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Abstract:

The genetic structure of the pathogenic Miller strain of transmissible gastoenteritis virus (TGEV) was
studied at the molecular level. Subgenomic RNAs 6 and 7 and the 3’ 7.3 kb of the viral genome were
reverse transcribed into cDNA. Complementary DNA clones were mapped; maps suggested that RNA
7 was a subset of RNA 6, and the maps of both subgenomic RNAs were identical to the map of the 3’
region of the virion cDNA. Restriction fragments of the cDNA clones were sequenced. Common 5’
leader sequences were found in RNA 6- and RNA 7-specific cDNAs but not in the corresponding
region of virion cDNA. The gene encoding the matrix (E1) protein of TGEV (Miller strain) was found
in the virion RNA and RNA 6 nucleotide sequence. The 29.4 kd primary product of this gene possessed
a 17-residue hydrophobic leader peptide. Hydrophilicity analysis of the protein revealed internal
membrane-spanning regions, an amphiphilic C-terminal half, and a hydrophilic C-terminus.

A gene encoding the nucleocapsid (N) protein of TGEV (Miller strain) was found in the virion RNA,
RNA 6, and RNA 7 nucleotide sequences. The predicted molecular weight of the serine-rich
polypeptide was 43.4 kd. Clusters of charged residues were found over the entire amino acid sequence
of N. The sequence of virion cDNA contained the 3’ 3183 bases of the TGEV (Miller strain) peplomer
(E2) gene. Downstream of the E2 gene were open reading frames that may represent the coding regions
of TGEV (Miller strain) RNAs 4a, 4b, and 5. Data obtained during this research suggested that TGEV
RNAs form a nested set and that the primary products of the RNAs are encoded by the 5’ region not
found in the next smaller RNA. The presence of 5’ leader sequences in RNA 6- and RNA 7-specific
cDNA not found in virion cDNA indicates that TGEV subgenomic RNAs may be transcribed by a
leader—primed discontinuous process. Analysis of the primary structure of TGEV (Miller strain)
structural proteins demonstrates that the virulent strain differs markedly from the attenuated Purdue
strain of TGEV. These data will be useful in the development of safe, effective vaccines against
porcine transmissible gastroenteritis.
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"ABSTRACT

The genetic structure of the pathogenic Miller strain
of transmissible gastoenteritis virus (TGEV) was studied at
the molecular Tlevel. Subgenomic RNAs 6 and 7 and the 3°
7.3 kb of the viral genome were reverse transcribed into
CDNA. Complementary DNA clones were mapped; maps suggested
that RNA 7 was a subset of RNA 6, and the maps of both
subgenomic RNAs were identical to the -map of the 3’ region
of the virion cDNA, Restriction fragments of the cDNA
clones were seguenced. Common 5’ leader sequences were
found in RNA 6- and RNA 7-specific cDNAs but not in the
corresponding region of virion cDNA. The gene encoding the
matrix (E1) protein of TGEV (Miller strain) was found in
the virion RNA and RNA 6 nucleotide sequence. The 29.4 kd
primary product of this gene possessed a 17-residue
hydrophobic leader peptide. Hydrophilicity analysis of the
protein revealed internal membrane-spanning regions, an
amphiphilic C~terminal half, and a hydrophilic C-terminus.
A gene encoding the nucleocapsid (N) protein of TGEV
(Miller strain) was found in the virion RNA, RNA 6, and RNA
7 nucleotide sequences. The predicted molecular weight of
the serine-rich polypeptide was 43.4 kd. Clusters of
charged residues were found over the entire amino acid
sequence of N. The sequence of virion cDNA contained the
8’ 3183 bases of the TGEV (Miller strain) peplomer (E2)
gene. Downstream of the E2 gene were openh reading frames
that may represent the coding regions of TGEV (Miller
strain) RNAs 4a, 4b, and 5. 'Data obtained during this-
research suggested that TGEV RNAs form a nested set and
that the primary products of the RNAs are encoded by the 5’
region not found in the next smaller RNA. The presence of
5’ leader sequences in RNA 6- and RNA 7-specific cDNA not

* found 1in virion cDNA indicates that TGEV subgenomic RNAs

may be transcribed by a leader-primed discontinuous
process. Analysis of the primary structure of TGEV (Miller
strain) structural proteins demonstrates that the virulent
strain differs markedly from the attenuated Purdue strain
of TGEV. These data will be useful in the development of
safe, effective vaccines against porcine transmissible
gastroenteritis.




INTRODUCTION

The development of safe end effective vaccines has been
a goal of molecular biologists since the advent of
recombinant DNA technology. Many types of virus
. preparations and means of inoculation have been used in
attempts to provide immunity to viral diseases. Exposure
to Qiru1ent viruses and inoculation with killed virus or
attenuated virus vaccines have been used, although disease -
deve]opment, 1nadequate proteotion, and the reversion of
attenuated viruses to pathogenic forms have been dangers
1nherent in the use of these preparations. Risks
associated with immunization might be reduced or eliminated
‘upon employment of subunit vaccines. ‘In order to develop
relijable viral suounit vaccines, the biological and
biochemical characteristics of virulent and attenuated
forms of the virus must be studied. dnce the genetic
organization of the virus and the molecular basis of its
pathogenicity are understood, genet1ca11y altered v1ruses
that induce a proteot1ve immune response but fail to cause
disease might then be constructed. The purpose of my

research was to study at the molecular level the_genetic




2
structure of the Mii]er strain of transmissible

gastroenteritis virus (TGEV), a pathogen of swine.

Biology and Biochemistry of Coronaviruses

Members of the family Coronaviridae are spherical,
pleomorphic partic]es'60—2é0 hanometers in diameter which
bear oharacteriéfic‘c1ub—shaped surface projections. The
corona-like appearance of these projections led to the

‘ creation of the family Coronaviridae by the International

Committee on the Taxonomy of Viruses in 1975 (91).
Coronaviruses have been placed in antigenic groups on the
basis of cross-reactivity in sero]ogica1 teéts (Tabie 1)
{59,76,88,95). Thé mammalian coronaviruses fall into two
groups, while the avian coronaviruses, 1hfectious
bronchjtis,v%fus (IBV) and turkey coronavirus (TCV),
cqmpose:the remaining two groups. Severai-strains'of two
coronaviruses, IBV of chickens and murine hepatitis virué
(MHV), have been intensively studiedhand serve as models of
this family.

Coronaviruses are widespread pathogens of many species
of mammals and birds and cause acute and chronic diseases.
Targets of infection include the gastrointestina1 tract,
=resp1ratory,sys£em, 11vér and nervous-system. Marked
tiésue tropism 15 characteristic of the-coronavirusés.

Investigations of the epidemiology and pathogenesis of




Table 1. Antigenic cross-reactivity among coronaviruses

Antigenic Virus¥* Host
group
I HCV-229E Human
TGEV Pig
CCcv: Dog
FECV Cat
FIPV Cat
II HCV-0C43 - Human
MHV Mouse
HEV Pig-
BCV Cow .
RbCv Rabbit
III IBv Chicken
IV . TCV Turkey
Unclassified Human

HECV

* Abbreviations:

coronavirus;

CCV, canine corohavirus;
FIPvV, feline infectious peritonitis virus;

HCV-229E, . human respiratory
TGEV, transmissible gastroenteritis. virus;

FECV, feline enteric coronavirus;

HCV-0C43, human

respiratory coronavirus; MHV, mouse hepatitis virus; HEV,
hemagglutinating encephalomyelitis virus; BCV, bovine

coronavirus;

rabbit coronavirus;  IBY,

infectious

bronchitis virus; TCV, turkey coronavirus; HECV, human

enteric coronavirus.

The table was developed with references 59,76,88,95.

coronavirus infections have been impeded by the difficulty

of isolating coronaviruses from diseased hosts. ’

Studies of coronaviruses have demonstrated several

unique features in RNA transcription, protein bomposition,

and virus assembly (73,75,76,88). Coronaviruses mu1£ip1y
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exclusively in the cytoplasm of 1nfect§d cells (98).

Untike many other types of viruseé, coronaviruses do not
induce rapid inhibition of host cell macromoiecular
synthesis. Productive gnfection of a susceptible cell by a
coronavirus usUa11y results in cell death due to\fusiéh or
lysis, although persistent coronavirus infections can
readily be established in vitro and in vivo. Some
persistently infected cells synthesjze viral antigens and
release infectious Qirus particles.

Coronavirions assemble by budding at internal membranes
of host cells (16). Coronavirions.contain an envelope
derived from the endoplasmic reticulum and Golgi appératus
of host cells. Virions are released from ce]is by fusion
of post-Golgi vesicles with the p1asma‘membrane'
(53,88,91,95).

The genome of coronaviruses is a single~stranded,
polyadenylated, colinear RNA of 6-8 megadaltons (62,76,88).
Virion RNA is infectious and is believed to encode an RNA-
dependent RNA polymerase. Negative-sense copies of the
genome are synthesized by this‘enzyﬁe in fnfected'ce11s,
and from these templates genomic and subgenomid RNAs'aré
transcribed.

MHY and iBV produce 5-6 pO]yadepy1ated sgbgenohip mRNAs
in jﬁfected cé11sx(43,72,88). Tﬁeéé RNAs are made in
unequal amoﬁnts (48,80,94). ‘Regu1atory mechanisms

controlling coronavirus mRNA synthesis have not been
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identified. MHV and IBV mRNAs form a nested set; the RNAs
possess common 3’ termini and extend for different fengths
in the 5’ direction. Only the 5’-terminal region not fouﬁd
in smaller species of mRNA is translated (88,91). Coding
assignments of the mRNAs of several coronaviruses have been
established (35,72,82). A common 5’ leader sequence at
ﬁeast 70 nucleotides in length has been found in the
genomic and subgenomic RNAs of MHV (43;78,79). Uy
transcriptiona] mapping studies have shown that fhe
synhthesis of each MHV subgenomic RNA is 1hit1ated
1ndepeﬁdent1y, suggesting that the RNAs are not spliced
from larger precursors:(34). Rather, the leader séquence
is joined to the body sequence of mRNAs by discontinﬁous
transcription (78). 1In this process, the leader séquence
may serve as a primer for franscription of the mRNA body
sequence by a virus-specific RNA-dependent RNA pofymerase
(43,78,79). |

Corohavirus particles contain from 3 to 7 structural
proteins, which can be grouped into 3 functional classes
(76,88). The nucleocapsid (Nj protein is a phosphory1ated;
basic polypeptide of 45-60 kd that encapsidates the virion
RNA to fprm a Tong, flexible structure with he]ica]
stmetry (12,48,75,88). In intact virions, N protein is
‘resistént to treatment witﬁ bromelain (12) and pronase
(93), {ndicatfng that it is 1ocatea internally. N protein

is the only virion protein to display significant
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phosphoryiation (83). In vitro sfudies by Siddell et al.
.have detected a prote1n kinase activity associated with the
coronavirus JHM virion that spec1f1ca11y phosphorylates the
virion nucleocapsid protein (74)

A second class of structural po]}peptides is a
heterogenous transmembrane gfycoprotein species, E1, or
matrix (M) protein, of 25-35 kd (1,7,12,49,75,92). This
protein has been intensively studied in several
corona?iruses and appears to possess three domains: a
glycosylated hydrophilic region ﬁhat extends outside the
viral enerope, a hydrophobic region which extends through.
the viral membrane, ana a third domain that possibly
interacts with viral RNA within virus parﬁicTes. E1 is not
transported to the plasmg membrane of infected cellis as are
other viral g1ycoprote1ns,.but accumujates in the Golgi
apparatus. The protein may bind phe ndc]eocapsid to the
viral envelope as the coronavirioh buds{ a function in
common with that of the nong]ycosy1ated~matrix protgins of
I orthomyxo—-, paramyxo-, and rhabdoviruses ) A1though E1 ﬁs a
membrane protein, in MHV and IBV it lTacks a signal pept1de
that is cleaved following translocation. Instead, the
matrix proteins of tHese coronaviruses may be inserted into
membranes by recognition of the inﬁerna] hydrophobic region-
(65). E1 is glycosylated to varying degrees; this resu]ts_
in the protein appeafing as multiple bands ‘in sodium

dodecy su]fate—po]yacry]amjde gels of infected cell lysate
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or dissociated virions. The N-terminal region of E1
proteins of MHV and bovine coronavirus (BCV) possess oligo-
and polysaccharides O-linked to serine and threonine |
residugs (66,58). " 0-1inked g1ycbsy1ation, uanqa] ambng
viral glycoproteins, takes place at the Golgi apparatus of
1nfectedlbe11s. Antibodies to E1 are capable of
néutra]izing viral infectivity only in the presence of
complement (15).

The third class of polypeptides is a large (125-220 kd)
complex glycoprotein, E2, which forms the characteristic
surface projections of coronaviruses (7,12,13,21,28,40,
.49,70,92,93). These'projéctions, or peplomers, are
responsible for attachment of coronavirusés to ce]Té,
induction of nthra1izing antibodies, and the fusion of
infected cells into syncytia. The b191qgica1 activity of
peplomers determines the virulence and fissué.tfopism of
coronaviruses, Almost all of E2 1is located outside the
viral membrane; only a small ancho? region‘of
the peplomer is embedded in the viral envelope. The
molecule is transported to the plasma membrane of 1hfeqted
cells. Ce11s displaying E2 on their surface are
susceptﬁb1e to cell-mediated cytotoxicity. The peplomer of
IBy is composed of two or three copies each of
glycoproteins $1 (90 kd) and $2 (84 kd) (13). A C-termina)
hydrophobic domain of 82 secures the pep1omef to the viral

envelope. 31, the target . of neutralizing and
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hemagglutinating antibcdies, is non-covalentiy 1aned to
S2. 81 is necessary for infectivity of the virus but need
not be present for attachment of the virion to celis.
Comparison of the amino acid sequences of different IBY
strains suggests that the neutralization epitopes are
located near the S1 N terminus.

Bovine coronavirus (BCV) virions possess two different
peplomeric glycoproteins (40). A 190 kd peplomer
g1ycoprote1n appears to be composed of 100 and 120 kd
subunits. ‘A second, smaller peplomer, a dimer of 65 kd
glycopeptides joﬁned by disulfide bonds, is responsible for
the hemagglutinating activity of the virus. Bofh pep]omefs
can e1icjt the production of BCV—néutra]iiing antibodies.

Cleavage of the peplomeric g1ycoproté1n may‘be required
for coronavirus infectivity and cytopathic effects
(31,88,89). Trypsinization of peplomers in vitro 1ncFeases
the infectivity of virus particles and dramatically
increases the yield of infectious virus from cel]s.infected
with trypsinized stock virus"(84,é7).,‘Ce11s that make
infectious éoronaviruses without added -trypsin bossib1y
cleave peplomer proteiﬁs withlce11u1ar prbteases fn the

Golgi apparatus-or at the plasma membrane.

Transmissible Gastroenteritis: Epizootic and Enzootic

Transmissible gastroenteritis (TGE) is a djseaseAOf

swine first reported in Indiana in 1946, and it is now
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found in most swine-producing éountries of the world (29).
The 1oss of animals by swine producerslmakes TGE
econoﬁica11y important. The cause of the disease,
%ransmissib]e gastroenteritis virus (TGEV), 1is a porcine
éoronavirus that infects and destroys the absorptive
epithelial cells of the small intestine. TGEV can be
transmitted to a swiqé unit in a number of ways, including
contaminated fomites, birds, and recently recovered swine
that appear healthy but are still shedding the virus.
Ingestion is the norma] route of exposure to the pathogen.
TGEV virions disp]ay resistance to low pH, trypsin, and
bile, making 1£ possible for the virus to maintain
1nfectfvity dufing passage through the alimentary tract.
Two forms of TGE, epizootic and enzootic have been
described (29).

Epiiootic TGE affects swine of all éges; morbidity is
virtually 100% in exposed herds. THe'se&erity of the
disease is greatest in newborn pigs whjch, during'
epidemics, can suffer mortality rates of up to 100% (5,29).
Newborn animals experience vomifing; severe diarrheé, and
subseduent dehydration resulting in rapid weight loss.
Extreme thirst is characteristic of TGE. . in nursing swine.
Upon autopsy, nursing piglets disp]ay villus atrophy in the
jejunum and 11eQm and undigested mi]k cﬁrds throughout the
gastfointestina1 tract. F]uoréscent antibody tests often

reveal the presence of viral antigens in villus epithelial
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cells. Laboratory diagnosis may also include electron
microscopic examination of small intestinal tissues for the
presence of corongvirus particlies. There is no practical
method of treating young pigs; replacement fluid therapy
has been successful in treating tlaboratory pigs, but thé
method is labor-intensive and not applicable in large swine
units. Clinical signhs in older animals include anorexia
and profuse, watery diarrhea. Lactating sows may
experience agalactia. The incubation period of TGEV prior
to the onset of clinical signs in infected animals is 18-24
hours. Pigs under 7 days of age uéua11y die 2-7 days after
clinical signs appear. The rate of mortality decreases as
the age of swine at the time of infection increases.
Mortality in 2 to 3 week old pigs approaches 20-30%, while
only 3-4% of weaned pigs and fewer than 1% of adu]t pigs
die as a result of the d1sease

Enzootic TGE occurs in swine units that practice
continuous or neaé1y_continuous farrowing. Previous
infection of the herds With TGEV results in estab]iéhment
of adequate Tmmunity to the virus. Later this immunity
declines, and a non-explosive form of TGE develops. Pigs
are usually 6 days of age or older when stricken with |
diarrhea, and not all pigs in the litter may be affected.
Vomiting is not always present, and the raté of mortality
is often low. Sows may provide some 1actogen{c immunity;

‘1f_the level of immunity is high enough, nursing pigs are
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protected until weaning. Agalactia experienced by some
sows may prevent transfer ofhadequate éo]ostra] and milk
antibody té the young. Enzootic TGE is not always
recognized by pork producers and vetefinarians.familiar
with the explosive epizootic form of the disease.

Pigs that recover from TGEV infection can shed the
virus.frqm the lungs for more than 4 monﬁhs after the
initiallinfection. Porcine alveolar macrophages are
capab]e_of supporting TGEV rep]jéation, as demonstréted by
positive 1mmUno?1uorescence, infectious virus release, and
1nter%eron synthesis (45). Also, TGEV may be maintained in
a latent statg in cells of the 1ntest1na} villi.
Persistently infected animals can then shea virulent TGEV
iﬁ.fecal mater1a1.ﬂ

There is currently no effective vaccine against TGEY.
Natural infection of sows with viru]entlTGEV leads to
production of secretory antibodies capable of neutralizing
the virus, but intramuscular 1nocu1ation of the pathogehic
form does not. Induction of 1actogenic'1mmunity may depend
upon the route of immunization. Inéestion of TGEV‘resu1ts
in the infection of the intestinal epithelium (5); it is
possible that macrophages in nearby Péyer’s'patches bréak
down the virus and present viral antigens to migratihg f
1ymphécytés;'whi¢h then pass tﬁese'éntigens'to Tymph nodes
near secretory glands. By this process ﬂarge amoghﬁs éf

protective secretory IgA can be produced and provided to




12

suckling pigs in milk and colostrum. Passive protection
provided by immune sows usually prevents the’majority of
piglets in a litter from developing TGE (6;10,26,95,99).
In.contrast,-intramuscu]ar administration of the virus
stimulates production of circulating antibodies, largely of
the IgG class. Although the IgG may neutralize TGEV
particles, very little of this antibody is found jn the
milk of sows immﬁnized intramuscularly. Oral or
1ntramu$cu1ar administration of attengated TGEV particles
results in secretion of virus-specific antibodies, th this
response 1is not adequately protective against jnfection
with viru1en£ TGEV. Also, an inherent danger in the use of
attenuated viruses as vaccines is the possibility of
reversion of the viruses to pathogenic forms. TGEV subunjt
vaccines 6ontain1ng purified viral protein from virulent or
attenuated strains have also failed to protect vaccinated
animals (23). A greater understanding of the molecular
basis of TGEV pathogenicity is necessary if a protective
vaccine is to be developed. B |

The attenuated Purdue strain of TGEV has been studied
by several laboratories. Thfs strain was developed by
repeatéd passage 6f virulent TGEV throggh cell cﬁ1ture.
Although it waé produced for use as a vaccine, the Purdue
strain is often uséd in laboratory studies of TGEV because
it replicates to a higher titer jn vitro than does the Tow-

passage Mf11er strain. However, because the Purdue strain
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is attenuated, its properties may not accurately reflect

those of the virulent virus.

