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ABSTRACT |

A comprte transcriptional map for the entire 12.4 kb terminal inverted repeat
(TIR) region of - = hope fibroma virus (SFV) genome has been determined. Northern
blotﬁng and S1-fiu-.«+4ise mapping were used to show that the entire TIR is transcribed into
poly A* RNA directed towards the termini of the genome. Fifteen transcriptional initiation
sites were mapped, 12 within the TIRs and 3 within the unique sequences close to the
junction between the left TIR and the unique internal sequences. Eleven of these initiation
sites cofrespond to the §' ends of major open reading frames (ORFs) and four map within
OREFs or to the 5' ends of minor ORFs. All the expressed ORFs are tandemly arranged and
oriented towards the hairpin terminus. These ORFs are transcribed at early times, and
many have the concensus transcriptional termination sequence from vaccinia at their 3'-
ends, while only one minor ORF has the consensus late transcriptional initiation site found
in vaccinia. The region upstream of the terminal ORF (T1) was isolated and shown to
behave as an early promoter using transient expression assays in infected cells. The
promoter domain, localized by 3' and §' deletion analysis, was found to comprise about
28bp including the transcriptional initiation site and a stretch of eight 'A’ residues from
position -18 to -11 which were critical for promoter activity. The transcriptional machinery
of leporipoxviruses and orthopoxviruses was shown to be functionally conserved using a
transient expression system and by constructing a recombinant vaccinia virus in which the
bacterial chloramphenicol acetyl transferase gene (CAT) is driven by the SFV T1 promoter,
and a recombinant SFV in which the CAT gene is driven by the vaccinia 7.5-kDa early/late
promoter. Both the T1 and the 7.5-kDa early promoters were shown to function in their
heterologous genomic environment tae same way as they do in their homologous genomic

environment in terms of their temporal regulation, and the site of initiation of transcription.
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CHAPTER 1
REVIEW OF POXVIRUS GENE EXPRESSION

A. INTRODUCTION

The orderly expression of important genes is a fundamental mechanism by which
the biological processes of all organisms are controlled. The study of how gene expression
is regulated in eukaryotic viruses has been very rewarding and many of the models for
regulation, and many of the techniques developed for these systems, have been more
generally 2pplicable to other systems. Poxviruses are one of the largest and most complex
of the eukaryotic viruses. They are dispersed throughout the wild and have been isolated
from most vertebrates and some insects. Classification of a virus as a poxvirus (table I) is
based on certain common properties such as their large size, complex morphology, a
dsDNA. genome with hairpin termini, and a cytoplasmic location for their replicative cycle.
Although all poxviruses share these properties each member tends to be very species
specific and in fact the host species forms one of the criteria for the classification of the
various poxvirus genera. Members within a genera are serologically cross reactive using a
neutralization test, while members between genera show limited nonneutralizing cross
reactivity (Fenner and Ratcliffe, 1965; Joklik, 1968). The pathology that each poxvirus
has for its host is unique to that member. For example both myxoma virus and Shope
fibroina virus are leporipoxviruses, they show extensive serological cross reactivity and
their genomes cross hybridize at low stringencies (Block et al., 1985; Fenner and Ratcliffe,
1965). Although they belong to the same genus, myxoma produces a highly invasive fatal
disease in cottontail rabbits calléd myxomatosis, whereas SFV only produces a benign
tumnor-like growth at the site of innoculation from which the rabbit recovers and is left
immune to both the SFV and Myxoma viruses (Fenner and Ratcliffe 1965; McFadden,

1988). So it is very important to remember that the biology of each poxvirus is unique to



Table 1

Poxviridae Family

Subfamily Chordopoxvirinac (vertebrate poXviruses)

lepori: L., lepus, leporis hare’

Avipoxvirus

avi: Ltn,, avis bird'
Capripoxvirus

capri: Ltn., caper, capri 'goat’

Parapoxvirus,
para: Grk., para by the side of

Suipoxvirus
sui: L., sus "swine'

Genera Members _

Orthopoxvirus Vaccinia, Variola, Monkeypox, Cowpox, Rabbitpox,
orthos: Grk.'straight, correct’ Buffalopox, Camelpox, Ectromelia (mousepox).
Possible orthopoxviruses Carnivorepox, Elephantpox, Racoonpox.

Leporipoxvirus Myxoma virus, Rabbit (Shope) fibroma virus, Squirrel

fibroma virus, Malignant rabbit fibroma virus, Hare
firbroma virus.

Fowlpox, Canarypox, Juncopox.

Sheeppox, Goatpox.

Orf, Bovine pustular stomatitis virus, Chamois contagious
Ecthyma virus, Milker's node virus.

Swinepox.

Yatapoxvirus Tanapox, Yaba monkey tumor virus.
Unclassified. Molluscum contagiosum.
Subfamily Entomopoxvirinae imi Sect poxviruses).
Genera Members
Group A. Melolontha melolontha, and related members from
Coleptera.
Group B. Amsacta mori virus, and related members from Lepidoptera,
Group C. Chironomus luridus virus, and related members from

Diptera.

Moss, 1985.

refs. Dales and Pogo, 1981; Fenner et al., 1989; Knight et al., i989; Mathews, 1982; McFadden, 1988;




that member, since most of what is known about the molecular biology of poxviruses has
been determined with the orthopoxvirus vaccinia. It is not known how well conserved the
molecular features are between the various poxvirus members.

The prophylactic use of vaccinia virus as a live vaccine led to the world-wide
eradication of smallpox (Fenner, 1985; Henderson, 1988), and with the current use of
recombinant DNA technology to clone and express foreign genes within poxvirus
genomes, many novel vaccines for both human and veterinary use are now possible (Fathi
et al., 1986; Mackett et al., 1982, 1984; Mackett and Smith, 1986; Moss and Flexner,
1987; Piccini et al., 1987; Piccini and Paoletti, 1986; Taylor et al., 1988a, b). This has
intensified the study of the molecular biology of poxviruses, and in order to help
understand how poxvirus gene expression is regulated it is useful to review some of the
physical and biological properties of poxviruses using vaccinia virus as the prototypic

member.

B. PHYSICAL AND BIOLOGICAL PROPERTIES OF THE ORTHOPOXVIRUS
VACCINIA

1. Physical Properties

The physical properties of poxvirus virions have been reviewed in detail by Dales
and Pogo (1981). The morphology of the ortho-, lepori-, avi-, and capri-poxviruses are
indistinguishable though they may vary somewhat in size. Electron microscopy of whole
negatively stained vaccinia virus shows that it is a very large brick shaped particle
surrounded entirely by a lipid envelope, with randomly arrayed small tube-like structures
(surface tubule elements), covering the surface of the particle. Fig. 1 schematically
illustrates an electron micrograph of a thin section of an intracellular vaccinia virion. Itis
composed of a biconcave nucleoprotein core particle with two lateral bodies and is

surrounded by an envelope. The parapoxviruses are more ovoid rather than brick shaped
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Fig. 1 Pysical properties of poxvin ses.

(A) A schematic illustration of an electron micrograph of a thin section
of vaccinia virus. Based on Fig. 3 in Dales and Pogo (1981). (B) The
linear dsDNA viral genome featuring hairpin termini and terminal
inverted repeats.



and their surface tubule elements appear in a helical array instead or randomly. The insect
poxviruses can have a very different morphology and shall not be considered at all. There
is no RNA, and a very small amount of carbohydrate associated with the virus. The
envelope is acquired intracellularly during viral assembly and not by budding out of the
cytoplasm, though extracellular virus may contain a second envelope derived from the golgi
membranes.

Using two dimensional isoelectric focusing gels, at leas: 110 polypeptides have
been associated with the virion and at least 279 new polypeptides are made in vaccinia
infected cells (Dales and Pogo, 1981; Carrasco and Bravo, 1986). When a nonionic
detergent is used to remove the viral envelope during the isolation of viral core particles,
approximately 30-40% of the viral protein is solublized, although no enzymes are released
(Paoletti et al., 1974b). The function of the lateral bodies remains unknown.

The poxvirus genome consists of a single large linear SsSDNA molecule, which can
vary in size from 85-MDa for parapoxviruses to 185-MDa for fowlpoxvirus, with hairpin
termini and terminal inverted repeats (TIRs) (Fig. 1B). Poxvirus genomes tend to be very
AT rich, ranging from 78-84% AT for the entomopoxviruses, to 60-68% AT for the
vertibrate poxviruses. The exception is the parapoxviruses, which only shows 37% AT
richness. Restriction enzyme maps for the genomes of a number of different poxviruses
have been determined, the vaccinia virus genome is 186 kbp (Moss, 1985), myxoma virus
is 163 kbp (Russel and Robbins, 1989), SFV is 160-163 kbp (Cabriac ¢ al., 1985;
DeLange et al., 1984b; Wills et al., 1983), Yaba monkey tumor virus is 145 kop
(Kilpatrick and Rouhandeh, 1987), Capripoxviruses are 143-146 kbp (G=rshon and Black,
1988), raccoonpox virus is 215 kbp (Parsons and Pickup, 1987}, parapoxvirus (orf) is
138-140 kbp (Robinson et al., 1987), and the restriction exzyzie profiles of 38 different
orthopoxviruses have been compared (Esposito and Knight, 198:%. Adjacent to the hairpin
termini within the terminal inverted repeats, the orthopoxviruses have a series of tandemly

repeated sequences while the leporipoxviruses have a series of imperfect palindromic



sequences, the function of either of which is unknown (Upton et al., 1987a).

2. The Replicative Cycle

A complete review of all the different aspects of the virus replicative cycle will not
be given, instead its basic features are provided as a frame work on which to discuss the
regulation of poxviral gene expression. The vaccinia replicative cycle is depicted in Fig. 2,
and it is separated into six convenient steps: adsorption and penetration, uncoating, early
gene expression, DNA replication, late gene expression, and the assembly and

morphogenesis of mature progeny viruses.

a) Adsorption and Penetration

No specific cellular receptors have been identified though virus surface antigens
which elicit neutralizing antibodies have been described (Dales and Pogo, 1981). The virus
binds to the cell surface and enters the cell by membrane fusion at either the cell surface or

from within phagocytic vesicles.

b) Uncoating

Uncoating of the viral DNA has been separated into two steps that have been
defined biochemically and by electron microscopy.

Uncoating L. This first step occurs by the fusion of the viral envelope with the
cytoplasmic envelope of the cell and resuits in the release of naked cores into the
cytoplasm. When viral phospholipid is labeled, acid soluble radioactivity is first detected
intracellularly and then in the medium, while labeled proteins associated with the envelope
no longer sediment with virus péniclgs. The lateral bodies have been seen to remain
associated with the viral envelope or to remain loosely attached to the core particles from

which they eventually fall off (Dales and Pogo, 1981; Joklik,1968). This first step is
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entirely dependent on cellular processes, no virus functions are involved, and it is not
prevented by protein synthesis inkibitors. UV or heat inactivated virus particles can still
enter the cell and be uncoated to virus cores.

Uncoating II. This second step is seet: to occur by ti*¢ disappearance of the viral
core particle. The core structure breaks down and the viral DNA becomes DNase I
sensitive. This step requires virus gene expression and is inhibited by protein synthesis
inhibitors. Thus, there is a lag time of 30-60 minutes in order that a trypsin-like protease
called the uncoating protein can be synthesized (Joklik and Reaker, 1964; Pedley and
Cooper, 1989). The uncoating protein in cells infected by one genera of vertibrate poxvirus
Can uncoat other genera as demonstrated by the reactivation of heat or UV inactivated virus
of one genera by a wild type virus of a different genera during a mixed infection (Joklik,
1966). The efficiency of uncoating probably depends on the cell type and its metabolic
state, but more virus undergoes uncoating I than uncoating II, and not all of the virus
entering the cell is uncoated. The highest levels of uncoating seen with vaccinia virus is
70%. The virus particle to infective unit ratio is at best 2.4-10 for vaccinia, but more
typically it is 20-40 and can be as high as 50-1000 due to clumping of the virus particles
(Dales and Pogo, 1981; Joklik, 1966).

c) Early Gene Expression

Gene expression in poxviruses has been divided into two phases designated early
and late (see section D for a more detailed discussion). Early genes are transcribed prior to
DNA replication and late genes are transcribed after the initiation of DNA replication. Early
gene expression occurs as soon as uncoating I has occured, and these genes include those
involved in the expression and replication of viral DNA, such as RNA and DNA
polymerases, thymidine kinase, capping enzymes etc., as well as some viral structural

gones.



d) DNA Replication

DNA replication requires early viral gene expression and occurs after the viral cores
have been broken down (uncoating II), and the DNA is present in viral factories within the
cytoplasm. At an multiplicity of infection of 400 virus particles/cell the incorporation of
3H-thymidine into progeny viral DNA starts at about 2 hrs post-infection, has maximum
rate at 2.5-3 hrs post-infection, and decreases to low levels at about 5 hrs post-infection
(Joklik and Becker, 1964; McFadden and Dales, 1982). When the amount of viral DNA
within the infected cell is measured by Southern blotting analysis, it is seen to increase
steadily between 3 hours and 10-12 hours post-infection. The reason 3H-thymidine is
poorly incorporated at late times is not understood but it may reflect drastic changes in the

intracellular nucleotide peols at later times in the infection (reviewed by Traktman, 1989).

e) Late Gene Expression

Late gene expression starts after the initiation of DNA replication. In the presence
of inhibitors of DNA replication late gene expression does not occur, and ‘early gene
expression continues. What signals this switch from early gene to late gene expression is
unknown. The products of late genes comprise virus structural proteins and those enzymes
required for the assembly and morphogenesis of progeny virus. Transcription of late genes
starts at about 2hrs. post-infection, has 2 maximum rate at about 8 hrs., and then tapers off
to arate that is half that found at its peak for the next 20hrs. (Joklik, 1968; Moss, 1985).

f) Assembly and Morphogenesis

Crescent shaped envelopes are the first virion structures séen within the cytoplasmic
virus factories at about Shrs post-infection. The appearance of envelopes requires early
gene cxpres#ion and they can be detected in the presence of inhibitors of DNA replication

(Dales and Pogo, 1981). Fully spherical envelopes enclosing a viroplasmic matrix of viral



DNA and protein comprise the immature virus particle, which then matures as seen by the
differentiation of the viroplasmic matrix into a core and lateral bodies. This late stage
maturation process is associated with the proteolytic processing of major virion proteins
and drugs such as isatin-B-thiosemicarbazone (IBT) and rifampicin can inhibit this process.
By measuring the packaging of viral DNA by its resistance to DNase I, Joklik and Becker
(1964), show that only 30-50% of the nascent viral DNA is packaged. Packaging requires
continuous protein synthesis, starts at about Shrs post-infection and then increases steadily
between 7.5hrs and 24hrs.

Vaccinia does not have a specific lysis function, though some of the mature virus
particles are seen at the ends of long cytoplasmic extrusions called microvilli which can
breakdown and release the virus. Less than 10% of the progeny virus is released into the
medium, so that plaque titration assays can be done without an agar overlay. The virus
appears to be transmitted from cell to cell quite well and this horizontal spread is not
inhibited by neutralizing antiserum. Some strains of vaccinia promote cell fusion and cause
syncytia formation. The yield of vaccinia virus from a single step growth curve is

approximately several hundred pfus/cell (Joklik, 1966).

C. NUCLEAR REQUIREMENTS

Poxviruses are unique among the DNA viruses in that biochemical and electron
microscopic studies have shown that the entire replicative cycle is localized to the cytoplasm
of the infected cell, and requirements for host cell nuclear functions, if any, are not well
defined (reviewed by Moyer, 1987). Early experiments showed that vaccinia can undergo
a normal replicative cycle in cells whicﬁ have been enucleated with cytochalasin B, until late
times where the morphogenesis of immature virus into mature virus is blocked, suggesting
‘that some nuclear function is required for this stage in the replicative cycle (Hruby et al.,
1979a; Pennington and Follet, 1974; Prescott et al., 1971).

In the presence of the drug a-amanitin, which is known to inhibit the host RNA
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polymerase II but not the vaccinia RNA polymerase (Baroudy and Moss, 1980; Costanzo
et al., 1970; Nevins and Joklik, 1977a), virus maturation is blocked and the proteslytic
processing of some late proteins is inhibited (Hruby et al., 1979b; Silver et al., 1979;
Silver and Dales, 1982). A cell line whose RNA polymerase II is resistant to a.-amanitin
_allows for the production of mature progeny virus (Silver et al., 1979). Morrison and
Moyer (1986), as well as Bloom et al., (1989), have found that shortly after infection,
specific proteins which are normally associated with the cell nucleus and include a nuclear
lamin-like protein, and the large subunit of RNA polymerase II (170-kDa), are released into
the cytoplasm. This cellular RNA polymerase II subunit has also been found to be
packaged within virions. These results have given rise to the speculation that a host cell
RNA polymerase II subunit is important for the transcription of some late vaccinia virus
genes required for morphogenesis. However, it should be noted that vaccinia is known to
package other heterologous nonviral proteins as well (Franke and Hruby, 1987). An a-
amanitin resistant mutant of vaccinia virus has been isolated and localized to the HindIII N
fragment (ORF N2 or M1) (Tamin et al., 1988; Villareal et al., 1984, 1986). This mutant
not only allows for the production of mature virus in the presence of a-amanitin, but it also
allows for the production of mature virus in enucleated cells at 37% of the levels found in
whole cells. It appears that this mutation overcomes the block imposed by cytochalasin
enucleation of cells and by a-amanitin. There is still no direct evidence that any nuclear
functions are required for the expression and replication of the viral genome. The fact that
vaccinia encodes many of the enzymes required for the expression and replication of its

genome suggests a significant autonomy from the host cell nucleus.

D. THE TEMPORAL REGULATION OF VACCINIA GENE EXPRESSION
1. Different Sets of Proteins are Synthesized at Early and Late Times
The first clues that poxvirus gene expression is temporally regulated were made by

those studying the effects of inhibitors of protein synthesis, transcription, or DNA

11



replication, on the production of virally induced enzymes in infected cells. A number of
new enzymatic activities such as thymidine kinase (TK) (Kit et al., 1962; McAuslan and
Joklik, 1962), DNA polymerase (Green et al., 1964; Green and Pina, 1962; Magee, 1962),
DNA ligase (Sambrook and Shatkin, 1969), and deoxyribonuclease (Hanafusa, 1961;
McAuslan 1965), can be detected upon infection of a cell by vaccinia. The TK activity is
produced continuously after infection until viral DNA synthesis begins, whereupon TK
synthesis stops. This "switch off" phenomenon requires viral DNA replication and
transcription since when either of these two are blocked by UV irradiation or actinomycin
D, then the synthesis of TK activity is not switched off (Jungwirth and Joklik, 1965;
McAuslan, 1963a, b; McAuslan and Joklik, 1962). Infecting cells in the presence of the
antipoxvirus drug IBT, which causes the breakdown of polyribosomes at late times, or the
addition of protein synthesis inhibitors to infected cells at different times during an
infection, has been used to demonstrate that protein synthesis is required after DNA
replication in order for mature virus to be produced (Joklik and Becker, 1964; Salzman et
al., 1963; Woodson and Joklik, 1965). So it is clear that in order for & complete replicative
cycle to occur, protein synthesis is required before and after DNA replication, and that
some of the proteins are sythesized prior to, and not after DNA replication.

By pulse-labeling infected cells with radio-labeled amino acids at different times
during the infection and then resolving the labeled proteins by polyacrylamide gel
electrophoresis, it has been demonstrated that distinct sets of proteins are made before
replication (early times), and after DNA replication (late times). If viral DNA replication is
inhibited, then the synthesis of the early protein set is prolonged (Esteban and Metz, 1973;
Moss and Salzman, 1968; Salzman and Sebring, 1967; Pennington, 1974). A few of the
early proteins and many of the late proteins correspond to virion structural proteins (Cohen
and Wilcox, 1968; Holowczak and Joklik, 1967; Salzman and Sebring, 1967). Though
some of the differences between early and late protein synthesis may be due to regulation at

the translational level (Golini and Kates, 1984; Hruby and Ball, 1981; Vassef et al., 1982),
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much of this temporal regulation occurs at the transcriptional level.

2. Different Sets of RNAs are Synthesized at Early and Late Times

Using hybridization and sedimentation analysis Oda and Joklik (1967),
demonstrated that early transcription differs from late transcription. Early viral RNA is
smaller (10-128), than late viral RNA (16-20S). Late mRNA contains sequences not
found in early mRNA but all the sequences transcribed at early times are also transcribed at
late times. In other words, the sequences transcribed at early times are a subset of the
sequences transcribed at late times. Like the protein synthesis pattern, the early
transcription pattern is maintained if DNA replication is inhibited.

Paoletti and Grady (1977) used solution hybridization to measure the amount of
viral DNA that is transcribed at early and late times. By hybridizing 3H-viral DNA with
excess early or late RNA they found that 25% of the viral DNA forms hybrids with early
RNA and 52% of the DNA forms hybrids with late RNA. Similar findings where late
viral RNA has twice the sequence complexity of early viral RNA have been made by others
(Boone and Moss, 1978; Kaverin et al.,, 1975; Oda and Joklik, ¢967; Varich et al., 1979).
It has also been noted that there is a significant amount (up to 15%) of dsRNA present at
late times, which has a sequence complexity the same as the late viral RNA (Boone et al.,
1979; Colby et al., 1971; Varich et al., 1979).

When northern blots of early RNA are probed with specific viral DNA fragments
the transcripts appear to be of a distinct size, and generally, both the 5' and 3' ends can be
defined by S1 analysis (Venkatesan et al., 1982; Wittek et al., 1980b). Yeun and Moss
(1986) isolated and sequenced a number of cDNA clones for the vaccinia early gene that
encodes an epidermal growth factor-like gene, and found the 3' ends to be clustered 50-100
nucleotides downstream from the ORF. Northera blots of late viral RNA generally do not
show any distinct transcripts at late times, though some specific late genes, such as the

cowpox 160-kDa gene, do have transcripts of a defined size (Patel and Pickup, 1987).
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Transcription of most late genes continues into the sequences downstream of the coding
ORF and no defined termination sites can be detected by S1 analysis (Cooper et al., 1981b;
Golini and Kates, 1984; Mahr and Roberts, 1984b; Rosel and Moss, 1985; Weinrich and
Hruby, 1987; Weir and Moss, 1984). This explains the marked difference in size
distributions between the early and late transcripts. The fact that the early transcripts are a
subset of the late transcripts, and the fact that transcription can occur from both DNA
strands, provides an explanation of how a significant amount of complementary RNA can
be made at late times. Another distinguishing feature of some late transcripts is that they
can contain a stretch of up to 50 'A’ residues attached to the 5' end. This poly (A) head has
been detected by, (1) cDNA cloning, (2) noting the difference between the position of the
mapped transcriptional initiation site when using S1 nuclease analysis or primer extension,
and (3) sequencing the RNA directly during the primer extension reaction (Bertholet et al.,
1987; Patel and Pickup, 1987; Schwer et al., 1987). This correlates with information from
Boone and Moss (1977), who studied type I and type II CAP structures on the 5'-ends of
vaccinia RNA (see appendix I). They found that for early RNA the N1 position was 55%
G and 45% A residues, while for late RNA it was 11% G and 89% A residues. In
summary, thére are clear differences between early and late viral RNA in terms of structure,
sequences transcribed, and genes encoded, which corresponds to the differences seen
between the early and late viral proteins.

Early transcription occurs immediately after the first uncoating and is a prerequisite
for the second stage uncoating. This means that the virus must package the enzymes
required to transcribe the genome at early times. When purified vaccinia virions are
permeablized with the nonionic detergent NP40 and incubated in the appropriate buffer (ex.
SOmM Tris. pH8.4, 0.05% NP40, 6mM MgCly, SmMDTT, 3mMATP, and ImM each of
CTP, GTP, UTP), viral RNA is synthesized and extruded (Ensinger et al., 1975; Kates
and McAuslan, 1967; Kates and Beeson 1970a; Munyon et al., 1967; Nevins and Joklik,
1975; Wei and Moss, 1974). The sequence complexity of this in vitro RNA has been
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variously shown to be less than early RNA (Kates and Beeson, 1970a), the same as early
RNA (Nevins and Joklik, 1975), and the same as late RNA (Boone and Moss, 1978;
Paoletti and Grady, 1977). Boone and Mnss (1978) suggest that when disaggregation
procedures such as sonication are used in virus purification, some of the transcriptional
regulation is lost and early RNA made either in vivo or in vitro in fact shows the same
complexity as late viral RNA.

If early or late RNA is isolated from infected cells and translated in viiro the
products are the same sizes as those seen in vivo when infected cells are pulsed with
radiolabeled amino acids at both early and late times. Viral mRNA made by permeablized
cores in vitro is capped, polyadenylated, and functional when purified and added to an in
vitro translation system. When the transcription and translation systems are coupled in
vitro, synthesis-of bona fide viral proteins is observed (Jaureguiberry et al., 1975; Beaud
et al., 1972; Cooper and Moss, 1978, 1979a, b; Pelham et al., 1978). These in vitro
synthesized products have the same size profile as proteins detected at carly times in vivo,
except that proteins larger than about 40-50-kDa are not seen. These larger species are
observed when early RNA extracted from infected cells is translated i vitro, so it appears
that, regardless of the sequence complexity, RNA made in vitro is functional mRNA and
represents a subset of the mRNA produced at earl.y times in vivo.

Some investigators have found that high molecular weight (20-30S) virion
associated RNA is synthesized in vitro under conditions where ATP is depleted. This large
RNA is capped, not polyadenylated, can be pulse labeled and chased into the 8-12S
mRNA s that are normally released from cores (Nuss and Paoletti, 1977; Paoletti 1977a, b).
There may be a precursor/product relationship between the high molecular weight core-
associated RNA and the released mature mRNA but the nature of this relationship is not
clear. There is no evidence for splicing of poxvirus mRNA: furthermore using uv
inactivation studies with in vitro translation of RNA from purified virus to determine the

target size of the coding sequences, Bossart et al., (1978 a, b) demonstrated that
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multicistronic transcripts are not produced, and there is only one coding sequence per RNA
molecule. Products of in vitro translation of the high molecular weight RNA are identical
to the 8-12S mRNA.

Thus it has been demonstrated that transcription of the vaccinia genome is
temporally regulated and that distinct sets of genes are expressed before and after DNA
replication. How this regulation occurs is currently being examined by many laboratories
by trying to identify and characterize both the trans-acting factors essential for transcription

and the cis-acting sequences which control the elements of the genome to be expressed.

3. Enzymes and Factors Required for Transcription

As mentioned previously, vaccinia virions contain all the enzymes required for the
synthesis of early mRNA, and the individual compoiients which have been isolated so far
are listed in table II. Other enzyme activities isolated from virions or from infected cells are
discussed in appendix II. Encapsidation of an enzymatic activity does not prove it is a
viral-encoded enzyme, but where it is known, all enzyme activities that are induced in
infected cells or contained within virions, are specified by the viral genome. Identification
of these components has been done in three ways. One way has been to purify and
characterize enzymatic activities that are clearly important for transcription, such as the
RNA polymerase (discussed below). A second way has been to develop in vitro
transcription systems that allow the use of standard biochemical techniques to identify
components essential for transcription, such as the vaccinia early transcription factor, the
vaccinia late transcription factor, and the early termination factor (discussed in part 4). A
third way that has been used to identify viral genes involved in transcription, and their
possible functions, is through the usc of poxvirus genetics, (discussed in section F).

A ssDNA-dependent RNA polymerase activity has been purified from both vaccinia
virions and vaccinia-infected HeLa cells (Baroudy and Moss, 1980; Ishama and Nagata,

1988; Nevins and Joklik, 1977a; Spencer et al., 1980). When examined by
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Table I

Virion Associated Transcriptional Enzymes

RNA polymerase Capping enzyme complex:

Poly (A) polymerase -polynucleotide triphosphatase
Nucleotide phosphohydrolase I +1I -guanylyltransferase

Vaccinia early transcription factor ATPase -(guanine-7)-methyi transferase

-(nucleoside-2")-methyl transferase

See appendix I for a complete description of other viriun associated activities.
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polyacrylamide gel electrophoresis the virion associated enzyrw: was composed of 14,
137, 37, 35, 31, 22, and 17-kDa subunits while the activity purified from infecied Hela
cells was composed of 135, 130, 77, 35, 19.5, 16.5, and 13.5-kD2 suburits. ik
cellular eukaryotic RNA polymerase II, the viral enzyme is a complex multisutunit <& :a€
containing two large subunits plus a number of smaller subunits. Extensive purisicie’snof
polymerase activity has allowed the development of antisera against some of the indiviival
subunits. These subunits have then been mapped onto the viral genome by screening a
Agt11 expression library (Broyles and Moss, 1986), and by immuncprecipitating the in
vitro translation products from a reaction programmed with hylsrid-selecied RNA (Jones et
al., 1987; Morrison et al., 1985). These antibodies appear to be -itus specific and do not
inhibit host RNA polymerase II or III activities (Jones et al., 1987).

The vaccinia genes for the two largest RNA polymerase subunits (147 and 132-
kDa), and for the 22-kDa subunit have so far been identified and mapped (see appendix I).
The 147-kDa subunit from vaccinia and the 137-kDa subunit from cowpox, which is
highly related to vaccinia, are homologous to the largest and second largest subunits,
respectively, from the RNA polymerase of Esherichia coli, and the RNA polymerase II of
Saccharomyces cerevisiae and Drosophila melanogaster (Broyles and Moss, 1986; Patel
and Pickup, 1989). Six conserved domains are found between the 147-kDa vaccinia
subunit and the largest subunits of S. cerevisiae RNA polymerase II and III, and D.
melanogaster RNA polymerase II. The first N-terminal conserved domain in the vaccinia
and eukaryotic subunits is not shared with the E. coli RNA polymerase large subunit,
although the other five domains are shared. Considering the wide differences between
these enzymes in terms of the complexity of the sequences which are recognized, these
domains probably represent functions which are conserved among all RNA polymerases,
such as RNA chain elongation. Some monoclonal antibodies to the purified vaccinia RNA
polymerase large subunit cross react with the large subunit of a eukaryotic RNA

polymerase indicating the presence of at least one conserved antigenic epitope (Morrison
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and Moyer, 1986). Although sequence homology and antigenic conservation between
these RNA polymerase subunits exists, rifampicin and a-amanitin, which are known to
specifically inhibit the prokaryotic RNA polymerase and the eukaryotic RNA polymerase
11, respectively, do not affect the vaccinia RNA polymerase. The o-amanitin resistance
mutation in a BALB/c 3T3 mouse cell line has been mapped to within conserved domain
number four of the RNA polymerase II large subunit (Bartolomei and Carden, 1987;
Broyles and Moss, 1986), while the a-amanatin resistance locus of vaccinia doesn't map to
any of the known viral polymerase subunits (Tamin et al., 1988).

A common feature among the eukaryotic RNA polymerase II large subunits, that is
not shared with the vaccinia 147-kDa subunit, is a C-terminal domain consisting of a
tandemly repeated heptapeptide whose consensus sequences is Tyr-Ser-Pro-Thr-Ser-Pro-
Ser. This consensus sequence is well conserved ariong the yeast and mammalian
enzymes, but is more diverged in drosophila. Mutational analysis and the use of
monoclonal antibodies in an in vitro transcription system, indicate that this C-terminal tail is
required specifically for accurate promoter-directed initiation of transcription, and may do
so by directly interacting with RNA polymerase II transcriptional factors (Allison et al.,
1988; Bartolomei et al., 1988; Nonet et al., 1987; Smith et al., 1989; Thompson et al.,
1989b; Zehring et al., 1988). If the viral RNA polymerase has to only recognize two sets
of genes (early and late), then it may not need such a mechanism for promoter recognition.

Although no antigenic relationship has been described between the 147-kDa vaccina
subunit and the E. coli B' subunit, the E. coli RNA polymerase can transcribe viral DNA in
a limited fashion in vitro (Dahl and Kates, 1970; Esteban et al., 1985). Similarly, E. coli
plasmid DNA can be shown to be transcribed to a limited degree when transfected into
poxvirus-infected cells (C. Macaulay, unpublished observations, and Miner et al., 1988).
The vaccinia virus early transcription factor (VETF), binds specifically to vaccinia early
promoters (see below), and this binding stiraulates an endogenous ATPase activity. This

ATPase activity is stimulated to a greater extent when VETF binds to pUCI19 or M13
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replicative form DNA, than when it binds to whole calf thymus DNA (Broyles and Moss,
1988). It is, however, not known if viral promoters are accurziely recognized by the E.
coli RNA polymerase or if prokaryotic promoters are specifically recognized by the
poxvirus RNA polymerase. The purification and characterization of other enzymes

involved in viral transcription is further discussed in appendix II.

4. In Vitro Transcription Systems

To help identify the factors which are involved with early gene transcription, in
vitro systems have been developed using either whole cell extracts of infected ‘cells
(Fogleson 1985; Puckett and Moss, 1983), or crude extracts of purified vaccinia virions
(Golini and Kates, 1685; Rohrmann et al., 1986; Rohrmann and Moss, 1985). Virion
extracts are much less complex and have little contaminating cellular material so they have
been used more extensively for the purification and characterization of the components
required for early viral gene transcription. Crude virion extract will transcribe single
stranded (ss) or double stranded (ds) viral DNA templates. A ssDNA template measures
the elongation ability of the RNA polymerase, while a dSDNA template measures the ability
to initiate transcription in a promoter specific fashion. When a double stranded viral DNA
template is used, crude virion extracts will only transcribe early genes, late genes are not
recognized and the major transcriptional initiation sites seen in vitro correspond to those
seen in vivo, although there are many additional spurious nonspecific initiation sites.
Transcription is not only sensitive to actinomycin D, but it is also sensitive to high
concentration of novobiocin, an E. coli topoisomerase II inhibitor, and transcription in both
permeablized virions and crude virion extracts requires ATP with a hydrolyzable -y bond
(Broyles and Moss, 1987b; Gershowitz et al., 1978; Shuman et al., 1980a).

When a crude virion extract is fractionated on a glycerol gradient various enzymatic
activities can be detected (Broyles and Moss, 1987b). An RNA polymerase activity which

uses both single and double stranded DNA as template is detected. Co-sedimenting with
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the RNA polymerase are guanylyltransferase and nucleotide phosphohydrolase-I (NPH-I
or ATPase-]) activities. The poly (A) polymerase and topoisomerase I activities are well
separated from the RNA polymefase, nevertheless both the RNA polymerase activity and a
DNA dependent ATPase activity are still sensitive to high concentrations of novobiocin
(0.5-1.0 mM). This ATPase activity, which requires a hydrolyzable B-y bond, is needed
for transcription on dsDNA templates but not on sSDNA templates and thus may be
required specifically for the initiation of transcription, and not for the elongation process.

Further purification of the RNA polymerase activity leads to the loss of the ability to
use dsDNA, but not ssDNA, as a template. By adding different fractions of a virus extract
to the semipurified RNA polymerase and then testing for the restoration of transcription on
a dsDNA template, a vaccinia early transcription factor (VETF) was identified (Broyles and
Moss, 1988; Yuen et al., 1987). VETF is a heterodimer composed of an 82-kDa and a 77-
kDa subunit. The complex binds to early promoters in a gel retardation assay, and point
mutations which reduce VETF binding also reduce promoter strength. VETF contains a
DNA dependent ATPase activity similar to NPH-I except that it is stimulated more by
dsDNA than by ssDNA and antisera to NPH-I does not affect VETF ATPase activity
(Broyles and Moss, 1988). The VETF ATPase is therefore a strong candidate for the
ATPase required for transcription on a dsDNA template.

