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ABSTRACT

The nucleotide sequence of the region between the spike (S) and the membrane (M)
protein genes, and sequences of the Sand ns2 genes of the OC43 strain of human corona
virus (HCY-OC43) were determined. The ns2 gene comprises an open reading frame
(ORF) encoding a putative nonstructural (ns) protein of 279 amino acids with a predicted
molecular mass of 32-kDa. The S gene comprises an ORF encoding a protein of 1353
amino acid residues, with a predicted molecular weight of 149,918. Sequence comparison
between HCY-OC43 and the antigenically related bovine coronavirus (BCY) revealed more
sequence divergence in the putative bulbous part of the S protein (SI) than in the stem
region (S2). The cysteine residues near the transmembrane domain and the internal
predicted protease cleavage site are conserved in the HCY-OC43 S protein. Nucleotide
sequence analysis.of the region between the S and M gene loci revealed the presence of an
unexpected intragenomic partial leader sequence and two ORFs encoding potential proteins
of 12.9 and 9.5-kDa. These two proteins were identified as nonstructural by comparison
with the homologous BCY genes. In vitro translation analyses demonstrated that the HCY
OC43 9.5-kDa protein, like its BCY counterpart, is poorly translated when situated down
stream of the 12.9-kDa ORF, but is expressed in infected cells, as shown by immunofluo
rescence. Interestingly, two ORFs, potentially encoding 4.9 and 4.8-kDa ns proteins in
BCY are absent in HCY-OC43, indicating that they are not essential for viral replication in
HRT-18 cells.

INTRODUCTION

Coronaviruses are enveloped RNA viruses, isolated from a range of animal hosts (for
review, see 1). They cause respiratory, gastrointestinal and neurological disorders in
human and domestic animals2,3. Coronavirus genomic RNA directs the synthesis of a
nested set of 6 to 8 subgenomic mRNAs by a leader-primed mechanism of transcription4.
Besides the genes for known structural proteins, coronavirus genomes contain several open
reading frames (ORFs) that could encode nonstructural (ns) proteins or novel structural
proteins. The number and position of the genes encoding these proteins differ between
coronavirus species.

Human coronavirus OC43 (HCY-OC43) comprises four major structural proteins: a
190-kDa peplomer (8) glycoprotein (cleaved into two subunits of 120 and lOO-kDa), a
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130-kDa hemagglutinin-esterase (HE) glycoprotein, a 55-kDa nucleocapsid (N) phospho
protein, and a 26-kDa membrane (M) glycoprotein5,6,7. The amino acid sequences of
structural proteins HE, M and N, as well as the leader sequence of HCY-OC43 have
recently been determined from cloned cDNAs7,8,9. Within the genome, the structural pro
teins are arranged in the order 5'-HE-S-M-N-3'7,8. Dispersed throughout the genome are
genes that encode the RNA-dependent RNA polymerase and nonstructural proteins.

Here we report the nucleotide sequence of the region between the spike (S) and the
membrane (M) protein genes and sequences of the S and ns2 genes of HCY-OC43, as well
as Northern blot and in vitro translation analyses.

MATERIALS AND METHODS

Virus Growth, Isolation and Analysis of Nucleic Acids

The origin and cultivation of the HRT-18 human rectal tumor cell line and the
OC43 strain of HCY, as well as the preparation, reverse transcription, polymerase chain
reaction (PCR) amplification, cloning and sequencing of viral RNA (both mRNA and
genomic RNA) were performed as described elsewhere8. For Northern blot analysis, poly
(A)-containing RNA was selected with the PolyATract® mRNA isolation system
(Promega, Fisher Scientific, Montreal, Quebec, Canada) according to the manufacturer's
instructions, was size fractionated by electrophoresis in 1% (w/v) agarose gels containing
5.3% formaldehyde, and was transferred onto Hybond-CfM extra (Amersham Canada Ltd.,
Oakville, Ontario, Canada) nitrocellulose filters lO. Blots were hybridized with the random
primed 32P-labeled (ICN Biomedicals Canada Ltd., Mississauga, Ontario, Canada) DNA
probes at 42°C as described previously11.

Immunofluorescence

Immunofluorescence was performed 24 h after infection ofHRT-18 cells grown on
coverslips with HCY-OC43 at an MOl of 0.2. Cells were examined for fluorescence with a
specific polyclonal rabbit antibody prepared against the MHY-A59 9.6-kDa protein that had
been expressed in Escherichia coli 12, or with a polyclonal rabbit antiserum against HCY
OC43.

