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CIS AND TRANS SIGNALS FOR
THE REPLICATION OF BOVINE PARVOVIRUS
by
John Brockway Metcalf
R. C. Bates, Chairman
Biology
(ABSTRACT)

The cis and trans signals important in BPV replication were identified using a transient repli-
cation assay, the mobility shift assay, and a comparison between the BPV and LPV genomes.
Replication of deleted BPV genomic clones, which contain the natural left (3’ OH end of the
viral minus strand) and right (5 PO, end of the viral minus strand) BPV termini, defined the
minimum size of the BPV origin of replication (ori) to be the terminal 171 nucleolides of each
terminus. Clones containing duplicate termini or altered left ends were also shown to repli-
cate. The BPV ori was determined to have two domains identified by a computer analysis of
homologus regions between these termini. Three proteins were identified that bind to the left
terminal 171 nucleotides in the hairpin conformation. Inhibition of the formation of the
DNA-protein complexes with competitor DNA localized two potential binding sites that corre-
spond to the domains mentioned above. Two of the DNA-protein compiexes were formed by
BPV-coded proteins as determined by inhibition of the complex by anti-BPV antibodies. The
third complex resulted from binding of a host cell S-phase protein that is a likely candidate for
the S-phase factor required for autonomous parvovirus replication. The BPV ori thus appears
to function by binding both cellular and viral proteins for the initiation of DNA synthesis from
the hairpined termini. The comparison of the BPV and LPV genome sequence suggest that
the genomic organization of LPV may be more like BPV than that of the rodent parvovirus

minute virus of mice; and therefore, LPV may contain similar cis signals.
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Chapter |

INTRODUCTION

Characteristics and Taxonomy of Parvoviridae

The family Parvoviridae is divided into 3 genera: genus Parvovirus - those viruses that
replicate autonomously within their host cell; genus Dependovirus - those viruses that require
a helper virus to replicate within their host cell, and genus Densovirus - those viruses that
replicate within insect cells. As implied by their classification, the host range of the viruses
differs as does their requirement for helper functions, but they all replicate in the nucleus of
cells in the S-phase of the cell cycle. These viruses have a single strand (ss) DNA genome
which, by convention (Armentrout et al., 1978) is referred to as the virus antisense (minus)
strand so that the left terminus is the 3’ hydroxyl end and the right terminus is the 5’
phosphate end. The size of the genomes does not vary much, with adeno-associated virus
(AAV) being 4,675 bases in length (Srivastava et al., 1983) and bovine parvovirus (BPV) being

5517 bases long (Chen et al., 1986). The capsid is naked, icosahedral in shape, and is ap-
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proximately 22 nm in diameter. The mature infectious virion has a density of 1.41 g/ml as

measured by CsCl centrifugation and sediments at 110S (Siegl et al., 1985).

Structure

Much of the basic classification of the members of the parvovirus family is based on the
virion structure as detected by its antigenic properties. The virion can be detected in several
basic serological tests.

All of the parvoviruses can agglutinate red blood cells (Siegl, 1984a). The hemagglutinin
of the virion reacts with a receptor on cells of numerous blood types particularly human type
O. The receptor is thought to be N-acetyl neuraminic acid. This common feature makes the
hemagglutination test a good method for detection and quantification of autonomous
parvoviruses, but it is not useful for classification. The autonomous parvoviruses can be
easily delineated by hemagglutination inhibition (HI) tests due to the non-cross-reactivity of
polyclonal antisera specific for each virus (Siegl, 1984a). Based on HI tests, there are 16 dis-
tinct groups or serotypes of parvoviruses (Cotmore and Tattersall, 1987). Hemagglutination
is likely a function of the overall virion structure. A detailed picture of the capsid has been
difficult fo obtain. The most recent studies on rat virus (RV) using small angle neutron scat-
tering suggest that the capsid has a triangulation number of 1 and only 60 protein subunits
(Wobbe et al., 1984).

