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Nucleotide sequences between the spike (S) and membrane (M) protein genes of the OC43 strain of human corona-
virus were obtained from PCR-amplified viral mRNAs. Sequence analysis of this region revealed the presence of two
ORFs encoding proteins of 12.9 and 9.5 kDa. These two proteins were identified as putatively nonstructural {ns) due to
their homology to the corresponding BCV ns gene products. Narthern blot analysis indicated that each of these two
genes was present on a separate mRNA (5 and 5-1, respectively), /n vitro translation analyses demonstrated that the
HCV-0C43 9.5-kDa protein, like its BCV counterpart, is poorly translated when situated downstream of the 12.9-kDa
ORF, although immunofluorescence studies did confirm its presence in infected cells. Sequence analysis showed that
& large portion of the 3-end of the leader sequence is present within the viral genome, upstream of the 12.9-kDa ORF.
In addition, two ORFs encoding potential 4.9- and 4.8-kDa ns proteins in BCV are absent in HCV-0C43, although a
corresponding mRNA 4 was found at a very low level. These results demonstrate that these two putative ns proteins

are not essential for virus replication, at least in HRT-18 cells.

Human ceoronaviruses (HCV) are recognized as the
causative agents of respiratory diseases: they are re-
sponsible for 16-35% of common colds (7). Other dis-
ease associations have been suggested, such as the
involvement ot HCV in severe diarrhea {2) or neurologic
diseases such as multiple sclerosis (3-5). Recently,
some primates were shown to develop neurologic dis-
ease after inoculation with a murine-related corona-
virus (6). Indeed, some strains of muring hepatitis virus
{MHV) in rodents have been used as model systems to
study chronic and acute hepatic and neurologic dis-
eases (7).

Coronaviruses contain a single-stranded, capped,
and polyadenylated positive-sense RNA molecule of
27 to 31 kb, which directs the synthesis, by leader-
primed transcription, of a nested set of six to eight sub-
genomic MRNAs with common 3'-ends but extending
to different lengths toward the 5-end of the genome.
Each mRNA possesses a common 5-end leader of
about 72 nucleotides, derived from the 5-end of geno-
mic RNA. Only the 5-most open reading frame (ORF) of
each mRNA s usually translated, although these
mRNAs coentain multiple QRFs. The intergenic regions
between ORFs contain a stretch of sequence varying
from 7 t0 18 nucleotides that is homologous to the
3-end of the leader RNA. This region is presumnably

! Sequence data from this article have been deposited with the
GenBank Data Library under Accession No. M39576.
2 To whom reprint reguests should be addressed.
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involved in regulation of the transcription of viral
mRNAs (8).

Along with the genes for structural proteins (HE, S,
M, and N}, coronavirus genomes contain a number of
ORFs potentially encoding nonstructural proteins. The
number and positions of these genes differ among co-
ronavirus species. in avian infectious bronchitis virus
(IBV}, there are five ORFs, three located between the S
and M genes and two located between the M and N
genes (9, 10). In porcine transmissible gastroenteritis
virus (TGEV), there are four CRFs, three located be-
tween the S and M genes and one located at the 3' side
of the N gene (17-13). In MHV, there are five ORFs,
three located between the S and M genes (14-186), one
at the 5-side of the S gene (77, 18) and one located
within the N gene (79). In bovine coronavirus {BCV),
there are six ORFs, four located between the S and M
genes (20}, one at the &' side of the HE gene (27) and
one located within the N gene (22).

HCV-CC43 and BCV show remarkable similarity, as
shown by oligonucleotide fingerprinting analysis of
their genomic RNAs (23, 24), by immunoprecipitation
of viral proteins with specific antisera (25) and from the
sequences of the N, M, and HE genes of HCV-OC43
(26-28). These studies suggest that HCV-OC43 and
BCV may have diverged fairly recently.