In a similar fashion, the protein factors and sequence requirements for the
termination of early transcription have been identified. Transcription in crude virion
extracts was shown to terminate about 50 nucleotides downstream of the sequence
TTTTTNT (T5NT), even if the downstream sequences were not viral (Rohrmann et al.,
1986; Yuen and Moss, 1986, 1987). Deletion analysis showed that this sequence was
required in order to get termination of transcription (Yuen and Moss, 1987), and a time
course for the in vitro synthesis of RNA demonstrates that the termination of transcription
occurs where the 3'-end of the transcripts occur. Both the terminated and the runoff

transcripts are polyadenylated, indicating transcript cleavage is not part of 3'-end



processing. Transcription by RNA polymerase II terminates somewhere downstream of
the sequence AAUAAA in the RNA which is the cleavage and polyadenylation signal
required for 3' end formation (Birnstiel et al., 1985). By adding nucleotide analogues to an
in vitro transcription system Shuman and Moss (1988a) demonstrated that the actual signal
for termination of early transcription was USNU in the RNA. Termination in vaccinia is
similar to rho independent termination in E. coli, except that the poxvirus sequence is not
palindromic. Termination is not 100% efficient in vitro or in vivo, and if read through
occurs then transcription continues until the next termination signal (Bajszar et al., 1983;
Golini and Kates, 1984). In two cases consensus termination sequences have been found
within early genes and these do not appear to be recognized in vivo (Patel and Pickup,
1989). A more purified RNA polymerase activity does not termirate trancription. By
adding fractions of the virus extract back to this RNA polymerase activity to restore
termination Shuman et al., (1987), demonstrated that the capping enzyme complex is the
termination factor. Guanylyl- and methyl- transferase activities are not required so the
RNA does not have to be capped to be terminated. Some of the capping enzyme activity
was shown to cosediment with the RNA polymerase activity on gylcerol gradients (Broyles
and Moss, 1987b). Fuerst and Moss (1989), showed that in cells coinfected with one
recombinant virus containing the T7 RNA polymerase gene under the vaccinia 7.5 early/late
promoter, and a second recombinant virus containing the bacterial lac Z gene flanked by T7
promoter and terminator sequences, large quantities of lac Z transcripts are made but only
5-10% are capped. This would indicate that the capping enzyme acts in a complex with the
viral RNA polymerase. Both early and late transcripts are capped, so the capping enzyme
must be present at both times. Why the termination signals are not recognized at late times
is unknown.,

When whole cell extracts are made from infected cells at late times they will

specifically transcribe both early and late genes using a dsSDNA template (Puckett and

Moss, 1983; Schwer and Stunnenberg 1988; Wright and Moss, 1987, 1989). These
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extracts add 5' poly (A) heads to the late transcripts as is seen in vivo, and pulse chase
experiments indicate that this poly (A) tract is probably not added posttranscriptionally.
Late transcription, unlike early transcription, does not seem to require ATP with a
hydrolyzable B-ybond. Fractionation of the late extracts is not as well developed as the
virion extracts. However, the late extracts have been fractionated by different ion exchange
chromatography systems into a number of components, which by themselves can not
specify late template transcription, but when mixed togeather they permit transcription
(Wright and Moss, 1989). The active component of one such complementing fraction,
which lacked any RNA polymerase activity, sedimented on a glycerol gradient at 3.6S.
This is equivalent to a 45-kDa globular protein and it is designated the vaccinia late
transcription factor-1 (VLTF-1). VLTF-1 has not yet been further characterized and it is
not known if it binds to late promoters, but it is not required for early template transcription
in vitro. Miner and Hruby (1989b), have found a late promoter binc'! g activity specific to
infected cell extracts using gel retardation assays but details of how it relates to VLTF-1 are
not available.

The evidence gathered sc far indicates that vaccinia virus transcribes its genome in a
temporally regulated manner within the cytoplasm of infected cells. Since the poxviral
transcriptional machinery recognizes only viral genes and not host cell genes (Cochran et
al., 1985a), poxviruses must have their own unique cis-acting promoter sequences as

well.

E. ORTHOPOXVIRUS PROMOTERS

The analysis of poxvirus promoters is closely tied to the development of
recombinant vaccinia viruses since anactive poxvirus promoter is required for the efficient
expression of foreign genes. Virtually any intronless geme can be expressed in a
recombinant vaccinia virus, and this has led to the extensive use of vaccinia as a eukaryotic

expression vector, and to the investigation into what constitutes a vaccinia promoter.
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Vaccinia virus promoters have been functionally defined as those sequences which allow
for the expression of heterologous genes in either recombinant viruses or in transient
expression systems. Though randomly cloned viral DNA sequences can be tested for
promoter activity, cancidate promoters are typically chosen as sequences upstream from,
and including, the transcriptional initiation site of a mapped viral gene. In order to test a
putative promoter sequence for activity, it is fused to the coding segment of a gene whose
product can be either easily detected, or positively selected for. If the putative promoter
sequence is fused to a gene whose product is easily assayed, then this construct can be
tested directly in a transient gene expression assay, or a recombinant virus can be
constructed and the expression of the marker gene assayed in infected cells.

A transient expression system is the quickest and most convenient method to test
for promoter activity. It involves transfecting the promoter/marker-gene construct into
infected cells, and then assaying cell lysates for the marker gene product or transcript. This
technique has been shown to be somewhat biased towards late promoters (Cochran et al.,
1985a, b). This is probably because early promoters on the plasmid DNA are exposed to
the viral early-transcriptional machinery for only a short time between uncoating II, when
the viral core breaks down, and DNA replication, when early gene expression is normally
shut off. Thus if a very weak early promoter is tested, there may not be enough marker
gene product made in that short period of time to be detected. To overcome this, the
promoter/marker-gene construct can be cloned into a vaccinia insertion vector and inserted
into the viral genome to produce a recombinant virus. Once the recombinant virus is made
and plaque purified then the amount the marker gene product and transcript within infected
cells can easily be tested. Both of these methods are particularly v’ (.2l for tesiing the
activity of promoters which have been altered by in vitro mutagenii)  Mizcker genes
which have been used in such assays include the bacterial chlor 1 - - icol acetyl
transferase (CAT) gene (Méckett et al., 1984; Cochran et al., 19¢%r, . » - 'zil as the
Esherichia coli lac Z and gal K genes which express -galactosidase <\« - Kinase
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respectively (Chakrabarti et al., 1985; Panicali et al., 1986; Shepard et al., 1987).

The third method that has been used to test for promoter activity takes advantage of
the methodology that is used to coiistruct recombinant poxviruses. A putative promotes
sequence is fused to a marker gene whose protein product can be positively selected for.
This promoter-marker gene construct is ligated into a viral insertion vector which is then
transfected into infected cells. A viral insertion vector is a plasmid which contains the viral
gene into which you want the promoter-marker gene fusion to be inserted in the
recombinant virus. In the simplest fashion this is accomplished by engineering a
convenient restriction enzyme site into the middle of the target gene such that a segment of
DNA containing the promoter-marker gene fusion can be inserted into this site. When the
resulting plasmid is transfected into infected cells, a small proportion of the viral genomic
DNA can recombine with the flanking viral target sequences in the transfected plasmid in
such a way that the promoter marker gene is inserted into the viral genome. The virus from
this infection is collected and then plated out under selective conditions so that only
recombinant viruses which express the marker gene will grow. In other words among
randomly cloned viral DNA fragments only those which act as promoters will allow for the
growth of recombinant virus (Vassef et al., 1985). This technique has also been used for
the deletion analysis of a known promoter (Coupar et al., 1987). It should be considered,
however, that the marker gene product or transcript is not being assayed directly when
using this method. A variety of promoters of different strengths have not been tested so it
is not known how sensitive this method is or how strong the promoter must be in order to
give enough of the marker gene product to overcome the selective pressure. The thymidine
kinase gene is the only marker gene for which this technique has been used; nevertheless
other genes which have been used to positively select for recombinant vaccinia virus, such
as the bacterial neomycin resistance (Nec) gene, or the E. coli xanthine guanine
phosphoribosyl transferase (Ecogpt) gene, should also work (Boyle and Coupar, 19883a;
Falkner and Moss, 1988; Franke et al., 1985).
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Using these techniques a number of Orthopoxvirus promoters for both early and
late genes have been identified and are listedtin Table III. Early and late promoters behave
as expected in that early promoters only transcribed the marker gene at early times and this
is not reduced by inhibitors of DNA replication (expression is in fact augmented by such
inhibitors), while late promoters only transcribe the miarker gene at late times and this is
prevented by inhibitors of DNA replication. Extensive point mutational analysis to identify
the important promoter sequences has not yet been published, but 5'-deletion analysis of
the 7.5-kDa, TK, and CPV 38-kDa early promoters, and the 7.5-kDa, A1, 28-kDa, pl1,
and D13 late promoters have been published and are listed in Table IV. These show that
the 5' boundary of the sequences which are absolutely critical for early and late promoter
activity are all contained within about 36 bp or less of the transcriptional initiation site.
These are minimal orthopoxvirus promoters and sequences farther upstream can
significantly augment promoter activity. Assuming that this is a general finding, the
sequences upstream of the transcriptional initiation sites for the mapped poxvirus genes are
listed in appendix ITI. Attempts to predict significant sequenée conservation upstream of
~ early transcriptional start sites have been made (Mars and Beaud, 1987; Plucienniczak et
al., 1985; Vassef, 1987). However, because early promoters can vary so much in terms of
overall expression levels, it is not clear how much sequence conservation one should
expect, and no strictly conserved elements have been identified (Lee-Chen et al., 1988).
Analysis of these promoter sequences indicates that they are very AT rich and stretches of
A residues have been shown to be important in the 7.5-kDa early promoter. When C
residues were substituted for A residues at positions -13 and -26, both promoter activity
and VETF binding were reduced (Yuen et al., 1987).

Analysis of sequences at the mscriptional initiation sites for late genes indicates
that the sequence A/T A/T TAAAT Pu Pu is somewhat conserved (Hinggi et al., 1986;
Rosel et al., 1986). The TAAAT motif is often part of the sequeace TAAATG where the

ATG is the initiating methionine for the ORF. Transcription initiates at a TAAAT sequence
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Table I , _
ORTHOPOXVIRUS PROMOTERS
Early Geaes — References
7.5-kDa Mackett et al,, 1982; Cochran et al., 1985a,b.
TK Mackett et al., 1984; Weir and Moss, 1983, 1987b.
CPV 38-kDa Ink and Pickup 1989.
147-kDa RNA pol. Barberyron et al., 1987.
36-kDa (J3) Barberyron et al., 1987.
pT series Mars and Beaud, 1987.
pF Coupar et al., 1987; Panicali et al., 1983; Panicali and
_ Paoletti, 1982; Shepard et al., 1987.
Late Genes _
28-kDa Weir and Moss, 1984, 1987a.
pll Bertholet et al., 1985, 1986; Hinggi et al., 1986; Magistris
| and Stunnenberg, 1988.
7.5-kDa | Cochran et al., 1985b.
Al Miner et al., 1988.
D13 (L65) Miner et af., 1988.
CPV 160-kDa (ATI) Patel et al., 1988.
Table IV
o S'-DELETION ANALYSIS
_ﬁ'fe'mmoters'
}pll AAAAATATAGTfAGAATTTCATTTTGHTTTTTCTATGCﬁTiﬁT_GAATT
28-kDa TCGGTACGGGTATTCATTTATCACAAARAAAATCTTCTCTA AATGAGTCTA
- *
1.5kDa CARACCCACCHCGCTTTTTATAGTAA GTTTTICACCCATAAATAATARATAC
. _ *hK ,
D13 proximal ATHITCTCTACGGAGTTTATTGTAAGCTT+TTTCCATTT TAAATAGAARATGAR
D13 distal AGtGAAARGGTCATAAATALCAATAAACTTACTAAGAGATAAAGACGGCGTT
Early Promoters
CPV 38-kDa GTTTATAC?AAGATTTGMAATATATTTCMATTEAGTG N65 GCCATGGA -
7.5-kDa fr'rcrtCGTAAAMGTAGAAAATATATTCTAATTTATTECACG N43 TCATGAAA
TK

*
AAGTTCGAATAAAGTTGAACMTAATTAATTCTTTATTG&CAIQAACGGC |
£d by 5'-deletion

A comparison of the sequences of the orthopoxvirus promoters which have been ana

analysis. The major transcriptional start sites (*) are indicated, and the sequences between the marks (1),
indicates the 5' boundary of the promoter. When these sequences are removed the promotez is no longer
active. The mark in the pl1 promoter indicates the 5' position of the sequences which still gives promoter

activity.
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in 21 out of tiie 31 late promoter listed in appencix III. Deletion analysis (3), of some
TAAAT containing late genes indicates that the transcriptional initiation site is absolutely
required for promoter activity (Bertholet et al., 1986; Hinggi et al., 1986; Miner et al.,
1989b), while changing TAAAT to TGAAT has been shown to inactivate the p11 and 28-
kDa late gene promoters (Wright and Moss, 1987). It has already been mentioned that
some late transcripts have 5' poly (A) heads, and it is thought that this non template
directed adenylation might occur by RNA polymerase slippage on the multiple A residues
during initiation of late gene transcription (Magistris and Stunnenberg, 1988), as has been
shown to occur for the T7 RNA polymierase (Martin et al., 1988).

It is not known if the transcriptional initiation sites for the early orthopoxvirus
promoters are absolutely requirec. Coupar et al., (1987), have performed 3'-deletion
analysis of the pF promoter and show that the native initiation site is not required for
promoter activity. However, they tested the deletions by the ability to express the herpes
virus TK gene, and to rescue TK" vaccinia virus. S1-nuclease mapping indicated that the
transcriptional initiation site of the deleted promoter had not changed from that of the wild
type promoter, relative to the upstream promoter sequences, despite the apparent change in
sequence. However, the sequences which were substituted for the wild type initiation site
were not presented. Ink and Pickup (1989), have done linker scanning mutations of the
cowpox virus 38-kDa early gene, and show that the sequences between -27 ang -8 are
required for promoter activity while the sequences form -8 to -4 are not required. The
transcriptional initiation site itself was apparently not required for promoter activity though
this data was not shown. Thus orthopoxvirus early and late promoters are contained within
about 36 bp of the transcriptional initiation site and at least for the late genes tested, they
include the transcriptional initiation site.

Inspection of the putative promoter sequences in appendix IIl will show that not all

late genes use the TAAAT motif, in fact one early gene (#15), uses this sequence and some
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latc zenes do not have this sequence (#10, 11, 12, 13, 15, 18, 20, 22, 29), or do not use it
even if they have it (#8). There is no evidence that the two classes of late genes, those with
and those without the TAAAT transcriptional initiation site, are of a different temporal
class. Vos and Stunnenberg (1988), claim that there is an intermediate class of promoters
(ORFs I8 and I3), where transcription starts sometime between when DNA replication
begins and late transcription begins. However, they only see this pattern of transcription
»# wansfected plasmids in the presence of hydroxyurea, or on the viral genome when the
infection is done in the presence of hydroxyurea which is then replaced with
cycloheximide. No evidence is presented to suggest that this temporal pattern of
expression occurs in the absence of drug. It is known that some late genes are artifactually
transcribed in the presence of cyclohexim:de, during which only early genes are normally
transcribed (Lee-Chen and Niles, 1988b). It must be noted that though we broadly classify
orthopoxvirus genes as either early or late, this does not mean that all the early genes
simultaneously start and stop transcription at precisely the same moment or that all the late
genes start transcription simultaneously. Using S1 nuclease or primer extension analysis to
measure the steady state levels of a particular transcript Weinrich and Hruby (1987), found
that the temporal regulation of a late gene cluster at the HindIII A/D junction is complex.
Although all the genes are of the late class, transcription can start at different times for
different genes. Similarly Tamin et al., (1988), found that though both M1 and N2 are
carly genes, N2 transcripts are seen from 0.5-1hr post-infection while M1 transcripts are
seen from 0.5-12hrs post-infection.

There is a class of genes which are transcribed at both early and late times called the
expressed genes. While some have separate and distinct early and late transcriptional start
sites (7.5-kDa, D2, I3, and H6 genes), others have a late start site and a separate early/late
start site (CPV 132 and H6). These early/late promoters have not been well characterized
but high steady state levels of RNA using the same transcriptional start site are seen at both

early and late times so it has been assumed that they are being transcribed. It is not clear if
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these genes are in fact transcribed at late times or if the transcripts made at early times are
very stable and persist into late times. Using actinomycin D, Sebring and Salzman (1967),
showed that bulk early RNA has a half life of about 120 minutes, which is approximately
when DNA replication would normally start, while the late RNA half life is about 13
minutes. Oda and Joklik (1967), have also found that in the presence of actinomycin D
early RNA is more stable than late RNA, but only in HeLa cells and not in L cells where
their stabilities are similar. It is not known if there is a specific signal which allows early
transcripts to be degraded wheii late gene expression starts or why the steady state levels of
some transcripts remain elevated well into late times (ex. M1; Tamin et al., 1988). Ifa3'
to 5' exonuclease is responsible for the short half-life of late viral RNA then the extra
length due to a lack of termination of transcription could extend the time for which late
mRNA remains functional.

F. GENETICS

A large number of mutant orthopoxviruses have been isolated, and with the use of
marker rescue to physically map the mutations onto the viral genome, these isolates are
proving to be valuable in helping to determine the functions of some of the viral genes.
While some of these mutant poxviruses have been isolated as variants of natural
populations which display a host-range or drug resistant phenotype, most have been made
by mutagenizing virus in vitro and then selecting for individual plaques with a drug
resistant or temperature sensitive phenotype (reviewed by Condit and Niles, 1989). Some
of these mutants have provided some insight into how orthopoxvirus gene expression is
regulated.

One group of mutants are ﬂ:osc which have temperature sensitive mutations in the
subunits of the RNA polymerase compléx. Temperature sensitive mutations in each of the
two largest subunits (147-kDa and 135-kDa), and the 22-kDa subunit have been isolated
and described as having a defective late phenotype (Ensinger, 1987; Hooda-Dhingra et al.,



1989; Thompson et al., 1989a). In these mutants late gene expression is reduced and/or
delayed at the nonpermissive temperature. The degree to which late gene expression is
reduced is variable and depends on the individual mutant. All the mutations in the RNA
polymerase subunits appear to be assembly mutants such that if the virus is grown at the
nonpermissive temperature, new RNA polymerase is not assembled correctly. If the virus
is grown at the permissive temperature then new functional RNA polymerase is assembled
and it remains functional even if the temperature is shifted up to the nonpermissive
temperature. When grown at the nonpermissive temperature late viral RNA is not made so
late protein synthesis does not occur, progeny virus is not assembled, and early gene
transcription is not suppressed. DNA replication occurs but the resolution of long
concatomeric progeny genomes into monomer sizes does not occur (DeLange, 1989;
Hooda-Dhingra et al., 1989; Merchlinsky and Moss, 1989b). This indicates that late genes
are transcribed by newly synthesized RNA polymerase, early genes are transcribed by the
packaged RNA polymerase, early transcription is not turned off by DNA replication per se,
and resolution of concatomeric progeny viral genomes requires at least one late gene
function.

Another complementation group with a defective late phenotype, maps to the NPH-
I or ATPase-I gene in the HindIII D fragment (Kunzi and Traktman, 1989). There are two
mutants in this group (ts36 and ts50), both of which show normal early gene transcription
and DNA replication. Host cell protein synthesis is not inhibited, ecarly viral gene
transcription is not shutoff at late times, and late viral gene expression is severely reduced.
The role of this ATPase in late gene expression is unknown, but it does cosediment with
the virion RNA polymerase on glycerol gradients (Broyles and Moss, 1987b).

One temperature sensitive mutant (ts22), has an abortive late phenotype where at
about 8-10 hours after infection at the nonpermissive temperature, the viral RNA and tRNA
is degraded into discrete fragments (Pacha and Condit, 1985). This same phenotype is

seen when wild type virus infects cells in the presence of the drug IBT. Itis not yet known
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32
if IBT affects the same gene as ts22, but both seem to prevent the virus from inhibiting the

induction of an increase in the levels of 2-5A [(2-5)pppA(pA)n], within the cell (Cohrs et
al., 1989). 2-5A activates a latent cellular RNase which leads to the breakdown of RNA
and is the same pathway used by interferon to create an antiviral state within the cell
(Joklik, 1985). Itis not known if interferon is involved in this response.

With the ability to mutagenize viral genes in vitro and then introduce single site
mutations back into the genome it is clear that poxvirus genetics will be very valuable in
helping to elucidate the functions of some of the genes involved in the regulation of

expression of the poxvirus genome.

G. THE EARLY/LATE TRANSCRIPTION SWITCH

This review raises important questions about how the early to late gene transcription
switch is regulated. Any model for this regulation must accommodate the fact that
somchow the late transcriptional machinery is activated by DNA replication while the early
transcriptional machinery is inactivated by late gene expression. One model would be that
late genes are transcribed only from progeny viral genomes and not from the infecting
parental DNA. However, there is no evidence that these two genomic DNAs are physically
different. It may be possible that the replicative machinery itself activates the expression of
one or more genes which would in tum activate the newly assembled late transcriptional
machinery. Such an intermediate class of genes has not yet been been detected but
candidate genes would be those that could make regulatory modifications of the late and/or
early transcriptional machinery such as phosphatases or kinases. A ts-mutant in this gene
would also be predicted to have a defective-late phenotype. All of the components of the
early transcriptional machinery including the RNA polymerase and VETF are within the cell
at late times since they are packaged into the progeny virions. Regardless of how early
and late transcription is controlled, this regulation is lost when whole cell extracts are made

from infected cells at late times. In these extracts both early and late viral templates are



specifically transcribed in vitro (Wright and Moss, 1989). It has not been reported whether
early genes are transcribed in vitro if these late extracts are made in the presence of
phosphatase inhibitors. If they are not transcribed then phosphorylation may regulate the
activity of the early transcriptional machinery such that at late times it would be inactive but
could be reactivated during maturation of the progeny virus particles.

The protein components of the early and late transcriptional machinery may be
different. The subunit composition of the virion associated RNA polymerase may be
different from the late RNA polymerase. When these two ssDNA dependent RNA
polymerase activities are purified and compared by polyacrylamide gel electrophoresis, the
RNA polymerase from the infected cell contains a 77-kDa subunit that is not seen in the
virion associated activity. It has also been found by S1-nuclease analysis that the second
largest RNA polymerase subunit in cowpoxvirus (RPO-132), has two transcriptional
initiation sites (Patel and Pickup, 1989). The predominant start site is seen at both early
and late times and occurs within the ORF very near the N-terminus. A minor late start. site
is detected just 5' to the ORF and these late transcripts can potentially encode the entire
gene. Assuming that translation of the transcripts originating at the early/late start site
occurs at the next available AUG codon then this gene product would be 8 amino acids
shorter than the full length product. This N-terminal sequence could be important in
regulating early/late transcriptional activity and/or packaging of the RNA polymerase
complex. No N-terminal protein sequence of the RPO-132 is available. Other differences
between the early and late transcriptional systems are that early transcription requires ATP
with a hydrolyzable B-y bond, while late transcription does not have this requizement in
vitro; however, a ts-mutation in a viral ATPase (NPH-I) severely reduces late gene
expression. Further differences between the early and late transcriptional systems will
undoubtedly be found as both of the in vitro transcription systems are compared, and as ts-

mutants affecting virus gene expression are found and characterized.
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H. SHOPE FIBROMA VIRUS

Vaccinia is the prototypic poxvirus; however, other poxviruses are very different
from this orthopoxvirus and it is not clear how well conserved the molecular features are
between the different members of the poxvirus family. One group of poxviruses whose
biology is distinct from the orthopoxviruses are the so called tumorigenic poxviruses. This
is not a genera of poxviruses but comprises those members which induce in their natural
hosts, a benign proliferation of tissue at the site of infection. Members of this group
include the the leporipoxvirus SFV, the Yatapoxvirus yaba monkey tumor virus, and an
unclassified human poxvirus which causes molluscum contagiosum. SFV is the best
characterized of these viruses and is the subject of the work of this thesis.

SFV was first isolated from a subcutaneous tumor-like growth on a wild cottontail
rabbit by Richard E. Shope, who demonstrated that this lesion couid be transmitted to a
healthy rabbit by an extract of the tumor (Shope, 1932a, b). Although SFV is often
referred to as a tumorigenic poxvirus, this is a bit of a misnomer. Unlike other tumor
viruses, SFV has a very limited interaction with the nucleus of the infected cell, and most
evidence indicates that SFV infected cells in the "tumor” or in tissue culture do not
proliferate (Scherrer, 1968; Kato, 1966). Histologically the proliferatin g cells in the tumor-
like growth appear to be uninfected fibroblasts which make up the surrounding epidermal

connective tissue so "...the tumor can better be considered a local hyperplastic connective

detailed description of the biology of SFV will not be given here, instead an outline of the
basic growth pattern in vivo and in tissue culture shall be given to facilitate the comparison
with what we know about vaccinia virus. For a review of the lepori- and orthopoxvirus
infections in rabbits sec McFaddgen (1988), and references contained therein,

When SFV is innoculated subcutanecasly into an adult rabbit the following pattern
is seen (Kato et al., 1963a; Shope, 1932a): By day 3-5, the tissue at the site of

innoculation thickens and over the next 5-7 days it continues to thicken and the swollen



region becomes well circumscribed so that it takes on a tumor-like appearance. On days 8-
11, the tumor is at its maximum size, roughly 30-50mm in diameter, and it contains the
maximum amount of virus. By day 10-11, the tumor gets a reddish-purple spot in the
center which spreads as the tumor becomes necrotic and by day 18-25 it scabs over and
will eventually fall off. No secondary lesions are seen except in newborn or
immunocompromized adult rabbits (Allison, 1966; Allison et al., 1966; Yuill et al., 1964).
Tumor regression is associated with both humoral and cell mediated immune responses to
the virally infected cells (Sell and Scott, 1981).

In tissue culture systems SFV grows well on primate kidney cells and on rabbi:
cells. At low multiplicities the infected cells aggregate together and pile up into foci so the
virus can be titered and this is expressed in focus forming units (ffu). Like vaccinia, SFV
is very cell associated and titrations can be done without an agar overlay. The overall steps
in the replicative cycle of SFV, are probably the same as for vaccinia, but the virus grows
more slowly and is much less cytopathic (Bohn, 1980). Ikuta et al., (¥978), pulsed RK-13
cells with radiolabeled amino acids at warious times after infection with SFV, vaccinia, and
cowpox, and then resolved the labeled proteins by polyacrylamide gel electrophoresis. It is
clear that for these viruses distinct sets of proteins are made at early and late times during
the infection but the kinetics for the early to late switch is different for each virus. For the
orthopoxviruses vaccinia and cowpox, late gene products are first seen at 4-5 hours and 5-
6 hours after infection respectively. The background of host cell protein synthesis is quite
high at early times, decreases at late times and is gone by 11-12 hours post-infection. For
SFV, late proteins are not synthesized until 8-9 hours after infection and though host cell
protein synthesis is diminished at late times, it is still present 23-24 hours post-infection.
So the switch from early to late gene expression occurs much later in SFV than in vaccinia
and host cell protein synthesis is not as iﬁhibited.

By measuring the incorporation of 3H-thymidine into SFV infected cells Ewton and
Hodes (1967), and Scherrer (1968), demonstrated that viral DNA synthesis begins at 4-5
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hours post-infection, peaks at 8-9 hours post-infection and then declines to background
levels by 14-15 hours post-infection. DeLange and McFadden (1986), have found that
transfected plasmid DNAs are replicated in SFV infected cells and that nascent plasmid
DNA is first seen at 8 hours post-infection and it continues to accumulate up to 24 hours
post-infection, with a small amount of accumulation between 24 and 48 hours. Thus this
situation may be similar to vaccinia where viral DNA is seen to accumulate even after 3H-
thymidine incorporation is reduced (Traktman, 1989). By measuring the incorporation of
3H-thymidine Scherrer (1968), also noted that by four hours post-infection, host cell DNA
replication is reduced by 50% while Ewton and Hodes (1967), show that incorporation of
14C.uridine into rRNA is reduced more than 40% by 8.5-11 hours post-infection. Thus,
like vaccinia, SFV reduces host cell gene expression and DNA replication, but more slowly
and less severely. Vaccinia forms plaques on susceptible cells in tissue culture while SFV
forms foci and these piled up cells stain as live cells. SFV is not only less cytopathic and
grows more slowly, but the yield of virus is about ten times less than vaccinia virus. The
burst size for vaccinia virus is roughly 100 pfu/cell (Joklik;, 1966), while Israeli and Sachs
(1964), found that in ten experiments the yield of SFV ranged from 2-36 ffu/cell, while
Israeli (1966) found in three experiments that the average yield was ten ffu/cell. Like
vaccinia, a number of induced enzymatic activities are seen in SFV-infected cells, including
DNA polymerase (Chang and Hodes, 1967, 1968b), RNA polymerase (Chang and Hodes
1968a), TK (Barbanti-Brodana et al.,, 1968), and topoisomerase I (Upton et al,
submitted). These have not been extensively characterized but it looks as though SFV may
contain the same complement of enzymes as does vaccinia.

One of the most interesting reports on SFV in the early literature are those that
describe isolates of the virus which have lost their tumor inducing capacity (Andrews,
1936; Andrews and Shope, 1936; Shope, 1936). These iéolates still grow in rabbits but
instead of inducing a tumor-like growth they induce a necrotic inflamation at the site of

innoculation. Unfortunately samples of these isolates are not available. However, many

36



orthopoxvirus isolates which show reduced virulence or altered growth patterns, such as
the host range mutants, have been reported. When these isolates are examined closely it
has been found that most of them are associated with deletions or rearrangements within the
terminal portion of the viral genomes. This hés been found for vaccinia (Dallo and
Esteban, 1987; Drillien et al., 1981; Gillard et al., 1985, 1986; Kotwol et al, 1989;
Kotwol and Moss, 1988; Moss et al., 1981; Paez et al., 1985; Pacz and Esteban, 1988;
Panicali et al., 1981; Perkus et al., 1986), rabbitpox virus (Lake and Cooper, 1980; Moyer
et al., 1980b), and monkeypox virus (Esposito et al., 1981). An examination of the
restriction enzyme profiles of the genomes of many orthopoxviruses shows that the central
region is quite conserved, while the terminal portion of the genomes are variable (Esposito
and Knight, 1985). Thus the-center of the poxvirus genomes probabiy contains genes
which are essential for virus growth, while the terminal regions contain nonessential genes,
some of which could influence host-range or virus virulence. So it is possible that
naturally occuring isclates of SFV which show differences in tumor production could be
due to alterat*ns in the terminal portions of the genome. The Boerlage strain of SFV,
which is no more virulent than other strains, but is reported to be more invasive and to
induce larger, though histologically identical, tumors ‘at the site of innoculation (Febvre,
1962; Strayer et al., 1984), does have a small deletion within the terminal inverted repeat
which resulss in the truncation of the C-terminal portion of the. T6 ORF (Upton et al.,
1988). It is nex known i€ this lesion is responsible for the altered growth pheriotype.
Recently a new leporipor virus called malignant rabbit fibroma virus (MRY) was isolated
from a stock of SFV that was passaged in rabbits (Strayer et al., 1983b). This virus has
been shown to be a recombinant between SFV and myxoma (Block et al., 1985, Upton et
al., 1988). Sequences from the TIR of SFV (ORFs T5 fusion, T6-T8), have replaced
sequences from the left end of the myxoma ggnome, and a segment spanning the junction
between the TIR and the unique internal seqiences at the ieft end of the SFV genome

(ORFs TS5 fusion, T6-SFGF, T11 fusion), have replaced sequences at the right end of the
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myxoma genome. The exact nature of the myxoma sequences which were replaced is not
yet fully deduced, but they do include the myxoma homologue of an epidermal growth
factor-like gene (Upton et al., 1987b). MRV and myxoma are reported to have slightly
different tumorigenic properties in vivo, though the nature of these differences have not
been thoroughly investigated (Strayer et al., 1983a; Strayer and Sell, 1983). This work
indicates that the ends of the Jleporipoxvirus genomes are somewhat plastic, and like those

of the orthopoxviruses, they may contain nonessential genes that affect virus growth.
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1. THESIS OBJECTIVE

Much of what is known about the molecular biology of vaccinia virus gene
expression has been determined in the last decade, and at the time that this work was started
virtually nothing was known about the molecular biology of the other genera of
poxviruses. The purpose of this work was to compare the transcriptional sv..;ms of SFV
and vaccinia virus. The vaccinia TIRs were one of the few transcriptionally well
characterized regions in poxviruses, so the TIRs of SFV were transcriptionally mapped in
order to compare the two systems and to characterize a region which may be important to
the unique biology of SFV. In order to test how related the transcriptional systems of these

two genera were, an early promoter from the TIR of SFV was chosen for detailed analysis.
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CHAPTER II
MATERIALS AND METHODS

A. 'CELLS and VIRUSES
1. Cell Culture Medium

For all the tissue culture in this thesis Dulbecco's modified Eagle's medium (DME)
(Flow laboratories or Gibco) was used. This was supplemented with sodium bicarbonate
(3.7g/mi), penicillin G potassium (Ayerst; 250 L U./ml), Streptomycin sulfate (Boehringer
Mannheim; 200mg/1), and either 5% calf or 5% fetal calf serum. Only adherent cell lines
were used in this work and they were grown in either disposable plastic dishes and flasks
(Corning, Costar, or Nurc), or for large cultures, 1330 cm? glass roller bottles (Belico)
were used. Open dishes or flasks were incubated at 37°C, in 95% air, 5% CO> and 95%
hurridity.
2. Cell Lines

The monkey kidney cell line BGMK was obtained from S. Dales (Department of
Microbiology and Immunology, University of Western Ontario), and was used for the
growth and titration of poxviruses. The human thymidine kinase negative (TK")
‘osteosarcoma cell line H143 (Rhim et al., 1975; Campione-Piccardo et al., 1979), was
obtained from Dennis Panicali (Applied Biotechnology Inc. Cambridge MA), and used to
select for, and plague purify recombinant TK" vaccinia virus. The monkey TK" cell line
T22 was obtained from J. Smiley (McMaster University, Hamilton, Ont.), and was used to
select for SFV TK" virus. SFV does not fortn foci on these cells but they were used to
passage ‘virus in the presence of bromodeoxyuridine (BUdR), before screening for
recombinant (blue) foci on BGMK cells.
3. Viruses

The two poxviruses used in this thesis afe vaccinia viras {strain WR), and Shope
fibroma virus-(strain Kasza), both-of which were obtained from the American Type Culture



Collection (ATCC). The handling and production of stocks of SFV is essenﬁaﬂy the same
as for vaccinia only the virus grows more slowly, to @ much lower tiicr, and it is more
restricted in its host range. The basic steps involved in the production of vaccinia virus
have been outlined by Mackett et al., (1985).
a) The routine production of virus stocks.

Semiconfluent BGMK cells were infected at about a multiplicity of one by replacing
the medium with a small volume of virus innoculum (6-8mls/roller bottle, or 2-
3m.s/150cm? flask), and then placing the roller bottles back on their roller or the flasks on a
rocking platform in a 37°C room. After adsorption (1 hour for vaccinia, 2-3 hours for
SFV), medium was added to the containers and incubation continued for about 48 hours.
If many of the infected cells had detached and were floating in the medium they were
collected by centrifugation. The infected cells were removed from the container using
sterile 1X SSC (0.1M sodium chloride, 0.015M sodium citrate) and collected by
centrifugation (1000gs, Sminutes). The pellet of infected cells was resuspended
(10m1/108cells) in cold RSB (reticulocyte swelling buffer; 10mM Tris-HCl pH 8.0, 2mM
MgCly), and incubated on ice for 15 minutes. The cells were then broken open by dounce
homogenization until most of the cells were lysed (checked by microscopy), and this
solution was stored at -70°C to be used as a crude innoculumn. When higher titered virus
stocks were required the virus was partially purified by pelleting the celiular debris
(1000gs, 5 minutes, 4°C). The supernatant was collected into a sterile container, the pellet
was resuspended with a second volume of cold RSB and dounce homogenized. The debris
was pelleted and the cycle reépeated with a third volume of cold RSB. The supernatants
were pooled and the virus was pelleted (25000gs, 60 minutes, 4°C). The pellet was
resuspended in a small volume of RSB (about 2inls/108cells), and sonicated twice for 30
seconds each time (Bransonic 1519 sonicator using a 50m! cup-tip probe filled with i¢e
water, at full power), in order to break up the clumps of virus and celiular debris. The

virus was then partially purified by pelicting through a cushion of sucrose. For small
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volumes, 4.5mls of virus in RSB was placed into a sterile 10ml Oak Ridge type
polycarbonate tube (Nalgene), and then underlayed with an equal volume of suzrose (36%
sucrose, 50 mM Tris-HCI pH 8). This was centrifuged in an SW41 rotor at 25000gs, 60
minutes, 4°C). The supernatant was discarded and the virus pellet resuspended in a small
volume of RSB or medium.

b) Titration of virus stocks.

Vaccinia and SFV were both titered on BGMK cells in the same fashion except that
vaccinia forms plaques after 24-48 hours while SFV forias foci after 4-6 days. For both
viruses 1:10 serial dilutions in DME were prepared (0.05mls into 0.5mls) and 0.2mls was
used to innoculate semiconfluent BGMK cells in Costar six-well dishes. After adsorption
(1hour for vaccinia, 2-3 hours for SFV), 2.5 mls of medium was added to each well and
the dishes incubated until plaques or foci developed. The cells were then fixed by
removing the medium, washing the monolayer in PBS (137mM Na(Cl, 2.7mM K(l, 4.3
mM Na;HPOy, 1.47 mM KH,PO4, pH 7.2), adding 2mls of neutral buffered formalin
(NBF) to each well (4% formaldehyde, 29.2 mM Na;HPQj, 30.5 mM NaH,POj, 145mM
NaCl, pH adjusted to 7 or higher with solid sodium carbonate) and incubating for 10
minutes at room temperature. The NBF was removed and the cells stained with 0.1%
crystal violet (1ml/well) for 5 minutes at room teiperature. The monolayers were washed
with running tap water, air dried, and then the plaques or foci were counted.
¢) Plaque purification of recombinant viruses.

The virus stock was diluted sufficiently in order to give individual plaques on a
monolayer of cells in 100mm tissue culture dishes. For vaccinia virus, plaques form very
quickly so the cells were overlayed with agar (1.3% low melting point agarose [BRL], 1X
DME, 5% calf serum) right after adsorption; however, for SFV the foci take many days to
develop so the agar overlay was not placed on the cells until foci were just begining to
form. The desired plaques or foci were picked with a sterile Pasteur pipet, and the agar
plug with the attached infected cells was transfered to 0.5mls DME. This was freeze-
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thawed three times, sonicated, and used as innoculum to grow up small stocks of the

picked virus. Selective agents or indicators were included in the agar overlay as required.

