci/mmol; ICN Biochemi-
cals) was added, and the preparation was incubated for
another 2 h. The medium was then replaced with normal
minimum essential medium containing 10% tryptose phos-
phate broth and 2% fetal calf serum. For [3H]glucosamine
labeling, the virus-infected cells were switched at 1 h p.i. to
minimal essential medium containing only 2% dialyzed fetal
calf serum. D-[6-3H(N)]glucosamine hydrochloride (100 ,uCi/
ml; 27.0 Ci/mmol; Dupont, NEN Research Products) was
added at 6 h p.i. Labeled virus was harvested at 14 h p.i. and
purified as described previously (28, 29).

Construction of recombinant pT7(2b) clones. Plasmid
p(2a2b) DNA, which contains 2.4 kb of MHV genome
sequence covering the entire gene 2 region (N. La Monica,
unpublished data), was cleaved with restriction enzymes
PstI and XbaI. The resulting 1.9-kb fragment was inserted
into the transcription vector pT7-4, which contains the
bacteriophage T7 promoter (42). This construct, designated
pT7(2b), contains MHV sequences extending from the PstI
site located 476 bases upstream of the initiation codon of
ORF 2b to the 3' end of gene 2b.

In vitro transcription and translation. Recombinant plas-
mid pT7(2b) was linearized by digestion with restriction
enzyme EcoRI and transcribed in vitro with T7 RNA poly-
merase as previously described (39). The resulting RNA was
translated in mRNA-dependent rabbit reticulocyte lysate
(Promega Biotec) in the presence of [35S]methionine. Reac-
tions were carried out in a final volume of 25 IL1 under
conditions recommended by the manufacturer. Where spec-
ified, 2 ,ul of canine pancreatic microsomal membrane
(Promega Biotec) was added to the reaction mixtures.
SDS-PAGE. For sodium dodecyl sulfate (SDS)-polyacryl-

amide gel electrophoresis (PAGE), a linear-gradient SDS-
PAGE gel (7.5 to 15% polyacrylamide) was used. The 35S-
and 3H-labeled virions were suspended in 10 mM Tris
hydrochloride (pH 7.5)-i mM EDTA-1% SDS. Virus sam-
ples were then mixed with an equal volume of 2 x sample
buffer (0.12 M Tris hydrochloride [pH 6.8], 40% glycerol, 4%
SDS, 3% dithiothreitol, 0.1% bromophenol blue) and incu-
bated at 37°C for 10 min before being loaded onto the gel.
Electrophoresis was performed at 55 V for 12 h. After
electrophoresis, the gel was fixed with 40% methanol-7%
glacial acetic acid for 30 min and treated for fluorography,

FIG. 1. DNA sequence of 2,191 bases in the gene B region of MHV strain JHM genomic cDNA clones. Translation of the two long ORFs
is shown in single-letter amino acid code. The diverged nucleotide sequence of MHV strain A59 (21) is shown. The transcription start
sequences are boxed. Positions of oligomers used in RNA sequencing and primer extension studies are double underlined. Potential sites for
N-linked glycosylation are indicated (*). The boxed amino acid sequences indicate the hydrophobic domains at the N terminus (amino acids
6 to 17) and C terminus (amino acids 404 to 429) of ORF 2b.
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FIG. 2. Electrophoretic analysis of the virus-specific intracellu-
lar RNAs of MHV strains JHM(2) and JHM(3). 32P-labeled intra-

cellular viral RNAs were denatured with glyoxal-dimethyl sulfoxide
and separated by electrophoresis on a 1% agarose gel. The addi-
tional mRNA in JHM(2) is marked (*-). As indicated, mRNA 2 is
renamed mRNA 2a.

using En3Hance (Dupont, NEN Research Products). The gel
was then dried and exposed to X-ray film.

