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Structural Aml‘ylsu of the Otiéin for Polyomavirus DNA Replication ~
{i , ‘ .
To define the minimal cis-acting seqbences required for polyon;vim
DNA replication, I sﬁbjectcd recombinant plasmids carrying subgenomic
fragmants of viral DNA to deletion mutagenesis. This wvas accomplished by

" mutsgenesis with Bal 31 in vitro, cloning the mutant molecules in

Eschérichia coli, and analysis of their replicative capacity in permissive )
mouse cells ‘ptoducing large T antigen. These mouse cell lines, named MOP
cells, were isolated by transformation o;‘. NIH 3T3 r::ells with a recombinant
plasmid containing the polyomavirus early coding region fused to the SV40
early promoter. From these studies, I concluded that the ‘polyomavirus
origin for DNA replication comprises three distinct elements. Two of these
elements, termed alpha (a) and9 beta (B), are functionally redundant and -
exert their eff;ct in conjunction with a third element termed the core. To
identify the functional sequences within each of these elements, I defined
their eafly and late borders in greater detail. The resuylts of my analysis
revealed that these elements were composed of multiple sequence motifs.

I also attempted to elucidate the function of the o and B elements in
DNA replication. Because the a and 8 elements contain enhancer and other
transcriptional elements within their bor‘ders, 1 examined the effect of
their position and orientation on origin function. Like the enhancer

elements, the a and B elements function independent of their orientation

relative to the core. By contrast to enhancers, the a and B8 elements could ;

not activate DNA replication when placed away from the core. I propose a
model for initiation of polyomavirus DNA replication which takes these
observations and those of others into account.
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RESUME
Structure de la région d'origine impliquée dans la r‘pll‘cafion de
1'ADN du virus de polyoms.

Dans le but de déterminer les séquences agissant en cis absolument
essentielles pour la réplication de 1*ADN du virus de polyoms, des ®
‘plasmides recombinants comprenant dovs fragments subgénomiques d'ADN viral
ont été soumis a des mutations par délétion. Ce processes de mutagénase a
été réaliséd in vitro avec l'enzyme Bal 31, en clonant les molécules
mutantes dans Escherichia coli et en analysant leur capacité de réplication
danl des cellule- permissives de souris produisant 1'antigéne large T. Ces
ligndu ccllulaites. désignées cellules MOP, ont été isoldes suite & la
transformation de cellules NIH 3T3 par un plasmide recombinant comprenant
les gines précoces du virus de polyome sous le controle du promoteur

précoce de SV40. Ces études permettent de conclure que l'origine de 1la

- réplication du virus de polyome comprend trois éléments distincts. Deux de

ceux-ci, appelés alpha (a) et béta (B), sont redondants du point de vue
fonctionnel et agissent en conjonction avec un troisiéme élément appelé

core. Une étude des séquences limitrophes précoces et tardives de chacun

_de ces éléments a permis d'identifier leurs séquences fonctionnelles. Les

résultats de cette analyse indiquent que ces éléments sont constitués par

" .des motifs de séquences multiples. Le rdle fonctionnel des élément a et B

dans la réplication de 1'ADN viral a également &té étudié. Du fait que ces
éléments a« et B comprenent un enhancer et d'autres éléments de °

transcription, 1l'effet de leur positin et de leur orientation sur l'origine"
de la réplication du virus a été examinée. De la méme fagon que

. 1'enhancer, les éléments a et B fonctionnent quelle que soit leur

orientation par rapport au core. Par contre, a la différence des
e-nhancars, ces mén;eé éléments a et B n'entrainent pas la replication de
1'ADN viral lorsqu'ils sont éloignés du core.- A partir de ces
observations personnelles et des résultats obtenus par d'autres auteurs, un
modale du mécanisme 2 1'origine de la réplication de 1'ADN du virus de
polyome est proposé.
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" composed of multiple genetic elements.
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o

-

3. I shoved that two of these elements, which were named o and B, are
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termed the core, was capable of forming a functional origin.

4, I defined the early and late borders of each replication element.

bid

5. QI shoved that the a and B teplication activatéhete composed of
mult:lple sequence elcments. ’

6. ' I demonstrated that the a and Bd'elements could function independent of

i their orientation relative to the core, but did not funttion when moved away

il
-
from the core. -

7. I showed that the « element could activate viral DNA replication from
. its native position.

i
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LITERATURE REVIEW

rd

I. Ormini:im and Structure of the Polyomsvirus G-I’-

A. Introduction. ' c

Polyomavirus (PyV) belongs to a class of DNA tumor viruses known as
the papovaviruses. This group also includes simian virus 40 (SV40), the
human papovaviruses (JC and BX) and the papillomaviruses among its members.
Papovaviruses sre characterized by a double-stranded circular DNA genome
and a common virion architecturse (Tooze, 1980). PyV was initially isolated
f»y Ludwig Gross. Gross observed that a ﬁfoporfion‘of Ak mice injected with
murine leukemia virus (MLV) extracts developed salivary (parotid) gland
adenocarcinomas without showing overt signs of leukemia (Gross et al,
1953a, 1953i>). Using differential filtration techniques, Gross was able to
isolate a contaminating virus from the MLV stocks. Because of its unusual
tumor spectrum, Grosfé referred to the contaminating virus as the parotid
agent. Subsequently, Stewart et al (1958) showed that a variety of other
neoplasms were induced when the parotid agmt was injected into mice at
high doses. For this reason, Stewart et al (1958) proposed that the
parotid agent be called polyomvirui. The ability to inject mice with
large amounts of virus became possible with the development of mouse embryo
cell cultiires that could support the raplication of PyV. This heralded a =
new sge in virology for it became possibla to prepare sufficient amounts of
virus to elucidate the structure and genetic organization of viral genome.

These studies revealed that the virions are icosahedral in symmetry
and composed of three viral encodad proteins termed VPl, VP2 and VP3. VP1
is the major viral capsid protein vwhereas VP2 and VP3 proteins are present
in the virion only in small quantities (Gibson, 1974} Herrick et al, 1975).
Within the virion the circular double-stuqded viral \DNA is complexed with
cellular histones. There are 21 to 26 nucleosomes per viral DNA n’éleﬁ:ule
{(Cremisi st al, 1976).

With the advent of DNA scquenéing techniques (Maxam and Gilbert,
1957), it became possible to determine the-precise nucleotide sequence of
the viral DNA (Soeda et al, 1980;Deninger et al, 1980). These studies
_ revealed that the A-2 strain of PyV is composed of 5292 base pairs (bp)
(Soeda et al, 1980). The nucleotide numbpring system proposed by Soeda et
al (1980), which defines the Hpa II 3/5 festriction fragment junction as
nucleotide position 1 and proceeds in a clockwise direction around the

1

antire viral genome is used here (Fig. 1).

.
T

¢



Figure 1:

[,

Physical map of ths PyV genome. The nucleotide numbering.
scheme of Soeda gt a1 (1980) is used and illustrated on the
outer portion ofThc circle. The position of the viral BamHI,
BglI and EcoRI restriction sndoduclease sites are included for
reference purposas. The approximats sits at which DNA
replication initiates is also included (or). The crosshatched
region represents the reading frame of small T antigen (ST)
and the N terminal portions of middle T (NT) and large (LT)
antigens. The different reading frames of the C terminal
portion of/m.' and LT proteins after the splice are denoted by
the slashed and dotted regions respectively. The coding
pottion of the DNA thought to correspond to th. 3rotoins VP1,
VPZ “and VP3 are also illustrated.
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The PyV genome is made up of two transcription units referred to as
the early and late regions. The early region is expressed before the onset

...0f viral DNA replication and is transcribed throughout the lytic cycle. It

éncodes the three tumor (T) artigens of‘thc virus, largé, middle and small
T antigen. The late transcription unit is expressed’ principally at the
onset and after viral DNA replication has started. It encodes the three .

" viral structural proteins, VP1, VP2, and VP3. The early and late regions
7

m;n transcribed by RNA polymerase II from opposite DNA strands {Kamen et
al, 1974; Kamen and Shure, 1976; Beard et al, 1976; Kamen et al, 1976).

The template DNA strands for early and late transcription are referred -to

as the E and L strands respectively. The sequances comprising the Larly

and late rn&ions and other faaiurcs resident on the-viral genome are -
illustrated in Pigure 1. .

. L
! B. The early coding region. :
The major viral early mRNA starts are clustared between nucleotide

positions 148 and 153 (Cowie et al, 1982; Kamen et al, 1982). - Like most -
eucaryotic mRNAs, these viral mRNAs’pos:ﬂss a cap structure at their 5' end
(Covie et al, 1982). The 3' end of the early mRNAs are co-terminal and are
complementary to sequepces downstream of an AAUAAA polyadenylation
consensus~sequence (Proudfoot and Brownlee, 1976; Soeda et al, 1980). A
second polyadenylation site located between nucleotidas 1476 and 1481 is
infrequently used during the lytic cycle of the virus (Kamen et al, ,2980).
Pollowing capping and polyadenylation, the primary RNA transcriptsgife
differentially spliced to yield three early mRNAs encoding small, middle
and large T antigens. Because Ehese mRNAs use a common translation
initiation codon (Soeda,et al, 1978) they are translsted in the same coding
frame for the first 76 amino acids (Fig. 1). After the splice the reading
frames for the three T antigen mRNAs change. The small T antigen mRNA
remains in the same coding frame after the splice. Because a translational
stop codon is situated close to the splice junction in this reading frame,
small T mRNA encodes only 4 additional amifo acids after the splica.
However, the middle add -large T antigen réading frames are altered by
splicing. The middle T antigen mRNA is Crans{?ted in a different coding :
frame than the large T antigen mRNA and encounters a translational stop
codon at nucleotides 1498 to 1500 whereas translation termination of the
large T mRNA does not occur until it reaches a stop chon between
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vnuclnotidns 2913 and 2914. Consequently, the carboxy termini of the thres '

T antigens differ in size and amino acid composition. Nuclsotide sequence

"analysis of the cloned cDNAs of the early mRNAs have confirmed the
‘postulated splice donor and acceptor sites for the tgrly mRNAs (Treisman st

al, 1981a). Upon translation, the mature early mRNAs yield smell, middle
and large T antigen. . ' -

The PyV large, T untigoﬁ is a nuclear phosphoprotein vwith a calculated
molecular weight of 87,991 (Soeda et al, 1980; Deninger st al, 1980).
Middle T antigen has a calculated wlight~o£ 49,710 daltons and is
associated vith the cytoplasmic membrane of the cell (Ito at al, 1977;
Soeda et al, 1980) whereas the 22,866 dalton small T antigen is found in
the cytoplasm of the host cell (Ito et al, 1977). '

«

C. The late coding region.
Initiation of late transcription is highly heterogsnous consisting of

at least 15 distinct start sites (Covie et al, 1981) . The RNA starts are
distributed across a 94 bp segment of DNA situated betwesn nutleotides 5168
an@ 5075 (Flavell st al, 1979; Flavell et al, 1980; Cowie st al, 1981).
Like ths early mRNAs, the late mRNAs are cappad and polyadenylated (Kamen
and Shure, 1976; Flavell et al, '1979). Late region transcripts are
processed from precursor RNAs consisting of tandem repeats of the entire
viral genome (Acheson et al, 1971; Birg et sl, 1977; Acheson, 1978;

Trei and Kamen, 1981). Multiple copies of a 57 bp lesder regian are

) spliced from this precursor onto the body of the late mRNAs (Treisman,

1980). The result of these multiple splicing events is the generation of
tandem repenés of the late leader region at the 5' ands of the mRNAs
sncoding the viral structural proteins. The lats mRNAs are translated to -
yisld the major capsid proteins, VP1, and the minor capsid proteins, VP2
and VP3 (Smith et al, 1976; Hunter and Gibson, 1978). VPl of polyomavirus
has a calculatad molecular weight of 42,500, whereas VP2 and VP3 have
calculated moleculaé weights of 36,400 and 22,800 rebsactivaly (Soeda et
al, 1980). : -

’ ¢

D. The noncoding region.
Between the sarly and late coding sequences resides a 465 bp segment

of viral DNA that does not encode any known proteins. This region contains
the cis-acting sequences required for transcription and replication of the

&
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viral genome. Theses include the promoters for early and late gene -
trmcrip&ion and regulation as well as ':ha origin for DNA replication

¥

Tha early promoter is made up of a number of distinct sequance
elements. The first of these sequences is located 20 bp upstream of the
early sBNA cap sites and is referred to as the Goldberg-Hogness box or ’ .
“TATA" box (Goldberg, 1978). Although this sequence motif is a conserved .
feature of a variety of cellular and viral promotars, its deletion or ’
mutation has little effect on viral gena expression in vivo (Bendig et al,’

- 1979; Jat ot al, 1982; Mueller st al, 1984). However, the RNA start sites

are altered in such mutants suggesting that the "TATA" box\is required to
specify the pracise initiation sites for transcription (Kamen st al, 1982). .

Rfficient PyV gene expression requires two s&dditional upstream
elements. These include a functionally redundant middle element and an
enhancer (deVilliers at al , 1981; Tyndall st al, 1981; Jat et al, 1982;
Mueller at gi, 1984; Herbomel et al, 1984). The middle transcriptional
element contains three repeats of the sequence 5'-CCACCC-3' within its
borders (Musller at al, 1984). In tﬁis respsct it resembles the SV40°21 bp
repeat slement whiéa con:l%gg 6 repeats of the related hnxanuélaotide
sequance, 5'-CCGCCC-3', and is also required for afficient SV40 early and
late transcription (Benoist and Chambon, 1981; Fromm and Berg, 1982).

The PyV enhancer has been mapped to a 190 bp region situated betwean
nucleotides 5039 and 5229 (Mueller et al, 1984). Enhancers were .
opsrationally defined as trlnécriptional alements that can augment the
expression of a linked'geno in an orientation and position independent
manner {Moreau et al, 1981; Banerji et al, 1981, Fromm and Berg, 1982);
Although the functional sequences that constitute the PyV enhancer have not
been defined, several sequence motifs have been identified within its

.bordcyl that are conserved in other enhancers. Thase include 5'-GTGGTTT-3'

and 5'-AGGAAGTGA-3'. The former has been obsarved within the enhancer
r-giong of the SV40 early and immunoglobul}n heavy chain genes (Weiher et
al, 1983; Banerji et al, 1983) whereas the latter has been identified
within the enhancer of the Ela trangcription unit of human adenovirus type
5 (Hearfing and Shenk, 1Q§3). Deletion or mutation of these enhancer core
sequences has been observed to have an adverse effect on gene expression
(Hearing and Shenk, 1983; Weiher et al, 1983). Thus, these conserved core

sequences are also. functional components of enhancers. {
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Pigure 2: Physical feftures in the PyV control region. The nucleotide

numbering scheme of Soeda et al (1980) was used. The position ~
of the sarly mRNA start sites, indicated by the arrows, vere -
derived from Kaman et al (1982), whereas the position of late

starts were derived from Cowie st al (1981). The early TATA

box is shown near the early mRNA'\Iitart:s. The boxed region

above this feature denotes the borders of the in vitro

promoter. The high affinity laige T antigen binding sites are

shown below the 1iie. The ATG for T antigen and the late VP2
translation are also included. Ths enhancer is represented by

the boxed region above the solid numbered line. The early . -
border of the enhancer is denoted by the slanted line. The

boundaries of the enhancar and in vitro promoter were derived

from Mualler et al (1984). The borders of the T antigen

‘binding sites were derived from Pomerantz et al (1983a).
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The PyV late promoter appears to be structurally different from the
virll early promoter. Late mRNA start sites are hoterogenous and are not
pruéeeded by "TATA" boxes (Treisman, 1980; Cowie et nl, 1981). Like the
early promoter, the late promoter consists of a number of transcriptional
elements (Kern et al, 1985; Featherstone, 1986). Interestingly, several of
these sequence elements sppear to be the same as those required for
efficient early gene expression. These include parts of the viral enhancer
and the middle transcriptional element (Kern et al, 1985; Featherstone,
1986). In DNA transfection experiments the late promoter is as strong as
the early promoter even in the absence of viral DNA replication (Kern et
al, 1985; Peatherstone. 1986). Taken toﬁether, these results suggest that
efficient transcription of both the early and late genes is dependent on .

common trnnscriptional elements.

