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ABSTRACT

Bovine coronavirus possesses four structural proteins,
the spike, hemagglutinin-esterase, matrix and nucleocapsid
proteins. The genes for the structural proteins all map
within the 3' proximal 9 kilobases of a 20 kilobase, single
stranded RNA genome. The genes for the hemagglutinin-
esterase, matrix and nucleocapsid proteins have been cDNA
cloned, physically mapped on the genome and sequenced. In
this study, five kilobases of the genome mapping between
the hemagglutinin-esterase and matrix protein genes and
encoding genes for the spike and four potential
nonstructural proteins was characterized at the molecular
level.

A partial cDNA genomic library was made and the spike
protein gene was identified and seguenced. The spike
protein gene is 4,089 bases, lies on the 3' side of the
hemagglutinin-esterase protein gene, and predicts a protein
of 150,825 daltons. An internal lys-arg-arg-ser-arg-arg
sequence predicts a protease cleavage site between amino
acid 768 and 769 and amino terminal amino acid sequencing
of the virion derived 100 kilodalton subunit confirmed the
location of this site. The virion 120 and 100 kilodalton
spike subunits were therefore established to be the amino-

and carboxy-terminal subunits. RNA hybridization analyses
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using a sequence specific probe demonstrated that the spike
protein is encoded on mRNA 3.

Between the spike and matrix protein genes were found
four open reading frames that encode in order 5' to 3',
potential nonstructural proteins of 4.9, 4.8, 12.7 and 9.5
kilodaltons. A consensus sequence CYAAAC that is thought
to play a role in coronavirus transcription precedes the
open reading frames for the 4.9, 12.7 and 9.5 kilodalton
proteins and predicts that transcripts from each of these
sites would be made. RNA hybridization analyses using
sequence specific probes confirmed this prediction and
established the three transcripts to be mRNAs 3a, 4, and 5
respectively. Translation of in vitro synthesized
transcripts of the bovine coronavirus 9.5 kilodalton
protein gene was done in an attempt to clarify differences
that were observed between the bovine coronavirus and the
antigenically related mouse hepatitis coronavirus with

respect to the expression of this protein.
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CHAPTER 1

LITERATURE REVIEW

A. MOLECULAR AND CELLULAR BIOLOGY OF CORONAVIRUSES

Introduction

Coronaviruses belong to one of 16 families of RNA
viruses (Fenner, 1987) (Table 1.1). They were first
recognized and morphologically defined as a group by
Tyrrell and coworkers (1968; 1975; 1978). The prefix
corona was chosen because of the crown-like appearance of
projections on the surface of the virions (Tyrrell, 1968).
Morphologically, coronaviruses can be described as
spherical, medium sized enveloped particles measuring 100-
150 nm in diameter (Roseto, 1982).

There are now sixteen recognized members in the family
and most are known to cause acute diseases of the
gastroenteric or respiratory tracts. Table 1.2 lists the
coronaviruses, their natural hosts and the diseases they
cause. It can be seen from Table 1.2 that coronaviruses
infect a wide range of vertebrate animals and cause a
variety of diseases in multiple organ systems. The members
of the coronavirus family earlier had been grouped into
four subgroups on the basis of their antigenic relatedness

(Wege, 1982). The avian coronaviruses formed two




a
Table 1.1 CHARACTERISTICS OF RNA VIRUS FAMILIES

Genomeb site of€
Family Nature Size(kb) Envelope virus budding
Picornaviridae ss,1,(+) 7.5-8.5 - -
Calciviridae ss,1,(+) 7.9 - -
Togaviridae ss,1,(+) 12 + PM
Flaviviridae ss,1,(+) 12 + ER,Golgi
Orthomyxoviridae ss,8,(-) 13.6 + PM
Paramyxoviridae ss,1,(-) 18-20 + PM
Coronaviridae ss,1,(+) 20-30 + ER,Golgi
Arenaviridae ss,2,(-) 10-14 + PM
Bunyaviridae ss,3,(-) 14-17 + Golgi
Retroviridae ss,1,(+) 2X(3-9) + PM
Rhabdoviridae ss,1,(-) 13-16 + PM
Reoviridae ds,10-12 17-22 - ER
Filoviridae ss,1,(-) 12.7 + PM
Birnaviridae ds,?2 7 - -
Toroviridae ss,l,(+) 20 + ?
Astroviridae ss,1,(?) 8 - -
a

Adapted from Dubois-Dalcqg et al., 1984 and Fenner et
al., 1987

b All molecules linear although circular forms of
togaviruses have been found; ss=single-stranded; ds=double-
stranded; 1 to 12=number of molecules in genome; (+) or(-)=
sense of single stranded nucleic acid.

¢ ER=Endoplasmic reticulum; PM=Plasma membrane



Table 1.2 CORONAVIRUSES AND THEIR RELATED DISEASES?

Common Name of Virus Designation Natural Host Disease

Avian infectious IBV Chicken  Tracheobronchitis

bronchitis virus nephritis,
oviduct hypoplasia

Turkey coronavirus TCcV Turkey Enteritis (blue

' comb disease)

Mouse hepatitis virus MHV Mouse Hepatitis,
encephalomyelitis,
enteritis,
interstitial
pneumonia

Rat coronavirus RCV Rat Pneumonia,
Rhinotracheitis

Sialodacryoadenitis SDav Rat Sialodacryo-~

virus adenitis, kerato-
conjunctivitis,
rhinotracheitis

Transmissible gastro- TGEV Pig Gastroenteritis

enteritis virus

Hemagglutinating HEV Pig Encephalomyelitis,

encephalomyelitis virus gastroenteritis

(vomiting and
wasting disease)

Porcine epidemic PED Pig Enteritis

diarrhoea virus

Bovine coronavirus BCV Bovine Gastroenteritis

Human coronavirus HCV Human Common cold

Human enteric HEV Human Gastroenteritis

coronavirus

Canine coronavirus ccv Dog Gastroenteritis

Feline infectious FIPV Cat Meningo-
encephalitis,
panopthalmitis,
peritonitis,-
pleuritis,
pneumonia,
wasting disease,
vasculitis
(immune complex
disease),
disseminated
granulamatous
disease.

Feline enteric FECV Cat Enteritis

coronavirus

Pleural effusion RbCV Rabbit Pleuritis,

disease virus myocarditis

Rabbit enteric RbECV Rabbit Enteritis

coronavirus

a Adapted from Sturman and Holmes, 1983.



subgroups and the mammalian coronaviruses formed two
subgroups. Recently, however, Dea et al., (1989)
(personal communication) have shown that the turkey
coronavirus is antigenically related to the bovine
coronavirus and probably belongs to one of the mammalian
subgroups and is no longer a separate subgroup (Table 1.3).

Most of the information that is available on the
molecular and cellular biology of coronaviruses is derived
from studies on the infectious bronchitis virus (IBV) and
mouse hepatitis virus (MHV). These two viruses have been
intensely studied and information obtained from these
studies is used to illustrate the major features of
coronavirus structure and replication. Some recent
fundamental observations have been made with the porcine
transmissible gastroenteritis virus (TGEV), however, and
these will be discussed below. It is therefore assumed
that basic features described for one coronavirus are
universal to all. Some viruses have features that are not
common to all coronaviruses. For example, the bovine
coronavirus (BCV) (King and Brian, 1982), human
coronavirus 0C43 (Hogue and Brian, 1986), porcine
hemagglutinating encephalomyelitis virus, diarrhoea virus
of infant mice (Sugiyama et al., 1986) are found to

contain the hemagglutinin-esterase glycoprotein which is



Table 1.3 ANTIGENIC RELATIONSHIPS AMONG CORONAVIRUSES?

Group 1 Group 2
Human Coronavirus 229E Mouse Hepatitis Virus
Porcine Transmissible Rat coronavirus
Gastroenteritis Virus
Canine Coronavirus Sialodacryoadenitis
Virus of Rats
Feline Infectious Peritonitis Human Coronavirus 0C43
Virus

Bovine Coronavirus

Hemagglutinating
Encephalomyelitis
Virus of swine

Turkey COronavirusb

Group 3

Infectious Bronchitis Virus

a adapted from Wege et al., 1982. Based on the serological
techniques of neutralization, crossimmunofluorescence and
crossimmunoprecipitation.

b Dea et al., personal communication (IV International
Coronavirus Meeting, Cambridge, England).



unique to this subgroup of coronaviruses. Figure 1.1
shows a schematic representation of the structure of two
coronaviruses (BCV and TGEV) presently studied in our
laboratory.

Coronaviruses grow in a wide variety of cells and
their infection is often but not always, accompanied by
cytopathic changes, 1leading to disintegration or in some
cases syncitium formation (Tyrrell et al., 1978). There
have been no quantitative studies on host cell DNA, RNA or
protein synthesis in infected cells, but MHV does exhibit
a strong inhibition of host cell protein synthesis (Hilton
et al., 1986). The mechanisms for this inhibition are not
known. BCV, on the other hand, causes very few cytopathic
effect and 80-90% of the cells survive the acute infection
to become persistently infected (a carrier culture).
Replication like that for other positive strand RNA viruses
takes place in the cytoplasm of infected cells. This
conclusion is supported by (1) electron microscopic and
immunofluorescence studies which show coronavirus proteins
in the cytoplasm (McIntosh et al., 1974), (2) growth of
coronaviruses in the presence of Actinomycin D and
inhibitors of DNA metabolism (McIntosh, 1974), and, (3)
replication of MHV JHM in enucleated cells (Brayton et al.,

(1981).




BCV

RNA
(20KB)

TGEV

RNA
(20KB)

— S (190K)

. i_i — HE (140K)

}1_)'__

0 N (52K)

T~— M (26K)

— S(200K)

N (48K)

\ M (29K)

Fig 1.1 Schematic representation of structure of the
bovine coronavirus (BCV) and porcine transmissible

gastroenteritis virus (TGEV).

The data for BCV structure

is from King and Brian (1982) and TGEV structure from

Moreau (Masters thesis, 1982).

Four major structural

proteins are S=Spike; HE=hemagglutinin-esterase;
M=matrix; N=Nucleocapsid. The genome is a single
stranded, nonsegmented 3'polyvadenylated RNA.



Coronavirus genome

The genome of coronaviruses is a single-strand RNA

molecule with a molecular mass of 5.4-6.9 X 106

daltons,
that was originally estimated to be 16-20 kb in length
(Siddell et al., 1982; Sturman and Holmes, 1983). The
genome of IBV has been completely sequenced and is 27 kb in
length (Boursnell, 1987). Mapped clones of MHV genome
suggest that it is 34 kb in length (Pachuk et al., 1989).
This makes the coronavirus genome the largest single
stranded RNA genome described for any virus.

The genomic RNA has been shown to be infectious for
IBV, MHV and TGEV. Therefore coronaviruses are plus strand
RNA viruses ( Baltimore, 1971; Sturman and Holmes, 1983).
The 5'end of the genomic RNA is capped and the 3'end is
polyadenylated (Schochetman et al., 1977; Guy and Brian,

1979; Sturman and Holmes, 1983; Siddell, 1982a).

Coronavirus proteins

a. Structural proteins

Three major structural proteins are present on the
virion of all coronaviruses, the nucleocapsid (N) protein,
the matrix (M) glycoprotein and a large spike or peplomer
(S) protein (Stern and Sefton 1982a; Siddell, 1982). A

subset of coronaviruses, those that hemagglutinate,



contain a fourth glycoprotein which is the hemagglutinin-
esterase protein (HE) (King and Brian, 1982; Hogue et al.,

1986; Sugivama et al ., 1986)

Nucleocapsid protein

The 50K-60K nucleocapsid protein (N) is a basic,
phosphorylated protein (Stohlman and Lai, 1979) and is
found associated with the positive stranded genomic RNA.
Cloning and sequencing of the N gene of MHV A59 (Armstrong
et al., 1983), MHV JHM (Skinner et al., 1983), 1IBV
(Boursnell et al., 1985b), TGEV (Kapke and Brian, 1986)
and BCV (Lapps et al., 1987) has made it possible to
deduce the primary structure of the nucleocapsid protein.
Recent work has shown the involvement of the nucleocapsid
protein in transcription. Antibodies to the nucleocapsid
protein were shown to inhibit transcription in vitro
(Compton et al., 1987). More recently Stohlman et al,
(1988) reported the presence of N binding sites on MHV
leader RNA which is part of the transcription complex.
However the exact nature of the interaction between N and
the transcription complex is not known. The binding of N
to leader RNA probably has an important function in
viral assembly since leader RNA sequences are present at

the 5' end of the genome.



Matrix protein

The matrix protein (M) is a 26K-28K integral membrane
glycoprotein. The gene for the matrix protein has been
cloned and sequenced for many of the coronaviruses
including MHV A59 (Armstrong et al., 1984), MHV JHM
(Pfleiderer et al., 1986), IBV (Boursnell et al., 1984),
BCV (Lapps et al., 1987) and TGEV (Laude et al., 1987;
Kapke et al., 1987). 1In infected cells M protein is found
to accumulate within the rough endoplasmic reticulum (RER)
and Golgi apparatus (Holmes, 1981b). It has been
suggested that the matrix protein determines the site of
virus budding (Tooze et al., 1984). The M proteins of
MHV, 1IBV and BCV are interesting membrane proteins in that
they do not possess an N-terminal signal sequence but they
require the signal recognition particle for membrane
insertion (Rottier et al., 1984, 1985). Internal membrane
spanning domains have been found to function as signal
sequences in these proteins (Machamer and Rose, 1987).
However the absence of an N-terminal signal peptide is not
universal among coronaviruses since a putative N-terminal
signal peptide has been identified on the TGEV M protein
that does not appear to be an absolute requirement for
membrane translocation of the TGEV M protein (Laude et al.,
1987; Kapke et al., 1988). Glycosylation of the matrix
protein of BCV (Lapps et al., 1987) and MHV (Holmes et

al., 198la; Rottier et al., 1981b; Niemann et al., 1984)

10



differs from that of most viral glycoproteins in that
glycosylation of the M protein is not inhibited by
tunicamycin suggesting the presence of O-linked sugars. 1In
IBV and TGEV, however, N-linked sugars are present on the

M protein (Cavanagh et al., 1983a; Jacobs et al., 1986).