RESULTS

Nucleotide sequence and predicted amino acid sequence of
gene B of MHV strain JHM. Figure 1 shows the 2.2-kb
sequence obtained from four overlapping cDNA clones
covering gene B. This region likely represents the total gene
B sequence, since the 2.2 kb roughly corresponds to the
estimated molecular weight difference between mRNAs 2
and 3, which is approximately 7 x 105 (29). Furthermore, a

consensus transcription start site was found upstream of the
2.2-kb sequence (see below), suggesting that this is the start
of a gene. The sequence immediately downstream of this
2.2-kb sequence was identical to the published 5'-end se-
quence of gene C of JHM (34). The sequence upstream of it
was an ORF that was continuous for at least 3 kb. This latter
sequence is most likely part of gene A. Similar to findings for
gene B of the A59 strain ofMHV (21), two ORFs were found
in this 2.2-kb region. The first ORF (ORF 2a) was 265 amino
acids long and had a predicted molecular weight of 30,912, in
agreement with results for the postulated gene product, p30,
of mRNA 2 (36). In comparison with A59, the 5'-proximal
AUG codon of ORF 2a of JHM was located 9 nucleotides
further upstream of that of A59 (21). Since both of the first
two AUG codons in JHM ORF 2a are in preferred context
for translational initiation (14), it is not clear whether JHM
will utilize the 5'-proximal AUG codon or bypass it (leaky
scanning) (13) and initiate protein synthesis at the second
AUG codon, which is the first initiator codon of the corre-
sponding ORF in A59 (21). The second ORF (ORF 2b),

which started 48 nucleotides downstream of the termination
codon of ORF 2a, was 439 amino acids long and had a
predicted molecular weight of 48,951. Within this predicted
polypeptide were 10 potential N-glycosylation sites of the
type Asn-X-Thr/Ser (X not being Pro) (Fig. 1). Thus, this
protein is potentially a glycoprotein. There were two pre-
dicted hydrophobic regions at the N and C termini, suggest-
ing that it may be a membrane protein. In comparison the
second ORF of A59 appeared to be nonfunctional, since it
does not have an initiator AUG codon (Fig. 1) (23). ORFs 2a
and 2b of the JHM and A59 strains of MHV had 95 and 92%
sequence homology, respectively.

Transcriptional initiation sites for mRNAs 2a and 2b. A
sequence ofUCUAUAC was located 5 nucleotides upstream
of the initiation codon of ORF 2a (Fig. 1). This sequence
was very similar to the consensus intergenic sequence,
UCUAAAC, found at the transcriptional start sites of all of
the MHV mRNAs (6, 35, 38). Surprisingly, no such se-
quence was found in the region between ORF 2a and ORF
2b. The only loosely related sequence, AAUAAACUU, was
located 14 nucleotides upstream of the first AUG of ORF 2b.
To determine the transcriptional initiation sites of mRNAs
transcribed from these regions, we performed primer exten-
sion studies on the purified mRNAs of JHM(2), which
synthesized an additional mRNA species, mRNA 2b, with a
size intermediate between those of mRNAs 2 and 3 (Fig. 2)
(24). We renamed the first two transcripts mRNAs 2a and
mRNA 2b, respectively. These two mRNAs were eluted
from the gel, further purified by oligo(dT) column chroma-
tography, and used for primer extension. Two synthetic
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FIG. 3. Primer extension analysis of mRNAs 2a and 2b. Lane: 1,
primer extension on purified mRNA 2a, using 5'-end-labeled oligo
61; 2, primer extension on mRNA 2b, using 5'-end-labeled oligo 62.
The primer extension products obtained by reverse transcriptase are
indicated (<-). Marker DNA is pBR322 DNA digested with Mspl;
molecular sizes (in bases) are shown on the left.
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sequences, we also performed RNA sequencing of mRNAs
2a and 2b (Fig. 4). The sequences of both mRNAs 2a and 2b
diverged from that of the genomic RNA immediately up-
stream of these two stretches of sequence, indicating that
these two regions are indeed the initiation sites for transcrip-
tion of mRNAs 2a and 2b, respectively. Both mRNAs
contained a leader sequence with two UCUAA repeats, in
agreement with the model of leader-primed transcription
(15).