Transmissib1e Gastroenteritis Virus Proteins

TGEV contains three major structural polypeptides (21).
The nucleocapsid (N) protein is a phosphorylated mo]ecu1é
of approximéte1y 50 kilodaltons that is associated with
TGEV genomic RNA (21). The nuc]eotidé.sequence of the N
prote%n gene of'the Purdue scrain has been determined by
Kapke and Brian (385. TGEY 1is not of the antigenic
subgroup of the coronaviruses MHV and IBV, but the
ptedicted amino acid sequence of TGEV (Purdue strain) N
protein shows an overall homology of 26 and 27% with IBV
and the'neurotrobic JHM strain of MHV, respeCtive1y. A
conserved 68 amino acid region was found to be shared by
the.three viruses. This regioh is more basic than the
ove}a11 nucTeocapéid protein, and may interact wftﬁ gcnomic
RNA. Other regions of the N proteins were found to share
structural characteristics even though amino acid sequences
differcd, suggesting thc existence of additional conserved
funtional domains.

fhe second virion protein is the matrix g]&coproteﬁn
E1. Usjng chA sequence data, Laudc et al. predicted that
the primary trans1a§icn product of the TGEV (Purdue strain)
E1 gene %s 262 amino acids long with a mo]ecu1af weight cf‘

29.6“kd (47). A i7 amino acid leader peptide is removed
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from E1 during maturation of the polypeptide. This.1eader
seguence may direct passage of E1 into 1ntérna1 hembranes |
of TGEV-infected cells, a means of 100a1ization~d1ffereﬁt
than that of MHV and IBV matrix proteins. Comparison of.
the nucleotide sequence of the TGEV (Purdue strain) E1 gene
with the E1 genes of MHV (strain A59) and IBV revealed no
significanf homology. However, the amiho acid sequences
showed homologies of 38% (TGEV-MHV) and 27% (TGEV-IBV).
Three potential meﬁbrane—spanning regions were found 1n the
amino acid sequences of the three Ef polypeptides, but only
one of these regions displays anh equal degree oflhomology
among the coronaviruses studied. The variance may be due
to functional differentiation between the three hydrophobic
segments. Binding ofﬁthe hydrophilic reéjon of E1.by
antibodies in the presence of complement ﬁay result in
virus neutralization (15). Two potentiéi sites of N-
glycosylation are present in this area, oH]y ohe of which
may be accessible to ‘glycosylation while E1 is associated
with the endoplasmic reticulum (47).

The 1arges£ TGEV structural protein is the 195-220 kd
peplomer g}ycoproteih, E2. TGEV (Purdue stréin) sequence
data suggests the mo]ecﬁ]ar weight of the primary
translation prodﬁct of the E2 gene to be 158 kd (60). The
carbohydrate moiety is thus approximately 25% of the total
molecular sizé of the polypeptide, a level in agreement

with that reported for the IBV peplomer (3). E2 of the
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Purdue strain is largely hydrophobic (60). ‘Hydrqphobic
residues are concéntrated in the core of the pepiqmer. An-:
extremely hydrophobic sequence of‘45 reéidues near the C
terminus is the region of the peb]omer presumed to anchér.
the molecule in the viral enve]ope.' This seghent has a.
muéh higher ratio (24.5%) of cysteine resiaues than the
molecule as a whole (3.4%); tHis appears to be a
distinctive feature of the coronaviruses (3;60). The
peplomer domain immedfate]y exterior to the‘vira1 envelope
contains an eight residue segment that is perfectly ‘
conserved in TGEV (Purdue strain) and IBV (3,60). In both
viruses,_this region of E2 is preceded by N-glycosylation
sites. Hydrophilic segments appear to be concentrated 1in
the carboxyl half of E2. Overall homology between the
amino acid sequencés of IBV and TGEV (Purdue strain)
peplomers is 32.3%. 'Regioﬁs of homo]ogy are concentrated
in the carboxyl half of thé molecule, while the amino half
shows considerable divergence.

Poss€b1y all complement-independent TGEV-neutralizing
antibodies are directed against thé.peb1omeh'(37,46).
Laude et. al. (46) used monoc]ona1‘ant1bod1es to construct a
map of the antigenic determinants of the TGEV pep]oméf N
pfotein. In this mode1l, fGEV bep]omers possess four major
antigenic sites; fewer than expected of such a large
brotein. The neutra1jzation—mediat1ng domain 1is composed

of two of these sites; both sites possess a common epitope.
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Also, the sites are conserved among the different strains
of TGEV tested. Laude’s data suggested that the

immunodominant site of the peplomer migﬁt feside within the

neutralization-mediating region.

Transmissible Gastroenteritis Virus RNAs

Six viral mRNA species were detected by Jacobs et al.
in porcine cells infected with the Purdue strain of fGEV
(36). Their size, as determined by SDS-PAGE, was éS.G.kb
(RNA 1){ 8.4 kb (RNA 3); 3.8 kb (RNA 4), 3.0 kb (RNA 5),
2.6 kb (RNA 6), and 1.9 kb (RNA 7). The RNAs weré
translated in vitro. RNA 7 was shown to encode the
nucleocapsid prdtein, while RNA 6 encoded an uhg1ycosy1a£ed
precursor of the matrix protein. A 24 kd nonstructural
protein was the primary translation prodgct of RNA 4.
Translation of RNA 3 resulted 1in 130 and 250 kd proteins
and smaller moiecu]és that could be.precfbitated with a
monoclonal antibody directed against the peplomer. No
virus—-specific prans1étion product was identified for RNA
5. |

The intracellular RNAs of swine testicle (ST) ce]]s
infected with the vfru1ent Miller strain of TGEV‘were
studied by Andreas Luder (personal .communication). Seven
virus-specific RNAs were detécted. Sizes of the RNAs were
predicted by their rate‘of migration in agarose following

denaturation with g1yoxa1. The predicted71engths of the
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RNAs were: 23.0 kb (RNA 1), 8.5 kb (RNA 3), 3.9 kb (RNA

4a), 3.6 kb (RNA 4b), 2.9 kb (RNA 5), 2.6 kb (RNA 6), and
1.8 kb (RNA 7). The fuj1 1ength minus—-strand bopy of the
genome 1is considered to be RNA 2. Jacobs et al. did not

detect the 3.6 kb RNA during their study of TGEV (Purdue

§tra1n) RNAs (35)-. However, the method of RNA numbering

used by Jacobs et al. is also Qsed in'this thesis.

The kinetics of TGEV (Miller strain) RNA synthesis are
not well understood;' A proposed mechanism of coronavirus
replication suggests two main phases of RNA synthesis (82).
Following virion RNA-directed synthesis of an RNA~-dependent
RNA polymerase, a fﬁ1i—1ength minus-strand RNA is
transcribed from the viraT genome. Transcription of
subgenomic RNAs from this template could comprise the first
phase of virus-specific RNA synthesis. The second phase
would occur Tater in the cycle of infection, when full-
length virion RNA is transcribed from the minus-strand
template. This may occur jusf before packaging of the
genome and subsequentire1ease of virions from 1nfécted
cells. ST cells infected with TGEV (Miller strain) reach
their maximum yield of virus at 18 h post—infectioﬁ (67).

Past research has not conclusively demonstrated that
TGEV produces a nested set of RNAs in infected cells. It
is not known if TGEV mRNAs are transcribed by a leader-
primed mechanism simi]ar to that of MHV; Immediate]y

preceeding the El-encoding and N-encoding regions of TGEV
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(Purdue stain) virion RNA, AACTAAAC seguences have been
found (47). Laude et al. assumed these consensus séquences
to be the start of mRNA transcripts,‘but did not assign the
sequences a function in gene transcription. '

In.vitro translation studies have provided proof of the
meséenger function of TGEV intracellular RNAs (35), and
1dentiffcation of translation products based on ‘
electrophoretic migration and recognition by TGEV-specific
antibodies suggests that the virus poésesses a mechanism of
expression similar to that of coronaviruses MHV and IBV.
This-has not been confirmed by determination of the primary

structure of TGEV subgenomic mRNAs.

Goals and Experimental Design

The goal of my research was to determine the primary
structure of the genome and RNAs 6 and 7 of the pathogenic
Miller strain of transmissible gastroenteritis virus‘
(TGEV). I did this by cloning-and séquencing DNA copies of
these RNAs. I dsed the sequence data’to compare the
structure of the virion RNA to that oflthe two,subgenqmic
RNAs. Sequence data. was used to 1dent1fy.open reading
frames and préaiét the amino acid‘sequenées, glycosylation
sites, and functions of potential gene products. From a
comparison of these ‘results to information obtained from

studies of the attenuated Purdue strain of TGEV, I
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endeavored toc increase our understanding of the molecular

basis of TGEV pathogenicity.
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MATERIALS AND METHODS

.Chemfcais, Media, and Buffers

Reagent grade 11quid organic chemicals were obtained
from.J. T. Baker Chemica] Co. Othér chemicals and reagents
were obtained from Sféma Chemical Co. unless otherwiée
statea'%n the text. Radioisotopes were purchased froﬁ New
England Nuclear Cofp. Calf intestinéf phosphatase, T4 DNA

ligase, Escherichia coli DNA polymerase I, terminal

transferase, and Klenow fragment were 6bta1ned from
Bethesda Research Laboratories and Promeéa. Cell culture
media were obtained from Irvine Scient{fic, and sera weré
purchased from Hyclone Laboratories.

Cell cu1tufes were maintained in Dulbecco’s Modified
Eag]e;s (DME) medidm supplemented with 10% (vpi/vo1) calf
serum (DME-10). Infgctibn of cells with TGEV was done in
DME supplemented with 2% (vo]/vq1) fétélfbovine serum, 10
ﬁM 3—(N;morpho11no)propanesu1fonic acid.(MOPS),'10 mM N-
tris—(hydfoxymethy])methy1—2~am1noetﬁanesu1foh1c acid
(TES),-aﬁd 10 mM'sz—hydroxyethylpiperazine—N’42—
ethanesuffonic a;id (HEPES) (DME—Z).

The qompdsition and hH of buffers-and reaction mixtures

are shbwn in Table 2. 
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Composition and pH of buffers and mixtures.

1 mM DTT

Table 2.

Buffer Composition pH

Annhealing’ 10 mM Tris—-HC1, 2 mM EDTA, 7.6

buffer 150 mM NaC1l .

Chase 2 mM dCTP, 2 mM dATP, 2 mM dGTP,

solution 2 mM dTTP ,

Chloroform 96% chloroform (vol/vol), 4%
isopentanol (vol/vol)

CIP mix 100 mM glycine, 1 mM MgCl,s, 1 mM 10.5
ZnCl,, 1 unit/ul calf intestinal
phosphatase (CIP) :

Citrate-urea 25 mM citric acid, 9 M urea 3.0

gel buffer

Citrate-urea 10 mM citric acid, 6 M urea, 3.0

sample buffer 15% (wt/vol) sucrose, 0.005%

(wt/vol) bromophenol blue

Hybridization 50% (vol/vol) formamide, 5X SSPE,

buffer 0.4% (vol/vol) 8DS, 200 ug/ml
calf thymus DNA

Klenow 10X 100 mM Tris-HC1, 500 mM NacC1l 7.5

buffer '

Klenow 300 puM ddATP, 33 uM dCTP, 33 uM 7.5

d/ddATP dTTP, 33 uM dGTP, 50 mM NacC1,

mix 10 mM Tris-HC1, 10 mM MgC1l,,

' 1 mM dithiothreitol (DTT)

‘Klenow 66 MM ddCTP, 1.66 uM dCTP, 33 MM 7.5

d/ddCTP dTTP, 33 uM dGTP, 50 mM NacC1,

mix 10 mM Tris~HC1, 10 mM MgC1l,,

i mM DTT

K1enow 66 uM ddGTP, 33 uM dCTP, 33 uM 7.5

'd/ddGTP dTTP, 1.66 uM dGTP, 50 mM NacC1,

mix 10 mM Tris-HC1, 10 mM MgCl,,
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. Composition .

pH

[2-ethane-sulfonic acid] (PIPES)

100 mM NaCl, 1 mM. EDTA

Buffer

Klenow 117 puM ddTTP, 33 uM dCTP, 1.686 7;5

d/ddTTP UM -dTTP, 33 uM dGTP, 50 mM NacCl,

mix 10 mM Tris-HC1, 10 mM MgC1,,

: 1 mM DTT
Ligation 66 mM Tris-HC1, 5 mM MgCl,, 5 mM 7,5
buffer DTT, 1t mM ATP, 4 un1ts/m1 T4 DNA
T 11gase

NET 10 mM Tris-HC1, 100 mM NacC1, 7.6
1 mM EDTA : ‘ -

Nick 50 mM TrisfHC], 10 mM MgSO4, 7.2

translation 0.1 mM DTT, 500 ug/ml BSA, 1 nM

mix dTTP, 1 _nM dGTP, 1 nM dCTP, 2 nM
[a]pha—32P]—deoxyadenosine 57~
triphosphate (NEG-012A), 0.1 ug/ml
DNase I, 0.1 units/ul E. coli DNA
pol I ’ Co

NTE 50 mM Tris-HC1, 150 mM NacCl, 7.2
5 mM EDTA S . .

01igo(dT) 10 mM Tris-HC1, 1 mM EDTA, 7.5

elution buffer 0.05% (vol/vol) SDS .

01igo(dT) © 20 mM Tris-HC1, 500 mM NaC1, 7.6

high-salt buffer 1 mM EDTA :

01igo(dT) 20 mM Tris-HC1, 100 mM NaCT, 7.6

low-salt buffer 1 mM EDTA ' _

01igo(dT) 100 mM NaOH, 5 mM EDTA

washing buffer o

Phenol 63% phenol (vdT/vo1), 37%

- (vol/vol) 50 mM TE (pH 8.0),

7 mM 8-hydroxy quinoline

PNE 30 mM piperazine-N,N’-bis 6.0
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Composition

sample .buffer

SDS, 40% (vo1/v01) glycerol,
0. 02% (wt/vol) phenol.red

Buffer pH
Reverse 50 mM Tris-HC1, 10 mM MgC] 8.3
transcription i0 mM DTT, 4 mM Na pyrophosphate,
mix 1.25 mM dGTP 1.25 mM dCTP,
1.25 mM dATP, 1.25 mM dTTP,
- 0.5 units/ul RNasin, 3-units/ul
reverse transcr1ptase (L1fe
Sciences) .
RIP buffer 50 mM Tris-HCT, 150 mM NaC1, 7.4
' 5 mM EDTA, 0.2% (vol/vol) NP40,
0.05% (vol/vol) SDS, 1% (vol/vol)
Aprotinin, 0.02% (wt/vol) Na azide
RT 10X 340 mM Tris—-HC1, 500 mM NacC1, ' 8.3
buffer 60 mM MgCl,, 50 mM DTT
RT 3.6 UM ddATP, ZSQ'HM'dCTP, 250 8.3
d/ddATP UM dTTP, 250 uM dGTP, 50 mM NacCt,
mix ' 34 mM Tris-HC1, 6 mM MgCl,, 5 mM.
DTT g
RT 100 uM ddCTP, 250 MM dCTP, 250 8.3
d/ddCTP uM dTTP, 250 uM dGTP, 50 mM NacCt,
mix : 34 mM Tr1s HC1, 6 mM MgCl,, 5 mM
' DTT -
RT 50 UM ddGTP, 250 uM dCTP, 250 uM 8.3
d/ddGTP dTTP, 250 uM dGTP, 50 mM NacCi,
mix ' 34 mM Tris- HC] 6 mM MgCl,, 5 mM
DTT . -
RT 200 uM ddTTP, 250 uM dCTP, 250 8.3
d/ddTTP uM dTTP, 250 uM dGTP, 50 mM NaC1l,
mix 34 mM Tris-HC1, 6 mM MgC12, 5 mM
DTT.
SDS-PAGE 120 mM Tris- PO 1% (vol/vol) 6.7
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Table 2, continued.

Buffer Composition

pH
Second-strand 20 mM Tris-HC1, 5 mM MgCl,, 7.
synthesis mix 10 mM (NH,)» 804 100 mM KC1,

50 ug/ml BSA 40 uM dGTP, 40 uM
dCTP, 40 uM dATP 40 uM dTTP

8.5 units/m] RNase H, 230 units/m]
Kienow fragment of E. coli potl I

S&C . 150 mM NaCl, 15 mM Na citrate
SSPE 50 mM NaPO4, 900 mM NaCl,
5 mM EDTA
Stop 90% (vol/vol) formamide, 20 mM
solution . EDTA, 0.3% (wt/vol) bromophenol
blue, 0.3% (wt/vol) xy1ene cyanol
TAE 40 mM Tris—-acetate, 2 mM EDTA
TBE 89 mM Tris- borate, 89 mM
: boric acid
10 mM TE 10 mM Tris base, 1 mM EDTA
50 mM TE . BO mM Tris base, 50 mM EDTA
Terminal "200 mM K cacodylate, 2 mM MnCl,,
transferase , 1 uM DTT, 1 mM dCTP, 1 unit/ul
mix ‘ terminal transferase

Virus Strains and Cell Lines’

The virulent Miller strain of transmiséjb]é
gastroenteritis virus (TGEV) was obtained from American
Type Culture Collection (ATCC VR743-1W) 1in the form of

porcine intestinal washings and cloned twice by plaque

purification. Amplification of TGEV was carried out in a
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.contiﬁuous swine testicle (ST) cell line established by
McClurkin and Norman (52) and obtained from Dr. David -
Brian. TGEV used in the experiments had been passed 8 to

10 times 1in ST cells after plaque purification.

Cloning and Sequencing Vectors

PstI-digested, oligo(dG)-tailed pBR322 used as the cDNA
cloning vector in the following experiments was purchased
from Bethesda Research Laboratories. Riboprobe Gemini

sequencing vector plasmids were obtained from Promega.
- i

Virus Stocks

ST cells were grown to 90% confluency in 10 cm plastic
dishes (Nunc) and were infected with TGEV at a multiplicity
of infection of 3 to 5 in DME~-2. Following adsorption of
the virus for one h, the inoculum was aspiréted and
replaced with 5 m1 DME 2. The 1nfectéd cells were
incubated at 37°C until apprdximate1y 75% of the cells had
lysed. The plates were scraped and the.medﬁuﬁ was |
collected and freeze-thawed once at -70°C prior: to
sonication:for 120 s in a Heaf Systemé Sonicator: (model W-
225R) using a cup probe at 75% power. fhe lysates were
¢1ar1f1ed by ceﬁtrifugation at 1200 x g for 5 min and

stored at —70°C_
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Plague Assay

TGEV stocks were titered by plaque assay on %T cell
monolayers in plastic six-well dishes (Nunc). Mgno1ayers
were infected with 0.4 ml1 of serial 10-fold dilutions of
vifus in DME-2. Aftgr ah adsorption périod‘of ope h af
37°Q, the 1npcu1um was removed and rep]aced,wichS ml of
DME~é containing 0.75% (wt/vol) agarose (type IIL Sigma).
Plaque assays were incubated at 37°C until plagues became
visible.. Cells.were fixed by adding one ml 2% (vol/vol)
glutaraldehyde to each w¢11 and incubating at room
température for at least three.hours. The agarose was
remoVed,_the plates were allowed to dry, and plaques were

counted. Titers were recorded as p}aquefforming units per

ml (PFU/m1).