Spike or Peplomer protein |
The spike (S) protein 1is 150K-200K and forms the large
peplomers or spikes on the virion envelope which give
coronaviruses their characteristic crowned appearance. The
gene for the peplomer protein has been cloned and sequenced
in MHV A59 (Luytjes et al., 1987), MHV JHM (Schmidt et
al., 1987), TGEV (Rasschaert et al., 1987; Tung, PhD
disseration, 1987), and feline infectious peritonitis
virus (FIPV) (deGroot et al., 1987). The deduced amino
acid sequence of the S protein from the nucleotide
sequence, showed the presence of a putative signal
sequence at the N-terminus and a hydrophobic domain
(potential membrane anchor) at the C-terminus
characterisitic of membrane proteins (Garoff, 1985). The
S protein is present on the virion as cleaved subunits in
IBV (Cavanagh et al., 1983a, b; Stern and Sefton, 1982b),
MHV (Sturman et al., 1985) and BCV (King and Brian,
1982). However cleavage is not seen in TGEV (Rasschaert et
al., 1987), FIPV (deGroot et al., 1987) and canine

coronavirus (CCV) (Garwes et al., 1981b). N-linked

11



glycosylation is present on the S protein and is required
for virus infectivity (Holmes et al., 1981b). The protein
is acylated by palmitic acid at or near the hydrophobic
domain (Schmidt, 1982). Acylation is postulated to have a
role in membrane anchorage (Schlesinger, 1981) and is a
common feature of envelope glycoproteins including the VSV
G protein, hemagglutinin (HA) of influenza, fusion (F)
protein of Newcastle disease virus, and
hemagglutinin/neuraminidase (HN) protein of Simian wvirus 5
(Veit et al., 1989).

The S protein mediates the binding of the virions to
receptors on the plasma membrane and is responsible for the
induction of at least some of the neutralizing antibodies
(Garwes et al., 1978; Deregt et al., 1987; 198%a, 1989b).
A majority of the S protein is retained in the RER and
incorporated into virus particles at this site, although
some of it does get transported to the cell surface of
infected cells which makes the cells susceptable to
cytotoxic T cells (Haspel et al., 1981). It is also found
to induce cell fusion thereby promoting virus entry and

dissemination (Sturman and Holmes 1983).

Hemagglutinin-esterase protein
The hemagglutinin-esterase protein (HE) is 140K and is
present in BCV (King and Brian, 1982; King et al., 1985;

Deregt et al., 1987), porcine hemagglutinating
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encephalomyelitis virus (HEV), human coronavirus 0OC43 (HCV
0C43) (Hogue and Brian, 1986) and diarrhoea virus of
infant mice (Sugiyama, 1986). It is present on the virion
as a disulfide linked homodimer of 65K subunits in BCV and
has been shown to be involved in the binding of the virus
to the cell (Vlasak et al., 1988a). It has been shown to
stimulate neutralizing antibodies (Deregt et al., 1987;
1989). The HE protein possesses acetyl esterase activity
very similar to that observed in influenza C viruses which
cleaves acetyl residues from sialic acid on cellular
receptors (Vlasak et al., 1988a; Vlasak et al., 1988Db).
The acetyl esterase activity (receptor destroying activity)
may facilitate virus entry or release and may also promote

the spread of the virus by inactivating its own receptor.

b. Nonstructural proteins of coronaviruses

The genome of coronaviruses also encodes potential
nonstructural proteins. However, Vvery little is known
about the number and function of these proteins. The RNA
dependent RNA polymerase is one of the nonstructural
proteins that has been identified in TGEV and MHV infected
cells (Dennis and Brian, 1981, 1982; Brayton et al.,
1982; Mahy, 1983). The gene for the RNA dependent RNA
polymerase has been identified in IBV (Boursnell et al.,
1987) and in MHV A59 (Pachuk et al., 1989). A number of

open reading frames have been identified between the spike
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and matrix protein genes of coronaviruses that can encode
putative nonstructural proteins or proteins that form minor
structural components of the virion (Figure 1.2). mRNAs
that potentially encode these proteins are found to
function as polycistronic mRNAs (MHV mRNA 5 and mRNA D of
IBV) unlike the mRNAs for the structural proteins which
function as monocistronic mRNAs (Budzilowicz et al., 1987;
Skinner et al., 1985; Boursnell et al., 1985a). A 15K
protein in MHV JHM infected cells (Ebner et al., 1988),

a 9.6K protein in MHV A59 infected cells (Leibowitz et al.,
1988) and a 12.4K protein in IBV infected cells (Smith,
1987) have been detected as products of some of these

genes.

Adsorption, penetration and uncoating of coronaviruses

Relatively very little is known about the early events
in coronavirus replication. The binding of coronaviruses
to cells appears to be via the spike and hemagglutinin-
esterase glycoproteins, since antibodies to these proteins
inhibit virus infectivity (Garwes, 1978; Deregt et al.,
1987; Deregt et al., 198%a, b). Although detailed
studies of coronavirus penetration and uncoating have not
been performed, several studies suggest two possible
mechanisms. Coronavirus uptake in some studies appears to

be via the the endocytic pathway (Patterson, 1976) as with
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Fig 1.2 Gene map of the genome of porcine transmissible
gastroenteritis virus (TGEV), bovine coronavirus (BCV),
mouse hepatitis virus (MHV), infectious bronchitis virus
(IBV). The open boxes represent open reading frames.
N=nucleocapsid, M=matrix, S=spike, HE=hemagglutinin-
esterase, POL=RNA polymerase. The numbers represent the
predicted molecular weights of the potential nonstructural
groteins encoded by the open reading frames.

open reading frames between HE and M of BCV were
identified in this study.

15



o

Semliki forest virus (Helenius, 1980a) and vesicular
stomatitis virus (Helenius, 1980b). In other studies
coronaviruses appear to enter the cell by fusion with the

cell membrane (Sturman et al., 1983).

RNA replication, transcription and translation in

coronaviruses

RNA dependent RNA polymerase activity in cells infected
with TGEV and MHV was first detected by Dennis and Brian
(1981, 1982) and Mahy et al, (1983), respectively. Two
different peaks of polymerase activity in MHV infected
cells was reported (Brayton et al., 1984). The early
polymerase activity was postulated to result in the
synthesis of the negative strand antigenome RNA (Brayton et
al., 1984; Lai et al., 1982b). The negative strand was
then postulated to serve as the template for full length
positive strand genomic RNA and subgenomic mRNA synthesis
using the late RNA polymerase. The pattern of negative
strand RNA being first made by the early polymerase
activity and the positive strand RNA being made by the late
polymerase activity has been disputed by Sawicki and
Sawicki (1986). They have shown that both positive and
negative strand RNA are detected early in infection, after
which the synthesis of the negative strand declines and

positive strand synthesis continues.
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Stern and Kennedy (1980a, 1984) showed that IBV
infection resulted in the production of a nested set of
subgenomic mRNAs with common 3'ends. T1 oligonucleotide
mapping demonstrated that the intracellular RNA 1 (Stern
and Kennedy, 1980b), the largest RNA, corresponded to the
genomic RNA of virions and that all intracellular
subgenomic mRNAs formed a nested set. That is, the
nucleotide sequence of any given message is contained
within the 3'end of the next larger message. The 3'end of
all the mRNAs is the same. The Tl oligonucleotide data
also showed that the genomic RNA was of the same polarity
as the subgenomic mRNAs since they shared the same
oligonucleotides (Lai et al., 1981; Spaan et al., 1982).
The 3' coterminal set of mRNAs was later shown to be
present in MHV JHM and BCV (Keck et al., 1988), by using
specific cDNA probes from the 3'end of the genome. The
mRNAs are polyadenylated at the 3'end and capped at the 5'
end. The mRNAs have been designated 1 through 7 beginning
with genomic RNA as 1 and the smallest RNA as 7 in BCV
(Keck et al., 1988).

An unusual feature of coronavirus mRNAs is the presence
of approximately 70 nucleotides (leader RNA) at the 5'end
of each mRNA and the genomic RNA (Lai et al., 1983, 1984;
Spaan et al., 1988). Presently, there is no evidence
that leader RNA on each mRNA is derived by conventional

splicing. Baric et al, (1983, 1985, 1987), have provided
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evidence which suggests that mRNAs are made by a leader-
primed transcription mechanism. This model proposes that a
leader RNA species is synthesized from the 3'end of the
negative strand RNA antigenome, detaches from the template
and later binds to the same or different templates at the
initiation sites of various subgenomic mRNAs (Lai, 1986;
Lai et al., 1987). The leader RNA then serves as a primer
for mRNA transcription. A schematic representation of this
model is shown in Figure 1.3. Free leader has been shown
by Baric et al, (1985) to be present in the cytoplasm of
infected cells. There is sequence similarity of 7-18
nucleotides that occurs between the 3'end of the leader RNA
and the initiation sites of the various mRNAs. Several
initiation sites have been identified by comparing the
sequences of the 5'ends of the mRNAs and the corresponding
regions of the genome (Spaan et al., 1983; Bredenbeek et
al., 1987). Initiation sites have also been recognized
by homology searches and their positions on the genome
(Boursnell et al., 1984; Binns et al., 1985; Boursnell et
al., 1985b; Bredenbeek et al., 1986, 1987; Budzilowicz
amd Weiss, 1985; Kapke and Brian, 1986; Lapps et al.,
1987; Schmidt et al., 1987; Rasschaert et al., 1987;
Luytjes et al., 1987). These initiation sites or
intergenic sequences are found to be repeated at the

boundaries of genes. Table 1.4 shows the consensus

18



As. 3+ genome

+1
3 e — 5' - antigenome
S + 3+
> 5 g:: mMRNASs
5 e—— 3 +
antigenome
B-. :
UCUAAAC 3' =see=
leader (80 bases)
5"

Fig 1.3 A. Model for leader primed RNA transcription.
Leader RNA ( - ) is transcribed from the 3' end of the
antigenome (negative strand), detaches, and with the RNA
polymerase, binds to different consensus intergenic
sequences on the antigenome and initiates transcription
of the mRNAs. Leader RNA is present on the $' end of the
genome and on mRNAs.

B. Intergenic site (enlarged) at which leader RNA binds
on the antigenome to initiate mRNA synthesis.
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Table 1.4 CONSENSUS INTERgENIC SEQUENCES OF MHV-A59, BCV,
FIPV, TGEV, IBV

MHV-A59 AUCYAAAC
BCV AUCYAAAC
FIPV AACYAAAC
TGEV AACYAAAC
IBV CUUAACAA

asequences on the genome involved in the initiation of
subgenomic mRNA synthesis in MHV (mouse hepatitis virus),
BCV (bovine coronavirus), FIPV (feline infectious
peritonitis virus), TGEV (porcine transmissible
gastroenteritis virus), IBV (infectious bronchitis virus)
(Spaan et al., 1988).
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intergenic sequences involved in the initiation of
synthesis of subgenomic mRNAs of MHV, BCV, FIPV, TGEV
and IBV.

Expression of the genome of coronaviruses involves the
production of eight mRNAs in BCV, six in MHV and TGEV and
five in FIPV and IBV (review by Spaan et al., 1988). mRNA
coding assignments for the structural proteins of MHV was
established by cell free translation experiments by Siddell
et al, (1981, 1983), by Leibowitz and Weiss (1982), and
by translation in Xenopus laevis oocytes by Rottier
(1981la). These experiments demonstrated that the mRNAs
though structurally polycistronic were functionally
monocistronic. Only the 5'open reading frame unique to the
specific mRNA was translated. All the subgenomic mRNAs,
as mentioned above, have 5' and 3' termini the same as the
genome, and one fundamental question is why they do not
undergo replication the same as genome. This gquestion
assumes that the 3' terminal untranslated sequence on the
positive strand, and the 3' terminal antileader sequence on
the negative strand contain the polymerase recognition
signals for replication. Recently Sethna et al, (1989) have
shown a negative strand counterpart for each subgenomic
mMRNA in TGEV-infected cells and a similar observation has

been made in BCV-infected cells (M. Hofmann, unpublished
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data). These negative strand subgenomic mRNAs have been
postulated to have a role in mRNA amplification and the

presence of mRNA replicons has been hypothesized.

Assembly and release of coronaviruses

Figure 1.4 summarizes the events in genome
replication, transcription, translation and assembly of
MHV. Coronaviruses mature by budding into the lumen of the
rough endoplasmic reticulum (RER) or Golgl cisternae. The
nucleocapsid protein is found associated with the genomic
RNA to form the helical nucleocapsid. Stohlman et al.,
(1988) have recently shown a specific interaction of the
nucleocapsid protein with the leader RNA, however no
encapsidation signals have yet been identified. Virions
form when nucleocapsids align near intracellular membranes
containing virus glycoproteins (Massalski et al., 1981;
Tooze et al., 1984). The phosphorylated nucleocapsid
protein is associated with cellular membranes via strong
noncovalent interaction presumably through the M protein
which is found as an integral protein in the RER (Stohlman
et al., 1983; Sturman et al., 1980). The S protein is
evidently not required for virus assembly and release since
MHV virions devoid of the S protein are released from cells
treated with tunicamycin which inhibits the synthesis of S
protein by inhibiting glycosylation (Holmes et al., 1981b).

Virions are released from membranes by pinching off into
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the lumen of the RER or Golgi apparatus (Tooze et al.,
1984; Dubois-Dalcqg and Holmes, 1984) and large numbers of
virions are found to accumulate within the lumen of the
RER. Following their release into the RER and Golgi,
coronavirions appear to escape from the cell within smooth
walled vesicles that migrate to the cell membrane and fuse
with it to release the virions externally (Oshiro, 1971).
Budding from the endoplasmic reticulum has also been
observed for Bunyaviruses, Flaviviruses and Rotaviruses.
Table 1.1 shows the site at which virus budding takes place

in different RNA virus families.

B. FOCUS OF THE RESEARCH DISCUSSED IN THIS DISSERTATION
The subject of this dissertation is a detailed analysis

of a 5 kb region of the BCV genome that lies between the

matrix protein and the hemagglutinin protein genes.

Specifically this study accomplishes the following:

1. Cloning and sequence analysis of the spike protein
gene.

2. Sequence analysis and characterization of the region
between the spike protein gene and the matrix protein
gene which potentially encodes four nonstructural
proteins.

Bovine coronavirus (BCV)

BCV was first isolated and characterized from a calf

with diarrhoea (Mebus et al., 1978). It remains one of
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the major causes of neonatal bovine enteritis and is
responsible for approximately 25% of all deaths due to this
disease in the developed countries (House et al., 1978).
The genome of BCV is a single-stranded RNA with a
polyadenylated 3' end (Guy and Brian, 1979). The
structural proteins of BCV have been described by King et
al, (1982) and include the fourth glycoprotein, the
hemagglutinin-esterase protein. BCV has served as the
prototypic hemagglutinating coronavirus for the study of
the hemagglutinin-esterase protein (King et al., 1985;
Hogue et al., 1988; Vlasak et al., 1988a,b). Prior to
this study, part of the BCV genome containing the
nucleocapsid protein gene and the matrix protein gene had
been cloned and sequenced (Lapps et al., 1987). Hogue et
al, (1984) showed that the bovine coronavirus and the
mouse hepatitis virus are antigenically related and often
in this study, comparisons between these two viruses are

made.