Identification of gene products of mRNA 2b. The presence
of an additional ORF in the gene B region and the synthesis
of a corresponding mRNA in some strains of MHV suggests
that ORF 2b is a functional but optional gene. To detect the
possible gene product of ORF 2b, we constructed a pT7
plasmid [pT7(2b)] containing the cDNA insert covering ORF
2b and used an in vitro transcription-translation system to
identify the gene product. The primary translation product of
the ORF 2b RNA was a protein of 45 kilodaltons, roughly
equivalent to the predicted coding capacity of ORF 2b (Fig.
5A). The primary translation product became a protein of 65
kilodaltons when translation was performed in the presence
of canine pancreatic microsomal membrane preparations
(Fig. 5A, lane 4). This result suggests that the protein is
glycosylated. Both proteins were precipitated by polyclonal
antibodies prepared against JHM(2). Similar proteins were

A
M

A

umuU
U

!.A

A

G A U C G A U C
FIG. 4. Sequence comparison between the genomic RNA and

mRNA at the transcription start regions. (A) RNA sequence ob-
tained by using oligo 61 as primer for dideoxy-chain termination
analysis on both genomic RNA and mRNA 2a of MHV strain
JHM(2). (B) RNA sequence obtained by using oligo 62 as primer on
both genomic RNA and mRNA 2b. The diverged sites between the
genomic RNA and mRNAs are indicated ( I ). Numbers on the right
of the mRNA panels designate positions from the 5' end of leader
RNA.

oligodeoxyribonucleotides were used. Oligo 61, 5'-AATAC
TTACCCATAAAGCCACTA-3', is located 70 nucleotides
downstream of the putative initiation site of ORF 2a. Oligo
62, 5'-GAGCCATAGCTATGCACGTACTGC-3', is located
18 nucleotides downstream of the putative initiation site for
ORF 2b. The oligo 61-primed extension product on mRNA
2a was about 165 nucleotides long, whereas the oligo 62-
primed extension product on mRNA 2b was about 114
nucleotides long (Fig. 3). Since the leader sequence of
JHM(2) is 72 nucleotides long (24), this result suggests that
the two predicted sequences, UCUAUAC and AAUAAA
CUU, are likely the transcriptional start sites for mRNAs 2a
and 2b, respectively. To precisely define the leader-binding

1 2 3 4
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68 * _ 65K

_ - 45K-43¶

29
29 Q0

18.4

FIG. 5. SDS-PAGE analysis of in vitro translation products. (A)
In vitro translation products of in vitro-transcribed ORF 2b RNA
derived from JHM(2). Translation was performed in a rabbit retic-
ulocyte lysate system, using [35S]methionine. Lanes: M, 14C-labeled
protein size marker (Bethesda Research Laboratories; molecular
sizes [in kilodaltons] are indicated in the margins); 1, immunopre-
cipitation of in vitro translation products synthesized in the presence
of canine pancreatic microsomal membrane; 2, immunoprecipitation
of in vitro translation products synthesized in the absence of
membrane; 3, same as lane 2 but without immunoprecipitation; 4.
same as lane 1 but without immunoprecipitation. (B) In vitro
translation product of purified mRNAs 2b (lane 1) and 3 (lane 2) from
JHM(2)-infected DBT cells. Translation products were immunopre-
cipitated with polyclonal antibody against JHM(2) virions.

A
mRNA 2a

A
r62

A
...

j. U.