This small capsid is composed of 3 or 4 capsid proteins. Some viruses such as BPV
(Lederman et al., 1983; Chen et al., 1986) and AAV (Srivastava et al., 1983; Janik et al., 1984)
and likely LPV (Matsunaga and Matsuno, 1983) code for each of the proteins separately. The
three capsid proteins coded for by BPV are VP1 (80 kDa), VP2 (72 kDa), and VP3 (62 kDa). The
AAV and LPV proteins are slightly larger. The fourth BPV capsid protein VP4 arises from VP3
by proteolytic cleavage. The majority of other autonomous parvoviruses are similar to minute

virus of mice (MVM) and RV in that they code for 2 capsid proteins, VP1 (~83 kDa) and VP2
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(~64 kDa) (Tattersal et al., 1976), with the third capsid protein, VP3, being generated by
proteolytic cleavage of VP2 (Tattersall et al., 1977). Interesting variations to this pattern are
that of Aleutian mink disease virus (ADV) and the human parvovirus B19. The molecular
weight of the ADV capsid proteins varies depending upon whether the virus is a natural isolate

or a cell culture adapted one (Bloom, 1982). Also, the major capsid protein of B19 are 84 kDa

and only 58 kDa (Cotmore et al., 1986).

Biology

The basic classification of parvoviruses is also based on the biology of the viruses. The
pathogenicity of the viruses is varied and in vivo they have been termed "viruses in search
of a disease” (Siegl, 1984a). The diseases they do cause are most severe and even fatal in
the young and new born of the species they infect. Recent reviews by Cotmore and Tattersall
(1987) and Siegl and Tratschin (1987) describe clearly the early studies by Kilham, Margolis,
and Toolan with the rodent parvoviruses and the severe abnormalities caused by exper-
imental infection with MVM, RV, and H-1. Based on the prevalence of anti-parvovirus anti-
bodies, widespread infections have aiso been noted for parvoviruses such as MVM (Parker
et al., 1970), RV (Robey et al., 1968), BPV (Storz et al., 1972), LPV (Matsunaga et al., 1977;
Metcalf et al., 1989), and CPV (Siegl, 1984b). With CPV, porcine parvovirus, and BPV, all of
which cause severe enteritis, the prevalence of the virus and the mode of transmission, either
by fecal contamination or transplacentally, has caused concern over the possibility of epi-
demics (Siegl, 1984). Some reports indicate also that B19 infection can become widespread
within a localized population.

Data from the infectivity, pathogenicity, and cell culture isolation of parvoviruses led to
the proposal that there is an absolute requirement for the S phase of the cell cycle for virus
proliferation (Tennant et al., 1969). In vitro evidence suggests that virus entry into the cell

occurs at any time (Wolter, et al., 1980), but data from infection of synchronized cells with
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MVM and celis blocked in their cell cycle (Ward and Dadachanji, 1978; Tattersall, 1972; Wolter
et al., 1980) demonstrate that virus replication depends on an S-phase event.

This S-phase cell factor may also be extremely host cell specific for each parvovirus.
This is demonstrated by the cell tropism in infected cell cultures of several parvoviruses. For
example, B19 only replicates in erythroid and not myeloid progenitor cells (Ozawa et al., 1986).
MVM preferentially replicates in cells of different differentiated states (Tattersall, 1978;
Tattersall and Bratton, 1983). The proliferation of LPV in cell culture may be limited by similar
cell tropism (Metcalf et al., 1989).

The exact nature of the S-phase factor is undetermined. The basic requirement for a
helper virus to complete the AAV infectious cycle implies that some replication requirement
is supplied or activated by the adenovirus or herpesvirus. However, recent data (Yakoboson
et al., 1987 and 1989) demonstrates that AAV can also replicate without helper virus in UV
irradiated or hydroxyurea synchronized Hela cells. Therefore, when the S phase factor is
present in all of the host cells, AAV replication proceeds similarly to autonomous parvovirus
replication. In the absence of this factor or a helper virus, AAV DNA will integrate into the host
cell chromosome. The decision of replication versus integration may be made in a manner
similar to the way lambda decides lysis versus lysogeny as suggested by Labow and Berns
(1988).