B. RNA PURIFICATION

RNA was purified fren uninfected and infected BGMK cells for a number of
experiments in this thesis. ! found the most reproducible method involved homogenizing
the cells in a guanidine thiocyanate solution and pelleting RNA through a cushion of CsCl;
(Chirgwin et al., 1979; Glisin et al., 1974). This was used for both large and small scale
preparations. With the exception of the guanidine thiocyanate solution, glyoxal solution,
organic solvents, ethanol, and solutions containing Tris, all solutions used for RNA work
were treated with diethylpyroczrbonate (DEP). The solutions were made 0.1% in DEP,
mixed thoroughly, left to stand overnight, and then autoclaved.

1. Large Scale RNA Preparations Using One or More Roller Bottles of Cells.

The cells were removed with 1X SSC and pelleted as described in the preparation
of viruses. The cell pellet was dissolved in 6M guanidine thiocyanate, SmM sodium citrate
pH7, 0.5% sodium N-lauroylsarcosine and 0.1M 2-mercaptoethanol (16-20mls/ 10° cells),
and the mixture homogenized using a Servall tissue homogenizer for three 30 second
bursts. CsCl, was added to 1g/2.5mls, and the solution was layered onto 2.5mls of 5.7M
CsCl in a tube for a Beckman SW 50.1 swinging bucket rotor. This was centrifuged for
12-16 hours, at 20°C and 36000 zpm. The supernatant was decanted, the walls of the
tubes dried with a Kimwipe, and th¢ RNA pellet dissolved in 0.1% sodium dodecyl sulfate
(SDS). This solution was extracted with phenol:choloroform:isoamyl alcohol (49:49:2),
followed by a chloroform and ethanol precipitated by adding one tenth volume of 3M
NaOAc pH 5.5 plus two volumes of ethanol. The RNA was stored at - 0°C as an ethanol
precipitate (stable for years), and when needed it was pelleted and resuspended in either
water or 0.1% SDS.
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2. Small Scale Preparations of RNA from Cells in 100mm Plastic Tissue Culture Dishes

The medium was removed from a dish, the monolayer washed with PBS, and 1-2
mls of guanidine thiocyanate solution was added to the dish. The cells were scrapei into
the solution using a rubber policeman and the mixture would become viscous as thé gells
dissolved and the DNA was released into solution. When a number of dishes were being
used the guanidine thiocyanate solution from one dish was scraped directly into the next
dish using the rubber policeman. In this way § dishes of cells could be readily processed
with just 2 mis of solution. This mixture was homogenized by passage through a 26 guage
needle 3-5X, and the RNA purified by pelleting through CsCl; as described above. Late
RNA, early RNA, and immediate-early RNA were isolated from cells infected in the
absence of inhibitors, or in the presence of arabinosyl cytosine (Ara C, 40 pg/ml), or in the
presence of cycloheximide (100 pg/ml), respectively.
3. Isolation of Poly A* RNA

Poly A* RNA was isolated by chromatography on oligo-dT cellulose
(Collaborative Research) as outlined in Maniatis et al., (1982). One volume of 2X loading
buffer was added to total cellular RNA (1X loading buffer= 20mM Tris-HCI pH7.6, 0.5M
LiCl, ImM EDTA, and 0.1% SDS). This was heated to 65°C, cooled to room temperature
and passed through a 1 ml column. The eluate was collected and reapplied five times
heating and cooling between each application. The column was subsequently washed with
five column volumes of wash buffer (20mM Tris-HCl pH7.6, 0.1M LiCl, 1mM EDTA,
and 0.1% SDS), and the bound RNA was eluted with 60°C elution buffer (20mM Tris-
HCl pH7.6, ImM EDTA, 0.05% SDS). Fractions containing the eluted RNA were pooled
and ethanol precipitated.
4. Quantitation of RNA

During this work, the measurement of the amount of RNA in a sample was often
required. The need for ribonuclease free cuvettes made adsorbance measurements

inconvenient so a fluorimetric assay described by Morgan et al., (1979), was used. This
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assay measures the increase in the fluorescence of ethidium bromide when it intercalates
into the double stranded regions of DNA or RNA. A fluorimeter was set up under standard
conditions such that 300ng of calf thymus DNA in 1.2mls ¢% pH8 buffer (0.5pg/ml
ethidium bromide, SmM Tris pH8.2, 0.5mM EDTA), gives a reading of 70. A standard
fluorescence curve for different RNA concentrations was prepared by making serial
dilutions of a stock of yeast RNA that was 10.5 mg/ml as determined by its adsorbance at
260nm (assuming 1 A260=40 pg/ml). The fluorescence of each of these dilutions was
measured as seefi in table V, and plotted onto a graph (Fig. 2). This graph was plotted
using Cricket Graph (Cricket Software) on a Macintosh Plus (- ~le Computer Inc.) and
the slope of a straight line interpolated through the points was calculated to be 49. 1 had
originally plotted this data by hand and my value for the slope was 52.45, so all the RNA
concentrations in this thesis were done using this later value. One caveate of using this
method that must be kept in mi.id is that the standard curve was constructed using total
yeast RNA which is primarily ribosomal RNA and contains a Iot of secondary structure.
Measuring total cellular RNA will, therefore, be quite accurate; however, measuring poly

AT RNA in which most of the rRNA has been removed will not be as accurate.

C. NORTHERN HYBRIDIZATIONS
1. Glyoxal Agarose Gel Electrophoresis

Immediate-early, early, late, and uninfected cellular poly A* RNA was denatured
with dimethylsulphoxide (DMSO), reacted with glyoxal and electrophoresed through a
1.0% agarose gel. The RNA (up to 7pl), was added to 15pl of a glyoxal solution (50%
DMSO, 1-1.4M deionized glyoxal, 10mM Na-phosphate pH6.8), heated to 50°C for one
hour, and then loaded onto an agﬁrose_ gel made in 10mM Na-phosphate pH6.8. The
glyoxal solution used in this procedure had been extensively deionized with a mixed-bed
ion-exchange resin (Bio Rad AG 501-XB) as outlined by Maniatis et al., (1982); McMaster
and Carmichael, (1977); and Thomas, (1983). No loading dye was used except in lanes
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1.2 mls of pH8 buffer gives a reading of 70.

Determination of RNA Concentration Using a Fluorimeter
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Fluorimeter Reading
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Fig. 2. A graph of the fluorescence due to increasing
concentrations of yeast RNA, based on the data found in

table V. The slope of a straight line plotted through the
points is 49 so that 1ug of RNA gives a reading of 49

fluorescence units.
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which did not contain any RNA. Ribosomal RNA from uninfected BGMK cells was run
on the outside lanes of the gel, sliced off and stained with ethidium bromide in order to
serve as molecular weight markers. The RMA was then blotted to a Pall Biodyne A nylon
membrane in 20X SSC, dried and baked in a 80°C oven, according to the manufacturer's
recommendations.

2. Hybridization of Northern Biots with Cloned Viral DNA Probes.

Cloning of the entire SFV TIR into M13 vectors for sequencing has been presented
elsewhere (Upton and McFadden, 1986a and 1986c; Upton et al., 1987). Strand specific
probes for both orientations were prepared as described by Hu and Messing (1982).
Briefly, 3ul of M13 template DNA (100ng) was mixed with 9.5ul H,0, 0.5ul of probe
primer (1.7ng) and 1pl of 10X sequencing buffer (70mMTris pH7.5, 70mM MgCl,,
500mM NaCl). The primer was annealed to the template DNA by placing the mixture in a
50y1 Dade capillary pipet which was then flame sealed at both ends, placed into a 500ml
beaker of boiling water, and the beaker with she boiling water and capillary pipet were
allowed to cool to room temperature. The DNA solution was transfered to a 1.5ml
microtube to which was added: 1pl of INTP mix (dGTP, dCTP, dTTP, 1mM each), 1pl
a-32p dATP (10pCi, 3000 Ci/mmole), and 0.1l of Klenow DNA polymerase (0.5U).
This was incubated at 15°C for 90 minutes and the reaction was stopped by adding 2l of
0.5M EDTA. The entire reaction was used immediately to probe the blots. The blots were
prehybridized and hybridized in 50% formamide, 5X SE (0.9M NaCl and 5mM EDTA),
5x Denhardt's solution, [100X Denhardt's: 2% (w/v) ficoll (400,000 m. wt.}, 2% (W/v)
polyvinyl-pyrrolidone (360,000 m. wt.), 2% (w/v) bovine serum albumin], 25mM sodium
phosphate pH6.8, 250 pg/ml single stranded calf thymus DNA, and 0.3% SDS, at 42°C.
The blots were washed in 0.1X SSC and 0.1% SDS at 50°C, then exposed to Kodak
XAR-5 film with an intensifying screen at-70°C.



D. S1-NUCLEASE MAPPING OF TRANSCRIPTIONAL START SITES
1. Spin Dialysis

For many procedures where a DNA sample was carried through a seqﬁence of
manipulations which require different buffers, the sample buffer was changed by spin-
dialysis. The sample was first deproteinized by extraction with phenol:chloroform (1:1),
and then chloroform. A dialysis system was set up by filling a one-liter beaker containing a
small magnetic stir bar with 5SmM Tris pHS, and then carefully floating onto the surface of
the solutior: a millipore filter (VMWP 02500), so that the shiny side is facing upwards. On
to the surface of this filter was placed the DNA sample, and the magnetic stirrer tumed on
very slowly so as to gently move the filter across the surface of the solution and not sink
the filter. After 20-30 minutes the stirer was turned off and the DNA sample carefully
removed. The molecular weight cut off for the filters is not known but nucleotides and
restriction enzyme linkers will pass through them.
2. Preparation of DNA

Cloned SFV DNA (10ug), was digesied with an appropriate restriction enzyme
that leaves a 5'-overhang, phenol:chloroform (1:1), and chloroform extracted, and
dialysed. The 5'-enids were dephosphorylated by adding one tenth volume of 10X calf
intestinal phosphatasz (CIP) buffer (0.5M Tris pH9.0, 10mM MgCl;, ImM ZnCl,, 10mM
spermidine), 11l of CIP (Boehringer Mannheim, 1U/ul) and incubating at 37°C for 1hour.
A second 1yl of CIP was added and incubation continued for 1 hour at 45°C. The sample
was piienol:chloroform (1:1), and chloroform extracted, and dialysed.  The 5-ends were
end-labefied with [y->2PJATP by adding one tenth volume of 10X polynucleotide kinase
buffer (0.53M Tris pH7.5, 0.1M MgCl,, 50mM DTT, 1mM EDTA, 1mM spermidixie), 2ul
[v-32PJATP (DuPont NEN products, 7000Ci/mmole, 5mCi/0.030mls), and 1ul of T4
polynuchsotide kinase (Pharmacia, 10U/ul). This was incubated at 37°C for one hour.
This aeaction was stopped by adding 2ul of 0.5M EDTA and extracting with
phes@l:chloroform (1:1), and chloroform. The unincorporated label was separated from
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the DNA by passage through a sepharose 6B column (Pharmacia) made in a Pasteur pipet
(column buffer: 0.1M NaCl, 10mM Tris pH8, ImM EDTA). The labeled DNA elutes in
the void volume and can be monitored with a hand held Geiger counter. Fractions
containing this DNA were pooled and precipitated. The end-labeled DNA was digested
with a second restriction enzyme and the desired end-labeled fragment was purified by
electrophoresis in low melting point agarose (Langridge et al., 1980).
3. S1-Mapping

The Berk and Sharp (1977) S1 mapping technique as modified by Weaver and
Weissmann (1979), was carried out as follows. Equal amounts of labeled DNA were
ethanol precipitated with 50 pg of either tRNA, immediate-early or late total cellular RNA.
The pellet was dissolved in 30 pl of 80% formamide, 0.4M sodium chloride, 0.04M
PIPES pH6.4 (Pipcrazine-N,N'-bis [2-ethane Sulfonic Acid]), and ImM EDTA. The
solution was heated to 25°C for 10 minutes and then hybridization was allowed to occur at
51°C overnight (12-16 hrs). The reaction was stopped by adding 300 ul of ice cold S1
buffer (0.25M NaCl, 30mM KOAc pH4.5, 1mM ZnSOy4, and 5% glycerol) containing
300-400 units of Sl-nuclease (Miles) and then incubated at 37°C for one hour. The
solution was extracted with phenol:chloroform (1:1), chloroform and the S1-resistant
material was ethanol precipitated. The material was resuspended in 10mM Tris pH8 and
1mM ELSTA and electrophoresed on a nondenaturing 1% agarose or 5% polyacrylamide
gel. The gels were dried ani sxposed to Kodak XAR 5 film with an intensifying screen at
-70°C.

E. PRIMER EXTENSION ANALYSIS

Two seventeen nucleotide antisense oligonucleotide primers
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dCAGATGCCTTTCGTTGC and dCGGTGGTATATCCAGTG, for the T1 and CAT

ORFs, respectively, were purchased from the Regional DNA Synthesis Laboratory at the
University of Calgary, and a portion was diluted to a final concentration of 100ug/ml. The



T1 oligo maps between 48 and 65 nucleotides downstream from the initiating AUG of the
T1 ORF (Upton et al., 1987), while the CAT oligo maps between 15 and 32 nucleotides
downstream from the initiating AUG of the CAT ORF (Gorman, 1985). These were 5'-
end-labeled by mixing 1ul of oligo (100ng), 1ul 10X PNK buffer, 0.5-1.0ul [7-32P]ATP,
7ul H,0, and 1yl polynucleotide kinase, then incubating at 37°C for 1 hour. The reaction
was stopped by heating ic 65°C for 10 minutes, diluted to 40pl with H,O (2.5 ng/ul final
concentration), and stored at -20°C. The end-labeled oligo (1.25-5.0ng) was ethanol
precipitated with total RNA from virus infected BGMK cells. The nucleic acid was
resuspended in 80% formamide, 0.4 M NaCl, and 10mM Pipes pH6.4 to a final
concentration of 1mg/ml of RNA. A drop of paraffin oil was added, the mixture wzs
heated at 65°C for 15min and hybridized at 40-41°C overnight. The nucleic acid was
ethanol precipitated and then resuspended in S0mM Tris pH 8.3, 100mM KCl, 10mM
MgCl, 10mM DTT, and 0.5mM for each of dATP, dGTP, dCTP and dTTP. 25U of AMV
reverse transcriptase (BRL, or Life Sciences) was added and the mixture incubated at 42°C
for one hour. EDTA +ivas added to 10mM along with 5ul of RNase A (1mg/ml) and the
mixture incubated at 5G°C for one hour. The nucleic acid was extracted with
phenol:chloroform (1:1), chloroform, and then ethanol precipitated. The pellet was
resuspended in stop solution (Sequenase kit, United States Bioch:xmical Corp.), boiled and
electrophoresed or ai: 3% urea-acrylamide gel. The gels were dried and exposed to X-ray
film. To determiri: the exact transcriptional start site, the extended product was analyzed in
parallel to a sequencing ladder that was produced using the same oligo-primer and a DNA
template of the appropriate region in a dideoxy sequencing reaction using the Sequenase kit

protocol.
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F. PLASMID CONSTRUCTS
1. pUCI19 CATI1 and pUCi9 CAT4

Ec
250bp | 1.4kb

CAT —»
= =TT ’ pUC19
HindIT B Sm Kp EcoR1

A BamH1-HindIIl fragment from pSV2CAT (Gorman, 1985; Gorman et al.,
1982), containing the bacterial chloramphenicol acetyl transferase gene without the SV40
promoter was blunt-end ligated into the Stnal site of pUC19 (Yanisch-Perron et al., 1985).
CAT1 is oriented as illustrated while CAT4 is the opposite orientation (for the definition of

restriction enzyme notations used in this thesis see the abbreviations section).

2. pPROTI(a, b, c, and d).

B Hha § B
L pom  STSn  Hw | pKkBIT
“h D— B o
- S I pUC19
HindIl B Sm KpSI EcoRl1

A 1423bp Hhal fragment from the terminal BamHI clone pKBIT of the SFV
genome, was blunt-end ligated into the Smal site of pUC19 and this clone is called
pPROT1a. An Sst II-Sst I fragment was removed, the vector resealed by blunt-end
ligation, and this is called pPROT1b. A Smal-Sst I fragment was removed from
pPROT1a, the vector resealed by blunt-end ligation and is called pPROT 1d. This leaves a
189bp Hhal-Smal viral DNA segment that contains the DNA sequences between ORFs T1
and T2, and it was used to characterize the T1 promoter.
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3. pPROTIdCAT (1or2)

Ec
HindIII | _Tld_ Ecor1
—] <— car He—

A BamH1-Hindlll fragment from pSV2CAT (Gorman, 1985; Gorman et al.,
1982), containing the bacterial chloramphenicol acetyl transferase gene was blunt-end
ligated into the BamHI site of pPPROT1d. In pPROT1dCAT1 the CAT gene is oriented to
be transcribed by the T1 promoter as illustrated while in pPPROT1dCAT?2 the CAT gene is

in the opposite orientation.

4. pCATTI1d(A or B)

Tid
Ec
HizdlT | \/ EcoR1
— 44— CAT p——r—r
Kp SI

A BamHI-EcoRI fragment from pPROT 1d, containing the T1d promoter sequences
was blunt-end ligated into the Kpnl site of pUCI9CAT4. In pCATT1dA the T1 promoter
is oriented to transcribe toward the CAT gene cassette, while in pCATT1dB the T1

promoter transcribes away from the CAT gene cassette.

5. pPROTId Deletions

a) S5'-Deletions

EcoRl1 — B Hindlll
. | Td —> fomee e e
—— . —
1. EcoR1, Bal 31
2. EcoR1 linkers

3. EcoR1, HindIII fragment cloned back into pUC 19.
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b) 3'-Deletions

EcoRl __ , B HindIlI
ceme—d— . TI4 o i +—----
puUC19
1. BamH]1, Bal31.
2. BamH]1 linkers

3. EcoR1, BamH]1 fragment cloned back into pUC19.

The 5'- and 3'-Bal 31 deletions of the T1 promoter were accomplished as follows.
pPROT 1d (Sug) which had been linearized with either BamH]1. or EcoR1 for the 3' and 5'
deletion series, respectively, was treated with 2.4U of Bal 31 exonuclease (BRL), at 30°C
in a 100ul reaction. Aliquots (20ul) were removed at 2 minute intervals and the size of the
resultant products determined by agarose gel electrophoresis. Appropriate time points were
selected, aliquots were blunt ended with T4 polymerase (BRL), BamH]1 or EcoR1 linkers
were ligated (for the 3' and 5' deletions, respectively) and the plasmids recircularized.
EcoR1-Bam HI or Eco R1-Hind III fragments containing deleted promoter sequences were
purified and cloned into BamH1 (Hind II) and EcoR1 digested pUC19 so that the vector
sequences are identical for each deletion. The position of each deletion was determined by
Sanger dideoxy sequencing and then the CAT gene cassette was blunt-end ligated into the

BamH1 site just downstream of each promoter.

6. pV7.5(A or B)

} \/ - pUCI19

V11 L]
HindIl BSmXp  EcoRl

A 289bp EcoRI D fragment from pVV5.1 (Franke et al., 1985), containing the
vaccinia 7.5-kDa early/late promoter, was blunt-end ligated into the Smal site of pUC19.
pV7.5B is illustrated while the ‘A’ orientation is opposite.
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7. pV7.5CAT(A or B)

Econ:

Xb B

A BamH1-HindIll fragment from pSV2CAT (Gorman, 1985; Gorman et al.,
1982), containing the bacterial chloramphenicol acetyl transferase gene was blunt-end
ligated into the BamHI site of pV7.5B. The ‘A’ orientation is as illustrated while in the ‘B’

orientation the CAT gene cassette is reversed with respect to the 7.5-kDa early/late

promoter.

8. pVV5.1and pVV3.0
B C Bg SO

L 1 L 1 pvvio
X Sm B Xb Sm
L L1 1 1 pvvsa
R T

EcoR1 EcoR1

These are vaccinia TK insertion vectors where the vaccinia 7.5-kDa gene early/late
promoter and an adjacent multiple cloning sequence were inserted into the EcoRlI site of the
vaccinia TK gene (Franke et al., 1985). These plasmids were a gift from Dr. D. Hruby
(Department of Microbiology, Oregon State University, Corvalis OR).

9. pVTI1d(6or8)
5'TK TId B Sp 3'TK

YV2z7722277 =V — 77727222222




This is a vaccinia TK insertion vector containing the SFV T1d promoter. The 7.5-
kDa gene early/late promoter and adjacent multiple cloning site, contained on a Safi-Ssd
fragment from pVV3.0, was replaced with the SFV T1 promoter contained on a HindIII-
EcoRI fragmeni from pPROT1d, by blunt-end ligation. Clone#8 is as illustrated while
clone #6 has the T1d promoter and adjacent multiple cloning site from pUC19 in the

opposite orientation with respect to the vaccinia TK sequences.

10. pVT1dCAT

A BamH1-Hindlll fragment from pSV2CAT (Gorman, 1985; Gorman et al.,
1982), containing the bacterial chloramphenicol acetyl transferase gene was blunt-end
ligated into the BamHI site of pVT1d6 and a clone was isolated where the CAT gene isin
the correct orientation for expression off of the T1 promoter. This plasmid was used to

construct the recombinant vaccinia virus: VacT1dCAT.

11. pSTAKLac5
HindIll EcoR1

H\\\S\'\m\\\' 1|tz — \\<\<\&]—l

The plasmid pSTAKlacS is a SFV TK insertion vector and was constructed and
kindly provided by A. Opgenorth. It was created by : (1) inserting a 436bp fragment
containing the 5' portion of the SFV TK gene (Upton and McFadden 1986b), into the Sphl
site of pUC19. (2) inserting a 736bp fragment containing the 3' portion of the TK gene
into the Kpnl site of construct #1. (3) Inserting a 3.15kb Bglll fragment from pSC20
which contains the lacZ gene fused to the vaccinia late promoter p11 (Buller et al,, 1988a),

into the BamHI site of construct #2.
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12. pSTKVCAT
HindIIl 7.5 p1l 3K EcoRl

5 TK
RN — cAt [« ez —

This SFV TK insertion vector was constructed by cloning the bacterial CAT gene

fused to the vaccinia 7.5-kDa gene eariy/late promoter contained on a Sall fragment from
pV7.5CATA into the Sall site of pSTAKLac5. This plasmid was used to construct the
recombinant SFV: SFVV7.5CAT.

G. TRANSIENT EXPRESSION ASSAYS

We used a method similar to that described by Cochran et al., (1985a).
Semiconfluent BGMK cells iti 3.5cm wells of 6-well dishes were adsorbed with SFV
(m.0.i.=0.3) for three hours or with vaccinia (m.o0.i.=2.5) for 1 hour in a volume of
0.2mls. DME (2.5mls) was added to each well and 0.25mls of calcium phosphate
precipitate (Gorman 1985), containing 0.5ug of plasmid DNA was added. The calcium
phosphate precipitate was made by first adding the plasmid DNA to 0.125ml of a filter
sterilized 2XNNH solution (0.818g NaCl, 0.60g Hepes [N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid, Sigma H-3375], 20.1mg Na;HPO,4.7H,0; pH7.1, in 50mi H,0),
followed by adding, in a dropwise fashion, 0.125ml of a filter sterilized freshly prepared
250mM CaCl; solution, while gently vortexing the 2XNNH solution. The 2XNNH
solution can be stored sor months at 4°C, ut it should be at room temperature when it is
used. The precipitate was made about 20-30 minutes before it was added to the infected
cells and it was left on the cells for the entire period as no effect on expression has been
demonstrated by removing the precipitate after a few hours (unpublished observations).
The cultures were harvested 20-24 hours later by scraping the infected cells into 1ml of 1X
SSC, pelleting in a 1.5ml microtube, and then resuspending them in 0.1ml of 0.25M Tris
pH8.0. The cells were freeze-thawed three times by alternating between a dry ice ethanol

bath and a 37 °C beat block, and vortexing vigorously each time they were thawed. The
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debris was pelleted (12000gs, 30s) and the CAT activity in the lysates was assayed
essentially as described by Gorman (1985). A 20ul aliquot of cell extract was mixed with
70ul 0.25M Tris pHS, 35ul H20, 1l 14C-chloramphenicol (0.1mCi/ml, 54.2mCi/mmole,
DuPont NEN products), that had been diluted 1:5 with 0.25M Tris pH8, and 20pl of
freshly made 4mM acetyl CoA (Pharmacia, 27 6200-03). This was incubated at 37 °C for
10-40 minutes and then the sample was extracted with 1.0ml ethyl acetate. The ethyl
acetate was placed in a new 1.5ml microtube and the solvent evaporated using a speed vac
concentrator (Savant). The residue was resuspended in 20ul of ethyl acetate and the
acetylated forms of 14C-labeled chloramphenicol were '4separated by thin layer
chromatography on silica gel coated (0.2m) plastic sheets (Merck). The entire sample
was spotted onto the plates and they were developed in chamber saturated with 95%
chloroform, 5% methanol. The plates were air dried, lightly coated with En’Hance spray
(DuPont), covered with Saran Wrap, and exposed to X-ray film (X-OMAT AR, Kodak).
The amount of chloramphenicol that was acetylated was determined by cutting out of the
TLC plate the different acetylated forms of chloramphenicol using the autoradiogram as a
template, and then measuring the levels of radioactivity in each form by liquid scintillation

counting.

H. CONSTRUCTION OF RECOMBINANT VIRUSES
1. Construction of SFVV7.5CAT

Recombinant vaccinia and SFV were made by inserting foreign DNA into the TK
genes by homologous recombination essentially as described by Mackett et al., (1985).
One six-well dish of BGMX cells was infected with SFV used for transient expression
assays (m.0.i.=0.3). Wells #1-3 were transfected with pSTKVCAT (0.5pg/well), and #4-
6 were transfected with pSTKVCAT linearized with Hind IIl. After 48 hours the cells
from wells #1-3 (called A} were harvested and pooled, as were the cells from wells #4-6
(called B). These cells (A and B) were freeze thawed 3X, sonicated and a portion was
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diluted 1:1000 in DME. Fourteen 100mm plates of BGMK cells were infected with virus
A and B (7 plates each), using 1ml/plate. After four days the medium was replaced with an
agar overlay containing 200pg/ml of X-Gal (5-bromo-4-chloro-3-indolyl-f-D-galactoside),
from a stock of 40mg/ml in dimethylformamide. Each plate had 1000-2000 foci, and out
of the 7 plates infected with stock A, there was one blue foci ard of the 7 plates infected
with stock B, there were two biue foci. These were picked, placed in 0.5mls DME, and
stored at -70°C. In order to increase the number of blue foci twenty 100mm plates of TK™
T22 cells were infected with 0.5mls of a 1:500 dilution of viruses A and B (10 plates each).
The infection was done in the presence of 25ug/ml bromo-deoxyuridine (BUdR). The
cells were harvested after 48 hours and the virus stock (A’ and E), was used to infzct ten
100mm plates of BGMK cells (5 each for A' and BY). Each plate had 100-200 foci and
virus A’ (uncut plasmid) did not have any blue foci while virus B (cut plasmid) had 36
blue foci. Foci (24) were picked and the viruses plaque purified 3X, tested for CAT
activity, and the presence of an insert was confirmed by Southern blotting DNA from
infected cells that was digssied with Bam HI and Bgl II. Al the picked clones were
recombinant viruses. One clone was chosen (SFVYV7.5CAT), and larger stocks of this
virus prepared in BGMK cells.

B-galactosidase activity in infected cells (or tissues) was also assayed using a
histological stain (Allen et al., 1988). Monolayers of infected cells were washed with PBS
and then fixed with 4% paraformaldehyde in PBS for Smin. at room temperature. The 4%
paraformaldehyde was made by first making an 8% paraformaldehyde solution in ddH,0,
heating to 65°C for 20 minutes with periodic vigorous mixing, and then adding 1-2 drops
of 1M NaOH and continue mixing. Most of the paraformaldehyde should go into solution.
An equal volume of 2x PBS was then added to this mixture. The solution was made fresh
for each experiment. After 5 min. the paraformaldehyde was removed, the monolayer was
washed with PBS, covered with a staining solution and incubated at 37°C until blue

staining was visible. The staining solution was freshly prepared for each use by adding to



PBS, in this order, (1) X-gal (40mg/ml) in DMSO to a final concentration of 1mg/ml; (2)
500mM potassium ferricyanide to a final concentration of SmM; (3) 500mM potassium
ferrocyanide to a final concentration of SmM; (4) 100mM MgCl, to a final concentration of
2mM. These stock solutions were stored at -20°C.
2. Construction of VacT1dCAT

Two wells of a six-well dish of BGMK cells were infected with vaccinia WR
(m.0.i.=0.5) and then transfected with uncut pVT1dCATA (0.2 pg/well). The cells were
harvested and the virus titer assayed (5X10° pfu/ml). This virus stock was used to infect
10 plates of TK™ H143 cells (2000 pfu/plate). After adsorption for 1 hour the innoculum
was replaced with an agar overlay containing BUdR (25pg/ml). After 48 hours 1ml of
0.01% neutral red in sterile PBS was placed on top of the agar, and 6 plaques were seen
and picked. These were plaque purified 3X on H143 cells in the presence of BUdR
(25ug/ml). The DNA of infected cells was isolated, digested with Hind I, blotted onto
Pall biodyne A membrane and probed with the vaccinia TK probe. Three of the TK™
viruses were recombinants and three were not. One was picked (VacT1dCAT) and larger
stocks prepared.
3. Isolation of Cytoplasmic DNA from Infected Cells for Southern Blots

In order to characterize the inserts in the recombinant viruses Southern blots of
restriction enzyme digested cytoplasmic DNA of infected cells were prepared. The
isolation of cytoplasmic DNA was found to be easier than isolation of whole cell DNA and
the individual viral bands can be seen on ethidium bromide stained agarose gels. The
isolation of cytoplasmic DNA was based on Esposito et al., (1981). Cells from a single
100mm plate were harvested 48 hours after infection using 1X SSC. The cells were
pelleted, resuspended in 1ml of TEN (50mM Tris pHS, 10mM EDTA, 150mM NaCl),
placed on ice, and to this was added 0.2mls of TEN with 10% NP40, and 2-
mercaptoethanol to 0.IM. The cells were incubated on ice for 10 minutes with intermittent

vortexing. The nuclei were pelleted at 1000gs for 10 minutes and the supernatant removed
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to a new tube. To this supernatant was added 60l of 10% SDS, 25pl of freshly prepared
protease (10mg/ml; Sigma, P-5147), and the sample incubated at 37°C over night. This
was extracted twice with 0.5ml phenol, and once with 0.1ml chloroform. There was no
high molecular weight celular DNA, so the exiractions were much easier than if total
cellular DNA was being prepared. The DNA was ethanol precipitated and resuspended in
10mM Tris pH8, 0.1mM EDTA. 1 have found that Triton-X100 works as well as NP40,
and that a great deal of viral DNA is still associated with the nuclear pellet. This could be
due to the extensive cytoskeleton which may be different for each cell type. The action of
drugs which disrupt the cytoskeleton has not been investigated. Southern blots were
prepared using Hybond-N membranes (Amersham) according to the manufacture's
instructions.
4. 32p.labeling of DNA by Nick Translation

Blots of cytoplasmic DNA were probed with 32P-labeled DNA fragments
consisting of A-phage DNA and LMP agarose purified:

a) Bam HI-EcoRI fragment of pUC19CAT4 containing part of the CAT cassette.

b) BamHI-Eco RI fragment of pSFVTKA containing the SFV TK-gene.

¢) BamHI fragment of pkTK-15 ( donated by C. Upton) containing the vaccinia

TK gene.
The purified DNA fragments were 32P-labeled by nick translation similar to the procedure
outlined by Maniatis et al., (1982). DNA fragment (50-500 ng) was mixed with 5ul of 10x
nick translation buffer (0.5M Tris pH7.2, 0.1M MgSO,, ImM DTT, 500ug/ml BSA), 1pl
of DNase A (a 1:10,000 dilution of a 0.5ug/ml stock in 50% glycerol), 1.5ul of dNTP mix
(3mM each of dCTP, dGTP, and TTP), Sul of o32P-dATP (ICN, 10mCi/ml,
3000Ci/mmole), and ddH,0 to é total of 50pl. 1ulof E. coli DNA polymerase I (D.
Morgan) was added and the mixture incubated at 14°C for 2.5hrs. 5ul of 0.5M EDTA was
added, th= solution extracted with phenol:chloroform (1:1), chloroform and ethanol

precipitated. The labeled DNA was pelleted, resuspended in 50ul of 10mM Tris pHS,
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1mM EDTA, and the amount of radioactivity was determined by liquid scintillation

counting. Generally 105 counts per minute of probe were used for each biot.



CHAPTER 1II
TRANSCRIPTIONAL MAPPING OF THE SFV TERMINAL
INVERTED REPEATS

A. INTRODUCTION

As reviewed in chapter I, the sequences in the terminal regions of the poxvi
genome are quite plastic and numerous deletions or rearrangements have been identifiec.
Work from many labs indicates that this portion of the genome contains genes which can
effect the virulence or growth characteristics of the virus, although they are not essential for
virus growth in tissue culture. At the time this thesis was started (spring 1984), the TIRs
of vaccinia were one of the few well characterized regions on the poxvirus genome in terms
of defining the basic features of the resident transcriptional units. Th=y were found to
con:=n four genes, three early genes and one early/late gene (see appendix, I). The 19-kDa
earlv gene was later identified as an epidermal growth factor like protein (Bloomquist et al.,
198<: Brown et al., 1985; Reisner, 1985), which is thought to effect the proliferation of the
uninfe:ied cells that are adjacent to infected cells (Buller et al., 1988b). Inactivation of the
VGF gene by insertional mutagenesis reduces vaccinia virulence as measured by
intracranial lethality in mice or skin lesions in rabbits, but has little effect on its growth rate
in tissue culture (Buller et al., 1988a). In order to help in the identification of potential
growth influencing genes, and to compare transcription of SFV to that of vaccinia, the
TIRs of SFV were transcriptionally mapped.

The DNA genome of SFV has been cloned into plasmid vectors and its physical
map is shown in Fig. 3 (Cabriac et al., 1985; DeLange et al., 1984b; Wills et al., 1983).
Bam HI clones representing both the left and right ends of the genome were identified, fine
restriction enzyme maps prepared, and M13 subclones of the region were obtained and are

indicated in Fig. 4. It is important to note that the orientation of the viral genome in this

62



63

Bam HI
Hind i
Bgl1
Pvuli
Pst1

Sst1

0 20 60 80 100 120 140 160 kb
| I ¥ || | ] 1 ¥ i 1 1 T 1
TIR TIR
— ———
LLJ ] LA B S| | ] T 1177 T 1L
o ¢ GTI A K2QMJIS D PKI B RI2LIL2 F2 NH onf
11 | | [ ] $ 1 8 \—.—r 1 1 “-- } 1.1 1l
G E ) F A I H

- 11
F B A C F
| ¥
F A D G C
V| - B
G F D A C B G
1 L
F E A C G B D F
(1]

FIGURE 3. A restriction enzyme map of the SFV (Kasza) genome for the enzymes BamHI, Hind 111, Bgl 1, Pvu 1],

Pst1, and Sst 1. Based on Fig. 5 in DeLange et al., (1984b).
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FIGURE 4. A physical map of the right and left TIRs of SFV. The restriction enzyme
maps for the Bam HI clones IT, O, E, and C, indicate the segments that were subcloned
into M13 vectors for sequencing and to make strand-specific probes. The position of the
ORFs are indicated by the horizontal 'T" shaped lines, and all ORFs read towards the
hairpin ends. Both the portions of the SFV genome that were transfered to the left and
right termini of myxoma virus during the formation of MRV, and the segment that is
deleted from the TIR of SFV stain Boerlage, are indicated by the horizontal T shaped
lines. ‘



thesis has been reversed compared to its description in all previous publications, including
these in which most of this work has been published (Macaulay et al., 1987; Macaulay and
McFadden, 1989). In other words, the Bam HI E and C fragments which formerly defined
the junction between the TIR and the left and right ends of the genome, respectively, now
define the right and left ends of the genome as depicted in Fig. 3. This has been done
because extensive similarities have been found in the ORF arrangement within the central
portion of the SFV and vaccinia virus genomes (C. Upton, personal communication). In
order to provide these ORFs in the two viruses with the same relative orientation, the left
and right ends of the SFV genome have been reversed. The entire TIR of SFV has been
sequenced and the position of the ORFs are indicated in Fig. 4 (Upton et al., 1987a, 1988;
Upton and McFadden, 1986a).

Poxvirus gene exr:»7sion has been separated into two temporal classes as reviewed
in chapter I. Transcrip.. si: <. &'y viral genes occurs as soon as the virus enters the cell
using the encapsidat:«: ixziz=rip:»onal machinery and continues until after the start of viral
DNA synthesis. Trauscription of late viral genes starts after the initiation of viral
DNA replication using newly make viral RNA polymerase and results in the shut off of
early transcription. In order to analyse the temporal class of a particular gene, the levels of
its RNA transcript are measured at different times during the infection and at late times in
the presence of an inhibitor of late gene expression using a variety of techniques such as
Northern blot analysis, S1-nuclease analysis, and primer extension analysis. The addition
of inhibitors, such as arabinosyl cytosine which prevents DNA replication, or
cycloheximide which prevents early protein synthesis, at the start of infection, will prevent
late gene expression so early gene expression continues and early RNA transcripts
accumulate at late times.