In this report, we present the genome sequence be-
tween the S and M genes of HCV-QC43. Only two
ORFs, encoding potential proteins of 12.9 kDa (mRNA
5) and 9.5 kDa (mRNA 5-1), were found, revealing a

0042-6822/93 $5.00
Copyright @ 1893 by Academic Press, Inc.
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major difference between putative nonstructural pro-
teins of BCV and HCV-QC43. We aiso found ahout
47 nucleatides of the leader sequence within the geng-
mic RNA.

The source and cultivation of the HRT-18 human
rectal tumor cells and the OC43 strain of HCV, as well
as the preparation, reverse transcription, potymerase
chain reaction (PCR} amplification, cloning, and se-
quencing of viral RNA {both mRNA and genomic RNA)
were performed as described elsewhere (27). For
Northern blot analysis, poly{A)-containing RNA was se-
tected with the PolyATract mRNA isclation system
(Promega, Fisher Scientific, Montréal, Québec, Can-
ada) according to the manufacturer's instructions, was
size fractionated by electrophoresis in 1% (w/v) aga-
rose gels containing 5.3% formaldehyde, and was
transferred onta Hybond-C extra (Amersham Canada
Ltd., Qakville, Ontario, Canada) nitrocellulose filters
(29). Blots were hybridized with the random-primed
82p_ labeled (ICN Biomedicals Canada Ltd., Missis-
sauga, Ontario, Canada) DNA probes at 42° as de-
scribed previously (30).

The nucleoctide sequence of the region between the
S and M genes of HCV-OC43 and the predicted amino
acid sequences af open reading frames are shown in
Fig. 1, together with the potential glycosylation site and
intergenic consensus sequences. This region contains
ORFs for two proteins of 12.9 and 9.5 kDa, in that
order. An 11-amino acid ORF with the potential 10 en-
code a very small polypeptide of 1.33 kDa is also ob-
served upstream of the 12.9-kDa ORF.

The 12.9-kDa ORF {nucleotides 132 1o 458) poten-
tially encodes a 103-amino acid protein. This protein
has an amino acid sequence identity of 96.3% with the
12.7-kDa protein of BCV {20). As in BCV, there is one
potentiat N-linked glycosylation site at amino acid posi-
tion 18 (Fig. 1}). The single putative initiation codon for
the translation of this protein is in a context not fre-
quently used for initiation of protein synthesis (37; Ta-
ble 1). The UCAAAAC consensus intergenic sequence
is present about 107 nuclectides upstream of the initia-
ticn codon, within the 3'-terminus of the S gene (Fig. 1}.

The 9.5-kDa ORF begins at nucleotide 448 and ends
at nucleotide 699. It predicts an 84-amino acid protein.
This protein has amino acid sequence identities of
96.4% with the 8.5-kDa protein of BCV (20). As in BCV,
there are two methionine residues at the putative first
and third codons of the protein. The first putative initia-
tion codon is not in favorable context for initiation of
protein synthesis, whereas the presence of a G residue
at position +4 of the second putative initiation codon
would presumably improve the situation {37, Table 1).
The 9.5-kDa protein containg one large hydrophobic
domain that comprises more than 50% of the mole-
cule, which is potentially transmembranous (data not
shown). The UCCAAAC consensus sequence is pres-

ent about 120 nucleotides upstream of the first poten-
tial inittation cadon, within the 12.9-kDa protein gene
(Fig. 1).

The 11-residue ORF (nucleotides 34 to 66) predicts a
peptide of 1.33 kDa, which shows 82% identity (9/11
amino acids) with the N-terminus of the BCV 4.8-kDa
nonstructural protein (20). A consensus intergenic se-
quence UCAAAC is found within the S gene (Mounir
and Talbot, rmanuscript in preparation). This small ORF
is followed by a 47-nucleotide stretch that has striking
resemblance with the 3-half of the 82-nucleotide HCV-
0OC43 leader sequence {26), as shown by 37 identical
nucleotides (Fig. 2).