Organic Extraction and Recovery  of Nucleic Acids

Nuc1eic.acids were purified by extracting tw{ce with
one volume phenol and one volume ch]qrgform and once with
one volume chloroform. Phenol as referred to in this text
is equiva]eh£ to 63% (vol/vol) phenol, 37% (vol/vol) 50 mM
TE (pH 8.0), 7 mM 8-hydroxy quinoline. Chloroform as
referréd to in this text is equivalent to 96% (vol/vol)
chloroform, 4% (vo1/vo]) isopentanol. 'Aqueous and organic
phases wefe éeparéted by centrifugation at‘4,000 X é for 5

min at room temperature.
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DNA was precipitated from the aqueous phase by addition
of one-fifth volume saturated ammonium acetate and two
volumes 95% (vol/vol) ethanol. RNAs wéfe precipitated by
addition of one-fifth volume 5 M NaCl and 2.5 volumes 95%
ethaan. RNA precipitatiops were incubated for at least
one h at -20°¢. Nuc1ei§ acids wére pe11eted by
centrifugation at‘16,300 x g for 30 min'at 4°¢C., Pelleted
material was washed with‘70% (vol/vol) ethanol and dried

under vacuum.

Virion RNA Production

ST Ce1] mqno1ayers in" 10 cm plastic dishes were
infected at an MOI of 3 to 5 with TGEV in DME-2. After an
adso}ptioh period of 1 h at 37°9C, an additional 3 ml1 DME-2
was added to each dish. The plates were 1nqubated at 37°cC.
To 3 of 10 dishes, 100 mCi [5,6-3H]-uridine (NET-367) was
added at 5 h post—infect{on. A1ternat%ve1y, [3291f1abeled
virion RNA. was produced by adding 375 MCi [32P]—éhosphoric
acid (NEX-053) to each dish. When 75% of the cells had
lysed, the p]ates were scraped with a.rubber po11Ceman and
the cell lysate was collected. Fo11ow5ng one freeze-thaw
cycle at -70°C, the medium was sonicated.for 120 s and
c1arif1ed as described above. Virions were precipitated by
the addition of 5.9 g NéC] and 50 mi 50% (wt/vol)
polyethylene glycol (PEG) (mo1. wt. 3356, Sigma cat. no.

P3640) per 200 ml c]arifééd lysate to give a final
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concentratjon of 10% PEG and 2.4% NaCl (90). Following a 2
h incubation of the mixture at 4°C, the precipitate was
collected by centrifugation.at 10,400 x g for 45 min at
4°C. Pellets were.disso1ved in PNE buffer and transferred
to 8.8 cm x 1.5 cm polyallomer centrifuge tubes (Seton
Scientific). The suspensions were underlaid with 3.5 m]
10% (wt/vd1)_potassium tartfate (KT) in PNE buffer and 2 ml
33% (wt/vol) KT in PNE buffer. Centrifugation of the
discontinuous gradients was carriéd oQt in a Beckman SW41Ti
rotor at 160,000 x g for 150 min at 4°C. Virus parficies
were.co11ected ffom the interface between the 10% KT and
33% KT in PNE buffer pads. The virus suspension was
diluted tén—%o1d with PNE buffer and virions were pelleted
by u]tracentr1fugat1on at 160,000 x g for 75 min at 4°c.
Pellets were dra1ned and dissolved in 2 m] NET buffer
supplemented with 100 ul1 200 mM vanady] r1bonuc1eos1de
complexes (Bethesda Research Laborator{eé), 10 M1 20 mg/ml
proteinase K, 200 ul 10% (wt/vol) sodium'dodecy1.su1fate
(sDS), 160 ul 5 .M NaCl, and 100 ul1 200 MM EDTA. Following
a 30 min incubation at 37°C the RNA was phenol-chloroform
extraéted. RNA pellets were resuspended’in 200 u1 NET
buffer. The material was loaded onto 10-30% cont{nuous
sucrose gradienté in NET buffer supplemented with 0.2%
(vol/vol) SDS. Following ultracentrifugation of the
gradients at 160,000 x g for 3 h at 20°C, 400 ul fractions

were collected with a peristaltic pump from the bottom of




29
the gradients. Twenty pl aliquots from each fraction were
transferred toIWhatman GFC glass fiber fi]térs. The
Fi1térs were dried at room temperature and placed in
scintillation vials.. Thrée ml scintillation fluid [B g
2,5~-diphenytoxazoie (PPO) per liter xylene] was added to
each vial and the samples were counted in a Packard LSC
460CD 1iquid scintillation counter. Gradient profiles were
plotted using the count data and from these piots the
fractions containing TGEV genome—1engtﬁ RNA were
identified. ﬁNA was recovered from these fractions by
ethanol precipitatfon. RNA pellets were-reéuspended.ih NET
buffer and the purity anduconcentration of the RNA was
determined by measurﬁng the absorbance of the suspensions
at wave]engﬁhs of 260 and 280 nm in a Gilford 2600
épectrophotometer. ﬁNA was reprecipitétég and stored at

-70°c¢C.

Isolation of Polyvyadenylated Intracellular RNAs

Monolayers of ST cells in 10 cm plastic dishes were
infected at an MOI of 5 with TGEV in DME-2. After
adsorption for one.h at 37°C the inocu1ﬁm was aspirated and
rep]aced With 5 m1 DME-2 per dish. At six h post-infection
the DME-2 Was aspirated and replaced with 3 m1 fresh DME-2
containing 2.5 ug/ml actinomycin D. Three of 10 dishes
received 100 uCi [5,6-3H]-uridine (NET-367). The

incubation was continued at 37°C to 11 h post—infecpion.
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The ﬁedium was then aspirated and one mil ice cold NTE
buffer containing 0.5% (vol/vol) Nonidet P40 (NP40)
(Partﬁc]e Data Laboratories Ltd.) was added to each dish.
Dishes were held on ice for 5 min and the cell 1ysatés were
collected. Dishes were rinsed with an additional one‘m1
volume of NTE buffer and the rinses were pooled with the
lysates. Following clarification, the lysates were treated
with proteinase K, precipitated, and recovered as described
“above. |

Polyadenylated RNA was isolated by oligodeoxythymidylic
acid (oligo (de) cellulose chromatograpﬁy. Columns
consjsting of approximately 2 ml oligo(dT) cellulose (type
2, Co11aborat1ve Research, Inc.) in a pasteur pipet were
washed with 3 volumes of distilled water, 3 volumes
o?fgo(dT) washfng buffer, and additional disti}]ed‘water as
needed to bring the pH of the effluent below 8.0. §NA was
resuspended in 400 pl distilled water and denatured by
heating at 65°C for 5 min. An egual volume ofA2X high-salt
01igo(dT) loading buffer was added and the suspension‘was
passed thrpugh the column. The é1uate was collected,
heated at 6560 for 5 min, and reapplied to the column. The
column was washed with 8 ml1 high-salt loading buffer and 4
ml low-salt loading buffer. Po1yadeny1ated RNA was eluted
from the column by addition of 3 ml elution buffer.A Eluted

RNA was recovered as described above.
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Urea—-Agarose Gel Electrophoresis

i
\ .

TGEV subgenomic RNAs were purified by uréa—aéarqse gel
?1ectrophoresis as described by Rosen et‘a1. (63% with
minor modifications: Three-fold concentrated ag%rose (2.1
g agarose in 70 ml disti11ed'water) was autoclavgd and
added to 140 m1<g1trate—urea buffer and horizontal gels
(8.8 cm x 25.4 cm) were poured in a Studier apparatus (85)
(10 cm x 39.5 cm) 1in a refrigerated room. RNA wasf
resuspended in citrate-urea sample buffer, held at room
tempefature for 5 min, and loaded onto the urea-agarose
gels. Ribosomal RNAs from ST cells labeled with [5,6-3H]-
uridjne (NET-367) were used as molecular weight markers.
ETectrophoresis was carried out at 50 volts for 16 h at
room température. Lanes were ﬁhen sliced a£ 0.4 cm |
intervals, aﬁd slices were placed in scintilliation vials.
Three ml aqueous scintillation F1uid [33% {(vol/vol) Triton
X—10b (Research Products International Corp.), 66.5%
(vol/vol) Xylene, b;S% (wt/vol) PPO] was added to each vial
and the samp1és wereléounted using the preth tritium
channel. Count data were used to plot gel profiles of
lanes containing TGEV-ST RNA or ST ribosomal RNA.
Migfation distances of the rRNAs were used.to estimate the
1ocat1§n of TGEV subgenomic mRNAs. Gel slices from

parallel lanes prédicted to contain TGEV mRNAs oftintereSt

were suspended 1in NET buffer and melted by heating at 65°C
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for 5§ min. Agarose slurries were extracted three times
with chloroform and RNA was recovered from the aqueous

fractions as described above.’

In vitro Translation of Gel-Purified mRNAs

. The 1dent1t1es of RNAs extracted from urea—agarose were
‘conf1rmed by in v1tro transliation. RNA- (1 to 2 Hg) in 8 u]
distilled water was: added to a m1crocentr1fuge tube
containing.as pl rabbit reticulocyte lysate (Promega),. 1 ul
methionine-free amino acid mixture (Promega), 5 ul (50 uCi)
—[358]*methion1ne (NEG-009A), and i ul (30 U) RNasin-
(Promega). Following 1ncubdtion at 30°C for 2 h the

reactions were terminated by freezing at -70°cC.

. Immunoprecipitation of Virus-Specific Proteins

Products of in vitro translation were immuno-
precipitated with TGEV-specific po]y¢1ona1 ascitjc fluid
using a modification of previously described pro%edures
(8,67). ~F{fty H1 of translation mixture was di]Lted
e]even—foid in RiP buffer. Fifty ul of hyperimmﬁne ascitic
fluid was added and the m1xtures were 1ncubated for 1 h at

0°cC. - Immune complexes were prec1p1tated with 50 ul 10%

(vol/vol) heat- and forma11n—f1xed Staphy]ococcus aureus

(Cowan) cells (39) by incubation at 0°C for 1 h and
pe11e£ed by centrifugation at 6,500 x'g for 20 s. .Pellets

were washed 5 times with ice cold RIP buffer. Bound
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proteins were eluted with 20 ul 1% (wt/vol) SDS, 6.02 M
dithiothreitol (DTT) for 15 min at room temperature and 5
min at 60°C. S. aureus cells were removed by
centrifugation at 6,500 x g for 20 s. fhe supernatant
fluids were mixed‘with 20 u1-SDS—po1yacry1am1de ge1‘
electrophoresis (PAGE) sample buffeF and‘stored at

-20°c.

SDS-Polvacrylamide Gel Electrophoresis

Immunoprecipitated proteins were analyzed by. the
Laemmli method of PAGE (42). Proteins were denatured phior
to e]eptrophoresis by heating for 5 min at 6500;:
E]eqtrophoresis was in 10% (wt/vol) po1ya¢ry1amide slab
gels. - Gels were.fixed in 10% (vol/vol) trich]oroacetic
acid and proteins were stained with Cooméssie br111iant
blue G (19). Tolaid in detection §f labeled proteins, gels
weré enhanced for 30 hinlin #1uoro—Hance (Research Products
International Corp.) according to the.mahufacturér’s
directions.' Gels were dried onto Whatman éMM pa§er and
exposed to preflashed Kodak XAR-2 x-ray film. .

The molecular weights of translation products were
determined from their distance of migration in t%e gé1s
relative to those of standard proteins of known molecular
weight. GEL, a computer prpgraﬁ bbtained from Dr. Brign
Fristensky and based on the work of Schaffer and Sederoff

(68), was used 1in this analysis. The‘standard.proteins

were. bovine serum albumin (BSA) (66‘kd), ové]bumin (45 kd),
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B-glyceraldehyde-3-phosphate dehydrogenase (36 kd),
carbonic anhydrase (29 kd), and trypsin inhibitor (20.1

kd).

Compliementary DNA Synthes{s

Synthesis of first-strand éDNA was carried out
according to the protocol of Gubler and Hoffman (25).

Three ug virion or subgenomic RNA and 4 ug oligo(dT) or one
to 3 ug priming cDNA restriction fragment were added to a
reaction mixture cqntaining 40 ul reverse transcription mix
and'incUbated for 60 min at 42°C. Reactions wére
terminated by addition of 100 ul 50 mM TE buffer. Reaction
products were phenol-chloroform extractéd and ethanol L
precipitated.'

First-strand CDNA reverse transcribed from viriph RNA
was rendered double-stranded in a reaction mixture-
containing 100 ul1 of second strand éynthesis mjx and
incubated at 12°C for 60 min and 22°C for 60 min. To stop
the reaction, EDTA was added to a final concentration of 20
mM. Products were phenol-chloroform extracted and
recovered by ethanol precibitation. First-strand cDNA
copieé éf TGEV subgénomic RNAs were not subjected to second
strand synthesis (475. .

Oligodeoxycytidylate tails were added to double-
stranded cDNA or cDNA:RNA hybrids in 850 Q] of terminal

transferase mix as described by Michelson and Orkin (54).
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Reaction mixtures were incubated at 30°C for 10 min.
Homopolymeric tajH addition was terminated by addition of
2.5 ul 200 mM EDTA and 100 ul-10 mM TE. Tailed molecules
were recovered by’ethanoﬁ precipitation.

Oligo(dC)-tailed double-stranded cDNA or cDNA:RNA
hybrids were annealed to PstI-digested, o]igo(dG)—taiied
pBR322. A vector:cDNA molar ratio_of approximately 50:1
Qas uéed. Annealing was done in 50 M1 annealing buffer
incubated at 65°C for 15 min and 58°C for 90 mfn. E. coli
(strain JM109 or DH5) cells rendered competent by the
method of Hanahan (27) were transformed with the
recombinant molecules and plated on 'Luria agar containing
10 ug/mil tetracfc]ine. Colonies that developed during a 24
h incubation at 37°C were patched on Luria agar
supplemented with tetracycline (10 ug/m1)‘of ampi91111n
(100 ug/mT). ' .

Isolates resistant to tetracycline but suscept1b1é to
ampicillin were subjected to sma11—sca1e‘p1asm1d‘ana]ysis
(4), as follows. Iso1étes were inoculated into 12'm1 Luria
broth containing 10 ué/m1 tetracycline. . Cu];dres.weré
1ncubated'at'37°C with agitation for .approximately 16 h and
chilled in an 1ice bath. Cells were pe11etedlat 3,000 x é‘
for 5 min at 4°C and resuspended in 650 ul 10 mM TE buffer.
The cell suspensions were transferred to 1.5 ml
microcentrifuge tubes (Treff Lab). Cells were pelleted at

15,600 x g for 15 s and resuspended in 120 pul ice cold 20%
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sucrose (wt/vol) in 50 mM TE buffer. The mixtures were
freeze-thawed once and 20 ul of 10 mg/ml1 lysozyme in 50 mM
TE buffer was added7 Following incubation at OOC for 30 to
60 min, 400 Wl 1% (wt/vol) SDS, 0.2 N NaOH was added and
the tubes were incubated at 50°C for 60 min and 0°C for 10 .
min. The mixtureslwere neutralized by addition of 260 nl 3
M'pqtassium acetate (pH 4.8); incubation at 0°cC was
continued for an additional 40 min. Debris was cleared
from the preparations by centrifugation at 15,600 x g for
15 s. An equal volume of isopropanol was added to the
supernatant fluids, the tubes were held at room temperature
for 30 min, and plasmid ﬁNA was pelleted by centrifugation
at 15,600 X g fdr 10 min. Pellets were washed with 79%
ethanol, dried undef vacuum, and resuspended>1n 200 M1
disti]]ed water. Ten g1 of this volume were run 1in
horiéonta] gels 6qnsistﬁng of 0.8% agarose-(wt/vo]) in TAE
buffer. The lengths Qf cDNA inserts were predicted upon
comparison of migration of the recombinant plasmids to that
of unrestricted vector. |

Restriction maps of these inserts were constructed as
follows. Recombinant plasmids as large as vector dimérs
were pHeno1—ch1orofonm extracted and fgcovered by ethan§1

precipitation. vThé plasmids were digested with the

restriction endonucleases HindIII, KpnI, PstI, Pvuil, XbalI,
and Xhol (Boehringer Mannheim) and subjected to

e]ectrobhoresis in 0.8% agarose in TAE. Bacteriophage
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1ambda DNA digested with restriction endonuclease HindIII
wés used as-stahdards in theée gels. The 1engthé 6? the
Tambda DNA restrictfon fragments were 23,130 bp, 9416'bp;
6682 bp; 4373 bp, 2322 bp, 2027 bp, and 564 bp. The
lengths of:dDNA restriction fragmeﬁts were deﬁermined using
the.computer program GEL (68). Restric;ion maps were

<c0nstructed by inspection.

. Hybridization Analysis of cDNA Clones

| 'C1oned cDNAs were screened for TGEV-specific sequences
by colony (24) or slot blot hybridization. In colony
hybridization studieé, discs of Zeta—Probe‘nylon membrane
(Bio—Rad) were placed 6n Luria agar supplemented with 10
pug/mi tetraqyc]ine. Bacteria from tetfaoyc]ine~resistant,
ampicillin-susceptible colonies were patched onto the discs
with sterile toothpicks. The plates were incubated at 37°C
for 8 h and bacterial cells on the filters were 1ysgd by
piacing the membranes on Whatman 3MM paper saturatea with
0.5 N NaOH for 5 min. Filters were neutha1jzed onISMM
paper ééturated’with 1 M Tris-HC1 (pH 8.0) for 5 min and
were theh incubated on 3MM paper saturéted wfth 1 M Tris-
HC1 (pH 8.0), 1.5 M NaCl for 5 min, washed in 2X 88C and
»béked under vacuum at 80°C for 90 min.

A Hybri-Slot filtration manifold (Bethesda Research

.Laboratokies) was used to carry out‘s1o£ blot

hybridizations. Plasmid DNA obtained from small-scale
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plasmid 1so1ations was denatured in 0.4 N NaOH at 70°C for
one 'h and passed through the manifold onto. nylon membranes
that had been pre wet with distilled water and 0.4 N NaOH
Membranes carry1ng p1asm1d DNA were dried at room
temperature. |

DNA copies of TGEV (Miller strain) RNA 6 and RNA 7 were
characterized by the Southern blot procedure (f?).’
Restricted plasmids were fractionated.in 0.8% (wt/vol)
agarose in TAE gels. Ge]s were run at 30 volts for 4 h.
Following staining with ethidium bromide the gels were
photographed using Pe1aroid Type 55 Land fi]m.‘ DNA was
transferred to Zeta-Probe nylon membranes (Bio-Rad) by the
method of Reed and Mann (61). Fo11ow1ng DNA transfer, the
membranes were baked at 80°¢C for one h under vacuum.

Co]ony and slot b1ots were probed w1th [32P] 1abe1ed
TGEV vnr1on RNA prepared as descr1bed above. Nylon
membranes were prehybridized in 5 ml per filter of
hybridization buffer at 42°C for one h. The radiolabeled
RNA Was denatured in 0.1 N NaOH at fOOC for 5 min and added
to the.prehybridization solution. HYbridizatjon wasu
carried out at 42°C for f5 h. Filters were washed 1in 2X
SSPE, 0.1% (vo]/voj) SDS at 63°C for one h and 1X SSPE?
0.1% SDS at 680C for one h prior to exposure to x-ray fiim.

