VIROLOGY 177, 488-495 (1890)

Sequence and Expression Analysis of Potential Nonstructural Proteins of 4.9, 4.8, 12.7,

and 9.5 kDa Encoded between the Spike and Membrane Protein Genes
of the Bovine Coronavirus

SUSHMA ABRAHAM, THOMAS E. KIENZLE,' WILLIAM E. LAPPS,? anp DAVID A. BRIAN®

Department of Microbiology, University of Tennessee, Knoxville, Tennessee 37996-0845

Received February 16, 1990, accepted April 3, 1990

The nucleotide sequence between the spike and membrane protein genes in the bovine coronavirus (BCV) genome
was determined by sequencing cDNA clones of the genome, and open reading frames potentially encoding proteins of
4.9, 4.8,12.7, and 9.5 kDa, in that order, were identified. The 4.9- and 4.8-kDa proteins appear to be vestiges of an 11-
kDa protein for which a single nucleotide deletion event in the central part of the gene gave rise to a stop codon. The
consensus CYAAAC sequence precedes the 4.9-, 12.7-, and 9.5-kDa ORFs and predicts that transcription will start
from each of these sites. Northern analyses using sequence-specific probes and oligo(dT)-selected RNA demonstrated
that the predicted transcripts are made, and that these correspond to mRNAs 4, 5, and 5-1. BCV mRNA 4 appears to
be a counterpart to mouse hepatitis virus (MHV) mRNA 4 which, in the MHV JHM strain, encodes the putative 15.2-
kDa nonstructural protein. BCV mRNAs 5 and 5-1 appear to be used for the synthesis of the 12.7- and 9.5-kDa proteins,
respectively, which demonstrates a pattern of expression strikingly different from that utilized by MHV. MHV makes
its homologs of the 12.7- and 9.5-kDa proteins from the single mRNA 5. /n vitro translation analyses demonstrated that
the BCV 9.5-kDa protein, unlike its MHV counterpart, is poorly made from downstream initiation of translation. Thus,
from a comparison between BCV and MHV we find evolutionary evidence for the importance of the CYAAAC sequence

in regulating coronavirus transcription. © 1990 Academic Press, Inc.

INTRODUCTION

The structural proteins of coronaviruses are en-
coded at the 3’ end of the single-stranded, positive-
strand RNA genome. In order from the 3’ end they are
the nucleocapsid (N) protein, the multispanning, inte-
gral membrane (M} or matrix protein, the spike (S) or
peplomer protein, and, in the case of the hemaggluti-
nating bovine coronavirus, the hemagglutinin-esterase
(HE) protein (see Spaan et a/., 1988, for review; Kienzle
et al., 1990; Parker et a/., 1989) (Fig. 1). The remainder
of the genome encodes the large RNA-dependent RNA
polymerase molecule (Boursnell et al., 1987; Pachuk et
al, 1989) and possibly other nonstructural proteins
(Cox et al., 1989). Interspersed among the structural
protein genes are large open reading frames (ORFs) po-
tentially encoding nonstructural or minor structural pro-
teins (referred to as nonstructural proteins throughout
this paper). The number and position of these ORFs,
however, differ among coronavirus species. In avian in-
fectious bronchitis virus (IBV) there are five ORFs, three
(for6.7-, 7.4~, and 12.4-kDa proteins) residing between
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the S and M genes and two (for 7.5- and 9.5-kDa pro-
teins) residing between the M and N genes (Boursnell
and Brown, 1984; Boursnell et a/., 1985). In the porcine
transmissible gastroenteritis coronavirus (TGEV), there
are four ORFs, three (for 7.7-, 27.7-, and 9.2-kDa pro-
teins) residing between the S and M genes and one (for
a 9.1-kDa protein) residing at the 3’ side of the N gene
(Kapke and Brian, 1986; Kapke et al., 1988). In the
mouse hepatitis coronavirus (MHV) there are four
ORFs, three (for 16.2-, 12.4-, and 10.2-kDa proteins in
the JHM strain or 11.7-, 13-, and 9.6-kDa proteins in
the A59 strain) residing between the S and M genes
(Budzilowicz and Weiss, 1987; Skinner and Sidell,
1985, Skinner et a/., 1985; Weiss, personal communi-
cations) and one (for a 23-kDa protein) residing within
the N gene [AB9 strain (Armstrong et al., 1983)]. We
have reported the nucleotide sequence for the N, M,
S, and HE genes of bovine coronavirus (BCV) from
which we have learned that there is much amino acid
sequence identity with the N, M, S, and HE homologs
in MHV AB9 (70, 88, 70, and 60%, respectively) (Abra-
ham et al.,, 1990; Kienzle et al.,, 1990; Lapps et al.,
1987).