In the following work, Northern blot analysis and S1-nuclease analysis are used to
determine which areas of the TIR are transcribed. In the Northem blot analysis RNA from

cells infected in the presence of cycloheximide, and arabinosyl cytosine was used and is
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referred to as immediate early and earily RNA respectively. No qualitative difference has
ever been found in poxviruses between immediate early and early RNA in terms of the
genes which are transcribed, so in the rest of the thesis RNA is usually referred to as being
either early or late. The early RNA is isolated at early times during the infection or at late
times in the presence of any drug which irhibits late gene expression (normally
cycloheximide).

The data from the following work indicates that most of the genes are transcribed at
early and late times however, it must be cautioned that this data was obtained using RNA
isolated from cell infected at a relatively low multiplicity I show in chapter 4 that this low
multiplicity can resalt in the presence of early RNA transcripts at late times during the
infection due to the occurrence of a second round of infection. In other words not all the
cells are infected during the initial adsorption of the virus and the uninfected cells are later
infected at a relatively high multiplicity by the progeny virus from the first round of
infection. Thus early transcripts from the second round of infection are present at late times
with respect to the start of the first round of infection. This complication was not foreseen
when this work was started and based on the results of the work in this thesis I would
recommended using high m.o.i. (10 ffu/cell for SFV) in order to temporally classify a
particular gene. A second way to test for early mromoter activity would be to use an in vitro
transcription system derived from a crude extract of purified vaccinia virus. This system
will only recognized early poxvirus promoters and as I show in chaptei 4 poxvirus
promoters are functionally conserved among the varicus poxvirus genera. The reason a
high m.o.i. was not used for the following work was because producing high titered stock

of SFV is very difficult compared to vaccinia since its yield is usually 10-100 fold lower.

B. NORTHERN BLOT ANALYSIS _
In order to determine the approximate number and size of transcripis from the SFV

TIR, Northern blots of poly A* RNA isolated from SFV-infected ceils were used. The
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FIGURE 5. Northern blotting analysis of poly(A)*¥ RNA from SFV-infected cells,
hybridized with 32P-labeled strand-specific viral DNA probes. Immediate-early
(Cycloheximide, lane A, 16pg), early (Ara C, lane B, 6ug), and late (no drug, lane C,
2ug) poly(A)* RNA were denatured, reacted with glyoxal, electrophoresed through a 1%
agarose gel, blotted, and hybridized with M13 strand-specific DNA probes from the right
TIR (see Fig. 4). Probe EAT js complementary to RNA transcribed away from the hairpin
terminus, while all the other probes are complementary to RNA transcribed toward the
hairpin terminus. The origin and the rRNA markers from uninfected BGMK cells are
indicated by arrows in the left margin.



-

g8 v O 8 vy 8§ Vv O 8V

¥y 8VvVD2 AV

5 a8y o8 Vo @

vl

a

03

w3

B

68



blots were hybridized with cloned strand specific probes spanning the right TIR (Fig. 4),
and the profiles with each probe are shown in Fig. 5. From the data it is clear that, unlike
the relatively simple profiles observed in the TIRs of vaccinia virus, the transcriptional
pattern within the SFV TIR is quite complex (Cooper et al., 1981a; Wittek et al., 1980a, b;
Wittek et al., 1981; and Venkatesan et al., 1982). This result was obtained before the
entire TIR sequence was known and it is apparent that all of the TIR of SFV is transcribed,
and numerous distinct transcripts can be seen with immediate-early or early RNA (lanes A,
and B, respectively, in Fig. 5). Because of the complexity of these profiles, the detailed
description of the blots, and the assignment of the various transcripts to particular ORFs,
will be addressed later (section D). However, two important points can be noted. Firstly,
none of the probes hybridized to RNA from uninfected cells (not shown). Secondly, the
probes used were strand specific and, with the exception of EAT (which maps at the
TIR/unique sequence junctic. at the right terminus), only probes complementary to RNA
transcribed towards the hairpin terminus hybridized to distinct transcripts. Probes
complementary to R¥4 Gienyuf jiway from the hairpin terminus uniformly failed to
hybridize to any distinc pely A’ sprcies (not shown). Probe EAT appears to hybridize to a
single defined transcript directed away from the hairpin terminus, but whether this
transcript initiates within or outside of the TIR is not known.

By exposing the Northern blots for different lengths of time it appears that, in
general, RNA isolated from cells infected in the presence of ara-C (lanes B, Fig. 5) is
similér to RNA isolated from cells infected in the presence of cycloheximide (lanes A, Fig.
5) although the former class often appears in reduced amounts. Others have reported
similar findings for immediate-early and early classes of RNA in both SFV and vaccinia
(Cabirac et al., 1986; Cooper et al., 1981b). Hybridization of the probes with poly At
RNA isolated at late times in the infection (lanes C, Fig. 5) usually displays &
heterogeneous smear of high molecular weight transcripts. This is probably caused by 3'

heterogeneity due to imprecise termination of late transcriis, as described for vaccinia late
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mRNA (Cooper et al., 1981b; Mahr and Roberts, 1984b; Weir and Moss, 1984; Weinrich
and Hruby, 1986).

C. S1- NUCLEASE ANALYSIS
1. Bam HI fragments IT and O.

In order to more clearly define the regions of the SFV TIR that are transcribed
during the course of an infection, the location of the initiation sites for RNA transcribed
towards the hairpin terminus were mapped by S1-nuclease analysis. Figure 6i shows the
probes used to map RNA initiation sites within the terminal 4.7 kb of the TIR and
schematically illustrates the results of the S1-protection experiments seen in Figure 6ii.
Probe A is 2.9 kb long, spans most of the terminal BamHI clone pKBIT, and is
asymmetrically 5' end-labeled at the Xhol site. A representative fluorogram is shown in
Figure 6ii (panel A). With immediate-early RNA (E), a protected fragment of
approximately 0.53 kb is detected but with late RNA (L) this protected fragment is more
intense and additional protected fragments of 1.47 and 2.07 kb can be observed. From this
data it is not possible to distinguish whether the RNA whick gives rise to the 1.47 and
2.07kb protected fragments is transcribed only at late times in the infection or if it is
transcribed at both early and late times but at early times the transcripts terminate prior to
the 5' end-label at the Xhol site. To answer this and to more precisely locate the RNA
start sites, probes B and C were constructed.

Probe B is 1474 bp with the 5'-labeled end at the Xbal site (Fig. 6i). A 175 bp S1-
resistant fragment is detected with both immediate-early and late RNA but there is a high
molecular weight smear where the larger protected fragment, indicated by the data from
probe A. would be expected. This smear could be caused either by the excess probe
needed to detect the 175 bp fragment, or by the relatively low hybridization temperature,
which in this experiment was lowered from its usual 51°C to 49°C itt order to detect the
AT-rich 175 bp fragment. If the hybridization with probe B is cazried out at 51°C then the
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FIGURE 6. Sl-nuclease analysis of the terminal 4.7 kb of the SFV TIR. (i)
Schematically illustrates the 5'-end-labeled DNA probes A through D (thick lines),
:panning the terminal Bam HI clones IT and O. The labeled 5-ends are indicated by open
wquares. The thin lines represent the poizion of the 5'-end-labeled probes protected from
S1 digestion by RNA (see [ii]), and the small vertical lines indicate the 5'-ends of the
RNA. Restriction enzyme notations are given in the list of abbreviations. (ii) Shows a
fluorograph of S1-nuclease-resisiant 5'.32p_ong.1zixled DNA:RNA hybrids separated on
1% agarose (probe A}, or 5% acrylamide (prctes B-D) gels. With probe C, the higher
molecular weight protected fragments in lanes £ and L map within ORFs 3C/D but are not
shown in (i). Molecular weight markers (M) are 5'-end-labeled, Hind I1I-digested lambda
DNA (panel A), or 5'-end-1abeled Hin FI-digested pBR322 DNA (panels B-D). The sizes
in panel A are in kilobase pairs and those in panels B-D arc in base pairs. Lane P is the
unhybridized probe run as a size marker, lanes E, L, asid T are the probes hybridized with
50pg of early (cycloheximide) RNA, late RNA, or control tRNA, respectively.
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high molecular weight protected bands are more distinct (not shown).

Probe C is 1.0 kb with the 5'-labeled end at the Sall site 2.6 kb from the viral
terminus. A major 235 bp S1-resistant fragment is detected with both immediate-early and
late RNA and in addition there are two high molecular weight protected fragments. These
results indicate that the three S1-resistant fragments of 0.53, 1.47, and 2.07 kb detected by
probe A, which correlate well with the beginnings of open reading frames T1, T2, and
T3A/B, respectively (see Fig. 9), are all expressed at both early and late times. However,
as described in the introduction td this chapter this interpretation is complicated by the fact
that these infections were done using a low multiplicity and we show in chapter IV that the
T1 promoter when placed into the vaccinia genome is in fact strictly an early poxvirus
promoter. The significance of the less intense high molecular weight protected fragments
seen with probe C is not clear, but may represent minor initiations near the two small
overlapping ORFs T3C and T3D (see the dashed arrow in Fig. 9).

Probe D is 847 bp, with the 5'-labeled end at the BgilII site 3.9 kb from the viral
terminus, and spans most of the 1.2 kb BamHI clone pKBO. As can be seen in panel D
two protected fragments are detected using this probe. One of the S1-resistant fragments is
315 bp and is protected with both immediate-early «nd late RNA. As shown in Figure 6
this corresponds to an initiation site just upstream of ORF T4. A second fragment of 515
bpis detected only with immediate-early RNA and is not detected with late RNA. Itis not
clear if the larger protected fragment indicates an early specific promoter for T4 or if it is
specific for a small (80aa) ORF located just upstream from T4. At this level of analysis
this start site does not map precisely to the 5' end of the small ORF, and it should be noted
that there is at least four examples of genes in vaccinia virus which have, in tandem, both

an early and late promoters (see appendix ).

2. Bam HIE Fragment Subclones G, D, C, and E.
Figure 7i illustrates the map locations of the probes which span the next 8.4 kb of
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FIGURE 7. Sl-nuclease analysis of the TIR of SFV between the BamHI site at 4.7 kb
and the Smal site at 10.2 kb from the viral terminus. (i) Schematically illustrates the 5'-
end-labeled DNA probes A through E (thick tines) with the 5'-ends indicated by open
squares. The thin lines illustrate the portion of the S1-resistant fragments (see [ii]), and the
small vertical lines indicate the 5'-ends of the RNA. (ii) Shows representative
fluorographs of S1-nuclease-resistant 5'-32P-end-labeled DNA:RNA hybrids, separated on
1% agarose (probe A, panell), or 5% acrylamide (probes A-E, panel II) gels. Sizes of the
protected fragments in panel I (probe A) are in kilobase pairs, whle those in panel II
(probes A-E) are in base pairs. In panel II (probes A-E) the signals for early RNA (lzne F)
are not observed at these exposures. Restriction enzyme notations are provided in thz g
of abbreviations.
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the TIR, and schematically represents the S1-results that are seen in Figure 7ii. Probe A is
8.4 kb with the 5'-end labeled at the BamHI site and was chosen 1o survey transcription
near the TIR boundary. Panel I shows a fluorogram of the S1-resistant fragments derived
from probe A. With immediate-early RNA a single S1-resistant fragment of 1.2 kb is
detected, while with late RNA at least five major protected fragments of 0.24, 1.2, 2.8, 3.7
and 5.3 kb are detected. In this hybridization an excess of probe was used and the gel was
exposed long enough to detect the 1.2 kb fragment protected with immediate-early RNA.
As a result, some of the minor bands seen in the hybridization with late RNA may not be
actual transcriptional initiation sites, so only those initiation sites which have been
confirmed with other shorter probes are indicated here and in Figure 9. For example, in
panel II a lesser amount of probe A was used and the S1-resistant material was run outon a
5% acrylamide gel. Protected fragments of 240, and 1240 bp are seen, whereas the
intermediate minor fragment of about 700 bp observed in panel I is not. The S1-resistant
fragments of 1.2, 2.8, 3.7, and 5.3 kb detected with probe A in panel I correspond well
with the presumptive initiating AUG codons of ORFs T5-T8, respectively (Fig. 9). The
240 bp S1-resistant fragment generated with probe A is unusual in that it maps within a
major ORF (TS). There are no other significant ORFs in this region except for TS, but two
methionine codons in the same reading frame as TS can be found within 30 nucleotides of
this mapped initiation site. This gives rise to the possibility that the C-terminal portion of
TS is expressed as a separate polypeptide and so this initiation site is tentatively labeled as
T5C. In vaccinia virus there are examples of overlapping transcripts where the initiation
site for one gene is within the upstream transcript indicating that poxvirus promoter
regions can themselves be transcribed (Earl et al. , 1986; Golini and Kates, 1984; Mahr and
Roberts, 1984a). In order to confirm the other start sites seen with probe i, and to more
precisely map their positions, probes B through E were constructed.

As shown in Figure 7i probe B is 660 bp long with the 5'-labeled end at the Sall
cite, 5.8 kb from the viral terminus. The 210bp fragment protected with late RNA
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establishes a transcriptional start site at the beginning of ORF T35 (see Fig. 9). Probe Cis
1.15 kb long, is 5' end-labeled at the Clal site, and the position of the 100 bp S1-resistant
fragment observed with late RNA corresponds to the beginning of ORF T6. There are also
two high molecular weight protected fragments detected with late RNA, both of which
could potentially encode ORF T7. It is not yct clear why there are two resistant fragments
in this region since with probe D, which is 1.4 kb and 5' end-labeled at the Xbal site, only
a single major S1-resistant fragment of 280 bp is observed at this site. With probe E, 427
bp and 5' end-labeled at the Ddel site, a 200 bp fragment is protected with late RNA and
corresponds to the start of ORF T8 (see Fig. 9). With longer exposures ail the S1-resistant
fmgmeﬁts that are observéd in Figure 7ii with probes B-E can be detected with early RNA
as well, albeit in substantially lesser amounts (not shown). This is also consistent with the
data from the Northern biots (Fig. 5) where the distinct transcript sizes observed with
immediate-early RNA can be tentatively assigned to each major open reading frame (see

section D).

3. Bam HI C Fragment Subclones E, F, and C.

Figure 8i illustrates the probes used to span the remainder of the TIR, the adjacent unique
internal sequences from the left-hand end of the genome, and the schematic results of the
S1-nuclease protection experiments which are shown in Figure 8ii. The 8.8 kb probe A
(Fig. 8ii panel A), 5' end-labeled at the BgIII site 9.5 kb from the viral terminus, is from
the right end of the genome. A major S1-resistant fragment of 0.49 kb is observed at late
times, and corresponds to the start of ORF T8 (see also Fig. 7ii panel E). A second minor
protected fragment of 1.36 kb is also found with late RNA. Identical results are obtained if
the probe, 5' end-labeled at the same BgIII site, is from either the left or the right end of the
viral genome (not shown). Probe B (2.04 kb) was constructed to confirm the position of
the 1.36 kb S 1-resistant fragment seen with probe A, and is 5' end-labeled at the Clal site
10.2 kb from the hairpin terminus. Using probe B a major S1-resistant fragment of 525 bp
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FIGURE 8. S1-nuclease analysis of the junction region between the TIR of SFV and the
right-hand unique internal sequences. (i) Schematically illustrates the 5'-end-labeled DNA
probes A through D (thick lines) with the labeled 5'-ends indicated by open squares. The
thin lines illustrate the portion of the 5-end-labeled probes protected by RNA (see [ii]), and
the smali vertical lines indicate the 5-ends of the RNA. (ii) Shows representative
fluorographs of S1-nuclease-resistant 5'-32P-end-labeled DNA:RNA hybrids, separated on
1% agerose (panel A), or 5% acrylamide (panels B-D) gels. Sizes of the protected
fragments i» panel A aze in kilobase pairs; in panels B-D, base pairs. Restriction enzyme
notations are provided in the list of abbreviations.
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is seen with both early and late RNA, and a fragment of 400 bp is protected ok with carly
RNA (Fig. 8ii, panel B). Although the start sites determined by probes A and B are
slightly different this is most likely due to mobility differences in the two gel systems.
These start sites map in an area of the SFV TIR conuining four small ORFs (Tn A-D, see
below).

Probes C and D were constructed to test for transcripts which map to the open
réading frames T9-L at the TIR/unique sequence junction at the left terminus (Upton and
McFadden, 1986b), and the SFV growth factor gene (SFGF), (Cheng et al., 1987) in the
unique left end sequences. Probe Cis 1224 bp; 5' end-labeled at the Ddel site near the end
of the TIR, and traverses the junction between the TIR and the left-hand unique internal
sequences. A minor Sl-resistant fragment of 520 bp is detected with late RNA, and thus
places the start site about 85 bp upstream from the first AUG of T9-L. This 520 bp
fragment was rather difficult to detect and appeared to be under-represented whet
compared o the other start sites mapped in the TIR. With an equivalent probe end-labeled
at.the same IDdel site, but instead spanning the junction between the TIR and the right-hand
unigite internal sequences, no protected fragments were observed (not shown). This
indicazes that, T9-L, but not T9-R, is transcribed, albeit the resulting transcript is present at
lower stesdy state levels than those for the other ORFs in the TIR.

Probe D is 568 bp and 5' end-labeled at the Clal site 12.8 kb from the left SFV
hairpin teririinys. An Sl-resistant fragment of 510 bp is detected with both early and late
RNA while a fragment of 240 bp is detected only with late RNA. These start sites are
350bp and 75bp, respectively, upstream from the SFGF QRF, which is homologous to
epidermal growth factor (EGF), transforming growth factor-alpha (TGF-alpha), and
vaccinia virus growth factor (VGF) (Chgng etal., 1987). Using primer extension analysis
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others have found precisely the same start site (75 bp upstream from the AUG), at early -

times (W. Cheng, persciial comimunication). It is possible that the level of detection in

these studies is not sufficiently sensitive to detect the closest start site at early times but this
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issue remains to be resolved. SFGF is the first ORF which lies entirely in the unigue

sequences outside the left TIR. The second ORF is T11-L (Upton et al., 1988), however,
the 510bp protected fragment maps to a position within the middle of this ORF.

D. DISCUSSION OF THE COMPOSITE SFV TIR TRANSCRIPTIONAL MAP

These studies indicate that the TIR region of the SFV genome is densely packed
with a tandem array of ORFs, all of which are transcribed from the same sirand reading
towards the hairpin terminus. This efficient utilization of space also continues into the
unique right sequences, which includes the SFGF gene and T11-L. This arrangement of
tandemly arrayed ORFs may be true outside the left TIR as well because Northern blot
analysis with probe EAT (Fig. 5) indicates that there is at least one transcript in this region
directed away from the hairpin terminus. Thus the genetic organization of the TIR of SFV
is very different from the TIR of vaccinia virus (see appendix I). On the other hand,
sequences outside the left TIR of vaccinia are efficiently utilized for coding (Cooper et al.,
1981b), and several other regions of the vaccinia genome have been found to contain
tandem arrays of ORFs expressed at early and/or late times (Golini and Kates, 1984; Mahr
and Roberts, 1984a and 1984b; Niles et al., 1986; Weinrich and Hruby, 1986; Weir and
Moss 1984).

The genomic organization of the TIRs of SFV, including the major ORFs and the
transcriptional initiation sites, is illustrated in Figure 9. There is a good correlation between
the beginning of each major ORF deduced by DNA sequencing of the TIR, and a
transcriptional initiation site determined by S1-analysis. Twelve sites for the initiation of
transcription have been mapped within the TIR: ten of these sites are located at the 5' end
of the major ORFs (T1, T2, T3A/B, T3C/D, T4, T5, T6, T7, T8, and TnB/C), and the
remaining two sites map within ORFs. In fact, at this levél of analysis, the transcriptional
initiation sites for ORFs T1, T2, T3A/B, T4, TSC, TS, T6, T7, and T8 are all within 30

meédeotides of the presumptive initiating codon.
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FIGURE 9. The composite transcriptional map of the SFV TIR and flanking regions.
The restriction enzyme symbols are provided in the list of abbreviations. The major ORFs
T1 through to T11-L were determined by DNA sequencing of the entire TIR plus the
flanking unique sequences (see text). T9-L spans the junction between the TIR and the
right-hand unique internal sequences, while T9-R is a subset of this ORF found within the
left TIR (Upton and McFadden, 1986¢). The transcriptional initiation sites, determined by
S1-nuclease mapping, are indicated by bent arrows.



Three sites for the initiation of transcription were mapped outside the left TIR. The
first site lies just 5' to T9-L (dotted line in Fig. 9), which traverses the junction between the
left TIR and the unique internal sequences. The other two start sites map 5' to SFGF, and
within the T11-L ORF. The initiation site corresponding to T9-L is 85 nucleotides
upsiream from the first AUG of the ORF in the unique left-end sequences, and oriented
towards the TIR. It is shown as a dotted line in Figure 6 because it was present only as a
minor species and it is much less abundant than ORFs T6 and T8, which are both closely
related to T9-L in terms of sequence (Upton and McFadden, 1986b). When T9-L, T9-R,
and T6 sequences are compared they are very homologous (60% identical amino acids for
T9-L and T6) until the juriction between the unique portion of at the left end of the genome
and the left TIR. At this point the homology between T9-R and T6 breaks down while T9-
L and T6 remain closely related. Due to this truncation by the TIR/unique junction T9-R is
67 amino acids shorter than T9-L and it seems likely that during the evolution of the virus
termini that T9-R was created by a transposition event from the original copy at the left
terminus. As a result, the N-terminal portion of T9-L, including its promoter, was
decapitated by the transposition event, leaving the right copy (T9-R) transcriptionally silent
(Upton and McFadden, 1986b). If T9-L, T6 and T8 are in fact functionally equivalent
then the T9-L transcript may not be required in substantial amounts since ORFs T8 and T6
are both transcribed at high levels. It is interesting to note that in the Boerlage strain of
SFV there is a deletion in part of the T6 ORF (Upton et al., 1988; Upton and McFadden,
1986a). Thus at least the entire T6 gene product is not necessary for viability, although it
may effect the pathology of the lesions in rabbits (Strayer et al., 1984).

All the major ORFs described here appear to be transcribed constitutively, that is at
both early and late times in the infection. It was much easier to detect transcriptional
initiation sites with late RNA than with early RNA, and this could be due either to the fact
that these ORFs are transcribed at both early and late times and the site of initiation for both

transcripts is identical (note that this is relatively rare in vaccinia), or as described in the
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introduction to this chapter to the fact that early genes are being expressed during a second
round of infection. This latter explanation seems the most likely. Cabriac et al., (1986),
have demonstrated by northern blot analysis that the SFV sequences which have been
transfered to myxoma virus in the creation of MRV (Fig. 4) are transcribed at early times.
Very litde RNA is detected at late times and it is in the form of a faint high molecular weight
smear. W. Cheng (personal communication), las investigated the expression of the SFGF
gene in SFV. At a multiplicity of 10, the SFGF transcripts are detected by northern blot
analysis at 2, 4 and 6 hours post-infection which is prior to viral DNA replication but not at
24 hrs post-infection which is after DNA replication. The fact that they detect the same
initiation site using primer extension on early RNA as we do using S1 analysis on late
RNA would also support that a second round of infection has occured. We initially
thought these ORFs were transcribed constitutively (Macaulay et al., 1987), because long
end-labeled probes could detect the initiation sites of several ORFs at late times (Fig. 7ii A),
as if the lack of termination at late times, which is known to occur in vaccinia, allows for
the production of very long transcripts. However, this data can also be interpreted as
protection of long stretches of probe by a number of individual overlapping transcripts,
from these tandemly arrayed ORFs. These early transcripts are properly terminated, but
termination may occur past the site of initiation of transcription for the subsequent
downstream ORF. The intergenic regions for the ORFs in the TIR are shown in Fig. 10.
Yuen and Moss (1986), and Rohrmann et al., (1986), have both shown that vaccinia early
genes terminate about 50 bp downstream from the consensus termination sequence
TTTTTNT and this is found exclusively at the 3' end of all th¢ major SFV TIR ORFs,
excluding SFGF, T11-L and T-3C (Fig. 10) (Cheng et al., 1987; Upton et al., 1987).
Alihough the function of this sequence in SFV has not yet been confirmed as an early
transcription termiriator, its specific location at the 3' end of all the SFV TIR ORFs further

strengthens the conclusion that they are all bona fide early genes. Also the sequence
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FIGURE 10. The intergenic regions between the ORFs within the TIR of SFV. The
distance in base pairs between the translational start or stop sequences of the ORFs within
the TIR and the consensus early transcriptional stop sequences (TSNT) are shown.
Transcription is from left to right and the stop and start codons of each ORFs are indicated.
The position of the transcriptional initiation site for ORF T1 is shown as a bent arrow. An
80 amino acid ORF between the major ORFs 3 and 4, along with its consensus late
promoter sequernce is indicated. The bottom portion of the figure shows the arrangement of
the sequences between the T1 ORF and the Bam HI site at the hairpin end of T,
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TAAAT, which is associated with the transcriptional initiation site of about 70% of the
vaccinia late genes, is not found anywhere between the ORFs in the TIR except for at the
start of the 80-kDa ORF between T4 and TS. If this is true then early overlapping
transcripts may very well be possible and the reason we only see this at late times and not at
early times is because at these low multiplicities there is very little RNA from the first round
of infection, while for the second round of infection, where presumably the multiplicities
could be much higher, then much more early RNA could be made.

The fact that all the major ORFs are expressed at early times is illustrated by the data
in lanes A and B on the Northern blots (Fig. 5). Starting at the TIR boundary and moving
towards the hairpin terminus in Fig. 4, probe EAT shows a single transcript directed away
from the hairpin terminus. Like other constitutively expressed transcripts, at late times it is
associated with a high molesular weight smear, probably due to impsecise termination.
Probe EAl detects two major transcripts in this region oriented toward the hairpin terminus.
Half of this probe is derived from the viral TIR and half is ‘from the unique internal
sequences at the right end, and so the transcripts detected by blotting can not be
unambiguously assigned to either T11-L, T9-R or SFGF. Probe EF detects two major
small transcripts corresponding to one or more of the Tn ORFs, most likely Tn3 and TnC
since TnA lies entirely within EE and 80bp of TnD lies within EA (Fig. 4, 9, and 10) but
neither species was detected by the corresponding probes. Probe EE detects a single major
transcript which would correspond to the ORF T8 transcript. Probe E€ detects two major
transcripts, the smallest of which corresponds to ORF T7 while the larger is most likely
made up of two transcripts, almost identical in size, encoding ORFs T6 and T8. Probe ED
detects transcripts for ORFs T5 and T6 (484aa and 508aa respectively) which appear to
have similar sizes. Probe O identifies three transcripts encoding sequences for the ORFs
T4, TS, and TSC. The most intense transcript detected by probe ITB corresponds to a
transcript initiating within the T3A-D ORFs, while the minor species corresponds to ORF

T4. Probe ITB also detects two very faint species of similar size to the two major bands
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seen with probe ITA, This is unexpected in view of the fact that the T2 transcript should be
present in both blots since half of the T2 ORF lies in ITA and half in ITB. An alternative
explanation is that transcripts corresponding to T1 and T2 (258aa and 325aa, respectively),
may be found in the smaller heterogeneous species seen with probe ITB, These tentative
assignments remained to be confirmed by in vitro translation of hybrid- and size-selected
mRNA.

With longer exposures, a number of higher molecular weight species (between 18
and 28S) are seen with early RNA on the Northern blots (ITA, EP, EC, EE, and EF), and
similar results have been seen on Northern blots of vaccinia early RNA (Cooper et al.,
1981b). There are at least two possible explanations for these transcripts. One is that the
high molecular weight transcripts are due to the partial read-through inte downstream
sequences at early times. Although it is known for vaccinia that at late times imprecise
termination results in high molecular weight smears on Northern blots (Wittek and Moss,
1982), at early times termination is thought not to be random, however it may still be only
partially efficient. Thus a small fraction of the transcripts may not terminate after the first
encoded ORF but instead read-through into the downstream sequences to the next available
termination site. This would result in a higher molecular weight but nevertheless distinct
transcript size, as opposed to the hieterogeneous smear due to imprecise termination seen at
late times. A similar phenomenon has been seen with vaccinia transcripts from two
separate early gene clusters (Bajszar et al, 1986; Golini and Kates, 1984; Mahr and
Roberts, 1984a). Others have also reported read-through transcripts with SFV early RNA
(Cabirac et al., 1986).

A second possibility is that these high molecular weight transcripts represent
splicing precursors or processing intermediates. No evidence for the splicing of
intervening sequences has been found for poxvirus mRNA (see chapter I), however the
possibility that S1-nuclease analysis might under some circumstances detect sites for

mRNA processing rather than transcriptional initiation can not be rigorously excluded. It
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would seem very unlikely that splicing would be involved in expression of these tandemly
arrayed ORFs if it was demonstrated that they contain their own promoter sequences.

This chapter has demonstrated that the entire TIR of SFV is transcribed at least at
early times and transcriptional initiation sites for each major ORF have been idzrtified. We
do not know if any of these ORFs are essential genes though SFGF is a candidate for a
gene which may effect virus growth in vivo. It is clear that the ORF arrzngement in the
SFV and vaccinia TIRs are very different. The SFGF gene is homologo:is to ihie VGF
g+~ +':und in the vaccinia (strain WR) TIR but we do not know if vaccinia contains any

. semologous to those found within the TIR of SFV. The fact that early transcription
swp signals are found exclusively at the 3' ends of the major ORFs in the SFV TIR not
only suggests that these are early genes but also that some of the transcriptional regulatory
signals are conserved between these two genera of poxviruses. The following chapters

will deal with this later aspect more thoroughly.
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CHAPTER IV
ISOLATION AND CHARACTERIZATION OF A PROMOTER
FROM SHOPE FIBROMA VIRUS

A. INTRODUCTION

The observation that the consensus sequences which function to terminate early
transcription in vaccinia are found exclusively at the 3'-ends of the ORFs withii the SFV
TIRs was the first evidence that the transcriptional regulatory features might be conserved
between these two genera of poxviruses. To explore how conserved the transcriptional
machinery is between SFV and vaccinia we have isolated and characterized an early
promoter from SFV and show that it functions as an early promoter in both transient

expression assays and when imbedded into the genome of a recombinant vaccinia virus.

B. ISOLATION OF THE SFV T1 PROMOTER
When the TIR was being transcriptionally mapped we noticed that transcripts from

the T1, T2, T4, T5, T6, T7 and T8 ORFs were much more abundant than from the T3a-d,
T9-L, or SFGF ORFs. One reason for this could be that the promoters for the first set of
genes are much more active than for the second set. We decided to test the sequences

upstream of the T1 ORF for promoter activity. This region was isolated and cloned in
plasmid pPROT 1d (Fig. 11A). This 189bp Hhal-Smal viral DNA fragment contiiins the
first 6bp of ORF T1, the last 84bp of ORF T2, and a 99bp intergenic region. In order to
test the ability of this vira sequence to function as a promoter in a transient expression

assay, a number of constructs were made and fused to the CAT gene as illustrated in Fig.
11B. In these constructs the CAT gene is always oriented in the opposite direction with
respect to the known vector promoter sequences. When the same orientation is used a

cryptic poxvirus promoter, which maps somewhere within the pUC19 sequences, drives a
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FIGURE 11. (A) Physical map of the terminal Bam HI IT fragment of the SFV genome.
The ORFs T1, T2, and T3 A-D (Upton et al., 1987), are indicated by the arrows. The
189-bp Hhal-Smal fragment constituting pPROT 1d is expanded to show the positions of
the T1 and T2 ORFs which are indicated as stippled boxes. Restriction enzyme notations
are provided in the list of abbreviations. (B) CAT constructs used to test the pPPROT1d
fragment in a trausient gene expression assay. The orientation of the CAT gene with
respect to the pUC19 sequences is such that the vector JacZ promoter drives in the opposite
direction from the CAT cassette. The directions of transcription for T1d and the vaccinia
7.5-kDa early/late promoter fragments are indicated.



low level of transcription in transfected/infected cells such that promoterless CAT controls

give a significant background (our unpublished observations and Miner et al., 1988).

pV7.5CAT uses the vaccinia 7.5-kDa early/late gene promoter oriented to transcribe the
CAT gene and is used here as a positive control for the system {Cochran et al., 1985a).
pCATT1dA uses the ORF T1 upstream sequence oriented so as to transcribe into the CAT
gene, while in pCATT1dB it is oriented to transcribe away from the CAT gene. The data
from transient expression assays using these constructs is shown in Fig. 12. It is clear
from these data that the T1 ORF upstream sequences act in an orientation specific manner to
promote the expression of the CAT gene in SFV infected cells (lanes 1-3) but not in
uninfected cells (lanes 4-5). Identical results are obtained if the cells are infected with
vaccinia virus (lanes 6-8). Thus these SFV sefjuences upstream of the T1 ORF bestow
bona fide poxvirus promoter activity, and the cis-acting signals responsible for the activity
of SFV T1 and the vaccinia 7.5-kDa early/late promoters in a transient expression assay

have been conserved between the two poxvirus genera.

C. STANDARDIZATION OF CONDITIONS

When these assays were first performed it was noticed that if undiluted stocks of
SFV were used for the infection then very little CAT activity was detected. Cochran et al,,
(1985a), had demonstrated that in a transient expression system using vaccinia infected
cells, the CAT activity increases with the m.o.i. and plateaus at an m.o.i. of 30-60 pfu/cell
when the cells are harvested 12 hours after infection. For convenience and because the
SFV replicative cycle is slower than vaccinia, we harvest the infected cells (SFV znd
vaccinia) about 24 hours after infection. To determine the optimum m.o.i. of virus to use
under these conditions serial 1:5 dilutions of stocks of both SFV (2.4x107 ffu/ml) and
vaccinia WR (6.2x10% pfu/ml) were used to infect BGMK cells in 6-well dishes. The

results of the transient CAT gene expression assays are graphically presented in Fig. 13A.
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FIGURE 12. Comparison of vaccinia 7.5-kDa and SFV T1d promoters determined by a
transient CAT gene expression assay. BGMK cells were infected with SFV (m.c.i.=0.3,
lanes 1-3) or vaccinia (m.o.i. = 2.5, lanes 6-8), or mock-infected (lanes 4 and 5). The
plasmid pV7.5CAT (lanes 1, 4, and 6), pCATT1dA (lanes 2, 5, and 7), and pCATT1dB
(lanes 3 and 8) were transfected into the cells, and the cell lysates were prepared 20hr later.
CAT acti\}ity was assayed and a fluorogram of the TLC piate is shown. (A)
Chloramphenicol; (B) 1-acetate chloramphenicol; (C) 3-acetate chioramphenicol; (D) 1,3-
diacetate chloramphenicol.
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FIGURE 13. Optimization of the conditions for a transient CAT gene expression assay.
(A) Serial 1:5 dilutions of stock SFV (2.4x107 ffu/ml) and vaccinia (6.2x108 pfu/ml)
virus were used to infected BGMK cells in 6-well dishes. After virus adsorption 500ng of
PPROT1dCAT1 was transfected into each well. The cells were harvest 24 hr post-infection
and lysates assayed for CAT activity. The m.o.i was calculated assuming 4x10° ceii/well.
(B) Serial 1:10 dilutions of'the plasmid pPROT1dC4: *1 were used to transfect cells that
had been infected with éither SFV (1:200' dilution of stock virus) or vaccinia (1:625 dilution
of stock virus). Cell lysates were assayed for CAT activity 24 hr post-infection. The
results in panels A and B are averages of two separate transfections for each point.
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Though the multiplicity of infection, expressed in ffu/cell and pfu/cell for SFV and vaccinia
respectively, seems very different for the two viruses we do not know how the number of
virus particles/cell ratio compares for the two viruses. All transient CAT assays in this
thesis were done using an m.0.i.=0.3 for SFV and an m.0.i.=2.5 for vaccinia. When the
amount of transfected plasmid DNA was vaﬁed (Fig. 13B), we found that the amount of
CAT activity increased with the amount of DNA transfected, similar to that observed in
vaccinia infected cells by Cochran et al., (1985a). We therefore chose to transfect 500ng of

DNA/well for all the transient assays in this thesis.