To identify the subgenomic RNAg that encode the
structurai and nonstructural proteins, we performed
Northern blot analysis using DNA prabes (the localiza-
tion of these probes is schematized on the right of Fig.
3). The M probe, which enccmpasses the M protein
gene plus the first 80 nt of the N protein gene, detected
nine HCV-OC43-specific RNAs that have been num-
bered 1, 2, 2-1, 3, 4, 5, -1, 6, and 7 in order of de-
creasing sizes. The 9.5-kDa probe hybridized to RNA 1
to 5-1, but not RNAs 6 and 7. The 12.9-kDa probe
hybridized to RNA 1 t¢ b, but not RNAs 5-1, 6 and 7.
The 82 probe, which extends into the region upstream
of the 12.9-kDa ORF, hybridized 1o RNA 110 4 only {Fig.
3). These resuits lead us to propose that RNAs 5 and
5-1 encode the nonstructural proteins 12.9 and 9.5
kDa, respectively, a situation similar 1o that for BCV
homologues (20) and different from that for MHYV,
where only one transcript {mRNA 5) is utilized for the
synthesis of both the 13- and 9.6-kDa ns proteins (714,
32). Since the initiation codon for the BCV 12.7-kDa ns
protein is in a more favorable context for initiation of
tranglation than the HCV-0OC43 12.9-kDa ns protein
(20; G instead of U in position —3), we wanted to test
the translatability of both ORFs, either independently or
in tandem. In BCV, /n vitro translation experiments us-
ing a synthetic transcript containing both the 12.7- and
9.5-kDa ORFs in tandem demonstrated that the major-
ity of the protein synthesized was the upstream 12.7-
kDa protein (20). On the contrary, when the same ex-
periment was performed on a MHV RNA containing
both ORFs (13 and 9.6 kDa), the downstream CRF (9.5
kDa) was preferentially synthesized (74). When we per-
formed a simitar translation experiment with a syn-
thetic HCV-OC43 RNA containing both ORFs {see
clone A, Fig. 4), we observed that, like in BCV, the
upstream 12.9-kDa protein was preferentially synthe-
sized {Fig. 4, lane 2). However, when synthetic RNA
containing only one of the two ORFs (clones B and C;
Fig. 4) was in vitro translated, both proteins were ¢ffi-
ciently synthesized (Fig. 4, lanes 1 and 3, respectively),
although small amounts of unexpected products were
observed. The latter polypeptides are most likely non-
specific products, because all constructs were shown



SHORT COMMUNICATIONS

10 20 30 40 50 60 10 80 G0 100 110

CTGGACACCAGGAGT TAGTAATCARBACTTCACATGACGACTAAGTTCGTCTT TGATTCATIGCACTGATCTCTTGTTAGATCTITTTTGCAATCTASCATTTGTTARAGT

G H g E L Vv I K T 8 H D D =*
M T T XK F VvV F D 8 L H *
L A

120 130 140 150 160 170 180 120 200 210 220
TCTTRAGGCCACGCCCTATTAATGGACAT ITGGAGACCTGAGAAGARATATCTCCGTTATATTARCGGTTTTARTGTCTCAGAATTAGARGATGCTTGTTTTAAATTTAAR

M D I w R P E K K ¥ L R ¥ I N G F NV § EL EDATCT F K F N
12.9 kDa — I T °
230 240 250 260 270 280 290 300 3L 320 330

CTATCAATTTCCTAAAGTAGGATATTGTAGAGTTCCTAGTCATGCTTGGTGCCGTARTCARGGTAGATTTTGTGCTACATTCACTCTTTATGGTAARICCAARCATTATG
Y § F P KV 6 ¥ CR VP S5 HAWCRWNZGQU G®RU F C aTTFTILUYG K S KH YD
K ]

340 350 360 370 380 3180 400 410 420 430 440
ATAARTATTTTGGAGTAATARATGG T TTCACAGCATTCGCTARTACTGTAGAGGATGCTGTTARCAARCTGGTTTTCTTAGCTGTTGACTTTATTACCTGGCGCAGACAG
K Y r 6 ¥V 1 NG F T AV F A NTV EDAUV NEKLV FL AUV D F I TW®WR R Q