To further characterize the genes of BCV, the ge-
nome sequence between the S and M genes was de-
termined, and four ORFs encoding potential proteins
of 4.9, 4.8, 12.7 and 9.6 kDa were found. Of these,



BOVINE CORONAVIRUS NONSTRUCTURAL PROTEIN GENES 489

kilobases
20 9 8 5 4 3 2 1
Lyt L #-L e
L #
. 49 48 9.5 I0RE
B A 5 H0EA YT T 1- N }ORFS

-

Gé6

FiG. 1. Gene map of the BCV genome and cDNA clone positions.
The boxed region of the genome represents the sequence shown in
Fig. 2.

transcripts appear to be made beginning with ORFs for
the 4.9-, 12.7-, and 9.5-kDa proteins (NRNAs 4, 5, and
5-1) revealing remarkable differences in transcriptional
patterns between BCV and MHYV, since in MHV both
the 12.7- and 9.5-kDa homologs are translated from
a single mRNA molecule (MRNA 5) (Budzilowicz and
Weiss, 1987: Leibowitz et a/., 1988).

MATERIALS AND METHODS

Cloning and sequence analysis of the region be-
tween the spike and membrane protein genes. Growth
of BCV and preparation of virus stocks were as pre-
viously described (King and Brian, 1982; Lapps et a/.,
1987). cDNA cloning of the 3’ end of the BCV genome
for the Mebus strain of BCV and identification of clone
MA7 that represents the 3’ proximal 4.2 kb of the ge-
nome have been described (Lapps et al., 1987) (Fig. 1).
To sequence the 5'-terminal 1.5 kb of clone MA7, the
5’-terminal 3.73-kb Pstl fragment of clone MA7 was
subcloned into the Hindlll site of the pUC19 vector
{(Pharmacia), and a 5’ nested set of deletion subclones
of this was generated by the method of Henikoff (1984)
and sequenced. Subclones with inserts ranging from
0.8 to 2.7 kb were selected and designated C5, A12,
D1, C6, C7, and B12 (Fig. 1). Sequencing was done
by the chemical method of Maxam and Gilbert (1980)
starting from the Sall site in the multiple cloning region
of the vector after a 3’ fill-in reaction using reverse
transcriptase and [«-*?P]JdNTP or after 5’ end labeling
using polynucleotide kinase and [y-*P]dNTP. Se-
quences were analyzed with the aid of the Microgenie
program (version 5.0) from Beckman Instruments
(Queen and Korn, 1984).

Northern analyses. Freshly confluent HRT cells were
infected with a m.o.i. of approximately 5 and incubated
for 9 hr. RNA was extracted from uninfected or infected
cells (4.4 X 10° cells from one 850-cm? roller bottle per
batch) by the use of guanidinium isothiocyanate as de-
scribed by Lizardi (1983). RNA was pelleted through
CsCl, extracted with chloroform-1-butanol, and etha-
nol precipitated, and poly{A)-containing RNA was se-