U
A
U

G

G A U C
B

m RNA 2b
._ A~ .Wt A

A U
U A

U U

A
A 4SIp A

B

1 2 M

97.4

68to

0 43

VOL. 63, 1989



3734 SHIEH ET AL.

A B

M
M c

E22gpI80O 97.4

E2tgp9O

_..gp65
N(pp5QO'

68

43

29

E1gp23I

E2-gpl80

E2-gp90

i -gp65

E l-gp23

1L8 4

1.4.

18.4 M 1 2 3
FIG. 6. PAGE of viral structural proteins. (A) 35S-labeled viral proteins from different MHV strains were separated by electrophoresis on

a 7.5 to 15% polyacrylamide gradient gel. (B) The [3H]glucosamine-labeled virion of strain JHM(2) was purified on a 20 to 60% continuous
sucrose gradient. After centrifugation, the gradient was fractionated into six 2-ml portions; 40 ,ul of each fraction was analyzed on a
polyacrylamide gel. Lanes 1, 2, and 3 represent the first three fractions of gradient; lane M contained "4C-labeled molecular size markers
(molecular sizes [in kilodaltons] are shown to the left of each panel).

obtained when mRNA 2b was translated in the rabbit retic-
ulocyte lysate system (Fig. SB). This protein was not made
from mRNA 3. These results establish that ORF 2b is a
functional gene, probably synthesizing a glycoprotein of 65
kilodaltons.
To ascertain that such a protein was indeed present in the

virus particles, JHM(2) was labeled with 315S and analyzed by
SDS-PAGE. This virus did contain a protein of 65 kilodal-
tons (Fig. 6A) that was glycosylated, as indicated by the fact
that it was labeled with [3H]glucosamine (Fig. 6B). We
termed this protein gp65. By comparison, JHM(3) contained
only a very small amount of gp65, and A59 contained no
distinct gp65 protein. The amounts of gp65 in these strains
paralleled the amounts of mRNA 2b they contained. There-
fore, we conclude that gp65 is a product of ORF 2b and
mRNA 2b and appears to be an optional protein among
MHVs.

DISCUSSION

Significance of the optional virion protein gp65. The virus-
specific proteins of the JHM strain of MHV have previously
been studied (28, 37, 45). In addition to the proteins detected
in strain A59 (41), a minor glycoprotein, gp65, was found in
some strains ofJHM (28, 37, 43). However, the real identity
of this protein has been in doubt, since the MHV genome is
not known to have any genetic region or mRNA species
capable of coding for this additional protein (17, 36). The
studies presented in this paper detected a new MHV gene
that codes for this protein. The unique aspect of this protein
is that it appears to be optionally expressed only in certain
strains of MHVs. So far, only the JHM strain, with a unique

leader sequence, has been found to synthesize this protein
(22, 24). Since this virus strain was derived by serial in vitro
passages of wild-type JHM (24), the previous detection of a
minor amount of this protein in an uncloned JHM population
was to be expected (37). We have previously shown that
another MHV strain, MHV-S, also synthesizes an abundant
quantity of gp65 (19). It is not known whether the presence
of this protein alters the biological properties of the virus. A
similar protein has been detected in bovine coronavirus (11),
which, significantly, also synthesizes mRNA 2b (10). This
protein is an envelope spike protein of bovine coronavirus
and is thought to be responsible for the hemagglutination
properties of the virus (12). Similar biological properties
could not be detected for the MHV gp65 (K. Yokomori,
unpublished observation). Thus, the possible function of this
protein in MHV is not clear. It is interesting that the
corresponding gene of strain A59 does not contain an initi-
ator AUG codon (21), although a large part of this ORF is
conserved between JHM and A59. This finding suggests that
this gene is not required for viral infectivity. In another
coronavirus, avian infectious bronchitis virus, no corre-
sponding gene is predicted (5). However, hemagglutinin
activity was detected in some strains of this virus (4). It has
previously been shown that the predicted protein product of
the ORF 2b in A59 shares some homology with the hemag-
glutinin of influenza C virus (21). Further studies of the viral
protein should yield interesting insights into the evolution of
coronaviruses.