RESULTS AND DISCUSSION

Nucleotide Sequence Analysis

The nucleotide sequence of the region between the S and M genes of HCY-OC43
contains potential open reading frames for two proteins of 12.9-kDa and 9.5-kDa (data not
shown).

The 12.9-kDa protein would contain 109 residues and show an amino acid sequence
identity of 96.3% with the putative 12.7-kDa protein of BCy13 (Fig. 1). One potential N
linked glycosylation site is found at amino acid position 18, like in BCy13. The putative
initiation codon for this protein is in a context not frequently used for initiation of protein
synthesis as described by Kozakl4. Surprisingly, a 47-nucleotide stretch that has resem
blance with the 3'-half of the 82-nucleotide HCY-OC43 leader sequence9 is found up
stream of this ORF (Fig. 2). This situation is unexpected since part of the leader sequence
(47 of 82 nucleotides) is found within the genomic RNA instead of being at the 5'-end of
the transcript. This may have occured by a mechanism of recombination aimed at the
conservation of the ORF encoding the 12.9-kDa protein, despite the loss of the 4.9- and
4.8-kDa putative ns proteins. This partial intragenomic leader sequence is preceded by a
potential ll-residue ORF that could encode a 1.33-kDa polypeptide composed of 9
residues identical with the N-terminus of the BCY 4.9-kDa putative ns protein.

62



The 9.5-kDa ORF predicts an 84-amino acid protein that would have an amino acid
sequence identity of 96.4% with the 9.5-kDa protein of BCy13 (Fig.!). As in Bey, there
is a conserved methionine residue at the putative third codon of the protein. The first puta
tive initiation codon is not in a 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 ameliorate the situation14. The 9.5-kDa protein contains one large hydrophobic
domain that comprises more than 50% of the molecule, which suggests a transmembrane
insertion (data not shown).
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Figure 1. Organization of HCY-OC43 genome, location of ORFs and identity with BCY.
6: Absence of two ORFs in HCY-OC43.
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Fi2ure 2. 3'-Leader sequence within HCY-OC43 genomic RNA.

Along with the four structural proteins and the three ORFs encoding potential non
structural proteins, we found a putative gene situated immediately upstream from the HE
gene, which contains an ORF that could encode a protein of 279 residues, with a predicted
molecular weight of 32,277. This protein would have an amino acid sequence identity of
93% with the BCV ns2 protein15 (Fig. 1, Table 1). Nine consecutive amino acid residues
of the ns2 HCV-OC43 C-terminus are different from those of BCV ns2 protein (data not
shown).

Finally, the complete sequence of the S gene contains 4062 bases, encoding a protein
of 1353 amino acid residues, with a predicted molecular weight of 149,918 (data not
shown). This protein has an amino acid sequence identity of91 % with the BCV S protein
(Fig. 1, Table 1), revealing more sequence divergence in the putative bulbous part of the S
protein (N-terminus, S1) than in the S2 stalk region. The putative S ORF is preceded
immediately upstream by the consensus intergenic sequence (UCUAAAC) thought to play
a role in leader priming of coronavirus transcription. The deduced HCV-OC43 S protein
reflects the properties of the other coronavirus spike proteins that have been characterized to
date. There is an internal sequence of basic amino acid NRRSRG (KRRSRR for BCV)
beginning with amino acid 753 which, on the basis of the pattern in BCV16, predicts a
cleavage between amino acids 758 and 759, giving an N-terminal segment of 84,640 Da
(51) and a C-terminal segment of 65,296 Da (52).
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Northern Blot Analysis, In Vitro Translation and Immunofluorescence

To identify the subgenomic RNAs that encode the structural and nonstructural
proteins, we perfonned Northern blot analysis using DNA probes. Nine HCY-OC43
specific RNAs were detected (data not shown) and have been numbered 1,2,2-1,3,4,5,
5-1, 6, 7 in order of decreasing sizes (Table 1). A 9.5-kDa probe hybridized to RNA 1 to
5-1, but not RNAs 6 and 7. A 12.9-kDa probe hybridized to RNA 1 to 5, but not RNAs 5
1,6 and 7. A S2 probe (which extends into the putative ns4 ORF) hybridized to RNA 1 to
4 only (Fig. 3). Thus, it appears that RNAs 5 and 5-1 encode the nonstructural proteins
12.9-kDa and 9.5-kDa, respectively, a situation similar to that for the BCY homologues13,
and different from mouse hepatitis virus (MHY), where only one transcript (mRNA 5) is
utilized for the synthesis of both the 13- and 9.6-kDa ns proteinsl7. Since the initiation