lected by oligo(dT)-cellulose chromatography (Dennis
and Brian, 1982). Oligo(dT)-selected RNA from one
batch of cells was dissolved in 100 ul water and 5 ul of
this was electrophoresed per lane for Northern analy-
sis. RNA was electrophoresed in 1% agarose gels in
the presence of 2.2 M formaldehyde as previously de-
scribed {Sethna et al., 1989), capillary blotted onto Ny-
tran membrane (Schleicher and Schuell} using 20X
SSC (1X SSCis 0.15 M NaCl-0.015 M sodium citrate)
for 24 hr, and crosslinked to the membrane with ultravi-
olet light (Khandjian, 1986). Hybridization was done as
described by Thomas (1980) using probes radiolabeled
by nick-translation (approximately 2 X 10" Cerenkov
cpm for a membrane of 130 cm?), and blots were
washed in 1X SSC-0.1% SDS at room temperature for
30 min, then in 0.1X SSC-0.1% SDS at 60° for 45 min.
cDNA clones from four regions of the genome were
used as probes. These were clone MAb (in pUC9; Fig.
1), which represents the 3-terminal 2.8 kb of the ge-
nome and was designated "'3-end probe'’; clone HIN2
(a subclone of C7, in pGEM-4), which contains bases
995 through 1249 (of the sequence shown in Fig. 2)
and was designated **9.5 probe”’; clone EA13.8 {a sub-
clone of B12, in pGEM-4) which contains bases 658
through 868 and was designated ““12.7 probe’’; and
clone A12 (in pUC19}, which includes bases 1 through
548 and was designated ‘4.9 probe.”" Probes were
prepared by nick-translating entire insert-containing
plasmid DNA in the presence of [a-*2P]JdNTP.
Construction of plasmids and expression analyses of
the 12.7- and 9.5-kDa proteins. For testing the translat-
ability of the 12.7- and 9.5-kDa ORFs in the upstream
position, and the 9.5-kDa ORF in the downstream posi-
tion, constructs were made in the pGEM-4 vector such
that transcripts containing the tandem sequence 5'-
12.7-kDa ORF-9.5-kDa ORF-M ORF-3’ or the se-
quence 5-9.5-kDa ORF-M ORF-3' were made under
the control of the T7 RNA polymerase promoter. A plas-
mid with the 12.7-kDa ORF in the upstream position
was made by subcloning the blunt-ended 1.8-kb Accl
fragment from clone B12 {from base 630 in Fig. 2 to the
3’ end of clone B12) into the Hincll site of the pGEM-4
vector. The resulting clone, pT7-12.7-9.5-M, yielded
sense transcripts with T7 polymerase. A plasmid with
the 9.5-kDa ORF in the upstream position was pre-
pared by removing a Hincll fragment from clone pT7-
12.7-9.5-M that begins in the polylinker region of the
vector and ends 20 bases upstream from the 9.5-kDa
ORF. Transcription of this plasmid was under control
of the T7 promoter and the clone was designated pT7-
9.5-M. pT7-12.7-9.5-M and pT7-9.5-M plasmids
were linearized with EcoRl, and transcripts were pre-
pared using T7 polymerase (Krieg and Melton, 1984).
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Fic. 2. Nucleotide sequence between the S and M genes and deduced amino acid sequence of the potential 4.9-, 4.8-, 12.7-, and 9.5-kDa
proteins. The nucleotide sequence shown begins with the CYAAAC consensus sequence, which starts 331 bases upstream from the TAA stop
codon of the S gene [3301 bases from the poly(A) tail} and ends with the ATG initiation codon of the M gene. Consensus CYAAAC sequences
are boxed. Open reading frames are identified. The potential N-linked glycosylation site in the 12.7-kDa ORF is boxed. The GenBank accession

number of the nucleotide sequence is M31054.

For in vitro translation, approximately 1 ug of tran-
script was translated in a wheat germ cell-free lysate
(Promega) using 1 mCi/ml [**S]cysteine (>800 Ci/
mmole; ICN) as the radiolabeled precursor. Products
either were analyzed directly by SDS—polyacrylamide
gel electrophoresis in a 20% gel using the protocol of
Giulian et al. (1985) or were immunoprecipitated first
using the protocol of Anderson and Blobel (1983).

For in vivo expression analysis, cells were infected
with a m.o.i. of 5, incubated for 48 hr, and examined
for cytoplasmic immunofluorescence after fixation with
methanol or, for surface immunofluorescence, after
fixation with 4% paraformaldehyde (Kaariainen et al.,
1983).

Monospecific, polyclonal rabbit antibody prepared
against the MHV ABS 9.6-kDa protein that had been

expressed in Escherichia coli (Leibowitz et a/., 1988)
was a kind gift from Dr. ). Leibowitz, University of Texas
Health Science Center, Houston, and Dr. S. Weiss,
University of Pennsylvania, Philadelphia, and was used
for both immunoprecipitation and immunofluores-
cence studies.

RESULTS

Nucleotide sequence of the region between the
spike and membrane protein genes identifies open
reading frames for potential proteins of 4.9, 4.8, 12.7,
and 9.5 kDa. Analysis of the structural protein genes of
BCV (Abraham et al., 1990; Kienzle et al., 1990; Lapps
et al., 1987; Parker et al., 1989) established that they
are colinear with the homologeous genes of the MHV
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genome. Between the S and M genes of BCV there are
962 bases that, when translated by computer, yield
open reading frames for proteins of 4.9, 4.8, 12.7, and
9.5 kDa, in that order {Fig. 2). The 4.9 and 4.8 ORFs
appear to be 5'-proximal tandem ORFs on mRNA 4,
whereas the 12.7- and 9.5-kDa ORFs appear as b'-
proximal ORFs on mRNAs 5 and 5-1, respectively (see
below). All four ORFs are therefore potentially ex-
pressed as proteins in infected cells.