C. RATIONALE FOR THE STUDY OF THE SPIKE PROTEIN GENE AND
POTENTIAL NONSTRUCTURAL PROTEIN GENES OF BCV

The overall objective of our laboratory is to
understand the molecular biology and pathogenesis of BCV.
Towards this direction, the study of the spike protein
gene and potential nonstructural protein genes was

undertaken.
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The spike protein of BCV is a 200K protein that is
glycosylated with N-linked sugars and is present on the
virion as cleaved subunits of 120K and 100K (King, 1982;
Deregt et al., 1987). The 100K subunit apparently serves
to anchor the 120K subunit to the virion. The gene for the
peplomer protein of BCV has not been mapped or
characterized, nor is there any information on the primary
structure of the protein. This study was initiated to
understand the structure of the protein and to begin to
correlate it with its function.

It would be necessary to characterize the spike protein
gene to begin to answer some of the following gquestions:

1. Is the primary structure of the BCV spike protein
different from that of other coronaviruses and do these
differences, if any, play an important role in the
functional properties of the protein?

2. Can the proteolytic cleavage site of the spike protein
be identified?

3. Can the mRNA for the spike protein be identified?

4. Can the spike protein be used as a recombinant
vaccine, since it has been shown to induce neutralizing
antibodies?

3. 1Is the synthesis and processing of the spike protein
dependent on any other viral protein(s)?

4. What role does the spike protein play in the

pathogenesis of the virus?
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The number of nonstructural proteins present in BCV-
infected cells is not known. cDNA cloning and sequence
analysis of the BCV genome will help in the identification
of open reading frames that could potentially encode
proteins that are minor virion components or nonstructural
proteins. The region of the genome between the spike and
matrix protein genes in coronaviruses IBV, MHV JHM, MHV
A59 and TGEV has been shown to contain open reading frames
that could encode nonstructural proteins (Figure 1.2). The
role of these proteins in the replication or pathogenesis
of the virus is not known. With antibodies against these
proteins or against peptides made from these proteins it
may be possible to identify their functions. This study
will help to answer some of the following questions:

1. How many nonstructural or minor structural protein
genes are present in this region of the genome?

2. What putative functions can be identified from the
deduced primary structure of the proteins?

3. Are these proteins made in BCV infected cells?

4. Can the proteins be localized within the virus
infected cells and can a correlation be made with regards
to their function?

5. 1Is the synthesis and processing of these proteins
dependent on any other viral proteins?

6. Can the proteins when expressed induce neutralizing

antibody and cytotoxic T cells, as observed when
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nonstructural proteins of other viruses are expressed (Kees
et al., 1984; Martin et al., 1988).

7. What role do these proteins play in the pathogenesis of
the virus?

Some of these questions will be answered in this study,
while others will still remain unanswered. However, the
information obtained from this study will make it possible
to design in vitro and in vivo experiments for detailed

structure-function analyses of the BCV genome.
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CHAPTER 2

GENERATION OF A PARTIAL cDNA LIBRARY OF THE BCV GENOME

Introduction

One of the initial steps required to study the
molecular biology of BCV methodically and in detail was to
¢cDNA clone and sequence the BCV genome. cDNA cloning and
sequence analyses would enable the characterization of the
genome, the identification of the genes and consequently
the proteins they encode. 1In our laboratory B. Lapps (PhD
dissertation, 1986) initiated studies on the
characterization of the BCV genome using this approach.

The 3' end of the BCV genome was cDNA cloned and the open
reading frames for the nucleocapsid and the matrix proteins
were characterized. These genes were found to lie within
the first 2.5kb from the 3' end of the BCV genome (Lapps,
1987). 1In this study the cDNA cloning and generation of a

partial cDNA library of the BCV genome is described.

Materials and Methods

Cells and virus

The Mebus strain of BCV was grown on the human rectal
tumor cell line, HRT 18 (Tomkins, 1974). Cells were

grown as monolayers in Dulbeccos modified minimal essential
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medium (DMEM) containing 50 micrograms/ml gentamicin
(Sigma) and 10% fetal bovine serum (Sterile Systems) (Hogue

et al., 1984).

Growth and purification of virus

Confluent monolayers of cells in 150cm2 flasks were
infected with a MOI of 5. After 1.5 hours of adsorption
at 370C, the inoculum was removed and replaced with 15 ml
of medium containing 1% fetal bovine serum. Supernatant
fluid was removed after 48 hours and clarified at 800 X g
for 10 minutes at 40C. Virus was concentrated by
centrifugation at 90,000 X g for 2 hours at 4OC onto a
cushion of 60% wt/wt sucrose in TMEN (50mM Tris maleate
(pH6), 0.1M NaCl, 1lmM EDTA). Concentrated virus was
isopycnically centrifuged in a continuous 60-20% (wt/wt)
18 ml sucrose gradient in TMEN for 4.5 hours at 90,000 X g
at 40C. Gradients were fractionated by using an ISCO
gradient fractionator. The virus was diluted in TMEN and

pelleted at 90,000 X g for 2.5 hours at 40C

RNA purification

The viral pellet obtained from 500 ml of culture
supernatant was resuspended in 500 microliters of RNase
free TNE (0.01M Tris-HCl (pH7.5), 0.1M NaCl, 1mM EDTA)
containing 2% sodium dodecyl sulfate (SDS) and 0.5mg

Proteinase K (Boehringer Manneheim Biochemicals),
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incubated at 37°C for 1 hour and the RNA was phenol

extracted and ethanol precipitated (Maniatis, 1982).

cDNA cloning of the BCV genome

BCV genomic RNA was cloned using the method described
by Gubler and Hoffman (1983). Random oligonuceotides (5-
mers) (Pharmacia) were used as primers for first strand
synthesis. The molar ratio of primer to genomic RNA used
was 10,000:1 (Dowling, 1983). First strand synthesis was
carried out in a 50 microliter reaction volume containing

50mM Tris-HC1l (pH8.1), 148mM KCl, 8mM MgCl 1mM DTT,

2!
2mM each of the four dANTPs, 15 micrograms of 5-mer primer,
15 units of reverse transcriptase (Seikagaku) and 15 units
of RNasin. Prior to the addition of the enzymes, the

0

mixture was heated at 80°C for 5 minutes and then cooled to

37OC, s0 as to denature the RNA and anneal the primers.
The reaction mixture was incubated at 37OC for one hour.
Reaction products were extracted with phenol and ethanol
precipitated in the presence of 2M ammonium acetate.

Second strand synthesis was carried out as described by
Gubler and Hoffman (1983) in a 100 microliter reaction

volume containing 20mM Tris HCl (pH7.5), 5mM MgCl 10mM

2’
(NH4)ZSO4, 10mM KC1l, 0.15mM NAD, 0.04mM ANTPs, 8.5
units/ml of RNase H (Boehringer Manneheim Biochemicals),
230 units/ml of DNA polymerase 1 (New England Biolabs).

0

The reaction mixture was incubated at 12°C for 1 hour and
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then at 220C for 1 hour. Reaction products were extracted
with phenol and ethanol precipitated with 2M ammonium
acetate.

The double strand cDNA was homopolymer tailed by the
method of Roy Choudhary and Wu (1980) in a 100 microliter
reaction volume. The following were added to the DNA, 10
microliters of 10X Tris cacodylate buffer (1l.4M K.
cacodylate, 0.3M Tris HCl (pH7.6)), O0.5mMACTP, 1mM CoCl2
and volume made upto 100 microliters with water. The
reaction mixture was incubated for 10 minutes at 37OC and 8
units of terminal deoxynucleotide transferase was added and
incubated at 37OC for 1 minute. An average of 15-17 C
residues/minute was added under these conditions. C-tailed
double strand cDNA was annealed to G-tailed Pstl linearized
pUC9 vector (PL Biochemicals) according to the procedure
described by Peacock (1981).

cDNA was also generated using specific primers for

first strand c¢cDNA synthesis, in this case the primer to

genome ratio used was 100:1.

Plasmid transformation of E. coli JM83

Cells were made competent for plasmid uptake by the
procedure of Hanahan (1983). This technique routinely

yielded 1 X 108

transformants per microgram of supercoiled
plasmid DNA. After transformation, cells were plated onto

medium that contained 100 micrograms/ml ampicillin, 1mM

32



isopropyl-l-thio-beta-D-galactosidase (IPTG), and 0.004%
wt/vol 5-bromo-4-chloro-3-indoyl-beta galactoside (X-Gal).
Recombinants (white) were distinguished from
nonrecombinants (blue) on the basis of color (Messing,

1982).

Identification of colonies containing viral inserts

White colonies were picked and transferred onto
selective indicator plates containing ampicillin, IPTG and
X-Gal in a grid pattern. Colonies were grown overnight and
transferred onto nitrocellulose filters (Schleicher and
Schuell) by laying the filter on the colonies. Filters
were removed, air dried, and in situ colony hybridization
was done as described in Maniatis (1982). Briefly,
colonies were lysed with alkali, neutralized, air dried
and baked in a vacuum oven for two hours. Prehybridization
was done at 650C for 2-4 hours in prehybridization solution
which contained 6X SSC (1X SSC contains 0.15M sodium
chloride, 0.015M trisodium citrate (pH7.0)), 0.5% SDS,
5X Denhardts solution, 100 micrograms/ml denatured salmon
sperm DNA. Hybridization was done overnight (14-18 hours)
at 650C. The probe used was random-primed radiolabeled
first strand cDNA generated from BCV genomic RNA. The RNA
of the RNA-DNA hybrid was hydrolyzed with 0.12M NaOH at
370C for two hours. An equal volume of 1M Tris HCl (pH8.0)

was added and the free nucleotides separated from the DNA
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using G-50 Sephadex spun column (Maniatis, 1982). The
probe was heated at 1000C for 5 minutes and quick cooled on
ice just before addition to the prehybridization solution.
After hybridization the filters were washed twice with 2X
SSC, 0.5% SDS for 20 minutes and finally with 0.1X SSC,

0

0.5% SDS at 55°C for 20 minutes. Filters were air dried

and autoradiographed.

Isolation and size screening of plasmids with BCV specific

inserts

Colonies identified as having viral inserts by
hybridization with random primed BCV cDNA were grown in 3
ml of Luria Broth containing ampicillin to prepare plasmid
DNA for characterization. Plasmid DNA was prepared by the
alkali-lysis method, subjected to restriction endonuclease
digestion, and analyzed by agarose gel electrophoresis
(Maniatis, 1982). The sizes of the inserts were estimated
using lamda DNA cut with Hindlll and 1kb DNA ladder (BRL)

as standards.

Results and Discussion

Initial efforts to cDNA clone the BCV genome (Lapps-PhD
dissertation, 1986; Lapps et al., 1987) employed oligo 4T
as primer for cDNA synthesis and generated clones that were
from the 3' end of the genome. Random pentamers were used

as primers in this study with the objective to generate a
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cDNA library of the entire BCV genome (Binns et al.,
1985). This method yielded approximately 10,000 white
colonies from three micrograms of total virion RNA.

The 10,000 white colonies that were obtained using
random primers for cDNA synthesis were screened by colony
hybridization with 32P labeled first strand BCV cDNA as
probe. 200 clones that contained viral inserts of greater ;
than 0.3 kb were obtained. It was surprising that of the
10,000 white colonies only 200 colonies were found to
contain viral specific inserts. The rest of the colonies
probably contained very small inserts that could not be
identified by hybridization using this screening procedure.

Plasmid DNA from the 200 cDNA clones was isolated and
the size of inserts was estimated and found to range
between 0.3 and 4.1 kb (Table 2.1).

The 200 cDNA clones were mapped by T. Kienzle to
determine their position on the BCV genome. He determined
that 50% of the clones mapped within the first 5kb of the
3' end of the BCV genome and another 50 clones mapped
somewhere within the remaining 15 kb of the genome. These
results indicated that the BCV genome is not evenly
represented by the cDNA clones generated by random priming.
Two possibilities are speculated to explain the skewing
observed: (1) The secondary structure of the extracted
genomic RNA may be such that the 3' end of the genome is

more accessible for cDNA synthesis. (2) cDNA may be

35



Table 2.1 ESTIMATED SIZES OF cDNA CLONES GENERATED WITH RANDOM
OR SPECIFIC PRIMERS

Clone Size Clone Size Clone Size Clone Size
Name (kb) Name (kb) Name (kb) Name (kb)
al 0.8 B16 0.5 D5 2.1 F15 0.9
a2 1.0 B17 ? D6 1.6 Fl6 1.0
A3 0.4 Bl18 0.7 D7 0.4 F17 ?
A4 1.0 Bl19 0.4 D8 1.2 Gl 2.5
AS 1.0 B20 0.7 D9 0.6 G2 0.9
A6 0.6 B21 1.0 D10 1.8 G3 1.6
A7 0.6 B22 0.8 D11 0.5 G4 1.2
A8 0.6 B23 0.4 D12 1.3 GS 2.5
A9 1.0 B24 1.1 D13 ? Gé 4.1
Al0 1.2 B25 1.2 D14 2.0 G7 0.4
All 1.5 B26 1.4 D15 1.0 G8 ?
Al2 0.5 B27 0.6 D16 1.5 G9 1.0
All 1.0 B28 ? El 0.6 Gl0 0.5
Al4 0.7 B29 0.6 E2 0.8 Gl1 ?
AlS 1.0 B30 ? E3 0.7 Gl2 0.5
Alé6 ? (oh} 2.2 E4 1.6 G13 0.4
Al7 0.8 Cc2 1.6 ES 0.4 Gl4 0.5
Al8 0.5 Cc3 0.6 E6 1.2 Gl15 0.8
Al9 2.2 c4 0.4 E7 0.9 Gl6 2.0
A20 0.6 c5 0.5 E8 0.4 G17 1.0
A2l 0.8 Cé6 1.9 E9 0.7 G18 0.8
A22 1.0 c7 0.6 E10 1.4 H1 0.4
A23 2.9 (of 0.6 Ell 0.7 H2 0.8
A24 0.7 c9 1.2 El2 0.4 H3 0.7
A25 1.0 Ci0 ? El3 ? H4 1.2
A26 ? Cl1 1.8 El4 0.4 HS 0.6
A27 1.5 Cl2 ? E15 0.6 H6 0.7
A28 0.6 c13 0.8 El6 0.5 H7 0.9
A29 1.2 Cl4 1.0 El7 0.5 H8 0.4
A30 0.6 C15 0.4 El8 0.7 H9 ?
A3l ? Clé 0.4 E19 ? H10 0.4
A32 1.3 Cc17 ? E20 0.5 H1ll 1.0
Bl 1.8 c18 2.5 E21 0.7 H12 0.8
B2 1.3 Cl9 0.4 Fl 0.7 H13 ?
B3 ? c20 1.8 F2 0.9 H1l4 ?
B4 0.7 c21 0.8 F3 ? H15 0.8
B5 ? c22 0.5 F4 ? H16 ?
B6 ? c23 1.8 F5 0.9 H17 0.8
B7 ? c24 ? Fé 0.4 H18 2.5
B8 0.7 c25 0.4 F7 0.9 H19 1.6
B9 0.8 C26 2.5 F8 2.4 I1 1.3
B10 1.0 c27 ? F9 0.5 I2 0.7
Bll 0.8 Cc28 0.6 Fl0 0.5 I3 0.3
Bl12 ? D1 0.6 F1ll 0.5 I4 1.0
Bl3 ? D2 0.4 Fl2 0.5 15 ?
Bl4 ? D3 1.8 Fl13 1.7 16 0.9
B15 ? D4 1.6 Fl4 ? 17 3.0
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Table 2.1(continued)

Clone Size Clone Size Clone Size Clone Size

Name (kb) Name {kb) Name (kb) Name (kb)
*

I8 ? HP28 0.6 KT11 0.4,

I9 ? HP29 0.6 KT12 0.4,

I10 ? HP30 0.7 KS10 0.3,

I11° 2.5 HP31 0.8 KS11 ?