Besides integration, AAV can inhibit the plating efficiency of cells when it is used to in-
fect non-permissive host cells (Winocour et al., 1988). This phenomenon is apparently due to
the disruption of the cell cycle. Data on the infection of non-permissive or resting host cells
with an autonomously replicating virus, MVM, suggest that transformation of these cells with
various agents allows replication of the viral genome (Cotmore and Tattersall, 1987; Siegl and
Tratschin, 1987). In contrast, some transformed cells are not sensitive to parvovirus infection
{Van Hille et al., 1989). This observation may be due to the decreased expression of NS-1 (see
below) in these celis {(Van Hille et al., 1989) or perhaps to a cellular DNA binding protein that
is turned on by the transformation process and down regulates parvovirus replication

(Avalosse et al., 1989).
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Organization of the Genome

The organization of the genomes of the members of the parvovirus family is very similar.
The termini consist of palindromic sequences which can form secondary cruciform or
panhandle structures. The remainder of the genome is divided into two major open reading
frames (ORFs). The actual DNA sequence and mRNA transcription map differs between
members and suggest that parvoviruses have evolved to code for proteins of similar function
by slightly different mechanisms.

The first autonomous parvoviruses to be sequenced completely were MVM (Astell et al.,
1983) and H-1 (Rhode and Paradiso, 1983). The viruses share ~70% homology across the
entire genome (Banerjee et al., 1983). Recently the sequence of the entire Lulll genome has
been determined and is highly homologous to MVM (Diffoot et al., 1989, unpublished data).
There is less homology between this rodent-like group of viruses and other parvoviruses. The
evolutionary relationship B19 «— AAV «— BPV «~— MVM was suggested by Chen et al.
(1986) based on amino acid sequence homologies from the ORFs.

In general parvoviruses have 2 large ORFs. The left ORF (the ORF closest to the 3' OH
end of the virus minus strand) codes for the nonstructural proteins. The right ORF codes for
the capsid proteins (Carter et al., 1984). All of the transcripts appear to co-terminate at a poly
A site located at approximately map unit (mu) 95. The poly A tail addition may be more
complicated in BPV, B19, and ADV because a poly A site in the middle of the genome may
be active (Burd, 1982; Ozawa et al., 1987; Alexandersen et al., 1988). The major exception to
this pattern appears to be members of the Densoviruses which code for proteins from both
strands of the genome (Tijssen, 1989).

The rodent-like parvoviruses (MVM, H-1, RV, CPV, PPV) appear to code for two NS pro-
teins, NS-1 and NS-2. The larger protein, NS-1, in MVM has a molecular weight of 83,000
(Cotmore et al., 1983). The NS-2 protein has a molecular weight of 25,000 (Cotmore et al.,

1983). Three mRNA transcripts have been identified for MVM (R1, 2, and 3)(Pintel et al., 1983).

INTRODUCTION 5



The R1 and R2 transcripts originate from the promoter at map unit {(mu) 5 (P5) and code for
the NS proteins. The R3 transcript codes for the two capsid proteins (Labienic-Pintel and
Pintel, 1986) and originates from the P38 promoter. Rhode (1985) has demonstrated that this
promoter in H-1 is positively regulated through a trans activation response sequence (tar) by
the NS-1 protein. Cotmore and Tattersall (1988) demonstrated that NS-1 also can bind the right
end of MVM; and, thus, it may have a role in replication. All of the transcripts of ADV appear
to originate from a promoter at map unit 3 and it has two additional transcripts that appear to
code for very small NS proteins.

Studies on AAV-2 have also shown that the NS proteins are important in transactivation
(Tratschin et al., 1986) of the major AAV promoter, P40, which codes for the capsid proteins
(Hermonant et al., 1984; Tratschin et al., 1984). The left ORF of AAV-2 actually codes for four
NS proteins (Mendelson et al., 1986) with molecular weights of 72,000, 68,000, 52,000, and
48,000. These proteins are coded for by four different mRNAs. The larger two are coded for
by transcripts originating at P5 and the smaller two from transcripts originating at P18.
Mutations in the infectious genomic clone of AAV-2 in the left ORF are replication negative
{rep”) (Hermonant et al., 1984; Tratschin et al., 1984).