The ORFs for the proteins of 4.9 and 4.8 kDa appear
to have arisen from a single base deletion near the mid-
dle of an 11-kDa ORF sequence. This notion is derived
from the observation that a nucleotide inserted any-
where between bases 452 and 490 in the sequence
shown in Fig. 2, such that an open reading frame is
retained, converts the 4.9- and 4.8-kDa ORFs into a
single 11-kDa ORF. A nucleotide inserted between
bases 462 and 453, for example, creates an 11-kDa
ORF that shows significant sequence identity through-
out its length with the 15.2-kDa ORF of MHV JHM
(329%) (Skinner and Siddell, 1985), for which a protein
product has been identified (Ebner et al., 1988), and
with the 11.7-kDa ORF of MHV A59 (34%) (S. Weiss,
personal communication). To test the possibility that a
sequencing error gave rise to only an apparent deletion
in the BCV sequence, a separately derived clone, G6
(Fig. 1), was sequenced for this region of the genome.
No sequence difference was found, thereby confirming
the discontinuity of the 4.9- and 4.8-kDa ORFs on the
genome. The properties of the 4.9- and 4.8-kDa ORFs
are therefore discussed separately.

The 4.9-kDa ORF sequence overlaps by 8 bases at
its beginning with the putative S gene (Abraham et af.,
1990). The length of the &’ untranstated region of
mRNA 4 is not known, but the CYAAAC consensus se-
quence (which begins at base 1 in Fig. 2, 300 bases
upstream from the spike protein stop codon) predicts
that the 5' untranslated region will be approximately
395 bases in length (including the leader of an esti-
mated 80 bases). The 43-amino-acid protein has a pre-
dicted molecutar weight of 4911, and a net charge of
—0.5 at neutral pH. The hydrophobic N and C termini
(Fig. 3) are unlikely to serve as signal peptide or trans-
membrane anchor regions because of insufficient
length and hydrophobicity (Kyte and Doolittle, 1982;
Von Heijne, 1985). Despite its amino acid seguence
similarity to the amino-terminal portion of the MHV JHM
15.2-kDa protein, the 4.9-kDa ORF shows three con-
trasting features. For MHV, the CYAAAC consensus
sequence begins 33 nucleotides downstream from the
S protein stop codon, and the initiation codon for the
15.2-kDa protein begins 92 nucleotides downstream
from this site {i.e., not within the S gene sequence)
(Schmidt et &/, 1987). Finally, the N-terminal region of
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FiG. 3. Hydrophobicity plots of the potential 4.9-, 4.8-, 12.7-, and
9.5-kDa proteins. Hydrophobicity was determined by the method of
Kyte and Doolittle (1982) using a 3-amino-acid window. Hydrophobic

regions are plotted below the median line representing grand aver-
age hydrophobicity.

the MHV JHM 15.2-kDa protein contains a very long
hydrophobic region (39 amino acids) of sufficient hy-
drophobicity to serve as a signal peptide or transmem-
brane anchor (Skinner and Siddell, 1985).

The 4.8-kDa ORF is predicted to begin approximately
570 bases downstream from the 5’ end of mRNA 4. Of
the two methionine codons near the beginning of this
OREF (at positions 1 and 3), the second is in a more pre-
ferred context for initiation of translation although both
are considered to be suboptimal (Kozak, 1989). The
4.8-kDa ORF predicts a 45-amino-acid protein having
a molecular weight of 4823 and a net charge of —2 at
neutral pH. It possesses one central hydrophobic re-
gion of sufficient hydrophobicity but probably of in-
sufficient length to be a transmembrane domain (Fig.
3). Like the C terminus of the MHV JHM 15.2-kDa pro-
tein, the 4.8-kDa ORF is threonine rich (representing
24% of its amino acids), but unlike the 15.2-kDa pro-
tein, it is not basic at its C terminus.