4

II. The Polyomavirus Lytic Cycle

PyV can productively infect most murine cell lines in culture. Hur{ne
cells provide a permissive environment for the replication and expression
of the viral genome. The early stages of the lytic cycle include the
adsorption of the virus to the host cell (Bourgaux, 1964), penetration into
the cell, transport to the nucleus and complete uncoating of virions
(Mattern et al, 1966; MacKay et al, 1976). The viral early transcription
unit is then expreé%ed to yield ;mall, middle and large T antigens through
the action of cellular enzymes. When sufficient levels of the early gene
products have accumulated, viral DNA replication begins. With the onset‘of
DNA replication, the .late region is efficiently expressed to yield the
viral structural proteins. During the late phase of the lytic cycle,
transcripts derived from the L strand become the dominant viral RNA
species. - . N

PyV large T antigen plays a key role in the regulation of viral gene
expression. First, it represses its own trfnscription probably by binding
to promoter proximal sites and thereby blocking transcription initiation
(Cogen, 1978). Second, large T antigen is required for late gene
transcription either by catalyzing viral DNA replication and thereby
altering or increasing the template for late gene expression, or by
transactivating late gene expression by a mechanism that does not require
DNA replication. }
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The function of small and middie T antigens in the lytic cycle has not
been clearly defined. PyV mutants which do not encode small and middle T
antigens are restricted in their host range and are defective in
transformation (hr-t mutants) (Benjamin, 1970; Staneloni et al, 1977;
Benjamin, 1982; Garcea and Benjamin, 1983; Turler and Saloman, 1985).

Although the hr-t mutants replicate efficiently in transformed or rapidly

growving mouse cell lines, they grow poorly in established cell lines
(Benjamin et sl, 1970; Staneloni et al, 1977). The defect cbserved in the
hr-t mutants can in part be accounted for by their inability to efficiently
replicate their DNA in these cells. Nilsson and Magnusson (1983) observed
that PyV hr-t mutants replicate poorly in mouse 3T6 cells. Interestingly,
efficient viral DNA replication could be restored by providing PyV small

,and middle T antigen in trans (Nilsson and Magnusson, 1983). Consistent

with these observations are the results of Templeton et al (1986). They
found that an altered PyV genome encoding only small T antigen complements
viral hr-t mutants for lytic growth in mouse 3T6 cells. Moreover, the
amino terminus of middle T antigen can ptovide a similar complementing
activity (Templeton et al, 1986). These results suggest that small T
antigen functions in the lytic cycle by promoting viral DNA replication.

The final stages of the lytic cycle involve ‘the assembly of viral N
chromatin into mature virion particles- in the nucleus of the .infected cell.
After virion assembly, the cell lyses'and mature virus particles are

released into the extracellular space. f
III. Transformation by Pol rus .
L]

PyV can induce tumors in newborn rodents and transforms a variety of
cells ln culture. The oncogenic potential of the virus resides in its
early region which encodes the three tumor antigens (T antigens) (Hutchison
et al, 1976; Ito et al, 1977; Silver et al, 1978; Smart and Ito, 1978). 1In
addition to these gene products, viral mediated transformation is dependent
on the host cell. Because mouse cells are permissive for PyV DNA
replication, transformation of these cells by PyV is a rare event (Vogt and
Dulbecco, 1960; Hellstrom et al, 1962; Todaro }td Green, 1965).
Consequently, most studies dealing with cellular transformation by the
virus have required the use of semipermissive and nonpermissive established

fibroblast cell lines.
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The individual rolesof the T antigens in transformation have not been
completely elucidated. The PyV hr-t mutants are completsly transformation
defective (Benjamin, 1970; Staneloni et al, 1977). Because these mutants
contain alterations in the primary structure of the smﬁi‘ and middle T
genes, either one or both these proteins may be ‘required for cellular ’
transformation (Feunten et al, 1976; Miller and Pried, 1976; Schaffhausen
et al, 1978). Consistent with’ this view is the obsefvation that
recombinant plasmids .containing thie coding sequences for small and middle T
antigens efficiently transform rat cells (Hassell et al, 1980; Novak et al,
1980). Recent studies have indicated that functional middle T antigen is

, absolutely regqiired for efficient viral trangformation (Mes and Hassell,

1982; Nilsson et} al, 1983). Iideed, a cDNA clone encoding only middle T
antigen is capéble of efficiantly transforming rat cells (Treisman et al,
1981b). ‘ )
The roles large and small T antigens play in/transformation are less

well defined. PyV mutants encoding a tan'tparature\‘uaDitive large T antigen
transform rodent cell lines at much reduced :‘.t:equancim: when placedn at the
hnonp.emissiva temperature (Fried, 1965; dimiyorca et al, '1969; Eckhart,
1969; Della Valle et al, 1981). ' However, transformed cell lines
established at the permissive temperature retain the transformed phenotype

when shifted to the nonpermissive temperature (Fried, 1965; diMayorca et

“al, 1969; Eckhart, 1969; Sief and Cuzin, 1977; Pluck and Benjamin, 1979).
- These observations are consistent with the hypothesis that large T antigen

is required to initiate but not to maintain the transformed state. Large T

Qantigen may function in transforming infections to increase the dogse of

viral DNA per cell by inducing viral DNA replication (Hassell et al, 1980).
Presumably, this would enhance the probability of stable integration of the
viral DNA into the cellular DNA. It should be noted that large T antigen
is r;ot required during DNA mediated transfections to transform cells
(Hassell et al, 1980; Novak et al, 1981; Della Va et al, 1981).
Conceivably, the use of relatively large quantiti:\:‘\;fﬂ)m obviates the
need for the viral large T protein. '

Unlike established cell lines, transformation of primary cultures of
rat embryo fibroblasts requires the concerted action of large and middle T
antigen;l Largae T antigen is able to immortalize primary cells
(Rassoulzadegan et al, 1983), but the activity of functional middle T and
large T antigen is required to confer the full transfoz:med phenotype
(Rassoulzadegan et al, 1983).
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The function of small T antigen in transformation of either primary or
immortal cells is obscure. Cell lines that constitutively express small T
antigen demonstrate anchorage indepqndent growth and have an altered

cytoskeletal morphology (Liang et al, 138&;‘1). Cook, personal

communication). These observations su,

IV. Initiation of Pol

A.  Introduction.

. Historically, PyV has served as a mddel to study the mechanism of DNA
replication in mammalian cells. The utility of the virus derives from its
small genome and its almost complete rel:lanp on cellular proteins for DNA
replication. However, there exists at least ‘one important difference
between viral and cellular DNA Veplication. Unlike cellular DNA
replication, the viral genome undetgoes multiple rounds of DNA replication
during a single cell cycle. This likely reflects a specific viral
adaptation to circumvent cellularicontrols that limit chromosomal DNA
replication to one round pe;: cell cycle.

Examination of the replicative 1ntemediates of PyV DNA revealed that
replication initiates in a specific region and terminates 180° awvay
(Ctawfgrd et al, 1973, 1974). Once initiated, replication proceeds by
chain elongation in which one 'na‘scent DNA strand appears to grow
continuously in the 5' to 3' direction copying a template of opposite
polarity. The other strand-is synthesized discontinuously also in the 5'
to 3! d:l,x/ ction from the retrograde template. DNA synthesis on the
retrograde arms requires the de novo synthesis of short RNA primers 8 to 10 ‘
nucleotides in length which are subsequently removed to allow ligation of
DNA fragments to form long nascent strands (Magnusson et al, 1973; Pranke
and Hmt‘r, 1974). RNA primers also serve to initiate the first DNA chains
at the origin of DNA replication (M. DePamphilis, personal comunication).
Recently, Buckler-White @t a)} (1982) reported that while PyV DNA
replication is bidirectional, examination of the replicative intermediates
revealed that the two replication forks had travelled unequal distances
from the origin. These authors propose that asynchronous intitiation of
the two growing forks occurs and that unidirectional synthesis occurs
preferentially in the direction of early transcription. A similar
phenomenon has been described for the related papovavirus SV40 (Hay and

. DePamphilis, 1982).
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Replication of PyV DNA is likely effected by cellular DNA polymerase
«. DNA polymerase a is found associated with actively replicating PyV
minichromosomes (Gourlie et al, 1981). 1In addition, studies with the
closely related papovavirus, SV40, have shown that amphidocolin, a specific
inhibitor of DNA polymerase a, will block all steps of SV40 DNA replication
(Krokan et al, 1979). Therefore it is very likely that DNA polymarase a
also raplicates PyV DNA. ‘ S

¥

B. The role of permissive factors in the initiation of PyV DNA -

replication. ' . .
—~.. Biochemical and genaetic .analyses of PyV DNA veplication have revaaled

—_

y that viral DNA replication requires at least three components. These

include a permissive cellular environment, a viral gene product (1a¥e T
antigen) and cis-acting viral sequences (ori). °

) \gyv replicates in permissive mouse calls but poorly or not at all in
cells derived from other species (Black et al, 1964). Restricted. N
replication of PyV DNA is duae to the absence of parmissive cellular factors
rather than to the presence of inhibitors in nonpermissive cells. This was
demonstrated in two ways. First, stably integrated copies of the viral
genome could be rescued from nonpermissive cell lines by fusion to
permisgive calls (Fogel 'i:r:l Sachs, 1969) and second, somatic cell hybrids
¢ontaining chromosomes from both permissive and nonpermissive hosts support
the replication of the virus (Basilico et al, 1970; Basilico and Wang,
1971). . jIntarcscingly. the extent of viral DNA replication obsarved in
tt;ese cell hybrids correlated well with the number of chromosomes derived
from the permissive host (Basilico et al, 1970). These results show that
permissive factors are encoded by the genoma of the permissive host and act
in trans. Studies with synchronized cell populations hiave indicated that
these factors may be expressed in the early S phue of the cell cycle

(Pages et al, 1972; Loche, 1979). The nature and mechanism of action\:—f/\) '
these parmissive cell factors is unknown. It is concoivable i:hat the

‘factors interact directly with the viral origin or with the large T.antigen -

to elicit their effect. ' . . v
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C. Thc role of large T antigen in the initiation of viral DNA

replication
In addition to permissive factors, efficient viral DNA replication

requires functional large T antigen. Mutants of PyV that encode a
thermolabile large T antigen (Fried, 1965) fail to initiate new rounds of
viral DNA replication at the restrictive temperature (Franke and Eckhart,
1973). Large T antigen is located, in tha nucleus of the host cell and is
extensively phosphorylated (Schaffhausen st al, 1978). Although the
predicted molecular weight of large T antigen is 87,991, direct
measurements of its sige by a number of different methods has led to highéer
ut:l.llltu between 88 000 and 100,000 daltons (Toozs, 1980).

Two biochenmical nctivit:lu have been ascribed to large T antigen and
linked to its role in the initiation of viral DNA replication. These
include an ATPueQactiqitny and a specific DNA binding activity.

PyV large T antigen binds to multiple sites within the noncoding
region. These include at least two high affinity binding sites, termed A
and C (also known as sites I and II), located near the origin (Gaudray et’
al, 1981; Pomerantz et al, 1983a; Dilworth et al, 1984; Cowie and Kamen,

1984, 1986). PyV large T antigen also binds with lower affinity to a p

region between sites A and C (site B; Fig. 3) and to sites within the
origin (sites 1 and 2; Fig. 3) (Cowie and Kamen, 1984, 1986).

. Comparison of ths sequences within the PyV large T antigen binding
sites revesled the occurrence of a common sequance 5'-GAGGC-3' that is
repeated vithin each binding site (Pomerantez et al, 1983;,&981;, Dilworth
et al, 1984; Cowie and Kamen, 1984, 1986) Interestingly,.’ the same
sequence .occurs vithin the large T ant:igon binding sties of other
papovaviruses like SV40 (Pig. 3). The importance of the psntahucleatide’
repeat as a recognition sequence for large T int:lgon is supported by two
lines of evidenca. First, Pomerantz and Hassell {1984) showed that
repetitions of a synthetic oligonuclcotido conuiﬁ:lng this rocognition
sequance acted as a substrate for binding of PyV and SV40 large T antigm
Pomerantz and Hasgell also showed that PyV large T antigen can bind
specifically to the same sites in SV40 DNA bound by SV40 large T antigen l
and vice versa (see also Scheller and Prives, 1985). Second, Cowie and

" Kamen (1986) have shown that mthylation of the guanine residues within

this pentanycleotide repeat interferes with binding of large T antigen to
_i.ts recognition site.

° °
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Figure 3:

PyV and SV40 large T antigen binding sites relative to other
control sequences. The regulatory rsgions of PyV and SV40 are
shown.: The nucleotids numbering scheme of Soeda st al (1980)
vas used for PyV and that of Buchman st al (1980) vas used for
SYAO. The solid diamond r.prumu the junction between the
first and last nucleotide in the DHA sequencs. The -TATA-

consensus sequence and the 5' termini of abundant early mRNA —-.

are shown by the solid boxes (Toose, 1980). The direction of
sarly. transcription is from left to right as showvn by the
arrow on the solid box represanting the early mRNAs. The
putative initiation codons for translation of early mRNAs are
boxed. The large T antigen binding sites ars illustrated by
open boxes. The PyV low affinity T antigen binding sites are
shown by the brackets. The boundltiu of the PyV large T
antigcn binding sites were taken from Cowie and Kamen (1984)
and those of SV40 were taken from Delucia et al ( 1983) The
arrows above and belov the large T antigen bmding{ sites refer
to the GAGGC sequence, and their position above or below the
box refer to their location on one or the other strand. The

ninimal DNA ‘sequences which function as replication origins

are also shown as operi boxes. For sach virus there are a
ninimum of two sequence domains comprising the functional
origin. For PyV these are refsrred to as B and core, whereas

for SV40 they are referred to as auxiliary ssquences and core.

Tholsbordots of these sequances are taken from Muller et al
(1983a) for Py and from Myers and Tjiep (1980), DiMsio and

Nathans (1980) and Bergsma et al (1982) for SV40. -
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There is little evidence with PyV to support the contention that large
T antigen must bind to the origin to initiate viral DNA replication.
However, analyses of mutants of SY40 strongly support this view. Mutants
with base pair substitutions within SV40 large T antigen binding site II’
are defective for viral DNA replicaiton (Shortle and Nathans, i;?/?g; DiMaio
and Nathans, 1980). Revertants of these mutants, which are capable of
productively replicating their DNA (Shortle et al, 1979), contain second
site mutations within large T coding sequences that allow the altered

—Nain to recogpi.ze the mutant origin (Margolskee and Nathans, 1984).

Interestingly, these revertants contain mutations within the same domain of
large T antigen as several>yeplication defective mutants of SV40 (Gluzman
and.Aherns, 1982; Sttingmh Manos and Gluzman, 1984;‘Kaldeto,n and
Smith, 1984; Pipas et al, 1985). The latter mutants encode large T

antigeng that are incapable of effectively binding to the viral or.:igin
('Pr:lves el~al, 1983; Clark %g al, 1983; Manos and Gluzpan. 1985; Paucha et
al, 1986). From the analysis of these mutants, the SV40 large T antigen
origin binding domain was mapped between amino acid residues 139 and 220 ;
(Paucha et al, 1986). Interestingly, a region in PyV large T antigen
exhibits considerable amino acid homology to the SV40 origin binding domain
(Paucha et al,-1986). It is probable that this conserved feature of the
two T antigi;n molecules allows them to bind to similar DNA sequences.

Although the physical interaction of PyV large T antigen with the
origin is likely required for the initiation of viral DNA replication, it
is not by itself sufficient for viral DNA replication. In fact, there
exist mutants of PyV, which encode large T antigens that are capable of
specifically binding to the viral origin, but are defective for the
initiation of viral DNA replication (Hayday et al, 1983; Nilsson and
Magnusson, 1984). ' }

PyV large T antigen is capabie of hydrolyzing ATP into ADP and Pi .
(éaudray et al, 1980). It is not known whether this acitvity is required
for the initiation of PyV DNA replication. However, studies with SV40
large T antigen have shown that its ATPase acitivity is closely associaéad
with its replication function. ‘ I fact, SV40 large T mutants that are
defective in ATPase activity are also incapable of initiating viral DNA
replication (Clark et al, 1983; Manos and Gluzman, 1984; Manos and Gluzman,
1985). The origin binding and ATPase domains of SY&O large T antigen are

-

~
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likely distinct because mutant large T antigen molecules dcfeetivs in
ATPase activity are capable of specifically binding the oriogin (Clark et
al, 1983; Manos and Gluzman, 1985). Although the ATPase and origin binding
activities of SV40 large T antigen are required for the initiation of viral
DNA replication, replication defective large T antigens that possess both
these activities have been reported (Manos and Gluszman, 1985). These
observations suggest that these two activities are necessary but not
sufficient for the initiation of viral DNA replication. The initiation of
viral DNA replication may require other: featuras of large T antigen t;mt
have not yet been discovered. \

b. Cis-acting sequences required for the»‘initintion Sf PyV DNA

replication.
A third requirement for the initiation of PyV DNA replication is a

functional origin. The limits of the PyV origin were initiially inferred
from the structural analyses of the DNA of viable deletion mutants (Bendig
and Folk, 1979; Griffin and Maddock, 1979; Magnusson and Berg, 1979; Wells

" et al, 1979; Luthman et al, 1982) and evolutionary variants of the virus

(Fried et al, 1975; Lund et al, 1977). These studies revealed that a
region encompassing the noncoding sequences conte;;!.ns all the signals
required for the replication of viral DNA but the entire noncoding segment
is not required. These nonessential regions include a 100 bp stretch
between the initiation codon for T antigen synthesis and the putative
initiation site of viral DNA replication (Bendig and Folk, 1979; Griffin
and Maddock, 1979; Magnusson and Berg, 1979; Wells:et al, 1979) and a 134

- bp region to the late side of the putative origin (Luthman et al, 1982).