Southern blots were probed with labeled restriction
fragments of virion RNA-sbebific cDNA.‘ The fragments were

separated and recovered as previously described and were
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radio]abe1ed by nick translation (51) in a reaction mixture
containing 50 u1l nick translation mix and incubated at 1o°C
for one h. The reaction Was terminated by addition,of 2 Ml
0.5 M EDTA and the nick-translated DNA was separated from
unincorporated dNTPs by chromatography through a co]umn
containing 2 m] Sephadex G-50 in 10 mM TE. Radiolabeled
DNA was recovered oy ethano1'precip1tation. The nylon .
membranes were prehybridized and radiolabeled DNA fragments
denatured in 0.1 N NaOH were added to the buffer.
Hybridization conditions and washes were as described

above.

Subcloning of cDNA Restriction Fragments

Selected cDNA restriction fragments were.subc1oned into
pPGEM sequencing vectors. The sequencing strategy was
planned such that restriction fragments were overlapping.
The sequence of regions not over1apped by other fragments
was determined using at least fwo o1ones. Recombinant
plasmids were restricted and loaded onto:0.8% Tow-gelling
temperature agarose in TAE buffer gels. . Gels were run at
40 volts for 2 h, stained with ethidium bromide, and viewed
using an u]travio1et'transi11um1nator. Gel slices
contaiming cDNA fragments were excised, suepended in 400 pl
NET, and melted at 65°C for 5 min. Agarose was removed by
extract1ng the suspensions three t1mes with pheno]/ch]oro-

form and once with chloroform. Restriction fragments were
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recovered by ethanol precipiﬁation.

Seduencfng vector plasmids were restricted, gel
purified as described abéve, and dephosphor&]ated with calf
intestinal phosphatase (CIP), as follows. Plasmid DNA was
resuspended in 50 41 CIP mix. The‘reactions were 1n¢ubated
at 37°C for 15 min and 56°C for 15 min. An additional 50
units CIP were added and the incubations Were‘répeated.

The CIP was then. inactivated by addition of 1 ul 10%
(vol/vol) diethylpyrocarbonate and incubation at 68°C for
10 min, The dephosphory]ated vectors were phenol- |
chloroform extracted and precipitated with ethanol.

Cqmpfeméntary-DNA restriction fragments'were 1{gated to
dephosbhorY]ated sequencing vectorsnfn 25 pl 1igat1§n mix.
Ligation mixtures were incubated overnight at 18°c.
.Cqmpetent,é: ¢o1j'(stra1n JM109) cells were transformed
with thé products and plated on Lurié agar containiné 100
png/ml ampi¢111in. Plasmids of ampicillin-resistant
transformants were characterized by small-scale plasmid

analysis.

Sequencing of TGEV-Specific cDNA

The GemSeq K/RT Sequencing System (Promega), which
employs the dideoxy method of chain termination (66), was
used to determine the nucleotide sequehce of subcloned
restriction fragments. One to 2 ug plasmid DNA was

resuspendéd in 20 ul of distilled water in a 1.5 ml
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microcentrifuge tube. Two (41l 2 M NaOH, 2 mM EDTA was added
ana the tubes were 1ncubated‘for 5 min at room temperature.
Reactions were neutralized by addition of 3 pl 3 M sod{um
acetate (pH 5.0) and 7 ul distilled water. Denatured DNA
was precipitated by addition of 75 ul absolute ethanol and
incubated at -20°C for 15 min. DNA was pelleted by
centrifugation at 15,600 x g for 10 min.  The ﬁe11ets were '
washed with 70% ethanol and dried under vacuum. Dried
pellets were resuspended in 6 ul dist111ed.water, 1 Ml 10X
reverse tranécriptase (RT) or Klenow buffer, and 3 ul 10
‘ng/ml SP6 or T7 promoter/primer. Ahnea11ng mixtures were
incubated at 37°C for 90 min. Five units of Klenow
fragment or avian myeloblastosis virus RT and 5 ul [3581—
deoxyadenosine 5’—[a1pha;thio]tﬁiphosbhate (5OQ Ci/mmq])
(NEG—034S) were aéded and 3 u1 of this radiolabel/primer/
template mixture was added to 1.5 ml microcentrifuge tubes
containing 3.u1 deoxy/dideoxy (d/dd) CTP, Q/ddATP, d/ddGTP,
or d/ddTTP. The reactions were incubated at 37°C (K]enpw)
or 42°C (AMV RT) for 20 min. One ui chase solution was
added and the incubation was continued for an additional 20
min. ATternative1y, primers were extended for 10 to 30 min
in the absence of dideoky nucieotides, followed by addition
of 3 ul d/ddNTPs and incubation at 37°C (Klenow) or 42°C |
(AMV RT) for 20 min. The concentration of dNTPs %n the‘
extension:mixture was 50 uM. A]]Areactiqns were terminated

by addition of 5 ul stop solution and stored at -70°C.
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Reaction mixtures were electrophoresed on 32 cm X 38 cm
8 M urea, 6 or 8% polyacrylamide. sequencing gels (15 or 20
ml acry1am1de:N;N’—methy]ene;bis—acry]amide::39:1,
respectﬁve]y, 10 m1 10X TBE buffer, 30 mi dist1ﬁ1ed water,
50 g ufea{ 1 ml 10% (w/v) ammonium persulfate, and 20 ul
N,N,N’,N’~tetramethy1ethylenediamine) in TBE buffer at 1100
volts. To max%mjze the amount of sequende.information
-obtained'from a siné]e sequencing'reaction, some samples
weré loaded into adjacent wells when the bromphenol b]ug
marker dye of the first (double—loading)'or second (triplie-
loading) load had run off the gel. -Gels were fixed in. 10%
(vol/vol) méthanq1, 10% (vol/vol) acetic acid for 15 min
and aried onto Whatman 3MM paper. ' Kodak XAR-2 fi1m-was
exposed to the gels for 120 to 168 h.prior to development
accérding.to the manufacturer’s instructions. Sequencing
data were ana1yéed onh an IBM personai COmputer using the
brograms qf Mount et al. (55) and Fristensky et al. (20).
_The hydrophi]icity.p1ots were conétructed with a computer
program written by Dr. James Etchison fhat incorporated the

algorithm of Hopp and Woods (33).
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RESULTS

Production of TGEV Virion RNA

Fuli-length TGEV virion RNA was,burified for use as a
template 1n CDNA synthes1s primed by a cDNA restr1ct1on
fragment representat1ve of TGEV (M111er strain) genomic
RNA. ST ce11$ were 1nfected with TGEV, and the infections
were allowed to proceed until 75% of the cells had lysed.
Virions recovered from the cell lysate by PEG precipitation
were pukjfied by centrifugatfon to édQ111brium in a
discontingoué KT gradient. Coronavirions haVe a density in
KT.of 1.18 g/m1. A narrow band of virusfpart{c1e$ formed
at the interface between the 10% KT (denéitylz 1.07) and
33% KT (density = 1.22) pads. -Vist‘partié1es were
recovered from the interface and the genom1c RNA was
part1a11y purified by pheno1 chloroform extract1on Virion
RNA was pur1f1ed from the extracted mater1a1 by |
sedimentation velocity centr1fugat1on 1n_an 1sok1netic
sucrose gradient. ‘The results optainéd are shown in Figure
1. V{rion_RNA sedimented in the 1ower;boftion of the
gradient. ‘The materié] sedimenting near the top of the
gradienf consisted of nohspecifip RNAs. The yield of TGEV

virion RNA, as determined by Spectrophptometry, was
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FRACTION

Profile of isokinetic 10-30% sucrose gradient
used In purification of TGEV (Miller strain)
virion RNA. Fractions were collected from the
bottom of the gradient. The solid line
represents the profile of ["H]-uridine-Ilabeled
RNAs from TGEV (Miller strain)-Infected ST
%%Lﬁ; Data are expressed as counts per minute
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approximately 0.2 pg per 10 cm dish of infected ST cells.
The yield of full-length virion RNA was reduced when

infections were incubated until all ST cells had lysed.

Synthesis of cDNAs

A rgstriction fragment from an o1jgo(aT)—pr1med clone
(clone 141, provided by Andreas Luder) of polyadenylated
TGEV (Miller strain) virion RNA was used to prime synthesis
of first-strand virion RNA-specific cDNA. The 889 bp
PvuII;HindIII fragment 6f clone 141, which cofresponds to
bases 5698 to 6583 of the sequence given in Figure 3, was
gel purified and heat—denatured’prior to additién to
purified TGEV virion RNA. First-_ahd second-strand
complementary DNA synthesis was'carriéd out as described 1in
Materials and Methods. Doub1e-stranded:qDNA was fai]ed ahd
inserted into pBR322. The éuthenticity of the cDﬁA inserts
was confirmed by their hybridi;ation to [32P]j1abe1ed
virion RNA in slot-blot experiments (data not shown).
Virus—spécific complementary DNA inserts up to 5100 bp 1in
length were obtained. Cloned inserts were mapped with
restriction endonucleases and the sizes of the resulting
fragments were estimated by comparison of their migration
in agarose gels.to that of standard DNA fragments. A
restriction map.of the region of TGEV virion RNA
represented by these clones was constructed (Figgre 2) and

compared to the maps brodyced from o1igo(dT)-primed clones
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of virion RNA. The maps of both groups of clones were
consistent.

Sequencing of cDNAs Representative of
TGEV (Miller strain) Virion RNA

Restriction fragments of clones obtained by directed
first-strand synthesis (c1ones.1561 and 1563) and clones
produced by oligo(dT)-primed first-strand synthésis (c1ones
141 and 150, provided by Andreas Luder) were subcloned in
Riboprobe.Geminilvectors and sequenced by the method of
Sanger (66). The arrangement of subcloned fragments was
one in which all cleaved restriction sites wére present
within.over1apping fragments of cDNA. The subcloning
strategy is illustrated in Figure 2. Subcloned restriction
fragments were sequenced fromlboth ends using primers
comp]ementary to the SP6 and T7 promoters f1ank1ng the
Riboprobe Gemini mu1t1p1e c1on1ng regions. Primer
extensfon in the absence of dideoxy nucleotides and
mu]tib]e 1oéd1ng of Seqhencing gels made ﬁoSsib1e complete
sequencing of restriction fragments qb‘to 1200 bases 1in
length. ‘ | | |
fhe seqUencé of thé 3’ 7325 bases of TGEV (Miller
strain) yir}on cDNA was determined (Figure 3). Included
within this sequence were 5‘comp1ete ORFs and:a portion.of
the pep1omer—encod1ng ORF. The am{no'acid sequenées of
prote{ns-encoded by the_majof'open reading frames (ORFs)

are listed beneath the corresponding nucleotide seqguence.
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Pv PvK HooX HK P PK

7.0 6.0 5.0 4.0 3.0 2.0 Db

e ————_—————————————

Figure 2. Restriction endonuclease map of TGEV (Miller
strain) virion cDNA clones 150, 1561, 1563, and
141 and strategy used in nuleotide sequence
determination. A. Virion cDNA clones 150, 1561,
1563, and 141 were mapped. B. Restriction map
of the virion cDNA clones. C. Restriction
fragments of the clones that were subcloned in
Riboprobe Gemini sequencing vectors. Arrows
indicate direction in which fragments were
sequenced. Restriction enzymes: Xhol (Xh),
Pvull (Pv), Kenl (K), Hindlll (H), Xbal (X),
Pstl (P).
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Table 3. AbbreViations for amino acids.

3

-Amino acid ‘ Three-letter One-letter:

abbreviation symbo1l-
‘Alanine Ala A
Arginine ' ‘Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine ’ Cys C
. Glutamine : ' Gln Q
Glutamic acid Glu E
Glycine , Gly G
Histidine His H
Isoleucine Ile I
‘Leucine . Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline . Pro P
Serine -Ser S
Threonine . Thr T
Tryptophan Trp W
Tyrosine Tyr %
Valine : vVal v

The amino acids and‘the 3—1etter and one-letter codes are
listed in Table 3.

The partial ORF potentially encoded the C-terminal 1061
amino -acids of ﬁhé peplomer protéin; The nucleotide
sequence of this region was 96.9% homologous with the
cbrfesponding region of the peplomer gene of TGEV (Purdue
strain) (60). Most differences in nucleotide seéuence were
Tocated 1n“the 5’ portion of the 1ncomp1eteIORF. ‘ |
Differenceslin primary strugturé bethen thé,C—termjna]

portion of the TGEV (M111er'étfain) peplomer prdtéjn and
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strain) virion cDNA.

Partial nucleotide sequence of TGEV (Miller

20

GAGTGACTCGAGCTTTTTCA
S DS S F F
: 80
TTACTGTTACGTACAATATA
Y ¢c v voaQy
140
TGTCAAGGAGATTGCTATTA
VKETIATI
200
TAGCACATTTCCTATTGAAT
S TFPIE
260
CTGGACAATAGCTTACACAT
W T I AVYT
320
TTCAAAGGTGACCTATTGTA
S KV T VY ¢
380
TAATTTGAATAAAGGATTTT
N L NKG F
440
TGTTGTTTTACTACCTAGCT
VVLLPS
500
TAAGAAGCGTAGTGGTTATG
K KR S G Y
. 560
AATGCAGGATCATAACACCG
M @ D HNT
620
TCAATCTACTTGCAAAAGTG
QS T C K s
680
TTTAGATGCCACAGCTGTTA
L D AT AV
740
CAATTACTTAACTTTTAACA
N Y L.TFN
800
GTTTGATGTAGCTGGCCGTA
F DV AGR
860
ATATGAAGAAGGGGACAACA
YE E G D N

GATACCGTGAAATACCGTTT
R YRETIUPF
100
ATGGCAGAGCTCTTAAGTAT
N GRAL K Y
160
GTAAATGGGGCCATTTTTAT
S KW G H F Y
‘ 220
GTATATCTTTTAATTTGACC
C I S F NL T
280
CGTACACTGAAGCATTAGTA

.S Y T E A L V

340
AAAGTCACGTTAATAACATT
K S HV NN I

400
ATCCTGTTTCATCAAGTGAA
Y PV S S S E

460
TTTACACACATACAATTGTT
FYTHTTIUV

520
GTCAACCCATAGCCTCAACA
G Q PI A ST

580
ATGTATACTGTATACGTTCT
D VYZCTIR RS

640
CTTTATGGGACAATATTTTT

AL WDNTIF-

700
TAAAAACTGGTACTTGTCCT
I KT G T CP

3 760
AATTATGTTTGTCGTTGAGT
K L CL S L S

820
CAAGAACCAATGAACAGGTT
T RTNEQQV.

880
TAGTGGGTGTACCGTCTGAT
I VGV P S°D

40

60
TTTGTAACTGAAAGACAACG
FVTERQR
120
TTAGGAAAATTAGCACCTAG
L G KL AP S
180
ATTAATGGTGACAATAATTT
I NGDNNF
240
ACTGGGGATAGTGACGTTTT
T GD S DV F
‘ 300
CAAGTTGAAAACACCGCTAT
Q V ENT A I
1360
AAATGCTCTCAAATAACTGC
K ¢ s Q@I T A
420
GTTGGTCTAGTCAATAAAAG
VG L VN K S
480
AACATAACTATTGGGCTTGG
N I TTIGTL G
: 540
TTAAGTAACATCACACTACC
L S NTI T L P
600
GACCAATTTTCAGTTTATGT
D Q F S V. .y vV
660
AAACGAAACTGCACGGACGT
KRN CT DV
‘ 720
TTCTCATTTGATAAATTGAA
F S F DKL N
780
CCTGTTGGGGCAAATTGTAA
PV G ANTCEK
840
GTTAGAAGTTTGTATGTAAT
VR SLYVI
900
AATAGTGGTGTGCACGATTT
N S GV H D L
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continued.

i

: 920
GTCAGTGCTTCCCCTAGATT
S V LP L D
' 980
TATTATTAGGCAAACTAACA
I TR QTN
1040
TGATTTGTTAGGTTTTAAAA
DL LG F K
. 1100
TGTAAGCGCACAAGCAGCTG
VS A QA A
1160
CAGTGAACTGTTAGGTCTAA
S EL L G L
1220
ATATAATTACACAAATGATA
Y NY T N D

1280

TGAACCTGTCATAACCTATT
E PV I T Y
1340
TAACGTCACACATTTTGATG
N V T H F D
1400
TACAAACTTTACCATATCCG
T N F.T I s
1460
AATAGACTGTTCAAGATATG
‘I D C S R Y
1520
ATACGTTTCTGCATGTCAAA
Y V. 8 A C Q
1580
CATGGAGGTTGATTCCATGT
M E V.D S M
1640
AGCATTCAATAGTTCAGAAA
A F N 8§ S8 E
‘ 1700
TTCTTGGCTAGAAGGTCTAA
S W L E G L
- 1760
TTCAGCTATAGAAGACTTGC
S'AI EDL

940
CCTGCACAGATTACAATATA
$ CTDYNTI

1000
GAACGCTAATTAGTGGCTTA
RTLISG.L

1060
ATGTTAGTGATGGTGTCATT
NNV S DGV I

1120
TTATTGATGGTACCATAGTT
VIDGTTIUV

1180
CACATTGGACAACAACACCT
T HWTTTFP

1240
GGACTCGTGGCACTGCAATT
R'TRGTAI

1300
CTAACATAGGTGTTTGTAAA
S NIGUVEC K

1360
GAGACGTGCAACCAATTAGC
@ DV QP I S

1420
TGEAAGTCGAATATATTCAG
VQ Vv EYIQ

1480
TTTGTAATGGTAACCCTAGA
VCNGNFPR

1540

CTATTGAACAAGCACTTGCA-

E Q@ A L A
1600
TGTTTGTTTCTGAAAATGCC
L F V.S ENA
1660
CTTTAGAACCTATTTACAAA
T LEPTIVYK
1720
AATACATACTTCCCTCCCAT
K'Y I L P S H
1780
TTTTTGATAAGGTAGTAACA
L FF’D KV VT

T 1.

960
TATGGTAGAACTGGTGTTGG .
Y G R T G V G
1020
TATTACACATCACTATCAGG
Y YT S L S @G
1080
TACTCTGAAACGCCATGTGA
Y S ET P C D
1140
GGGGCTATCACTTCCATTAA -
G AI TS TIN
1200
AATTTTTATTACTACTCTAT
NF'Y Y Y s I
1260
GACAGTAATGATGTTGATTG
D S NDV D-C
1320
AATGGTGCTTTTGTTTTTAT
N G A F V F I
1380
ACTGGTAATGTCACGATACC
TGNV T'I P
1440
GTTTAGACCACCCCAGTGTC
VYT TP.V S
1500
TGTAACAAATTGTTAACACA
C N KL L T Q
1560
ATGGGTGCCAGACTTGAAAA
‘M G AR L E N
1620
CTTAAATTTGCATCTGTAGA
L K F A S V E
1680
GAATGGCCTAATATAGGTGG
E W PNTIGG
1740
AATAGCAAACGTAAGTATCG
N S KR K Y R
1800
TCTGGTTTAGGTACAGTAGA
$ G L GT V D
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cohtinued.