I12 0.4 HP32 0.8 KS12 ? .

I13 ? HP33 0.5 KS13 0.4,

114 1.3 HP34 0.5 LK1 ? »

I15 1.6 HP35 1.4 LK2 ?

I16 0.7 HP36 ? LK3 ? «

I17 0.5 HP37 ? LK4 ? .

I18 0.4 HP38 0.7 LKS 0.9,

I19 0.4 HP39 0.7 LK6 0.9,

120 1.2 HP40 0.6 LP6 0.7

121 0.9 HP41 0.6 29 .15

I22 0.4 HP42 1.3

123 1.8 HP43 0.9

124 0.4 HP44 1.5

125 2.5 HP45 1.3

126 1.3 HP46 4.1

127 1.3 HP47 0.7

128 2.4 HP48 0.4

129 0.7 HP49 ?

HP1 1.9 HP50 ?

HP2 1.9 HPS1 ?

HP3 0.7 HPS2 0.8

HP4 1.2 HP53 0.7

HPS 1.2 HP54 0.4

HP6 0.7 HPS55 0.8

HP7 0.7 HP56 0.7

HP8 ? HP57 ?

HP9 0.5 HP58 0.8

HP10 1.0 HP59 0.7

HP11 1.5 HP60 ?

HP12 1.0 HP61 ?

HP13 0.6 HP62 1.8

HP14 ? HP63 0.9

HP15 0.5 HP64 ?

HP1l6 0.6 HP65S 1.0

HP17 ? HP66 1.5

HP18 0.6 HP67 3.0

HP19 1.3 HP68 2.5

HP20 ? HP69 ?

HP21 1.4 HP70 ?

HP22 1.0 HP71 0.5

HP23 0.6 HP72 1.1,

HP24 0.3 KT3 ? .

HP25 0.7 KT7 0.4,

HP26 1.3 KT8 0.3*

HP27 1.0 KT9 0.4

? size of clones not known
* clones generated by T. Kienzle
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synthesized from large amounts of small mRNAs that are in
the virion (B. Lapps et al., 1985; M. Hofmann,
unpublished observation). Since the mRNAs form a 3' nested
set with the genome, their cloning would demonstrate a
skewing toward sequences found at the 3' end of the genome.
While mapping the cDNA clones generated by random
priming gaps were encountered in which no overlapping
clones could be found. For example, no clones were found
to extend 5'-ward beyond clones HPa2 and Il (Figure 2.1),
yet clones upstream (ie., toward the 5' end of the genome)
could be found. To clone these regions the 5' end of HPa2
and Il were sequenced, specific primers were made, and
these were used to prime first strand cDNA synthesis. cDNA
clones LP6 and LK5 were generated using specific primer
5'AGATGTAATGGGGTCGG 3' and cDNA clone 29 was generated
using specific primer 5' GTGGTTGGCAAGTACAAGGA 3'. cDNA
clones that represented a sequence extending to a position
8.9 kb from the 3'end of the BCV genome were obtained
(Figure 2.1). These clones were used in the identification
of the spike protein gene discussed below and also for the
identification of the hemagglutinin-esterase protein gene

(T. Kienzle, PhD dissertation, 1989). cDNA clones that

together spanned a 4 kb stretch and mapped somewhere between

the 5' end of the genome and a point 8.9 kb from the 3' end

of the genome were also generated.
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Fig 2.1 Gene map of the first 8,955 bases of the BCV
genome and position of cDNA clones. Open boxes represent
open reading frames, letters denote the structural
proteins and numbers are predicted molecular weights of
nonstructural proteins as described in Fig 1.2. cDNA
clones are represented by heavy black horizontal lines.
MA7 was generated using oligo-dT as primer (Lapps, PhD
dissertation, 1986). cDNA clones G6, HPa2 and Il were
generated using 5-mer random primers, and LK5, LP6 and 29
were generated using specific primers.
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CHAPTER 3

DEDUCED SEQUENCE OF THE BOVINE CORONAVIRUS SPIKE PROTEIN
AND IDENTIFICATION OF THE INTERNAL PROTEOLYTIC CLEAVAGE
SITE

Introduction

The bovine coronavirus is an important cause of
neonatal calf diarrhoea (Mebus et al., 1978; House, 1979)
and may also be the cause of winter dysentery in adult
cattle (Saif et al., 1988). The mechanisms by which BCV
causes disease and persistent infection (Crouch et al.,
1985) are not understood, nor are current vaccines
universally regarded as effective. In an effort to develop
better strategies of prevention and therapeutics, the
characterization of BCV proteins was initiated by
determining their primary structure from cloned genome
sequences.

BCV is known to be comprised of four major structural
proteins (King and Brian, 1982). These are (1) a 200K
spike (peplomer) glycoprotein (S), that exists on the
virion as cleaved subunits of approximately 120K and 100K
(Sl and S2), (2) a 140K glycoprotein (HE) that has both
hemagglutinating (King et al., 1985) and esterase (Vlasak
et al., 1988a, b) activities, and is comprised of two

identical, disulfide linked 65K subunits (Deregt et al.,
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1987; Hogue et al., 1989; Parker et al., 1987) (3) a 26K
integral membrane glycoprotein (M) (Lapps et al., 1987)
and (4) an internal phosphorylated nucleocapsid protein (N)
(Lapps et al., 1987). Of these the S protein has been
presumed to be the major structure by which coronaviruses
attach to cells and initiate infection (reviewed by Spaan
et al., 1988). The HE protein, however, has also been
shown to bind to cells and initiate infection, and for
BCV, the relative importance of these two proteins in
initiating infection is not known. Both S and HE are
probably important in inducing immunity since antibodies to
each are known to neutralize virus infectivity in cell
culture and in calves (Deregt and Babuik, 1987; Deregt et
al., 1989a, b). S and HE, therefore, may both be useful
in developing effective engineered vaccines against BCV.
The 3' terminal 8.9 kb of the BCV genome has been
cloned and sequenced and the genes for the N and M proteins
(Lapps et al., 1987), for four putative nonstructural
proteins of 4.9K, 4.8K, 12.7K and 9.5K (Figure 1.1; Chapter
4), and for a 43K hemagglutinin-esterase protein (Kienzle,
PhD dissertation, 1989) have been identified. This study
(1) reports the cDNA cloning and sequence analysis of the S
gene which resides between 3.3 kb and 7.4 kb from the 3'
end of the genome, (2) confirms the location of the
predicted internal cleavage site by amino terminal amino

acid sequencing of the virion gpl00 subunit, which also
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estabilishes that gpl20 and gpl00 are the N-terminal S1 and
C~terminal S2 subunits, respectively, (3) confirms that
the S mRNA is the fourth largest virus specific mRNA
species in infected cells, and (4) compares the deduced
primary structure of the BCV spike protein with that of the
deduced spike protein sequences of transmissible
gastroenteritis virus (TGEV), feline infectious
peritonitis virus (FIPV), infectious bronchitis virus
(IBV) and the closely related mouse hepatitis virus (MHV).
Regions that are conserved among the members of the three
antigenic subgroups of coronavirus are identified and their
role in the structure and function of the spike protein are

discussed.

Materials and Methods

cDNA cloning of BCV genomic RNA

cDNA clones that contained the spike protein gene were
identified from the partial BCV c¢cDNA library that was
generated (see Chapter 2 for details). ¢DNA clone MA7 was
generated using oligo 4T, cDNA clones G6, HPa2, and Il
were generated using random primers, c¢DNA clones LP6, LK5
and 29 were generated using specific primers (Chapter 2).
These clones were used to obtain the spike protein gene

sequence.
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DNA seguencing

Some clones were sequenced by the chemical method of
Maxam and Gilbert (1980) and some by the dideoxynucleotide
chain termination method of Sanger (1983) as described by
Kraft et al. (1988) using Sequenase enzyme (United States
Biochemicals). For much of the sequencing, restriction
endonuclease fragments were subcloned into the pGEM42Z
vector (Promega) and forward and reverse sequencing primers
for pGEM vectors were used. The list of the subclones made
to sequence the spike protein gene is shown in Table 3.1.
Sequence specific primers (Table 3.2) were also synthesized
(University of Tennessee Analytical Facility) and used for
sequencing within certain regions of the large subclones.
Figure 3.1 shows the complete sequencing strategy used for
sequencing the spike protein gene. Sequences were analyzed
with the aid of the Microgenie program (version 5.0) from

Beckman Instruments (Queen and Korn, 1984).

RNA extraction for Northern Blot analysis

Growth of HRT cells and infection with BCV was as
described in Chapter 2 except that 250 cm2 dishes were
used and RNA was extracted at 8 hours post infection by the
following protocol (Sethna et al., 1989). Cells were
rinsed with 10 ml EBSS containing 10-20mM Hepes. An
additional 10 ml of EBSS/Hepes was added, and the cells

were scraped into a 50 ml conical tube (precooled on ice).
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Table 3.1 SUBCLONES USED TO SEQUENCE THE SPIKE PROTEIN GENE

Name of Parent Restriction Size of
subclone cDNA clone enzymes used insert
C5XSp MA7 Xbal=-Spel 0.4kb
GXP G6 Xbal-Pstl 0.37kb
GHP Go6 Hpal-Hindl1l1l 0.6kb
GHPac G6 Hpal-Accl 0.7kb
GHPa G6 Hpal-Hpal 1.0kb
HBS HPa2 Bglll-Spel 0.6kb
H1 HPa?2 Hindl11-Hindl11 0.3kb
H2 HPa?2 Hindl11-Hindl11 0.38kb
Hac HPa?2 Accl-Accl 1.1kb
HSty HPa?2 Styl-Styl 1.1kb
HSp2 HPa2 Sspl-Sspl 0.4kb
HSp3 HPa2 Sspl-Sspl 0.3kb
HSp4 HPa2 Sspl-EcoR1 0.2kb
IBE I1 Bglll-EcoR1l 0.68Kkb
IBH I1 Bglll-Hindl1l1l 0.6kb
IME LK5 Mlul-EcoR1 0.6kb
IMH LK5 Mlul-Hindl11 0.3kb
ISE I1 Styl-EcoRl 0.54kb
LKS LK5 Sspl-Sspl 0.32kb

LPS LP6 Sspl-Pstl 0.4kb




Table 3.2 PRIMERS USED TO SEQUENCE THE SPIKE PROTEIN GENE

Name Sequence
A 5' AACCGATAACCAGTGGT 3'
B

5' ACCACTGGTTATCGGTT 3'
5' GTTACTATTGATTGTTC 3'
5' TTCGGCACCTCCAGTAC 3'
5' ACCATAGAGATTACCAT 3'

5' AGGATTAAACCTGCTAA 3'

G m m O 0O

5' CACTTAATCTCACTCAT 3'
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Fig 3.1 Gene map of the BCV genome and the sequencing
strategy of the spike protein gene. Open boxes represent
the open reading frames. The horizontal arrows in the
enlarged region show the sequencing strategy.

Restriction endonuclease sites used to generate the
subclones listed in Table 3.1 are shown.
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The plate was rinsed once with 5 ml EBSS/Hepes and added to
the 50 ml tube. Cells were pelleted at 4,000 x g for 4
minutes at 40C, the supernatant was discarded, and the
cells were suspended in 3 ml ice-cold lysis buffer (10mM

Tris-HCl(pH 7.0), 10mM NaCl, 5mM MgCl 1% v/v NP 40, 10mM

27
vanadyl ribonucleoside complex). This was vortexed for
twenty seconds and nuclei were pelleted at 4,000 x g for 4
minutes at 40C. The supernatant was gently, but quickly
transferred to a 15 ml conical tube containing 0.2 volumes
(0.6 ml) of 10% SDS. One mg proteinase K (Boehringer
Mannheim Biochemicals) was added and the sample incubated
at 370C for one hour. The RNA was extracted with an equal
volume of phenol/chloroform/isoamyl alcohol (25:24:1)
(equilibrated in 100mM Tris-HCl (pH8.0)) by vortexing three
times and centrifuging for 5 minutes at 4,000 x g at room
temperature. The aqueous phase was transferred to a new
tube and the interphase reextracted with 1 ml lysis buffer
without vanadyl ribonucleoside complex. The aqueous phases
were combined and the RNA precipitated by the addition of

one-tenth volume 3M sodium acetate and 2.2 volumes ethanol,

mixing and storing at -2OOC until used.