More recently, récombinarit DNA techniques and reverse gehetics have
been applied to map the PyV origin. The application of these methods to
PyV showad that the origin is made up of at least two noncontiguous regions
(Tyndall et al, 1981; Luthman et al, 1982; Muller et al, 1983a). One of
these segments bears striking homology to the SV40 minimal origin (Soeda et
al, 1978, 1979). This region, which I named the core (Muller et al, '
1983a), contains several interesting sequence features. These include a
stretch of 15 adénine:thymina residues (A:T) on its late border, a
guanina:cytos'ihe (p:C) rich palindrome comprising 34 bp in t:he c;‘entra of
the core, and a stratch of about 30 bp near the early border that bears
little resemblance to SV40 DNK and is devoid of any n?table sequence

a“@“
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motifs. The palindrome contains several GAGGC motifs comprising lar.ge T
" antigen binding sites 1 and 2 (Pig. 3) (Cowie and Kamen,bwaé. 1986). In
. . ‘add1t¥n to the core, sequences near the late region are also required to
) form a' functional origin. This was shown by the analysis of the
rep‘l’éication properties of viable mutants of PyV (Tyndall et al, 1981;
Luthman et al, 1982) or viral recombinant plasmids (Muller et al, 1983a).
This same region is also required for efficient early gene transcription
and forms part of the enhancer (devilliers and Schaffner, 1981; Jat fé;t al,
t ¥ 1982; Mueller et al, 1984; Herbomel et al, 1984). Because these cis-acting
T ' replication sequences map to the same region as the viral enhancer, it was-
~ proposed that the same sets of sequences effect botix transcription and DNA '

replication (Tyndall et al, 1981; Muller et al, 1983a).

0

V. Exparimental Rationale

PyV is an ideal model sysi:em to study the initiatiop of DNA
i replication in mammalian cells. At the time these experiments were started
Q

b e

" little was known about the genetic organization' of the PyV origin. For
- this reason, I decided to identify, by deletion mapping, the cis-acting
sequences required for the initiation of PyV replication as a prelude to

A AT g ok i+ g

Telucidating the mechanism of replidation initiation. To facilitate the
entification of the origin, I isolated several permissive mouse cell

1lin
and permissive factors in trans. In this way the replication properties of

(MOP cells) that .are capable of providing functional large T antig.en

" mutant viral recombinant could be attributed solely to cis~acting sequences

i : ..because large T antigen and permissive factors are constitutively ;toduced
by the MOP cells. e
To map the borders of the origin, a number of viral recombinant
plasmids were constructed and assessed for their capacity to replicate in
MOP cells: The advantage of thi:s approach is that potentially 9_1_5;.-

defective viral origins can be propagated in Escherichia coli and

subsequently tested for their capacity to replicate in the MOP cell lines.
To localize the origin to a small DNA segment, PyV recombinants containing
portions of the viral gehome were assessed for their capacity to replicate

I . in MOP cells.

. My analyses revealed that the viral origin comprises three sets of

“” sequences. Two of these, termed alpha (a) and begf (B), are functionally

3
redundant and work in conjunction with a third element termed the core. To

- “,
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identify the active sequences wighin each element, I first defined the

" bordars of the elements. This was accomplished by mutagenesis with Bal 31
nuclease in vitro, cloning of the mutant molecules, DNA sequencing and .
analysis of their replicative abilities in MOP cells, The results of these
analyses have allowed me to define various sequences required for origin
functihm. |

I have also attempted to elucidate the mechanism of action of the a

and B elements. First, I examined whether the a and g8 elements could
function independent of their position or orientation relative torthe core.

" The results of these experiments show that the a and B elements act

" independent of orientatign but dependent on their position relative"to"ﬁhe
core region. Second, I introduced multiple point mutations within
different regions of the a and B elements and measured the. effect of these
mutations on origin function. The results obtained show that a and B
regions are composed of a mosaic of complementing sequence elements. I
propose a model for the initiation of PyV DNA replication which takes into

+ account my observations and those of others.

- %
\ -
f. 2 .
.



RN L s e ke ARG ey AR e T s et e

#

rggxnzm AND METHODS

A. Cell culture. *
MOP and NIH 373 cell lines were grown on plastic dishes with Dulbecco

modified Eagle medium (DMEM) shpplemnted with 102 (vol/vol) calf serum and

antibiotics, and maintained at 37°C in a humidified CO, atmosphere. The
Rat-1 cell line was treated in an identical manner except that they were
grown in DMEM supplemented with 10% fetal calf serum. Cells ware passigad
by trypsinization after reaching confluence and were replated at

approximately lu* cells per cm?’. .

B. Preparation of DNA and its modificat:ion.
- Recombinant plasmid DNAs were isolated from bacteria and purified by
CsCl density centrifugation. Digestions of these DNA with restriction

endonucleases were performed in accordance with the conditions specified by
their manufacturars.

Reaction of the Klenow fragment of DNA polymerase I was performed by
1n‘cubating 1 ug of DNA in a volume of 50 ul with 10 mM Tris-HC1 pH 7.6, 1
mM dithiothredtol, the appropriate deoxynucleotide triphosphates (.1 to 1
m), and 5 U of the Klenow fragment of Escherichia coli DNA polymerase I
for 1 pour (h) at 15°C. The reaction was terminated by sequential pheriol
agd cﬁg:))tofom°1soamyl alcohol (24:1, vol/vol) extraction, and the DNA was
isolated by ethanol precipitation. Digestion of DNA with Bal 31 nuclease
and ligation were carried dut as described previously (Hes'and Hassell,
1982).

¢
C. Construction of recombinant plasmids.
The recombinant plasmidsv that served as substrates for mutagenesis or

raplication were derived from mqiecules whose construction has been
described praviously (Hassell st al, 1980; Mes and Hassell, 1982). I .

_utilize the abbreviation pd (plasz;iid del/eted) to denote those recombinant

molecules whose plasmid sequences are derived from pML-2 DNA (Lusky and
Botchan, 1981). Wherever possible I have tried to name the recombinant
plasmids according to their composition. For example, pdPBla refers to
plasmid deleted (pd) polyomavirus (P), BamHI (B), isolata la. The clonés
pdPBla, and pdPRla were isolated by cloning the BamHI (pdPBla) or EcoRI
(pdPR1a) viral genomicy fragments into the corresponding sites in pML-2.

4
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_ The parent plasmid for many of the mutants described here was pPBRi
which is composed of the 2,220 base pair (bp) polyomavirus BamHI
(nucleotide 4632)-to-BcoRI (nucleotide 1560) fragment and the large
BanHI-to-RcoRI fragment of the plasmid pMK16.1 (Mes and Hassell, 1982).
PPBR2 was nmodified by insertion of HindIII linker at the unique BglI within
polyomavir/us sequences (nucleotide 87) to create pPin’/. This vas
accomplished by linearizing pPBR2 DNA with Bgll, removing the 3 bp 3'
;xtepsions with the qxonucleolytic activify with the Klenow fragment of E.
coli DNA polymerase 1 ) and ligating a synthetic HindIII linker to the

blunted ends. After HindIII cleavage, ligation, and transformation of E.

. coli, the plasmid DNAs were screened, and one that contained a HindIII site

in place of the Bgll site was isolated and named pdPin7?. This mutant DNA
was sequenc;d across the site of insertion of the linker by the chemical
method (Maxam and Gilbert, 1977). A 3 bp stretch of viral DNA (nucleotides
91, 92 and 93) has been removed and replaced with 10 bp of linker DNA.
Both pPBR2 and pPin7 served as substrates for theé isolation of viral DNA
that were cloned in pML-2 DNA.

pdPBR2 vas constructed by transfer of the polyomavirus sequences from
‘pPBR2 to pML-2. This was accomplished by cleavage of both DNA species with -
BamHI and EcoRI and ligation of the viral species to. the pML-2 vector
sequences. The resulting recombinant plasmid, pdPBR2, contains the viral
sequences from nucleotide 4632 to 1560 cloned between the BamHI and EcoRI
sites of pML-2.

pdPBBg(H) was constructed by ligating the viral BamHI-to-HindIIT
fragment from pPin7 to pML-2 cut with these same enzymes. pdPBBg(H)
contains the viral sequences from nucleotide 4632 to 90. pdPP1(B)Bg(H) was
derived from deBBg(H) by cleavage with BamHI and extension of the
3'-recessed ends by incubation with the Klenow fragment of E. _qp__]i DNA
polymerase I and the four deoxyhucleotide triphosphates. The blunt-ended
moleucles were then partially digested with Pvull to remove the viral
sequences between nucleotides 4632 (the BamHI site) and nucleotides 5130
(the Pvull site). Circularization of the blunt ends by 1igation with T4
ligase led to the isolation of pdPP1{(B)Bg(H). This procedure resulted in

. the placement of a BamllI site at nucleotide 5131 of the viral insert.

Sequencing of the viral-plasmid junction with pdPP1(B)Bg(H) confirmed that
the G’i;g:al sequences between nucleotides 5131 to 90 are contained within
this recombinant at a BamHI-to-HindIII fragment. pdPP2(B)Bg(H) was

$
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isolated in the same manner as pdPP1(B)Bg(H) except that it contains a )
BamHI site at the viral Pvull site located at nucleotide 5265. The A
'deP2(B)Bg(\H) recombinant plasmid contains the viral sequences between

* nucleotides 5265 and 90 within the BamHI-to-HindIII sites of p\l‘ﬂrZ.

The: fecombinant plasmid, pdPP1(B)P2(X)Bg(H), was derived from pdPP1(B)Bg(H)
by cleavage at the viral Pvull site (nucleotides 5265) and ligation of a
ZhoI synthetic linker to the blunt termini. After recjircularization of the
DNA with T4 ligase, transformation of E. coli and screening of the
resulting colonies, one of the DNAs contained a unique Xhol site at the
viral Pvull site (nucleotide 5265).

pdPP1(B)RI was constructed by ligation of the viral HindIII-to-EcoRI
sequences from pPin7 (the sequences between the nucleotides 90 and 1560)
between the HindIII and EcoRI of pdPP1(B)Bg(H) DNA. pdPP1(B)RI contains
those polyomavirus sequences between nucleotides 5131 and 1560 and a 10 bp
HindIII linker between nucleotides 90 and 94. Ty

pdPBPl was derived from pdPBR2 by digestion wi!:ix BamHI and extension
of the 3'-recessed ends after incubation with the Klenow fragment of E.
coli” DNA polymerase I and the four deoxynucleotide triphosphates. These
molacules were'then cleaved with Pvull to generate partial products,
circularized with T4 ligase, and used to transform L. coli. After
screening a number of colonies, we identified several that contained a ‘
recombinant plasmid from which viral sequences had been deleted between the
BamHI site (nucleotides 4632) and the PvuIl site at nucleotide position
5262. A BamHI site-was created at the new junction between viral and
plasmid sequences to ysild pdPBPl, which carries viral sequences between
nucleotides 5265 (a BamHI site) and nucleotides 1560 (an EcoRI site) within
pML-2 DNA.

The recombinant plasmid pdPBHp contains the viral BamHI site
(nucleotide 4632)-to-Hphl site (nucieot_ida 152) DNA fragment between the
pML-2 BamHI and HindIII sites. The BamHI site was restored, but the
MI"II and Hphl sites vwere dastroyed during the construction of pdPBHp.
In short, pPBR2 DNA was digested with HphI, and the 3'-projections were
removed with the Klenow fragment of E. coli DNA polymerase I. The DNA

-

fragments were then reacted with BamHI, and the fragment containing the

viral sequences enclosed by the BamHI (nucleotide 4632) and the HphI site
(nucleotide 152) was isolated by agarose gel electrophoresis. This viral
fragment was then ligatad to pML-2 DNA that had, been cleaved sequentially

4
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with HindIII and BamHI. Before cleavage with BamHI, the vector was

digested with HindIII and the 3'-recessed ends were extended by reaction
with t:h; Klenow fragment of DNA polymerase I and the four deoxynucleotide
triphosphates. Ligation of vector and viral sequences to each other
resulted in the fomtion of pdPBHp. The' predicted sequences about the
virus-plasmid joints were confirmad by sequanoiing them.

pdPBHp632 was derived form pdPBHp by partial digestion with PvuIl
followed by ligation to blunt ends with BamHI linkers. After
transformation of E. coli, a colony contianing a plasmid with a BamHI
linker at the Pvull site at nucleotide 5128 was isolated. This plasmid DNA
was cleaved to completion with Pvull and a gg_]_.If linker was ligated to
blunt ends. The resulting plasmid, pdPBHP632, contains BamHI sites located
at nucleotides 4632 and 5128 (formerly a Pvull site), and a BglII site at
nucleot1de” 5265. | ' -

The construction and final structure of. pPSVEl an.:l pPH1-8 have “been
described elsewhere fMes and Hassell, 1982; Feathersto;';ta et al, 1984).
pPSVEl1-Bla was constructed by iigating the carboxy-terminal coding
sequences for large T antigen, the EcoRI-to-BamHI (nucleotides 1560 to
4632) DNA fragment from pdPBla (a genomic clone of polyomavirus cloned as a
BamHI fragment in pML-2 DNA), to EcoRI cleaved pPSVE1l DNA. pPSVEl
comprises pBR322 DNA and the SV40 early promoter (the SV40 HindIII C
fragment) fused to the coding sequences for small and middle T antigen
(polyomavirus nucleotides 154 to 1560). After ligation of the g_cg_RI-)
terminated ends with T4 ligase, the linear molecules were treated with t‘he
Klenow fragment of E. coli DNA polymerase I in the presence of the four
deoxynucleotide triphosphates to fill in the single stranded ends and the
molecules circularized with T4 ligase. The reaction mixture was then used
to transform E. coli HB10l to ampicillin resistance, and individual
colonies were isolated. Several transformed colonies were screened by
restriction endonuclease analysis for the desired recombinant plasmid.
After these colonies were found, one was chosen for furfther study. The
structure of the plasmid DNA carried by thes¢ bacteria was confiméa by
digestion with many restriction endonucleases. } '

D. Isolation of mutant recombinant plasmids.

The mutants that carry unidirectional deletions from the BamHI site
(nucleotide 4632) in pdPBR2 were, with two exceptions, constructed by Bal

T " .

° i



. saquences cloned into these same sites in pML-2. The resulting
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31 nuclease digestion of BamHI linearized pdPBR2 DNA: After reaction with
the nuclease, a synthetic BapHl linker was ligated to the ends of the
molecules, and they were then cleaved with BamHI and =E_c__o:_RIO. The BamHI and
EcoRI terminated viral sequences were cloned within these same sites in
pML-2 DNA. Each mutant DNA was sequenced by the chemical method to
determine the end point of the deletion (Maxam and Gilbert, 1977). Two
mutants in this series, pdPP1(B)Bg(H) and pdPBP1 (Fig. 9), were constmcted
as described previously.

pdPB503Bg(H) was derived by cleaving one of the mutants dascribad
a})ovo, pdPB503, with BglI. After incubation vith the Klenow fragment of E.
coli DNA polymerase I to remove 3 bp BglI 3' extension, a HindITI synthetic
linker was ligated to the blunted ends. The DNA was then cleaved to

completion with BamHT and HindIII and the BamHI-to-HindIII terminated viral '

atma—

recombinant, pdPB503Bg(H), contains the viral sequences between 5039 and 90
within the BamHI and HindIII sites of pML-2.