The 12.7-kDa ORF predicts a 109-amino-acid pro-
tein having a molecular weight of 12,749. The
CCAAAC consensus seguence beginning at base 631
(Fig. 2) predicts that the transcript for the 12.7-kDa pro-
tein will have a %' untranslated region of approximately
160 bases, including the leader. The deduced 12.7-
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kDa protein has a net charge of +5 at neutral pH and
is therefore basic, but there is no obvious clustering of
basic residues in any part of the molecule. There is one
potential asparagine-linked glycosylation site at amino
acid position 18. A hydrophobicity plot (Fig. 3) illus-
trates that amino acids 86 through 99 are of sufficient
length and hydrophobicity to be a transmembrane do-
main. The 12.7-kDa protein has amino acid sequence
identities of 50 and 49%, respectively, with the 12.4-
and 13-kDa proteins of MHV JHM and A59 (Budzilo-
wicz and Weiss, 1987; Skinner et al., 1985), and like
these, has only one methionine and this is derived from
the initiation codon.

The 9.5-kDa ORF predicts an 84-amino-acid protein
with a molecular weight of 9543. The CCAAAC con-
sensus sequence beginning 122 bases upstream from
the first potential start codon (Fig. 2) predicts a sepa-
rate transcript for this protein that would have a 5’ un-
translated region of approximately 205 bases. The first
and third codons of the predicted protein are for methi-
onine and it is unknown which of these initiates synthe-
sis of the protein. The second methionine codon is in
a more preferred context for initiation of translation al-
though both are considered to be suboptimal (Kozak,
1989). Fifty-three percent of the amino acids in the 9.5-
kDa protein are hydrophobic and these are concen-
trated between amino acids 17 and 62 (Fig. 3). They
give rise 1o an extremely hydrophobic region containing
few charged amino acids and this is a potential trans-
membrane domain. The C-terminal one-third of the
protein is hydrophilic and has a net negative charge.
The BCV 9.5-kDa protein has amino acid sequence
identities of 656 and 629%, respectively, with the 10.2-
and 9.6-kDa proteins of MHV JHM and A59 (Budzilo-
wicz and Weiss, 1987; Skinner et al., 1985).

Northern hybridization analyses identify mRNA spe-
cies 4, b, and 5-1 which have ORFs for the 4.9/4.8-,
12.7-, and 9.56-kDa proteins at their respective 5-proxi-
mal ends. We have previously identified eight BCV-spe-
cific RNA species in infected cells by both metabolic
fabeling and Northern hybridization experiments, and
these include the genome (species number 1) and
seven putative subgenomic mRNAs (Keck et al., 1988).
To determine which of these might be transcripts be-
ginning with the 4.9/4.8-, 12.7-, or 9.5-kDa genes, sub-
clones containing sequences for the bodies (i.e., b
proximal ORF) of the three putative transcripts were
used separately as radiolabeled probes in Northern
analyses. A separate RNA species for each of these
probes was identified between the S (MRNA 3) and M
(mMRNA 8) mRNA species (Fig. 4). The mRNA species
having the 5’-terminal 4.9/4.8-kDa sequence is newly
identified by these experiments and is named mRNA 4.
[The previously named BCV species 4 and 5 (Keck et

PROBE
3'end 9.5 12.7 4.9
U I U 1 u | u 1|
1
2
2-1
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28S 4
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P | 5-1
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18S 7

FiG. 4. Northern blot analysis identifying mRNAs 4, 5, and 5-1 as
initiating with the 4.9-, 12.7-, and 9.5-kDa ORFs, respectively. Cy-
toplasmic RNA from infected and uninfected cells was probed with
cDNA clones of defined sequence as described under Materials and
Methods. U = RNA from uninfected cells. { = RNA from infected cells.