A third group of parvoviruses including B19, BPV, and perhaps LPV due to some gross
protein similarities to BPV (Matsunaga and Matsuno, 1983), have a slightly different genomic
organization. Both B19 (Ozawa et al., 1987) and BPV (N. Diffoot unpublished data) appear to
encode numerous mRNAs originating from the leftward most promoter in the genome. B189,
however, codes for only two capsid proteins from the right ORF and 3 NS proteins of molecular
weights 77,000, 52,000, and 34,000 (Ozawa and Young, 1987). The right ORF of BPV codes for
3 relatively large capsid proteins (Chen et al., 1986; Lederman et al., 1983). The two large NS
proteins of BPV with molecular weights of 75,000 and 83,000 and the NS proteins of B19 are
immunologically related (Lederman et al., 1987) and share similar nuclear localization signals;
the region identified by the amino acid sequence KKTGKRN in BPV (Lederman et al., 1986;
Ozawa and Young, 1987). This conserved sequence is just to the amino terminal side of a 12

amino acid sequence that is believed to be an ATP binding site and is conserved among all
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parvoviruses. The similarities between these NS proteins and those of MVM and AAV-2 sug-
gest that the NS proteins all have similar functions in transactivation and replication. Impor-
tantly, BPV has no tar sequence up stream of P38 which, may imply that this NS protein has
a slightly different function (Chen et al., 1986).

BPV and the human parvovirus RA-1 appear to be the only parvoviruses with a large
middie ORF (Chen et al., 1986). This ORF likely codes for the highly basic NP-1 protein. Other
small NS proteins have been detected in parvoviruses including MVM (Cotmore et al., 1983)
and LPV (Matsunago and Matsuno, 1983).

Besides the conservation of the function of some of the large NS proteins, one feature
which appears to be conserved in all parvoviruses are the unique palindromic nucleotide se-
quences present at the termini. The palindromes are usually imperfect in nature. In AAV-2
the termini are 145 nt long and are identical in sequence (Srivastava et al., 1983). They can
form T-shaped hairpins that can exist in two alternative sequence orientations (Lusby et al.,
1980). One orientation is termed flip and the other, which is its reverse complement, is flop.
The left and right ends of autonomous parvoviruses, except for B19 (Deiss et al., 1980), are
not identical. The left end can form a T-shaped hairpin ranging in size from 125 nt for MVM
(Astell et al., 1979) to 165 nt for BPV (Chen et al.,, 1986). The right end can form a slightly
longer U-shaped hairpin {(Rhode and Paradiso, 1983; Chen et al., 1986).

The termini are faithfully replicated by a mechanism of “hairpin transfer” (see below).
Early evidence that the termini served as origins of replication come from pulse chase studies
identifying the origins of complementary strand DNA synthesis (Hauswirth and Berns, 1977)
and studies on defective viral genomes (Faust and Ward, 1979; Carter and Laughlin, 1984).
More recent data on deletions in the termini of the infectious AAV-2 genomic clones identify
cis signals necessary for replication (Samulski et al., 1983; Senapathy et al., 1984; Hermonant
et al., 1984). Shull et al. (1988) have also shown that deletions within the BPV terminus inhibit
the ability of the infectious BPV genomic clone to replicate. Further molecular evidence from
work with integration vectors of AAV-2 demonstrates that both the ori and sequences neces-

sary for encapsidation lie with the termini (McLaughlin et al., 1988).
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The specific DNA sequence of the “core” ori has not been identified. Rhode and Klaasen
(1982) suggest it consist of an AT-rich repeat adjacent to the right terminal repeat of H-1. DNA
sequence alone may not define the ori. Deletion and insertion mutations within the AAV-2
termini have demonstrated that the conformation of the termini is important in replication
(LeFebvre et al., 1984; Bohenzky et al., 1988). This is significant because the sequence simi-
larities are minimal between the AAV termini and the left terminus of the autonomous
parvoviruses. Perhaps conformation and not the actual DNA sequence has been preserved

among parvoviruses and allows a common repiication function.

Parvovirus Replication Models

The basic mechanism for replication of linear DNA with palindromic ends was proposed
by Cavalier-Smith (1974) as a model for eukaryotic chromosome replication. The model sug-
gests that the resolution of a terminal hairpin occurs by a single-stranded nick followed by
self-priming DNA synthesis. The parvovirus termini appear ideally suited for this mechanism
and the replication of the viruses had been claimed to be a model of chromosome replication.
However, recent evidence suggest that eukaryotic telomeres are replicated by a
"telomerase” which is a ribonucleotide-protein (Morin, 1989). Regardless of how parvoviruses
serve as models for eukaryotic DNA repliéation, three parvovirus replication models have
been proposed. Each model has 3 basic steps: 1) conversion of ss DNA to ds DNA; 2) am-
plification of ds replicating form (RF) DNA; 3) encapsidation.