1820
TGAAGATTATAAACGTTGTA
E DY KR C

1880
CTATAATGGCATCATGGTGC
Y N G'T MV

1940
AGCATCCCTTGCAGGTGGTA
A'S L A-G G
2000
TTTTGCAGTAGCAGTTCAGG
F AV AV Q
. 2060
CAAAAACCAGCAGATTCTGG
K N Q@ QI L
2120
ATTTGGTAAGGTTAATGATG
F G KV NTD
2180
AGCATTGGCAAAAGTGCAAG
AL A KV Q
2240
AGAACAATTGCAAAATAATT
E QL Q NN
2300
GCTTGACGAATTGAGTGCTG
L DEL S A
2360
ACTTAATGCATTTGTGTCTC
L N A F V S
2420
ACTTGCCAAAGACAAGGTTA
L A KD K V
2480
TGGTAATGGTACACATTTGT
G NG T H L
2540
TCACACAGTGCTATTACCAA
HTVLLP
2600
TTCAGATGGTGATCGGACTT
S D.GDRTT
2660
TAATCTAGATGACAAGTTAT
N L DDK.L

1840
CAGGTGGTTATGACATAGCT
T G GY DI A

1900
TACCTGGTGTGGCTAATGCT
L P G V A N A

1960
TAACATTAGGTGCACTTGGT
I T L G A L. .G

2020
CTAGACTTAATTATGTTGCT
AR L NY V A

©.2080
CTAGTGCTTTCAATCAAGCT
A°S A F N Q A

2140
CTATACATCAAACATCACGA
Al HQT S R

2200
ATGTTGTCAAAATACAAGGG
DVV KTIQQG

2260
TCCAAGCCATTAGTAGTTCT
F Q@ A I S 8§ S8

2320
ATGCACAAGTTGACAGGCTG
D AQV DR RIL

2380
AGACTCTAACCAGACAAGCG
Q T L T R Q@ A

-2440

ATGAATGCGTTAGGTCTCAG

N ECV RS Q
2500
TTTCACTCGCAAATGCAGCA
FSLANAA
2560
CCGCTTATGAAACTGTGACT
T AY ET VT
2620
TTGGACTTGTCGTTAAAGAT
F G LV VKD
2680
ATTTGACCCCCAGAACAATG
Y LT PRTM

1860
GACTTAGTATGTGCTCAATA
DL V-CAGQY
1920
GACAAAATAACTATGTACAC
D KITMYT
1980
GGAGGCGCCGTGGCTATACC
G G AV A I P
2040
CTCCAAACTGATGTATTGAA
L@ T DV LN
2100
ATTGGTAAAATTACACAGTC
I G KIT QS
2160
GGTCTAGCTACTGTTGCTAA
G L ATV AK
2220
CAAGCTTTAAGCCACCTAAC
Q AL S H.LT
2280
ATTAGTGACATTTATAATAG
I $ DI Y NR
2340
ATCACAGGAAGACTTACAGC
I TGRLT A
2400
GAGGTTAGGGCTAGTAGACA
EVRAGSTR RAQ
2460
TCTCAGAGATTCGGATTCTG
S Q RF G F ¢
_ 2520
CCAAATGGCATGATTTTCTT
PNGMTIFF
2580
GCTTGGCCAGGTATTTGTGC
AW P G I C A
2640
GTCCAGTTGACTTTATTTCG
VQL T L FR
. 2700
TATCAGCCTAGAGTAGCAAC
Y Q PRV AT
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2720
TAGTTCAGACTTTGTTCATA
S § D F V H

2780
TGATTTGCCAAGTATTATAC
DL P S II

2840

AGAAAATTTTAGACCAAATT
ENF R P N

2900

CTATTTAAACCTGACTGGTG
Y L N L T G

: 2960

CACCACTGTCGAACTTGCAA
T T.V E L A

3020 .

ATGGCTCAATAGAATTGAAA
WL NRTIE
3080
CTTAGTAGTAATATTTTGCA
L V'V IFGC
' 3140
TGGATGCATAGGTTGTTTAG
G C I G C L
‘ 3200
AAATTACGAACCAATAGAAA
NY EP I E
13260
CATCTGCTAATAATAGCAGT
3320
GTCTTTAAGAACTAAACTTA

3380
TTTACACATCCGTAGATGCT
L HIRR RSL

, 3440
AATCTGCAGGCATCGTGGTG
I CRHRG

3500 -
.ACATGATCCCCCATGTTGTG

CCCAACGATCAAGGCGAGTT
P T I K A 'S

' 3560

TCGGTCCTCCGATCGTTGTC
RS 8§ D R C

| . 2740
TTGAAGGGTGCGATGTGCTA
I EG C D V L
2800
CTGATTATATTGAAATTAAT
P DY I E I N
' 2860 -
GGACTGTACCAGAGTTGACA

W T V P E L T~

2920
AAATTGATGACTTTGAATTT
E'I DDFEF

2980
TTCTCATTGACAACATTAAC
I LI DNTIN
, 3040
CCTATGTAAAATGGCCTTGG
T YV KWP W

3100
TACCATTACTGCTATTTTGC
IPLLLFC

3160
GAAGTTGTTGTCACTCTATA
G S CCHS I

3220
AAGTGCACGTCCATTAAATT
KV H V H

3280
TGTTTCTGCTAGAGAAATTT

3340
CGAGTCATTACAGGTCCTGT

3400
GTACTAGACGAACTTGTTTG

'C T RRTCL

3460
TCACGCTCGTCGTTTGGTAT

VT LVV WY

3520

Y M I P H V YV

3580
AGAAGAAGTTGGCCGCAGTG
Q K K L A AV

2760
TTTGTTAATGCAACTGTAAG
F v. N AT VvV 8
12820
CAGACTGTTCAAGACATATT
QT VvV Q@ b 1T L

2880

TTTGACATTTTTAAAGCAAC
F DI F KAT
, 2940
AGGTCAGAAAAGCTACATAA
R 8§ E K L H N
3000
AATACATTAATCAATCTTGA
N T L I N L E
3060
TATGTGTGGCTACTAATAGG
Y VW L L I G
3120
TGTTGTAGTACAGGTTGCTG
c ¢ s T G CC
. 3180
TGTAGTAGAAGACAATTTGA
C S R R Q@ F E
- 3240
TAAAAAATATTAATTCTTAT

3300
TGTTAAGGATGATGAATAAA
' . 3360
ATGGACATTGTCAAATCCAA

M D I V K 8§ N

3420
TGCATACTTTGCTGTAACAG
C I L CCNR
3480
GGCTTCATTGAGCTCCGGTT
G F I ELREF
. 3540
CAAAAAAGCGGTTCGTTCCT
Q K.S G S F L

3600

TTATCACTCATGGTTATGGC
L S LMV MA
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3620
AGCACTGCATTATTCTCTAC
AL HY S1L

, 3680
GGGAGGGTTTCCTGATTGGA
G GF P D W

3740
GTGCGTGGGTCAAATTTATA
CVGQTIYyY
3800
GCAACAGTCGGGCGCAAACA
Q Q@ S G A N
3860
CCTCAATTCACCCTGGGGCG
L N S P WG
_ 3920
TCCACTAGTGCTTAGTACAC
P LV L ST
-3980
AGTGTACATACACCGTATTT
VY I HRI
4040
ATACGAACATTGTATCGTTA
4100
GTGCAACTGTGAAGAGTTAC
4160
ATCTAATCTAAATGTCTATC
MoS
4220
CCTCAAGTCACACAGAGTCT
AS S HTE S
4280
GAGAGTGTGTTCACCACTTC
R ECVY HHTF
4340
ACGCCCAGGT CCACAAAAAC
HAQV H KN
. 4400
ATCTAAATGGCCTTATTCTC
N L NG L I L
4460
GAAAACTGCCTGATATGTGC
' 4520
TGGTTTAAACATGAAAGGCC

I

_ 3640
TGAAGCTTTTCGAGCTCGGG
L K'L FELG

o 3700
TGTATGTTTTGAAAAAGCTA
M Y V L K K L

3760
AAGAACAGCTGGGGCAAAAG
K E QL G Q@ K
13820
AGTCTTTCGGGGTACATGGA
K S F G V H G
3880
TCGAAGGCCTCAGCAGCCAT
VEGL S S H
3940
ATTACGTTGCACGTGCATAC
HY V ARA.Y
4000
AATATACACACTTACTGGAG

4060
TGCACCGAATCGAGTACGAC
4120
GACTGAAAATAAATACTATA
© 4180
GTAATCTTGAGGTCCTTCGG
VI LRSTFSG G
4240
GACCTACTTCTAAAGCGGTA
D L' LL KR RY
4300
TACCGATTCCGACAGTTTGT
Y R.F R QFV
4360
ATTCTCTTCACAAGTCCTCA
I L F.T S P H
4420
TTGTGGTACACGTCCATGGT
L WY TS MV
4480
TCTTTTCTATCTCTCCTTCA
4540
CGGGATTGGTCTCGACATCG

3660
CAACCATTCTATACACTGGG
Q P F Y T L G
3720
CTTCGTCAACATCAGCATCC
LR Q@ H Q@ H-P
3780
CGGGTTGCAAGACCTGTCTG
R \% A R P V W
3840
TGCGCGGACCATCTGGCATT
C ADHL AF
' 3900
CGATCATTTCTTGTAAATTA
R S.F L V NY
3960
TCTCAGAGTTCGAGATATAC
S @ 8 8§ R Y T
4020
TGCAATTTAAAACATCTGGG

4080
TAGATTGACATTCAATCTGC
4140
AAGAAGGTCGTCGAGTTCTG
4200
AAACGGGCCCAAAGTCCTCG
N G P K V L
4260
CGAAACACGGCGGTGGGATC
ET R R WD
4320
CTACCACTCTGGTCTGAACC
Y H 8§ G L N
4380
CTCTTTCTGGACTAGGGGCA
S FWTRG
4440
CAGTCCGAATGGTTGAGCAC
S P N G
4500
TTCTAAACCGGCCACTGTCT
4560
TGGATCAAAAGATCTGAAAA
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Figure 2, continued.
4580 4600 - . : 4629
GTATCCTGCATAATGTGTTT CGAAGACATGATACAGACCA AAAACATTCTCTTCACAAGT
' 4640 4660 4680
CCTCCACTCTTTCTGGACTA GGGGCGTCTTCGATGGCCTT ATTCTCTTGTGGTACACGTC
M A L F S ¢C G T R
4700 4720 4740
CATGGTCACCGATGGGTTCA'GCACGCAAAACTGCCTTGAT ATGTGCTCTTCAACAGCTGG
P W S P M G & A R K T AL I C A L @ Q@ L
' 4760 . 4780 ~ 4800
ATACGACGATTCGTACGTTA TGACGAATCCGAGTACGAGT AGATTGACATCAATCTCGTC
D TT I R T L :
. 4820 4840 4860
AACTTGAAGAGTTACCACTA AAATAAATACATGAAAACCA TGCCTATTAGAATATTATGC
- 4880 4900 4920
GGGTTAAAACATAAAACCCC GATGGAGCACTCCTTACTAG AACTAAACAAAATGAAAATT
' M K I
. 4940 4960 4980
TTGTTAATATTAGCGTGTGT GATTGCATGCGCATGTGGAG AACGATATTGTGCTATGAAA
L L I L A C V I A C A C G ERY C A MK
5000 5020 . 5040
TCAGATACAGATTTGTCATG TCGCAATAGTACAGCGTCTG ATTGTGAGTCATGCTTCAAC
S DT DL S ¢ R NS T AS-DCE S CF N
5060 5080 5100
GGAGGCGATCTTATATGGCA TCTATCAAACTGGAACTTCA GCTGGTCTATAATATTGATC
G G DL I W H L S N W N F S W S I I L 1
5120 5140 . 5160
GTTTTTATCACTGTGCTACA ATATGGAAGACCTCAATTAA GCTGGTTCGTGTATGGCATT
vV F I T V L Q@ Y G R P Q@ L S W F VY 6 I
5180 5200 5220
AAAATGCTTATAATGTGGCT TTTATGGCCCGTTGTTTTGG CTCTTACGATTTTTAATGCA
K ML I MW L L W P V V L AL T I P N A
5240 5260 ' 5280
TACTCGGAATATCAGCTGTC CAGATATGTAATGTTCGGCT TTAGTATTGCAGGTGCAATA
Y S ' E Y Q@ L 8§ R'Y VM F .G F 8§ I A G A 1
"~ 5300 5320 5340
GTTACATTTGTACTCTGGAT TATGTATTTTGTAAGGTCCA TTCAGTTGTACAGAAGGACT
V T F V L W.I MY F V R 8 I @ L Y R.R T
’ 5360 5380 5400
AACTCTTGGTGGTCTTTCAA CCCTGAAACTAAAGCAATTC TTTGCGTTAGTGCATTAGGA
N 8§ W W S F N P ET K A I L ¢V S A L G
' ' 5420 ‘ 5440 ' 5460
AGGAGCTATGTGCTACCTCT CGAAGGGGTGCCAACTGGTG TCACTCTAACTTTGCTTTCA

R 8§ Y Vv L P L

E G VY PTG

VT L T L LS
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5480

GGGAATTTGTACGCAGGAGG
G N LY A G G
5540
AAATACGTAATGGTTGCATT
K'Y VMV A L
' 5600
TTGAAAGCAAGTATTGCGAC
L K A S I AT
. 5660
TCAACAGAGGCAAGAAGTGA
S T E AR § D
5720
CTAAACTTTCTTAATGGCCA
M A
5780
AACACGTGGTCGTTCCAATT
T R G R § N
5840
CAACCCCATAACCCTCCAAC
NP I T L@
5900
CCCAAAGGAATAGGTAACA
P K G I G'N
' 5960
TCGCATGGTGAAGGGCCAAC
R MV K G Q
6020
TACTGGACCTCATGCAGATG
T G.P H A D
' : 6080
CAAGGATGGTGCCATGAACA
K D G A M N
6140
CAAAGCTTTGAAATTCGATG
K AL K F D
6200
AAGGGACAATTCAAGGTCAC
R D N S R 8
6260
TAGAGGCAGGCAACAATTCA
R G R Q @ F

GTTCAAAATTGCTGGTGGTA
F K I A G G
: 5560
ACCTATCAGGACTATTGTCT
P I RT I V
5620
TGGGTGGGCTTACTATGTAA
G W A Y YV
5680
TAATTTAAGTGAGCAAAAGA
N L §$ E Q@ K
- 5740
ACCAGGGACAACGTGTCAGT
N Q G QR V 8
: 5800
CCCGTGGTCGGAAGAATAAT
S R G R K N N
5860
AAGATTCAAAATTTTGGAAC
@ D S K F W N
5920
GGGATCAACAGATTGGTTAT
RDQ@QQaQ@T1I G Y
: 5980
GTAAAGAGCTTCCTGAAAGG
R K E.L P E R
6040
CCAAATTTAAAGATAAATTT
AK F KD K F
6100
AACCAACCACGCTAGGAAGT
K P T T L G 8§
6160
GTAAAGTGCCAGGCGAATTT
G KV P G E F
6220
GCTCTCAATCTAGATCTCGG
R § Q@ S R 8 R
- 6280
ATAACAAGAAGGATGACAGT
N N K KD D 8

5500

5520
TGAACATCGACAATTTACCA
M NI DNTLP

5580
ACACACTAGTTGGCAAGAAG
Y T LV G K K

5640
AATCTAAAGCTGGGGATTAC
L S KA G D Y

5700
AATTATTACATATGGTATAA
K L L'H MYV

5760
TGGGGAGATGAATCTACCAA

W G DE ST K
. 5820
AACATACCTCTTTCATTCTT
N IPLSFFTF

5880
TTATGTCCGAGAGACTTTGT

L CPRDF V

5940

TGGAATAGACAAACT CGCTA
W NR QTR Y

‘ 6000
TGGTTCTTCTACTACTTAGG
WF FY Y L G

6060
GATGGAGTTGTCTGGGTTGC

DGV VWV A

6120

CGTGGTGCTAATAATGAATC
R GANNE s

6180

CAACTTGAAGTTAATCAATC

Q L EV N Q.S
‘ 6240
TCTAGAAATAGATCTCAATC
S R NR S Q S

6300
GTAGAACAAGCTGTTCTTGC

VE QA V L A
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6320
CGCACTTAAAAAGTTAGGTG
AL K KL G

: 6380
TAAAGAACGTAGTAACTCTA
K ER S N S

6440
CTCGAAGAGAACTGCAGGTA
S KR T A G
6500
AGCCAATTTTGGTGACACTG
AN F G DT
6560
ACTGGCTGAATGTGTTCCAT
L AECV P
6620
GGAAGATGGCGACCAGATAG
EDGODG QI

6680.

TCCTAAGACTGGACAATTCC
P KT G Q F

6740

' AAAAGAACAGAGTAAAAGAA
K E Q 8 K R

. 6800

GGTACCTGATGCATTAATAG
VP DALTI

6860

6340

TTGACACAGAAAAACAACAG

VDT EKQQ
' 6400
AGACAAGAGAAACTACACCT
K-T R ETT. P
6460
AAGGTGATGTGACAAGATTT
K G DV TR F
6520
ACCTCGTTGCCAATGGGAGC
DLV ANGS
. .+ 6580
CTGTGTCTAGCATTCTGTTT
S VS STITULEF
6640
AAGTCACGTTCACACACAAA
EVTFTHEK
6700
TTCAGCAGATTAATGCCTAT

L-Q @ I N A Y
6760

AATCTCGTTCTAAATCTGCA
KS R'S K S A
. 6820
AAAATTATACAGAAGTGTTT
ENYTEVF
6880

AATTGATGAGGTAACGAACT

I D E-V T N
6920
GTTTTAATCTTACTACTAAT
v L I L L-L I
63980
TCTTTCAATCTTAAAACTGT
S F'N L KTV
7040
AGATTACTAAAAGTGGTGCT
R L L K V VvV L
7100
AGATTGTTAGTCACCTTAGT
R L L VT LYV

AAACAAGATGCTCGTCTTCC
/ M L V F
6940
TGGTAGACTCCAATTATTAG
G RL QL L
- 7000
CAATGACTTTAATATCTTAT
N DF NI L
7060
TCGAGTAATCTTTCTAGTCT
RV I F L V
7120
GTAAGGCAACCCGATACTAT

6360
CAACGCTCTCGTTCTAAATC
Q@ R-8 R 8 K 8
6420
AAGAATGAAAACAAACACAC
K NE N K H T
6480
TATGGAGCTAGAAGCAGTTC
Y G AR S 8§ 8
‘ 6540
ACTGCCAAGCATTACCCACA
T A K HY P Q
6600
GGAAGCTATTGGACTTCAAA
G § YW T 8§ K
6660

TACCACTTGCCAAAGGATGA

Y HL P K DD
6720
GCTCGTCCATCAGAAGTGGC
AR P S E V A
. 6780
GAAAGGTCAGAGCAAGATGT
E RS E Q@DYV
. o 6840
GATGACACACAGGTTGAGAT
D DT QV EI
6900
TCCATGCTGTATTTATTACA
L HAVFIT
6960
AAAGACTATTACTTGATCAC
ERLL L D.H
o 7020
ATAGGAGTTTTGCAGAAACC
Y RS F A ET
. 7080-
TACTAGGATTTTGCTGCTAC
L LGF'<CCY
7140
ACTACACTTTTAGCTACCAA -
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Figure 3, continued.