The mutant DNAs that bear deletions within viral sequences from the
EcoRI site in pdPBR2 DNA were constructed as described previously, with one
excaption. pdPBS]1 was isolated after cleavage of pdPBR2 DNA with SstI and
BeoRI. The Sstl 3' projections and the EcoRI 3'-reacessed ends waere removed

and extended with the Klenow fragment of DNA polymerase I in the presence

of dATP, dGTP, and TTP. Intramolecular ligation across these ends resulted

in the -creation of an EcoRI site at the junction. pdPBSl contains- those
viral sequences between nucleotides 4632 and 569 as a BamHI-~to-EcoRI
fragment within the large BamHI-to-EcoRI segment of pML-2 DNA.

Mutants with deletions intemal to viral sequences wera constructed as
described below. dedll 8 was isolated after deletion of saequences about

the unique BglI in pdPBR2 with Bal 31 nuclease (Hassell at al, 1982). The

BamHI-EcoRI viral fragment bearing the deletion was subsaquently cloned
between the BamHI and EcoRI sites in pML-2 to yield pdPdll-8. Sequences

' . between nucleotides 1 and 158 have been deleted from the viral insert,

pdPd1300 was darived from pdPBR2 by partial cleavage with Pvull .
followed by intramolecular ligation with T4 ligase. Among the bacteria
transformed with this DNA were several that contained a recombinant plasmid
with a deletion of the Pvull fragment between nucleotides 5130 and 5265.
pdPd1304 and pdPd1326 were isolated after partial cleavage of pdPd1300 with
PvuIl, followed by digestion with Bal 31 nuclease. The eroded linear DNA

Lol
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was then circularized with Tlo)ligase and used to tnnuvform B. coli. After
screening a number of recombinant plasmids from independent colonies, I
identified several with deletions about the _;qu_If site at the deletion
junction (5130/5265) in pdPd1300 DNA. .Sequencing across the deletions of
two mutants ravu}ed that pdPd1304, is deleted between nucleotides 5130 and
5277, vhereas pdPd1326 is deleted between nucleotides 5126 and 5269.‘

< The pdP500d1300 mutants (Fig. 11) were assembled by digesting
pdPBBg(H) DNA (Fig. 10) to completion with BamHI and PvuIl. The largest
DNA fragment composed of pML-2 DNA and the viral éequences batween
nucleotides 5265 (a PvulIl site) and 90 (a former Bgll site, now a HindIII
site), vas purified by agarose gel electrophoresis and ligated to the
gel-purified'ﬁ_a_mHI-to-;Pv_gII fragments of viral DNA from the pdPB500 mut.ant
series (Fig. 9). ‘ .

Thcj vector for assembly of the early and late alpha, beta and core
deletions was constructed by cleavage of pﬂi-z DNA with _BapHI-and digestion
of the linearized DNA with Bal 31 nuclease. After reaction with the
nuclease, a syntlietic Xhol linker was ligated to the ends of the molecules:

' DNA sequencing of deletion junction revealed that the plasmid sustained a
deletion between nucleotides 465 and 325 in pBR322 sequences (Sutcliffe,
1979). The mutant bearing the Xhol site was then cleaved at its uniau; .
Sall restriction site and the 3'-recessed ends blunted with the Klenow
fragment of E. coli. After ligation of BamlI synthetic linkers to the
termini and digestion with BamHI, the molecule was recircularized vith T4

“pRa ligase. The resultant recombinant, pMLXB, contains a unique BamHT site
(previously the Sall site) and a Xhol site at the deletion junction ‘
(fomerly the BamHI site). . X

Mutant recombinant plasmids that carry unidirectional deletions from .
the BamHI site (nucleotide 5)31) in pdPP1(B)Bg(H) (ALB series; Fig. 16)
were constructed by Bal 31 nuclease digestion of BamHI linearized
pdPP1(B)Bg(H) DNA. After reaction with the nuclease, a synthetic Xhol
linker vas ligated to the ends of the molecules and the DNA was digested to -
completion with Xhol and HindIIX. The Xhol and HindIII terminated viral

‘set;:t;ences were then cloned between these same sites in’ pMIXB. The ALA :
mutants were constructed in a similar manner as the ALB deletion 'series‘
except that these mutants bear deletions originating from the BamiI site
(nuclectides 5039) in pdPB503d1300 DNA.

I
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The AEB deleélon series vas derived by cleavage of pdPP1(B})Bg(H) with~
BvulI followed by digestion with Bal 31 nuclease. After ligation of
synthetic Xhol linkers to the ends of the molecules, the DNA was theg
cleaved with BamHI and XhoI. The viral BamHI-to-Xhol fragments wera then
gel purified and li.gatnd to t:he large BamHI-to-XhoI segment of pMLXB
Several colonies cor_xtaining plasmids bearing viral inserts were isolated.
The mutants AEBS240, ARB5223, 4EBS5173 and AEB5170 were derived by inserting
the viral XhoI-to-HindIII (nucleotides 5265 to 90) fragment from
pdPP1(B)P2(X)Bg(H) into the XhoI and HindIII sitaes of the aforementioned
viral recombinants. Two other viral recombinants, 4EB5202 and AEB5209,

V&tl. isolated by directly cloning the mutated viral BamHI-to-Xhol fragments
into the same sites in pdPP1(B)P2(X)Bg(H).

The AEA mutants were -constructed in a similar manner as AEB5202 and
AEB5209, except that these recombinants contain unidirectional deletions
originating” from the Pvull sita (5130) of the plasmid, pdPB503d1300.

Mutants that carry undirectional deletions from the HindIII site
(nucleotide 90) of dePl(B)Bg(h) were isolated by digestion of HindIII
cleaved pdPP1(B)Bg(H) DNA with Bal 31 nucleage. After nuclease digestion,

a synthetic Xhol linker was ligated to the ends of the molecule and the DNA
was cleaved to completion with Xhol and BamHI. The BamHI-to-Xhol viral
restriction fragments were then ligated into the BamHI and XhoI sites of
pMLXB. Each mutant DNA was saquenced by the chemical method (Maxam and
Gilbert, 1977) to determine the endpoint of the deletion.

» E. Construction of the inversion and position mutants.

The inversion mutantQ. pdPBP1-5 and pdPBPS-1 (FPig. 25), were
constructed by ligation of the viral BamHT (4632)-to-Bvull (5130) fragment .
of pdPERZ to the BamHI-digested pdPBPl DNA. After the BamHI cohesive ends )
of both spacies were joined, the molecules were reacted with the Klendw
fragment of {E. coli DNA polymerase I and the four deoxynucleotide
triphosphates to £111 in the remaining BamHI ends. The DNA was then
circularized by ligation across the filled-in BamiHI and PvuIIl ends and the
DNA used to transform E. coli. After screening and characterizing the V
plasmid \"DNA from a number of colonies, I used two, dePBf-S and pdPP5-1,

-

‘for the ’expetimt:s reported here. An identical strategy enabled me to

clone the 'viral BamHI (4632)-to-PvuII (5130) fragment in both orientations
at the BamHI site of pdPP1(B)Bg(H) (Fig. 10) to generate the recombinant
plasmids pdPPiPl~5 and pdPP1PS-1 (Fig. 24).



‘transform E. coli. These manlpulations resulted in the plaqément of a
° BamHI site at the BdeI/PvuII junctions. Afte;: screening and
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The beta lnversi&n mutants were constructed by ligating the small
BamHI (5131)-to- BR1II (5265) from pdPBHP-632 plasmid DNA to this smy"nm
cleaved with BamHI and B _g’}_II. Aftar screening and characterizing the ~ @
plasmid DNA from a number of colonies, two recombinants, pdPB632g+ and
pdPB6328- bearing the BamHI (5131) to BglII (5265) fragment in opposite
orientations were isolated. - — - - —7

The pdPB503Bg(H)a+ and pdPB503Bg(H)a- viral recombinants were isolated
by ligating the BamHI to Pvull fragmen (5039 to 5130) isolated from
pdPB503Bg(H) d1300 DNA to BamHI cleaved- pdPP2(B)Bg(H) DNA. After the BamHI
cohesive termini were joined, the molecules were reacted with the Klenmow .
fragment of E. coli DNA®polymerase I and the four deoxynucleotide
triphosphates to fill in the remaining BamHI end. The DNA was then
circularized by ligation across the blunt PvuII and BamHI ends and used to

characterizing the plasmid DNAs derived from a number of colonies, two

' recombinant plasmids containing the, BamHI (5039)-to-PvuIX (5130) in the +

and - orientation next to the viral core sequences (nucleotides 5265 to 90)

wvere isolated. - * .

The late side position mutants (Fig. 27) were constructed in two

_steps. First, the’ XhoI-to-HindIII fragment (nucleotides 5265 to 90) from

pdPP1(B)P2(X)Bg(H) was ligatem the large XhoI-to-HindIII segment of .

)

\

pMLXB DNA. - The resultant recombinant plasmid DNA termed pdPP2(X)Bg(H), was - .

then cleaved vith BamHI and ligated to_the BamHI (5039)-to-PvuII (5130)

' fragment from pdPB503d1300. After ligation across Ege cohesive BamHI ‘

termini, the remainimg 3'-recessed BamHI end vas back-filled with the
Rlenoqlftagment of ‘E coli DNA polymerase I in the presence of the four
deoxynucleotide triphosphates. The DNA was recircularized with T4 ligase
and used to transform E. coli. Several drug resistant colonies were
screened by restriction endonu'clease analysis for the desired recombinant
plasmids. Two colonies containing plasmid DNAs bearing the BamHI-to-Pvull '
(5039-51:!0) in opposite orientations 185 bp away from the core (5265-90) ﬂ
were isolated. As a result of these manipulations, a BamHI site was
generét:ad at the BamHI and Pvull junctions. An identical étrategy enabled
me to clone the BamHI-to-Pvull fragments from dePl(B)Bg(B) (nucleotides |
5131 to 5264) and pdPBS03Bg(H) (nucleotides 5039-5265) in both orientations
at the BamHI site of pdPP2(X)Bg(H).

o
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The early side positzion mutants were constructed in a similar manner
except that the vector pdPP2(X)Bg(H) was ‘modified by introducing a Bell
linker at the plasmids EcoRI site (Fig. 27). This was accomplished by
cleaving pdPP2(X)Bg(H) DNA with EcoRI and back-filling the 5' extensions
with‘the Klenow fragment of,E. coli DNA polymerase I and the four
deoxynucleotide triphosphates. After ligation of a synthetic BclI linker
Lo the ends of the molecules, the DNA was used to transform the dam
methylase deficient Gm 119 strain ,of\E_. coli. The resulting recombinant
plasmid was cleaved with BclI and the ‘\?ig\al BamHI fragments derived from
the late side position mutants were ligatdd into this site. After ' ot
transformation of the DH-1 strain of E. _é)li_ and screening’ the colonies,
“gix viral recombinant plasmids:-containing these restriction fragments in . .
both orientations at the Bcll site were*is'olated.

F. Construction of the~11nker scanning and insertig, tants. BN
« The mutant LS 5151/5166 (Fig. 21) was constructed im two steps. ’
. First, the BamHI (4632)-to-HindIII (5151) fragment .from pdPd1801 (Mueller -
et al, 1984) was ligated to BamiI and Xhol digested ALB 5166 DNA. After
ligation- across the cohesive BamHI ends, the Xhol and HindIII ends were
rendered '‘blunt with the Klenow fragment of E. coli DNA polymerase I_w in the
presence of the four deoxynucleotides and retircularized with T4 ligase.
After transformation of E. coli with t;hg _ligation mixture a colony bearing
thet desired recombinant was isolated. In order to generate LS 5151/5166,
this recgmbinant plasmid was cleaved partially with Pvull and digested to
completion with BamHI. The large restriction fragment containing the viral
sequences between&nucleotides 5131 and 90 was gel éur:lfieﬂd and- the BamHI -
ends filled in with Klenow fragment of E. coli DNA polymerase I. After
ligation across the blunt PvuIl and BamHI termini, the DNA was used to
‘transform E. coli. Several colonies were scrcébned and one containing the® -
plasmid LS 5151/5166 was used for the experiments reported here.

The mutant LS 5173/5188 was constructed by ligating the BamHI
(5131)-to-XhoI' (5173) fragment,from AEB5173 into the same s:lte/é in ALB5188
DNA. It should be noted that nucleotide sequence gnalysi's of AEB5173 <
revealed that in addition to a XhoI linker it contained a 6 bp insert'
unrelated to the viral DNA sequence. Conceivably, this ipsert resulted
. from the ligation of a-mutated Xhol linker to the ends of ghe molecule.

’
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The LS 5202/5211 mutants was constructed by ligating the viral Xhol

(5211)-to-HindIII (90) fragment from ALBS211 to 'XhoI and HindIII .cleaved

AEB5202 DNA. An identical procedure was used to generate.the LS 5209/5218 -
mutant where the XhoI (5218)-to-HindII (90) fragment derived from ALB5218
was recombined with Xhol and HindIII ‘cleaved AEB5209 DNA.

The LS 5240/5248 mutant was isolated by ligating the BamHI ,
(5131)-to-¥hoI (5240) fragment from AEB5240 to the same sites in’ ALB5248
DNA. . - ,

The mutant pdPB5075 LS 5151/5166 was constructed by ligating the BamHI
(5131)-to-HindIII (90) fragment from LS 5151/5166 to PvuII‘and HindJII
digested pdPBS507Bg(H) DNA. The pdPB5075 Bg(H) vector contains viral
s;aquences between nucleotides 5075 and 90 within the BamHI and HindIII

. sites of pML-2 and its construction is detailed elsewhere. (Mueller et al,

manuscript in preparation). After cohesive end ligation asross the HindIII
ends the 3' recessed BapHl end was rendered blunt as described pxeviously.
The DNA was recircularized across the blunt Pvull &nd BamHI termini with T4
ligase and used to transform E. coli. This procedure fesulted in the
generation of a BamHI site at nucleotide 5131 of the viral insert. A
identical cloning strategy was used to clone the BamHI (5131)-HindIIT (90)
fragments from-pdPP1(B)Bg(H) and LS 5173/5188 into the PvuII (5130) and
HindIII (90_) sites of deB§O7ﬁBg(H) to generate pdPB5075 wt' and pdPB5075 LS
5173/5188. ‘ )

The a internal deletions mutants were constructed by i‘ecomi:ining

" mutants that carry unidirectional deletions on tha late side of a with the

AEA deletion series. The mutant pdPB5039 LS 5113/5109 was isolated by,
cohegive ligation of the BamHI {5039)-to-XhoI (5109) fragment from AEA 5109
to the BamHI site of ALAB 5“113 DNA. Unlike the other late a mutants, ALAB
5113 has a BamHT site at its deletion endpoint. After ligation across the
BanHI termini, the noncohesive ends were partially filled with the Klenow
fragment of E. coli DNA polymerase ] and dATP and 4dGTP ahd ligated across

. the 2 bp overhang: After transformation of E. coli, a colony containing

the desited recombinant was isolated.

A similu: approach was used to construct pdPB5039 LS 5108/5092.
Briefly, another late a mutant containing a BamHI linker at its deletion
endpoint, ALAB 5108, was cut with BamHI and ligated to BamHI- (5039)-to-Xhol

‘(5092) fragment from AEAS5092. After ligation across the MI ends the

femaining sitaes were blunted with Klenow fragment of DNA polymerase I and

~
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the molecule recircularized and the DNA used to transform E. coli. After
screaning a number of colonies, one containing the desired plalmid.
pdPB5039 LS 5109/5092, was isolated.

The mutant pdPB5039 LS 5102/5108 was constructed by ligating the BamfI -
(5039)~-to-XhoI (5102) viral fragment from AEA 5102 to BamHI and fhoI
cleaved ALA 5108. The structure of these viral recombinants was confirmed
by DNA sequence analysis (Maxam and Gilbert, 1977). . -

G. DNA transfection.
'CsCl gradient-purified supercoiled plnsmid DNAs were transfected into
. cells by a modification of the DEAE-dextran transfection technique
_ {McCutchan and Pagano, 1968; Sompayrac and Danna, 1981). A 60 mm dish

containing 7.5 x 10° cells was washed twice with 5 ml of serum-free DHEM.
and then incubated with 1 ml of DMEM supplemented with 250 ug of
DEAE-dextran (molecular weight 500,000) per ml and 1-2 pg of plalmid’DNA at
37°C for 4 h in a humidified CO, incubator. The cells were washed twice
with serum-free DMEM and maintained in 5 ml of DMEM containing %01 calf
serum.