T

150 460 170 480 190 500 510 520 530 540 550
GAGTTARATGTTTATGGCTGATGCTIATCTIGCAGACACTGTGTGGTATGTGGGGCAAATAAT I TTTATAGTTGCCATTTGTTTATTGGT TACAATAGTTGTAGTGGCAT
E L N Vv ¥ G ~*

M FM A DAY L &D S5 V WYV LI I F I VA I CULTUL VT IV V V A F
9.5 kba - F I
560 570 580 590 600 610 620 630 640 €50 660

ITTTGGCARCTTTTAAATTGTGTATTCARCTITGCGG T ATGTGTAATACCTTAGTACTGTCCCC TTCTATTTATGTGTTT AAT AGAGGT AGGCAGTTTTATGAGTTTTAC
L ATV F KL CTIQULCGMOCNTULWVL S PE S I Y V F NRGWOQOF Y E F Y

G
670 680 [32)0] 00 710 720 730 740 750 J80 70
AATGATGTAAAACCACCAGTCCTTGATGTGGATGACGTTTAGGTAATCCARACATTATGAGTAGTAAAACTACTCCAGCACCAGTTTAT ATCTGGACTGCTGATGARGCT
N D V K P P V L D V D D VvV * M
M -

357

FiG. 1. Nucleotide and predicted aming acid sequence between the S and M genes of HCV-0C43. The leader sequence is doubly underlined.
The potential N-glycosylation site (°) is indicated. Asterisks indicate stop codons. Consensus intergenic sequences are underlined. Individua!

amino acids correspond to amino acid differences in the Mebus strain of BCV (20}, as compared 1o the HCV-OC43 strain.

to be carrect by sequencing. Indeed, such non-spe-
cific products were also observed, albeit at lower lev-
els, when no mRNA was added {Fig. 4, lane 4}. We also
showed that the HCV-0C43 9.5-kDa protein is made
during infection using antibody directed against the
MHV 9.6-kDa protein {32}, which specifically stained

TABLE1

Intergenic initiation
seauence of
downstream gene product

Sequences surrounding

Gene product  AUG initiation coden

HE® AAAAUGU ACUAAAC
50 AACAUGU UCUAAAC
12.9 kDa ORF UUAAUGG UCAAAAC
9.5 ka ORF UAAAUGU UCCAAAC
Me AUUAUGA, UCCAAAC
N AGGAUGU UCUAAAU
Consensus® éCC%G

#Zhang et af,, 1992 {28).

® Mounir and Talbct (manuscipt in preparation).
¢ Mounir and Talbot, 1992 (27).

9 Kamahora et af., 1989 (26).

¢ Kozak et g/, 1989 {37).

HCV-0C43-infected HRT-18 cells inanimmunofluores-
cence assay (data not shown).

Recently, it was reported that BCV is closely related
to HCV-OC43 at both the protein and RNA levels (20,
26-28}. In the present study, we found a major differ-
ence in the human coronavirus, represented by the
absence of the genes potentially encoding two non-
structural proteins of 4.9 and 4.8 kDa in BCV {20). No
attempt has yet been reported on the detection of
these two small proteins in BCV-infected cells or viri-
ons. Their absence in HCV-OC43 indicates that they
are not essential for virus replication, at least in HRT-18
ceils. Similarly, the ns2, ns4 and nsba nonstructural
proteins of MHV were found not to be essential for
virus replication in transformed cells {33, 34). The ap-
parent presence of low levels of mRNA 4 in HCV-
0C43-infected cells, in the absence, most likely, of an
associated protein product suggests that this mutation
may be a recent event. However, it remains possible,
although unlikely, that a putative 11-residue peptide is
expressed from this mRNA.