7160 ' 7180 ‘ - 7200
TCTAAATTAAGACGTCTACC ACAGGTGCTGTTTGAAGGAG GGTTTGTACCGATCAGACCT
7220 : : 7240 - 7260
CTCTTTTCCTTTGGGGAAGT GTAGAGTCGAGCATCACCGA TGCTGTTTAGAGGGCCTTAA
7280 7300 : 7320
ATCTGGACAATGTTAACGGG TAATAGGACGACAACTGCGG CGTGGAAGAGCTTGATGTAG

CCACA

The consensus nucleotide sequences (see text) are
underlined. Amino acids encoded by open reading
frames are listed beneath the nucleotide sequence.

the corresponding region of the TGEV (Purdue strain)
peplomer protein are illustrated in Figure 7. '

An ORF 639 bases in'1ength was found 126 bases
downstream of the termination codon of the E2 gene. This
ORF potentially eﬁcodes a~po1ypeptide 213 amine eeids %n
length, w1th a pred1cted molecular we1ght of 24.4 kd. One
hundred seventy- two bases past the term1nat1on codon of
this ORF was the ATG codon of a 282-base ORF that
potentially encodes a 94 amino acid peptide. The location
of these ORFs in the viral genome'and'the‘predicted 1engths
of the TGEV subgenomic RNAs -suggest that the 639 base-and
282 base ORFs may be found in the unique regions of TGEV

(Miller strain) RNA 4a and RNA 5, respectively.
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A Tong ORF of 786 bases extended from base 4831 thrbugh
base 5697 df the predicted vinion RNA'sequenbe. Five ATG
codons were present in the first 83 bases of this ORF The
po]ypept1de encoded using the fourth of. these 1n1t1at1on
bodons-was 262 amino acids in ]ength with a molecular
weight of 29.4 kd, a value close bo the published mo]esu]ar
‘weight of the TGEV (Purdue strain) matrik»probein (47); A
hydrophilicity profide of the amino acid sequence was
p1otted‘(Figure 4). The profile was constructed with a
running .average of hydrophilicity taken bver pentapeptides.
Five regions of the pd]ypeptide can be delineated: a
hydnophobic signal peptide 17 residues in length (amino_
acids 1-17, encoded by bases 4912-4962), an exposed
hydrophilic segment (amino acids 18;59, encoded by'bases
4963-5088) containing two N—g]ycosy1ation,sites (Asn-Ser-
Thr encoded'by bases 5005-5013 and Asn—Phe4Ser encoded by
bases 5074—50825 three segments that may be 1ncorporated
into the v1ra1 envelope (amino ac1ds 58~ 69 encoded by
bases 5083-5118, amino acids 76-100, encoded by bases 51°7—
5211, and amino acids 123-139, encoded by bases 5277~ 5328)
an amph1ph111c Cc- term1na1 half (am1no ac1ds 140-262,
encoded by bases 5329-5697) that. 1nteracts w1th the
cytop]asm1c face of the viral enve1ope and a hydropni1ic,
protruding C-terminus (amino acids 238-257, encoded by |
bases 5623-5682) that contains a bossib]e site of N-

glycosylation (Asn-Leu-Ser, encoded by bases 5662-5670).
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Figure 4. Hydrophilicity plot of the precursor to the
matrix (El) protein of TGEV (Miller strain).
A running average was taken over pentapeptides
using the hydrophilicity values of Hopp and

Woods (33).



i

Thé first 17 amino acids encoded by the Ei ORF_disp]éy'a
nggreé of hydrophobicity similar to that of eukaryotic
~signal peptides. Seriné and threonine residues,'potentiai
but apparently ungsed.siteé 6fi0491ycosy1atién, are pfééent
throughout the entife TGEV (M111ér strain) E1 amino acid
sequence. F%fteen amino acid differences exist petween.the
matrik_proteins of the Miller and Purdue strains of TGEV.
The location of these differences is illustrated in Figure
7. |

Seventeen bases downstream of the E1 ORF was the
initiation codon of an 1146-base ORF that encodes a 382-
residue protein. This ORF 1is 97.7% hom61ogous in
nucleotide sequence to the ORF that encodes the N protein
of TéEV (Purdue strain) (38). The mo]ecq1ar weight of the
prqtein encoded by the ORF of the Miller sfrain.genome is
43,421 daltons, a value very close to the molecular weight
of 43,426 daltons predicted by Kapke and Brian for the N
protein of TGEV (Purdue strain). Thirty-nine of the 382
amino acids composing the Miller strain N‘protein are
serine, the targets of phosphory1at{on in the MHV-A59 N
proteiﬁ. The changes in charge as well as molecular size
due to phosphorylation of the TGEV N prqtein may'exp1a1n
the difference between the molecular weight predicﬁed by
the amino acid sequence‘of the'protein and that predicted
upon examination of the migration of virion-derived N

protein in denaturing po1yacryiam1de gels. Although the
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SEQUENCE POSITION

Figure 5. Hydrophilicity plot of the nucleocapsid (\)
protein of TGEV (Miller strain). A running
average was taken over pentapeptides using
t(gg) hydrophilicity values of Hopp and Woods
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Purdue strain N polypeptide is of the same length as the
protein encoded by the ORF found in clones of T@EV {(Miller
strain) virion RNA, six amino acid diffefences exist ,
betweeh the two. Thése,di%ferences are scattered over the
'entire.am{no acid sequence‘oﬁﬂN (Figure 7). A
hydrophiiicity profile revealed that the potentia] product
of the TGEV (Miller strain) N gene contains clusters of
charged residues along its entire length (Figure 5), a
property of'othgr coronavirus nucleocapsid proteins.

The last ORF of sighificant size in the virion RNA
seguence was found to extend from base 6868 through base
7101 of the nucleotide sequence given in Figure 3. The
initiation codon of this ORF l1ies six bases past the
termination codon of the nucleocapsid gene. The coding
capacity of this ORF is a 78-residue peptide of 9164
daltons Twenty-three (29.5%) of the residues are leucine.
Approximately twenty residues at each end of the peptide
form hydrophobic regions, while the middie portipn of the
protein contains hydrophi]ié stretches (Figure 6).
Overall, the protein contains 8 basic amino acids and 4
acidic amino acids, giving it a net positive charge at
neutral pH. Each of the hydrophobic terminal sequences
contain a basic residue; the remainder of the charged amino
acids are scattered evenly throughout the hydrophilic

central region.




Figure 6.
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Hydrophilicity profile of the potential
product of the open reading frame extending
from base 6868 to base 7101 of the virion
cDNA sequence given iIn Figure 3. A running
average was taken over pentapeptides using
the hydrophilicity values of Hopp and Woods

(33) -
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Figure 7.

Positions of amino acid substitutions (vertical
bars) iIn the TGEV (Miller strain) peplomer (E2),
top, matrix (EI), middle, and nucleocapsid
protein ,bottom, amino acid sequences compared
to the primary structures of TGEV (Purdue
strain) structural proteins.
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The consensus sequence AACTAAAC or AATCTAAA precedes
all of the ORFs described above. Several other ORFs
encoding pc1ypept1des ranging from 11 to 881‘am1nctac1ds.in'
length were found within, oveérlapping, or outside these
'ORFs. The 1ocaticn and/or length of these ORFs-and the '
absence of consensus sequences suggested they were not
primary'prctein—encoding units of TGEV subgenomic RNAs.

A 108-base ORF began 219 bases downstream of the CRF
predicted to make up the protein-coding region of RNA'5.
No cohsensus sequence was found immediate1y upstream from
the 108-base ORF. |

A restriction map of the 3’ region of TGEV (Mililer
strain) virion RNA was constructed using the nucleotide
sequence data. The map is cons1stent with maps constructed
usjng data obtained from electrophoretic analysis. of

restricted cDNAs (Figure 2).

Time Course of Viral RNA Synthesis

The kinetics of TGEV (Miller strain) RNA synthesis wete
determined (Figure 8). Confluent monolayers of swine
testicle cells in 6 cm dishes were 1ntected'w1th TGEV at an
MOI of 5. At various times post-infection, DME-2 was
removed from the cultures and replaced with 2 m] fresh DME-
2 supplemented with 2.5 ug/ml actinomycin D. Twenty
minutes after rep1acement of the medium, [3H] uridine was

added to 10 pCi/ml. At the times 1nd1cated in Figure 8
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Time course of TGEV RNA synthesis. At the
indicated times, ST cell monolayers were
lysed and the amount of [°H]-uridine
incorporated into RNA was determined by
measuring trichloroacetic acid-precipi table
counts in the cell lysate. Open circles
represent counts from TGEV (Miller strain)-
infected cells, and open triangles represent
counts from mock-infected cells. Data are
expressed as counts per min (CPM) per 20 pi
of lysate.
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TGEV—specifiq RNA synthesis‘peaked at 10 to‘12_h‘p§st—,
infection and decreaséd by 14 h post-infection. “Subgenomic
mRNAs are the majofity‘éf TGEV'RNAs synthesized prior to 12
h post—infection_CAhdreésuLUder, béfébna]~communicatjon).'
Virion RNA synthesis is responsible for the second period
of increase in [3H]—ur1dine ubtake, which occhs,from 17 to
21 h poét—infection;‘ This interva]'corresponds to ah'
increase in the quantity of genohe¥1ength'vira1 RNA late in
the virus mutiplication cy¢1e (Andreas LQder; peréoné1'
communication). Cell lysis occurs concomitant with tﬁe

second increase in RNA synthesis.

Urea-Agarose Gel Electrophoresis of TGEV mRNAs

Polyadenylated RNA 6 and RNA 7 from the Miller straiﬁ
of TGEV were isolated for uSe.as templates 16 o1i§o(dT)—
primed cDNA synthesis. Po]yadeny]atéd RNA was separated
from nonpo]yadeny]ated RNA by chromatbgraphy on oligo(dT)-
cellulose. Approximateﬁy 18% of 1abe1éd‘intréqe11u1ar RNA
from TGEV—infthed, éctinomycih-p—treated ST cells was-.
polyadenylated, based on the degree of binding to. |
oligo(dT)-cellulose.

Polyadenylated TGEV RNAs were separated by
electrophoresis in urea-agarose ge1sf The profiles of
electrophoresed intracellular RNAS from‘TéEV (MiTier
strain)—infeéted ST.§e11s and ST rRNA standards are shown

in Figure 9. Peaks corresponding to molecules the
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Figure 9.

FRACTION

Profile of intracellular RNAs from TGEV (Miller
strain)-infected SI cells (open circles) and

Sl cell ribosomal RNAs (open triangles)
electrophoresed in urea-agarose. Gel slices
were placed iIn aqueous scintillation fluid prior
to measurement of [3H]-uridine levels.
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approximate sizes of RNA 8 (fractions 34-35) and RNA 7
(fractions 38-39), as estimated by the migration of 4.8 kb
288 rRNA (fraction.36) and 1.9 kb 18S rRNA (fractions 38
énd 39), were eVident. The appropriate gel s1ices from
. para]1e] lanes containing unlabeled polyadenylated RNA were
pooled, diluted, and melted. Electrophoresed RNA waé
rebovered from the molten agarose by extracting the
slurries twice with chloroform.

In vitro translation of the recovered material was done
to demonstrate that the RNAs were functional after recovery
from urea-agarose, and also to confirm the identities of
the RNAs by analysis of théir'gene products. Labeled
translation products were immunoprecipitated with '
polyclonal muriné anti-TGEV antiserum. The antiserum had
been preadsorbed on methanol-fixed ST cell monolayers to
reduce the immunoprecipitation of cellular proteins.
identification.of translation productg was based on
immunologic recognitjon of viral proteins by TGEV-specific
antiserum and the electrophoretic migration of these ’
proteins in denaturing polyacrylamide gels as compared to
standard proteins of known molecular weight (Figures 10 and
11). S]iceé predicted to contain mRNA 6 yielded RNA that
encoded primarily a 48.5 kd polypeptide, equivalent to the
TGEY N protein (88), and a 26 kd protein, equiva]ént to the
unglycosylated form of E1 (47). The Targe amount Qf the

48.5 kd species may be due both to read-through transiation
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DISTANCE MIGRATED (cm)

Densitometric analysis of TGEV (Miller
strain) translation products separated
in an SDS-10% polyacrylamide gel. The
proteins are products of RNAs extracted
from gel slices predicted to contain
RNA 6. The peaks corresponding to the
viral matrix (EI) and nucleocapsid (N)
proteins are labeled.
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DISTANCE MIGRATED (cm)

Densitometric analysis of TGEV (Miller
strain) translation products separated

in SDS-10% polyacrylamide gels. The
proteins are products of RNAs extracted
from gel slices predicted to contain

RNA 7. The peak corresponding to the
viral nucleocapsid (N) protein 1is labeled.
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of RNA 6 and contamination of RNA 6 by RNA 7. RNA from the
gel slices presumed to contain RNA 7 encoded a predominant
product of 48.5 kd, a value very close to the published
molecular weight of the TGEV (Purdue strain) nuc]eocapsid
protein (38). Successful trans]aﬁion of the gel-purified
RNAs indicated that these molecules were suitable templates

for reverse transcription.

Cloning of TGEV RNA 6 and RNA 7

Complementary DNA copjes of RNA 6 and RNA 7 were
syntheéized using oligo(dT) as the primer. RNA:cDNA
hybrids were inserted into the plasmid pBR322. The size of
inserts was estimated by the rate of migraffon of the
recombinant plasmids in agarose gels relative to controls.
Plasmids of the size class predicted to contain full length
clones of RNA 7 were approximately 20 times more numerous
than plasmids with cDNA inserts the length of RNA 6.
Plasmids of appropriate size were characterized 1in
hybridizétion experiments, as follows. Plasmids were
digested with the restriction endonuclease PstI,
e1eotrophoresed{ and‘transfered to Nytran ﬁembranes by the
method of Reed and Mann (61). The blotted fragments were
probed with 1abé1ed restriction fragments of a cDNA (c]one
'1415 representative of the 3’ end of TGEV (Miller strain)
virioﬁ RNA. The 1.6 kb HindIII—PvuiI'fragment of clpne 141

(Figure 3, bases 3624-5082) hybridized to the 5’-most PstI
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fragment‘of RNA 6-specific clones, while the 0.6 kb
HindIII-Kpnl (Figure 3, bases 6Té4—6785) fragment
hybridﬁzed to all PstI fragments of DNA copies of RNA 6 and
RNA 7. | o |

The Tongest of the RNA 6-specific cDNA clones was
apprqximate]y 2.5 Kb in length. Lengths varied according
to the progression of first-strand cDNA sYntheéis.
Réstricfion fragments of the Tongest cDNA inserts were -
subc]oﬁed.in Riboprobe Gemini plasmids and sequenced. The
map of RNA 6-specific cDNA and the fragmeﬁts sequenced are
giyen in Figure 12. _The nucleotide seguence of RNA 6f
specific cDNA and aﬁino‘acids encoded by the majof OR%S are
illustrated in Figure 13. The first 35 bases of this clone
were not found.in the-correspondingAregioh of virion RNA-
specifié cDNA, while the sequence of the remainder of the
clone was identical with that of DNA copied frﬁm the 3’ end
of TGEV (Miller étrain) virion RNA. The 35-base stretch
not found in the virion RNA-specific cDNA may represént all
or part of a leader sequence derived from the 5’ end of the
viral genome that primes transcription. of RNA 6.

.-An 867-base ORF was found in the 5’ portion of RNA 6
and the corresponding region of virion RNA. An 8-
nucleotide consensus éequence, AACTAAAC, was found near .
each end of this putative gene. The first of the poientia]
start codons was found immediately downstream from this

consenéus sequence. The 5’ end of this ORF corresponded to
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2241
2246
2246

P Pv X P PK P

L [

_____ 2% 1.0 kb

Figure 12. Restriction endonuclease map of TGEV (Miller
strain) RNA 6-specific cDNA and strategy used
in nucleotide sequence determination. A. RNA
6-specific cDNA clones. B. Map of RNA 6-
specific cDNA. C. Restriction fragments of
clones that were subcloned iIn Riboprobe Gemini
sequencing vectors. Arrows iIndicate direction
in which fragments were sequenced. Restriction
enzymes: Pvull (Pv), HindllIl (H), Xbal (X,
Pstl (P), Kenl (K).

base 4912 of the virion cDNA sequence illustrated iIn Figure
3. The putative translation product of the ORF 1is a

polypeptide with the properties of E1. Two ATG codons
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RNA- 6-specific cDNA.

Nucleotide sequence of TGEV (Miller strain)

20

40

60

TAAAACTCTTGGTAGTTTAA ATCTAATCTAACTAAACAAA ATGAAAATTTTGTTAATATT

80
AGCGTGTGTGATTGCATGCG
A C V. I A C

140
TTTGTCATGTCGCAATAGTA
L s CRNS

200
TATATGGCATCTATCAAACT
I W HLSN
260
TGTGCTACAATATGGAAGAC
vVeioay R
320
AATGTGGCTTTTATGGCCCG
M W L L WP
380
TCAGCTGTCCAGATATGTAA
QL SR YV
: 440
" ACTCTGGATTATGTATTTTG
L WIMYF
500
GTCTTTCAACCCTGAAACTA
8 F NP E T
: 560
GCTACCTCTCGAAGGGGTGC
L P L E GV
620
CGCAGGAGGGTTCAAAATTG
A G G F K I
‘ 680
GGTTGCATTACCTATCAGGA
VA LPIR
~ 740
TATTGCGACTGGGTGGGCTT
I AT G W A
800
AAGAAGTGATAATTTAAGTG
R S DNL S
' 860
TAATGGCCAACCAGGGACAA
M ANGQG Q

100
CATGTGGAGAACGATATTGT
AC GERYC

160
CAGCGTCTGATTGTGAGTCA
T A S DGCE S

220
GGAACTTCAGCTGGTCTATA
W NF S WS I

' 280
CTCAATTAAGCTGGTTCGTG
P QL S WF YV

340

TTGTTTTGGCTCTTACGATT

vV Vv L AL T I-

400
TGTTCGGCTTTAGTATTGCA
M-F G F 8§ I A

. 460
TAAGGTCCATTCAGTTGTAC
V R § I @ L Y

520 °

AAGCAATTCTTTGCGTTAGT
K A I L C VvV 8
580
CAACTGGTGTCACTCTAACT
P T GV T L T
640
CTGGTGGTATGAACATCGAC
AAG GMNTID
700
CTATTGTCTACACACTAGTT
T I vyYTUL V
760

ACTATGTAAAATCTAAAGCT-

Y'Y VL 8§ K A

820
AGCAAAAGAAATTATTACAT
E @ K-K L L H

880
CGTGTCAGTTGGGGAGATGA
RV S W G D E

M K I L L I L
120
GCTATGAAATCAGATACAGA
A'M K S D T.D
180
TGCTTCAACGGAGGCGATCT
C FNGGTUDL
240
ATATTGATCGTTTTTATCAC
I LIV FIT
300
TATGGCATTAAAATGCTTAT
Y G I KM L I
360
TTTAATGCATACT CGGAATA
PN AY S E Y
420
GGTGCAATAGTTACATTTGT
G AIVTFY
480
AGAAGGACTAACTCTTGGTG
R R T N S W W
. 540
GCATTAGGAAGGAGCTATGT
AL GRS YV
. 600
TTGCTTTCAGGGAATTTGTA
L L S G NLY
_ 660
AATTTACCAAAATACGTAAT
N L P K Y VM
' 720
GGCAAGAAGTTGAAAGCAAG
G K K L K A S
780
GGGGATTACTCAACAGAGGC
G DY S TE A
840
ATGGTATAACTAAACTTTCT
MoV
900
ATCTACCAAAACACGTGGTC
S T KTR G
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Figure 13, continued.