al., 1988} are renamed here as b and 5-1 to correspond
to the homologous gene 5 products of MHV (Budzilo-
wicz and Weiss, 1987; Skinner et a/., 1985).] mRNA 4
is obscured by 28 S ribosomal RNA in Northern analy-
ses for which the RNA had not been first selected by
oligo{dT)-cellulose chromatography (data not shown).
A species migrating between mRNAs 6 and 7 (Fig. 4)
is known to be a transient-defective RNA that is present
in the inoculum stock used in these experiments (M.
Hofmann and D. Brian, unpublished data). Thus, a total
of nine BCV-specific RNA species (putative mRNAs)
have now been identified by Northern analyses.
Translation of transcripts made in vitro demonstrate
that the BCV 9.5-kDa protein is readily made from an
upstream ORF, and poorly made, if at all, from a down-
stream ORF. From our analysis, the transcription pat-
tern for synthesis of the BCV 12.7- and 9.5-kDa pro-
teins is strikingly different from that for the MHV homo-
logs. In MHV, one transcript, MRNA b, is utilized for the
synthesis of both the 13- and 9.6-kDa proteins (Budzi-
lowicz and Weiss, 1987, Leibowitz et al., 1988; Skinner
et al., 1985). Supporting this conclusion are the facts
that for MHV (1) no transcripts with the 9.6-kDa gene
as the 5'-terminal open reading frame are found, (2) no
CYAAAC consensus sequences are found upstream of
the 9.6-kDa open reading frame (i.e., within the 13-kDa
ORF), and (3} in vitro translation of a synthetic tran-
script having the 13- and 9.6-kDa open reading frames
in tandem demonstrates that synthesis of the 9.6-kDa
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downstream open reading frame is the preferred trans-
lation product. To analyze the significance of the
differences between BCV and MHV regarding expres-
sion of the 9.5-kDa protein, we first established that the
BCV 9.5-kDa protein is made during virus infection by
seeking immunofluorescent labeling of infected cells
with antiserum prepared against the MHV A59 9.6-kDa
protein (Leibowitz et a/., 1988). Both internal and sur-
face immunofluorescence patterns were found and
they are similar to those in MHV-infected cells (Figs.
5C and E). The BCV 9.5-kDa protein is therefore made
during virus infection. To test whether the BCV 9.5-kDa
protein can be made from a downstream tandem tran-
script (i.e., a structure that mimics MHV mRNA 5), in
vitro transcripts from pT7-12.7-9.5-M were trans-
lated and the results are shown in Fig. bA, lane 1. The
vast majority of product from the pT7-12.7-9.56-M
transcript was a protein of 12.7 kDa, and essentially no
product of 9.5 kDa was made. Neither was a product
the size of M protein produced. To test the translatabil-
ity of the 9.5-kDa ORF, transcripts from pT7-9.5-M
(i.e., a structure that mimics BCV mRNA 5-1) were
translated and abundant amounts of the 9.5-kDa pro-
tein were produced (Fig. 5A, lane 2). Interestingly, with
this transcript moderate amounts of a 21.5-kDa protein
were also made which could represent the membrane
protein since the unglycosylated form of this protein
has a molecular mass of 22 kDa (Lapps et al., 1987).
The identity of the 9.56-kDa protein product was con-
firmed by immunoprecipitation with MHV 9.6-kDa pro-
tein-specific antiserum (Fig. BA, lane 3). There ap-
pears, therefore, to be little or no downstream initiation
of 9.5-kDa protein synthesis in the BCV sequence, but
good synthesis when the 9.5-kDa open reading frame
is the b'-proximal open reading frame.

DISCUSSION

We have described genes for potential proteins of
4.9, 4.8, 12.7, and 9.5 kDa encoded between the S
and M genes of BCV, and have demonstrated the exis-
tence of three mRNAs, species 4, 5, and 5-1, that po-
tentially express these proteins in infected cells. Spe-
cies 4 has not been described before and it appears to
encode the 4.9- and 4.8-kDa open reading frames in
tandem atits 5’ end, suggesting that if the 4.8-kDa pro-
tein is made, it is translated from a downstream open
reading frame.

One feature of transcripts for the putative nonstruc-
tural proteins was found to contrast sharply with tran-
scripts for the structural proteins. Whereas mRNAs for
the BCV HE, S, M, and N structural proteins have initia-
tion codons beginning respectively 88, 82, 80, and 86
bases downstream from their 5’ ends (assuming a

A

12.3" - . 12.7

'

FiG. 5. In vitro synthesis and immunodetection of the 9.5-kDa pro-
tein. (A) Lane 1, jn vitro translation of transcripts on which the 9.5-
kDa protein comes from the second (downstream) ORF (i.e., tran-
scripts of pT7-12.7-9.5-M). Lane 2, in vitro translation of transcripts
on which the 9.5-kDa protein comes from the first (upstream) ORF
(i.e., transcripts of pT7-9.5-M). Lane 3, immunoprecipitate of prod-
uct made in lane 2. Lane 4, control for immunoprecipitation using
nonimmune rabbit serum. Lane 5, in vitro translation of transcripts
from the pGEM-4 vector only. Lane 8, in vitro translation with no RNA
added. (B) Internal immunofluorescence of uninfected cells. (C) Inter-
nal immunofluorescence of BCV-infected cells. (D) Surface immuno-
fluorescence of uninfected cells. (E) Surface immunofluorescence of
BCV-infected cells.