D. PRIMER EXTENSION ANALYSIS

To accurately localize the promoter domain for ORF T1 with respect to the
sequences that are transcribed, the transcriptional start site for ORF T1 was determined by
primer extension analysis. As can be seen in Fig. 14 A, an extended product of 0.12 kb
(E) is seen at 20 hours post infection with RNA isolated from infected cells treated with
cycloheximide. On a much longer exposure of the gel, the same sized product can be seen
with late RNA (lane 3). The faint band which migrates a little more slowly than the end-
labeled oligo probe that is present in all the lanes is a contaminant in the probe. When the
primer extension reaction products using immediate-early RNA are analysed beside the
products of a dideoxy sequencing reaction (panel B), a cluster of 5 extended products
centered at a position 54 nucleotides upstream from the AUG of the T1 ORF are observed.
The major extended product maps to a T residue on the antisense strand and will be
designated the RNA start site. This same start site is also detected at early times and not at
late times in an infection with recombinant vaccinia virus (see part F). These results
indicate that the ORF T1 transcriptional initiation site lies 54 nucleotides upstream of the

presumptive initiating AUG codon an¢ that T1 functions as a typical poxvirus early gene.
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FIGURE 14. Determination of the 5'transcriptional start site by primer extension
analysis of the T1 ORF. (A) A 32p_end-labeled 17-nucleotide primer was hybridized to
200 pg of total cellular RNA from mock-infected BGMK cells (lane 1), or from BGMK
cells infected with SFV (m.q.i.= 0.5-1.0) for 20 hr in the presence (lane 2) or absence
(lane 3) of cycloheximide (100 pg/ml). Lane 4 is the labeled primer alone. The products
of the reverse transcription réaction were analyzed on an 8% urea-acrylamide gel. The
extended product in lare 2 (E), and the labeled oligo primer (P) are indicated to the left of
the fluorogram. (B) The extended product from lane 2 in (A) was analyzed beside a
dideoxy sequencing reaction produced using the same oligo primer. Lane 2' is from a
longer exposure of the sequencing gel. The antisense sequence on the right illustrates the
positions to which the extended products correspond (triangles), with the major ~tart site
indicated by an arrow.
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E. DELETION ANALYSIS

To determine the boundaries of the sequences required for a functional promoter in
the transient expression system, 5' and 3' deletions were constructed from pPROT1d. The
vector sequences are identical in each deletion and only viral sequences have been removed.
The position of each deletion and the results of the transient CAT gene expression assays,
using vaccinia infected cells, are shown in Figs. 15 and 16. The T1d clone is identical in
the two sets of experiments which test the 5’ and 3' deletions (Figs. 15A and 15B
respectively), but the CAT assays shown were performed to different extents in order to
illustrate the fact that the 3' deletions, which remove sequences downstream from the
transcriptional start site, are m:~h more efficient at CAT expression than is the full length
T1d clone. This pattern of promoter activity was highly reproducible and identical in either
SFYV or vaccinia infected cells. Fig. 16A shows the approximate position of the deletions
and the relative strength of each promoter with the full length 71d clone assigned an
arbitrary value of 10. Fig. 16B shows the exact nucleotide position of the relevant
deletions in the regicn around the transcriptional initiztion site. These deletions indicate that
the domain for the functional T1 promoter can be narrowed down to a stretch of about 28
nucleotides. Removal of the sequences up to the 5'-deletion clone 5-3 reduces promoter
activity to 30% of the full length T1d, but the stretch of eight A residues between deletions
5-3 and 5-4 appears to be absolutely critical for detectable promoter activity. However, this
'A’ octamer alone is, in and of itself, not enough for promoter activity since the 3'-deletion
3-4, which removes the transcriptional initiation site but retains the 'A’ octamer, has only
background CAT activity. Therefore, a functional T1 promoter also requires the sequences
which include the site of initiation of transcription.

It is important to note that the measurement of CAT activity does not directly
measure the transcriptional activity of a particular promoter. Deletions 3-1, 3-2 and 3-3
show a dramatic increase in CAT gene expression compared to the full length clone T1d. I

believe that this is due to an increase in the translatability of the CAT ORF and not due to an



FIGURE 15. 5'and 3' deletion analysis of the SFV T1 promoter. (A) Transient CAT
assays of the 5' deletions of the T1d promoter. (B) Transient CAT assays of the 3'
deletions. T1d indicates the full-length promoter while the positions of each deletion are
indicated in Fig. 16. The T1d constructs in (A) and (B) are identical but the CAT assays in
the two sets of deletions were performed to different extents (25ul of each lysate in (A) for
a 50min. reaction and 5pl of each lysate in (B) fora 15 min. reaction), in order to be within
the linear range of enzyme activity for each experiment.
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FIGURE 16. Summary of the deletion analysis and primer extension results. (A) The
position of each deletion is illustrated with respect to the full-length clone (T1d), the
transcriptional start site (arrow), and the AUG of the T1 ORF. The percentage CAT
activity was determined from the CAT assays indicated in Fig. 15 and normalized so that
the full-length T1d clone would have a value of 10. The activities for the 5' deletions are
an average of two transfection experiments while the 3' deletions are an average of three
transfection experiments. The hatched bars indicate the SFV T1 promoter sequences
present in each clone. (B) The position of each deletion with respect to the T1 sequence is
shown along with the major transcriptional start site. (C) The 12 amine acid mini-ORF
which lies between the T1 transcriptional start site and the ATG of the fused CAT gene (see
text). This ORF has been deleted of its initiation codon in all 3' deletions.
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increase in the level of the CAT gene transcript; however, I never measured the levels of the

transcripts in each deletion and that would be a more accurate way of determining promoter
strength. The increase in CAT activity in deletions 3-1, 3-2 and 3-3 is likely due to the
removal of the AUG for T1 ORF which could result in and increase in the translation of the
downstream CAT gene. Because of the way the CAT fusions were constructed, a 12
amino acid ORF was created by fusing the first two amino acids of the T1 ORF in frame to
a 10 amino acid ORF located in the upstream region of the CAT gene cassette (Fig. 16C).
This mini leader ORF is present in the full length T1d clone, all the 5'-deletions, and in the
recombinant vaccinia virus (see part F). When the T1 ORF AUG codon is removed in the
3' deletions the first AUG now corresponds to the actual start of the CAT ORF. Others
have noted that :emoval of upstream AUGs improves the expression of downstream genes

in recombinant vaccinia virus (King et al., 1987).

F. RECOMBINANT VIRUSES

It has been demonstrated by others that early and late vaccinia promoters function
when either on a plasmid introduced into infected cells in the transient expression assay, or
inserted directly into the viral genome of a recombinant vaccinia virus (Cochran et al,
1985a). We have noted that both the SFV T1d early promoter and the vaccinia 7.5-kDa
early/late promoter function efficiently in the transient expression assay when cells are
infected with either SFV or vaccinia. To ensure that this observation holds true when the
promoters are recombined within the heterologous poxvirus genome, recombinant viruses
were constructed. In one case the SFV T1d early promoter driving the CAT gene was
inserted into the TK gene of vaccinia virus to give plasmid pVT1dCAT, and this plasmid
was used to generate VacT1dCAT (Fig. 19D). Similarly, the CAT gene driven by the
vaciinia 7.5-kDa early/late promoter was inserted into the SFV TK insertion vector
pSTAKLac5, which contains the JacZ gene under the control of the vaccinia p11 promoter,

to create pSTKVCAT. This latter plasmid was used to generate the recombinant virus
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SFVV7.5CAT (Fig. 19C). The recombinant viruses were made as discussed in chapter II,

and in order to ensure that the stocks of virus which were prepared did not have any traces
of wild type virus and that insertion into the viral genome occured as expected, cytoplasmic
DNA from infected cells was analysed by Southern blotting. The results of probing
duplicate blots with 32P-labeled vaccinia or SFV TK DNA (panel A, Figs. 17 and 18), or
with 3Zp-labelled CAT DNA (panel B, Figs. 17 and 18) show that there are no traces of
wild type virus DNA in these preparations and that the recombinant genomes are organized
as diagramed in Fig. 19. Both recombinant viruses efficiently express the CAT gene
product and the recombinant SFV virus was selected for its ability to make blue foci and
hence expresses [B-galactosidase activity (not shown). Total cellular RNA was purified
from BGMK cells infected with VacT1dCAT (m.o.i.=10) at 0, 2, 4, and 6 hours after
infection and at 6 hours after infection in the presence of cycloheximide. Primer extension
analysis was performed using this RNA and an antisense CAT oligo probe (Fig. 20).
Panel A shows that there are two major extended products of about 0.13 kb and 0.07 kb
(E1 and E2, respectively) which are present at early times (2 and 4 hrs), not at late times 6
hrs) and accumulate to large amounts in the presence of cycloheximide, consistent with the
kinetics of early transcripts (Cochran et al., 1985b). When the extended products from the
6Ch lane are analyzed in parallel to a dideoxy sequencing reaction using the same oligo
primer (panel B), it is clear that the largest extended product corresponds to precisely the
same initiation site that was observed for the native T1 promoter in SFV. When the
extended products derived using RNA isolated from BGMK cells infected with
SFVV7.5CAT in the presence of cycloheximide are analyzed in parallel to the
corresponding dideoxy-sequencing reaction (panel C), it can be seen that the largest major
band corresponds precisely with thé start site which has previously been described for the
native vaccinia 7.5-kDa early promoter (Venkatesan et al., 1981). The smaller extended
products (E2, panel A), which are detected when RNA from cells infected by either

rezombinant virus is tested (panel B and C), map to the junction between the promoter



FIGURE 17. Southern blot analysis to determine the purity and orientation of CAT
sequences in the recombinant viras VacT1dCAT. Cytoplasmic DNA from either vaccinia
(324ng, lanes 1, 3 and 5), or YacT1dCAT (390ng, lanes 2, 4 and 6) infected cells was
digested with HindIII (lanes 1 and 2), BamHI (lanes 3 and 4), or EcoRI (lanes 5 and 6),
electrophoresed in a 0.7% agarose gel and blotted to Hybond-N membrane. Blot (A) was
probed with nick translated vaccinia TK DNA, and blot (B) was probed with nick
translated CAT gene DNA. The markers to the left of each fluorogram indicate the position
of lambda Hind III marker DNA. From the top of the gel to the bottom these are: 23kb,
9.4kb, 6.7kb, 4.3kb, 2.3kb, 2.0kb, and 0.5kb.
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FIGURE 18. Southern blot analysis to determine the purity and orientation of CAT
sequences in the recombinant virus SFVV7.5CAT. Cytoplasmic DNA from either SFV
(312ng, lanes 1, 3, 5 and 7), or SFVV7.5CAT (284ng, 2, 4, 6 and 8) infected gells was
digested with HindIII (lanes 1 and 2), BamHI (lanes 3 and 4), HindIII plus BamHI (lanes
5 and 6), or EcoRI (lanes 7 and 8), electrophoresed in a 0.7% agarose gel and blotted to
Hybond-N membrane. Blot (A) was probed with nick translated vaccinia TK DNA, and
blot (B) was probed with nick translated CAT gene DNA. The markers to the left of each
fluorogram indicate the position of lambda Hind III marker DNA. From the top of the gel
to the bottom these are: 23kb, 9.4kb, 6.7kb, 4.3kb, 2.3kb, 2.0kb, and 0.5kb.
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FIGURE 19. Recombinant SFV and vaccinia virus. (A) A genomic map of the regions
around the SFV TK gene (arrow) (Upton and McFadden, 1986b). (B) A genomic map of
the regions around the vaccinia TK gene (arrow) (Bajszar et. al., 1983; Mahr and Roberts,
1984a; Plucienniczak et al., 1985). (C) An illustration the structure of the recombinant
virus SFVV7.5CAT, containing the lacZ gene driven by the vaccinia p11 late promoter and
the CAT gene driven by the vaccinia p7.5 early/late promoter, inserted into the SFV TK
gene. (D) An illustration of the structure of the recombinant virus VacT1dCAT, containing
the CAT gene driven by the SFV T 1d promoter, inserted into the vaccinia TK gene. (E) A
diagram of the results of primer extension analysis (Fig. 20), showing the major
transcriptional initiation sites (arrows) which are used in the recombinant SFV (top row)
and vaccinia virus (bottom row) by the 7.5-kDa early promoter and the T 1d early promoter,

respectively. The carets denote presumptive reverse transcriptase pause sites detectd during
primer extension (Fig. 20).
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FIGURE 20. Primer extension analysis of the CAT gene in the recombinant poxviruses.

(A) A 17-nucleotide 32P-end-labeled antisense CAT oligo was hybridized to 20pg of total
cellular RNA harvested from BGMK cells infected with VacT1dCAT (m.o.i.= 10) at 0, 2,
4, or 6hr post-infection, or 6-hr post-infection in the presence of cycloheximide (6Ch).
The products of the reverse transcription reaction were electrophoresed on an 8% urea-
acrylamide gel and the extended products (E1 and E2) are marked beside the fluorogram.
(B) The extended products from lane 6Ch in (A) were analyzed next to the corresponding
dideoxy sequencing reaction products. (C) Similarly, the extended products form a primer
extension reaction using RNA harvested from BGMK cells infected with SFVV7.5CAT
(m.o.i.= 1.0) for 24 hr in the presence of cycloheximide (24Ch) are compared to the
corresponding dideoxy sequencing reactions products. The positions of the extended
products are shown on the antisense sequences to the right of the fluorograms (B and C)
and on the sense strand sequences indicated in Fig. 19E. '
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sequences and the 5' end of the CAT cassette sequences (carets in Fig. 19E). Whether

these are bona fide initiation sites or pausing artifacts of the reverse transcription reaction
can not be unambiguously determined from this data, but it is noteworthy that the site
marks the begining of a stretch of 5-6 continuous G residues. It is nevertheless clear from
these results that heterologous poxvirus promoters are recognized in exactly the same
fashion, at least in terms of temporal regulation and position of transcriptional initiation, as

they are in their native viral environmeit.

G. EFFECT OF ARA C ON TRANSIENT CAT GENE EXPRESSION

The results of primer extension analysis have shown that the T1 promoter acts as an
early promoter in both vaccinia virus and in SFV. Cochran et al., (1985 a, b), have
demonstrated that most of the CAT activity observed in a transient gene expression assay
using the vaccinia 7.5-kDa early/late promoter comes from the laté promoter. In order to be
sure that the CAT activity observed in transient expression assays using the T1 promoter
was due to early transcription, I measured by how much Ara C, an inhibitor of DNA
replication and thus late gene expression, reduced the transient expression from both the T1
and the 7.5-kDa early/late promoter. The CAT assays from SFV infected cells are shown
in Fig. 21. The results are summarized in Table VI along with those of Cochran et al.,
(1985a). Even though these CAT assays are not in the linear range of enzymatic activity
and the levels of inhibition by Ara C may be greater, it is nevertheless clear that when the
two plasmids are transfected under identical conditions, Ara C inhibits late promoter
expression the most (28-kDa), and early promoter expression the least (TK). Cochran et
al., (1985a) have shown that expression from the 7.5-kDa early/late promoter in a transient
system occurs primarily from the late promoter, even though the early promoter is more
active when it is examined in its normal position within the vaccinia genome. My results
also indicate that in a transient expression system the 7.5-kDa early/late promoter behaves

like a late promoter, and that the SFV T1 promoter behaves like an cearly promoter.



FIGURE 21. Effect of Ara C on transient expression assays. (A) Transient CAT gene
expression assays using pPROT1dCAT (deletion 3-2) (lanes 1, 2, 4 and S) or p7.5CATA
(lanes 3 and 6) were performed either with (lanes 4-6), or without (lanes 1-3) Ara C
(40ug/ml). Transfections of both vaccinia and SFV infected cells were done but only the
vaccinia infected cells are shown. The percent of CAT acetylated in each lanes 1-6 is 98,
98, 98, 47, 59, and 10% respectively. It is important 4 note that this experiment was not
performed within the linear range of enzymatic activity so the absolute value of inhibition
by Ara C could be even greater than what is shown; however, this would not change the
comparison between T1 and the 7.5-kDa promoters. (Table VI) Summary of the results
showing the percent to which CAT gene expression was inhibited by Ara C. The Tl
promoter results are an average of two transfection for both SFV and vaccinia infected
cells. These results are compared to those from Cochran et. al., (1985a).
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2 3 4 5 6
TABLE VI
% INHIBITION OF CAT ACTIVITY

Promoter Vaccinia Infected Cells SFV Infected Cells
T1 (3-2) 46% 6.6%

7.5-kDa 90% 82%

*7.5-kDa 74%

*TK 45%

*28-kDa 80%

*From Cochran et al., (1985a).
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H. EFFECT OF M.O.I. ON PRIMER EXTENSIONS.

It is clear that the T1 ORF is an early gene and yet the S1 analysis in chapter III
indicated the T1 transcript was more easily detected at late times compared to early times.
We speculated that this may have been due to the low multiplicity of infection in those
studies. In order to look at the effect of the multiplicity of infection on transcription from
early promoters in SFV, transcription from a well characterized vaccinia early promoter, the
7.5-kDa promoter, was examined. To accomplish this RNA was isolated from
SFVV7.5CAT infected cells at different times after infection using multiplicities of 10, 1,
and 0.1 ffu/cell, and the presence of the CAT transcript starting at the 7.5-kDa early
promoter was detected by primer extension analysis. The results of primer extension
analysis using the CAT antisense oligo primer are shown in Figs. 22, 23 and 24. The
second arrow from the top of the fluorogram in Figs. 22 and 23 indicates the major
extended product corresponding to the early transcriptional start site for the 7.5-kDa
promoter. Unlike most early transcripts in vaccinia, these transcripts are clearly present
throughout the infecticn at 21l multiplicities. At multiplicities of 10 (lanes 1-6) and 1 (lanes
7-12), these transcripts are more predominant at early times than at late times and they
accumulate in the presence of cycloheximide. However, at a multiplicity of 0.1 (lanes 13-
17, Figs. 22 and 24) these transcripts are more predominant at late times (lane 16) than they
are at early times (lanes 13 and 14). In Fig. 22 lanes 1-6 were first loaded and
electrophoresed into the gel, then lanes 7-12 were loaded briefly electrophoresed and finally
lanes 13-17 were loaded, so the products in lanes 13-17 which appear to be larger than
those in the preceding lanes are actually the same size. Lane 13 in Fig. 22 has a streak
running through it so to make sure that this was not a problem with the sample ifself two
new gels were run, one containing samples 1-12 (Fig. 23), and one containing samples 13-
17 (Fig. 24). The first arrow from the top of he fluagrograms in Figs. 22 and 24 shows a
band that is seen only at late times and in the absence of cycloheximide, and it may

correspond to the late 7.5-kDa promoter. These results confirm the S1-nuclease analysis in



FIGURE 22. Effect of the multiplicity of infection on the primer extension analysis of
the 7.5-kDa zarly/late promoter in SFVV7.5CAT. A stock of SFVV7.5CAT
(1.5x108ffu/ml) was diluted to infect 100mm plates of BGMK cells at multiplicities of 10,
1, and 0.1. The RNA was extracted from the cells at different times after infection using
five plates of cells for each time point. At an m.o.i.=10 RNA was harvested at5, 8.5, 12,
16, and 24 hr post-infection (lanes 1-5), and at 16hr post-infection in the presence of
cycloheximide (lane 6). At an m.o.i.=1 RNA was harvested at 5, 8.5, 12, 16, and 24 hr
post-infection (lanes 7-11), and at 16hr post-infection in the presence of cycloheximide
(lane 12). At an m.o.i.=0.1 RNA was harvested at 5, 8, 11.5, and 24 hr post-infection
(lanes 13-16), and at 24hr post-infection in the presence of cycloheximide (lane 17). The
products of the reverse transcription reaction using the CAT oligo primer were
electrophoresed on an 8% urea-arcylamide gel. The two arrows to the left of the
fluorogram indicate the major transcripts corresponding to the 7.5-kDa early (bottom
arrow), and possibly the late (top arrow) promoters.
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FIGURE 23. The products from lanes 1-12 from Fig. 22, run on a second gel which

shows more clearly the late transcription products (top arrow).
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FIGURE 24. The products from lanes 13-17 from Fig. 22 run on a second gel to show
more clearly the intensities of the prider extension reaction products corresponding to the
7.5-kDa early promoter (arrow).



121
chapter III and show that when a low m.o.i. is used the products of early transcription

seem more abundant at late times (early times for the second round of infection) than at

early times.

I. DISCUSSION

We have used deletion analysis and a transient expression assay to determine the
functional sequences required for the early promoter activity of the T1 ORF which maps
within the TIR of SFV. Like other early poxvirus promoters the important sequences are
contained within approximately 30bp of the transcriptional start site (Cochran et al., 1985b;
Weir and Moss, 1987b; Ink and Pickup, 1989), and this stretch of viral DNA is decidedly
AT rich. In fact, a series of eight continuous A residues at position -18 to -11 appears
critical for T1 promoter function, though upstream sequences do augment promoter
activity. This region may correspond to the binding site of a vaccinia early transcription
factor which has been shown to protect from DNase 1 the upstream regions of the vaccinia
growth factor gene promoter (-14 to -29), and the 7.5-kDa early promoter (-19 to -29)
(Yuen et al., 1987; and Broyles et al., 1988). However, the SFV T1 promoter cannot
consist of only this element because alone the A octamer is not enough for promoter
activity, and sequences which include the transcriptional initiation site are also required.

We have shown that the cis-acting target sequences which constitute a promoter
element, and presumably the transcriptional machinery which recognizes these sequences,
are functionally conserved between the lepori- and the ortho-poxviruses. The T1 promoter
of SFV behaves as an early promoter and the identical transcriptional initiation site is
observed when it is imbedded within either the vaccinia virus or SFV DNA genomes.
Similarly, the well characterized vaccinia 7.5-kDa gene early promc ; uses the identical
start site when it is within either SFV or vaccinia. We are confident i dwer extension
detects the bona fide start position since the early start site that was de; v - 1 for the 7.5-

kDa early promoter (Fig. 7) was identical to that determined by VM"“%‘?\ © e a2l (1981)
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using S1 nuclease protection analysis. We cannot verify from this work; if a second smalier

species seen in the reverse transcription reactions, and which maps to the junction between
the T1 or 7.5Kd promoter sequences and the CAT cassette (Figs. 6 and 7), is due to
pausing artifacts in the reverse trifiscription reaction or if they are aberrant transcription
initiation sites. We suspect that they are unlikely to represent true sites of initiation of
transcription because (1) these sites map to identical positions in the two promoter
constructs even though the upstream sequences are very different (Fig. 6), (2) all known
early poxvirus promoters are contained within about 30bp of the transcriptional initiation
sites and are very AT rich (Bertholet et al., 1986; Cochran et al., 1985b; Hinggi et al.,
1986; Ink and Pickup, 1989; Miner et al., 1988; Wier and Moss 1987a, b), but the
sequences upstream of these mapped sites are GC rich compared to the average AT content
of the two viral genomes, (3) these sites are not observed when the wild type promoters
are examined, and (4) if they were true initiation sites of transcription then one would
predict that they should be present in all the 5' deletions and thus allow for CAT expression
in deletions 5-4 and 5-5. Notwithstanding, the presence of this species does not take away
from the fact that an early promoter from SFV functions identically in vaccinia virus with
respect to temporal regulation and site of initiation of transcription.

A comparison of the 5' boundaries of the early poxvirus promoters which have
been determined by deletion analysis is illustrated in Fig. 24. Cheng et al., (personal
communication), has demonstrated that addition of ‘A’ residues onto a 5' deleted promoter
for the SFV growth factor can restore promoter function, and Yuen et al., (1987a) has
demonstrated that changing an A nucleotide to a C at position -13 or -26 in the vaccinia 7.5-
kDa early promoter will reduce the binding of the vaccinia early transcriptioﬁ factor.
Except for this requirement for multiple A residues, it is difficult to assign a consensus
promoter sequence, at least among these five early poxvirus promoters that have been

rigorously defined by deletion analysis.
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SFV-T1 TTTCTCGTTAATTTCTIARAAAAARGTCAAATTAT A crAa
Vac-7.5-kDa TTCTCGTAAAAGTAGAARATATATTCTAATTTATT G CACG
Vac-TK AGTCGAATAAAGTGAACAATAATTAATTCTTTATT & Tear
CPV-38-kDa GTTTATACAAGATTGAAAATATATTTCTTTTTATT & AGTG
SFV-GF TTTATTCAGGAAAAATATAAATATAATACGACATA ¢ TaTA

FIGURE 25. A comparison of five early poxvirus promoter sequences. The sequences
of the poxvirus early promoters which have been analyzed by 5'-deletion analysis are
shown from 35 nucleotides upstream from the major transcriptional start site (*) to 4
nucleotides downstream. The sequences that are underlined indicate the deletion defined
position of the sequences at the 5'-boundary that are critical for promoter activity. SFV-
T1, the SFV T1 promoter; Vac-7.5-kDa, the vaccinia 7.5-kDa early promoter (Cochran et
al., 1985b); Vac-TK, the vaccinia thymidine kinase promoter (Weir and Moss, 1987b);
CPV-38-kDa, the cowpox virus 38-kDa promoter (Ink and Pickup, 1989); SFV-GF, the
SFV growth factor promoter (Cheng, personal communication).
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CHAPTER V
GENERAL DISCUSSION

The objective of this work was to transcriptionally characterize the TIRs of the
leporipoxvirus SFV, and to compare its transcriptional regulatory system to that of the
orthopoxvirus vaccinia. This work has demonstrated that transcription within the TIRs of
SFV is much more complex than within the vaccinia TIRs, which reflects the different ORF
arrangement between these two viruses. I have also shown that the sequences which
function as early promoters, and presumably the transcriptional machinery which recognize
these sequences, are conserved betweer: these two genera. With the additional findings that
the consensus sequences specifying early transcriptional termination in vaccinia are found
exclusively at the 3'-ends of the ORFs within the SFV TIRs, and that the bacterial lac Z
gene driven by the vaccinia late promoter p11 is expressed in a recombinant SFV, it seems
likely that the regulation of both early and late gene expression is conserved.

This conservation appears not to be restricted to just the leporipoxviruses. The
DNZ: « vome of fowlpoxvirus (FPV), an avipoxvirus, is not homologous to vaccinia at the
level of DNA:DNA hybridizations (Boyle and Coupar, 1986). Nevertheless, several
vaccinia promoters (H6, p7.5 and pl1) have been used to express foreign genes in
recombinant FPV (Boyle and Coupar, 1988b; Taylor et al., 1988a, b). Similasly when the
FPV TK gene with its own promoter is placed into a vaccinia insertion vector it will rescue
TK" vaccinia virus under selective conditions implying that the FPV TK promoter is
recognized in vaccinia virus. It has also been reported that the vaccinia p7.5 promoter
functions in a transient expressioh assay using capripoxvirus KS-1 infected cells (Gershon
and Black, 1989). The KS-1 viral DNA is somewhat homologous to vaccinia virus at the
level of DNA:DNA hybridizations (Gershon et al., 1989). Sequence analysis of FPV and

KS-1 genomes shows that consensus sequences for the termination of early gene
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transcription in vaccinia are found exclusively at the 3-end of some ORFs suggesting that

this sequence functions in the same manner in these genera of poxviruses {(Gershon and
Black, 1989, Tomley et al., 1988).

Another similarity between poxvirus genera is in the replication of their viral
genomes. When plasmid DNA is transfected into SFV or vaccinia infected cells it is
replicated in a sequence independent fashion (DeLange and McFadden, 1986; Merchlinsky
and Moss, 1986). If these plasmids contain the replicative intermediate forms of the
hairpin termini from either vaccinia or SFV they are resolved into normal hairpin termini
structures resulting in a linear plasmid molecule with two hairpin ends (DeLange et al.,,
1986; DeLange and McFadden, 1987; Merchlinsky and Moss, 1986). This occurs if the
cells are infected by either vaccinia or a leporipoxvirus so it seems that, as with
transcription, the target sequences and machinery which resolves replicated poxvirus
genomes into daughter genomes is conserved between these two poxvirus genera (DeLange
and McFadden, 1989; McFadden et al., 1988; Merchlinsky and Moss, 1989a).

Some of the immediate practical implications of such findings are that all the
poxvirus promoters that have been isolated and characterized can be used without
modification to express genes in other poxvirus infected cells either transiently or in the
form of a recombinant virus. There is no evidence that homologous promoters work better
than heterologous promoters; however, it is possible that the optimum promoter sequences
for different genera of poxvirus could be different and this is something that can be tested.
Since promoter functions are conserved this mékcs the productions of intertypic
recombinant poxviruses much easier. A gene from one poxvirus can be inserted directly
into a different genera of poxvirus without having to engineer a new promoter sequence
upstream of this gene. For example, it is known that a segment of DNA from SFV
containing the TK gene with its own promoter, can rescue TK" vaccinia virus when placed
into a vaccinia insertion vector and transfected into vaccinia infected cells (C. Upton,

personal communication). The generation of intertypic recombinants is potentially a very
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powerful tool in the elucidation of poxvirus gene function. It would permit the mapping of

viral proteins for which a genus specific reagent, such as a non cross-reacting antibody, is
available. Thus by inserting sequences from one genera (eg. orthopoxvirus) into the other
genera (eg. leporipoxvirus), one could screen for the expression of novel antigenic
phenotypes in recombinant virus infected cells. It is not yet known if an essential gene or a
subunit from a multisubunit enzyme where protein:protein interactions may be important,
from one genera of poxvirus can replace the equivalent gene in a different genera. If this is
péasible then it would assist in the creation and screening of conditional lethal mutations in
essential poxviral genes. In the case where the genomes of the two poxvirus genera do not
cross hybridize, an essential viral gene from one genus could be mutagenized in vitro and
then recombined into the other genus so as to replace the endogenous wildtype gene.
Recombinant virus could be screened for by use of a genus specific DNA probe, and then
tested for a conditional lethal phenotype. Likewise a gene containing a conditional lethal
mutation from one genera of poxvirus could replace the wildtype homologue in a different
genera to create a new virus blocked at the same point in its replicative cycle. Defined
intertypic recombinants constructed in this fashion could prove useful in dissecting the
functions of viral genes essential for poxvirus replication and morphogenesis.

Another use for intertypic recombinants is to screen for viral genes which influence
the biological differences seen between the various poxvirus genera. For example, why
does SFV replicate more slowly, induce less cytopathology, and have a more restricted
host range? Are there specific genes which influence these properties? SFV, unlike the
related leporipoxviruses MRV and myxoma, does not grow in lymphocytes from adult
rabbits. The claim has been made that a single Bam HI fragment from MRV DNA inserted
into the SFV genome allows SFV to grow in lymphocytes (Strayer et al., 1988). The
sequences involved in this change in host range have not yet been characterized so it is not
. known if the MRV sequences are adding a new gene or replacing a SFV gene with its MRV

counterpart. Nevertheless, such a change in host range may be very important in the virus
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pathology for the rabbit as it may allow the recombinant virus to disseminate through the

animal in a fashion analogous to the pathogenic profile of MRV. Host range genes of
vaccinia have not yet been transfered to SFV so it is not known if SFV could be given the
same broad host range as found among many orthopoxviruses. These sort of experiments
may reveal a great deal about the molecular basis for host range in poxviruses.

Although this work has found many similarities in molecular biology between the
lepori- and orthopoxviruses there are some differences. Primer extension analysis has
demonstrated that early transcripts appear to be more abundant at late times in SFV than in
vaccinia infected cells. CAT transcripts, as detected by primer extension analysis, were no
longer apparent by six hours post-infection in VacT1dCAT infected cells, but CAT RNA
can still be detected at late times in SFVV7.5CAT infected cells. The promoters in these
two cases are different and identical transcripts have not been tested in the two viruses but it
is known that early 7.5-kDa gene transcripts are not seen at late times in vaccinia infected
cells (Cochran et al., 1985b), and early T1 gene transcripts can be seen at latz times in SFV
infected cells. It is not known if the early RNA seen at late times in SFV infected cells is
functional, but it is distinctly possible that overall, viral RNA is more stable at late times in
SFV than in vaccinia infected cells.

A second difference in the molecular biology of the two viruses was first observed
in transient transfection studies used to study replication, telomere resolution, and alsc
recombination between the homologous portions of transfected plasmid DNA (Evans et al.,
1988; Merchlinsky, 1989). By using conditional lethal RNA polymerase assembly mutants
it has been shown that both replication and recombination of transfected DNA requires
early virus gene expression while resolution requires late virus gene expression (DELange,
1989; Merchlinsky, 1989; Merchlinsky and Moss, 1989b). Both replication and
recombination occur to much greater extents in leporipoxvirus infected cells than in vaccinia
infected cells (DeLange et al., 1986; Evans et al., 1988). This may reflect differences in

the amount of the enzymes involved, their activity, the stability of the cognate transcripts,
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or the accessibility of the enzymes to the target sequences. How these differences in the

molecular biology of poxvirus genera are related to the biological differences will depend
on an understanding of the virus genes involved. Relatively little is known about the
differences between poxvirus genera at the molecular level but it seems very likely that the
important sequences which regulate the expression, and resolution of the poxvirus genome
are conserved throughout the chordopoxviruses.

The data presented in this thesis is consistent with the hypothesis that all poxviruses
have evolved from a common ancestor. The various genera are relatively conserved in the
central regions of the genome where most of the essential genes are located, but have
diverged consideratly near the termini in terms of their coding repertoire, but not in their
regulatory sequences. Thus a careful analysis of the inter-generic conserved features of the
molecular machinery for such essential processes as transcription and replication should be

invaluable in dissecting the structure/function relationships of the requisite viral proteins

involved.



129
BIBLIOGRAPHY

Allen, N. D., Cran, D. G., Barton, S. C., Hettle, S., Reik, W., and Surani, M. A. (1988). Transgenes as
probes for active chromosomal domains in mousc develspment. Nature 333, 852-855.

Allison, A. C. (1966). Immune responses to Shope fibroma virus in adult and newborn rabbits. J. Nztl,
Cancer Inst. 36, 869-876.

Allison, A. C., and Friedman, R. M. (1966). Effects of immunosuppressants on Shope fibroma virus. J.
Natl, Cancer Inst. 36, 859-868.

Allison, L. A., Wong, J. K.C., Fitzpatrick, V. D., Moyle, M. and Ingles, C. J. (1988). The C-terminal
domain of the largest subunit of RNA polymerase II of Saccharomyces cerevisiae, Drosophila melanogaster,
and mammals: a conserverd structure with an essential function. Mol. and Cell. Biol. 8, 321-329.

Andrews, C. H. (1936). A change in rabbit fibroma virus suggesting mutation. I. Experiments on
domestic rabbits. J. Exp. Med. 63, 157-172,

Andrews, C. H., and Shope, R. E. (1936). A change in rabbit fibroma virus suggesting mutation. III.
Interpretation of findings. J. Exp., Med. 63, 179-184.

Arzoglou, P., Drillien, R., and Kim, A. (1979). Evidence for an alkaline protease in vaccinia virus.
Virology 95, 211-214.

Aviv, H., and Leader, P. (1972). Purification of biologically active globin messenger RNA by
chromatography on oligothymidylic acid-cellulose. Proc. Natl. Acad. Sci. USA 69, 1408-1412,

Bajszar, G., Wittek, R., Weir J. P., and Moss, B. (1983). Vaccinia virus thumidine kinase and
‘tgghboﬁng genes: mRNASs and polypeptides of wild type virus and putative nonsense mutants. J, Virol
1] 62‘72. ’

Barbanti-Brodano, G., Portolani, M., Bernardini, A., Stirpe, F., Mannini-Palenzona, A., and Placa, M.
(1968). Thymidine kinase activity in human amnion cell cultures infected with Shope fibroma virus. J.
Gen. Virol. 3, 471-474.

Barbeyron, T., Mars, M., Schroeder, E., Malpiece, Y., Plucienniczak, A., Beaud, G., and Struck, R. E.
(1987). Identification of vaccinia promoters by heterologous expression of hepatitis B surface antigen in
mouse cells infected by recombinant vaccinia viruses. Bioch. Biophys. Acta 910, 240-244.

Barbosa, E., and Moss, B. (1978a). mRNA(nucleoside-2'-)-methyltransferase from vaccina virus;
purification and characterization. J, Bioi. Chem. 253, 7692-7697.

Barbosa, E., and Moss, B. (1978b). mRNA(nucleoside-2'-)-methyltransferase from vaccina virus;
characteristics and substrate specificity. J. Biol. Chem. 253, 7698-7702.

Baroudy, B. M., and Moss, B. (1980). Purification and characterization of a DNA-dependent RNA
polymerase from vaccinia virions. J, Biol. Chem. 258, 4372-4380.

Bartolomei, M. S., Halden, N. F., Cullen, C. R., and Corden, J. L. (1988). Genetic analysis of the
repetitisve carboxyl-terminal domain of the largest subunit of mouse RNA polymerase II. Mol. and Cell.
Biol. 8, 330-339. ‘

Bauer, W. R, Ressner, E. C,, Kates, J., and Patzke J, V. (1977). A DNA nicking-closing enzyme
egiapsidawd in vaccinia virus: partial purification and properties. Proc. Natl. Acad. Sci. USA. 74, 1841-
1845,

Beaud, G., Kimn, A, and Gros, F. (1972). In vitro protein synthesis directed by RNA transcribed from



vaccinia DNA. Bioch. Biophys. Res. Comm. 6, 1459-1466. 130

Berk, A. J., and Sharp, P. A. (1977). Sizing and mapping of early adenovirus mRNAs by gel
electrophoresis of S1 endonuclease-digested hybrids. Cell 12, 721-732.

Bertholet, C., Drillien, R., Wittek, R. (1985). One hundred base pairs of 5' flanking sequence of a

vaccinia virus late gene are sufficient to temporally regulate late transcription. Proc. Natl. Acad. Sci. USA
82, 2096-2100.

Bertholet, C., Meir, E. V., Heggeier-Bordier, B., and Wittek, R. (1987). Vaccinia virus produce late
mRNAs by discontinuous synthesis. Cell 50, 153-162,

Bertholet, C., Stocco, P., Meir, E. V., and Wittek, R. (1986). Functional analysis of the 5' flanking
sequence of a vaccinia virus late gene.

Bimstiel, M. L., Busslinger, M., and Swb, K. (1985). Transcription termination and 3' processing: The
end is in site! Cell 41, 349-359.

Block, W., Upton, C., and McFadden, G. (1985). Tumorigenic poxviruses: Genomic organization of
malignant rabbit virus, a recombinant between Shope fibroma virus and myxoma virus. Virology 140,
113-124.