In separate experiments I have varied the amount of DNA used in
transfection baetween .02 and 2.0 ug per dish and found that theipheﬁotype
of the mutant plasmids dves not change. I decided to routinely empIdy’l-Zﬂ
ug of DNA per dish to insure I could detect the replication of a plasmid
impeded in this capacity. A modification of the calcium phosphate
technique (Wigler et al, 1978) was used to transfect Rat-1 cells with
cesium chloride density gradient-purified supercoiled plasmid DNA.
Transformed foci ware scored 14 tc 18 days post-transfection after the
plates were fixed in 10% formalin-PBS (vol/vol) and stained with glemsa.:

H. Isolation of MOP cell lines. .

The mouse originless polymavirﬁs (MOP) cell lines were established by
transforming NIH 3T3 cells with pSVE1-Bla DNA., In brief, 10 separate
cultures of sparsely seeded NIH 3T3 cell (1 .x 10% to 2 x 10°% callsvpar 100
mn diameter petri dish) were transfected with CsCl-purified supercoiled
pPSVE1-Bla DNA (100 ng per petri dish) by a modification of the calcium
phosphate technique {Wigler et al, 1978). The calcium-phosphate-
containing medium was removed 5 hours after its initial application, and
fresh DMEM éontaining serum 1?8 added. The medium was then changed every 3
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days until foci of transformed cells appeared; 50 to 100 foci appeared
after 2 wahks, and one focus was isolated from each dish and subsequently
cloned (Hassell et al, 1980). A total of 10 independent colonies were
established ind characterized.

I. DNA replication assay.
At 48 to 72 hours post-transfection, low-molecular-waight DNA was,

isolated from cells by using the Hirt extraction procedure (Hirt, 1967).
After the sedimentation of the high-molecular-weight DNA, 0.5 ml of the
cleared lysate was diluted in 4.5 ml of TE buffer (10 mM Tris-HC1 pH 8.0, 1
mM EDTA) and extracted once with buffer-saturated phenol and once with
chloroform-isoamyl alcohol (24:1). Nucleic acids were precipitated by
addition of 2.5 volumes of cold ethanol and storage overnight at -20°C.
Pracipitates were collected by centrifugation and suspended in 50 ul of TE
buffer. A 15 pul portion of the DNA sample was sequantially digested with

- BamHI and Dpnl restriction endonucleases.

The aigested plasmid DNAs were subjected to electrophoresis through
1.0% (wt/vol) agarose gels, and the DNA fragments were transfarred to
nitrocellulose filters by the Southern (Southern, 1975) technique. The

-nittocellulose filters ware hy_ 1,1zed to 3?P-labeled, nick-translated

pdPBR2 DNA (1 x 10% to 1 x 10° cpm/ug) by employing dextran sulphate (Wahl
et al, 1979). After washing, the filters were dried and autoradiographed
for 3 to 12 h with Kodak XAR-5 film:and_puPont Lightning~Plus intensifying
séreans I estimate that by 72 h post-transfection there are fréﬁ 500 to

-2,000 raplicated plasmid molceules per cell. However, not all of these

cells take up ‘and replicate tha raecombinant plasmid DNA, and therefore the
number of copies of replicated DNA per transfected cell is likely to be
higher than this. )

J. DNA and protein analysis.
The methods used to isolata low~ and high-molecular-weight cellular

DNA and to characterize that DNA after restriction endonuclease cleavage

"and Southern blotting-hybridization have been described previously
(Pomerantz et al, 1983a). .

Immunoprecipitation of the viral Tbantigens and their identification
by fluorgraphy after electrophoresis through agrylamide-sodium dodecyl
sulfate gels were also performed as described previously (Pomerantz et al,
1983b).
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K. Binding of large T antigen to DNA.
The preparation of t\ia reagents and the methods used to measure the

binding of large T antigen to end-labsled DNA fragments have all be
described previously (Pomerantz et al, 1983a). The substrates used in the
binding reaction were the Hinfl fragments of pPH1-8 DNA. This recombinant
plasmid contains the origin-bearing g_i_r;gI{I-l fragment of polyo:navifus DNA
cloned within the _l_i_i_n_éllI site of pBR322 (Sutg}iffa, 1'979). The HinfI-4
fragment of pPH1-8 (polyomavirus nucléotides 5073 to 385) contains all the
large T antigen binding sites (Pomerantz et al, 1983a).

*
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. RESULTS

Chapter I: Isolation of Large T Antigen Producing H;xu Cell Lines .
Capable of Supporting Replication of Polyomavirus-Plasmid Recombinants

A. Transformation of NIH 3T3 cells with DNA containing a hybrid
transcription unit. o

Isolation of permissive mouse cells which express functional PyV large

T antigen reﬁuires the use of a mutant viral DNA molecule with a defective
origin. This is so because origin-containing DNAs are not stably
maintained in the integrated state in the genome of a permissive cell
producing functional large T antigen (Pellegrini et al, 1984). This
problem can be avoided by using an origin-defective mutant DNA for
transformation or by replacing the entire early promoter and origin region
with a foreign promoter. I chose the latter approach because the exact
bordets of the PyV origin had not been defined when I began these
axpariments, thereby making it difficult to choose an appropriate site for
mutagenesis. Moreover, the precise borders of important controlling
elements of the early promoter also had not been defined, and therefore I
had no way of knowing whather an origin-defective moclecule would also prove
to be debilitated in expression. Consequently, I chosa to replace the

_ entire upstream noncoding region of PyV with that of another strong

promoter. ‘ -
The SV40 early promoter has been well characterized (Benoist and
Chambon, 1981; Fromm and Berg, 1982), and it has been shown that it
functions nearly as wall as the early PyV promoter to drive expression of
downstream genes 'in rodent cells (Featherstone gt al, 1984). The HindIII C

fragment of SV40 contains all the viral regulatory elements, including the
origin for DNA replication as well as the early and late promoters and the

A

“early ‘start sites for transcription (Benoist and Chambon, 1981; Bergsma at
al, 1982; Fromm and Berg, 1982). Therefore, I placed this SV40 DNA .
fragment in the appropriate orientation before the early region of PyV.

During lytic infection of mouse cells by PyV3 expression of the T “
antigen is repressed at late times by the binding of large T antigen to
promoter-proximal DNA sequences, thereby retarding transcription initiation
(Cogen, 1978). The binding sites for PyV large T antigen all lie upstream
of nucleotide position 154 in PyV DNA (Pomerantz et al, 1983a; Cowie et al,

e
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1984). Moreover, the PyV principal mRNA 5' termini also map upstream of
nucleotide position 154 (they are located between nucleotide positions 147
and 153) (Kamen et al, 1980; Treisman et al, 198la). Because I wished to
maximize expression of‘the PyV T antigens in permissive cells, I attempted
to ensure against repression of early trahscription. Therefore, 1 fused
the SV40 eariy promoter to the PyV early region beginning at nucleotide 154

"in PyV DNA. In this way I isolated a hybrid transcription unit,

pPSVEl1-Bla, whose éoding sequences are expressed from a strong promoter and

are independent of regulation (Fig. 4). I expected that pPSVE1-Bla would
be transcribed in mouse cells to yield hybrid mRNA molecules whose 5'
untranslated termini were derived from SV40 DNA but whose 3' sequences were
derived from PyV*DNA. ’

pSVEl-Bla DNA was used to transfect untransformed NIH 3T3 cells to the
transformed phenotype as described in the Materials and Methods saction.
Transformed foci appeared in the ‘cultures after 2 weeks. Ten independent
foci were isolated from separate plates and recloned once before they were

analyzed further.. I named these lines MOP cells by analogy to COS cells
(CV-1 originless SV40) (Gluzman, 1981).

B. Replication of origin-bearing plasmid DNA in MOP cell lines.

The MOP cell line$ need only express middle T antigen to maintain the
transformed cell phhnot;pe (Hassell et al, 1980; Treisman et al, 1981b; Mes
and Hassell, 1982). However, the coding sequences for middle T and large T

antigen overlap across part of the viral genome (Fig. 4). and therefore I

expected that a fair proportion of the lines would gratuitously produce

/

large Tﬂantigen. To determine whether this was ‘true and to ensure that

active large T antigen was synthesized, I screened the 10 MOP lines for
their capacity to support the replication of a recombinant plasmid bearing
the PyV functional origin for DNA replication.

I chose the plasmid pdPRla for thie analysis (Huller et al, 1983b)
pdPRla comprises pML-2 DNA and the entire PyV genome. The viral DNA was
ingerted at the EcoRI site of pML-2 as an EcoRI genomic fragment Because
EcoRI cleaves PyV DNA in the middle of the early region (at nucleotide
number 1560) (Fig. 4), this plasmid cannot encode large T antigen. Thus,
pdPRla will only“}eplicate tn permissive cells which produce active large T
antigen in trans. To determine whether the pdPRla plasmid could replicate
in MOP cells, I transfec;ed these cells with plasmid DNA,
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Figure 4:

Structure of pPSVE1-Bla DNA. pPSVE1-Bia DNA (ca. 9,430 base
pairs [bp]) comprises pBR322 DNA (4,333 bp; thin line), the
HindIII C fragment of SV40 DNA (1,119 bp; hatched box), and
PyV DNA (ca, 3,978 bp; open box). The sequences in‘pBg322 DNA.
between its EcoRI (nucleotide 1) and HindIII (nucleotide 29)
sites were substituted with the SV40-PyV hybrid tranécription
unit. The pBR322 EcoRI (nucleotide 1) and the PyV BamHI
(nucleotide 4632) sites were destroyed at one joint, but the
HindIII site was preserved at the other joint. The SV40
sequences are arranged such that its early promoter drives
transcription of the PyV early region. The PyV sequancéé
contain a deletion of about 500 bp (denoted by the triangle)
encompassing the HindIII site at nucleotide 3918. The
nucleotide schemes of Sutcliffe (1979), Buchman et al (1980)
and Soeda et al (1980) were used for pBR322, SV40 and

PyV DNA, reséectively. The structures of the PyV early mRNAs
(small [ST), middle [MT) and large [LT)) are illustrated"
outgide the circular m&b 6f pPSVE1-Bla DNA. Transcription of
the three coterminal mRNAs should originate in SV40 DNA and
terminate in PyV DNA. The boxed areas of each mRNA‘represent
translated sequences, and their different shadings denote
different reading”frames.‘ The jagged lines connecting the
mRNA coding regions represent sequences which are spliced from
the nuclear precursors of the various mRNAs. The splice sites

were taken from Treisman et al (1981a).

|
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‘jitractcd th.ffﬁflmolocular-weight DNA 72 hours later, and assessed the
state of mothylat%on of the recombinant DNA as an indirect measurs of
r‘plication after digestion with DpnI followed by Southern blotting-
hybridization (Peden et al, 1980). Plasmid DNA that is propagated in
Escherichia coli is methylated by the cell at adenine residues that lie
within the sequence GATC. Such methylated sequences are recognized by DpnI
(Lacks and Greenberg, 1977). However, DNA that is isolated from bacteria
and subsequently rcpliéa;od in mammalian cells is not methylated and
therefore becomes resistant to cleavage by DpnI. Therefore, by digesting
arnconb:lmnt DNA that was recovered after transfaction of -mammslian cells

. with Dpnl and SalI (the latter cleaves pdFRla once), it was possible to

distinguish the raplicated DNA from the input DNA that did not replicate .
The replicated DNA appears as a single species migrating with a linear
marker of pdPRla DNA, whereas the unreplicated DNA appears as numarous
fragments of poorly separated, low-molecular-weight DNA at the bottom of
the autoradiogram. . .

The outcomé' of screening 10 MOP cell lines for their clpacity to
support pdPRla rnﬁlication is illustrated in Fig. 5. Seven of the 10 lines
supported pdPRla replication to approximately the same extent (Fig. 5). As
expacted, the parental cell line (NIH 3T3) did not support pdPRla
replication because this line does not synthesize PyV large T antigen.
These results show that many of the transformed MOP cell lines express
active large T antigen. Because there ware no large differences in the -
ca;acitius of the various lines to complament PyV DNA replication, I
randomly chose three cell lines, MOP-3, -6, and -8 for further ’

characterization.

o

C. MOP cells with integrated pSVE1-Bla DNA.

' To determine the physical state of pPSVEl1-Bla-DNA in the MOP-3, -6,
and -8 cell linas I examined these cells for the presence of free plasmid
DNA by preparing low-molacular-weight DNA from them and assaying this DNA

for the presence of sequences homologous to pPSVE-Bla DNA by Southern

= blotting-hybridizations (Southern, 1975). I could not detect free plasmid

DNA in these cells (FPig. 6A). Because I assayed the DNA from 3 x 10° cells
and because I could readily detect 10°% ug of marker DNA, I estimate that
they are fewer than 0.3 molecules of free pSVE1-Bla DNA per cell.



P it s L R
.

e

a39 v

_ Figurs 5: Replication of pdPRla DNA in the various MOP cell lines. A 1

ug sample of pdPRla was transfected into ca. 5 x 10° cells
growing on the surface of a plastic petri dish (6 cmn diameter)
by using DEAE-dextran as a facilitator of DNA uptake.
Replication of tha pdPRla DNA was measured by isolating low-
molecular-weight DNA and cleaving it with Dpnl and Sall as
described in the text. " There are many sites of cleavage for
DpnI, but only one Sall cleavage site in pdPRla DNA. The
replicated DNA is resistant to Dpnl cleavage and appears as a
band which comigrates with a linear marker of pdPRla DNA (M).
The marker lans (M) contained 10°% ug of pdPRla DNA. The
input unreplicated DNA appears ss a smear of low-moleculac-
vaight fragments at the .botton of the autohdi,ogrm.
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Digestion of high molecular weight cellular DNA from HOP' cells with .
restriction ﬁonuclmu which do not cluve pSVE1-Bla DNA, would
establish whethar this DNA is integrated, and the number of viral fragmants
detected after Southern blotting-hybridizatidn would utablishi the number
of separate insertions of transforming DNA (Botchan st al, 1976). BglII is
an enzyms which does not cleate pSVEl-Bla DNA. Digestior of MOP-3, -6, and
-8 cellular DNA with BglII followed by gel electrophoresis and Southezn '
blotting-hybridization revealed the presencs of‘iut-gratcd’ pPSVEl-Bla DNA
in each of the cell lines (Fig. 6B). MOP-3 and MOP-6 cells contain two
insertions, whereas MOP-8 cells containcid s single insertidén of
transforming DNA.