leader sequence of 80 bases for BCV), mRNAs for the
4.9-, 4.8-, 12.7-, and 9.5-kDa nonstructural proteins
have corresponding predicted sequences of 395, 570,
160, and 205 bases. The much longer 5’ untranslated
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region on the mRNAs for the nonstructural proteins
suggests that a different strategy of translation may be
used by the nonstructural proteins. A mechanism other
than ribosomal scanning (Kozak, 1989), for example, a
mechanism such as that utilized by picornaviruses in
which downstream assembly of a ribosomal complex
allows the bypassing of a very long (745-base) 5’ un-
translated region (Pelletier and Sonenberg, 1989),
could aid in the synthesis of some coronaviral non-
structural proteins. Certainly, potential upstream me-
thionine start sites (12 for the 4.9-kDa protein, 15 for
the 4.8-kDa protein, 0 for the 12.7-kDa protein, and 1
for the 9.5-kDa protein) require bypassing during syn-
thesis of the nonstructural proteins, whereas there is
no such requirement during synthesis of the structural
proteins since there are no potential start codons
within the BCV leader (M. A. Hofmann and D. A. Brian,
unpublished). This pattern is aiso seen by the down-
stream translation of the MHV JHM 10.2-kDa and the
MHV A59 9.6 protein {Skinner et al., 1985; Budzilowicz
and Weiss, 1987).

A most striking finding from our data is that the BCV
9.5-kDa protein, unlike its antigenic homolog in MHV,
appears to be synthesized from a transcript on which
it is in the b'-terminal position. From a large body of
coronavirus sequence information (see Spaan et al.,
1988, for review), a CYAAAC consensus sequence re-
siding upstream (within the 12.7-kDa ORF) in BCV
strongly predicts that a separate transcript for the 9.5-
kDa protein will be made. The difference between BCV
and MHV on this point suggests the possibility that co-
ronavirus transcription start sites are of a pleiotropic
nature. Did BCV evolve from a MHV-like progenitor and
gain a CYAAAC sequence, and thus a new transcript,
or did MHV lose the sequence and develop a compen-
sating mechanism for synthesis of the 9.6-kDa protein
{i.e., a downstream initiation site for translation)? It will
be interesting to learn if such transcriptional start sites
can be engineered. It may be that more than the mini-
mal CYAAAC sequence is required for initiating tran-
scription since within the S gene of BCV two other CY-
AAAC sequences have been found that apparently do
not initiate transcription (Abraham et a/., 1990).

The functions of the putative 4.9-, 4.8-, 12.7-, and
9.5-kDa proteins are not known. Since some of the
small coronavirus nonstructural proteins have both hy-
drophobic and highly charged domains, it has been
proposed that they may serve a siting or anchoring
function for structural proteins during virus assembly,
or may maintain a membrane association of the viral
polymerase during replication (Boursnell and Brown,
1984; Boursnell et al.,, 1985; Leibowitz et a/., 1988;
Skinner and Siddell, 1985; Skinner et al., 1985). It is
interesting to note that although significant regions of

amino acid sequence identity are found among the ho-
mologous structural proteins of evolutionarily divergent
coronaviruses (BCV, 1BV, and TGEV), no identity
among the nonstructural proteins was found in our
computer search except for a small region in the 9.2-
kDa protein of TGEV (amino acids 40--55) that shares
43% sequence identity with amino acids 43-58 of the
BCV 9.5-kDa protein. The region of homology is

BCVIIQITCl)GMClNTLl(IBLSPSll
TGEV I K L C MV CCNLGRTV | |

The 9.5-kDa protein of BCV, 9.6-kDa protein of MHV,
and 9.2-kDa protein of TGEV may therefore serve a ho-
mologous function in virus replication.

By using cross-reacting rabbit antiserum against the
MHV 9.6-kDa protein, we have shown that the BCV
9.5-kDa protein, like its MHV counterpart, is expressed
on the surface of virus-infected cells as well as inter-
nally. It may therefore be an integral membrane protein
as its hydrophobicity profile suggests. Because of its
cell surface location, it may be an important immuno-
gen to exploit for modulation of BCV infection. The role
of this putative nonstructural protein in immune re-
sponses to BCV infection should therefore be investi-
gated.
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