Electrophoresis and Northern analysis of BCV RNA

Ten micrograms per lane of total RNA was denatured in
formaldehyde and formamide and electrophoresed in the

presence of formaldehyde as described by Sethna et al,
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(1989). Briefly, RNA was dissolved in 37 microliters 1X
MOPS buffer (20mM morpholinopropane sulfonic acid (pH 7.0),
5mM sodium acetate, 1mM EDTA), 50% deionized formamide,
2.2M formaldehyde, denatured by heating at 650C for 5
minutes, mixed with 8 microliters loading dye (50%
glycerol, 0.25% bromophenol blue, 0.25% xylene cyanol,
1mM EDTA), and loaded onto a 1% agarose gel made in 1X
MOPS buffer and 2.2M formaldehyde. Electrophoresis was
carried out at 140 volts for 4 hours at room temperature in
1X MOPS buffer in the fume hood. The RNA was transferred
to a Nytran membrane by using a Vacublot apparatus (LKB)
with 20X SSC for 6 hours and UV cross linked for 2 minutes
with 254 nm wavelength (Khandijian 1982). The membrane was
prehybridized at 550C for 4 hours in 5XssC, 0.1% Ficoll,
0.1% Polyvinylpyrrolidine, 0.1% BSA, 50mM NaPO4 pH 7.0,
1% SDS, 1000 micrograms/ml of sheared salmon sperm

DNA and 50 micrograms/ml of tRNA.

The probe for the spike protein mRNA was the insert of
cDNA clone LP6, the probe for the HE mRNA was a Styl-EcoR5
fragment representing bases 48 through 978 of the HE gene
and the probe mapping on the 5'side of HE was a 600bp
Accl-Aatll fragment containing 400bp of clone LA6 (a
sequence ending 101 bases upstream from the start codon of
the HE gene)(Kienzle, PhD dissertation, 1989). The

fragments were isolated, nick translated and used to probe

the Northern blots containing RNA from BCV infected cells.
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After hybridization the filters were washed twice with 2X

0C for 10 minutes and washed once with

0

SSC + 0.5% SDS at 25

C for 30 minutes. Filters were

alr dried and exposed to Kodak XAR-5 film at -800C.

0.1X s8SC and 0.5% SDS at 55

Amino acid sequencing of the subunits of the spike protein

The amino terminal ends of the purified gpl20 and gpl00
subunits were subjected to sequencing by the method of
Matsudaira (1987) in his laboratory. Unlabelled BCV was
purified by isopycnic sedimentation in sucrose gradients
and the proteins were electrophoretically separated after
reduction with 2-mercaptoethancl (King and Brian, 1982) and
electroblotted (Hogue et al., 1984) onto polyvinylidene
difluoride membrane (Matsudaira, 1987). The proteins were
visualized by staining with Coomasie brilliant blue and the
gpl20 and gpl00 bands were excised and shipped to Dr.

Matsudaira (MIT) for analysis.

Results

Deduced amino acid sequence of the spike protein

Sequence analysis of the 3' end of the BCV genome for
3,400 bases has revealed a 3' noncoding region of 291
bases, and open reading frames for the N gene, the M gene
(Lapps et al., 1987), and four genes for putative
nonstructural proteins of 9.5, 12.7, 4.8 and 4.9K (Figure

1.2; Chapter 4). Complete sequencing of cDNA clone MA7
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which extends 4.2 kb from the 3' end of the genome (Figure
2.1) revealed a continuous open reading frame located on
the 5' side of the open reading frame for the 4.9K protein.
The deduced sequence of the extended open reading frame
demonstrated high amino acid sequence similarity to the C-
terminal end of the antigenically related MHV A59 (Luytjes
et al., 1987) and MHV JHM (Schmidt et al., 1987) S
proteins, both antigenic homologues of the BCV S protein
(Hogue et al., 1984). These data suggested that the S
protein gene of BCV lies in the same relative map position
on the genome as does the spike protein gene of MHV. To
complete sequencing of the S gene, both strands of clones
G6, HPa2, 29, LP6, LK5 and I1 were sequenced (Figure
3.1).

The total sequence for the putative S ORF extended to a
position 7.4 kb from the 3' end of the genome and contained
4,089 bases (Figure 3.2). It is concluded that this ORF
encodes the S protein since it potentially encodes a 1,363
amino acid protein with a molecular weight of 150,825 the
approximate size of the unglycosylated spike precursor
(Deregt et al., 1987), and because its deduced amino acid
sequence shows extensive similarity throughout with the S
proteins of both strains of MHV. Five other open reading
frames ranging in size from 34 to 66 amino acid were also
found within the S gene sequence in the plus one open

reading frame, but their significance is not known at this
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Fig 3.2 Nucleotide sequence of the S gene and its
deduced amino acid sequence. The nucleotide sequence
shown begins with a TAG termination codon of the HE gene
(underlined) 17 bases upstream of the presumed S start
site, and ends with the TAA termination codon of the S
protein. The first three amino acids of the putative 4.9K
protein are shown beginning at base position 4,099.
Consensus intergenic sequences are boxed. The presumed
amino terminal signal peptide and carboxy-terminal anchor
sequences are underlined. Potential N-linked
glycosylation sites (NXS or NXT, where X#P) are boxed.
The proteolytic cleavage site separating S1 and S2 is
identified with an arrow. (-) and (-) below the amino
acids are sequences absent in MHVJHM and MHVAS9
respectively.
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G 6 LY ZTI QI P SETFT11OGNMETET?PTIOQTSSZPEKVTTIODCSA AZPVCSGD ¥
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CAGCATZ;izATCACAé;;gGﬂGM%i;gGTAGC‘Pi‘Sso 2570 2580 2590 2600 2610 2620 2610 2640
G CTGTGACMTAHMNCTATAG‘CACAGMGTAMTGMCTACmACAﬂACACAGmCMﬂAmMTAm
AC K S QL V EY GS F CDNTINATILTTE N E LODTTQULQ V A NS LM;GA

2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760
ATGGTGTCACTCTTAGCACTAAGCTTAAAGATGGCGTTAATTTCAATGTAGACGACATCAATTTTTCCCCTGTATTAGGTTGTTTAGGAAGCGATTGTAATAAAGTTTCCAGCAGATCTS
N @V TLSTZXKTULIEKDGVNTFNVDODI m F S PV LG CLGSDGCNT KV VS SRS

2770 2780 279¢ 2800 2810 2820 2830 2840 2850 2860 2870 2880
CTATAGAGGATTTACTTTITTTCTAAMAGTAAAGT TATCTGATGTCGGTTICGTTGAGGCTTATAATAATTG TACTGGAGGTGCCGAAMTTAGGGACCTCATTTIGTGTGCAAAGTTATAATG
I 2 DL L F S KV KLJSDVGFUVEAMLTYN m € TG G A ETI RDLTICGCVY QS YN

20890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 31000
GTATCAMGTG‘H‘GCCTCCACTGCTCTCAGTAMTCAGATCAGTGGATACACT‘H‘GGHGCCACCTMC!‘AGTCTWH crcmcmcnccm‘nsmuccxmxmu
G 1 K VL P PLILSUVNQTILI SGYTULANMAT A S L UFPr PP v L

3010 3020 3olo 3040 3050 3060 3070 3080 3090 3100 3110 3120

ATGTTCAGTATCOTATTAATGGGATIGG TG TTACCATGGATGTGTTAAGTCAAAATCAAAAGCTTATTGCTAATGCATTTAACAATGCTCTTGATGCTATTCAGGAAGGGTTTGATGCTA
N V Q Y R I NG I GV TMOD VLS QNQKXKULIANABAMTFNNALGDATILIGQETGTFETDA

3110 3140 3150 3160 3170 3180 3190 3200 J210 3220 3230 J240
CCAATTCTGCTTTAGTTAAMATTCAAGCTG TTGTTAATGCAAATGCTGAAGCTCTTAATAACTTATTGCAACAACTCTCTAATAGATTTGGTGCTATAAGTICTTCTTTACAAGAAATTC
T NS ALV KTIQAV YV NANALEALNINKNILTLGQ QLS SNRTEGA ATISSSTILOQTETI

3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360
TATCTAGACTGGATGCTCTTGAAGCGCAAGCTCAGATAGACAGACTTATTAATGGGCGTCTTACCGCTCTTAATGTTTATGTTTCTCAACAGCTTAGTGATTCTACACTAGTAAAATTTA
L $ RLDALTEAQAQTIODRIELTEZINGR RTLTA ALNVYVYVSQOQLSDSTTLTVEKST

3370 3s0 3390 3400 3410 3420 3430 3440 3450 31460 3470 480
GTGCAGC. ACMGCI‘ATGGAGAAGG'H"MTGMTGTGTCWGCCMTCA’!'CTAGGATMA‘H"‘H‘"TGGTMTGGTMTCA‘!‘ATIATATCATX'AGNC Ac»mccxnmnm
S A A A M E KV N E C $ Q §$ S R I NF CGNGNUHITISILVYVQNAPY

3490 1500 3510 3520 3530 31540 3550 1560 3570 3580 1590 3600
A'ﬂ'ﬂ'ATCCACXTK‘AGC’!‘ATGTCCCTACTMGTATGTCACTGCGMGGHAG‘X’CCCGGTCTGTGCAmMATAGAGﬂATAGCCCCTMGAm rrrm'n'um A
¥ f I H F S YV PTIKYVTAKVS P GLCIANGDRUGTINAT? s 6 Y rv

3610 1620 3630 3640 3650 3660 3670 1680 1690 3700 3710 3720

ATACTTGGATGTTCACTGGTAGTGGTTATTACTACCCTGAACCCATAACTGGAAATAATGT TG TIGTTATGAGTACCTGTGCTGTTAACTATACTAAAGCGCCGGATGTAATGCTGAACA
NTHHFTGSGYYYP!PlTGNNVVVHSTCAV@YTKAPDVNL

1730 3740 3750 3760 37170 3780 3790 3800 1810 3820 1830 3840
'l‘!'l‘CMCACCCMCCTCCATGATHTMGGMGAG‘H‘GGATCM‘I‘GM TCAGTGOCACCAGAmGTCAmGAﬂATATWTGﬂAClmACCTACM
I §s T P L AR D F KEZ L DOQWT ERK QT S Vv P DL S LD Y I m Tr b L Q

1850 3860 3870 3880 3890 3900 3910 31920 3930 31940 3950 1960

ncwmnnccm‘txcAomcccuruum‘rrm‘rcmmcncncurmAmxcxmaﬂcxnrmcu‘nxmwmcc-rrocnmucocrrrr TG
D!HNILOIAIKVLEQSY!HLKDIGTYIYYVKHP v 1

31870 3980 3990 4000 4010 4020 4030 4040 4050 4060 4070 4080
GCTTTIGCTGG TG TAGCTATGCTTG T TTACTATTCTTCATATGC TG TTGTACAGGATC TGGGACTAGTTGTTTTAAGATATG TGGTGGTTGTTGTGATGATTATACTGGACACCAGGAGT
G F A G V A MLV LLTFTPFTICCCTSGT CGTS ST CT?Z KTICOGUGCCDDYTGHOQTE

4090 4100
TAGTAATTAAAACATCACATGACGACTAA
L vI1iIKTSH

nTTT
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time. Two features of the putative S open reading frame
suggest that it would be a functional gene. First, it is
preceded immediately upstream (beginning at base 12 in
Figure 3.2) by the consensus CYAAAC intergenic sequences
thought to play a role in leader priming of coronavirus
transcription. This sequence is found to precede other BCV
structural protein genes that are known to be transcribed
(Lapps et al., 1987). The sequence is also found three
times within the S ORF, beginning at position 817, 1,667
and 3,776, but it is not established that transcripts
initiate at any of these sites. Second, the presumed
initiation codon for translation (AAACATGT) is in a
moderately favorable context for translation (Kozak,
1984).

Five features of the deduced BCV S protein reflect the
properties of five other coronavirus spike proteins that
have been characterized to date from nucleotide sequence
data (Table 3.3) (Binns et al., 1985; Binns et al., 1986;
Jacobs et al., 1987; Kusters et al., 1989; Luytjes et
al., 1987; Niesters et al., 1986; Rasschaert and Laude,
1987; Schmidt et al., 1987). (1) There is an N-terminal
hydrophobic stretch of amino acids (note arrow A
hydrophobicity plot Figure 3.3) which predicts a signal
peptide with a cleavage site between amino acids 17 and 18
(von Heijne, 1985). (2) There are 19 potential

asparagine-linked glycosylation sites that could give rise
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Table 3.3 FEATURES OF CORONAVIRUS SPIKE PROTEINS OBTAINED FROM
DEDUCED AMINO ACID SEQUENCES.

a c f

BCV MHVAS59° MHEVJIHM® IBV TGEV® FIPV

Size of 4.08kb 3.97kb 3.7kb 3.48kb 4.3kb 4.35kb
gene

Number

of 1361 1324 1235 1162 1447 1452
amino

acids

Predicted 150K 146K 136K 127K 158K 160K
mol.wt.

Size of 85.6K(S1) 79K(S1) 70K(S1) 64K(S1) - -
subunits 65.1K(S2) 66K(S2) 66K (S2) 61K(S2)

Site of

Trypsin KRRSRR RRAHR RRARR RRFRR None None
cleavage

Length

of 17 17 17 18 16 18
putative

signal

sequence

Number of .

cysteine 8 10 10 7 11 10
residues in

the

hydrophilic

C-terminal

sequence

Length

of 17 27 34 44 45 21
putative

anchor

seqguence

Number

of 19 20 21 28 32 35
potential

N-glyco-

sylation

sites

z from this study ?from Rasschaert et al., 1987
from Luytjes et al., 1987 from DeGroot et al., 1987

g from Schmidt et al., 1985
from Binns et al., 1987
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Fig 3.3 Hydrophobicity plot of the BCV spike protein.
Analysis was performed using the method of Kyte and
Doolittle (1982) with a 9 amino acid window. Positive
values represent hydrophilic regions and negative values
represent hydrophobic regions. Arrow A denotes the N-
terminal putative signal sequence, Arrow B the internal
protease cleavage site, and Arrow C, the C-terminal
putative anchor segquence.
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to the only kind of glycosylation demonstrated for this
protein (Hogue and Brian, wunpublished data; Deregt et al.,
1987). (3) There is a hydrophobic stretch of 17 amino
acids near the C terminus that could serve as a stop
transfer sequence (note arrow C hydrophobicity plot Figure
3.3). (4) There is a stretch of 8 amino acids on the
immediate N-terminal side of the predicted anchor sequence
(K-W-P-W-Y-V=-W-L, beginning with amino acid 1,305) that is
identical in all coronavirus S proteins sequenced to date.
(5) There is a cysteine rich C-terminus of 8 amino acids
that is probably in the intravirion domain and predicted to
be the site of acylation. In common with MHV and IBV
viruses, but not in common with TGEV and FIPV, 1is also an
internal sequence of basic amino acids that, in the case
of MHV and IBV, 1lies on the immediate N-terminal side of
the protease cleavage site (Cavanagh et al., 1986; Luytjes
et al., 1987). 1In BCV the sequence K-R-R-S-R-R beginning
with amino acid 763, and, on the basis of the pattern in
MHV and IBV, predicts a cleavage between amino acids 768
and 769 (note arrow in Figure 3.2 and arrow B in Figure
3.3). Cleavage at this point would divide the
unglycosylated S protein into an N-terminal segment of
85,690 daltons (S1) and a C-terminal segment of 65,153

daltons (S2).
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Terminal amino acid sequencing confirms the predicted

internal protease cleavage site and identifies the virion

120K and 100K subunits as S1 and S2 respectively

No amino acid sequence could be obtained from the 120K
subunit, possibly because of N-terminal blockage. The N-
terminal sequence of the 100K subunit could be obtained,
however, and was determined to be X-I-T-T-G-Y-X-F,
identifying the first amino acids downstream from the
predicted cleavage site (see arrow in Figure 3.2). These
results confirm the predicted internal cleavage site and
establish that the 120K subunit is S1 and the 100K subunit

is S2.