To determine vwhether any of the thru' MOP cell lines contained,
multiple, tandemly reiterated pPSVEl-BlaM genomes arranged in a head-to-tail
fashion, I cleaved their cellular DNAs with BamHI, which cleaves pPSVEl-Bla
DNA once. If a BamHI site was tandemly rbpsated, then I would aexpect to
release linear pPSVEl-Bla DNA after cleavage of cellular DNA with BamHI.
None of the thres MOP call lines yislded unit-length pPSVE1-Bla DNA after.
cluvagc vith BamHT (Fig. 6C). The cellular DNA of the MOP-8 line yielded
two fragments after cleavage with BanHI, which is consistent with a single
insertion of pSVEl-Bla in this cell line and the retention of the BamHI

' T
site within the integrated DNA. These results show that each of the MOP -~

Pad

‘cell lines examined contained a small number of integrated pPSVEl-Bla

genomes (from one ta two) and that these insertions were not made up of
long arrays of tandemly ceiterated pSVEl~Bla DNA.

t

D. Viral T antigens expressed by MOP cell lines. '
I examined the three prototype MOP cell lines for their capacity to

express PyV T antigens. This vas accomplished by immunoprecipitation of

-

,35S-1abeled cell lysates with g’.run from tumor-bearing rats (Fig. 7). The °

thres MOP cell lines contained large, middle and small T antigen although
it was difficult to invariably demonstrate the presence of small T antigen
in the MOP-6 and MOP-8 cell lines (Fig. 7). In separate independent

“experiments I could demonstrate no large differences in the amount of

large, middle or small T antigen synthesized by the various cell lines
(data not shovn)

One biochemical activity associated with PyV large T ,antigen is its
capacity to bind to specific viral sequences near the 6r131n for DNA
replication and the early promoter (Gaudray et al, 1981; Pomerantz 9‘5 al,

1
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ri,guto ‘6 Characterization of H6P cellular DNA. (A) Low-l*wlacular-

i weight DNA vas isolated from thne MOP cell lines and probed
for the presence of pPSVEl-Bh uquancu by Southern blotting-
hybridization as described -in the text. The lane marked M in

{ (A) contained a HindIIT digest of 10°°® ug of pPSVEl-Bla DNA.
) , Three fragments of ca. 6,809, 1,502 and 1,119 base pairs are
-diaplaysd on the autoradiogram. (B) High-molecular-weight
colﬁiu- DNA was isolated from threa MOP cell lines and
digested with BglII, which does not cleave the transforming
pPSVE1-Bla DNA. The fragments complementary to pPSVEl-Bla DNA
were detected by Southern biotting-hybridization and
) autoradiography as described in the text. The lane marked M
' contained a B:I.ndIII digest oF- 10°% ug of pPSVEL-Ela DNA. (C)
High-molecular-wsight ccllulu:m from three MOP lines was
hydrolyzed with BamHiI, which cleaves the transforming DNA,
pPSVE1-Bla, once. The fragments bearing sequences homologous
" to pPSVE1-Bla DNA were detected as described previously, The
lane lsbeled M contained 10°° yug of BamHI-cleaved pPSVE1-Bla
. DNA.  Arrows indicate the pon;itim of the -marker fragments.
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‘ F;igure 7:

L3
4
e

.Immopue:lpitation of ["S]utfnionj:nvlabclc;l T antigens from

the MOP cell lines. *°S-labeled proteins were .
immunoprecipitated from three MOP cell lines, NIH 373 nnd thc
TIAl-rat cell line with antiserum from a Fisher rat which bote

a tumor induced by a polyonlvim-trmqfomti tlc cell line

(1), Stnﬁn from a normal Fisher rat was used as a‘control

(N). The immunoprecipitsted proteins vere separated by
ol.ctrophomis through a 12.5% sodium dodecyl pulfntc-
polyacrylamide gel and lutorldlogrlphld as described in the
text. Each panel represents a uparltc gel. LT, MT and ST
refer to largo. niddle and small '1‘ antigen, rupoctivcly.
Small T' mt:l.gon vas not visible in the autoradiogram of ths
gel ropuuntud by the rightmost panesl. ngovcr, this protein
vas detscted on longcr sxposurs of the gol and inn separate
experiments  (data not shown). .
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F
1983a; Cowie and Kamen, 1984).” To determine vhether the large T antigen

« Produced by the MOP cell lines could bind to PyV DNA, an indirect assay

-

described by McKay (1981) was usad. Terminally labeled HinfI fragments of
pPH1-8 DNA were incubated with crude nuclear extracts from elyticlily
infected 3T6 cells, MOP-3 cells and MOP-8 cells, and tha fragments bearing
bound large T antigen wers immunopracipitated with antitumor serum and

Staphylococcus aursus bacteria. The immunoprecipitated DNAs were separated
by II'IKOIO gel electrophoresis and visualized by autoradiography (Fig. 8).
The large T antigen from aach cell line specifically bound to the HinfI-4 -
fragment %f. pPH1-8 DNA, which carries all of the T antigen binding sites
(Pomerantz et al, 1983a). The amount of nuclear extract required to
immunoprecipitate an equivalent amount of HinfI-4 fragment was nearly tha
same for all three extracts. These results show that all threae MOP cell’
lines analyzed contained large T antigen as well as middle T and small T
antigen and that two of these lines (MOP-3 and MOP-8) contained large T
&mti en molecules capable of binding to the same viral sequences as those
roco;\n\nd by the larga‘ T antigen synthesized in ‘lytically infected 3T6
cells.
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Pigure 8: Immunoprecipitation of *?P end-labeled HinfI fragments of
pPH1-8 DNA after rn'ction‘with nuclear extract from various
cell lines. Nuclear axtracts were prepared from polyomavirus-
infected 3T6 cells (Py), MOP-3 cells and MOP-8 cells and were
incubated witljj the end-labeled fragments of pPH1-8 DNA.
Seversl voliﬁnu of nuclear extract, 25, 50 and 150 pl, ware
used. The lane marked M contained a portion of the original
substrate (pPH1-8 cleaved with HinfI) used in the binding
reactions. "nn fourth-largest, 604 base pair fragment .
con_tai’md the binding sites for largs T antigen. s
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Chapter II: Structural Requiremsnts for the Function of the
Polyossvirus Origin for DNHA Replication

—

A. Ziﬂitl of the PyV sequences required in cis for DNA replication.
My initial objective in 1isolating permissive cells capable of

complementing the replication of mutant PyV was to use such cells to map
the borders of the PyV functional origin for DNA replication (Muller et al,
1983a). To define the borders of’thu PyV origin for DNA replication (ori),
I constructed a number of PyV DNA-plumI;l recombinants and measured their
replicational capacity in MOP-8 cells. I employed pML-2 as a vector in .
these experiments bacause, 1ike Lusky and Botchan (1981), I observad that
sejuences within pBR322 DNA inhibited the replication of PyV-pﬁRjzz DNA i i
molecules i MOP-8 cells (data not shown). These ‘'poison'’ sequencas are
not present in-pML-2 DNA (Lusky and Botéhgn. 1981). The replicative
capacity of the ‘PyV tocémbina‘nt plasmids was assessed at 72 hours post=<
transfection using the Dpnl assay. y -

Application of this method to measure the replication\afa tha various -
PyV-pML-2 recombinant molecules in MOP-8 cells revealed that all of the

! e cis-acting sequances required for replication resided within the small *

BanHI (nucleotide 4632)-to-EcoRI (nucleotide 1560) fragment of PyV DNA
(pdPBR2; Fig. 9A). I employ the nucleotide numbering system proposed by
Soeda et al (1980) and report the boundaries of the DNA fragments from the
clockwise direction around the circular PyV 3ln6m. This 2,220 bp fragment
includes the region from which DNA replication initiates in vivo (Crawford
et al, 1973). ' A

To more precisely delineate the boundaries of the PyV ori, I
constructed a saries of mutants that contain progressive deletions within

~

viral DNA sequences originating from either tl"fd Bamil site (nucleotide
4632) or the BcoRI site (nucleotide 1560) in pdPBR2 DNA and measured their
© capacity to replicate in MOP-8 callz e structure and replication

compatence of the various DNAs are shown ig. 9. PyV recombinant

} plasmids possessing deletion andpoints up fo)nucleotide position 5131 were
found to replicate within the MOP-8 cell lise at lzvcla comparable to those
of the parent plasmid pdPBR2. However, further deletions extanding to
nucleotides 5182, 5190 and 5265 rendered these recombinant plasmids

{ ‘ rep.lication defactive (Fig. 9). (On the basis of these results, the late
border of the PyV origin can ba positioned batwesri~nucleotides 5131 and

| 5182, -
~ ~

)
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Figure 9:

Deletion analysis of late boundary of the PyV ori. (A, B and
C) A 2 ug sample of PyV racombimnt: plasmid DNA was
tfansfected into MOP-8 calls, and replication wu

;é-qg/n hours post-transfsction as described in the text.
After simultaneous digastion with BamHI and Dpnl, the plasmid
DNA: were lubjcctcd to aloctrophoruin through & 1X agarose
3.1 and transferred to nitroc-llulou filters. Roplicnting
recombinant plasmid DNA can be vinuclizhd as a Dpnl-rasistant
band comigrating with the linearifed parental pll{mid after
hybridization and autorsdiography. The ‘smear that appears at
the bottom of the autoradiogram represents the clossly spaced
fragments of DpnI-cleaved recombinant plasmid DNA that has not
replicated. DBecause large quantities of DNA wera used to
tranafect the cells, oniy a small fraction of the total imput

'DNA is raplicated in these MOP-8 cells. The autoradiograms

showh in each panel are taken from the same film, which was
clipped to allow comparisons to be made between adjacent
lanes. The lanes lsbsled M contain DNA ftumnti of known

”alql_unc-. The size of each fragment is ghown adjacent to its .

position in the autoradiogram. (D) Schematic illustration of
the ptructurns of deletion mutants relative to known )
rastriction endonuclease claavage sites on the poloymavirus

‘génome. The nucleotide numbering is according to Soeda st al '

(1980). Because np attempt was made to quantitate the precise
lavel of DNA replication, the replicationsl phenotypes are
designated as either + or -.
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To establish the early boundary of ori, deletions vere created from
the !g_g_Ri site toward the BamHI site through viral sequences in pdPBR2 DNA.
The structure and replicative capacity of these recombinant plasmids are
illustrated in Fig. 10. All recombinant plasmids,” including one
(pdPBBg[H]) with a 1,470 bp deletion from the EcoRI site, were capable of
autonomous replication in MOP-8 cells (Pig. 10). These data demonstrate
that the early border of ori is located to the left of nucleotide positionA
" 90 in PyV DNA. - ' '
To position this boundary more pr;tciuly. I employed a derivative of
‘ ptiPBRZ, termed pdPdll-8, which bears a deletion betwsen nucleotides 1 and
148 (Hassell et al, 1982). Measurement of the cnpa'city of this mutant DNA
to replicate revealed that it was defective (Fig. 10). This observation
: . and previous results permits me to define the early boundary of ori between -
nucleotides 1 and 90. On ‘the basis of these msasurements I pradict that
f  one boundary of ori is batween nucleotides 5131 and 5182 and that the other

I

1

g C is between nucleotide positions 1 and 90. This prediction was tested by

. ' cloning a 251-bp fragment of PyV DNA between the Pvull site at nucleotide

i . 5131-and the BglI site at nucleotide 90, as a BamHI-HindIII fragment within

{ } pML-2 DNA, and measuring its replication potential in MOP-8 calls. The
result (Fig. 10) demonstrates that this viral recombinant plasmid,

Voo pdPP1(B)Bg(H), is capable of autonomous DNA replication in MOP-8 cells.

K Therefore, the 251-bp DNA sggment situated between nucleotides 5131 and 90
contains all the necessary genetic information required in cis for PyV DNA

replication.

i B. PyV ori comprises multiple genetic a;mt .

, To determine whether the viral ori is a singl’dw contiguous elemant or

. is composed of multiple sequence motifs, I constructed deletions within ori
and then measured the replicational capacity of the derived mutant plumidsb
in MOP-8 cells. To carfy out these experiments I planned to introducé
deletions about the Pvull site at nucleotide position 5265 in pdPBR2 DNA.
For a variety of reasons these initial experiments led to the isolation of ,
deletion mutants which lacked all the saquences between nucleotides 5130
and 5265 (sites of cleavage for PvuII) as well as sequences that flanked
these positioﬁs. As a control, I tested these recombinants for their
capacity to tapiicate and was surprised to discover that two of the
aforementioned DNAs were fully cgpable of autonomous DNA replication in
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Deletion analysis of the early boundary of the PyV ori. (A)
The replicative capacities of the PyV recombinant plassids

ware determined as described for Fig. 9. (B) The physical ;

. maps and replication phenotypas of the viral delstions

mutants are 111u:ltntod as described for Pig. 9.
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MOP-8 cells (Fig. 11: pdPd1300 and pdPd1326). These two DNAs lack CL
sequences that span the region between nucleotides 5126 and 5265 (Fig. 11)£ J»
The sequences missing in these recombinants had previously been identified
as forming part of ori (Fig. 10). These conflicting observations could be
reconicled 1if’l assume that sequences slsewhere within the viral genome
(the BamHT-EcoRI fragment) could functionally substitute for those deleted
in pdPd1300 and pdPd1326.

To pursus this hypothesis I attempted to identify these sequences-hy
dolotiﬁg viral DNA from pdPd1300. Deletion of viral sequances betveen
nucleotide positions 90 (a BglI site) and 1560 (A EcoRI site) from pdPdI300
did not render the plasmid defective for replication (data not showmn).
This observation suggested ghat the functionally redundant sequances were
located between nucleotides 4632 and 5126 in pdPd1300 DNA (Fig. 11A, D).
To examine this posiibility I constructed a set of deleted derivatives of
pdPd1300 that bear lesions which originate at the BamHI site (nucleotide
4632) and terminate at various positions within viral DNA (Fig. 11). These
deleted rscombinants vere constructed by cloning the BamHI-to=-Pvull
ftagntm:s from the B500 series of mutantl (Fig.. 9) vithin pdPBBg(H) DNA,
which had been cluvcd to completion vith BamHT and PvuII (Fig. 10). The
resulting roconbinmts vere then tested for their capacity to replicate
vithin MOP-8 cells. The results are presented in Fig. 11B and C and
summarized in Fig. 11D. They show’that viral sequences betveen nucleotides
5039 and 5130 can functionally substitute for those located between
nucleotides 5131 and 5265.

. o 1 have named these cis-acting sequences the a and B elements ¢
r:sp.ctivoly. The o element and B element together are m«paﬁh of
forming a functional origin (Pig. 10; pdPd1l-8).  Yet another sequance
motif located between 5265 and 90 is required to form ori. This conclusion
is supported by the isolation of a mutant, pdPd1304 which carries a
deletion of 12 hp betwesn nucleotides 5265 and 5277, which is replicaticn
defective (Fig. 11A, D). On the basis of these deletion studie~ I
postulate that the PyV ori comprises at :lmt three genetic elements (Fig.
12). These elements include two up:t:wamL ‘functionally equivalent regions
mapping on either s1dé of the Pvull site at nucleotide 5130, termed the a
and B'elements. In addition, an area of the viral genome containing ond.
high-affinity large T antigen binding site. @ 34-bp palindon'na, and a tract
of eight adenine:thymine (A:T) residues designated the core region is
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Pig_uro 11:

L4

Internal deletion analysis of the PyV ori. (A, B and C). The
replicative capacities of thh\yiral ‘delstion mutants vere

-assessed as described for Fig. 1. The recombinant plasmids

pdPER2, pdPBBg(H), and pdPd1300 wers included in (A), (B) and .

(C), respectively, for comparative purposes. (D) The

str_uciuru of the deletion mutants and their associated
replicational properties are illustrated as described for

&

Fig. 9.

@
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Pigure 12:

4

Physical features near the PyV ori. The viral large T
antigen binding sites are positioned according to Pomerantez

et al (1983a). Repeats of the nucleotide sequence -AGAGGC--'

are designated by arrowheads. The 32 bp rcgio;l of dyad
symmetry is indicated by bold arrows. Domsins of DNase I
hypersensitivity are shown according to Herbomsl et al
(1981): The various replicational slements are shown at the
bottom of the figurs. The borders of the elements ars
denoted by a V-shaped line, where they are known.
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required in cis for viral DNA replication. Furthermore, neither the core

region alone nor the upstream a« and B elements, alone or together, is
capable of autonomous DNA raﬁlication in MOP-8 cells (data not showm).

This latter observation suggests that a rnglicationally active recombinant
plasmid must maintain in cis the coordinate prassnce of at lsast one of tha
upstresn.elements (a or 8) and an intact core region to remain active in

replication.

c. Replicative capacity of the PyV minimal ori regions.

To quantitate the replication efficiencies of viral recombinant

] plasmids containing the different PyV origin configurations (a-core,

B-cora, ap-core) I measured the replicative capacity of these plasmids in
MOP-8 cells at 0, 24, 48 and 72 hours post-transfaction. The af-core
recombinant plasmid (pdPB503Bg[H]) is composed of the viral sequences
located between nuclaotide 5039 (a BamHI site) and 90 (a HindIII site)
cloned within the BamHI and HindIII sites of pML-2. The other two origin
configurations, a-core (pdPB503d413000; FPig. 11C, D) and B-core
(pdPPL[B]Bg[H]}; Fig, 10A, B) have been described previously. Because I
wished to determine the relative replication efficiencies of the origin
bearing plasmids I included & competitor plasmid in thaese transfections. ~I
chose to use a recombinant pla;mid containing all three raeplication
elomnﬁas, af-core® for this purpose (pdPBBg[H]}; Fig. 10B). The lattét can
be distinguished from the other origin containing plasmids after
gel-electrophoresis because it is larger. It contains additional viral
sequences batween nucleotides 4632 and 5039 as well as those between
nucleotides 5039 and 90. To insure competition between the two DNA
species, 500 ng of each was used to transfect 5 x 10® MOP-8 cells per
plate. The replication capacity of each origin-bearing viral recombinant
was measured by densitometric scanning of the autoradiographs and
normalized to that of aB-core*.

The results are illustrated in Fig. l3. Comparison of the replication
properties of the various viral recombinant plasmids indicated that peak
DNA replication occured at 48 hours post-transfection with all three
replication origins. Replication of the viral recombinants increased
slightly or levelad off at 72 hours post-ﬁr;;;fihtion.