The absence of two putative nonstructural proteins
in HCV-OC43, if they are found to be expressed in
BCV-inlected cells, as well as amino acid differences
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BCV GATTGCGAGCGA-TTTGCGTGCGTGCATCCCGCTTCA-CTGATCTCTTGTTAGATCTTTTTATARTCTARAC~———————==—— 70
TEK kKRR A AEAKRKRA KK AN FANAXRARNIET ARAR AR K XA KRN KRR kAR IRARX® AxKFAXRE *
oc43a ——TTGTGAGCGAAGTTGCGTGCGTGUATCCCGCTTCACCTGATCTCTTGTTAGATCTTTTTCTAATC TARTC TARATTTTAAGG 82
Ak kdkkhkkxkxhk ok kr khkxhkkkkhxokd o oo ko K * *x kxk
043P - CA-CTGATCICTTGTTAGATCTTTTTGCAATCTA-GCATTTGTTARAGT 47

Fig. 2. Comparison of leader sequences between HCV-0OC43 (26), BCV (Hoffmann er a/., 1991, GenBank Accession No. M62375), and the 47
nucleotides upstream the 12.9-kDa ORF. identical nucleotides are indicated with asterisks. ? Leader saquence of HCV-OC43 (26). ° Sequences
found upstream of the HCV-OC43 12.9-kDa ng protein gene {doubly underlined in Fig. 1).

within the S protein (Mounir and Talbot, manuscript in
preparation), could be involved in the apparently prefer-
ential respiratory tropism of HCV-OC43, which con-
trasts with the presumed preferential enterctrcpism of
BCV. Indeed, the S proteins of MHV and TGEV were
suggested to be important in tissue tropism (35, 36).
However, replication of BCV in the respiratory tract has
been reported (28} and OC43-like human enteric coro-
naviruses have been isolated (37). Thus, itis premature
to conclude on differential tropism of these two vi-
ruses.

The sites surrounding the putative protein synthesis
initiation codonin mRNAs 5 and 5-1, UUAAUGG for the
12.9-kDa ORF and UAAAUGU for the 9.5-kDa ORF (Ta-
ble 1}, are not those usually used for initiation of eukary-
otic protein synthesis, whereas the AUG initiation co-
dons far the HE, 5, M, and N genes are in the context
AAAALGU (28), AACAUGU (Mounir and Talbot, manu-
script in preparation), AUUAUGA (27), and AGGAUGU
(26), respectively, all of them frequently fourd as func-
tional initiation sites where A is present at the —3 posi-
tion relative to the A of AUG (37). The second potential
initiation codon for the 9.5-kDa ORF would be in a more
favorable context for initiation of protein synthesis,
given the presence of a Gresidue at position +4 (Fig. 1
and Table 1). The actual initiation site cannot be in-
ferred before the N-terminus sequence of the 8.5-kDa

__ 95kDa 129kDa _ S2

protein can be determined. Interestingly, the initiation
codon for the 12.9-kDa protein is in a less favorable
context that the one for the BCV 12.7-kDa protein,
which has a G instead of a U at the —3 position (20} and
is nevertheless preferentially used when in tandem
with the 9.5-kDa ORF.

It is noteworthy that we found 47 nucleotides of the
leader of HCV-OC43 in the sequence between S and M
genes (Fig. 2). This situation is not predicted by the
preposed models of leader-primed transcription (8),
because part of the leader sequence {47 nt of 82 nt) is
found within the genomic RNA instead of at the 5-end
of the transcript. It may be a result of recombination,
whereby HCV-0C43 lost the sequence coding for the
4.9- and 4.8-kDa ns proteins and developed a mecha-
nism for conservation of the ORF encoding the 12.9-
kDa protein. This sequence does not contain ane of
the novel transcription initiation signals reported re-
cently (38). We are currently investigating the role of
this sequence in virus infection.