Transcriptional control of gene 2b. Transcriptional control
of gene 2b is particularly interesting. Several unique points
associated with this gene are noteworthy.
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FIG. 7. Comparison of leader sequences with the transcription start sites for ORF 2a, ORF 2b, and gene C. Symbols: I, homologous
nucleotides between the transcription start sites and the 3' end of leader RNA; *, mismatches within this region. Numbers below the leader
RNA designate positions from the 5' end of mRNAs. JHM(3) and JHM(2) display the loop sequences that may be formed between the leader
RNA to the transcription start site for ORF 2b. (G), Diverged A59 sequence at the initiation site of ORF 2b.

(i) The transcriptional initiation sites of all of the subge-
nomic mRNAs of MHV have been shown to contain a
stretch of consensus sequence, UCUAAAC (6, 35, 38). This
sequence is identical for all of the mRNAs except mRNA 6,
which has one nucleotide substitution, UCCAAAC (6, 38).
The transcription start site of mRNA 2a, UCUAUAC,
determined in this study also has a single base substitution
but in a different position. This raises the possibility that
other loosely homologous sequences are utilized for the
synthesis of minor mRNA species, as has been noted with
some MHV strains (29). The transcription initiation site of
mRNA 2b, UAAUAAAC, shows the most divergence from
this consensus sequence. Whether this divergence is respon-
sible for the optional nature of the transcriptional initiation
from this site is not clear. It will be interesting to determine
whether other similar sequences in gene 5, which also shows
two ORFs (38), can initiate the synthesis of an additional
mRNA for translation of the second ORF.

(ii) The optional transcription initiation of mRNA 2b
provides another piece of evidence that the transcriptional
initiation of coronavirus mRNAs is determined by the leader
sequence. As we have shown previously (25), the 3' end of
the leader RNA of MHV contains a variable number of
repeats of a UCUAA sequence, which is localized in the
region complementary to the consensus transcription initia-
tion sites of every mRNA and is thus considered to be
essential for the transcription initiation of MHV mRNAs
(35). Most interesting is that the JHM strain containing two
UCUAA repeats utilizes the initiation site for mRNA 2b
very efficiently, whereas that with three UCUAA repeats
does not (24). This finding further supports the importance of
this repeat sequence in transcriptional initiation of MHV
mRNAs. Surprisingly, comparison of the 3' end of leader
sequence with the initiation points of mRNA 2b does not
show complete complementarity within this repeat. Instead,
the complementarity is in the sequences immediately up-
stream and downstream of these UCUAA repeats (Fig. 7).
This sequence relationship departs from that at the transcrip-
tional initiation sites of other subgenomic mRNAs, which
may explain why other mRNAs are transcribed in JHM(2)
and JHM(3), whereas mRNA 2b is efficiently transcribed
only from JHM(2) (24). However, it is not clear why JHM(3)
cannot initiate transcription ofmRNA 2b efficiently. Perhaps
the insertion loop created by the binding of leader RNA to

this initiation site is too big for JHM(3), and hence interfer-
ence of mRNA transcription occurs (Fig. 7).

(iii) In contrast to JHM(2), strain A59, which also has two
UCUAA repeats, does not transcribe mRNA 2b. It should
be noted that the A59 leader can initiate JHM mRNA 2b, as
demonstrated by the synthesis of this mRNA by the recom-
binant MHV, RL-2, which has the A59 leader but the JHM
2b gene (22). Thus, the failure of A59 to synthesize mRNA
2b is most likely due to the single base substitution within the
transcription initiation sequence (Fig. 1 and 7). The fact that
ORF 2b of A59 has also lost its initiator AUG (21) may have
interesting implications with respect to the evolution of
MHVs. The preservation of this initiation site and the
corresponding ORF may be under the same evolutionary
pressure. This possibility can be tested by examining addi-
tional coronaviruses.
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