S mRNA is the fourth largest virus specific mRNA in

infected cells

Nine species of polyadenylated mRNAs have been
identified in BCV infected cells. These were named 1, 2,
2a, 3, 3a, 4, 5, 6, 7 (beginning with the largest). mRNAs
3a, 4, 5, 6, 7 encode open reading frames for 4.9K, 12.7K,
9.5K, M and N proteins (see Chapter 4). mRNA2a has been
recently shown to encode the open reading frame for the HE
protein (T. Kienzle, PhD dissertation, 1989). Northern
analysis of total RNA from BCV infected cells hybridized
separately with nick translated probes for the S (base 899
through 1,638), HE and for a sequence 5' to HE ORFs is

shown in Figure 3.4. The S specific sequence hybridized to
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Fig 3.4 Northern blot analysis identifying mRNA3 as the
transcript from the S gene. Cytoplasmic RNA from
infected and uninfected cells was probed with fragments
of cDNA clones as described in Materials and Methods.
The map position of the cloned fragments is illustrated
below. U=RNA from uninfected cells. I=RNA from infected
cells.
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mRNA 3 and larger species, the HE sequence identified mRNA
2a and larger species, and the sequence 5' of the HE ORF
identified mRNA 2 and genome, as would be predicted from
the 3' nested set pattern of mRNAs. A sequence from the
very 3' end of the genome was used as a probe to identify
all virus specific mRNAs. The exact nature of bands
migrating as displaced molecules just below the positions
of 285 and 18S ribosomal RNA and those migrating between
the ribosomal RNA markers in lanes probed with S, HE, and
5' of HE probes is not known. On the basis of size they
may represent transcripts initiating from within the S gene
sequence, but based on their hybridization to the probes
used, their structure would be very unusual and would not
fit the 3' nested set pattern. It is believed that they
represent specific degradation products of the large BCV
mRNA species, however, since coronavirus mRNAs are known
to have half lives of only a few hours (Keck et al., 1988;

Sethna et al., 1989).

Discussion

Analysis of the deduced S protein sequence of BCV
establishes that it is structurally very similar to the S
proteins of MHV JHM (Schmidt et al., 1987) and A59
(Luytjes et al., 1987), although neither of these viruses
has been shown to possess HE as a second peplomeric surface

glycoprotein. Recently, some strains of JHM have been
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shown to synthesize an HE subunit, but no dimeric peplomer
structure or enzyme activity was demonstrated (Shieh et
al., 1989). Therefore, no striking deficiency in the BCV
S protein, such as a large deletion, that would suggest a
loss of functional capacity correlating with the presence
of the HE glycoprotein is observed. In fact by comparison
with the BCV S protein deletions appear to have occurred in
the MHV S protein (see Figure 3.5 and 3.6 dot matrix
comparison). In JHM, a contiguous sequence of 138 amino
acids is missing from the S1 subunit (Figure 3.2 and 3.7).
A missing sequence mapping in the same region of the
molecule is also found in A59, but is only 50 bases in
length, and is discontinuous (Figure 3.2 and 3.7). The
function of the additional sequence in the BCV S1 subunit
is not known, but one possibility is that it interacts
with the HE glycoprotein. No electron microscopic or
chemical data exist, however, to suggest that S and HE do
physically and chemically interact (Bridger et al., 1978;
King and Brian, 1982; King et al., 1985). 1t is
interesting to note that the entire region is especially
rich in cysteine residues and contains 26% of the total
cysteines in the BCV S protein (Figure 3.7). This suggests
that this part of the molecule may be important for

intramolecular or intermolecular disulfide linkages.
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Fig 3.5 Comparison of the amino acid sequence of BCV and
MHV A59 spike proteins by diagon plotting. BCV amino acid
sequence is plotted on the Y axis and MHV A59 on the X
axis. A dot is placed where there is 50% amino acid
matches between the two proteins in a stretch of 24 amino
acids.
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Fig 3.6 Comparison of the amino acid sequence of BCV and
MHV JHM spike proteins by diagon plotting. BCV amino acid
sequence is plotted on the Y axis and MHV JHM on the X
axis. A dot is placed where there is 50% amino acid
matches between the two proteins in a stretch of 24 amino
acids.
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Fig 3.7 Structural comparison of S proteins of MHV JHM,
MHV A59, and BCV. Sequences are aligned for maximum
homeclogy. A sequence found in BCV but not found in MHV
JHM or MHV AS59 is expressed as a gap (thin line) in MHV
sequences. Putative N-terminal signal peptides and C-
terminal anchor sequences are boxed. Vertical lines above
the sequence indicate potential asparagine linked
glycosylation positions, and below the sequence, cysteine
positions. The identified (BCV, MHV A59) and putative
(MHV JHM) proteolytic cleavage sites are identified by
arrows.
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The BCV and MHV S proteins show remarkable amino acid
sequence identity suggesting that these viruses are
recently diverged. After aligning the amino acid sequences
for maximum homology, and excluding the large gap in the
MHV sequences, the S1 subunits of JHM and A59 show 62% and
60% identity with BCV, and the S2 subunits show 75% and
74% respectively. Throughout the S protein, 41 of 56
cysteine positions and 13 of 19 potential N-linked
glycosylation sites are conserved. The internal
proteoclytic cleavage position (not yet confirmed for JHM)
is also conserved (Figure 3.7). Several heptad repeat
sequence patterns (a, b, ¢, d, e, £ and g, where a and 4
are apolar amino acid residues) described in the S2 subunit
of MHV that are thought to contribute to a coiled coil
structure in the S stem (DeGroot et al., 1987a, 1987c) are
also found in the BCV 82 subunit. The pattern of greater
amino acid sequence divergence in the S1 subunit is
consistent with the model of Cavanagh (1983b) and DeGroot
et al, (1987a) which suggests that the S1 subunit comprises
the exposed bulbous structure of the spike and probably
contains most (Cavanagh et al., 1988), but not all
{Makino et al., 1987; Talbot et al., 1988), of the
neutralizable antigenic sites. The spike knob is thus the
most likely part to undergo changes from immunologic

selective pressure.
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The BCV S protein, like those of MHV and IBV, (Binns
et al., 1985; Binns et al., 1986; Kusters et al., 1989;
Niesters et al., 1986), but unlike those of TGEV (Jacobs
et al., 1987; Rasschaert and Laude, 1987; Tung and Brian,
unpublished data) and FIPV (Jacobs et al., 1987),
undergoes proteolytic cleavage. Fusion of cells in culture
is one biological activity associated with cleavage of the
MHV S protein (Sturman et al., 1985). Despite its
extensive similarity with the MHV S protein, the BCV S
protein shows no fusion activity. It is not clear why BCV
and MHV behave so differently in their fusogenic
properties, but functional evaluation of sequence
differences near the cleavage sites of these viruses may
aid in elucidating the mechanism by which MHV causes
fusion. This is especially interesting since hydrophobic
regions common at cleavage sites on fusion proteins of
paramyxoviruses and myxoviruses, are absent in the MHV S
protein (Luytjes et al., 1987) and a different mechanism
for fusion may be involved.

Important questions remain concerning the relative
roles of S and HE glycoproteins in both BCV structure and
replication. Do S and HE physically interact with each
other on the cell surface? Do both S and HE interact with
cell receptors to start infection? 1If so what is the
importance of each? Does the additional sequence present in

the BCV S protein determine organ and tissue specificity?
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Now that the S protein gene is cloned, strategies can be
developed to answer these questions. The spike protein can
now be used in an experimental recombinant vaccine in
attempts to improve protective immunity against BCV

infection.
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CHAPTER 4

SEQUENCE AND EXPRESSION ANALYSIS OF PUTATIVE NONSTRUCTURAL
PROTEINS OF 4.9K, 4.8K, 12.7K, and 9.5K ENCODED BETWEEN
THE SPIKE AND MATRIX PROTEIN GENES OF THE BOVINE

CORONAVIRUS

Introduction

cDNA cloning and sequence analysis of the genomes of a
variety of coronaviruses have identified the genes for the
structural proteins at the 3' end of the genome (Armstrong
et al., 1983; Boursnell et al., 1984; Kapke et al.,
1986; Lapps et al., 1987). 1In IBV (Boursnell et al.,
1987) and MHV A59 (Pachuk et al., 1989), the RNA dependent
RNA polymerase gene has been identified and is encoded by
the 5' end of the genome. Interspersed among the
structural protein genes are open reading frames that could
encode potential nonstructural proteins or proteins that
form minor components of the virion (Boursnell et al.,
1985; Skinner et al., 1985; Budzilowicz and Weiss, 1987;
Kapke et al., 1988). However the position and sizes of
these open reading frames varies with each member of the
coronavirus family and these are schematically represented
in Figure 1.2 (Chapter 1).

Our laboratory has reported cDNA cloning and sequence

analysis of four open reading frames of BCV encoding the
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nucleocapsid, matrix, spike and hemagglutinin-esterase
proteins (Lapps et al., 1987; Chapter 3; Kienzle PhD
dissertation, 1989) and one internal open reading frame
within the nucleocapsid protein gene (Lapps et al., 1987).
To further characterize the BCV genome and identify all
potential genes, the sequence between the spike and the
matrix protein genes was determined. Open reading frames
for potential proteins of 4.9K, 4.8K, 12.7K and 9.5K were
found to be present in this region of the genome. Sequence
and Northern analyses of these open reading frames led to
the finding that there is one mRNA species (mRNA 3a) that
encodes the 4.9K and 4.8K in tandem as 5' proximal ORFs and
there are separate mRNAs for the putative 12.7K and 9.5K
proteins (mRNA 4 and mRNA 5). The pattern for the
expression of the 9.5K protein in BCV is in striking
contrast to the MHV counterparts in which the 9.6K protein

is synthesized from a downstream ORF of mRNA 5.

Materials and Methods

Generation of deletion clones of MA7 for sequencing the

region between the spike and matrix protein genes

MA7, a cDNA clone described by Lapps (1987) (Figure
2.1, Chapter 2) extends to 4.2 kb from the 3' end of the BCV
genome. Deletion clones of MA7 were made in order to
sequence the region between the spike and matrix protein

genes. To do this, the 3.73 kb Pstl fragment from the 5!
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end of MA7 was isolated by electrophoresis onto NA 45 paper
(Schleicher and Schuell) (Lizardi et al., 1982), blunt
ended with Klenow enzyme and ligated to Hindlll linkers
(Maniatis, 1982). The fragment was digested with Hindlll
restriction enzyme and ligated to pUCl1l9 plasmid that had
been digested with Hindlll and dephosphorylated (Maniatis,
1982). The ligated DNA was used to transform E. coli HB101l
cells (Hanahan, 1983). One subclone was labeled DM3 and
used to create deletions as described below.

Plasmid DNA from DM3 was prepared by the alkali lysis
method (Maniatis, 1982) and digested with Saul and Pstl
which leaves 5' and 3' overhanging ends respectively, and
subjected to unidirectional digestion with exonuclease 111
by the method of Henikoff (1984). Exonuclease 111 removes
bases only from a 5' overhanging end and generates
unidirectional deletions in the insert. The DNA was blunt
ended with S1 nuclease, ligated and used to transform E.
coli JM83 cells (Hanahan, 1983). Plasmid DNA from the
deletion clones was prepared by the alkali lysis method and
the size of the inserts were estimated by agarose gel
electrophoresis (Maniatis, 1982). Figure 4.1 shows the
relative map positions of the deletion clones that were
used for sequencing the region between the matrix and spike

protein genes.
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Fig 4.1 Map position of the deletion clones of cDNA
clone MA7 generated to sequence the region between the
spike and matrix protein genes. The region sequenced is
represented between the dotted lines. cDNA clones MA7
and MA5 were generated using oligo 4T as primer (Lapps,
PhD dissertation, 1986) and G6 was generated using random
primers (Chapter 2).
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End labeling of the DNA for Maxam and Gilbert sequencing

Deletion clones shown in Figure 4.1 were used for DNA
sequencing. Plasmid DNA was isolated and purified using
cesium chloride centrifugation (Maniatis, 1982). The DNA
was linearized with EcoRl and then digested with Sall which
leaves a 5' overhanging end and releases a 30 base pair
fragment. The site generated by Sall was end labeled using
a specific 3' fill in reaction with reverse transcriptase

and 0»-32

P-dNTP (Lapps, PhD dissertation, 1986). To
sequence the opposite strand the plasmid was first digested
with Sal 1 and the 5'end generated was end labeled using

325_4NTP (Maniatis, 1982) and

polynucleotide kinase and VY-
then digested with EcoRl. The end labeled plasmid was used

for DNA sequencing.

DNA seguencing

The chemical method of Maxam and Gilbert (1980) for DNA
sequencing was used. Sequence obtained was analysed by the
Microgenie program Version 5.0 (Korn and Queen, 1984)

marketed by Beckman.

Preparation of RNA from BCV infected cells for Northern

analysis

Growth of HRT cells and infection with BCV was as
described in the materials and methods of Chapter 2. RNA
was extracted from uninfected and infected cells at 9 hours

post infection using guanidinium isothiocyanate as
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described by Lizardi (1983). RNA was pelleted through
cesium chloride extracted with chloroform:1-butanol,
ethanol precipitated, dissolved in water and poly A+
containing RNA was selected by oligo (dT)-cellulose
chromatography (Dennis and Brian, 1982). 5 micrograms/lane
of oligo 4T selected RNA was used for Northern blot
analysis as described in Chapter 3 and Sethna et al,

(1989).