Bloora, D. C., Massung, R., Savage, L., Morrison, D. K., and Moyer, R. W. (1989). Recruitment to the
cyvieplasm of a cellular lamin-like protein from the nucleus during a poxvirus infection. Virology 189,
115-126.

Bloomquist, M. C., Hunt. L. T., and Barker, W. C. (1984). Vaccinia virus 19-kilodalton protein.
Relationship to several mammalian proteins, including two growth factors. Proc. Natl. Acad. Sci. USA.
81, 7363-7367.

Bohn, W. (1980). Electron microscopic immunoperoxidase studies on the accumulation of virus antigen
in cells infected with Shope fibroma virus. J. Gen. Virol. 46, 439-447.

Boone, R. F., and Moss, B. (1977). Methylated 5'-terminal sequences of vaccinia virus mRNA species
made in vivo at early and late times after infection. Virology, 79, 67-80.

Boone, R. F., and Moss, B. (1978). Sequence complexity and relative abundance of vaccinia virus
mRNA's synthesized in vivo and in vitro. J, Virol. 26, 554-569.

Boone, R. F., Parr, R. P,, and Moss, B. (1979). Intermolecutar duplexes formed from polyadenylylated
vaccinia virus RNA. J. Virol. 30, 365-374.

Bossart, W., Nuss, D. L., and Paoletti, E. (1978a). Effect of UV Irradiation on the expression of vaccinia
virus gene products synthesized in a cell-free system coupling transcription and translation. J. Virol, 26,
673-680.

Bossart, W., Paolctu, E., and Nuss, D. L. (1978b). Cell-free translation of purified virion-associated high-
molecular weight RNA. synthesized in vitro by vaccinia virus, J. Virol, 28, 905-916.

Boursnell, M. E. G., Foulds, 1. J., Campbell, J. I, and Binns, M. M. (1989). Non-essential genes in the
vaccinia virus Hind III K fragment: a gene related 1o serine protease inhibitors and a gene related to the 37K
vaccinia virus major envelope antigen. J. Gen. Virol. 69, 2995-3003.

Boyle, D. B., and Coupar, B. E. H. (1986). Identification and cloning of the fowlpox virus thymiding
kinase gene using vaccinia virus. J. Gen. Virol. 67, 1591-1600.

Boyle, D. B,, and Coupar, B. E. H. (1988a). A dominant selectable marker for the construction of
recombinant poxviruses. Gene 65, 123-128.

Boyle, D. B, and Coupar, B. E. H. (1988b). Construction of recasibinant fowlpox viruszs as vectors for



poultry vaccines. Virus Res. 10, 343-356. 131

Brakel, C., and Kates, J. R, (1974a). Poly(A) polymerase from vaccinia virus-infected cells I. Partial
purification and Characterizaticn. J. Virol. 14, 715-723.

Brakel, C., and Kates, J. R. (1974b). Poly(A) polymerase from vaccinia virus-infected cells II. Product
and primer characterization. J. Virol. 14, 724-732.

Brown, J. P., Twardzik, D. R., Marquardt, H., and Todaro, G. J. (1985). Vaccinia virus encodes a
polypeptide homologous to epidermal grewth factor and transforming growth factor. Nature 313, 491-492,

Brown, M., Dorson, J, W., and Bollum, F. J. (1973). Terminal riboadenylate transferace: a poly A
polymerase in purified vaccinia virus. J. Virol. 12, 203-208.

Broyles, S. S., and Moss, B. (1986). Homology between RNA polymerases of poxviruses, prokaryotes,
and eukaryotes: nucleotide sequence and transcription analysis of vaccinia virus genes encoding 147 kDa
and 22 kDa subunits. Proc. Natl. Acad. §iii. USA 83, 3141-3145.

Broyles, S. S., and Moss, B. (1987a). Identification of the vaccinia virus gene encoding nucleoside
triphosphate phosphohydrolase I, a DNA-dependent ATPase. J. Virol. 61, 1738-1742.

Broyles, S. §., and Moss, B. (1987b). Sedimentation of an RNA polymerase complex from vaccinia virus
that specifically initiates and terminates transcription. Mol. and Cell. Biol, 7, 7-14.

Broyles, S. S., and Moss, B. (1988). DNA-dependent ATPase activity associated with vacinia virus early
transcription factor. J. Biol. Chem. 263, 10761-10765.

Broyles, S. S., Yuen, L., Shuman, S., and Moss, B. (198%). Purification of a factor required for
transcription of vaccinia virus early genes. J, Biol. Chem. 265, 10754-10760,

Buller, R. M. L., Chakrabarti, S., Cooper, J. A., Twardzik, D. R., and Moss, B. (1988a). Deletion of the
vaccinia virus growth factor gene reduces virus virulence. J, Virol. 62, 866-874.

Buller, R. M. L., Chakrabarti, S., Moss, B., and Fredrickson, T. (1988b). Cell proliferation response to
vaccinia virus is mediated by VGF. Virology 164, 182-192.

Cabirac, G. F., Mulloy, J. J., Strayer, D. S., Sell, S., and Leibowitz, J. L. (1986). Transcriptional
mapping of early RNA from regions of the Shope fibroma and malignant riabbit fibroma virus genomes.
Virology 153, 53-69.

Cabirac, G. F., Strayer, D. S., Sell, S., and Leibowitz, J. L. (1985). Characterizaiion, molecular cloning,
and physical mapping -of the Shope fibroma virus genome. Virology 143, 163-170.

Campione-Piccardo, J., Rawls, W. E., and Bacchetti, S. (1979). Selective assay for herpes simplex viruses
expressing thymidine kinase. J. Virol, 31, 281-287.

Carrasco, L., and Bravo, R. (1986). Specific proteins synthesized during the viral lytic cycle in vaccinia
virus-infected HeLa cells: analysis by high resolution two-dimensional gel electrophoresis. J. Virol. 58,
569-571. :

Chakrabarti, S., Brechling, K., and Moss, B. (1985). Vaccinia virus expression vector: coexpression of B-
galactosidase provides visual screening of recombirant virus plaques. Mol. and Cell Biol. 5, 3403-3409.

Challberg, M. D., and Englund, P. T. (1979). Purification and properties of the deoxyribonucleic acid
polymerase induced by vaccinia virus. Jour. Biol. Chem. 254, 7812-7819.

Chang, L. M. S., aad Hodes, M. E. (1967). Induction of DNA nucleotidyltransferase by the Shope
fibroma virus, Virology 33, 258-266.

Chang, L. M. ., and Hodes, M. E. (1968a). RNA polymerase in cells infected with Shope fibroma virus.



Virology 36, 323-326. 132

Chang, L. M. S., and Hodes, M. E. (1968b). The deoxyribonucleic acid nucleiotidyltransferase activities
of the Shope fibroma. J. Bigl. Chem. 243, 5337-5344.

Cheng, W., Upton, C., Hg, S. L., Pruchio, A. F., and McFadden, G. (1987). The genome of Shope
fibroma virus, a tumorigenic poxvirus, contains a growth factor gene with sequence similarity to those
encoding epidermal growth factor and transforming growth factor alpha. Mol. and Cell. Biol. 7, 535-540.

Chirgwin, J. M., Przbyla, A. E., MacDonald, R. J., and Rutter, .W. J. (1979). Isolation of biologically
active ribonucleic acid from sources enriched in ribonuclease. Biochemistry 18, 5294-5299.

Cochran, M. A., Mackett, M., and Moss, B. (1985a). Eukaryotic transient gxpression system dependent on
transcription factors and regulatory DNA sequences of vaccinia virus. Proc. Natl. Acad. Sci. USA. 82, 19-
23.

Cochran, M. A., Puckett, C., and Moss, B. (1985b). In Vitro mutagenesis of the promoter region for a
vaccinia virus gene: Evidence for tandem early and late regulatory signals. J. Virol. 54, 30-37. :

Cohen, G. H., and Wilcox, W. C. (1968). Soluble antigens of vaccinia-infected mammalian cells. J.
Virol. 2, 449-455.

Cohrs, R. J., Condit, R. C., Pacha, R. F., Thompson, C. L., and Sharma, O. K. (1989). Modulation of
pPP(A2'p)nA-dependent RNase by a temperature sensitive mutant of vaccinia virus. J. Virol. 63, 948-951.

Colby, C., Jurale, C. and Xates, J. R. (1971). Mechanism of synthesis of vaccinia virus double-stranded '
ribonucleic acid in vivo and in vitro. J. Virol. 7, 71-76.

Condit, R. C., and Niles, E. G. (1989). Orthopoxvirus Genetics. In "Curr. Topics in Microb. and
Immunol." (R. W. Moyer, Ed.) in press, Springer-Verlag, Berlin.

Cooper, J. A., and Moss, B. (1978). Tanscription of vaccinia virus mRNA coupizd to translation in vitro.
Virology 88, 149-165.

Cooper, J. A., and Moss, B. (1979a). In vitro translation of immediate early, early, and late classes of
RNA from vaccinia virus-infected cells. Virology 96, 368-380.

Cooper, J. A., and Moss, B. (1979b). Translation of specific vaccinia virus RNAs purified as RNA-DNA
hybrids on potassium iodide gradigats. Nucl. Acids Res. 6, 3599-3612.

Cooper, J. A., Wittek, R., and Moss, B. (1981a). Hybridization selection and cell-free transiation of
mRNAs encoded within the inverted terminal repetition of the vaccinia virus genome. J. Virol. 37, 284-
294.

Cooper, J. A., Wittek, R., and Moss, B. (1981b). Extension of the transcriptional translational map of
the left end of the vaccinia virus genome to 21 kilobase pairs. J. Virol. 39, 733-745.

Costanzo, F., Fiume, L., Placa, M. La., Mannini-Palenzona, A., Novello, F., and Stirpe, F. (1970).
Ribonucleic acid polymerase induced by vaccinia virus: lack of inhibition by rifampicin and a-amanitin. J.
Virol. 5, 266-269.

Coupar, B. E. H,, Boyle, D. B, and Boih, G. W. (1987). Effect of in vitro mutations in a vaccinia virus
early promoter region monitored by herpes simplex virus thymidine kinase expression in recombinant
vaccinia virus. J. Gen Virol. 68, 2299-2309.

Dahl, R., and Kates, J. R. (1970). Synthesis of Vaccinia virus "early” and "late” messenger RNA in vitro
with nucleoprotein structures isolated from infected cells. Virology 42, 463-472.

Dales, B., and Pogo, B. G. T. (1981). "The biology of the poxviruses.” Springer-Verlag, New York.



Dallo, S., and Esteban, M. (1987). Isolation and characterization of attenuated mutants of vaccinia virus, 133
Virology 159, 408-422.

Dallo, S., Rodriguez, J. F., and Esteban, M. (1987). A 14k envelope protein of vaccinia virus with an
important role in virus-host cell interactions is altered during virus persistance and determines the plague
size phenotype of the virus. Virology 159, 423-432.

DeFilippes, F. M. (1989). Site of the base change in the vaccinia virus DNA polymerase gene which
confers aphidicolin resistance. J, Virol. 63, 4060-4063.

DeLange, A. M. (1989). Identification of temperature-sensitive mutants of vaccinia virus that are defective
in conversion of concatemeric replicative intermediates to the mature linear DNA genome. J. Virol, 63,
2437-2444,

DeLange, A. M., Futcher, B., Morgan, R., and McFadden, G. (1984a). Cloning of the vaccinia virus
telomere in a yeast plasmid vector. Gene 27, 13-21.

DeLange, A. M., Macaulay, C., Block, W., Mueller, T., and McFadden. (1984b). Tumorigenic
poxviruses: Construction of the composite physical map of the Shope fibroma genome. J, Virol. 50,
408-416.

DeLange, A. M., and McFadden, G. (1986). Sequence-nonspecific replication of transfected plasmid DNA
in poxvirus-infected cells. Proc. Natl. Acad. Sci. USA 83, 614-618.

DelLange, A. M., and McFadden, G. (1987). Efficient resolution of replicated poxvirus telomers to native
hairpin structures requires two inverted symmetrical copies of a core target DNA sequence. J. Virol, 61,
1957-1963.

DeLange, A. M., and McFadden, G. (1989). The role of telomeres in poxvirus DNA replication. In
"Curr. Topics in Microb. and Immunol.” (R. W. Moyer, Ed.) in press, Springer-Verlag, Berlin.

Downer, D. N., Rogers, H. W., and Randall, C. (1973). Endogenous protein kinase and phosphate
acceptor proteins in vaccinia virus. Virology 52, 13-21.

Drillien, R., Kochren, F., and Kim, A. (1981). Host range deletion mutant of vaccinia virus defective in
human cells. Virology 111, 488-499.

Dubbs, D. R., and Kit, S. (1964). Isolation and properties of vaccinia mutants deficient in thymidine
kissase inducing activity. Virology 22, 214-225.

Earl, P. L., Jones, E. V., and Moss, B. (1986). Homology between DNA polymerase of poxviruses,
herpesviruses, and adenoviruses: Nucleotide sequence of the vaccinia virus DNA Polymerase gene. Proc.
Nall, Acad. Sci. USA 83, 3659-3663.

Ensinger, M. J. (1987). Phenotypic characterization of temperature-sensitive mutants of vaccinia virus
with mutations in a 135,000-Mr subunit of the virion-associated DNA-dependent RNA polymerase. J.
Virol. 61, 1842-1850.

Ensinger, M. J., Martin, S. A., Paoletti, E., and Moss, B. (1975). Modification of the S'-terminus of
mRNA by soluble guanylyl and methyl transferases from vaccinia virus. Proc. Natl. Acad. Sci. USA. 72,
2525-2529.

Esposito, J. J., Cabradilla, C, D., Nakano, J. H., and Obijeski, J. F. (1981). Intragenomic sequence
transposition in monkeypox virus. Virology 109, 231-243.

Esposito, J. J., Condit, R., and Obijeski, J. (1981). The preparation of orthopoxvirus DNA. J, Virol,
Meth, 2, 175-179.

Esposito, J. J., and Knight, J. C. (1985). Orthopoxvirus DNA: A comparison of restriction profiles and
maps. Virology 143, 230-251.



134
Esteban, M., Cabrera, C. V., and Holowzak, J. A. (1985). Biochemical and electron microscopic studies
of the transcription of vaccinia DNA by RNA polymerase from Escherichia coli: localization and
characterization of trancriptional complexes. J. Virol. Meth. 12, 111-133.

Esteban, M., and Metz, D. H, (1973). Early virus protein synthesis in vaccinia virus-infected cells. J.
Gen. Virol. 19, 201-216.

Evans, D. H., Swart, D., and McFadden, G. (1988). High levels of genetic recombination among
cotransfected plasmid DNAs in poxvirus-infedted mammalian cells. Mol. and Cell. Biol. 62, 367-375.

Evans, E., and Traktman, P. (1987). Molecular genetic analysis of a vaccinia virus gene with an essential
role in DNA replication. J. Virol, 61, 3152-3162.

Ewton, D., and Hodes, M. E. (1967). Nucleic acid synthesis in HeLa cells infected with Shope fibroma
virus. Virology 33, 77-83.

Falkner, F. G., and Moss, B. (1988). Escherichia coli gpt gene provides dominant selection for vaccinia
virus open reading frame expression vectors, J. Virol, 62, 1849-1854,

Fathi, Z., Sridhar, P., Pacha, R. F., and Condit, R. C. (1986). Effficient targeted insertion of an
unselected marker into the vaccinia virus genome. Virology 158, 97-105.

Febvre, H. (1962). The Shope fibroma virus of rabbits. In "Tumors Induced by Viruses: Ultrastructure
studies” (A.J. Dalton, and F. Jargumau, eds.), pp. 79-111. Academic Press, New Yoik.

Fenner, F. (1985). Poxviruses. In "Fields Virology" (B. N. Fields Ed.), pp 661-684, Raven Press, New
York.

Fenner, F., and Raicliffe, R. N. (1965). "Myxomatosis" Cambridge University Press, London,

Fenner, F., Wittek, R., and Dumbell, K. R. (1989). "The Orthopoxviruses” academic Press, Inc. San
Diego, Ca.

Foglesong, P. I). (i985). In vitro transcription of a cloned vaccinia virus gene by a soluble extract
prepared from vaccinia virus-infected HeLa cells, J. Virol, 53, 822-826.

Franke, C. A., and Hruby, D. E. (1987). Association of non-viral proteins with recombinant vaccinia
virus virions. Arch. Virol. 94, 347-351.

Franke, C. A,, Rice, C. M., Strauss, J. H., and Hruby, D. E. (1985). Neomycin Resistance as a4 dominant
selectable marker for selection and isolation of vaccinia virus recombinants. Mol. and Cell. Biol. 5, 1918-
1924,

Fuerst, T. R, ar.d Mass, B. £1989). Structure and stability of mRNA synthesized by vaccinia virus-
encoded bacteriophage T #.% polymerase in mammalian cells. J. Mol. Biol. 206, 333-348.

Garon, C. F., Barbosa, E., and Moss, B. (1978). Visualization of an inverted terminal repetition in
vaccinia virus DNA. Proc. Nati. Acad. Sci. USA 78, 4863-4867.

Gershon, P. D., Ansell, D. M., and Black, D. N. (1989). A comparison of the genome organization of
capripoxvirus with that of the orthopoxviruses. J. Virol. 63, 4703-4708.

Gershon, P. D., and Black, D. (1988). A comparison of the genomes of capripoxvirus isolates of sheep,
goats, and cattle, Virology 164, 341-349,

Gershowitz, A., Boone, R. F., and Moss, B. (#1978, Multiple roles fro ATP in the synthesis and
processing of mRNA by vaccinia virus: Specific i iy effects of adesiosine (B,y-imido) triphosphate.
J. Virol. 27, 399-408.



Gillard, S., Spehner, D., and Drillien, R. (1985). Mapping of a vaccinia host range sequence by insertion135
into the viral thymidinz kinase gene. J. Virol 53, 316-318.

Gillard, S., Spehner, D., Drillien, R., and Kim, A. (1986). Localization and sequence of a vaccinia viras
gene required for multiplication in human cells. Proc. Natl. Acad. Sci. USA 83, 5573-5577.

Glisin, V., Crkvenjakov, R., and Byus, C. (1974). Ribonucleic acid isolation by cesium chloride
centrifugation. Biochemistry 13, 2633-2637.

Gold, P., and Dales, S. (1968). Locaiization of nucleotide phosphohydrolase activty within vaccinia,
Proc. Natl. Acad. Sci. USA. 60, 845-852.

Golini, F., and Kates, J. R. (1984). Transcriptional and translational analysis of a strongly expressed early
region of the vaccinia virus genome. J. Virol. 49, 459-470.

Golini, F., and Kates, J. R. (1985). A soluble transcription system derived from purified vaccinia virions.
J. Virol, 53, 205-213.

Gorman, C. (1985). In "DNA cloning vol. II: A practical approach.” (D. M. Glover Ed.), pp 143-190,
IRL Press, Oxford, England.

Gorman, C. M., Moffat, L. F., and Howard, B. H. (1982). Recombinant Genomes which express
chloramphenicol acetyltransferase in mammalian cells. Mol. and Cell. Biol. 2, 1044-1051.

Green, M., and Pina, M. (1962). Stimulation of the DNA-synthesizing enzymes of cultured human cells
by vaccinia virus infection. Virology 17, 603-604.

Grimley, P. M., Rosenblum, E. N., Mims, S. J., and Moss, B. (1970). Interruption by rifampin of an
early stage in vccinia virus morphogenesis: accumulation of membranes which are precursors of virus
envelopes. J. Virol, 6, 519-533.

Hanafusa, T. (1961). Enzymatic synthesis and breakdown of deoxyribonucleic acid by extracis of L cells
infected with vaccinia virus. Biken's J. 4, 97-110,

Hiinggi, M., Bannwarth, W., and Stunnenberg, H. G. (1986). Conserved TAAAT motif in vaccinia virus
late promoters: overlapping TATA box and site of transcription initiation. .EMBO. J. 5, 1071-1076.

Henderson, D. A., (1988). Smallpox and vaccinia. In "Vaccines" (S. A. Plotkin, and E. A. Mortimer Jr.,
Eds.), pp 8-30. W. B. Saunders, Philidelphia, PA.

Hiller, G., and Weber, K. (1982). A phosphorylated basic vaccinia virion polypeptide of molecular weight
11,000 is exposed on the surface of mature particles and interacts with actin-containing cytoskeletal
elements. J. Virol. 44, 647-657.

Hin, P., Hiller, G., and Wittek, R. (1986). Localization and fine structure of a vaccinia virus gene
encoding an envelope antigen, J. Virol. 58, 757-764.

Holowczak, J. A. (1982). Poxvirus DNA. In "Curr. Topics in Microb, and Immunol.” vol. 97, pp. 27-
79. Springer-Verlag, Berlin,

Holowczak, J. A., and Joklik, W. K. (1967). Studies on the structural proteins of vaccinia virus II.
Kinetics of the synthesis of individual groups of structural roteins. Virology 33, 726-739.

Hooda-Dhingra, U., Thompson, C. L., and Condit, R. C. (1989). Detailed phenotypic characterization of
five temperarire-sensitive musants in the 22 and 147 kilodalton subunits of vaccinia virus DNA-dependent
RNA polymerase. J. Virol 63, 714-729,

Hruby, D. E,, and Ball, L. A. (1981). Control of expression of the vaccinia virus thyniiline kinase gene.
J. Virol, 40, 456-464.



Hruby, D. E., and Ball, L. A. (1982). Mapping and identification of the vaccinia ¥ira; thymidine kinase136
gene. J. Virol. 43, 403-409.

Hruby, D. E., Guarino, L. A,, Kates, J. R. (1979a). Vaccinia virus replication I. requirement for the
host-cell nucleus. J. Virol. 29, 705-715.

Hruby, D. E,, Lynn, D. L., and Kates, J. R. (1979b). Vaccinia virus replication requires active
participation of the host cell transcriptional apparatus. Proc. Natl. Acad. Sci. USA 76, 1887-1890.

Hu, N., and Messing, J. (1982). The making of strand specific probes. Gene 17, 271-277.

Ikuta, K., Miyamoto, H. and Kato, S. (1978). Studies on the polypeptides of poxvirus II. Comparison of

;irus-induced polypeptides in cells infected with vaccinia, cowpox and Shope fibroma viruses. Biken, J.
1, 77-94.

Ink, B. S., and Pickup, D. J. (1989). Transcription of a poxvirus early gene is regula’.d both by a short

promoter element and by a transcriptional termination signal controlling transcriptional interference. J.
Virol. 63, 4632-4644.

Ishihama, A., and Nagata, K. (1988). Viral RNA polymerases. CRC Critical Rev. Bioch. 23, 27-76.
Isle, H. B., Venkatesan, S., and Moss, B. (1981). Cell-free translation of early and late mRNAs selected
by hybridization to cloned DNA fragments derived from the left 14 million to 72 million daltons of the
vaccinia virus genome. Virology 112, 306-317.

Israili, E. (1966). Mechanism of pock formation by Shope fibroma virus on monolayers of rabbit cells.
J. Bact. 92, 727-732.

Israeli, E., and Sachs, L. (1964). Cell-virus interactions with the Shope fibroma virus on cultures of
rabbit and rat cells. Virology 23, 473-485.

jaureguiberry, G., Hamida, F. B., Chapeville, F., and Beaud, G. (1975). Messenger activity of RNA
transcribed in vitro by DNA-RNA polymerase associated to vaccinia virus cores. J. Virol. 15, 1467-1474.

Joklik, W, K. (1966). The Poxviruses. Bacteriological Rev. 30, 33-66.
Joklik, W, K. (1968). The Poxviruses. Ann. Rev. Micrb. 22, 359-390.
Joklik, W, K. (1985). In "Fields Virology" (B. N. Fields Ed.), pp281-307, Raven Press, New York.

Joklik, W. R., and Becker, Y. (1964). The replication and costing of vaccinia DNA. J. Mol. Biol. 10,
452-474,

Jones, E. V., and Moss, B. (1984). Mapping of the vacinnia virus DNA polymerase gene by marker rescue
and cell free translation of selected RNA. J. Virol. 49, 72-77.

Jones, E. V., and Moss, B. (1985). Transcriptional mapping of the vaccinia virus DNA polymerase gene.
J. Virol. 53, 312-31S,

Jones, E. V., Puckett, C., and Moss, B. (1987). DNA-dependent RNA polymerase subunits encoded
within the vaccinia virus genome. J. Virol. 61, 1765-1771.

Jungwirth, C. and Jolkik, W. K. (1965). Studies on "early” enzymes in HeLa cells infected with vaccinia
virus. . Virology 27, 80-93.

Jungwirth, C., Launer, J., Dombrowski, G.,.and Horak, I. (1969). Characterization of deoxyribonucleases
induced by poxviruses. J. Virol 4, 866-871.

Kao, S. Y., Ressner, E., Kates, J. and Bauer, W. R. (1981). Purification and characterization of a
superhelix binding protein from vaccinia virus. Virology 111, 500-508.



137

Kao, 5.Y., and Bauer, W. R, (1987). Biosynthesis and phosphorylation of vaccinia virus structural protein
vpll. Virology 159, 399-407.

Kates, J. R., and McAuslan, B. R. (1967). Poxvirus DNA-dependent RNA polymerase. Proc, Natl, Acad.
Sci. USA. 58, 134-141,

Kates, J., and Beeson, J. (1970a). Ribonucleic acid synthesis in vaccinia virus. The mechanism of
synthesis and release of RNA in vaccinia cores. J. Mol. Biol. 50, 1-18,

Kates, J., and Beesson, J. (1970b). Ribonucleic acid synthesis in vaccinia virus. Synthesis of
polytiboadenylic acid. J. Mol. Biol. 50, 19-33.

Kato, S., Miyamito, H., Takahashi, M., and Kamahora J. (1963a). Shope fibroma and rabbit myxoma
viruses. 1. Pathogenesis of fibromas in domestic rabbits. Biken J. 6, 135-143.

Kato, §., Cno, K., .Miyamoto, H., and Mantani, M. (1966). Virus host cell interaction in rabbit
fibrosarcoma produced by Shope fibroma virus. Biken J. 9, 51-61.

Kaverin, N. V., Varich, N. L., Surgay, V. V. and Chemos, V. 1. (1975). A quantitative estimation of
poxvirus genome fraction transcribed as "early " and "late" mRNA. Virology, 65, 112-119.

Keith, J. M., Gershowitz, A., and Moss, {3, (1980). Dinucleotide sequences at the 5' ends of vaccinia virus
mRNA's synthesized in vitro. J. Virol 36, 601:60S.

Kilpatrick, D., and Rouhandeh, H. (1985). Cloning and physical mapping of yaba monkey tumor virus
DNA. Virology 143, 399-406.

King, A. M. Q,, Stott, J. E., Langer, S. J., Young, K. K. Y., Ball, A. L., and Wertz, G. W. (1987).
Recombinant vaccinia viruses carrying the N Gene of hiuman respiratory syncytial virus: Studies of gene
expression in cell culture and immune response in imice. .J. Virol. 61, 2885-2890.

Kit, S., Dubbs, D. R., and Pickarski, L. J. (1962). Enhanced thymidine phosphorylating activity of
mouse fibroblasts (strain LM) following vaccinia infection. Bioch. Bioph. Res. Comm. 8, 72-75.

Kit, 8., Jorgensen, G. N., Liav, A., and Zaslavsky, V. (1977). Purification of vaccinia virus-induced
thymidine kinase activity from {>*Smethionine-labeled cells. Virology 77, 661-676.

- Kleiman, J. H., and Moss, B. (1975a). Purification of a protein kinase and two phosphate acceptor
proteins from vaccinia virions. J. Biol. Chem. 250, 2420-2429.

Kieiman, J. H., and Moss, B. (1975b). ‘Characterization of a protein kinase and two phosphate acceptor
proteins from vaccinia virions. J. Biol. Chem. 250, 2430-2437.

Kleiman, J., and Moss, B. (1973). Protein kinase activity from vaccinia virions: solubilization and
separation into heat-labile and heat-siable components. J. Virol. 12, 584-689.

Kaight, J. C., Novembie, F. J., Brown, D. R., Goldsmith, C. S., and Esposito, J. J. (1989). Studies on
tanapox virus, Virology 172, 116-124. .

Kotwal, G. J., Hagin, A. W., and Moss, B. (1989). Mapping and insertional mutagenesis of a vaccinia
viurs gené encoding a 13,800-Da secreted protein. Virolagy 171, 579.587.

Kotwal; G. J., and Moss, B. (1988). Vaccinia virus encodes a secretory polypeptide structurally related to
complement control proteins. Nature 335, 176-178.

Kotwal, G. J., and Moss, B. (1989). Vaccinia virus encodes two proteins that are structurally related to
members of thie plasma serine protease inhibitor superfamily. J. Virol. 63, 600-606.

Kunzi, M. S., and Traktman, P. (1989). Genetic évidence for involvement of vaccinia virus DNA-



dependent ATPase I in intermediate and late gene expression. J. Virol. 63, 3999-4010. 138

Lake, J. R., and Cooper, P. D. (1980). Deletions of the terminal sequences in the genomes of the white
pock (i) and host-restricted (p) mutants of rabbitpox virus. J. Gen. Virol. 48, 135-147.

Lakntz, N., Foglesong, P. D., Reddy, M., Baum, S., Hurwitz, J., and Bauer, W, R. (1985). A vaccinia
virus DNase preparation whxch cmss—hnks superhelical DNA. J. v’zral 53, 935-943,

Langridge, J., Langridge, P., and Bergquist, P. L. (1980). Extraction of nucleic acids from agarose gels.
Anal, Bloch 103, 264-267

Lee-Chen, G. J., and Niles, E. (1988a). Transcription and translation mapping of the 13 genes in the
vaccinia virus HindIlI D fragment. Virology 163, 52-63.

Lee-Chen, G. J., and Niles, E. (1988b). Map positons of the §' ends of eight mRNAs synthesized from
the late genes in 'the vaccinia virus HindITI D fragment. Virology 163, 80-92.

1 2e-Chen, G. J., Bourgeois, N., Davidson, K., Condit, R. C., and Niles, E. G. (1988). Structur of the
trznseription initiation and termination sequences of seven early genes in the vaccinia virus HindlII D
fragment. Virology 163, 64-79.

Maa, J. S., and Esteban, M. (1987). Structural and functional studies of a 39,000-Mr immunodominant
protein of vaccinia virus. J, Virol. 61,3910-3919.

Macaulay, C., and McFadden, G. (1989). Tumorigenic poxviruses: Charactérization of an early promoter
from Shope fibroma virus. Virology 172, 237-246.

Macaulay, C., Upton, C., and McFadden, G. (1987). Tumorigenic poxviruses: transcriptional mapping of
the terminal inverted repeats of Shope fibroma virus. Virology 158, 381-393.

Mackett, M., and Smith, G. L. (1985). Vaccinia virus expression vectors. J. Gen. Virol, 67, 2967-2082.

Mackett, M., Smith, G. L., and Moss, B. (1982). Vaccinia virus: A selectable eukaryotic cloning and
expression vector. Proc. Natl. Acad. Sci. USA 79, 7415-7419.

Mackett, M., Smith, G. L., and Moss, B. (1984). General method for production and selection of
infectious vaccinia virus recombinants expressing foreign genes. J. Virol, 49, 857-864.

Mackett, M., Smith, G. L., and Moss, B. (1985). In" DNA cloning Vol II: a practical approach" (D. M.
Glover, Ed.), pp 191-211, IRL press, Oxford, England.

Magee, W. E. (1962). DNA polymerase and deoxyribonucleotide kinase activites in cells infected with
vaccinia virus. Virology 17, 605-607.

Magistris, L., and Stunnenberg, H. G. (1988). Cis-acting sequences affecting the length of the poly(A)
head of vaccinia virus late transcripts. Nucl, Acids Res. 16, 3141-3156.

Mahr, A., and Roberts, B. E. (1984a). Organization of six early transcripts synthesized from a vaccinia
virus EcoRI DNA fragment. J. Virol. 49, 497-509.

Mahr, A., and Roberts, B. E. (1984b). Arrangement of late RNAs tmnscnbed from a 7.1 kb EcoRI
vaccinia DNA fragment. J. Virol. 49, 510-520.

Maniatis, T., Fritsch, E. F., and Sambrook, J. (1982). Molecular cloning a laboratory manual. Cold
Spring Harbor Laboratory.

Mars, M., and Beaud, G. (1987). Characierization of vaccinia virus early promoters and evaluation of their
informational content. J, Mol, Biol. 198, 619-631.

Martin, C. T., Muller, D. K., and Coleman, J. E. (1988). Processivity in early stages of transcripﬁo'n by



T7 RNA polymerase. Biochemistry 27, 3966-3974. 139

Martin, S. A., and Moss, B. (1975). Modification of RNA by mRNA guanylyltransferase and
. mRNA(guanine-7-)methyltransferase from vaccinia virions. J. Biol. Chem. 250, 9330-9335.

Martin, S. A., and Moss, B. (1976). mRNA guanylyltransferasc and mRNA (guanine-7-)-
methyliransferase from vaccinia virions. J. Biol. Chem. 251, 7313-7321.

Martin, S. A., Paoletti, E., and Moss, B. (1975). Purification of mRNA guanylyltransferase and
mRNA (guanine-7-)methyltransferase form vaccinia virions. J. Biol. Chem. 250, 9322-9329.

Mathews, R. E. F. (1982). Classification and nomenclature of viruses. Intervirology 17, 42-46.

McAuslan, B. R. (1963a). Control of induced thymidine kinase activity in the poxvirus-infected cell.
Virology 20, 162-168.

McAuslan, B. R. (1963b). The induction and repression of thymidine kinase in poxvirus-infected HeLa
Cell. Virology 21, 383-389.

McAuslan, B. R. (1965). Deoxyribonuclease activity of normal and poxvirus-infected HeLa cells. Bioch.
Biophys. Res. Commun. 19, 15-20.

McAuslan, B. R., and Joklik, W.R. (1962). Stimulation of the thymidine phosphorylating system in
HeLa cells on infection with poxviruses. Bioch. and Biophys. Res. Comm. 8, 486-491.

McAuslan, B. R., and Kates, J. R. (1967). Poxvirus-induced acid deoxyribonuclease: regulation of
synthesis; control of activity in vivo; purification and properties of the enzyme. Virology 33, 709-716.

McFadden, G. (1988). Poxviruses of rabbits. In "Virus diseases in laboratory and captive animals” (G.
Darai, Ed.), pp37-62, Martinus Nijhoff, Boston.

McFadden, G., and Dales, S. (1982). Organization and replication of poxvirus DNA. In "Organization
and Replication of Viral DNA" (A. S. Kaplsn, ed.), pp. 173-190. CRC Press, Boca Raton, Fla.

McMaster, G. K., and Carmichael, G. G. (1977). Analysis of single- and double-stranded nucleic acids on
polyacrylamide and agarose gels by using glyoxal and acridine orange. Proc. Natl. Acad. Sci. USA 74,
4835-4838.

Meir, E. V., and Wittek, R. (1988). Fine structure of the vaccinia virus gene encoding the precursor of the
major core protein 4a. Arch. Virol. 102, 19-27.

Merchlinsky, M. (1989). Intramolecular homologous recombination in cells infected with temperature-
sensitive mutants of vaccinia virus. J. Virol, 63, 2030-2035.

Merchlinsky, M. M., and Moss, B. (1986). Resolution of linear minichromosomes with hairpin ends
from circular plasmids containing vaccinia virus concatemer junctions. Cell45, 879-884.

Merchlinsky, M. M., and Moss, B. (1989a). Nucleotide sequence required for resolution of the concatemer
junction of vaccinia virus DNA. J. Virol. 63, 4354-4361.

Merchlinsky, M. M., and Moss, B. (1989b). Resolution of vaccinia virus DNA concatemer junctions
requires late-gene expression. J. Virol. 63, 1595-1603.

Miner, J. N., and Hruby, D. E. (1989a). Rifampicin prevents virosome localization of L65, an essential
vaccinia virus polypeptide. Virology 170, 227-237.

Miner, J. N., and Hruby, D. E. (1989b). DNA sequences that regulate expression of a vaccinia virus late
gene (L65) and interact with a DNA-binding protein from infected cells. J. Virol 63, 2726-2736.

Miner, J. N., Weinrich, S. L., and Hruby, D. E. (1988). Molecular dissection of cis-acting regulatory



elements from 5'-proximal regions of a vaccinia virus late gene cluster. J. Virol. 62,297-304. 140

Morgan, A. R, Lee, J. S., Pulleyblank, D. E., Murray, N. L., and Evans, D. H. (1979). Review:
Ethidium fluorescence assays. Part I. Physicochiemical studies. Nucl. Acids Res. 7, 547-569.

Morgan, J. R., and Roberts, B. E. (1984). Organization of RNA transcripts from a vaccinia virus carly
gene cluster. J. Virol. 51, 283-297.

Morgan, J. R., Cohen, L. K., and Roberts, B. E. (1984). Identification of the DNA sequences encoding
the large subunit of the mRNA capping enzyme of vaccinia virus. J. Virol. 52, 206-214.

Morrison, D. K., and Moyer, R. W. (1986). Detection of a subunit of cellular pol II within highly
purified preparations of RMA péymerzse isolated from rabbit poxvirus virions. Cell 44, 587-596.