The functions of the putative 12.9- and 9.5-kDa pro-
teins in infected cells are not known. These small coro-
navirus proteins, which have both hydrophobic and
charged domains, have been suggested to act as a
membrane-anchoring region for structural proteins
during virus assembly, or to play a role in membrane
association of the viral polymerase during replication

. S2probe
o 12.9 kDa probe
=0 *———"95 kDa probe
5 -—
T Bl - M probe L

7 2 - T T 129 D o

g - Bame L T\..:.:’: e

u u | U I u

100bp

FiG. 3. Northern blot analysis of RNA from uninfected cells.{U) and infected ceils (I). RNAs were revealed with the probes schematized to scale
on the right (base numbers are from Fig. 1, except for 1501, which corresponds to base 737 in Ref. 27): a 900-bp EcoRI-Scal fragment
containing the M region and the first 80 nucleotides of the N region, bases 605 through 1501 was designated the M probe; a 327-bp
Hincll-BamHI fragment containing bases 416 through 743 was designated the 9.5-kDa probe; a 362-bp EcoRI-Bsml fragment containing bases
1 through 362 was designated the 12.9-kDa probe; a 1.8-kb EcoRI-EcoRl fragment containing the S2 region (Mounir and Talbot, manuscript in
preparation) and bases 1 through 126 was designated the 52 probe. Subgencmic mRNAs are indicated on the left. Total RNA was used for
hybridization with the M probe, whereas poh{Al-mRNA was used with the other probes.
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N S gore 1 [Thzews
5.9
o] . 14.4
I 9 R — = i Clone A
82 AUG AUG
—_— Clone B
2.51 AUG
D—T—-—-——--t Clone C
1ﬁ)p AUG

FiG. 4. /n vitro translation of transcripts from clones schematized to scale on the right: clone A, lane 2; clone B, lane 1; clone C, lane 3. Lane 4,
irr vitro transiation with no mRNA added. The migration of molecular weight markers (LKB, Canlab, Pointe-Claire, Québec, Canada} is shown on
the right and that of the two viral protaing on the left. Plasmid constructs 5-12.9-kDa ORF-9.5-kDa ORF-3' (clone A) and 5-12.9-kDa ORF-3’
(clone B} were created by unidirectional deletion of the 1.5-kb ingert in pBluescript I SK{+) using exonuclease lll and mung bean nuclease
(Stratagene, La Jolla, CA). A construct 5-9.5-kDa ORF-3' {cicne C) was prepared by removing from ¢lone A a Bsml-BamH| fragment that begins
in the polylinker regicn of the pBluescript | SK{+) vecior and ends 86 nucleotides upstream from the 9.5-kDa ORF. Recombinant plasmids were
linearized with BssHIl (clones A and C) or with NMael (clone B) and transcribed in vitro with T3 RNA polymerase (42). Approximately 1 g of in
vitro-transcribed RNA was translated in a wheat germ cell-free extract (Promega, Fisher Scientific, Montréal, Québec, Canada) using 1 mCi/ml of
L-[*®S]cysteina (1064 Ci/mmaol; Amersham) as the radiolabeled precursor. The conditions for translation were those recommended by the
manufacturer, except that potassium acetate was optimized at 40 mM. Translaticn products were analyzed under reducing conditions on a 20%
SDS—polyacrylamide gel (43) and revealed by flugrography with Enfightning (NEN Dupont, Montréal, Québec, Canada).

{9, 10, 15, 18, 20, 32). Recently, proteins analogous to
the HCV-CC43 and BCV 9.5-kDa molecules were
shown to be present in IBV and TGEV virions and were
termed smail membrane (sM) proteins (39, 40). We
have shown that the HCV-OC43 9.5-kDa ns protein,
like its BCV and MHV counterparts, is expressed in
virug-infected cells. It will also most likely be found in
virions. The conservation of the 12.9-kDa protein also
suggests that it fulfills an important function in corona-
virug biclogy.

The biclogical importance of the various nonstruc-
tural proteins encceded by coronaviruses remains to be
investigated and some of them may turn out to be
structural compaonents. So far, only the proteins en-
coded by mRNAs 2, 4, and Eb of MHV (77, 18, 32, 41)
and mRNAs -1 of BCV (20) and HCV-OC43 (this study)
were shown to be produced in infected cells. Our study
emphasizes the impcortance of further work on the bio-
logical functions of coronavirus nonstructural and
novel structural proteins.
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