Table 1. HCY-OC43 mRNAs and gene product sizes

Predicted Size of mRNAs Uene Product
mRNA (bases)1 DesignatIon Size (kDa)2

UC43 BCY OC43 BCV

1
2 9232 9544 ns2 32.3 32

2-1 8385 8700 HE 47.7 47.7
3 7086 7400 S 150 150.7
4 3350 3635 ns4 1.3 4.8

+4.9
5 3032 3005 ns5 12.9 12.7

5-1 2753 2735 ns5-1 9.5 9.5
6 2345 2345 M 26.4 26.4
7 1649 1649 N 49.3 49.4

ISize of mRNAs predicted from the location of the intergenic nucleotide sequence.
2Size of polypeptides deduced from the ORF immediately downstream of the intergenic nucleotide sequence.

codon for the BCY 12.7-kDa ns protein is in a more favorable context for initiation of
translation than the HCY-OC43 12.9-kDa ns proteinl4 (G instead ofU in position -3), we
tested the translatability of both ORFs, either independently or in tandem. In BCY, in vitro
translation experiments using a synthetic transcript containing both the 12.7- and 9.5-kDa
ORFs demonstrated that the majority of the protein synthesized was the upstream 12.7-kDa
protein13. However, when the same experiment was perfonned on a MHY RNA contai
ning both ORFs (13- and 9.6-kDa), the downstream ORF (9.5-kDa) was preferentially
synthesizedl7. We also observed that, like in BCY, the upstream 12.9-kDa protein was
preferentially synthesized when both ORFs were present but that synthetic RNA containing
only one of the two ORFs directed efficient translation of both proteins.

We also showed that the HCY-OC43 9.5-kDa protein is expressed during infection,
using an antibody directed against the MHY 9.6-kDa proteinl2•which specifically stained
HCY-OC43-infected HRT-18 cells in an immunofluorescent assay (Fig. 4).
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Figure 3. Northern blot analysis of RNA from uninfected cells (A) and infected cells (B). rnRNAs were
revealed with the probes indicated above the figure. Subgenomic mRNAs are indicated on the left.

Figure 4. Immunodetection of the 9.S-kDa protein. Uninfected and HCV-OC43-infected cells revealed
with an hyperimmune anti-OC43 serum (A and B, respectively), or with anti-9.S-kDa serum (C
and D, respectively).
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The functions of the putative 12.9-kDa and 9.5-kDa proteins in infected cells are not
known. Recently, proteins analogous to the HCV-OC43 and BCV 9.5-kDa molecules were
shown to be present in infectious bronchitis (illV) and porcine transmissible gastroenteritis
(TGEV) virions and were designated small membrane (SM) proteins18,19. We have shown
that the HCV-OC43 9.5-kDa ns protein, like its BCV and MHV counterparts, is expressed
in virus-infected cells. It will also most likely be found in virions. The conservation of the
12.9-kDa protein also suggests its importance in coronavirus biology.

We found a major difference between HCV-OC43 and BCV, represented by the
absence of the genes potentially encoding two nonstructural proteins of 4.9- and 4.8-kDa in
BCVl3. Their absence in HCV-OC43 indicates that they are not essential for virus replica
tion, at least in HRT-18 cells. Similarly, the ns2, ns4 and ns5a nonstructural proteins of
MHV were shown not to be essential for virus replication in tissue culture20,21. It is inte
resting to note that the difference between mRNA 4 and 5 is only 320 bp, with one poten
tial ORF of 11 amino acids. The presence of mRNA 4 in HCV-OC43-infected cells
(Fig.3), in the absence, most likely, of an associated protein product suggests that this
mutation may be a recent event. Alternatively, it is possible that this mRNA encodes non
essential gene products that have been deleted during evolution.

The fundamental importance of the different nonstructural proteins encoded by coro
naviruses remains to be explored. However, the absence of the two putative nonstructural
proteins in HCV-OC43 (4.8- and 4.9-kDa), as well as amino acid differences within the S
protein could be involved in the apparent preferential respiratory tropism of HCV-OC43,
which contrasts with the presumed preferential enterotropism of BCV. Indeed, the S
proteins of MHV and TGEV were suggested to be important in tissue tropism22,23.
However, replication of BCV in the respiratory tract has been reported? and OC43-like
human enteric coronaviruses have been isolated24. Thus, it is premature to conclude on.the
molecular basis for a differential tropism of these two viruses.
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