Morrison, D. K., Carter, J. K., ané Moyer, R. W. (1985). Isolation and characterization of monoclonal
antibodies directed against two subunits of rabbit poxvirus-associated, DNA-directed RNA polymerase. J.
Virol. 58, 670-680.

Moss, B. {1985). Replication of Poxviruses. In "Fields Virology" (B. N. Fields Ed.), pp 685-703, Raven
Press, New York.

Moss, B., and Cooper, N. (1982). Genetic evidence for vaccinia virus-encoded DNA polymerase: isolation

of phosphonoacetate-resistant enzyme from the cytoplasm of ceils infected with mutant virus. J. Virol 43,
673-678.

Moss, B., and Flexner, C. (1987). Vaccinia virus expression vectors. Ann. Rev. Immunol. §, 305-324.

Moss, B., Gershowitz, A., Wei, C. M., and Boone, R. (1976). Formation of the guanylylated and
methylated 5-terminus of vaccinia virus mRNA. Virology 72, 341-351.

Moss, B., and Rosenblum, E. N. (1974). Vaccinia virus polyriboadenylate polymerase: Covalent linkage
of the product with polyribonucleotide and polydeoxyribonucleotied primers. J. Virol. 14, 86-98.

Moss, B., Rosenblum, E. N. and Gershowitz, A. (1975). Characterization of a polyriboadenylate
polymerase from vaccinia virions. J. Biol. Chem. 250, 4722-4729,

Moss, B., Rosenblum, E. N., and Paoletti, E. (1973). Polyadenylate polymerase from vaccinia virions.
Nature New Biology 245, 59-62.

Moss, B., and Salzman, N. P. (1968). Sequential protein synthesis following vaccinia virus infection. J.
Virol. 2, 1016-1027,

Moss, B., Winters, E., and Cooper, J. A. (1981). Deletion of a 9,000-base-pair segment of the vaccinia
virus genome that encodes nonessential polypeptides. J. Virol. 40, 387-395.

Moyer, R. W. (1987). The role of ¢ host cell nucleus in vaccinia virus morphogenesis. Virus Res. 8,
173-191.

Munyon, W., Paoletti, E., and Grace, J. T. (1967). RNA polymerase activity in purified int*ctious
vaccinia virus. Proc. Natl. Acad. Sci. USA. 58, 2280-2287.

Munyon, W., Paoletti, E., Ospina, J., and Grace, J. T. (1968). Nucleotide phosphohydrolase in purified
vaccinia virus. J., Virol. 2, 167-172,

Nevins, J. R., and Joklik, W. K. (1975). Poly(A) sequences of vaccinia virus messenger RNA: nature,
mode of addition and function during translation in vitro and in vivio. Virology, 63, 1-14.

Nevins, J. R., and Joklik, W. K. (1977a). Isolation and properties of the vaccinia virus DNA-dependent
RNA polymerase. J. Biol. Chem. 252, 6930-6938.



Nevins, J. R., and Jokiix, W. K. (1977b). Isolation and partial characterization of the poly(A)141

polymerases from Hel.a cells infectes! with vaccinia virus. J, Biol, Chem. 252, 6939-6947.

Niles, E. G., Condit, R. C., Cargo, P., Davidson, K., Matusick, L., and Seto, J. (1986). Nucleotide
sequence and genetic map of the 16 kb v2«cinia virus HindIII-D fragment. Virology 153, 96-112.

Niles, E. G., Lee-Chen, G. J., Shumans, S., Moss, E., and Broyles, S. S. (1989). Vaccinia virus gene
DI2L encodes the small subunit of the viral mMRNA capping enzyme. Virology 172, 513-522.

Niles, E. G., and Seto, J. (1988). Vaccinia virus gene D8 encodes a virion transmembrane protejs. J.
Virol. 62, 3772-3778.

Nonet, M., Sweetser, D., and Young, R. A. (1987). Functional redundancy and structural polymorphism
in the large subunit of RNA polymerase II. Cell 50, 909-915.

Nuss, D. L. and Paoletti, E. (1977). Methyl group analysis of virion-associated high-molecular-weight
RNA synthesized in vitro by purified vaccinia virus, J, Viral, 23, 110-116.

Oda, K. I and Joklik, W. K. (1967). Hybridization and sedimentation studies on "early” and "late”
vaccinia messenger RNA. J, Mol. Biol. 27, 493-419.

Pacha, R. F., and Condit, R. C. (1985). Characterization of a temperature sensitive mutant of vaccinia
virus reveals a novel function that prevents virus-induced breakdown of RNA. J. Virol. 56, 395-403.

Paez, E., Dallo, S., and Esteban, M. (1985). Generation of a dominant 8-MDa deletion at the left
terminus of vaccinia virus DNA. Proc. Natl. Acad. Sci. USA 82, 3365-3369.

Paez, E., and Esteban, M. (1988). Stability of vaccinia virus DNA during persistent infections;
Accumulation of left-end deletions and of tandem repeats at both ends of the viral genome and prevention by
interferon. Virology 163, 145-154.

Panicali, D., and Paoletti, E. (1982). Construction of poxviruses as cloning vectors: insertion of the
thymidine kinase gene from herpes simplex virus into the DNA of infectious vaccinia virus. Proc, Natl,
Acad. Sci. USA 79, 4927-4931.

Panicali, D., Davis, S. W., Mercer, S. R., and Paoletti, E. (1981). Two major DNA variants present in
serially propagated stocks of the WR strain of vaccinia virus. J, Virol, 37, 1000-1010.

Panicali, D., Davis, S. W., Weinberg, R. L., and Paoletti, E. (1983). Construction of live vaccinia by
using genetically engineered poxviruses: biological activity of recombinant vaccinia virus expressing
influenza virus hemagglutinin. Proc, Natl, Acad, Sci, USA 80, 5364-5368.

Panicali, D., Greelecki, A., and Huang, C. (1986). Vaccinia virus vectors utilizing the B-galactosidase
assay for rapid selection of recombinant viruses and measurement of gene expression. Gene 47, 193-199,

Paoletti, E. (1977a). In vitro synthesis of high molecular weight virion-associated RNA by vaccinia. J.
Biol. Chem. 252, 866-871.

Paoletti, E. (1977b). High molecular weight virion-associated RNA of vaccinia. J. Biol. Chem. 252,
872-877.

Paoletti, E., Cooper, N., and Moss, B. (1974a). Regulation of synthesis of two immunologically distinct
nucleic :cid-dependem nucleoside triphosphate phosphohydrolases in vaccinia virus-infected HeLa cells. J.
Virol. 14, 578-586.

Paoletti, E., and Grady, L. J. (1977). Transcriptional complexity of vaccinia virus in vivo and in vitro. J,
Virol. 23, 608-61S.

Paoletd, E., and Lipinskas, B. R. ( 1978). Soluble endoribonuclease activity from vaccinia virus: Specific
cleavage of virion-associated high molecular-weight RNA. J. Virol. 26, 822-824.



142
Paoletti, E., and Moss, B. (1972a). Protein kinase and specific phosphate acceptor proteins associated with
vaccinia virus cores. J. Virol 10, 417<124.

Paoletti, E., and Moss, B. (1972b). Deoxyribonuleic acid-dependent nucleotide phosphohydrolase activity
in purified vaccina virus. J. Virol. 10, 866-868.

Paoletti, E., and Moss, B. (1974). Two nucleic acid-dependent nucleoside tiphosphate phosphohydrolases
from vaccinia virus. J. Biol. Chem. 249, 3281-3288.

Paoletti, E., Rosemond-Hornbeak, H., and Moss, B. (1974b). Two nucleic acid-dependent nucleoside
triphosphate phosphohydrolases from vaccinia virus, J. Biol. Chem. 249, 3273-3280.

Parsons, B. L., and Pickup, D. J. (1987). Tandemly repeated sequences are present at the ends of the DNA
of raccoonpox virus. Virology 161, 45-53.

Patel, D. D., Ray, C. A., Drucker, R. P., and Pickup, D. J. (1988). A poxvirus-derived vector that directs
high levels of expression of cloned genes in mammalian cells. Proc. Natl. Acad. Sci. USA 85, 9431-
9435,

Patel, D. D., and Pickup, D. J. (1987). Messenger RNAs of a strongly-- . :essed late gene of cowpox
virus contain 5-terminal poly (A) sequences. The EMBO J. 6, 3787-3794.

Patel, D. D., and Pickup, D. J. (1989). The second-largest subunit of the poxvirus RNA polymerase is
similar to the corresponding subunits of prokaryotic and eukaryotic RNA polymerases. J. Virol. 63,
1076-1086.

Pedley, C. B., and Cooper, R. J. (1987). The assay, purification and properties of vaccinia virus-induced
uncoating protein. J. Gen. Virol. 8, 1021-1028.

Pelham, H. R. B., Sykes, J. M. M., and Hunt, T. (1978). Characteristic of a coupled cell-free
ranscription and translation system directed by vaccinia cores. Eur. J. Biochem. 82, 199-209.

Pennington, T. H. (1974). Vaccinia virus polypeptide synthesis: seque:xial appearance and stability of
pre- and post-replicative polypeptides. J. Gen. Virol. 25, 433-444.

Pennington, T. H., and Follett, E. A. C. (1974). Vaccinia virus replication in enucleate BSC-1 cells:
particle production and synthesis of viral DNA and proteins. J. Virol, 13, 488-493.

Perkus, M. E., Panicali, D., Mercer, S., and Paoletti, E. (1986). insertion and deletion musants of
vaccinia virus. Virology 152, 285-297.

Piccini, A., and Paoletti, E. (1986). The use of vaccinia virus for the construction of recombinant
vaccines. Bioessays 5, 248-252.

Piccini, A., Perkus, M.E., and Paoletti, E. (1987). Vaccinia viurs as an expression vector. Meth. in
Enzymology 153, 545-563.

Plucienniczak, A., Schroeder, E., Zettimeissl, G., and Streeck, R. E. (1985). Nucleotide sequence of a
cluster of early and late genes in a conserved segment of the vaccinia virus genome. Nucl. Acids Res. 13,
985-998.

Poddar, S. K., and Bauer, W. R. (1986). Type I topoisomerase activity after infection of enucleated,
synchronized mouse L cells by vaccinia virus. J. Virol. 57, 433-437.

Pogo, B. G. T., and Dales, S. (1969). Two deoxyribonuclease activities within purified vaccinia virus.
Proc. Natl. Acad. Sci. USA. 63, 820-827.

Pogo, B. G. T., Katz, J. R,, and Dales, S. (1975). Biogenesis of poxviruses: synthesis and
phosphorylation of a basic protein associated with the DNA. Virology 64, 531-543.



143

Pogo, B. G. T., and O'shea, M. T. (1977). Further characterization of deoxyribonucleases from vaccina
virus. Virology 77, 56-66.

Prescott, D. M., Kates, J., and Kirkpatrick, J. B. (1971). Replication of vaccinia virus DNA in enucleated
L-cells. J. Mol Biol. 59, 505-508.

Puckett, C., and Moss, B. (1983). Selective transcription of vaccinia virus genes in template dependent
soluble extracts of infected cells. Cell 35, 441-448.

Reddy, M. K,, and Bauver. W. R. (1989). A:+.aiin of the vaccinia virus nicking-joiing enzyme by
trypsinization. J. Biol. Chem. 264, 443-449,

Reisner, A. H. (1985). Similarity between the vaccinia vires 19% e % #7ein and epidermal growth
factor. Nature 313, 801-803.

Rhim, J. S., Cho, H. Y., and Huebner, R. 1. (1975). Non-producer human ceils induced &= «wirine
sarcoma virus, Int. J. Cancer 15, 23-29.

Robinson, A. J., Bamns, G., fraser, K., Carpenter, E., and Mercer, A. A. (1987). Conservation and
variation in orf virus genomes. Virology 157, 13-23.

Rodriguez, J. F., and Esteban, M. (1987). Mapping and nucleotide sequence of the vaccinia virus gene that
encodes a 14-kilodalton fusion protein. J. Viral. 61, 3550-3554.

Rodriguez, J. F., Paez, E., and Esteban, M. (1987). 14,000 Mr envelope protein of vaccinia virus is
involved in cell fusion and forms covalently linked trimers. J. Virol. 61, 315-404.

Rohrmann, G., and Moss, B. (1985). Transcription of vaccinia vu-us early genes by a template-dependent
soluble extract of purified virions. J. Virol 56, 349-355.

Rohrmann, G., Yuen, L., and Moss, B. (1986). Transcription of vaccinia virus early genes by enzymes
isolated from vaccinia virions terminates downstream of a regulatory sequence. Ceil 46, 1029-1035.

Rosel, 1. L., Earl, P. L., Weir, J. P., and Moss, B. (1986). Conserved TAAATG sequence at the
transcriptional and translational initiation sites of vaccinia virus late genes deduced by structural and
functional analysis of the HindIII H genome fragment. J, Virol. 60, 436-449.

Rosel, J., and Moss, B. (1985). Transcriptional and translational mapping and nucleotide sequence
analysis of a vaccinia virus gene ¢acoding the precursor of the major core polypeptide 4b. J. Virol. 56,
830-838.

Roseman, N. A., and Hruby, D. E. (1987). Nucleotide sequence and transcript organization of a region of
the vaccinia virus genome which encodes a constitutively expressed gene required for DNA replication, J.
Virol, 61, 1398-1406.

Rosemond-Hombeak, J., and Moss, B. (1974). Single-stranded deoxyribonucleic acid-specific nuclease
from vaccinia virus. Endonucleolytic and exonucleolytic activities. J, Biol, Chern. 249, 3292-3295,

Rosemond-Hombeak, J., Paoletti E., and Moss, B. (1974). Single-stranded deoxyribonucleic acid-specific
nuclease from vaccinia virus. Purification and characterization. J. Biol, Chem. 249, 3287-3291.

Russell, R. J., and Robbins, S. J. (1989). Cloning and molex »lar characterization of the myxoma virus
genome. Virology 170, 147-159.

Salzman, N. P., aad Sebring, E. D. (1967). Sequential formation of vaccinia virus proteins and viral
deoxyribonucleic acid replication. J, Virol, 1, 16-23.

Salzman, N. P., Shatkin, A. J., and Sebring, E. D. (1963). Viral protein and DNA synthesis in vaccinia
virus infected HeLa cell cultures. Virology 19, 542-550.



144
Sambrook, J., and Shatkin, A.J. (1969). Poiynucleotide ligase activity in cells infected with simian virus
40, polyoma virus or vaccinia virus. J. Virol. 4, 719-725.

Scherrer, R. (1968). Viral and host deoxyribonucleic acid synthesis in Shope fibroma virus-infected cells
as studied by means of high-resoiution autoradiography, J. Virol 2, 1418-1428.

Schmitt, J. F. C., and Stunnenberyz, H. G. (1988). Sequence and transcriptional analysis of vaccinia virus
HindIl1 I fragment. J. Viroi. 62, 1889-1897.

Schwer, B., and Stunnenberg, H. G. (1988). Vaccinia virus late transcripts generated in vitro have a
poly(A) head. The EMBO J. 7, 1183-1190,

Schwer, B., Visca, P., Vos, J. C,, and Stunnenberg, H. G. (1987). Discontinuous transcription or RNA
processing of vaccinia virus late messengers results in a §' poly(A) leader. Cell 50, 163-169.

Sebring, E. D., and Salzman, N. P. (1967). Metabolic properties of early and late vaccinia virus
messenger ribonucleic acid. J. Virl. 1, 550-558.

Sell, S., and Scott, C. B. (1981). An imhmnohistologic study of Shope fibroma virus in rabbits: Tunzor
rejection by cellular reaction in adults and progressive systemic reticuloendothelial infection in neonates. J.
Natl. Canc. Inst. 66, 363-373.

SMer, R., and Traktman, P. (1987;. Vaccina virus encapsidates a novel topoisomerase with the
properties of a eucaryotic type I enzyme. J. Biol. Chem. 262, 9309-9315.

Sheldon, R., and Kates, J. (1974). Mechanism of poly(A) synthesis by vaccinia virus. J. Virol, 14, 214-
224.

Shepard, B., Panicali, D., and Huang, C. (1987). Transient expression system to measure the efficiency of
vaccinia promoter regions. Plasmid 18, 16-23.

Shida, H. (1986). Nucleotide sequence of the vaccinis virus hemagglutinin gene. Virology 150, 451-462,
Shope, R. E. (1932a). A transmissible tumor like condition in rabbits. J. Exp. Med. 56, 793-802.

Shope, R. E. (1932b). A filterable virus causing a tumor-llike condition in rabbits and its relationship to
virus myxomatosum. J. Exp. Med. 56, 803-822.

Shope, R. E. (1936). A change in rabbit fibroma virus suggesting mutation 1I. Behavior of the variant
virus in cottontail rabbits. . Exp. Med. 63, 173-178.

Shuman, S. (1989). Functionsl domains of vaccinia virus mRNA capping enzyme. Analysis by limited
tryptic digestion. J. Biol. Chem. 264, 9690-9695.

Shuman, S., and Hurwitz, J, (1981). Mechanism of mRNA capping by vaccinia virus guanylyltransferase:
characterization of an enzyme-guanylate intermediate. Proc. Natl. Acad. Sci. USA. 78, 187-191,

Shuman, S., and Moss, B. (1987). Identification of a vaccinia virus gene encoding a type I DNA
topoisomerase. Proc. Natl. Acad. Sci. USA 84, 7478-7482.

Shuman, S., and Moss, B. (1988a). Fﬁctor-dependem transcription termination by vaccinia virus RNA
polymerase. J. Biol. Chem. 263, 6220-6225..

Shuman, S., and Moss, B. (1988b). Vaccina virus poly(A) polymerase. J. Biol. Chem. 263, 8405-8412.

Shuman, S., Broyles, S. S., and Moss, B. (1987). Purification and characterization of a transcription
termination factor from vaccinia virions. J. Biol. Chem. 262, 12372-12380.

Shuman, S., Golder, M., and Moss, B. (1988). Characterization of vaccinia virus DNA topoisomerase I



expressed in Escherichia coli. J. Biol. Chei. 263, 16401-16407. 145

Shuman, S., Goider, M., and Moss, B. (1989). Insertional mutagenesis of the vaccinia virus gene
encoding a type I DNA topoisomerase: evidence that the gene is essential for virus growth. Virology,
170, 302-306.

Shuman, S., Spencer, E., Furneaux, H., and Hurwitz, J. (1980a). The role of ATP in in vifto vaccinia
virus RNA synthesis. J. Biol. Chem. 255, 5396-5403.

Shuman, S., Surks, M., Furneaux, H., and Hurwitz, J. (1980b). Purification and characterization of a
GTP-pyrophosphate exchange activity from vaccina virions. J. Biol Chem. 255, 11588-11598.

Silvez, M., and Dales, S. (1982). Evidence against involvement of host transcription in the replication of
vaccinia and herpes simplex viruses. Virology 118, 214-218.

Silver, M., McFadden, G., Wilton, S., and Dales, S. (1979). Biogenesis of poxviruses: Role for the
DNA-dependent RNA polymerase II of the host during expression of late functions. Proc. Natl. Acad, Sci.
USA. 76, 4122-4125,

Slabaugh, M. B., Johnson, T. L., and Mathews, C. K. (1984). Vaccinia virus induces ribonucleotide
reductase ir primaie cells. J. Virol. 52, 507-514.

Slabaugh, M. B., and Mathews, C. K. (1984). Vaccinia viru-induced ribonucleotid: reductase can be
distinguished from host cell activity. J. Virol. 52, 501-506.

Slabaugh, M. B., and Mathews, C. K. (1986). Hydroxyurea-resistant vaccinia virus: overproduction of
ribonucleotide reductase. J. Virol. 60, 506-514.

Slabaugh, M., Roseman, N. (1989). Retroviral protease-like gene in the vaccinia virus genome. Proc.
Natl. Acad. Sci. USA 86, 4152-4155.

Slabaugh, M., Roseman, N., Davis, R., and Mathews, C. (1988). Vaccinia virus-encoded ribonucleotide
reductase: sequence conservation of the gene for the small subunit and its amplification in hydroxyurea-
resistance mutants. J. Virol. 62, 519-527. :

Smith, G. L., Howard, S. T., and Chan, Y. S. (1989). Vaccinia virus encodes a family of genes with
homology to serine proteinase inhibitors. J. Gen. Virol. 70, 2333-2343,

Smith, J. L., Levin, J. R,, Ingles, C. J., and Agabian, N. (1989). In trypanosomes the homolog of the
largest subunit of RNA polymerase II is encoded by two genes and has a highly unusual C-terminal dozzain
structure. Cell 56, 815-827.

Spadari, S. (1976). Properties of DNA ligase from uninfected and virus-infected HeLa cells. Nucl. Acids
Res. 3, 2155-2167.

Wcer, E., Loring, D., Jurwitz, J., and Monroy, G. (1978). Enzymatic conversion of S'-phosphate-
rmsiated RNA to 5'-di- and triphosphate-terminated RNA. Proc. Natl. Acad. Sci, USA. 75, 4793-4797.

Spencer, 4., Shuman S., and Hurwitz, J. (1980). Purification and properties of vaccinia virus DNA-
dependenfRNA polymerase. J. Biol. Chem. 255, 5388-5395.

Sridhar, P...and Condit, R. C. (1983). Selection for ts mutation in specific vaccinia virus genes:
isolation of phosphonoacetic acid-resistant, temperature-sensitive virus mutant. Virology 128, 444-457.

Strayer, & S., Cabirac, G., Sell, S., and Leibowitz, J. L. (1983a). Malignant rabbit fibroma virus:
observatims oln the culture and histopathologic characteristics of a new virus-induced rabbit tumor. J, Natl.
Canc. Inst. 71, 91-104,

Stray¥\:*D. S., Mulloy, J., and Leibowitz, J. L. (1988). Lymphocyte-virus interactions. Identification of
a re@iiction fragment permitting virus replication in lymphocytes. J. Immun. 140, 2060-2067.



146
Strayer, D. S., and Sell, S. (1983). Immunohistology of malignant rabbit fibroma virus--a comparative
study with rabbit myxoma virus. J. Natl. Canc. Inst. 71, 105-116.

Strayer, D. S., Skaletsky, E., Cabirac, G. F., Sharp, P. A., Corbeil, L. B., Sell, S., and Leibowitz, J. L.
(1983b). Malignant rabbit fibroma virus causes secondary immunosuppression in rabbits. J. Immunol.
130, 399-404.

Strayer, D. S., Skaletsky, E., Sell, §. (1984). Strain differences in Shope fibroma virus. An
immunopathologic study. Amer. J. Path. 116, 342-358.

Stroobant, P., Rice, A. P., Gullick, J. W., Cheng, D. J., Kerr, 1. M., and Waterfield, M. D. (1985).
Purification and characterization of vaccinia virus growth facior. Cell42, 383-393.

Tamin, A., Villarreal, E. C., Weinrich, §. L., and Hruby, D. (1988). Nucleotide sequence and molecular
genetic analysis of the vaccinia virus HindIII N/M region encoding the genes responsible for resistnace to a-
amanatin. Virology 165, 141-150.

Tartaglia, J., and Paoletti, E. (1985). Physical mapping and DNA sequence analysis of the rifampicin
resistance locus in vaccinia virus. Virology 147, 394-404.

Tartaglia, J., Piccini, A., and Paoletti, E. (1986). Vaccinia virus rifampicin-resistance locus specifies a
late 63kDa gene product. Virology 150, 45-54.

Taylor, J., Weinberg, R., Kawaoka, Y., Webster, R. G., and Paoletti, (1988a). Protective immunity
against avian influenza induced by a fowlpox viurs recombinant. Vaccinie 6, 504

Taylor, J., Weinberg, R., Languet, B., Desmettre, P., and Paoletti, E. (1988b). Recombinant fowlpox
virus inducing protective immunity in non-avian species. Vaccine 6, 497-503.

Tengelson, L. A, Slabaugh, M. B., Bibler, J. K., and Hruby, D. E. (1988). Nucleotide sequence and
molecular genetic analysis of the large subunit of ribonucleotide reductase encoded by vaccinia virus.
Virology 164, 121-131,

Thomas, P. S. (1983). Hybridization of denatured RNA transferred or dotted to nitrocellulose paper. In

"Methods in Enzymology” Vol. 100, R. Wu, L. Grossman, and K. Moldave, Ed., Academic Press, New
York N. Y. pp. 243-254.

Thompson, C. L., and Condit, R. C. (1986). Marker rescue mapping of vaccinia virus temperature-
sensitive mutants using overlapping cosmid clones representing the entire virus genomie, Virology 150,
10-20.

Thompsoii, C. L., Hooda-Dhingra, U.. and Condit, R. C. (1989a). Fine structure mapping of five
temperature-sensitive mutants in she 2%- and 147-kilodalton subunits of vaccinia virus DNA-dependent
RNA polymerase. J. Virol. 63, 735-7:3.

Thompson, N. E., Steinberg, T. H., Aronson, D, B., and Burgess, R. R. (1989b). Inhibition of in vivo
and in vitro transcripition by monoclonal antibodies prepares against wheat germ RNA polymerase II that
react with the heptapeptide repeat of Enkaryotic RNA polymerase I1. J. Biol. Chem. 264, 11511-11520.

Tomley, F., Binns, M. M., Campbell, J., ard Boursnell, M. (1988). Sequence analysis of an 11.2
kilobase, near-termina!, RamHI fragment of fowlpox virus. J. Gen. Virol. 69, 1025-1040,

Trakiman, P. (1989). The enzymology of poxvirus DNA replication. In "Curr. Topics in Microb. and
Immunol." (R. W. Moyer, Ed.) in press, Springer-Verlag, Berlin.

Traktman, P., Sridhar, P., Condit, R. C., and Roberts, B. E. (1984). Tanscriptional mapping of the DNA
polymerase gene of vacciria virus, J. Virol. 49, 125-131.

Tutas, D. J., and Paoletti, E. (1977). Purification and characterization of core-associated polynucleotide 5'-



triphosphatase from vaccinia virus. J. Biol Chem. 252, 3092-3098. 147

Twardzik, D. R., Brown, J. P., Ranshalis, J. E., Todaro, G. J., and Moss, B. (1985). Vaccinia virus-
infected cells release a novel polypeptide functionally related to transforming and epidermal growth factors.
Proc. Natl. Acad. Sci. USA. 82, 5300-5304.

Upton, C., DeLange, A. M., and McFadden, G. (1987a). Tumorigenic poxviruses: genomic organization
and DNA sequence of the telomeric region of the Shope fibroma virus genome. Virology 160, 20-30.

Upton, C., Macen, J., Maranchuk, R. A., DeLange, A. M., and McFadden, G. (1988). Tumorigenic
poxviruses: Fine analysis of the recombination junctions in malignant rabbit fibroma virus, a recombinant
between Shope fibroma virus and myxoma virus. Virology 166, 229-239,

Upton, C., Macen, J., and }cFadden, G. (1987b). Mapping and sequencing of a gene from myxoma virus
that is related to those encoding epidermal growth factor and transforming growth factor alpha. J. Virol,
61, 1271-1275.

Upton, C., and McFadden, G. (1986a). Analysis of viral DNA sequences implicated in the tumorigenicity
of Shope fibroma virus and malignant rabbit virus, Virology 152, 308-321.

Upton, C., and McFadden, G. (1986b). Identification and nucleotide sequence of the thymidine kinase gene
of Shope fibroma virus. J. Virol. 60, 920-927.

Uptan, C., and McFadden, G. (1986c). DNA sequence homology between the terminal inverted repeats of
Shope fibroma virus and an endogenous cellular plasmid species. Mol. and Cell. Biol. 6, 265-276.

Varich, N. L., Sychova, I. V., Kaverin, N. V., Artonova, T. P., and Chemos, V. 1. (1979). Transcription
of both DNA strands of vaccinia virus genome in vivo. Virology 96, 412-420.

Vassef, A. (1987). Conserved sequences near the early transcription start sites of vaccinia virus. Nucl.
Acids Res. 15, 1427-1443,

Vassef, A., Ben-Jamida, F., Dy, A., and Beaud, G. (1982). Translational control of early protein
synthesis at the late stage of vaccinia virus infection, Virology 118, 45-53.

Vassef, A., Mars, M., Dru, A., Plucicnniczak, A, Streeck, R. E., and Beaud, G. (1985). Isolation of cis-
acting vaccinia virus DNA fragmenis promoting the expression of herpes simplex virus thymidine kinase
by recombinant viruses. J. Virol, 55, 163-172.

Venkatesan, S., and Moss, B. (1981). In vitro transcription of the inverted ;erminal repeats of the vaccinia
virus genome: Correspondence of initiation and cap sites. J, Virol. 37, 738-747.

Venkatesan, S., Baroudy, B. M., and Moss, B. (1981). Distinctive nacleotide sequences adjacent to
multiple initiatics: ¢:sd tereination sites of an early vaccinia virus gene, Cell28, 805-813.

Venkatesan, S., Gesshowitz, A., and Moss, B. (1980). Modification of the 5' end of mRNA. J. Biol.
Chem. 255, 903-908.

Venkatesan, S., Gershowitz, A., and Moss, B. (1982). Complete nucleotide sequence of two adjacent early
vaccinia virus genes located within the inverted terminal repetition. J. Virol, 44, 637-646.

Villarreal, E. C., and Hruby, D. E., (1986). Mapping the gessomic location of the gene encoding a-
amanitin resistance in vaccinia virus mutants, J, Virol, 57, 65-70.

Villarreal, E. C., Roseman, N. A., and Hruby, D. E. (1984). Isolation of vaccinia virus mutants capable
of replicating independently of the host cell nucleus. J, ViroL § 1, 359-366.

Vos, J. C., and Stunnenberg, J. C. (1988). Derepression of a novel class of vaccinia virus genes upon
DNA replication. The EMBOJ. 7, 3487-3492.



Weaver, R. F., and Weissman, C. (1979). Mapping of RNA by a modification of the Berk - Sharpl48

[l)li?’ceedlg;: The 5' terminal of 15S o-globin mRNA have identical map coordinates. Nucl. Acids Res. 7,
5-1193.

Wei, C. M., and Moss, B., (1974). Methylation of newly synthesized viral messenger RNA by an enzyme
in vaccinia virus. Proc. Natl, Acad. Sci. USA. 71, 3014-3018.

Weinrich, S. L., and Hruby, D. E. (1986). A tandemly-oricnted late gene cluster within the Vaccinia Virus
genome. Nucl. Acids Res. 14, 3003-3016

Weinrich, S. L., and Hruby, D. E. (1987). Noncoordinate regulation of a vaccinia virus late gene cluster.
J. Virol. 61, 639-645.

Weinrich, S. L., Niles, E., and Hruby, D. E. (1985). Transcriptional and t-anslational analysis of the
vaccinia virus late gene L65. J. Virol. 53, 450457,

Weir, J. P., Bajszar, G., and Moss, B. (1982). Mapping the vaccinia virus thymidine kinase gene by
marker resue and by cell-free translation of selected mRNA. Proc. Natl. Acad. Sci. USA 79, 1210-1214,

Weir, J. P., and Moss, B. (1983). Nucieotide sequence of the vaccinia virus thymidine kinase gene and the
nature of spontaneous frameshift mutations. J. Virol. 46, 530-537.

Weir, J. P., and Moss, B. (1984). Regulation of expression and nucleotide sequence of a late vaccinia
virus gene. J. Virol. 51, 662-669.

Weir, J. P., and Moss, B. (1987a). Determination of the transcriptional regulatory region of a vaccinia
virus late gene. J. Virol. 61, 75-80.

Weir, J. P., and Moss, B. (1987b). Determinatiomn of the promoter region of an early vaccinia virus gene
encoding thymidine kinase. Virology 158, 206-210.

wills, A., Delange, A. M., Gregson, C., Macaulay, C., and McFadden, G. (1983). Physical
characterization and molecular cloning of the Shope fibroma virus DNA genome. Virology 130, 403-414.

Wittek, R., and Moss, B. (1982). Colinearity of RNAs with the vaccinia virus genome: Anomalies with
two complementary early and late RNAs results from a small deletion or rearrangement within the inverted
terminal repetition. J. Virol, 42, 447-455.

Wittek, R., Barbosa, E., Cooper, J. A., Garon, C. F., Chan, H., and Moss, B. (1980a). Inverted terminal
repetition in vaccinia virus DNA encodes early mRNAs. Nature 285, 21-25.

Wittek, R., Cooper, J. A., and Moss, B. (1981). Transcriptional translational mapping of a 6.6 kilobase
pair DNA fragment containing the junction of the terminal repition and unique sequences at the left end of
the vaccinia genome. J, Virol. 39, 722-732.

Wittek, R., Cooper, J. A., Barbosa, E., and Moss, B. (1980b). Expression of the vaccinia virus genome:
Analysis and mapping of the mRNAs encoded within the inverted terminal repeats. Cell 21, 487-493.

Wittek, R., Hinggi, M., and Hiller, G. (1984a). Mapping of a gene coding for a major structural
polypeptide on the vaccinia virus genome. J. Virol. 49,371-378.

Wittek, R., Richner, B., and Hiller, G. (1984b). Mapping genes coding for the two major vaccinia virus
core polypeptides. Nuc. Acid. Res. 12, 4835-4848.

Woodson, B. (1967). Vaccinia mRNA synthesis under conditions which prevent uncoating. Bioch.
Biophys. Res. Comm. 27, 169-175.

Woodson, B., and Joklik, W. K. (1965). The inhibition of vaccinia virus multiplication by isatin-B-
thiosemicarbazone. Proc. Natl. Acad. Sci, USA. 54, 946-953.



Wright, C. F., and Moss, B. (1987). In vitro synthesis of vaccinia virus late mRNA containing a 5149
poly(A) leader sequence. Proc. Natl, Acad. Sci. USA 84, 8883-8887.

Wright, C. F., and Moss, B. (1989). Identification of factors specific for transcription of the late class of
vaccinia viurs genes. J. Virol, 63, 42244233,

Yanisch-Perron, C., Vieira, J., and Messing, J. (1985). Improved M13 phage cloning vectors and host
strains: nucleotide sequences of the M13mp18 and pUC19 vectors. Gene 33, 103-119.

Yuen, L., Davison, A. J., and Moss, B. (1987). Early promoter binding factor from vaccinia virions.
Proc. Natl. Acad. Sci. UJSA 84, 6069-6073.

Yuen, L., and Moss, B. (1986). Multiple 3' ends of mRNA encoding vaccinia virus growth factor occur
within a series of repeated sequences downstream of T clusters. J. Virol. 60, 320-323.

Yuen, L., and Moss, B. (1987). Oligonucleotide sequence signaling transcriptional termination of vaccinia
virus early genes. Proc. Natl. Acad, Sci. USA 84, 6417-6421.

Yuill, T. M., and Hanson, R. P. (1964). Infection of suckling cottontail rabbits with Shope's fibroma
virus. P.S.E.B.M. 117, 376-380.

Zehring, W. A., Lee, J. M., Weeks, J. R., Jokerst, R. S., and Greenleaf, A. L. (1988). The C-terminal
repeat domain of RNA polymerase II largest subunit is essential in vivo but is not required for accurate
transcrption initiation in vitro. Proc. Natl. Acad, Sci. USA 85, 3698-3702.



150

APPENDIX I
A PHYSICAL MAP OF THE VACCINIA VIRUS GENOME

A. INTRODUCTION

This places onto the Hind IIIl map of the vaccinia genome, the positions of the ojen
reading frames and their transcriptional class where it is known.

A Hind III map of the vaccinia WR genome
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B. THE INVERTED TERMINAL REPEATS AND HINDII C
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By nicking the viral DNA with S1 nuclease and then seif-annealing the separated
strands of viral DNA Garonet al.,(1978), visualized the TIRs as a characteristic panhandle
shaped molecule. The 9 kb terminal Eco RI fragment, which shows 'snap-back’
reannealing kinetics, was cloned by Wittek et al.,(1980a), and shown to hybrid select early
viral RNA which translates in vitro into 42, 19, and 7.5-kDa polypeptides. Using hybrid
selection, these polypeptides were mapped to specific areas on the terminal EcoRI fragment
(Cooper et al.;1981a), and the exact position of the transcripts were determined by S1-
analysis fVenkateson et al., 1981, 1982; Venkateson and Moss, 1981). Sequences for the
19-kDa and 42-kDa early genes have been published (Venkateson et al.,1982). The
transcriptional and translational maps for the 6.6 kbp and 5.5 kbp Eco RI fragments were
determined by Wittek et al.,(1981), and Cooper et al.,(1981b). The start site for the 22-
kDa late gene has not been located, but the approximate map position was determined by
translation of hybrid selected mRNA. An attenuated vaccinia mutant 6/2 is missing most of
Hind III C and does not secrete at least two polypeptides (35-kDa and 13.8-kDa) elaborated
by wildtype vaccinia. The 35-kDa protein has been sequenced and it shows homology to a
C4b-binding protein which functions in the complement control pathway. The 35-kDa
protein may correspond to the 38-kDa protein on this map (Kotwal and Moss, 1988). The
13.8-kDa protein has been sequenced and was found to be transcribed at early and late
times. When inactivated by insertional mutagenesis the virus is somewhat attenuated but
not as much as the 6/2 mutant strain (Kotwal and Moss, 1989). The 19-kDa gene encodes
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a nonessential EGF-like growth factor which also affects virus virulence (Blomquist et. al,

1984; Brown et al.,1985; Buller et al.,1988a, b; Reisner, 1985; Twardzik et al.,1985).