The hairpin transfer model (Hauswirth and Berns, 1977) has been proposed as the model
for AAV replication (Fig. 1; reprinted from Hauswirth and Berns, 1984). The single-stranded
genome is converted to a template for replication (Form | or IV) with the hairpin termini serv-
ing as a primer for complementary strand DNA synthesis by host cell DNA polymerases.

Amplification of the closed end molecule to generate RF molecules requires a site specific
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endonuclease. This “nickase” would produce a single-strand break at the closed end at a site
on the genome internal to the terminal repeat. The nick generates a free 3'OH on the parental
viral strand which serves as a primer for elongation of the viral strand by synthesis of the re-
verse complement of the original palindrome. This basic mechanism explains the heteroge-
neous terminal sequence observed for AAV-2 (Lusby et al., 1980). Recently the AAV rep 68
protein was found to bind specifically to the terminal hairpin (Im and Muzyczka, 1989). It was
further demonstrated that in the presence of ATP this protein can nick the hairpin and allow
synthesis of the complementary strand of DNA (Snyder et al., 1990). Once the resolution of the
hairpin is complete, the open end RF molecule can be amplified by continued hairpin forma-
tion, DNA synthesis, and terminal resolution.

Progeny genomes are generated by displacement of ss DNA during elongation. The
signals for encapsidation are unknown. It is still proposed (Cotmore and Tattlerall, 1987) that
the termini are recognized by capsid proteins. As mentioned, this recognition probably occurs
within 275 nt of the end of AAV (Mclaughlin et al., 1988). For AAV, the signal must be present
at both ends because strands of both plus and minus polarity strands are packaged and are
infectious (Samulski et al., 1988).

The rolling hairpin model (Fig. 2; reprinted from Chen et al., 1989) is based on data about
the replication of the rodent-like viruses. This model suggests a mechanism to account for the
asymmetry of the replication of the rodent-like viruses. The asymmetry is evident in the fact
that the MVM encapsidates 99% minus strand DNA and that only the right end palindrome has
both flip and flop sequence orientations (Astell et al., 1983). The model was first proposed by
Tattersall and Ward (1976) and latter modified (Astell et al., 1985; Cotmore and Tattersall,
1987).

In this model, single-stranded virion DNA is converted to ds RF DNA through hairpin
formation at the left end and synthesis of a complementary strand DNA using host cell
polymerases (Gunther et al., 1984; Kollek et al., 1982). When the replication of H-1 was ex-
amined by pulse-chase experiments (Tseng et al., 1978), no Okazaki fragments were detected.

This suggests that no lagging strand DNA synthesis is occurring; and thus, the hairpin
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Figure 1. AAV replication model: Proposed mechanism for replication of AAV (reprinted from
Hauswirth and Berns, 1984).
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Figure 2.

- deg’

Modified rolling hairpin model of replication: Proposed mechanism of replication for
MVM and other autonomous parvoviruses (reprinted from Chen et al., 1989).
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terminus is likely the primer for DNA synthesis in parvovirus replication. Displacement of the
right end hairpin occurs to yield a closed end duplex RF molecule as with AAV. This molecule
contains 18 extra nucleotides not found in virion DNA (Astell et al., 1985); and thus, is probably
generated by the proposed mechanism which allows repair of the terminus. Cotmore and
Tattersall (1889) have identified a covalently closed ss DNA circular RF molecule which could
be generated in step 4 or by a ligation reaction instead of displacement synthesis in step 1.