~
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" Pigure 13: Relative replication efficiencies of the PyV minimal ori

regions. A 500 ng sample of the aB-cors® viral recombinant
plasmid and each of the other origin containing viral

recombinants were cotransfected into MOP-8 cells and their
replication assessed at 0, 24, 48 and 72 hours (top of

vy

autoradiogram) post-transfection as described previously
(Fig. 9). The extent of replication of the origin containing
DNAs reslative to the af-core® plasmid vas calculated as
described in tha text and is illuftrated at the bottom of the
autoradiogram. The replication capacity of the ap-cors,
B-core and a-core raecombinants (lower bands) ara shown in
panels A, B and C respectivaly.
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As expected the af-core* replicated tc approximately the same levels
as the af-core* plasmid at all three time points examined (Fig. 13A).
Therefore, the additional viral DNA sequences present.in the af-core*
(nucleotides b632‘to S039%) do not enhance or retard plasmid replication in
MOP-8 cells.

Examination of the replicative capacity of the B-core plasmid
(pdPP1[B)BglH)) revealed that this viral recombinant teplic;tad to 5-fold
lower levels that the aB-core* control plasmid at 24 hours post-
transfection. Surprisingly, the pg-core plasmid had replicated‘to the same

" or greater extent than the ag-core* plasmid by 72 hours post-transfection

(Fig. 13B).

These results show that the f-core replication origin 1? at an initial
disadvantage with respect to af-core* origin for DNA replication. However,
as the B-core continues to replicate, it eventually outcompetes the
aB-core* recombinant plasmid (Fig. 13B). [

Measurement of the replicative capacity of the d-core vifal

" recombinant plasmid showed tha£ it replicated poorly in competifion with

' «ethie control plasmid at all time points examined (fig. 13C). The relative

raplication efficiency of this plasmid varied from 1 to 8X the level of the
gp-core® recombinant plasmid. Thus, thase results indicate that sequences
thiging within Fhe B-element (absent in the a-core viral recombinant)
confe:\a competitive advantage in viral DNA replication.

D. Pine mapping the borders of the replication elements.

To aid the identification of the functional sequences within each
replication element, I mapped their borders in greater dgtail. This was
accomplished by cloning the a and B elements separately near the late

—- -—-border .of the core to yield plasmids containing either the a-core

(pdPB503Bg[H]d1300) or the B-core (pdPP1[B]Bg{H}) configurations of the
functional origin (Pig. 14). To facilitate the isolation of deletion
mutants, unique restriction endonuclease sites were introduced at the late
and early borders of each element. In no case did the presence of these
linkers affect the replicative capacity of the viral recombinants. The
origin containing plasmids were resected at these restriction endonuclease
sites and subjected to limited digestion with Bal 31 nuclease. To ensure
the recovery of unidirectional deletion mutants, the'a and B elements were
recloned a@jacent to the late core border after mutagenesis. In this way,
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Pigure 14:

. . ' . ' 1
Fine mapping of the borders of the replication activators. )
The parental plasmids used for th{s deletion analysis were
comprised of either of the B-core YdePl[B]Bg[ﬂ]; Fig. 9) or
a-core (deBﬁOJdlBUO;‘Fig. 10) origin configuration cloned
the BamHI to HindIII sitesrof‘pHL-Z. The nucleotide
numbering scheme of Soeda et sl (1980) is used for PyV. The
arrows indicate the site and dirfections of deletions
genetatad.A'The ALB and ALA deletion series were made by
cleaving the a-core and B-core viral origins at the BamHI
site and subjecting them to Bal 31 nuclease digestion. The
ABB and AEA mutants were constructed by resecting the a-core
y;nd B~core recombinants at the Pvull and digesting them with
g:; 31 nuclease whgreas the AEC mutants were generated by
cleavage and nuclease treatment of HindIII cleaved B-core
DNA. The pML-2 plasmid origin for DNA replication and
ampicillin resistance marker are included for reference

purposes.
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5 series of recombinant plasmids bearing deletions through the late and
early borders of the a element (ALA and QEA). the B element (ALB ?gd -ABB)
_and the earlylborder of the core region (AEC) were generated (Fig. 14).
To.measure the replicational capacity of these deletion mutants, 1 ug
of plasmid DNA was transfected into MOP-8 cells and the extent of plasmid
DNA réplication assessed dt 48 hours post-transfection by cleavage of the
isolated low-molecular-waight DNA with Dpnl and an appropriate one-cut

»

ob—

restriction endonuclease (see Materials and Methods).

* s E. The borders of the core.

-~  Previous deletion mapping of the core region established that its
early border was situated between nucleotides 1 and 90 and that its late
border was 1ocat;d between‘nuclealides 5265 and 5277 (Chapter 2, sections °

"A, B). Although the iate border of the core was defined to a relatively
small DNA stretch, its earf; bordér was less well defined. For this reason
I decided to map more precisely the early border of the core region.. This
was ;ccomplished by determining the replication capacity of recombinant
plasmids containing unidirectional deletions originating from nucleotide
position 96; Because these mutant viral recombinant. plasmids possess a
functional B element (nucleotides 5131 to 5265), the replicational

‘ ° phenotypes exhibited by these mutants can be ascribed solely to the

‘ deletion of core sequences. As shown in Fig. 15, mutants possessing viral
DNA sequences up to nucleotide 58 were capable df autonomous DNA
treplication in MOP cells, ﬂoyever, deletion of viral DNA to nucleotides
39, 22, or 7 resulted in the production of replication defective plasmids.
From these results I conclude that fhe early border of the viral core
region is between nucleotides 58 and 39. Because the strain of PyV used in
these studies contains a 10 bp deletion relative to the A-2 strain ‘
(nucleotides 44 to 55), the early boundary of the core is actually located
within an 8 bp stretch of viral DNA (Fig. 15A).

F. The borders of the B element. Ja

To identify the minimal DNA sequences required for B element function,

I measured the replication of the late and early B deletion mutants (ALB
aﬁg AEB) in MOP-8 cells. The structures and replication phenotypes of
these mutants are 111ustrate& in Fig. 16. Deletions of viral DNA through
the léFe‘side of the § element up to nucleotide 5172 did not affect

| :
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Piguré 15: The early core bouhdggz}. (A) Schematic illustration of the

structures of the m{tants relative to the PyV nucleotide
sa‘ﬁuence. The nucleotide numbering ‘scheme is’according to
Soeda et al (1980). The strain of PyV used in this research,
which I will refer to as A-1, differs from the A-2 in DNA
sequeénce at several positions. The A at nucleotide position
5 is replaced by a G in the A-1 strain and the A-1 strain
contains an insertion of 2 bp (TC) between nucleotides 14 and 3
15, The A-1 strain contains a 10 bp deletion relative to the
A-2 strain between nucleotides 44 and 55 (shown by the box
region with t;le 4 above it). The solid arrows represent the
large T antigen recognition-binding pentanucleotide sequence:
motif (5'-GAGGC-3') whereas dotted arrows refer to the ‘
rela'tad large T antigen binding sequence (5'-GGGGC-3') \
described by DeLucia et al (1983). The replication
phenotypes of mutants are illustrated by the arrows above
(late mutapts) or below (early mutants) the sequence.

Becaude no attempt was made to quantitalt:ek the precise level

S of DNA replication, the replication phenotypes are designated ‘

as either + or -. (B) A lug sample of the PyV recombinant
plasmid was transfected into MOP-8 cells, and its replication
assayed at 48 hours post-transfection as described previously

(Fig- l9)' + ' » ) ‘
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1replicat:lon “of tl}. resulting plasimids (Fig. 16A). However, mutants bearing -
deletions extending to nuclsotides 5182, 5225 and 5248 did not replicate in

MOP-8 ¢ells, Even after prolonged exposure of the blot, no replicated DNA
was dot;ctcd. Thess reasults (%im ‘the late border of B bctween
nucleotides 5172 and 5182. Although the nutant defining the late B border
(ALB 5172) is rnplication coupctcnt. I havo consistently observed that it
replicates at 5 ‘to 107 the level of t;h.,wild type B-core replication
origin. Becauss tha ALB 5147 mutant rcyjo{;:atu close to wild type levels,

" this result luggutl that viral DNA betwsen nucleotides 5147 and 5172 nay

contribute to B fﬁnction.

PyV recombinant plasmids bearing deletions on tho early side of the B
element up to nucleotide position 5202 were capable of autonomous DNA
replication in MOP-8 cells (I'i.{. 16B). However, deletion of viral
anuenccs to ndcleotide 5170 rendered the mutant (AEB 5170) replication
defective. These ervations demonstrate thay’the ‘8arly border of the B
element is locatéd between nucleotides 5202 5170.

Taken together, these results indicate that the B element is composed
of at least two of sequences. . The first of thase rekions is located
between nucleotides '5110'7' and 5172. Adthough this f.gion is not absolutely

" essential for B elemant function, d¢letion of these sequences impairs viral
" replication. A second region positioned between nucleotides 5172 and 5202

is absolutely required fgr B olmnt}ct::lvity. ' Several interesting
sequence features are located within this 33-bp stretch of viral DNA.

These include a 9 bp guanine:cytosine (G:C)-ricﬁ inverted repdat .
(nucleotidu 5170 to 5187) and a 9 bp tract homologous to the SV40 enhancer
core consensus scquonce (Weiher et 11, 1983; Pig. 16C).

G. The borders of the a element.

To map the borders of the a element, the replicative capacity of
comparable deletion mutants (ALA and ARA) were determined. The results of
this analysis are shown in Fig. 17. Measurement of the replicational
capacity of the ALA mutants revealed that deletion of viral DNA up téo
nucleotide position 5097 resulted in the production of replication

competent molecules. However, deletion of 26 bp beyond this endpoint
resulted in a taplication-'-defective viral recombinant. These results
indicate that the late boundary of the a element is situat:ed bétween
nuclaotides 5097 and 5120.

-l
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"S.‘equincu‘ rnquilrnd. for the function of 8. (A, B) The
foplicativg cap;cit::lu of the PyV r-conbixunt plasmids were
datanuinld as dnctibnd in-Fig. 15. Tho recombinant plasmid

°deP1(B)P2(X)Bx(H) wvas included for conpatat'ive purposes.

+ The difference in olcctrophorutlc mobility for tho mutants

*. ARB5240 and AEB5223 r:elativa to thn control plmi.d is dus to ‘.

deletion of plasmid nquéncu in th-so couatructs (see
Mdtdtiah ;nd Methods). (C) Schematic illustration of ‘the
ttmctms of the ALB and AEB &olctioﬁ mutants: The
nucleotidc sequence of A°1 -tuin conui.na several.

. diffarencu relative to the FyV A2 stui.n.: These include an
j,riurtion of a T betwean nucleotides 5171 and 3172, '
huarti(m of an A botwun nuclesotides 5185 and 5186. and an
inurtion of .ln A bgtmn nuclcotid.s 5209 and 5210. ‘The
boxad mginn ::ofcta to the sequence honologous to the SWoO
enhnncer core-: sequencs (H*ib-r (14 c}.’ 1983). -The solid

' eartowx rapruont the 9 bp G3C rich inverted repeat within 8.
'I‘hh arrow' abow thc nquonc- “Pefer to mutantd containing

dalatiom J.atc side of 8 vh.ml the arrows bolow .-
o ,rapresant ta buring deletions on th. early side -of B.,

a

. The + and - refer. to the raplicntm phn;ftypu of the =

AR dalet;l.on mutants. The structure and _raplication- phanatms
of the addi,tiqmtl mitmts not shown in panel A"'anﬁ B are also

inclu.dcd . < j . g .
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Figure 171

Sequenccs required for the function of a. (A, B) The
replicative capacities of the PyV mutants ware determined as
described in Fig. 15. The recombinant plasmids pdPB503Bg(H)

. .d1300 and pdPBS03P2(X)Bg(H) were included as controls. (C)

Schematic illustration of the structures of the m::d ABA
dclction mutants relative to the PyV nucleotido uquencg,

The A-1 strain differs from the A-2 strain in sevaral
positions in the viral sequence. These include a desletion of
a G at nucl-otide 5115 (shown by triangle above sequence) and
an insertion .of a C between nucleptide 5125 and 5126. The
boxed region represents the 10 Sp ragion homologous to the
adenovirus Ela transcriptional enhancer (Hearing and Shenk,
1983). The golid arrows underlining the sequence refer to
the 8 bp inverted repeat sequence motif. The arrows above
the sequence refer to mutants bearing deletions on the late
side of a vhereas those below ;epresent: mutants containing
deletions on the early side of a(;\ The structure and
replication phenotypes of additioxﬁ% mutants not shown in

panels A or B are also illustrated. \
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To determine the early border of the a element, mutant recombinant
plasmids containing unidirectional deletions starting from nucleotide 5130
were assayed for their capacity to replicate in MOP-8 cells. Deletions of
10 bp or more from this endpoint rendered the viral recombinant -plasmids
replicatioﬁﬁsgfective (rig. 17B).

To ensure that the replication ABfect observed in the AEA mutants was
not due to an inhibitory effect of the Xhol linker on DNA replication, I
tested the effect of inserting an Xhol linker between the intact a element

and the core region. As shown in Figure 17B, the resulting recombinant

" (pdPB503P2[X)BglH)) plasmid replicated well in MOP-8 cells. On the basis
_of these results it appears that the tepiication defact observed in the

mutants is due to deletion of critical cis-acting sequences located between
nucleotides 5130 and 5120. I found previously that unidirectional
deletions on the early side of the a element, up to nucleotide 5126, had no
effect on DNA replication (Muller et al, 1983a). Therefore, the early
border of the a element is located between nucleotides 5126 and 5120.

The 30 bp fragment containing the minimal a element (nucleotides 5097
to 5126) contains several interesting sequence features (Fig. 17C).‘ These
include a 10 bp sequence homologous o the adenovirus 5 Ela enhancer core
sequence and an 8 bp inverted repeat.

In summary, my results suggest that the arrangement of the sequences
within the « and B element is remarkably similar. Both elements contain
homologies to enhancer core sequences and both possess distinctive inverted
repeats. Interestingly, the inverted repeats in a and B are related in
their primary sequence. A consensus sequence 5'-A/C,ACTG,A/C,C-3' can be
drawn for these repeat structures. The coincidence of these replication
elements with conserved enhancer core sequences suggest that components of
the viral enhancer are required in cis for the initiation of viral DNA
replication. ) .

1

H. Relative_reglicative capacity of PyV mutant origins.

I previously noted that some of thg deletion mutants replicated at a
reduced capacity by comparison to their wild type parent (Chapter 2,
section F). To determine whether this was true for other mutants as well I
measured their replication in competitionawith a control plasmid, referred
to previously as af-core¥ (Ebapter 2, section C). The aB-core* plasmid

used in these experiments céntain$ all three replication elements.

v .
/ []




In this way I was able to assess the contribution to replication of
sequences that flank the minimal core, B and a elements. The total amount
of DNA used in these experiments was above saturation (500 ng of each DNA
species) to insure their competition for replication factors in MOP cells.
I also assessed the capacity of each of the mutant DNAs to replicate
independently in MOP cells. In order to maintain the total amount of
transfected DNA at 1 ug, 500 ng of each mutant DNA template was '
cotransfected with an equal amount of pML-2 DNA. The replication capacity
of these recombinants was assessed by densitometric scanning of the
autoradiographs and normalized to the appropriate PyV origin configuration.

For the competition analysis the ra.tio of the replication capacity of
the wild type origin configuration (B-core or a-core) to that of the
aB-core* origin is taken to be 100%. The resulting ratio of replication
&apacity of either the mutant B-core or the mutant a-core origins to the
competitor plasmid are compared against these wild type values.

Measurement of the c¢apacity of the AEB mutants to replicate
independently (cotransfectad with pML-2) revealed that there~was no -clear
correlscion between the size of deletion and the replication phenotype
exhibited by the mutant (Fig. 18). Rather the replication efficiencies of
these mutants fluctuated between 9% and 497 of the wild type B-core
recombinant (pdPP1[B)P2[X]Bg{H]). It should be noted that the wild type
recombinant used in these experiments contains an YhoI linker between the B
and core elements.