Generation of specific probes for Northern analysis

The 350 bp Pstl fragment of cDNA clone MA5 (Figure
4.1; Lapps et al., 1987), which represents the 3'end of
the BCV genome was nick translated and used as probe for
the 3' end of the genome. Deletion clone C7 was cut with
Hinc 11 and a 250bp fragment was isolated and cloned into
the Hincll site of plasmid pGEM4Z and was used to transform
E. coli JM83 cells. One of the recombinant clones was
named Hin2 and contained sequences within the 9.5K ORF. The
insert of Hin2 was nick translated and used as probe to
identify the 9.5K mRNA. Clone AB4 (described below) was
digested with EcoRl and Alul and a 300 bp fragment isolated
and cloned into the EcoRl and Hinc 11 site of pGEM4Z. The
recombinant plasmid was used to transform E. coli JM83
cells and yielded clone EAl3.8 which contained sequences
within the 12.7K ORF. The insert of clone EAl3.8 was

isolated and nick translated and used as probe for the
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12.7K mRNA. The insert of deletion clone Al2 (Figure 4.1)
was isolated, nick translated and used as probe for the
region 5' to the 12.7K open reading frame which contained

4.8K and 4.9K ORF segquences.

Construction of pGEM recombinant vectors

To make transcripts that contained the open reading
frames for the 12.7K and 9.5K proteins, constructs were
made in pGEM4Z vector which contained the T7 and SP6
promoters for in vitro transcription (Promega Biotec). A
1.8kb Accl fragment of Bl2 (a deletion clone of MA7,

Figure 4.1) was isolated after agarose gel electrophoresis
using NA45 paper (Schleicher and Schuell). The fragment
was blunt ended with Klenow enzyme (Maniatis, 1982) and
ligated into the Smal site of pGEM4Z and used to

transform E. coli JM83 cells (Hanahan, 1983). The 1.8kb
fragment contained the open reading frames for the 12.7K,
9.5K and matrix proteins in tandem. Two clones in opposite
orientations were obtained. Recombinant clone AB4 yielded
transcripts from the SP6 promoter while clone AB6 yielded
transcripts from the T7 promoter (Figure 4.2).

Clone AB9.6 (Figure 4.3) was made to generate
transcripts that had the open reading frame for the 9.5K
protein at the 5' proximal end. Plasmid DNA from clone AB6
was digested with Hincll which removed part of the 12.7K

ORF, the digested plasmid DNA was isolated, religated and
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T7 Promoter

ABG

(pGEM4Z)

Fig 4.2 sSchematic representation of recombinant plasmid
AB6.

T7 Promoter EcoR1

Fig 4.3 Schematic representation of recombinant plasmid
AB9.6.
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E. coli JM83 cells were transformed with it to yield the
recombinant clone AB9.6 (Hanahan, 1983). The recombinant

plasmid AB9.6 yielded transcripts with T7 polymerase.

In vitro transcription

Approximately 10 micrograms of plasmid DNA was
linearized with EcoRl, phenol extracted, ethanol
precipitated (Maniatis, 1982), and used as template for
in vitro transcription. Transcripts were prepared with T7
polymerase according to the capping protocol #2 in Promega
catalogue (1987) (Krieg and Melton, 1984). The reaction
was carried out in a 50 microliter volume (containing 0.5mM
ATP, CTP, UTP & 0.05mM GTP; 10mM DTT; 1X Transcription
buffer; 5 micrograms BSA; 0.5mM GpppG; 50 units of T7
polymerase; 100 units of RNasin). The reaction mixture was
incubated at 400C for 60 minutes. The products were phenol

extracted and ethanol precipitated, and the capped

transcripts were used for in vitro translation.

In vitro Translation

In vitro translation of the capped transcripts was
performed according to the manufacturer's protocol (Promega
Biotec), in a 50 microliter reaction volume using 25

35

microliters of wheat germ extract, 1mCi/ml of S cysteine

(ICN-1000Ci/mmole), 1.17mM potassium acetate, 0.02mM amino
acid solution (without cysteine), 100 units of RNasin. 358

cysteine was used because the proteins were found to be low
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in methionine. The reaction was performed at 250C for 60

minutes and was stopped by the addition of an equal
volume of 2X Laemmli standard treatment buffer (STB) (1XSTB
contains 0.0625M Tris buffer pH6.8, 2%SDS, 10% glycerol
and 10 micrograms bromophenol blue). An SDS-PAGE system
for detecting low molecular weight proteins was used
(Guilian and Graham-Hoeffer Catalogue, 1988). This gel
system contained 20% acrylamide and 0.5% bis (cross linking
agent) and 10% glycerol to slow diffusion and retard
migration of the small molecular weight polypeptides.
Samples were loaded onto the gel after boiling for three
minutes in the presence of 5% 2-mercaptoethanol. Gels were
fixed in 40% methanol and 10% acetic acid, dried and

autoradiographed.

Immunoprecipitation

In vitro synthesized 9.5K protein of BCV was
immunoprecipitated as described by Anderson and Bloebel
(1983), using monospecific polyclonal rabbit antibody
against MHV A59 9.6K fusion protein (Leibowitz, 1988), a
gift from Drs. J. Leibowitz, University of Texas Health
Center, Houston, Texas and S. Weiss, University of

Pennsylvania, Philadelphia.
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Immunofluorescence

Cells were prepared for immunofluorescence by the
method of Kaarianen (1983). HRT cells were grown on 8 well
Lab Tek tissue culture slides (lcm2 per well) as described
in Chapter2. BCV Mebus strain was used to infect cells at
a MOI of 10. Virus was adsorbed for one hour at 37OC,
removed, and DMEM containing 1% fetal calf serum was added
and the infection was allowed to continue for 48 hours.
Cells were washed twice in phosphate buffered saline (PBS)
and fixed with 4% paraformaldehyde (made in 0.1M sodium
phosphate (pH 7.0)) for 10 minutes at room temperature
followed by two washes with PBS. The slides were stored at

40

C under PBS/0.5% gelatin. Before immunofluorescence,
cells were washed twice with PBS and twice with PBS/0.5%
gelatin. For internal fluorescence, acetone:methanol
(1:1) was added to each well and the slide was kept at -

200

C for 10 minutes. The acetone/methanol was removed and
cells were washed twice with PBS/0.5% gelatin. After this
step the following procedure was used for both surface and
internal fluorescence. 100 microliters of 1:300 dilution
in PBS of antibody to MHV AS59 9.6K protein was added to
each well and incubated at 370C for one hour. The antibody
was removed and cells were washed five times with PBS/0.5%
gelatin, 10 minutes per wash. 100 microliters of goat
anti-rabbit IgG-FITC conjugate (diluted 1:100) was then

0

added and incubated at 37°C for 30 minutes. Cells were
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again washed five times with PBS/0.5% gelatin, 10 minutes
per wash. The 8 well partition and rubber gasket were
removed from the slide and cells were air dried and 10
microliters of PBS/50% glycerol was applied to each well.
Coverslips were carefully placed on top and the cells

viewed for fluorescence using a Lietz microscope.

Results

Nucleotide sequence between the spike and the matrix

protein genes of BCV

From the strong similarities in the spike, matrix and
nucleocapsid proteins of MHV and BCV, respectively, both at
the level of antigenicity of the proteins (Hogue et al.,
1984) and at the level of amino acid sequence (Lapps et
al., 1987; Chapter 3), strong similarities between MHV and
BCV in both the location and sequence of other genes were
anticipated. The map positions of the BCV and MHV S, M, N
genes relative to the 3' end of the genome is colinear.

The nucleotide sequence between the genes for the spike and
matrix protein of BCV is shown in Figure 4.4. This figure
also shows the 3' end of the open reading frame for the
spike protein gene. Between the spike and matrix protein
genes of BCV are 962 bases that, when translated, yield
open reading frames for 4.9K, 4.8K, 12.7K and 9.5K

proteins. The open reading frames for the 12.7 and 9.5K
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Fig 4.4 Nucleotide sequence and deduced amino acid
sequence of the region between the spike and matrix
protein genes of BCV. The sequence begins with the open
reading frame for the 3' end of the spike protein gene
(base 1-334), followed by the putative 4.9K, 4.8K, 12.7K
and 9.5K proteins. The sequence ends with the first amino
acid of the matrix protein. Consensus sequences and the
potential N-linked glycosylation site are boxed.
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proteins overlap by 11 nucleotides while that of the 4.9K
overlaps the spike protein gene by 8 bases. Two consensus
intergenic sequences CYAAAC are present between the open
reading frames for the spike and matrix proteins (122 bases
upstream of the 9.5K ORF and 74 bases upstream of the 12.7K
ORF) (Figure 4.4) and one intergenic sequence is present
at the 3' end of the spike protein gene (316 bases upstream
of the 4.9K ORF) (Figure 4.4). Similar intergenic
sequences are present upstream of the nucleocapsid and
matrix protein genes (Lapps, 1987). According to the
leader primed hypothesis for mRNA synthesis, the
intergenic sequences represent the start site for mRNA
synthesis which therefore predicts a separate mRNA encoding
an ORF for each of these proteins (4.9K and 4.8K in tandem,

12.7K and 9.5K) at its 5' end (Figure 4.5).

Analysis of the open reading frames potentially encoding

the 4.9K and 4.8K proteins

The nucleotide sequence between 324 and 455 encodes a
43 amino acid protein with a predicted size of 4.9K that
overlaps with the S gene by 23 bases. The initiation codon
is in favorable context according to Kozak's rules (1984).
The open reading frame for the 4.8K protein is present
between nucleotide 491 and 628 and the initiation codon is
in favorable context according to Kozaks rules (1984). The

hydrophobicity plot (Kyte and Doolittle, 1982)
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Fig 4.5 Map position of the consensus intergenic
sequences in the 3' terminal 3.5 kb of the BCV and MHV
A59 genome. The open boxes denote the open reading
frames. (A) represents the consensus intergenic
sequences. Also shown are the different mRNAs, their
corresponding start sites, and a bar indicating the 5'
terminal open reading frame.
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obtained from the deduced amino acid sequence is shown in
Figure 4.6 and Figure 4.7. The 4.9K and 4.8K ORFs appear
to be 5' proximal tandem ORFs on mRNA3a (see below) with
the mRNA transcription start site at base 1 (Figure 4.4).

Analysis of the region encoding the open reading frames
for the putative 4.9K and 4.8K proteins led to the
observation that a single base addition between nucleotide
440 and 454 would yield an open reading frame that encodes
a 11K protein. The 11K protein showed amino acid sequence
similarity with the 11.7K protein of MHV A59 (34%) (Weiss et
al., personal comm.) and with the 15.2K protein of MHV JHM
(32%) (Skinner et al., 1985). The deletion of a base is
not due to an error during cDNA synthesis or sequencing
since this sequence was confirmed by sequencing a separate
cDNA clone containing this region of the genome (G6 in

Figure 4.1).

Analysis of the open reading frame potentially encoding a

12.7K protein

This sequence contains 329 nucleotides and is found
between nucleotides 712 and 1041 (Figure 4.4) and encodes a
protein of 109 amino acids with a predicted size of 12.7K.
The initiation codon is in a favorable context according to
Kozak's rules (1984). The protein appears to be low in
methionine content and is a basic protein with a net

positive charge of +5 and contains one N-linked
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Fig 4.6 Hydrophobicity plot of the putative BCV 4.9K
protein. Analysis was performed using the method of Kyte
and Doolittle (1982) with a nine amino acid window.
Positive values represent hydrophilic regions and
negative values represent hydrophobic regions.
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Fig 4.7 Hydrophobicity plot of the putative BCV 4.8K

protein. Analysis was performed as described in the legend
to Fig 4.6,




glycosylation site. The basic protein may function as

a nucleic acid binding protein. The hydrophobicity plot
(Figure 4.8) (Kyte and Doolittle, 1982) from the deduced
amino acid sequence predicts the protein to be neither
hydrophilic nor hydrophobic. However, there is a short
hydrophobic region near the C-terminus of the protein which

could potentially function as a membrane anchor.

Analysis of the open reading frame potentially encoding a

9.5K protein

An open reading frame extending between nucleotides
1,028 and 1,282 (Figure 4.4), potentially encodes a
protein of 84 amino acids having a predicted size of 9.5K.
There are two methionine residues that could be used as
initiator codons. The second one is in a more favorable
context for initiation of translation according to Kozak's
rules (1984). The hydrophobicity plot according to Kyte
and Doolittle (1982) (Figure 4.9) showed that more than
half of the protein from the amino terminus is hydrophobic.
This suggests that the protein is probably membrane
associated. There is 68% amino acid sequence similarity
between the 9.6K protein of MHV A59 and the putative 9.5K
protein of BCV at the amino acid level. This property has
been used for the detection of the protein in BCV infected

cells (discussed below).
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Fig 4.8 Hydrophobicity plot of the putative BCV 12.7K
protein. Analysis was performed as described in the legend
to Fig 4.6.
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Fig 4.9 Hydrophobicity plot of the putative BCV 9.5K

protein. Analysis was performed as described in the legend
to Fig 4.6.
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Separate mRNAs are made for the 4.9K, 12.7K and 9.5K open

reading frames in BCV infected cells

To determine the presence of separate mRNAs for the
open reading frames identified in this region of the
genome, Northern blot analysis of poly A+ RNA from BCV
infected cells was done using sequence specific probes.

The results of the Northern analysis are shown in Figure
4.10. The probe for the 3' end of the genome hybridized to
all mRNA species (1-7) consistent with the 3' coterminal
nested set structure of coronavirus mRNAs. The probe
specific to the 9.5K open reading frame (between bases 992
and 1,248, Figure 4.4) hybridized to mRNA 5 and all larger
species, while the probe specific to the 12.7K open
reading frame (between bases 656 and 868, Figure 4.4)
hybridized to mRNA 4 and all larger species. The two
probes hybridized to separate mRNAs implicating the
presence of separate mRNAs for the 9.5K and 12.7K open
reading frames, assuming a 3' nested set arrangement of all
mRNAs. The probe specific to the region 5' to the
12.7K open reading frame (4.9K and 4.8K) hybridized to mRNA
3a and all species above it, this species of mMRNA
comigrates with the 28S rRNA and has been confirmed by M.
Hofmann as a specific mRNA (unpublished observation).
Evaluating the expression of the putative nonstructural

protein genes between S and M protein genes of BCV revealed
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Fig 4.10 Northern blot analysis identifying separate
mMRNAS ;or the 4.9K, 12.7K ahd 9.5K open reading frames.
Poly A° RNA from BCV infected and uninfected cells was
probed with sequence specific fragments as described in
materials and methods. U=RNA from uninfected I=RNA from
infected cells.
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three striking differences from its close relative, MHV.

these are summarized as follows:

(1) The first of the three open reading frames in MHV (for
15.2K protein in JHM strain or 11.7K protein in A59 strain)
is divided by an apparent base deletion into two smaller
open reading frames in BCV.