Ampilification of the closed end ds RF involves more steps than proposed in the AAV
model. Instead of nicking occurring at the left end after step 1, DNA synthesis begins from the
right end using the hairpin as a primer. Elongation of the DNA vyields a dimer molecule (step
2). The dimer generates a circular monomer RF (step 4) which can be reamplified and one
of two open end molecules (5 and 7) which differ in the sequence of the right end. These
molecules are proposed to be generated by cleavage by a terminal topisomerase-like mole-
cule (Cotmore and Tattersall, 1987) which recognizes the sequence GAANNACCAAC (Astell
et al., 1982 , 1985). This nickase would create a single-strand break to the right side of the
middle left end at the sequence CTTATCA. The open ended molecules are then generated
by displacement DNA synthesis from the internal left end. Concomitantly, the terminal protein
may bind to the free 5’ end generated by the internal nick. As the displacement synthesis
occurs, the 5’ protein may slide along the genome and recognize a second nick site where a
second strand break occurs. This newly created 3’ OH could then be ligated to the 5’ end
bound by the protein. While there is evidence for proteins being bound to the 5’ terminus
(Cotmore and Tattersall, 1988 and 1989; Revie et al., 1979; Astell et al., 1982), no direct evi-
dence for a protein with endonucleolytic or topoisomerase activity has been obtained for MVM
or the other rodent-like viruses. Lastly, encapsidation of only minus strand DNA occurs during
displacement DNA synthesis from molecules 5 and 7.

The modified rolling hairpin model cannot account for the replication of BPV or Lulll.
Both of these viruses have nonidentical termini (Chen et al., 1986; Diffoot et al., 1989) and
those of Lulll are almost identical to those of MVM. However, BPV encapsidates 90% minus

and 10% plus strand DNA; and both termini display both flip and flop sequence orientations
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(Chen et al., 1988). Lulll encapsidates 50% of each strand polarity and also has both flip and
flop orientations at each terminus (Diffoot et al., 1989).

A third model, the kinetic hairpin transfer model, proposed by Chen et al. (1989), takes
into consideration the polarity of virion DNA and sequence orientations at the termini of most
parvoviruses. The model is simple because it suggests that parvovirus replication proceeds
predominantly through four monomer ds RF (Fig 3. step 4, 6, 7, 8; reprinted from Chen et al,,
1989). The conversion of the ss virion DNA to a ds RF molecule, again, is proposed to occur
through a self-priming event that utilizes the host cell replication proteins. It has been dem-
onstrated that there is no BPV virion-associated DNA polymerase (Pritchard et al., 1978) but
the ss viral DNA does serve as a template for the Klenow fragment and eukaryotic DNA
polymerase y and « (Bates et al., 1980, Pritchard et al., 1981; Robertson et al., 1983). The
conversion of BPV ss DNA to ds RF is sensitive to aphidicolin in vivo (Robertson et al., 1984)
and in vitro (Bates et al., 1980; Pritchard et al., 1981) and, therefore, the reaction probably in-
volves DNA pol «. However, DNA polymerase 6 and « have similar sensitivity to polymerase
inhibitors (Lehman and Kaguni,1989).

The closed end replicative intermediate (step 2) is amplified to generate ali four possible
monomer RF molecules (step 3, 4, 5, 6) by successive cycles of terminal resolution (step 2 and
3), hairpin formation (step 3’), and DNA synthesis. No BPV protein which binds to the termini
or causes nicks has been identified. This model proposes that the amplification of a particular
RF is based on the differential kinetics of hairpin formation and complementary strand syn-
thesis (step 3’). The differential kinetics are probably due to differential protein recognition
of the flip and flop sequence orientation at the terminus.

Encapsidation probably occurs by a mechanism similar to that already mentioned. The
model does suggest that packaging is not a selective process. As with AAV and MVM the
packaging signal is unknown. Still, Lederman et al. (1987) demonstrated that VP2 of BPV can
bind to the first 225 nt of the left terminus under stringent conditions. There is some evidence
that capsid proteins may be important in DNA synthesis (Robertson et al., 1984; Buller and

Rose, 1978).

INTRODUCTION 13



3 5
aba’ - ded’ al [ -
é/a By
)
1 a d 4 aba . ded’
b Fe ' ;S
. ; TR T

a - d aba - d‘e'j

2 a + ded' 5 aba . ded’
(T > — -emeetenemaa sl >

z T ded’ Nviviy =

ed aba - ded

Tlm:k
3 6

aba . n.....ged atia . ded’
€--- — 4
apa - ded aba' - ded’

Figure 3. Kinetic hairpin transfer model of replicatlon: Proposed unified mechanism for repli-
cation of parvoviruses (reprinted from Chen et al., 1988).
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Replication of parvoviruses probably involves mechanisms proposed by each model.
For replication to occur, an initial recognition event must occur. The initiation probably in-
volves the interaction of viral and cellular that bind to a terminal hairpin. The formation of this
protein-DNA complex probably allows the synthesis of complementary DNA, and resolution
of the hairpin. Amplification of the RF molecules may involve the same or different set of
proteins. These events seem quite reasonable, in regard to what is known about eukaryotic

viral DNA and cellular DNA replication.