920 940 960
GTTCCAATTCCCGTGGTCGG AAGAATAATAACATACCTCT TTCATTCTTCAACCCCATAA
R S NS R G R K-N NN I P L S F F N P I

' . 980 1000 ' 1020
CCCTCCAACAAGATTCAAAA TTTTGGAACTTATGTCCGAG AGACTTTGTACCCAAAGGAA
T L Q@ QD S K F WNILC PR D FV P K G

1040 1060 ' ~ 1080
TAGGTAACAGGGATCAACAG ATTGGTTATTGGAATAGACA AACTCGCTATCGCATGGTGA
I G NR D Q@ Q@ I G Y W N R Q T RY R MV
1100 1120 © 1140
AGGGCCAACGTAAAGAGCTT CCTGAAAGGTGGTTCTTCTA CTACTTAGGTACTGGACCTC
K 6. Q R K E L~ P E R WF F Y Y L G T G P
1160 1180 1200
ATGCAGATGCCAAATTTAAA ‘GATAAATTTGATGGAGTTGT CTGGGTTGCCAAGGATGGTG
H A DA K F K D K F D G V'V W. V. A K D @G
1220 1240 1260
CCATGAACAAACCAACCACG CTAGGAAGTCGTGGTGCTAA TAATGAATCCAAAGCTTTGA
AMNIKPTT L G S R G A N N E 8§ K A L~
1280 1300 1320
AATTCGATGGTAAAGTGCCA GGCGAATTTCAACTTGAAGT TAATCAATCAAGGGACAATT
K F DG KV P-G E F QL E V N @ 8§ R D N
1340 1360 1380
CAAGGTCACGCTCTCAATCT AGATCTCGGTCTAGAAATAG ATCTCAATCTAGAGGCAGGC
S R 8§ R & Q S R S RS RNR S Q S R G R
1400 1420 1440
AACAATTCAATAACAAGAAG GATGACAGTGTAGAACAAGC TGTTCTTGCCGCACTTAAAA
Q@ @ F. N N K K DD SV E QA VL A A L K
1460 1480 1500
AGTTAGGTGTTGACACAGAA AAACAACAGCAACGCTCTCG TTCTAAATCTAAAGAACGTA
K L G vV D T E K @ @ @ R 8 R S K 8 K E R
1520 1540 1560
GTAACTCTAAGACAAGAGAA ACTACACCTAAGAATGAAAA CAAACACACCTCGAAGAGAA
S N § K T R E T T P K N E N K H T 8§ K R
- 1580 1600 1620
'CTGCAGGTAAAGGTGATGTG ACAAGATTTTATGGAGCTAG AAGCAGTTCAGCCAATTTTG
T A G K G D V T- R FY G A R S S S A N F
' 1640 1660 1680
GTGACACTGACCTCGTTGCC AATGGGAGCACTGCCAAGCA TTACCCACAACTGGCTGAAT
G DT DL V A N G S T A K H Y P @ L A E
1700 1720 . 1740
GTGTTCCATCTGTGTCTAGC ATTCTGTTTGGAAGCTATTG GACTTCAAAGGAAGATGGCG
Cc VvV P S V 8 8 I L F G S VY W T 8 K E D G ~
. 1760 1780 : . 1800
ACCAGATAGAAGTCACGTTC ACACACAAATACCACTTGCC AAAGGATGATCCTAAGACTG
b Q I E V T F T H K Y HL P .K DD P K T
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Figure. 13, continued.

1820
GACAATTCCTTCAGCAGATT
G Q@ F L Q@ Q 1

‘ 1880
GTAAAAGAAAATCTCGTTCT
S KR K SR s

: 1940
CATTAATAGAAAATTATACA
AL I ENVY'T

2000
TAACGAACTAAACAAGATGC
vV T N M

, 2060
ACTACTAATTGGTAGACTCC
L LI G R L

2120

TAAAACTGTCAATGACTTTA
K T VvV N D .F

2180

AGTGGTGCTTCGAGTAATCT
V VL RV I
2240
CACCTTAGTGTAAGGCAACC
T L V .
2300
ACGTCTACCACAGGTGCTGT

2360

TGGGGAAGTGTAGAGTCGAG
‘ - 2420
GTTAACGGGTAATAGGACGA

AAAAAAAAAAAAAAA

1840
AATGCCTATGCTCGTCCATC
N AY A RP S
1900
AAATCTGCAGAAAGGTCAGA
K'S A E R S8 E
1960
GAAGTGTTTGATGACACACA
EEV F D DT Q
2020
TCGTCTTCCTCCATGCTGTA
L VF L H AV
2080
AATTATTAGAAAGACTATTA
@ L L ER L L
2140
ATATCTTATATAGGAGTTTT
N I L Y R 8 F
2200
TTCTAGTCTTACTAGGATTT
F LV L L G F
2260
CGATACTATACTACACTTTT

2320
TTGAAGGAGGGTTTGTACCG
| 2380
CATCACCGATGCTGTTTAGA
. 2440
CAACTGCGGCGTGGAAGAGC

1860
AGAAGTGGCAAAAGAACAGA
EV A K E Q@

' " 1920
GCAAGATGTGGTACCTGATG
QD VvV V P D
1980
GGTTGAGATAATTGATGAGG
V E I.I D E
2040
TTTATTACAGTTTTAATCTT
F I TV L I L
2100
CTTGATCACTCTTTCAATCT
L' DHS F NL
2160
GCAGAAACCAGATTACTAAA
AE T R L L K
: . 2220
TGCTGCTACAGATTGTTAGT
C CY R L L V
. 2280
AGCTACCAATCTAAATTAAG

2340
ATCAGACCTCTCTTTTCCTT
~ 2400
GGGCCTTAAATCTGGACAAT
- 2460
TTGATGTAGCCACATTCTCC

The consensus nucleotide sequences (see text) are

underlined.

Amino acids encoded by the matrix (E1)

protein gene (bases 41-826), .the nucleocapsid {N)

protein gene {bases 843-1988),

and a 234-base open

reading frame are listed beneath‘the nucleotide

sequence.
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were found in the extreme 5’ portion of the gene.

- Following this codon is a seq&ence that encodes a stretch

Q? 17 hydrophobic amino acids. The hydrophobic peptide may
serve as a leader sequence that transliocates E1 to the |
ehdop]asmic reticuium of TGEV-infected cells. The second
ATG codor closely follows the seguence encoding the 17

hydrophebic residues, but microsequencing of virion-

heseociated E1 has determined that this codon is not the

site at which translation of E1 is initiated (47). 'A1so,
the hydrophobic amino acid sequence was not present {n
virion-associated E1 (47), indicating that the leader
peptide is removed during processing of theuprimary
transtation product. The predicted molecular weight of the
mature unglycosylated pretein from whfch ihe hydrophobic
leader peptide has been cleaved is 27.7 kd.

Three potential sites of N-glycosylation were detected

‘in the amino acid sequence of E1. Two of these sites are

near the amino termjnus of the protein, while the third is
located 12 residues from the Carboxy1 terminus of'the
polypeptide. Many potential sites of O~g1ycoey1ation are
present in the predioted amino acid sequence, but this type
of linkage has not been detected in the'matrix glycoprotein
of TGEV.

A second ORF representative of the sequence that

encodes the nucleocapsid (N) protein was found downstream
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of the E1 gene. The start codpn for phis gene 1is located
‘13 bases past the termination Eodon of the E1—encoding‘ORF,

Only one additional ORF more thaﬁ 20 amino éqiaé in
1ength was found wiﬁhin.RNA G;Specifjc cDNA; this ORF has a
potential product of 78 amino acids. |

RNA 7 of the Miller strain of TGEV'was copied into DNA;
the longest of thechNA clones was approximate1y 1.7 kb‘jn-
length. A restriction map of RNA 7—specific cDNA and the
étrategy employed in sequence determination are 1]1Qstrated
in Figure 14. The-nuc1eotide sequence of RNA 7-specific
cDNA 1is given in Figure ﬁ5.‘ A]f of the sequence Eut tHe
first 54 bases of the 5’ end were found fn the virion cDNA
sequence from'position 5698 po position 7325'(ngure 3) and
in the RNA 6—spe¢ific cDNA sequence ffom ﬁositjqn 833 to
the polyadenylic acfd‘tai]. The cliones céntained an 6RF of
1146 bases that encoded ‘a basic po1ypeptide 382.residue3'in
length. This protéin has the properties of coronavirus
nucleocapsid proteins, and is descfiﬁéd above. "In yitro
translation of urea-agarose gel-purified TGEV (Miller
strain) RNA indicated that a protein the predicted size of
N is the primary translation produét of RNA 7 (Figure 10).

The cDNA clones of RNA 7 conﬁaihed an additiéna1 ORF of
' 234 bases downstream of the ORF that encodés the 43.3 kd N
protein; the ATG codon of this ORF is found 24 bases past
the termination codon of the N gene. This ORF begjns'at

base 1225 of the RNA 7-specific clone and,extends thrbugh
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224112
224122
224122
224150

,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,

Restriction endonuclease map of TGEV (Miller
strain) RNA 7-specific cDNA and strategy used
in determination of nucleotide sequence.

A. RNA 7-specific cDNA clones used iIn mapping
and subcloning experiments. B . Restriction map
of RNA 7-specific cDNA. C. Restriction
fragments that were subcloned iIn the multiple
cloning region of Riboprobe Gemini sequencing
vectors. Arrows indicate direction in which
fragments were sequenced. Restriction enzymes:
Pstl (P), HindllIl (H), Xbal (X), Kpnl (K).
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Figure.15. Nucleotide sequence of TGEV. (Miller strain)
: RNA 7-specific cDNA.

20
TCCCGTACGGTACCCCTCCT
. 80
AACTTTCTTAATGGCCAACC

M A N
140
ACGTGGTCGTTCCAATTCCC
'R G'R S N S
: 200
CCCCATAACCCTCCAACAAG
PI T L QQ
260
CAAAGGAATAGGTAACAGGG
K'G I G NR
320
CATGGTGAAGGGCCAACGTA
M V K G Q R
380
TGGACCTCATGCAGATGCCA
G PHADA
440
GGATGGTGCCATGAACAAAC
D G AMN K.
‘ 500
AGCTTTGAAATTCGATGGTA
AL KFTDG
560
GGACAATTCAAGGTCACGCT
D NS R SR
620
AGGCAGGCAACAATTCAATA
G R QQFN
680
© ACTTAAAAAGTTAGGTGTTG
L K KL GV
740
AGAACGTAGTAACTCTAAGA
ER S NS K
800
GAAGAGAACTGCAGGTAAAG
K R T A G K
860
CAATTTTGGTGACACTGACC
N F GDTD

40
CTACTCTAAAACTCTTGGTA
100
AGGGACAACGTGTCAGTTGG
Q G @ RV S W
160
GTGGTCGGAAGAATAATAAC
R.G R K N NN
220

-ATTCAAAATTTTGGAACTTA
D 8§ K F W N L

280
ATCAACAGATTGGTTATTGG
D@ @I G Y W

340
AAGAGCTTCCTGAAAGGTGG
K E L P E R W

400
AATTTAAAGATAAATTTGAT
K F K D K F D

460
CAACCACGCTAGGAAGTCGT
P T TUL G SR

520
AAGTGCCAGGCGAATTTCAA
K VP G E F Q

' 580
CTCAATCTAGATCTCGGTCT
S @ S R 8 R 8§

640
ACAAGAAGGATGACAGTGTA
N K K DD 8 V

700
ACACAGAAAAACAACAGCAA
DT EKQQ@O Q. Q

760
CAAGAGAAACTACACCTAAG
T RETT P K

820
GTGATGTGACAAGATTTTAT
G DV TRFY

880
TCGTTGCCAATGGGAGCACT
L V ANG'S T

. 60
GTTTAAATCTAATCTAACTA
120
GGAGATGAATCTACCAAAAC
G DESTK T
180
ATACCTCTTTCATTCTTCAA
I P L S F F N
240
TGTCCGAGAGACTTTGTACC
CPRDFVP
300
AATAGACAAACTCGCTATCG
NRQTRY R
360
TTCTTCTACTACTTAGGTAC
FFYVYLlLGT
420
GGAGTTGTCTGGGTTGCCAA
G VV WV A K
: 480
GGTGCTAATAATGAATCCAA
G AN NE S K
540
CTTGAAGTTAATCAATCAAG
L EV N QS R
600
AGAAATAGATCTCAATCTAG
R NR S Q S R
660
GAACAAGCTGTTCTTGCCGE
E Q AV L A A
' 720
CGCTCTCGTTCTAAATCTAA
R SR S K S K
780
AATGAAAACAAACACACCTC
N ENKHTS
840
GGAGCTAGAAGCAGTTCAGC
G AR S S S A
900
GCCAAGCATTACCCACAACT
A K'H Y P QL
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continued.

920
GGCTGAATGTGTTCCATCTG
AECV P S
980
AGATGGCGACCAGATAGAAG
D& D QI E
1040
TAAGACTGGACAATTCCTTC

KT GaQF L
1100
AGAACAGAGTAAAAGAAAAT

E Qs KR K
1160
ACCTGATGCATTAATAGAAA

PDALTIE
1220

TGATGAGGTAACGAACTAAA

D EV T N
1280
TTAATCTTACTACTAATTGG
L I L L L I G
X ‘ 1340
TTCAATCTTAAAACTGTCAA
F N L KTV N
1400
TTACTAAAAGTGGTGCTTCG
L.L KV V LR
1460
TTGTTAGTCACCTTAGTGTA
L LV T LV
| 1520
AAATTAAGACGTCTACCACA
‘ 1580
TTTTCCTTTGGGGAAGTGTA
1640
TGGACAATGTTAACGGGTAA
1700
CAGACGTCATTAAAAAAAAA

940
TGTCTAGCATTCTGTTTGGA
VS 8 I L F G

1000
TCACGTTCACACACAAATAC
VT FTHIK'Y

1060
AGCAGATTAATGCCTATGCT
Q Q I N A Y A

1120
CTCGTTCTAAATCTGCAGAA
SR S K 8 A E

1180
ATTATACAGAAGTGTTTGAT
N Y T EV F D

‘ 1240
CAAGATGCTCGTCTTCCTCC
M L V F L

1300

TAGACTCCAATTATTAGAAA
R L Q L L E

1360

TGACTTTAATATCTTATATA
DF N I L VY

1420

AGTAATCTTTCTAGTCTTAC
v I F L V L

, 1480

AGGCAACCCGATACTATACT

. 1540
GGTGCTGTTTGAAGGAGGGT
1600
GAGTCGAGCATCACCGATGC
1660
TAGGACGACAACTGCGGCGT

AAAAAAAAAAAAAAAAAAA

960
AGCTATTGGACTTCAAAGGA
S Y W T S K E
1020
CACTTGCCAAAGGATGATCC
H L P KDTDP
1080
CGTCCATCAGAAGTGGCAAA
R P S E V A K
1140
AGGTCAGAGCAAGATGTGGT
R S E Q@ DV YV
1200
GACACACAGGTTGAGATAAT -
D T Q V E' I I
1260
ATGCTGTATTTATTACAGTT
H A V F I T vV
1320
GACTATTACTTGATCACTCT
R L L L DHS
~ 1380
GGAGTTTTGCAGAAACCAGA
R S-F A E TR
1440
TAGGATTTTGCTGCTACAGA
L G-F C C Y R
1500
ACACTTTTAGCTACCAATCT

1560
TTGTACCGATCAGAGGTCTC
" 1620
TGTTTAGAGGGCCTTAAATC
1680
GGAAGAGCTTGATGTAGCCA

The consensus nucleotide sequences. (see text) are

underlined.

Amino acids encoded by the

nucleocapsid (N) protein gene (bases 71-1216) and
“a 234-base open reading frame (bases 1225-1458)
.are Tisted beneath the nucleotide sequence.
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base 1458. A 78 amino acid protein of 9104 daltons {s
encoded‘by the pgtatiVe gehe. A hydropn111city ana]ysis of
the gene product revea1ed that the first twenty and last 25
amino acids Qomposed hydrophob1c sequences (Figure 5): The
central region is amph1ph111c and contains both basic end-.
.acidic amino acids. Twenty-three (29.5%) of the amino |
acids in the protein are‘serinei There 1is nho evidence
supperting the existence of this peptide in virions or
TGEV—in%ected ce11s.

Severa1 shorter ORFs, encoding_peptides 11 to b2 émino
acids in length, are present withfn, overlapping, or past
the 5’ end of the ORF eneoding N.

A noncoding region approximately 230 bases 1in length
was found at the 3’ end of TGEV (Miller strain) virion RNA
and the two subgenomic RNAs sequenced 1in this sfudy. Thjs
nencoding region immediately preceeds the poly A tails of
the RNAs.

Comparison of the maps of RNA 6—specific cDNA and RNA
7—spee1fic cDNA to each other and to the map of tne 3’ 7325
bases of virion cDNA suggested that RNA 7 is a subset of
RNA 6, and the maps of both of these mo]eqn1es were

identical to the map of the 3’ portion of the virion RNA.
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DISCUSSION

Reseérqh on TGEV genetic strucure has focused on virion
RNA. These studies have revéa1ed open reading frames
within the genome and have made possib1e the determination
of the primary structure of-the peplomer {(E2) (60), matrix
(E1) (47), -and nucleocapsid (N). (38) proteins of the
attenugtéd Purdue strain of TGEY. None of tHese projects
~dealt with ihe subgenomic mRNAs of TGEV. Data presented in
this thesis suggests a discontinuousimode1 of gene
transcription for TGEV that is similar to that proposed for
MHV and 1BV (9,43,73,75,78,79,82).

Following penetration of the virus into a cell, the
virion RNA directs synthesis of an RNA-dependent RNA
po1ymerase (58). A minus-strand Coﬁy of the viral genome
is transcribed by this énzyme, and the minus-strand RNA is
the template for subgenomic mRNA synthesis. Synthesis of
the mRNAs makes up the majority of early RNA production.
The kinetics of TGEV-specific RNA synthesis in ST cells
were studied to determine the time of maximum synthesis of
virus—spééific subgenomic RNA. RNA was extracted from
infected cells at this time for the preparation of

subéenomic viral RNA. TGEV (Miller strain)-infected ST
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cell cultures reach their maximum yield of virus at 18 h
postfinfection (67)7 when approximately 50 to 75% of the
cé11s have lysed. At this ﬁihe cell 1ysates were
harvested, virus Was_paft1a11y'pur1f1e&,'and virion RNA was

extfacted.

TGEVY (Miller strain) Virion RNA

Complementary DNA was prepared from TGEV (Miller
strain) genomic RNA extractea from partially purified
virions. First-strand cDNA synthesis was‘primed by a
restriction fragment from an o]igo(dT)—pfimeq, TéEV (Miller
strain)-specific cDNA c1oﬁe (c]one 141, provided by Andreas
Luder). The specificity of the‘primer extension c]onestwas
determined by Southern b]ottingi These clones, along with
oligo(dT)-primed clones 141 and 150, obtained from Andreas:
Luder, were mapped. The restriction maps.were used to
develop a sequencing strategy in which restriction
fragments subcloned in'R{boprobe Gemini sequencing'vectors
were overlapping, e]ihinating the possibility éf incomplete
seguence analysis due to inadvertent omission of very small
restrict{on fragments.

Complementary DNA c]énes, produced by both primer
extension aﬁd oligo(dT)-primed cDNA synthesis, representing
the 3’ 7325 nucleotides of the TGEV (Miller strain) genohe
were seguenced. A.poftion of the ORF encoding the peplomer

protein of the virus was at the 5’ end of the seguence.
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The sequence of the C-terminal 1061 amino acids of the
peplomer protein was'predicted from the nucleotide sequence
data. Because the entire peplomer-encoding region was nof
represented by the cDNA clones studied, few oonc]usions'
concerning the structure of the Miller strajn’s protein
spikes can be made. However, comparison of the partiaf
aminb acid sequence-I obtained to the primary structuhé of
tﬁe Purdue strain pep1omer published by Rasschaert and‘
Laude (60) revea1ed-83 amino acid differences between the
two proteins. The degree of divergence Qas 3.39
substitutions pef’100 amino acids. Most‘of these
differences were found in the.more N-terminal region of the
Ancomp1ete sequence of the TGEV (Miller strain) peplomer.
Rasschaert and Laude (60) fouﬁd that most keg{ons of |
homology Setween the peplomer of TGEV (Purdue strain) and
that of IBV are clustered in the carboxyl halves of the
mo]ecu]es.‘ Sequences in the amino halves were divergent.
Comparison by Jacobs et al. (36) of the primary structure
of the peplomer proteins of TGEV (Purdue strain) and feline
infectious pertonitis virus (FIPV) found positions of amino
acid substitutions to be more numerous in the amino halves
of the molecules. Since the peplomer proteins of
coronaviruses mediate binding of the virus to cells and
determine many of the subsequent alterations in cell
physiology and structure (17,30,37,95), changes due to

attenuation may be concentratéd'in'éxposed regibns of the
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peplomer. However, the hydrophilicity profile of the TGEV
{Purdue strain) bep1omer protein disp]ays few highly
hydrophilic (exposed) segments in the amino half but
several in the carboxyl half (60). Delmas et al. (17) have
shown that four neutralization epitopes reside in the mére
amino terminal region of the peplomer protein of the-Pufdue
strain of TGEV. The data presented here 1ndicate 
divergence iﬁ amino acid sequenbe between the two strains
in the more amino terminal region, but also in the more.
carboxyl region. This information may be usefuf in
locating determinants of TGEV pathogenicity.’