138k 20k T 55k 30k 2.5k

A transcriptional map for this region and part of Hind III K has been produced
(Morgan and Roberts, 1984). The sequence for Hind III N and half of M has been
presented and the 55-kDa gene may be the o-amanitin resistance locus (Tamin et al.,1988;
Villarreal and Hruby, 1986). The 32.5-kDa gene has been sequenced and it has been
shown to be a host range gene that allows vaccinia to grow on some human cell lines
(Gillard ex al.,1985, 1986).

D. HINDIOIK
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The Hind I K region has been sequenced and a transcriptional map for the left
portion only detects the 10-kDa CRF (Boursnell et al.,1988; Morgan and Roberts, 1984).
The 42-kDa gene is one of the three vaccinia genes related to the serine protease inhibitor
superfamily of genes (serpins). The other two genes (SPI-1 and SPI-2) are in Hind 11 B
fragment . The 49-kDa gene is homologous to a 37-kDa gene encoding a major envelope
antigen in Hind Il F. Belle Isle et al.,(1981) could only detect early gene products by in
vitro translation of RNA hybrid selected by this fragment.
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E. HINDIIF
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Transcriptional-translational analysis has concentrated on the right hand portion of
this fragment (Golini and Kates, 1984). The 37-kDa late gene is a major envelope antigen
(E. Ag.) found only on extracellular virus and not on intracellular virus (Hirt et al.,1986).
The early promoter pF has been used to drive the expression of heterologous genes in
transient expression analysis and in recombinant virus, and has been characterized by 3™
deletion analysis (Coupar et al.,1987; Panical’ et al.,1983; Panicali and Paoletti, 1982; and
Shepard et al.,1987). The gene which this promoter drives is apparently nonessential as
shown by insertional mutagenesis (Panicali and Paoletti, 1982). The 37-kDa early gene is
the small subunit of ribonucleotide reductase (Ribo. Red.) and has been sequenced and
transcriptionally mapped (Slabaugh et al.,1988). The 16.2-kDa early gene has been
sequenced and transcriptionally mapped and it shows homology with a retroviral protease-
like gene (Slabaugh and Roseman, 1989).

F. HINDIIE
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The sequence of 5.4 kb to the right of the Bam HI site is known, and the 110-kDa
OREF codes for the DNA polymerase for which PAA resistance, aphidicolin resistance, and
ts mutants are available (Challberg et al.,1979; DeFilippes, 1989; Earl et al.,1986; Jones
and Moss, 1984, 1985; Moss and Cooper, 1982; Sridhar and Condit, 1983; Traktman et
al,1984). Originally it was considered strictly an early gene (Jones and Moss, 1984;
Traktman et al.,1984), but recently Kunzi and Traktman (1989), have found separate early



154
and late start sites. The 11-kDa gene has been transcriptionally mapped and encodes a very

basic, phosphorylated major late polypeptide found on the virus surface (Hiller and Weber,
1982; Kleiman and Moss, 1975a, b; Wittek et al.,1984). Others have identified an 11-kDa
basic phosphoprotein which is associated with viral DNA. in isolated factories and in
virions (Pogo et al.,1975; Kao et al.,1981; Kao and Bauer, 1987), but it is not yet known
if these two proteins are the same. In vitro translation of early RNA hybrid selected with
this fragment gives the 36-kDa and 31-kDa RNA polymerase subunits (Jones et al.,1987).

G. HINDIIO,P,ANDI
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The Hind III P fragment was recently found by two groups, but they place it in
different positions (Schmitt and Stunnenberg, 1988; and Tengelsen et al.,1988). The
position seen here as given by Tengelsen et al.,(1988), is apparently correct since they have
sequenced a Kpn I fragment which contains this region (not published). Tengelsen et
al.,(1988), have sequenced the 87.7-kDa gene, and it is the large subunit of ribonucleotide
reductase (Ribo. Red.). Schmitt and Stunnenberg (1988), have sequenced and
transcriptionally mapped, the entire Hind III I fragment.

H. HINDIIG
Very little information is available on this region of the genome. The right half
apparently contains an BTP mutation (Condit and Niles, 1989; Fathi et al.,1986).

I. HINDIIL AND]J
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The transcriptional map and sequence of this region is known (Broyles and Moss,
1986; Mahr and Roberts 1984 a, b; Plucienniczal et al.,1985). The 22-kDa and 147-kDa
early genes are subunits of the viral RNA polymerase (RNA pol.), for which ts mutants are
available (Broyles and Moss, 1986; Ensinger, 1987; Hooda-Dingra et al., 1989;
Thompson, et al., 19892). Other RNA polymerase subunits have been mapped to the
genome by immunoprecipitation of in vitro translation reactions primed with hybrid
selected RNA (Jones et al.,1987; Morrison et al.,1985) The promoters for the 147-kDa
and 36-kDa genes have been tested in recombinant vaccinia virus (Barbeyron et al.,1987).
The 28-kDa late gene is a major late protein and its promoter has been used to express
heterologous genes (Wier and Moss, 1984). The 19-kDa early gene encodes the thymidine
kinase (TK) gene (Bajszar et al.,1983; Weir and Moss, 1983; Weir et al.,1982; Hruby and
Ball, 1982).
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The entire fragment has been sequenced, transcriptionally and translationally
mapped (Rosel et al.,1986). The 35-kDa late gene has some homology to the hydrophobic
region of the spike glycoprotein precursor of VSV (Rosel et al.,1986), while the 32-kDa
essential gene encodes the viral type-I topoisomerase (Topo I) (Shuman and Moss, 1987;
Shuman et al.,1989).
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The entire region has been sequenced and transcriptionally and translationally
mapped (Niles et al.,1986; L.ee-Chen et al.,1988; Lee-Chen and Niles, 1988a, b; Weinrich
and Hruby, 1986). The 97-kDa and 33-kDa essential early genes are subunits of the
capping enzyme complex (Morgan, et al.,1984; Niles et al., 1989). The 35-kDa late gene
is homologous to carbonic anhydrase from horse and is a nonessential transmembrane
protein in the intracellular form of the virus (Niles and Seto, 1988). Rifampicin resistance
mutations are located in the 62-kDa late gene, also referred to as L65. This gene and its
promoter has been extensively characterized (Miner et al.,1988; Miner and Hruby 1989a, b;
Tartaglia and Paoletti, 1985, 1986; Weinrich et al.,1985; Weinrich and Hruby, 1986,
1987). The 72-kDa gene encodes the nucleoside triphosphate phosphohydrolase I (NPH-I
or ATPase-I), a DNA dependent ATPase packaged within the virion (Broyles and Moss,
1987a). Kunzi and Traktman (1989), have shown that ts mutations in this gene are of the
delayed late phenotype so it may have a role in late transcription. The 90-kDa gene shows
some homology to a protein kinase, is essential for DNA replication, and contains a
number of temperature sensitive mutations (C17, C24, E69, and 6389) which are of the
DNA™ phenotype (Condit and Niles, 1989; Evans and Traktman, 1987; Roseman and
Hruby, 1987; Traktman, 1989). In vitro translation of early RNA hybrid selected with this
fragment gives the 20-kDa RNA polymerase subunit (Jones et al.,1987).
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The leftmost 3 kb have been sequenced (Rosel and Moss, 1985; Weinrich and
Hruby, 1986). This region encodes the major virion structural protein p4b. About 7.5 kb
to the right of p4b maps a second major structural protein p4a (Wittek et al.,1984b), and 6
kb around this gene have been sequenced (Meir and Wittek, 1988). Between p4a and pdb
is a 39-kDa late virion core protein that is immunodominant in vaccinia infected rabbits
(Maa and Esteban, 1987). The cowpox genes encoding the second largest subunit of the
viral RNA polymerase complex (RPO 132), and the A-type inclusion body protein (p160),
have been mapped, and their vaccinia equivalents (rpo 132-kDa and 94-kDa), are located in
an analogous position on the vaccinia virus genome (Patel et al.,1988; Patel and Pickup,
1989). There are ts mutants of the delayed late phenotype for the rpo132 gene (Condit and
Niles, 1989), and the 94-kDa gene is not essential as shown by insertional mutagenesis
(Patel et al.,1988). The central portion of the Hind III A region contains the 14-kDa gene
encoding a viral envelope protein which affects virus penetration, plaque size, and elicits
neutralizing antibodies (Dallo et al.,1987; Rodriguez et al.,1987; Rodriguez and Esteban,
1987). The mutations ts22 and IBTT which are both involved in regulating the cellular 2-
5A dependent RNAse are located in the Hind ITI A fragment. Both have the same abortive
late phenotype though it is not yet known if they map to the same ORF (Cohrs et al.,1989;
Condit and Niles,1989; Pacha and Condit, 1985; Thompson and Condit, 1986) The
sequence of the vaccinia hemagglutinin gene (HA) has been determined (Shida, 1986). In
vitro translation of early RNA hybrid selected with this Hind III fragment gives the 132-
kDa, 34-kDa, 23-kDa, 21-kDa, and 17-kDa RNA polymerase subunit (Jones et al.,1987;
Morrison et al.,1985).
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The location and sequence of two serpin type proteins (SPI 1 or B13R, and SPI 2
OR B24R), are known (Kotwal and Moss, 1989; Smith et al., 1989). The sequence by
Smith et al., (1989) is apparently more correct than that given by Kotwol and Moss (1989).
All three serpin genes in vaccinia are early genes (Smith et al., 1989).
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APPENDIX I
POXVIRUS ENZYMES

A. INTRODUCTION

The poxvirus replicative cycle is localized exclusively to the cytoplasm of the
infected cell and many of the enzymes requi. -4 for the expression and replication of t =
poxvirus genome appear to be of viral origin. Various enzyme activities have been fou,
to be induced in virus infected cells, or they are associated with the purified virus particle
itself. The encapsidated enzymes have been the most thoroughly characterized since
purification of the virus particle away from the cell is easily achieved and this removes
many contaminating cellular activities. It should be remembered that encapsidation of an
enzyme does not prove it is of viral origin. Below are listed some of the enzyme activities

that £ induced upon infection or are associated with purified virus particles.

B. i*NA LIGASE

A DNA ligase activity is seen to be induced in cells infected with vaccinia virus and
this indu ‘ion is inhibited by puromycin but it is not affected by AraC or rifampicin.
However no differences have yet been detected between the ligase activity seen in infected
and uninfected cells (Sambrook and Shatkin 1969; Spadari 1976). An ORF with

homology to known ligases maps to L1 (Geof Smith, personal communication).

C. ALKALINE PROTEASE
This is an endoproteolytic activity detected when purified virions are disrupted at
PH 10.6, but it has not been purified or very well characterized (Arzoglou et. al. 1979).
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D. PROTEIN KINASE

A protein kinase and two major phesphate acceptor proteins have been purified
from vaccinia virions. The purified protein kinase is about 62-kDa and shows maximum
activity at alkaline pH values. The twe major phosphate acceptor proteins are solublized by
Np40 and DTT so they are not tightly core associated. One protein is 37.5-kDa,
phosphorylated predominantly on serine residues, while the other protein is 11.7-kDa
phosphorylated mostly on threonine residues and maps to the Hind III site between
fragments E and F (Downer et al.,1973; Kleiman and Moss 1973, 1975a, b; Paoletti and
Moss 1972a).

B. ENDORIBONUCLEASE

This is a core associated activity which will cleave the virion associated high
molecular weight RNA into 8-12s RNA. ATP or GTP are not required and 8-12s RNA is
not degraded when added to the reaction so there is some specificity. The enzyme has not
been purified and the reaction not well characterized so its role in gene expression remains

unknown (Paoletti and Lipinskas, 1978).

F. DEOXYRIBONUCLEASES
Three deoxyribonuclease activities are induced by poxvirus infection and they have

and Kates, 1967).
1. Acid DNase.

This DNase activity is induced in infected cells only if DNA replication is allowed
to occur so it is considered a late enzyme (McAuslan and Kates, 1967). It has been
purified from viral cores, and is a 50-kDa polypeptide which exists as a dimer in solution.
It has a pH optimum of 4.5, a pI of 4.5 and is active in the presence of EDTA (Roseman-

Hornbeak et. al. 1974; Roseman-Hombeak and Moss, 1974; Pogo and Dales, 1969; Pogo
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and O'Shea, 1977). It functions primarily as an exonuclease on ssDNA though some

endonucleolytic activity has been reported (Roseman-Hornbeak and Moss, 1974).
2. Neutral DNase.

This DNase has also been isolated from purified virus cores and behaves as an early
gene in infected cells. The purified enzyme has a pH optimum of 7.8, a plof3.7,a
molecular weight of 50-kDa, and acts as an endonuclease on ssDNA (McAuslan and Kates,
1967; Pogo and Dales, 1969; Pogo and O'Shea, 1977).

3.  Alkaline DNase.

This is the leasi well characterized of the DNases. It has been reported only in
infected cells, acts on native DNA and has a pH optimum of 9.2 (McAuslan and Kates,
1967; Jungwirth et al.,1969).

G. NUCLEOTIDE PHOSPHOHYDROLASES

The vaccinia virion contains two nucleotide phosphohdrolase activities (NPH-I and
NPH-II), which hydrolyze nucleotide triphosphate to nucleotide diphosphate plus inorganic
phosphate. Both enzymes require Mg2* and ssDNA as a cofactor, though NPH-I is
stimulated somewhat by RNA (Broyles and Moss, 1987a; Gold and Dales, 1968; Munyon
et al.,1968; Paoletti et al.,1974a, b; Paoletti and Moss, 1972b, 1974). NPH-I hydrolysis
ATP or dATP only, while NPH-II works best on ATP though it acts on all NTPs (Munyon
et al.,1968; Paoletti and Moss, 1974). NPH-I is 61-kDa and NPH-II is 68-kDa, they are
immunologically distinct enzymes and NPH-I has been assigned to ORF D11 (Broyles and
Moss, 1987). Kunz and Traktman (1989), have recently shown that a ts mutant which

maps to NPH-I has a defective late phenotype, and may be involved in late transcription.

H. POLY(A) POLYMERASE
Vaccinia RNA made in vivo or in vitro has 5' caps and 3' poly(A) tails. A distinct
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viral poly(A) polymerase has been isolated from both infected cells (Brakel and Kates,

1974a; Nevins and Joklik, 1977b), and purified viral cores (Brakel and Kates, (1974b;
Brown et al.,1973; Moss et al.,1973, 1975; Moss and Rosenblum, 1974; Sheldon and
Kates, 1974; Shuman and Moss, 1988b). Analysis of primer and nucleotide specificities
has indicated that poly (A) is added in a template independent fashion and is added to any
polyribonucleotide primer though poly A and C work best (Shuman and Moss, 1988b).
The purified enzyme has a molecular weight of 80-kDa, and consists of two subunits of 57
and 37-kDa, which distinguishes it frorn its host cell counterpart (Moss et al.,1975; Nevins
and Joklik, 1977b; Shuman and Moss, 1988b).

I. TOPOISOMERASE

A type I topeisnmes - activity is found both in vaccinia infected cells and vaccinia
virions (Bauer et al.,1977; ¥ and Bauer, 1986; Shaffer and Traktman, 1987). This
virally encoded 32-ki’: ;.1 »:cptide is inhibited by novobiocin, coumermycin and benerril
which are prokaryotic topoisomerase I inhibitors, but not by camptothecin a prokaryotic
topoisomerase I inhibitor (Fogleson and Bauer, 1984; Shaffer and Traktman, 1987;
Shuman et al.,1988; Shuman and Moss, 1987). The role of topoisomerase in replication or
transcription is unknown but its inhibition by novobiocin is similar to the inhibition by
noQobiocin of in vitro transcription. The topoisomerase does not ¢osediment with RNA
polymerase on glycerol gradients (Broyles and Moss, 1987b), nevertheless the RNA
polymerase and associated ATPase activities are inhibited by novobiocin. No ts mutants
exist in the gene and attempts to make insertion mutants have failed (Shuman et al.,1989).
It has been cloned and over expressed in E. coli where it is active, so the study of its

biophysical properties should be possible (Shuman 1989; Shuman et al.,1988).
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J. THE CAPPING ENZYMES

Vaccinia mRNA produced in vivo or in vitro possess 5' caps of the structure
m’G(5)ppp(5)N1™ pN2 p, or m’G(5)ppp(5)N1M pN2™ p which are type I and type II
caps respectively and where N1 is adenosine or guanosine (Boone and Moss, 1977; Keith
et al.,1980; Moss et al.,1976; Wei and Moss, 1974).

Cap formation occurs in vitro by the following series of reactions:

1. pppN1pN2p — ppNi1pN2p + Pj

2. GTP+ ppN1pN2p — G(S')ppp(5)N1 pN2 p + PP;

3. G(S5)ppp(5)N1pN2p +SAM —— m/G(5)ppp(5)N1 pN2 p + SAH

4. ni7G(5')ppp(5')N 1 pN2 p+SAM ——3 m’G(5)ppp(5)N1™ pN2 p + SAH

Where reaction one is catalyzed by a polynucleotide triphosphatase, reaction two by
guanylyltransferase, reaction three by (guanine-7)-methyl transferase, and reaction four by
an mRNA (nucleoside-2')-methyl transferase. SAM and SAH indicate S-adenosy!
methionine and S-adenosyl homocysteine respectively. These enzyme activities have been
isolated and characterized from purified vaccinia virus cores.

The polynucleotide triphosphatase, guanylyltransferase, and (guanine-7)-methyl
transferase copurify as a 127-kDa complex consisting of 2 95-kDa and a 31.4-kDa subunits
(Martin et al.,1975; Martin and Moss, 1975; Shuman, 1989; Shuman and Hurtwnz, 1981;
Tutas and Paoletti, 1977; Venkatesan et al.,1980). The substrate on which this complex
acts must be a polyribonucleotide with two or three 5' terminal phosphate groups. Poly
(A) with a single 5' terminal phosphate does not act as a CAP acceptor (Ensinger et

al.,1975; Martin and Moss, 1975). This is a consistent finding émong most groups and



164
implies that if a polycistronic mRNA were to be cleaved into monocistronic fragments then

these fragments could not be capped and therefore would not be translated. However,
Spencer et al.,(1978), have reported a 5'-phosphate-polyribonuclectide kinase that
phosphorylates a 5'-monophosphate to a 5'-di or tri- phosphate species and allows the
capping of 5-monophosphate RNA species. This enzyme has not been purified or well
characterized and the significance of this observation is unknown. Only GTP or dGTP act
as donors for the guanylyltransferase, and only G(5)ppp(5)N1 pN2p act as acceptors for
the guanine methyl transferase (Martin and Moss, 1976). Guanine residues with a
phosphate in the 2' or 3' positions, or in a 3'-5' linkage, are not methylated thus internal
guanine residues are not methylated by this enzyme. The 95-kDa subunit of this enzyme
complex is reported to contain a GTP pyrophosphate exchange activity (Shuman et
al.,1980b), and can be labeled with a-32P-GTP as it forms a covalently linked intermediate
with GTP (Shuman and Hurwitz, 1981). Shuman (1989), has determined that a 59-kDa
tryptic fragment of this subunit still has guanylyltransferase and RNA triphosphatase
activities and a 21-kDa tryptic fragment of the small 31.4-kDa subunit contains residual
methyltransferase activities. Thus the enzymatic activities of this complex have been
assigned to individual polypeptides and these two genes have been mapped onto the viral
genome as D1 and D12 (Morgan et al.,1984; Niles et al.,1989).

The mRNA (nucleoside-2')- methyl transferase has been purified and is a single
polypeptide of 38-kDa. Only m/G(5")ppp(5)N1 pN2 p- acts as an acceptor molecule
thus, 2'-O methylation is the final step in CAP formation (Barbosa and Moss, 1978a,b).
The capping enzyme complex cosediments with the viral RMA polymerase on glycerol
gradients (Broyles and Moss, 1987b), and it acts to terminate carly transcription in vitro
(Shuman and Méss, 1988a).
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K. DNA POLYMERASE

A 110-kDa single subunit DNA polymerase, distinct from the cellular enzyme and
containing a 3'-5' exonuclease activity has been purified and characterized from vaccinia
infected cells (Challberg and Englend, 1979). A number of drug resistant and ts mutants
are available and were used to map the gene onto the genome (DeFilipes, 1989; Jones and
Moss, 1984; Moss and Cooper, 1982; Sridhar and Condit, 1983; Traktman et al.,1984),
and transcriptional mapping indicated that it was strictly an early gene (Jones and Moss,
1985; Traktman et al.,1984), but recently Kunzi and Traktman (1989), detected separate

early and late transcripts indicating there is an early and a late promoter.

I.. THYMIDINE KINASE

Thymidine kinase is one of the first viral enzymes to be detected in infected cells
(Kit et al.,1962), and when purified from infected cells it was found to be 40-42-kDa and
function as a dimer (Kit et al.,1977). Mutations in this gene were one of the first to be
selected for as a drug resistance phenotype (to BUdR, Dubbs and Kit, 1964). It is thus a
nonessential gene and because both TK* and TK- phenotypes can be selected for, it was
important in the development of marker rescue techniques used to map the gene onto the
genome, and then to make recombinant viruses (Hruby and Ball, 1982; Weir et al.,1982).
Transcriptionally mapping and sequencing show that it is strictly an early gene, in the Hind
Il J fragm2nt (Bajszar et al,. 1983; Mahr and Roberts, 1984; Weir and Moss, 1983).

M. RIBONUCLEOTIDE REDUCTASE

A ribonucleotide reductase activity is induced in infected cells and can be
distinguished from th¢ host cell énzyme (Slabaugh et al.,1984; Slabaugh and Mathews,
1984). The viral enzyme is composed of two subunits one ot 37-kDa which maps to Hind
I F fragment and one of 86-kDa which maps to the Hind I I fragment (Slabaugh et
al.,1988; Tenglesen et al.,1988). This viral gene is responsible for the sensitivity of the
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virus to hydroxyurea (HU) and HU resistant mutants in the 37-kDa subunit have been

isolated. These mutants are interesting because they overcome the HU block by amplifying
the gene for the 37-kDa subunit as a tandomly repeated structure which is unstable and

reveris easily when HU is removed (Slabaugh et al.,1988; Slabaugh and Mathews, 1986).

N. RNA POLYMERASE

A viral RNA polymerase has been isolated from vaccinia infected cells and from
purified virions. It is similar in composition to other eukaryotic RNA polymerases
consisting of two large subunits (147-kDa and 132-kDa), and a number of smaller
subunits. A detailed description of the characteristics of this enzyme can be found in

chapter L.

O. NICKING-JOINING ENZYME

This is a DNase that ha: been purified from vaccinia cores, does not require ATP,
and acts on supercoiled plasmid substrates but not relaxed plasmid substrates in vitro
(Lakaritz et al., 1985; Fes’y w3 &+, 1989). This-enzyme first nicks the supercoiled
plasmid, and then linearizes #t. In s sraail proportion of the linearized substrate one of the
ends is cross-linked in a manner resembling the hairpin ends of the viral genome. The
purified enzyme is 50-kDa but trypsinization to create a 44-kDa fragment activates the
enzyme and increases the optimum NaCl concentration, so it may initially exist as a
proenzyme. The in vivorole of the enzyme is not known and the nature of the cross-linked

sequences has not yet been reported.
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APPENDIX III
POXVIRUS PROMOTER SEQUENCES

A. INTRODUCTION

Deletion analysis of poxvirus promoters indicates that the minimal sequence
requirement for a poxvirus promoter includes the transcriptional initiation site and up to 36
bp upstream. These sequences for the poxvirus genes which have been transcriptionally
mapped are listed in this appendix. In these sequences the initiating ATG of the gene is
underlined, and the transcriptional initiation sites which have been mapped by S1 or primer
extension analysis are indicated by an '*'. The promoters are separated into early and late
classes and it should be noted that the 7.5-kDa, D2, I3, and H6 genes contain separate
early and late start sites, while the H6 and CPV 132-kDa RPO genes have transcripts which
map to the same start site at both early and late times. A letter in brackets after the.name of
a vaccinia gene in the references, indicates the HindIll fragment where that gene is found if

it is not already indicated by the name of the gene.

B. EARLY PROMOTERS

*
ATTATAGTAA

x  *
TACTATAATA

AGGGTTTTTC
CAAGGTGATA

TTTCTCGTTA ATTTCTTAAA AAAAAGTCAA
GGATTTATTC AGGAAAARTA TAATACGACA

N45 GTCATGA
N67 TAAAATGG

W O ~J & U B W N

-
- o

TACGTAGACT
AATAATTAAT
TATATTATTA
TATAATARAG
GGATATATTA
CCAATGTTIG
AARTCAGACG
CGTCATGATA
TATTATTTTT

GTTTATACAA GATTGAAAAT ATATTTCTTT
TTCTCGTAAA AGTAGAAAAT ATATTCTAAT
GITTATATTA CTGAATTAAT AATATAAAAT
CAACGTAAAA CACATAAAAA TAAGCGTAAC
AAGTCGAATA AAGTGAACAA TAATTAATTC
GGATTCATTT ARATGAARAT ATATTTCTAA
CIGTAAATTA TGAADAAAAG ATGTACTACC
AAAATTTAAA GTGTARATAT AACTATTATT
ATAGTTGTAA TARAAAGGGA AATTTGATTG

TTATTEAGTG
TTATTGCACG
TCCCAATCTT
TAATAAGACA
TTTATTETCA
ATTCTATARA
TTARTAAGAT
TTTATAGTTG
TATACTTCGG

N65 GCCATGGA
N43 TCATGARA
N44 CAAARATG
ATGGATATT
CAIGAACGGC
N72 GARAIGG

‘N186 TCATGAA

N56 TAARAATG
N23 TAAARATG



12.
13.
14.
15.
le6.
17.
18.
18.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

GCTTGTTAAT AAGTAAATGA AAAAAAACTA

ACTTCGTTAT
GCTTGGTTTA
CTCAAGGGTT
AATATAACGT
TTGTTGCGGC
GAGATAATAA
ATGATTATTT
AAATTGTTGC
AATATATGGG
CAAGTACAGG
TCATTACTAA
TACGTCAAAT
TTATTCTCAA
GATCGTCTAA
CTTTATTCTA
AATTATAAAA
ATCGGGATTT
ATTTTTATCT
GTTAAAGAAG
ACTAAATTAA
AAATATAAAA
CTAGCCACAG
AATTGTATGT
TTTTTATAAT

CGTCGTTATC
ACGGCGTTTC
TATTTATTAA
GGTATCTTCT
ATAGTAAAAA
CTAATAACTA
TTAACAAAAT
AAATATACAG
ATGGTAAATA
CATATAGATA
TCGTATATTA
CCCTATTAAT
ATGAGATAAA
AAGAATTGCT
TACTTAAARA
AATGAAARAA
TATTTTCAAA
TTTATTGATA
TCCATTTAAG
TTTGATAATA
TATAAAATAT
TARATCGTTA
TTITACAATT
CGATAATCGA

C. LATEPROMOTERS

ATATGTATGT
GTTTGTAACA
AAGATTGGAT
TAAATCGTTT
TCACTAATTC
TAAATTATAT
GAAAATATAA
CTAAAAARAT

AAAAATATAG
TCGGTACGGG
ATTAAAATCA
TGTATATCCG
CAAACCCACC
GTGITTACGA
CTCGTATTAA
TATACATCAT

TACTTTGGGA
GGAAAATGAA
TGCITTAGTG
CCATAAAACT
TGAAATGATA
ATAATAATGA
AACATAAAAA
AAATAGAAAT
ATTTTGAAAT
ACTGAAAAAA
TAATTGARAAA
GAAAAGTTAA
GTGAAAATAT
TCTAADATGA
ATGAAAATAA
TATACACTAA
TAGCTALRAT
ATTGTAr B3A
GCTTT2:AAT
AATCAAAAAT
ARAATARAAT
AAAATTTAAA
ATCAATAAAA
TACAAAACAT

TAGAATTTCA
TATTCATTTA
CGCITTCGAG
TCACTGGTAC
CGCTTTTTAT
TAAAGTAGTT
AGAGTTGTAT
AAACCAATTT

*k K *
GTCGTTTATA ATAAAACACG

TACTTATTAT
AAGGTACTAG
ARATTTTAAC
GATGAAATAT
ACTCTGTTAA .
AAACAAACTA
TAATATATTT
AGAAATATTA
AAAATATTAG
AATTTATTGT
TGGATTAGTT
ATAATTTTTT
ATATCATTAT
AAAAAAACAC
ATACAAAGGT
TTAGCGTCTC
TGAARAACGAA
CATACAATTA
TGAATTGCGA
GGAAAACTAA
ATACAATTTC
AAATAGAARA
CA'TAARAATA
AAAAAACAAC

TTTTGITTTT
TCACAAAARA
TAAAAACTAC
GGTCGTCATT
AGTAAGTTTIT
TTATCCATTT
ATGATTAATT
CCTAGTTGTIT

CCTTANCTAT
ATACGTATAA
TTGTGTTCTA
ATAARGARAT
KAATAGCTCT
TAGAGTTGTA
TTTTAGGATT
ATTTTTATAC
TTTTATETTC
TATTGTTATT
TAATATGACG
TATTACACCA
ATTACAAAGT
TGATTCAGAA
‘thTGiGGGT
GTTTCAGAC

GATCAATAGG
AATCAATATA
TTATAAGATT
GGTCGTTAGT
AATACTCACA
TAGAARCGTA
ATATGATCTT
TCGTTATTAC

* %
TTCTATGCTA
ARCTTCTCTA
GAATATAAAT
TATTACTAAA
TCACCCATAA
GTACGTTATA
TCAATAACTA
TGTAACTTTA

*kkkk

ATATGGATGC
ARAAATGTCC

N17 TATAATGA
AATGGATGCG
AAATGTCGAG
AGTATGGGAA
AATGGGATGAA
CGATCATGAC
N79 GAATATG
AACATGAATA
TTAGTTATGGA
CTCTGTCAIGG
ACAAAAATGTT
N18 TCATGAG
ATGGATCAAC
N70 TAATGG
ATGGATCTG
CAGATA
GAGGAAGGAG
AAATGGCAGA
AGGGAGGAGA
TAATTCAA
TAGAACGCCA
GGTGGCGTGA
ATAGTAGGCA

L2 X 1
TAAATGAATT
Aam* 2 AGTCTA

*
ABTGGAAGCC
TARATGATGC

kW
ATAATARATAC
AATGGATAAG
*
AATGGCGGCG
AATGGACTCT



s.

10.
11.
i2.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

D.

TCTALCGGATG
TAARTTTGTT
GGAATAAAAT
ATATATTCAT
GTAATTCCCA
ACGATAAATA
TAGTCACGTT
CTAGTTAAAC
ATAGATATTT
TATGAAGATA
GAGGTTTTCT
TACAGGATTT
CATATATTAG
CGAGAATATG
CTTATAATTA
ATATTCTAGA
TCTACTACTA
TGATGATGAA
TATACAACTA
TTAACGCAGT
TCTGTACATC
CAGTGCCTTC
ACAAAGGTTC

GATGATATAG
AATTTTAATC
ACTACTGTTG
AGAGGATATT
TACTAAGAGC
CGAATATCTG
CTTACTCCTC
TACTGCTGTG
CTCTACGGAG
AGGAAAAGGT
ACTTGCTCAT
TCTGGCAACG
CGCTAGACAT
ATAGAAATGA
CACGATTGTA
TCGTTGATAG
TTGATATATT
TATGATGARAA
GGACTTTGTC
TTGGAAAAAA
ATGCAGTGGT
TTGACATAAA
TTGAGGGTTG

REFERENCES

SFVTI

SFV SFGF

Early Promoters

CPV 38-kDa
7.5-kDa (C)

VGF (C)
42-kDa (C)
TK (J2)

ATCTTTACAC
TGATARAGTC
AGTAAATCAG
TCATCTCCGT
TATTTTTAAA
TCTTATATTIT
CAGAACGTAG
ATTTTTARRA
TTTATTGTAA
CATAAATACA
TAGAAGTATA
TCTAGAAATA
ATTACAGAAC
TGAAGGAAAG
GTTAAGTTTT
AACAGGATGT
TGTATTTAAA
GCGATAAAGA
ACATATTCTT
GAAGATATCT
TAAACAAAAA
AGAACTAAGT
TGITAAATTG

ARATAATTAC
ATTGTGATTT
TTATTTTTTT
AAATATAT&E
CAGTTATCAT
ATAATATGCT
ATATGTAAAC
CATAGTTATT
GCTTTTTCCA
ATAAACTTAC
AAAAAATAGT
AAATGTTTTT
TATTTTAGAT
ATCGACTATT
GAATAAAATT
ATAAGTTTTT
AGTTGTTTGG
AARRGCCAATA
TGATCTAATT
GGTAAATTCT
CATTTTTATT
TATGATATTT
AAAGCGAGAA

169

AAAACCGATA AATGGAAATG
CCTAAARGTA NS4 TAAARATG
TATATCGATA TTGATGGACA
TCATATATTT N19 TAAATGAA
TTCATTTTTA CTATGCCGCA
AGTTAATAGT AAATGAACTT
GTGCACTTTA TAATGGCTAG
ACTTATCACT CATAAATGAG
TTTTAAATAG AAAATGAATA
TAAGAGATAA AGACGGCGTT
TCCGTAATTA AATGGCTAAG
ATATAAMATA N25 IAACATGA
TATGATATTT AAATGAGTTG
TTAAATAGCA N70 GAAATGG
TTTTTATAAT AAATGGAGGT
ATGTTAACTA ABTGTGGCCA
TGAACTTAAR TGGCGGAATT
TTCAATGTAT AAATGGATAA
TTTAGATATA AATGGTGGAT
TTTCCATGAT AAATGGAAAG
CTCAAATGAG N53 TCATGAGT
GTAAATTGTT N125 TATGC
ATAATCATAA AT N38 ATG

Macaulay and McFadden, 1989.

W. Cheng, perscnal communication.
Ink and Pickup, 1989.
Cochran et al.,1985b; Venkatesan et al.,1951.

Venkatesan er al.,1982.
Venkatesan et al,,1982.

Weir and Moss, 1983.

’
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8.  DNApol (E) Earl et al.,1986.

9. 22-kDa RNA pol. (J4) Broyles and Moss, 1986.
10.  147-kDa RNA pol. (J6) Broyles and Moss, 1986. (major start site)
11.  147-kDa RNA pol. (J6) Broyles and Moss, 1986. (minor start site)

12. D1 Lee-Chen et al.,1988.
13. D2 Lee-Chen et al.,1988.
4. D™ Lee-Chen et al.,1988.
15. D5 Lee-Chen et al.,1988.
16. D7 Lee-Chen et al.,1988.
17. D9 Lee-Chen et al.,1988.
18. D12 Lee-Chen et al.,1988.
19. N2 Tamin et al.,1988.

20 M1l Tamin et al.,1988.

21.  Protease (F2). Slabaugh and Roseman, 1989.
22.  Ribo. Red. (37-kDa) (F) Slabaugh et al., 1988.
23. pF Coupar et al.,1987.

24.  Ribo.Red. (87.7-kDa) (I}  Tengelsen et al.,1988.
25, I3 Schmitt and Stunnenberg, 1988.
26. RPO132(A) Patel and Pickup, 1989.
27. Hé6 Rosel et al.,1986.

28. Kl Mars and Beaud, 1987.
29. H3 (C-terminus) Rosel et al,,1986.

30. pT1S Mars and Beaud. 1987.
31.  pT20 Mars and Beaud, 1987.
32. pT25 Mars and Beaud, 1987.
33. pT28 Mars and Beaud, 1987.
34. pT35 Mars and Beaud, 1987.
35. pT38 Mars and Beaud, 1987.
36. pT56 Mars and Beaud, 1987.

2. Late Promoters

1. pll (F) Bertholet et al.,1985.
2. 28-kDa (L) Weir and Moss, 1984.
3. péb (A) Rosel and Moss, 1985.



19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

pda (A)
7.5-kDa (C)
H1

H3

H5

H8

D2

D3

D6

D8

D10

Dila

DIl

D13 (proximal)
D13 (distal)

Al

A2

A3

RPO (132-kDa)
ATI (160-kDa)
37-kDaE. Ag. (F)
Il

12

IS

17

I3

Mi

Hé6

Meir and Wittek, 1988.
Cochran et al.,1985b.
Rosel et al.,1986.

Rosel et al.,1986.

Rosel et al., 1986.

Rosel et al.,1986.
Lee-Chen and Niles, 1988.
Lee-Chen and Niles, 1988.
Lee-Cher and Niles, 1988.
Lee-Chen and Niles, 1988.
Lee-Chen and Niles, 1988.
Lec¢-Chen and Niles, 1988.
Lee-Chen and Niles, 1988.
Wei:irich and Hruby, 1986.
Weinrich and Hruby, 1987;
Miner et al., 1988, 1989b
Weinrich and Hruby, 1986.
Weinrich and Hruby, 1986.
Weinrich and Hruby, 1986.
Patel and Pickup, 1989.
Patel and Pickup, 1987.
Hirt et al.,1986.

Schmitt and Stunnenberg, 1988.
Schmitt and Stunnenberg, 1988.
Schrinist and Stunnenberg, 1988.
Schmitt and Stunnenberg, 1988.
Schmitt and Stunnenberg, 1988.

Tamin et al.,1988.
Rosel et al,,1986.
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