Replication of Eukaryotic DNA

Eukaryotic chromosomes are replicated by initiating DNA synthesis at numerous
replicons. These initiation events are also important to the replication of viral DNA because
their exploitation could aliow a small viral genome to be preferentially replicated.

Recent reviews (Campbell, 1986; Kornberg, 1988; Laskey et al., 1989; Stillman, 1989) de-
scribe some of the basics of eukaryotic DNA replication. DNA replication occurs during the
S phase of the cell cycle and appears to be regulated by specific cellular proteins. The basics
of replication may be similar to prokaryotic DNA replication

In prokaryotes, the advancing replication fork is probably led by one or more helicase-
like proteins (Kornberg, 1982; 1988). The free single strand DNA is covered with single-
stranded DNA binding proteins which allow the primasome complex to attach and synthesize
a short ribonucleotide primer. This primer is then extended by DNA polymerase ll|
holoenzyme which may form a dimeric molecule (Kornberg 1988; McHenry et al., 1988) that
catalyzes concurrent DNA synthesis on both strands through a 180° loop in the lagging strand.

The event that controls replication is the unwinding of the helix at the origin. Initiation
occurs when an "open” complex is formed with the dnaA proteins. The dnaA protein complex

binds tightly to four 9-mer repeats and causes the sequential melting of 3 AT rich 13-mer re-
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peats (Bramhill and Kornberg, 1988a; 1988b). Formation of the primasome occurs by the
binding of the dna B, C and dna G (primase) proteins tc the open complex region.

One of the most thoroughly studied eukaryotic virus replication systems is that of
adenovirus. The cell free replication of the 36 kilobase ds DNA adenovirus genome (Challberg
and Kelly, 1979) has allowed the identification of both the cellular and viral proteins necessary
for viral replication. The viral proteins required are a single-stranded DNA binding protein, a
140 Kd (Adpol) DNA polymerase, and a 80 Kd preterminal protein {pTP) (Stiliman, 1983; 1989).
Three cellular factors, NF |, Il, and lll, are also required for replication. The first event of rep-
lication is the binding of the pTP to dCMP in a reaction catalyzed by AdPol (Lichy et al., 1981;
1982) requiring the first 18 nt of the genome terminus (Guggenhiemer et al., 1884). The
pTP-CMP complex primes DNA synthesis which is stimulated by NF | and NF lil (Nagata et al.,
1982; Rosenfeld et al., 1987). In vitro, 25% of the adenovirus genome can be replicated with
just these components (Stillman, 1983); but NF Il, a topoisomerase-like molecule, is required
for complete replication (Nagata et al., 1983).

The NF | factor increases replication approximately 10 fold and recognizes nt 21-43 of the
adenovirus terminus (Rosenfeld et al., 1987). The consensus binding site,

TGG (A/C)-Ns-GCCA, (Gronostajski et al., 1984) is similar to that of the transcriptional activa-

tor, CTF (Jones et al., 1987). In fact, CTF and NF-| are probably the same protein and recog-

nize the consensus binding site TTGGCT-N,-AGCCAA (Jones et al., 1987; Santoro et al., 1988).
Similarly, NF [l interacts with nt 38-55 of the adenovirus terminus to increase replication 3 fold
(Rosenfeld et al., 1987); and its probably the same protein as the octamer transcription factor
| (O’Neill et al., 1988).