An ORF corresponding to the unique region of RNA 4a was
found in the Miller strain virion cDNA sequence. The
po]ypebtide encoded by this ORF is 212 residues in length
and has a molecular weight of 24.4 kd. In the TGEV (M111er
strain) genome, the consensus nuclieotide sequence AACTAAAC
was 1oca£ed 23 bases upstream of the potential ORF of RNA
4a, a dfstance greater than that which separates the
consensus sequenbe from the E1 and N.protein genes of RNA 6
and RNA 7, respectively.: No funciion has been aésigned to
the RNA 4 gene product. The protein is probabiy
nonstfuctura1. In vitro translation of RNA 4 of the Purdqe
strain resulted in a 24 kd protein that was not detected in
infected cells or purified virions (35). Also, the protein
was hot immunoptrecipitated with antiserum directed against

virion proteins.
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A short ORF that may correspond to thé protein-encoding
region_of RNA 5 waé found in the virion RNA sequence. The
- 282-base QRF encodes a 94—residge peptide. No function has
been assigned to tHe préduct pf’RNA 5. Jacobs.et al. (35)
detected no virus-specific transiation product for the
molecule. The 8-base consensus sequence, AACTAAAC,
pfeceding the ORFs of RNAs 4a, 6, and 7 was Hot found in
the regibn.preceding the ORF of RNA 5, a1though a similar
seguence, AATCTAAA, was found to ovef]ap the ATG codon of
the ORF. The AATCTAAA consensus sequence is identical to
an 8-base sequence immediately upstream of the peplomer
gene of MHV (strain JHM) (69). Consensus sequences may
regulate initiation or level of ﬁranscription of the
subgenomic mRNA. Alteration of this sequence, as in the
case of RNA 5, may result in synthesis of a decreased
amouht of the mRNA. No differences in the sequence of
‘consensus regions were foundvbetween the Miller and Purdue
strains of TGEV.

The gene encoding the E1 matrix protein was identified
in the sequence of virion RNA-specific CDNA. A single ‘long
ORF 786 bases in length encodes a 262;residue polypeptide
with a molecular weight of 29.4 kd. Fifteen differences in
primary structure were found between the matrix protefns of
the Mii]ef and Purdue strains of TGEV. The subsfitution
Eatié of 5.72 per 100 amino acids sequenced was‘the higﬁest

of the TGEV structural proteins. Present in the primary
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tfans]ation product of the E1 gene is a hydrophobfc stretch

of 17 amino acids that may serve as afsignal sequence for

trans1oeation of Ef to the endop]asmic fetjbu]um of
infected cells. Like many eukaryotieisigna] peptides, this
o1igopebtide has a charged N—term{na1:region foT]owed Sy a
stretch of gncharged res{dues (41).' Microsequencing of
virion—associated E1'by Laude et al. (47). indicates that
this leader seqdence~is cleaved from E1 duning'matUration
of the erotefn. This is in contrast to-the matrix.proteins_
of coronaviruses MHV and IBV. Matrix proteins of these‘
v1ruses appear to' be translocated to membranes by

|
recogn1t1on of an' 1nterna1 hydrophob1c reg1on that is

l
present in the viriéen- assoc1ated prote1n Three N-
g]ycosy1at1on sites (Asn-X-Ser or Asn—x—Thr) were eresent
in the amino-acid sequence. A11'glycosy1at{en of the TGEV-
E1 protein has been reported to be. N-linked; no O—1inked“
g1ycpsy1ation, es occurs in the metr{x proteins of'MHV and -
BCV, has been'discevered; However, ciusters‘of serine and

threonine-residues, potential sites of 0O-1inked

g1ycosy1at1on, were found 1in the predicted'ah{no acid

sequence of TGEV (M111er stra1n) E1.

The TGEV nuc1eoCaps1d protein contains nany:basie
fesidues,.a proberty expectee'of_RNA—binding.pnoteins (38).
Hoﬁever, hydropnobic'regfons were'detecteq throughout tnet‘
entire amino acid.sequence, inc1uding the emfno terminusn,

The hydrophobic regions may play a role in the association
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of the nuc]eocapsia with thg viral envelope. The
nucleocapsid protein disp]ayed the least divergence 1in
émjnp acid seguence betwéen'the Miller and Purdue strains
of TGEV. Because'thé N.protein is npt'exbdsed in intact
virions, there is little se1ectjve pressure for variability

in primary structure.

TGEV (Miller strain) RNA 6 and RNA 7

Because the mRNAs of coronaviruses MHV and IBV have
been demonstrated to form a 3’-coterminal nested set of
multiple species, “"shotgun" cloning of bulk RNA from TGEV-
infected cells was nof'a satisfactory means of obtaining
DNA copies of subgenomic mRNAs. Premature termination Qf
first-strand synthesis on a TGEV RNA 3 template, for
example, could result in a cDNA clone the length of RNA 6
but 1a¢k1ng nucleotides present jn its 5’-noncoding region.
To determine if TGEV employs a leader-primed method of
transcription, it was necessary to obtain full-Tength
copies of RNA 6 and RNA 7 rather than truncated clones of
larger mRNAs. To separate TGEV RNAs on the basis of size,
urea-agarose gel electrophoresis was used. Eucaryotic 18S
and 283 rRNA, molecules approximately 1900 and 4800
nucleotides in length, respective]y; were markers useful in
estimating the location of TGEV RNAs 6 and 7 in the
denaturing gels. Extraciion of the gel s1iées twice with

chloroform was found to be an efficient method of
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extracting the electrophoresed RNA. RNAs recovered from
urea-agarose were sufficiently resolved and functional, as
demonstrated by in‘vitro translation expériments carried
out to confirm the identities and igtegrity of the gel-
purif{ed molecules (Figures 9 and 10). RNA from gel slices’
predicted to contain TGEV (Miller strain) RNA é produced
protein products of 26 and 48.5 kd. The 26 kd protein was
presumably the unglycosylated precursor of the E1 protein,
while the 48.5 kd protein was probably nucleocapsid protein
encoded by mRNA 7 not adéquate]y separated from mRNA 6.
Incomplete séparatioh of mRNA 6 from mRNA 5 and mRNA 7 by
isokinetic sucrose-gradient éentrifugétion has been
reported by Jacobs et al. (35), and electrophoresis in
urea-agarose of two RNAs differing in length by less tHan
800 bases may also have not provided resolution sufficient
for bomp1ete separation. .A1ternative1y, the 48.5 kd
protein could be the product of read-through of an opeﬁ
readiﬁg frame coding for N in mRNA 6. The consensus
sequence upstream of the N protein gene in RNA 7 also
precedes the N protein gene of RNA 6. There 1sla one-base
shift between the Ei- and N—éncoding ORFs of RNA 6, but
both read—through translation and independent initiation of
N gene t?ans1a£ion may be possible. The 48.5 kd
polypeptide was the ﬁredominant'protein product of RNA
recovered %rom the peak presumed to contain RNA_?. The

nucleocapsid protein is the most abundant virus~specific
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~ polypeptide in infected cells, and it was of no surprise to
obtain much larger amoqnts of N than E1 in the translation
experiments. These resu1ts suppqrt the.ooding assighments
givén by Jacobs et al. (35). vThe_ab{iity.bf the gel-
pur1f1ed molecules to encode comp]ete proteins suggested
there was 11tt1e loss of structural 1ntegr1ty dur1ng
e1ectrophoresis and recovery, and that the RNA molecules
would be suitable templates for reverse transcription.
Oligo(dT) was used as the primer of First strand synthesis
‘to obtain the 3’ end of the polyadenylated mRNAs. RNA:cDNA
hybrids, rather than double~stranded cDNAs, were inserted
into vector plasmids by means of complementary

- homopolymeric tails. E1iﬁ1nation of second-strand cDNA
synthesis reduced the chance of sequence loss due to
incomplete synthesis of second-strand QDNA by E. coli DNA
polymerase I. Also, the 3’ end of the RNA templates was
Tikely té extend past the 5’ end of first-strand cDNA.
Protruding 3’ ends are favored substrates for homopolymeric
tail addition'by terminal deoxynucleotidyl transferase
(54).

Two main size classes of cDNA inserts were obtained.
Estimation of'insertllength by electrophoresis of the
recombinant plasmids suggested that the groups were
composed primarily of clones of TGEV (Miller strain) RNA 6
and RNA 7. fhe clones were'further characterized in

hybridization experiments. The 1.6 kb HindIII-Pvull
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fragment of virion RNA-specific clone 141, which extends
from 2092 to 3704 bases from the 3’ end of the genome, was
chbsen as. a probe becéuSe, if TGEV mRNAs form the nested
set arrangement characteristié'of'coroﬁavikuses MHV "and
IBV, it would hybridi;e to copies of. mRNA 6 but not to .
'ébpies of‘ﬁRNA 7. The 662 bp HindIII-KpnI fragment Sf
clone 141 was predictéd to hybridize to é]ones of both mRNA
6 and mRNA 7. These predjct%ons were confirmed upon
analysis of Southern blots. fhe reéu]ﬁs wére the first.
evidence that TGEV (Mi]]ér strain) mRNAs form a nested set.
Restriction fragments from subgenomic RNA-specific cDNAs -
were subcloned in Riboprobe Geminj vectors for direct
seguence determination. The nuc]eotidé sequence‘of RNA 6-
and RNA 7-specific cDNA was determined and from this
information and virion cDNA seguence data the primary
structure of the precursor'to"the Matrix and nuc]éocapsid
proteins encoded by the messagés were predictéd (Figures 11
and 13). Differences in sequence between the cDNAs of the
Miller and Purdue strain weré discovéred; the’possib1e
influence of these differences on the pathogenicity of the

virus is discussed below.
TGEV (Miller strain) RNA 6

;RNA 6, which encodes the matrix protein E1 of TGEV, was
copied into DNA clones up to 2483 bases in length. A1l but

the first‘és bases of the nucleotide sequence der1ved from
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these clones corresponded to the final 2431 bases of the
predicted virion cDNA sequence. The 35-base leader
sequence was not found in the portion of the viral genome
sequenced in this study. The leader may be transcribed
from the 5’-terminal .portion ofrﬁhé TGEy genome, as is true
of MHV and IBV leader sequences (9,43,78,79). Priming of
transcription of the subgenomic RNAs during disqontinuous
transcription ﬁay be the function of the leaders. It is
hot known if dissociation of the polymerase/leader complex
from the temp1ate takes place during this process.' It
seems likely that a sequence in the 3’ portion of the
leader sequence may anneal to'regions of the virion RNA
preceeding the ORFs of the subgenomic RNAs. Leader-primed
transcription of the body sequences of the RNAs coq]d then‘
begin. Conservation of the AATAAAC consensus'sequences in
regions of the Qenome flanking the ORFs of RNAs 3, 4, 6,
and 7 suggest that fhese sequences play a role in primer
recognition.' No similarity in sequence was found in the
regions of the viral genome immediately preceedihg the
consensus séquences. The 5’ noncoding regions of the viral
RNAs may also regulate expression of gene products at the
translational level, as differences in the location of the -
consensus sequence ré1at1ve to OéFs was noted in the virion
cDNA sequence. pifferences in quantity of each TGEV
" subgenomic RNA have been describeq (48,94). The

differences in quantity.of the RNAs may act in concert with
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differences in the 5’ noncoding region in fegu]ating the
levels of viral protein‘producéd in infected cells.

The mature métrix (E1) protein of TGEV (Miller strain),
as bredicted by cDNA-sequéncé data, is 27.7 kd. The
migration of virion-derived E1 in denaturjng polyacrylamide
gels suggested a mo]ebuiar weight of 29 kd (67). That only
5 to 6% of the molecular weight of virion- assoc1ated E1
from the Miller strain of TGEV 1is carbohydrate is -in marked
contrast to the pepliomer glycoprotein of TGEV. Thé
carbohydrate moiety of the TGEV (Purdue strain) peplomer
may account for approximately 27% of the mo]ecu}e’s total

molecular s%ze (60).
TGEV (Miller strain) RNA 7

The protein encoded by the iong ORF of TGEV (Miller
strain) RNA'7 is 382 amino acids 1ong'and its molecular
weight as predicted froﬁ cDNA sequence déta is 43.4 kd.
This protein shares éimi]arities with the N proteins of
coronaviruses MHV and IBV, although the'polypeptides are of
different lengths (382 amino acids'for TGEV, 455 for MHV,
and 409 for IBV). First, it is serine—riéh. Thirty-nine
of 382'am1no acids are serine. Serine residues are.tﬁe
probable sites of phosphorylation in the MHV—A59 N protein
(83). . If the same 1is true of the TGEV nucleocapsid
protein, the éhange in mo]ecu]ar'wgight and charge of the

molecule upon phosphorylation could explain the difference
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between the molecular weight predicted by the amino égid
sequeﬁce (43.4 kd) and that predicted by the comparative
migration of virion-derived N protein in denaturing gels
(54 kd) (67). | n \

_ There is no evidence for the 9104 dalton protein
potent{ally encoded by bases 1225 through 1458, an ORF
outside the region of RNA 7 that encodes N. This protein
has not been detected in translation experiments or
ana]ysés of 1ntrage11u1ar virus—-specific or virion
proteins. Three small polyadenylated RNAs have been found
in TGEV-infected cells (35, Andreas Luder, persoﬁa1
communication); RNAs analagous to,these'have not been
reported for MHV- and IBV-infected ceﬁ1s. If all TGEV
subgenomic RNAs form a 3’-coterminal nested set, §ne of
these RNAs may be the mo]ecu]e that encodes this protein.
The consensus sequence AACTAAAC precedes the 234-base ORF,
lending support to the possibility of independent
transcription and subsequent translation of the gene.
A]sd, a six—base sequence, AGAUGC, overiapping the
initiation'codon of the gene<is a sequence found 1in
eukaryotic initiaﬁion seguences (41).

The length and position of the ORF and comparison of
the nucleotide sequence of mRNA 6 to-that of the virion RNA
and MRNA 7 established the location of the E1 ORF to be the

region of mRNA 6 not found in mRNA 7.
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TGEV (Miller strain) Gene Transcription

Evidence preseﬁped'in this thesis suggests a mecﬁanism
of TGEV (Miller strain) gene transcription similar to that
probosed for other'coronaviruses. - This mechanism is
i11ustratéd in Figure 16. RNA 6 and RNA 7 of TGEV (Miller
strain) possess common 5’ leader sequences not transcribed
from regions of fhe virion RNA immediately upstream from
the subgenomic RNA body sequehoes the Qenome contafns. The
data suggests that the leader sequences are transcribed
from the 5’ end of the TGEV genome. The leaders could
serve das primers of subgenomic RNA synthesis, perhaps by
annealing of a consensus sequénce at the 3’ end of the
leader to complementary consensUs sequences upstream of
méjor ORFs 1in the.généme—1ength negative-strand template.
Laude et al. (47) assumed the consensus seguences to be the
start of mRNA transcripts, but if TGEV rep]icatjon involves
discontinuous tranécription it would be more accurate to
say that discontinuous traﬁscription, primed by leader
sequences, begins at the consensus regions. The leader
sequences would be the actual 5’ ends of subgenomic RNAs.
That ﬁhe subgenomic RNAs of TGEV are not transcribed in
equal ahéuhts may be due to differences in efffcienéy of
bind{ng of the leader sequence to the various consensus

regions in the negative—strand RNA. Secondary structure of
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TGEV genome-length, positive-sense RNA

Virus-specific, RNA-dependent
RNA polymerase

TGEV genome-length, negative-sense RNA

Y ———. TTTTTT 57 ()

Virus-specific, RNA-dependent
RNA polymerase

TGEV virion and subgenomic RNAs

51

Figure 16.
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Proposed mechanism of TGEV gene transcription.
A portion of a leader sequence transcribed from
the 37 end of a negative-sense copy of the
viral genome anneals to consensus sequences
downstream and primes the synthesis of at least
Ffive subgenomic mRNAs as well as genome-length
RNA. The RNAs form a 37’-coterminal nested set.
The filled box represents the complement to the
consensus sequence.
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the negative strand, as well as slight differences in the
consénsus sequences, could determine this efficiency.

fhe sequence data presented above érovidés strong
evidence that TGEV‘(M111ér strain)-subgenomig RNAs form a
3'-coterminal nested set; Primary protein products of RNA
6 and RNA 7 are encoded by.the 5’ unique regions of the
messages. | |

An‘RNA approximate1y 500 bases in length that contains
the 234-base ORF that follows the N gene'has not been
definitive]y identified, but its sha11 size and possible
low copy number in TGEV (Miller strain) infected cells may
make detectién difficult. The consensus sequeﬁce
immediately upstream of the ORF provides a s1te for
transcripﬁion of the small RNA. |

Differences in the amino acid sequence of structural
proteins were found between the virulent Miller strain and
attenuated Purdue strain of TGEVt ‘Primary struqtufe was
most divergent in thé two membrane glycoproteins, E2 and
Ei. Because these proteins conﬁain neutra]izatidn
epitopes, variance 1ﬁ‘the1r pfimary structure may help the
- virus evade the immune system'of the host. Most of the |
variabi]ity in the peplomer amino acid sequence was found
near the N-terminus of the protein; the N-terminus fs the
location of.both conserved and variable neutralization
epitoggs (46). Divergence in the Ef1 aminp acid seqUences

of the two strains was more common in the amphiphilic C-
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terminal half of the protein, a region predicted to be
exposed on the surface of TGEV virions.

_The results 1nq1cate that the low-passage, virulent
Miller strain of TGEV used in this'study differs from the
high—passage Purdue strain used by other groups in stuaies
of TGEY biology and biochemistry. It may be prudent to
further examine the properties of the Miller strain, as it
is less far remerd from the TGEV that swine are likely to
encounter. Immunogenic surface proteins.of the Mi11er‘
strain are likely to resémb1e more closely antigens of
wild-type TGEV particles. Advancement toward production of
a protective vaccine may be hastened by employment of TGEV
(Miller strain) in future studies of the swine pathogen,

rather than the attenuated Purdue strain.
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'CONCLUSIONS

The gene structure of'the pathogénic Miller strain of
traﬁsmissib]e gastroenteritis virus (TGEV) was studied.
Nucleotide seguence data from two subgenomic RNAS, RNA 6
and RNA 7, and the 3’ region of the viral genome waé
obtained. My research suggests that TGEV emp]oyé a leader-
primed mechanism of discontinuous transcription by which a
sequence transcribed from the 5’ end of the viral genome
recognizeé and anhneals to consensus sequences within the
" virion RNA. The annealed sequence may serve as a primer
for transcription of a nested set of 3’—co£erm1na1-
subgenomic mRNAsT

From the nucleotide sequence data open reading frames
were jdentified and the primary structure of TGEV
structural proteins wés predicted. Nuc1§ot1de and amino
acid sequence data and trans]ationa1 studies indicate that
the protein—coding sequences of RNA 6 and RNA 7 are 1océted
in the 5’-terminal regions of the molecules. Substantial
differences in the amino acid segquence of structural
'pfqteins were found between the pathoéenic Mi]]er strain
and the attenuated Purdue strain.

Thé data collected in this study will be useful in
locating. determinants of pathogenicity iN TGEV. Ultimately
this research will lead to_production of.a safe, effective

vaccine against porcine transmissible gastroenteritis.
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