(2) There is an intergenic sequence present in BCV upstream
of each of the ORFs for the 4.9K, 12.7K and 9.5K

proteins while in MHV (A59 and JHM strains) an intergenic
sequence is present upstream of the ORFs for the 11.7K (in
A59) or 15.2K (in JHM) and 13K (in A59) or 12.4K (in JHM)
proteins (Figure 4.5).

This difference results in the entire region (four
putative ORFs) in BCV being expressed on three transcripts
whereas in MHV, the region (three putative ORFs) is
expressed on two transcripts and is summarized in Table
4.1.

(3) The 9.5K protein of BCV is translated from its own mRNA
whereas its MHV counterpart requires downstream initiation
of translation (Table 4.1).

Of these, the third difference is the most striking
and further analyses were done to determine whether BCV
does in fact employ a different transcriptional and
translational mechanism for the synthesis of the 9.5K

protein. The following were done:
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Table 4.1 TRANSCRIPTS ENCODED BETWEEN THE SPIKE AND MATRIX
PROTEIN GENES IN BCV AND MHV.

BCV MHV AS59 MHV JHM
MRNA ORF(s) mRNA ORF(s) mRNA ORF(s)
encoded at encoded at encoded at
5' end 5' end 5' end
3a 4.9K - - - -
4.8K
4 12.7K 4 11.7K 4 15.2K
5 9.5K 5 13.0K 5 12.4K
9.6K 10.2K

S5



(1) It was confirmed by immunofluorescence that the 9.5K
protein is expressed in BCV infected cells.

(2) In vitro translation of in vitro-generated transcripts
confirmed that the BCV 9.5K protein does not translate from
transcripts requiring downstream (internal) initiation of
translation, but does translate well when it is the 5'
proximal open reading frame. The identity of the 9.5K in
vitro translated product was confirmed by
immunoprecipitation with the MHV 9.6K antibody.

Since the BCV 9.5K protein was shown to be
immunoprecipitated by MHV 9.6K specific antiserum (see
below), this antiserum was used to detect the presence of
the 9.5K protein in BCV infected cells by
immunofluorescence. Internal fluorescence observed in BCV
infected cells as compared to no fluorescence in uninfected
cells indicated that the 9.5K protein is made in BCV
infected cells (Figure 4.11). Furthermore, surface
immunofluorescence indicates that the 9.5 K protein is
transported to the cell surface and suggests that this is a

membrane associated protein.

In vitro translation analysis of the BCV 9.5K protein

demonstrates that it is not made by downstream (internal)

initiation of translation

Sequence and Northern analyses provide evidence for the

presence of two separate transcripts (mRNA4&5) encoding the
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Fig 4.11 Surface and internal fluorescence of the 9.5K
protein in BCV infected cells.

Surface fluorescence A=uninfected cells, B=BCV infected
cells.

Internal fluorescence C=uninfected cells, D=BCV infected
cells.
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12.7K and 9.5K open reading frames respectively.
synthetically generated transcripts encoding these open
reading frames were translated in wheat germ extracts to
determine whether the 9.5K protein can be made by
downstream initiation of translation. The transcript made
from clone AB6 contained the open reading frames for the
12.7K, 9.5K and M proteins in tandem, while the
transcript made from clone AB9.6 contained the 9.5K open
reading frame as the 5' proximal open reading frame
followed by the M open reading frame. Results of in vitro
translation are shown in Figure 4.12. A 12.7K product but
no 9.5K protein is made from the AB6 transcript whereas a
9.5K product was made from transcripts from clone ABS.6
(Figure 4.12, lanes 1 and 2). A band of approximately the
size of the unglycosylated form of the matrix protein is
seen in Figure 4.12 lane 2. However at this time the
identity of this band has not been determined. These
results demonstrate the absence of in vitro downstream
initiation of translation of the BCV 9.5K protein.
Antibody to the MHV 9.6K protein immunoprecipitated the
9.5K product made in vitro establishing that it is an
immunologically cross reactive protein (Figure 4.12, lane

3).
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Fig 4.12 1In vitro translation of the 12.7K and 9.5K
proteins, from in vitro-generated transcripts using T7
polymerase, in wheat germ extracts. Lane 1, AB6
transcript which encodes 12.7K, 9.5K and matrix proteins
in tandem. Lane 2, AB9.6 transcript which encodes 9.5K
and matrix proteins in tandem. Lane 3, BCV 9.5K protein
made in vitro and immunoprecipitated with the antibody to
the MHVAS9 9.6K protein. Lane 4, BCV 9.5K protein made in
vitro and immunoprecipitated with preimmune serum. Lane
5, transcript from pGEM4Z that contains no insert. Lane
6, no RNA added to the system.
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Discussion

Similarities and differences between BCV and the
antigenically related MHV were determined by nucleotide and
deduced amino acid sequence analyses of open reading frames
encoded between the spike and matrix protein genes of BCV.

Two small open reading frames encoding putative 4.9K
and 4.8K proteins are present immediately downstream of the
C-terminus of the S protein. Northern analysis indicates
the presence of a mRNA (mRNA3a) that probably initiates at
the intergenic sequence found upstream of the 4.9K
initiation codon, thereby encoding the open reading frames
for the 4.9K and 4.8K proteins at its 5' end and suggesting
that the 4.8K protein is translated as a downstream open
reading frame. The MHV counterparts 11.7K (A59) and 15.2K
(JHM) proteins have the same relative map position on the
gencome as the BCV 4.9K and 4.8K proteins. These small
proteins have not as yet been detected in the virus
infected cell.

The deduced amino acid sequence of the putative BCV
12.7K protein compared with the sequence of its MHV
counterparts 13K (A59) and 12.4K (JHM) proteins showed 48%
amino acid sequence identity. All these proteins are basic
and contain only one methionine, and have the same

relative map position on the genome (Figure 4.5). These
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proteins could probably have a similar function in the
virus infected cell. However they have so far not been
detected in the infected cell.

The putative BCV 9.5K protein showed remarkable
sequence identity with MHV A59 9.6K and MHV JHM 10.2K
proteins. After aligning the deduced amino acid sequence
of these proteins there is 68% sequence identity at the
amino acid level. The putative BCV 9.5K protein, MHV A59
9.6K protein (Budcilowicz et al., 1987), MHVJHM 10.2K
(Skinner et al., 1985), IBV 12.4K protein (Boursnell et
al., 1985) and TGEV 9.2K protein (Wesley et al., 1989)
were all found to have a hydrophobic amino terminus. All
of these proteins are found to have the same relative map
position on their respective genomes (Figure 1.2). The
conserved hydrophobic pattern of these polypeptides suggest
that each protein might perform an analogous function in
the replication of coronaviruses.

The finding of separate mRNAs by Northern analyses for
the 12.7K and 9.5K proteins in BCV, together with the
results of the in vitro translation experiments which
demonstrated no downstream initiation of translation for
the synthesis of the 9.5K protein, suggest strongly that
BCV employs a different transciptional and translational
strategy than does the 9.6K protein of MHV.

It is not clear why downstream initiation of

translation is absent in BCV. The initiation codon for the
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BCV 12.7K protein is in favorable context for initiation of
translation (Kozak, 1984), while that of MHV A59 13K
protein is not in optimal context (Kozak, 1984) for
translation initiation. As proposed by Kozak (1986; 1987),
the mechanisms that allow some mRNAs to direct the
synthesis of more than one protein are (1) leaky scanning
of ribosomes (2) an ability to establish reinitiation of
translation. One can speculate that the presence of a
suboptimal translation initiation codon in the MHV 13K
protein allows the ribosomes (leaky scanning) to reach the
start of the second cistron therby allowing downstream
initiation of translation. If this is true for MHV, the
lack of downstream initiation in BCV could be attributed
to the presence of the optimal initiation codon in BCV
12.7K protein which prevents ribosomes from reaching the
second cistron. For reinitiation to take place the AUG of
the second cistron should be preceded by the termination
codon for the first open reading frame. Since the two open
reading frames for the 13K and 9.6K proteins of MHV and
their counterparts in BCV overlap, reinitiation probably
is not a mechanism by which downstream initiation of
translation takes place.

Another possible mechanism by which downstream
initiation of translation in MHV takes place is by
internal entry of ribosomes similar to picornavirus mRNA

translation which does not use the ribosomal scanning
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mechanism (Jang et al., 1989). However no consensus
sequence for internal entry of ribosomes has yet been
identified to determine if it is present in MHV and absent
in BCV.

In this study, the antibody to the MHV A59 9.6K protein
was shown to immunoprecipitate the 9.5K protein of BCV made
in vitro supporting the fact that MHV and BCV are
antigenically related (Hogue et al., 1984). The 9.5K
protein was detected in BCV infected cells, but the full
extent of its exact cellular localization was not
determined. It was shown to be present both in the
cytoplasm and on the surface of infected cells. There is
no evidence as yet whether the 9.5K BCV protein is part of
the virion. Similar small hydrophobic proteins have been
identified in other RNA viruses, for example, the M2
protein of Influenza A (Zebedee et al., 1985), SH protein
of SV5 (Hiebert et al., 1985) and the SH protein of mumps
virus (Elango et al., 1989). The BCV 9.5K protein is
comparable to the M2 protein of Influenza A virus in that
both are hydrophobic and are found on the infected cell
surface. It may, as a result, be a target for cytotoxic T
cells.

Further work will be required to determine the
significance of the different transcriptional and
translational strategies utilized by BCV and MHV. It will

now be possible to characterize the ORFs that have been
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identified and the 9.5K protein can be further

characterized to determine its function in BCV replication.

Speculation on the functions of nonstructural proteins of

coronaviruses

The identification of the number and functions of
nonstructural (NS) proteins in virus infected cells has
been slow and difficult. The main reason for this is that
they are synthesized in low amounts which makes their
detection and purification very difficult. This contrasts
with the structural proteins which are synthesized in
relatively large amounts. Information obtained from
sequence analysis of viral genomes has provided insight
into genome structure and on the open reading frames
encoded on the genome. Often knowledge of the primary
structure of the predicted products helps in assigning
putative functions. The availability of mutants or
antibodies to the nonstructural proteins will aid in the
identification of these proteins as well as their
functions. Information on nonstructural proteins of other
viruses are used to speculate functions for the
nonstructural proteins of coronaviruses, some of which are
discussed below.

1. Enzymatic function. RNA polymerase activity has been
assigned to one of the nonstructural proteins of

coronaviruses. Other enzymatic functions could be assigned
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to NS proteins, for example, proteases that may be
involved in the processing of proteins as observed in
Sindbis virus (Ding et al., 1989), and nucleic acid
modifying enzymes such as RNA methyl transferases for
capping genome RNA and mRNAs (reported in Sindbis virus by
Mi et al., 1989).

2. Scaffolding function. Nonstructural proteins have been
shown to play a role in virion assembly, for example, in
rotavirus assembly, nsp28 is involved in virus assembly
(Meyer et al., 1989). During coronavirus assembly the
RNA-nucleocapsid complex aligns at the rough endoplasmic
reticulum (RER). The site of budding is presumably
governed by the matrix protein in the RER, but so far no
interaction between the nucleccapsid protein and the matrix
protein has been identified. A nonstructural protein could
mediate this interaction and trigger the budding event.

3. Molecular Chaperones. Nonstructural proteins could play
a role in the synthesis and processing of other proteins,
for example, in retaining the structural proteins at the
RER until the virions are assembled (review Ellis and
Hemmingsen, 1989).

4. Regulatory molecules. Nonstructural proteins could
function as regulatory molecules such as those involved in
(a) the switch from transcription to replication (reported
in Sindbis virus by Sawicki and sawicki, 1986), (b)

determining the synthesis of other proteins, for example,
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binding to the 5'noncoding region of mRNAs thereby
enhancing or arresting translation, (c) stabilizing mRNAs,

for example, as ssRNA binding proteins (Reovirus-Wiener et

al., 1989).
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PREPARATION OF MINIPREP PLASMID DNA FOR SEQUENCING WITH
SEQUENASE

This procedure is a modification of the protocol of Kraft
et al., (1988).

1.

11.

12.
13.

14.

15.
l6.

17.

Inoculate 3ml LB medium containing 100 micrograms/ml
ampicillin with a single plasmid containing colony of
E. coli strain JM83.

Shake overnight at 370C

Centrifuge cells at 40C for 5 minutes. Discard
supernatant.

Resuspend cells in 100 microliters solution I (50mM
glucose, 100mM EDTA, 25mM Tris-HCl (pH 8.0) by
vortexing.

Incubate at room temperature 5 minutes.

Add 200 microliters freshly made 0.2N NaOH/1% SDS, mix,
incubate at room temperature until solution becomes
clear.

Incubate on ice 15 minutes.

Add 150 microliters 5M sodium acetate (pH 4.8), mix and
incubate on ice 5 minutes.

Centrifuge at 40C for 15 minutes.

Transfer supernatant to 1.5ml Eppendorf centrifuge
tube.

Add 100 units RNase Tl and incubate at 370 for 45
minutes.

Phenol/chloroform (1:1) extract.
Chloroform/isoamyl alcohol (24:1) extract.

Add 2.5 volumes ethanol, mix, and incubate on dry ice
for 10 minutes.

0

Spin on microfuge at 4°C for 15 minutes to pellet DNA.

Discard supernatant, wash twice with 1lml 70% ethanol
and dry under vacuum.

Dissolve DNA in 18.8 microliters water.

134



18.

19'

20.

21.

22.

23.

24.

25.

26.

27.

Remove 2 microliters for restriction enzyme digestion.

To the remaining 16.8 microliters add 3.2 microliters
of 5M NaCl and mix.

Add 20 microliters 13% PEG (polyethylene glycol) and
mix.

Incubate on ice 30 minutes.

Spin on microfuge at 40C for 10 minutes, discard
supernatant, wash pellet twice with 1ml 70% ethanol,
and dry under vacuum.

Dissolve DNA in 18 microliters water.

Add 2 microliters 2N NaOH, mix and incubate at room
temperature for 5 minutes.

Add 8 microliters 5M ammonium acetate (pH 7.5), mix,
and add 100 microliters of ethanol.

Incubate on dry ice 5 minutes, spin on microfuge at 40C

for 15 minutes, and discard supernatant.

Wash DNA twice with 1ml 70% ethanol and dry under
vacuum.

The DNA is now ready for sequencing using the protocol
supplied with the Sequenase sequencing kit.
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