Perhaps an even more applicable model for eukaryotic chromosomal DNA replication is
that of SV40 because in vivo it replicates like a mini-chromosome organized into nucleosomes.
As with adenovirus, in vitro replication of the 5,340 bp SV40 genome (Li and Kelly 1984; 1985)
has allowed the identification of cellular and viral proteins required for replication. Only nu-
clear extracts from cells naturally permissive to SV40 will function in the in vitro replication

of SV40 (Li and Kelly, 1985). Besides the nuclear extracts, the only viral protein required for
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replication is the large T antigen which recognizes 3 binding sites. Each site contains re-
peated units of the sequence GCCTC contained within the 180 bp origin (McKnight and Tjian,
1986; Smale and Tjian, 1986). The T antigen has different binding affinities to each site. Sites
I and Il are required for replication with the spacing between them being important for their
effect on replication (Smale and Tjian, 1986; James and Tjian, 1985). Alteration of the spacing
between these sites suggests that protein-protein interactions are important in SV40 DNA
replication. The T antigen binds to a variety of cellular proteins including transcriptional ac-
tivators like AP-2 (Stillman, 1989), oncogene products like p53 (Wang et al., 1989), and DNA
pol « (Smale and Tjian, 1986). The interaction with cell proteins and the ability to unwind the
DNA helix at the origin {Dean et al., 1987) probably explain T antigen’s function in the initiation
and elongation of SV40 replication.

These two models suggest that the following generalized descriptioﬁ of viral DNA repli-
cation. A specific DNA sequence, the origin, which may also be involved with transcriptional
activation, is recognized by viral proteins. Other initial events probably include the unwinding
of the DNA helix and interaction between viral and cellular proteins. One such celluiar protein
which activates the unwinding of the SV40 origin has been identified (Roberts and D’Urso,
1988). This pre-priming complex is recognized by the replicating enzyme complex. Elongation
proceeds in a bidirectional fashion catalyzed by a replisome of dimeric polymerases possibly
DNA pol a« and é (Perlich and Stiliman, 1988; Laskey et al., 1989).

Chromosomal replication likely proceeds in a fashion similar to that mentioned above
but on a larger scale. The recent review by Laskey et al., (1989) highlighted many aspects of
eukaryotic replication. DNA replication probably occurs due to the accumulation of positive
initiator factors at the onset of S-phase which is triggered by cell cycle factors such as cyclin
and mitosis promoting factor (Cross et al., 1989). Replication then begins synchronously at
specific origins. As mentioned, the replication fork at each replicon consists of a dimeric
polymerase. The replisome includes proteins like PCNA (Bravo et al., 1987) which increases
the processivity of polymerase 6 (Lehman and Kaguni, 1989), a ss DNA binding protein (RF-A),

and RF-C which coordinates the movement of replication (Laskey et al., 1987). As with viral
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replication, there may be coordination between transcription and replication (DePamphilis,
1988) of chromosomes due to the movement of the replication fork and the transcription ma-
chinery (Brewer, 1988). Chromatin assembly appears to be directed by several proteins
{Laskey, 1989) one of which, chromatin assembly factor (CAF-1)(Smith and Stiliman, 1989),
assembles nucleosomes on replicated DNA. As with initiation, termination is a specific event
with cis-acting DNA sequences perhaps limiting each origin to a single round of replication.
The ends of chromosomes are replicated by a specific enzyme, telomerase. In the last anal-

ysis, DNA replication in any system maybe more similar than dissimilar.
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OBJECTIVES

One of the broad goals of virus research is to define the events involved in viral repli-
cation. Several years ago, an in vitro system for replicating BPV DNA was developed to begin
to answer this question. However, the lack of homogeneous viral specific DNA and of detailed
genetic evidence about parvoviruses limited the amount of information that these experiments
could provide.

The details of the biology of BPV and parvoviruses in general are now available to allow
a detailed investigation of BPV replication. The infectious genomic clone of BPV, pVT501, al-
lows the isolation of large quantities of specific viral DNA. The mutation of these genomic
clones and the ability to assay their function by transfecting cells has defined regions of the

termini as critical to replication.

The function of the nonstructural proteins in replication and transactivation of tran-
scription is becoming clearer. The regions of the BPV genome which code for these proteins
has been determined. The larger nonstructural proteins may affect replication by interacting
with the genomic termini. However, there is no evidence that begins to describe the mech-
anisms by which these proteins act.

Interestingly, though, little is known about how the parvovirus genome is encapsidated

or how the capsid proteins may function. Also there has been little progress toward an
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