Cotransfection of these same ‘AEB mutants with the ;B-core* plasmid
exaggerate(i the difference between replication of the mutant“DNA‘s by
. comparison to their parent (pdPPP1[B]P,[X])Bg[H)). As observed previously, -
the B-core parent plasmid replicated to ap;:‘x:oximately twice the level of
aB-core* plasmid (Fig. 13B). Mutants that replicated well independently
competed poorly with the aB-core* plasmid (i.e. AEB 5223; 6%), whereas
mutants that replicated poorly when cotransfected with pML-2 DNA replicated
at barely detectable levels in ‘the presence of the competitor plasmid (i.e.
AEB 5209; >1%). )

Because deletion of viral DNA on the early side of the B element
element also alters the spatial relation of the B element relative to the
core, it is unclear whether the replication phenotypes pbserved with the
AEB deletion mutants is due to deletion of essential viral sequences or to
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Figure 18:

b

The relative replication efficiancies of the AEB and AEC
nutants. A 500 ng sample of mutant DNA was cotransfected
with either equal amounts o; pML-2 DNA (lanes with -) or
ap-core* DNA (lanes with +) tnto MOP-8 cells. Their
replication capacity was assayed 48 hours later as described
previously (Fig. 9). The replication capacities of the
mutant DNA were determined as described in the text and are
shown at the bottom of the panels. The pdPP1(B)P2(X)Bg(H)
recombinant plasmid was used as a control for these
expelriments. All the panels were clipped from a single

v

autoradiogram.
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the repositibning of the B element relative to the core. Evidence that the
latter phenomenon 1s occuring is suggested by the observation that certain
mutants bearing large deletions replicated better than others containing
smaller deletions (4EB 5223 > AEB 5240; 4EB 5202 > AEB 5209).

Deletion analysis of the core had previously established that :1ts
early border was situated near nucleotide 58 (ARC 58; Fig. 15). To
determine whether this mutant demonstrated an impaired replication
phenot;'pe, I measured its replication capacity alone and in compet.ition
with the ap-core* viral recombinant plasmid (Fig. 18). The results showed
thaé the AEC 58 mutant replic;sted at lo-fold reduced levels g(:\ompared to the
wild type B-core plasmid. As observed with other impaired replication
origins, replication of this mutant was barely detectable when
cotransfected with ap-core*., Interestingly, the AEC 58 deletion impinges
upon large T antigen binding site A. These results suggest that the
presence of large T antigen binding site A may confer a cis-acting
advantage in viral DNA replication.

Measurement of the capacity of the late B mutants (ALB) to repl‘icate
independently indicated that ALB 5147 replicated to 3-fold lower levels
than did the wild type control plasmid (pdPP1{B}Bg{H); Fig. 19). Because I
have routinely observed 2-fold variations in the replication capacity of
identical mutants, it is not clear whether this difference is significant.
Extension of the deletion to nucleotides 5166 or 5172 resulted in a futher
10 to 15-fold drop in replication' efficiency of the mutant DNAs, These

_results are consistent with previous observations (Fig. 16) and indicate
that viral sequences adjacent to the late border of the B element
(nucleotides 5172 to 5182) contribute to its activity. Furthermore, the
observation that ALB 5166 reglicated poorly whereas ALB 5147 replicated
well suggests that there are important sequences between nucleotides 5147
-and 5166 that affect the activity of the B element.

The results of cotransfection experiments involving the ap-core*
competitor plasmid and the late p mutants are shown in Fig. 19 (lanes with
+). As observed previously {Chapter 2, section C), the B-core wild type

. plasmidl (pdPP1[B]Bg[H]}) replicated to approximately.2-fold higher levals
than the ap-core* plasmid. By contrast, ALB 5147 mutant replicated to
approximately 15-fold reduced levels in competition with the aB-Eore*
plasmidﬂ(Pig. 19). Only very weak replication (<1X) could be observed with
ALB 5166 and ALB 5172 in competition with the ap-core* plasmid. These

>
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Figure 19:

~

1

The relative raplicatioh efficiencies of the LB mutants.
The replicative capacities of the ALB recombinant pﬁsmidl
were determined as described for Fig. 18. The récombinant
blumici pdPP1(B)Bg(H) was included as a control.

,a



N
;
P
[
3
3
h
-t

\

A n e W

ALB5147 ALB5166 ALB5172
+ )

»

P2




- ' - 9

) reeults show that compared to the wild type f-core viral recombinant ALB
5147 replicates poorly in competition (7% of the levels of wild type B
cote) Moreovaer, deletion of viral DNA sequences to nucleotide number 5166
abolishes the capacity of mutants to raplicate in competition with the
af-&ore* plasmid. Thus, the resultsyof the competition experiments suggest
that in addition to the sequences between 5147 and 5166, a second segment
of viral DNA between nucleotides 5131 and 5147 contributes to B element
activity. . |

The capacity of mutants bearing deletions on late side of a to
replicate 'in MOP cells alone or in competition with the aB-core* is shown
in Pig. 20. Measutement?of the capacit:y of these mutants to replicate
alone revealed that deletion to nucleotide numbers 5073, 5097 and 5108
\tesulted in a gradual decline.in replication competence (107%, 44% and 21X
raspectively) relative to the a-core plasmid recombinant (pdPB503d1300).
These and previous results (Fig. 11) indicate that the late border of the «
element is 1ocated between nucleotides 5108 and 5126,

As observed previously, the a-core plasmid (pdPB50341300) replicated
poorly when cotransfected with the ap-core® competitor plasmid (Fig. 20).
Surﬁriskingly. ALA 5073 replicated to 5-fold higher levels in competition
with the af-core* plasmid than did the wild type a-core. These results
suggest that sequences situated between nucleotides 5039 and 5073 may have
a nagative effect on viral DNA replication. The replication defects
exhibited by the ALA 5097 and ALA 5108 mutants were more pronounced in
competition with the af-core* plasmid. The ALA 5097 mutant replicated in
.competition to 6Z>‘the level of the wild type a-core plasmid whereas the ALA
5108 mutant replicated to barely detectable levels. These results indicate
the viral sequences located between 5073 and 5108 constitute an important

functional domain of the o element.

I, B comprises multiple sequence elements.
The results of my deletion analyses predict that the minimal seqﬁencas
required for B function reside between nucleotides 5172 and 5202. However,

I. could not readily test this prediction for no convenient restriction
sites are near these endpoints to allow for the cloning of B.

Consequently, I attempted another approach whose application was built into
the design of the early and late B mutants. This method, called linker
scanning mutagenesis, allows for the substitution of wild type DNA by »
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Figure 20: The relative replication efficiencies of the ALA mutants.
The replicative capacities of the ALA mutants were determined
as described for Pigure 18. The recombinant plasmid

-
~ pdPR503d1300 was included as a control.
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linker DNA, thereby cauysing wmutations of 8, 10 or 12 bp at a time,
depending upon the length of the linker (McKnight and Kingsbury, 1982).
The advantage of this approach is that the spatial arrangement of the 8
sequences relative to the core remains unaltered. Consequently, the
r’plicntion phenotypes of these mutants is sol;iy the result of alteration
of the primary structure of the DNA, To accomplish this, sets -of
appropriately spaced late and early B mutants were recombined in vitro
using the unique _@_g{ restriction site at the borders of the deletion
mutants. In this manner, clustered point mutations were introduced into §
sequences at the linker :iin\ction. Because my library of early and late
deletion mutants was not perf}t‘, it was not always possible to recombine
deletion mutants at the“r Xhol-marked termini to exactly substitute wild
type sequences with Xhol linker sequences. As a result, some of the linker
scanning mutants contain 1 bp deletions or substitutions (Fig. 21). The
linker scanning mutants were then assessed for their capacity to replicate
autonomously (co-transfected with pML-2 DNA) or in competition with a
recombinant plasmid containing all three replication elements (af-core*).
The structyre and réplication capacities of these mutants are

{llustrated in Figures 21 and 22 respectively. The control for these

experiments was the wild type B-core replication origin configuration
(pdPP1[B)Bg[H]}; Fig. 10). Consistent with previous results (Fig. 13), the
wild type B-core plasmid::replicated to approximately 5-fold higher levels
than did the aB-core* viral recombinant. As described previously (Fig. 18)
the ratio of the replication capacity of the linker scanner mutants to the
competitor plasmid (af-core*) sre normalized against this value.
Substitution of an 8 bp XhoI linker for 7 bp between nucleotides 5240
and 5248 (nucleotides 5241 through 5247 are missing) resulted in a net
insertion of 1 bp (Fig. 21). Measurement of the capacity of this mutant,
LS 5240/5248, to replicate independently (-) or in competition with aB-core*
(+) revealed that it replicated close to control B-core levels (937 and 73%

‘respectively; Fig. 22B). This observation indicates that the viral DNA

present between these two endpoints is dispensible for B element function.
Previous results indicated that although the sequences between nucleotides'
5240 and 5265 are non:ssential for B function, deletion of these sequences
had a inhibitory effect on viral DNA replication (AEB5240; Fig. 18). 1In
light of the wild type replication properties of LS 5240/5248, the
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Figure 21:

Structure of the B't'linker scanning mutants. The top sequence
represents the wild type nucleotide sequence in §. The
nucleotides sbove this sequence refer to the changes present
in the A-1 strain as noted previously (Pig. 16). The boxed
regions in the sequence refer to the immunoglobulin heavy
chain enhdncer homology (left box) or the SV40 enhancer. ®
homology (right box). The inverted arrows denote inverted
repeats present within this sequence. The boxed sequences
belov the wild type sequence refer to the sequences altered
in the various mutants. The squares represent deletion of a
base pair whereas the insertion of a base pair is denoted by
the inverted V. |
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Figure 22: Replication capacities of 8 linker lc'ann:lng mutants. (A, B)
The repncat:;n capacities of the mutants were caiculated as
described in Fig. 18. The autoradiograms shown in each panel

¢ are taken from the same film, wl;ich was clipped to allow

- comparisons to bes made betwesn adjacent lanes. The
recombinant plasmid pdPP1(B)Bg(H) was included for
comparative purposes.

-
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replication defect exhibitéd by AEB5240 chn be attributed to either
alteration of the spatial alignment bet.wWeen B and core or\to deletion of
viral DNA sequences between nucleotjfes 5248 and 5265.

The LS 5209/5218 mutant copt@ains “an 8 bp Xhol linker between
nucleotides 5209 and 5218 (nucleotides 5210 to 5217 are missing) and” as a
result does not contain any insertions or deletions relative to the wild

-

* type p-core recombinant (Fig. 21). Measurements of the capacity ¢f this

viral recombinant to replicate independently in MOP cellé oravealed that it
replicated to only 1% the level of the wild type B-core origin. Only very
faint replication could be detected wvhen this mutant was cotransfected ifto-
MOP-8 cells with the competitor plasmid {(af-core*)., The LS 5209/5218
mutant defiﬁes a cis-acting sequence requ%red for B element activity.

The mutant LS 5202/5211 contains an 8 bp Xhol linker between )
nucleotides 5202 and 5211 (nucleotides 5203 and 5210.are missing) (Fig. 21)
and vas generated by recombining the late § mutant ALB 5211 with the early
B mutant AEB 5202 (see Materials and Methods). Because the strain of PyV
used in these experiments contains an insertion of 1 bp between nucleotide
5209 and 5210 (Fig. 21), the mutant LS 5202/5211 actually cintains a net
deletion of 1 bp relative to the w\ﬂd type B-core origin (pdPP1[B]Bg[H]).
Measurement of the capacity of this mutant to replicate independently .
(cotransfected with pML-2 DNA) revealed that it replicated ic; approximately
6-fold reduced levels relative to the B-core origin. When the LS 5202/5211
was assessed for its capacity to replicate in competition (+) with the
ap-core* viral recombinants, it replicated to only 6X the level observed
with the wild type f-core plasmid. These results show that the alteration
of the v;iral DNA sequences between nucleotide 5202 and 5211 has a moderate
inhibitory effect on § element function. ,

The sequences altered in the LS 5209/5218 and LS 5202/5211 mutants are

"located outside the mapped early border of 8 (between nucleotides 5202 and

5170). Interestingly, the early B mutants from which these LS mutants were
derived (AEBS5202 and AEBS5209) also exhibited impaired replication
phenotypes (Pig. 18). The results of the linker scanning analyses suggest
that the sequences deleted in these early B putants are required for ’
efficient 8 function. = /

The LS 5151/5166 and LS 5173/5188 mutants contain a net 1 bpp deletion .
relative to the wild type B-core plasmid (/F’ig. 21).. One of the mutations

’

/ - )
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maps cutside the borders of B (LS 5151/5166) whereas the other (LS",
5173/5188) maps 'within B. Both mutants raplicaiad at 1 the levels of the

,control in the lbunce of a competitor, and their replication vas barely

datectable in a conpctitivn situation (Fig. 22) Thess results strongly

suggest that the viral sequences altered in: these recombinant plasmids are -

essential for efficient § element function.
Tha replication ptopcrtiu of the 1S 5151/5166 and 73/5188
nmtants are ponlistent vith results obtained with the late pimitants (Fig.

'16). This .malysi- reévealed that tha viral sequences between nucleotides -
451147 and 5166, and 5172 and 5182 ware raqu:lred for efficient 8 function.

The LS 5151/5166 and LS 5173/5188 mutants map within these critica) B

-

sequences,
, This expetimental approach confitmd that essential B sequences reside

between nucleotides 5172 and 5202, and also showed that sequences between
nucleotides 5151 and 5166, at the late § border and between 5209 and 5218
at its early border are also important for B function, ’

. There are several interesting sequence features present within these

three aress. 'Loqated within the viral DNA sequences between nucleotides _ -

5151 to 5166 is an extensive region of homology to the immunoglobulin
enhancer (Banerji et al, 1983; Fig. 21). The sequences between nucleotides

5173 and 5188 overlaps with a 9 bp G:C rich inverted and a homologue to the

SV40 enhancer core consensus sequence (Weiher et al, 1983). The LS _

5209/5218 linker scanning mutant disrupts a 5 bp inverted repeat structure.‘

Interestingly, the LS 5202/5211 mutant which mutates only 1 bp q.f- tﬁés
inverted repeat replicated in MOP cells to intermediate-levels.

J. o comprises multiple sequence elements. . L

The location of the a element was defined by deletion mutagéms‘is
between nucleotides 5108 and 5126. However, viral DNA to the late side of
this region between nucleotides 5073 and 5108 sugmented viral DNA
replication up to 5-fold (Fig. 20). To confirm the functional significance
of sequences within this region, linker scanning and internsl deletions
nutants were constructed and assessed for their capacity to replicate alone

or in competition with aB-core*.

The structures and replicative capacities of th‘ase‘ mutants are shown
in Figures 23 and 24. The recombinant plasmid pdPB503d1300 (a-core) served
as a wild type control for these experiments. As observed previously (Pig.

]



Figure 23:

~
.

Strt;ctur- of the a linkx scapner and insertion -utmts'. The _

top sequence represents the wild type nucleotide sequence in
a. The nucleotides abov- “this sequence refer to the chanzu
present in the A-1 strain as noted previously (Fig. 17). The
boxed region in the ntqu*sc. refer to Ela enhancer core
homology. Thc inverted rrou denote the 8 bp inverted
repeat within this rogumgP The boxed sequences belov tha
vild type sequance refer to ssquences altersd in the various
sutants. The squares reprpsent @elot’ion of a base pair.
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Figure 24 R.plicnt:lot; capacities of a insertion and linker scanner

mutants. The replication capacities of the mutants were '
> calculated as described in Fig. 18. The pdPBS03A1300
recombinant was included as a control.

a
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* nucleotides 5075 and 5@09.

13), the a-core recombinant plasmid replicated poorly in coﬁpetition with
the ap-core* plasmid (approxidately 10-fold lower levels). The replicative

capacities of mutant a-core origins in competition were normalirzed against

this ratio.

A mutant vas isplated, pdPB5039 LS 5109/5113; that contains a deletion

of 3 viral bp (nucleotides 5110 to 5112 are missing) and an insertion of 14
bp of linker DNA (Fig. 23). Although the sequences mutated in this v:l.tal"
recombinant plasmid reside within the borders of the minimal a element,”
this viral recombinant plasmid vas capable of'?ﬁutonomous in MOP-8 cells
albeit at reduced levels telatf__ive to the wild type a-core vTral recombinant
(Pig. 24). In the presence of the competitor plasmid, this mutant

’ replicatad‘ to reduced but detectable levels (Fig. 24). Surptisingly,

deletion of nucleotides 5039 through 5109 from this viral recombinant
plasmid led to the- generation of a replication defactive molecule (data not
shown). This result implies that sequences located between nucleotides
5039 and 5109 can ‘partially compensate for deletion of critical a sequences

between nucleotides 5109 and 5113. Interestingly, deletion of viral DNA

sequences on the late side of pdP5039 LS 5i09/5113 to nucleotide 5075 did
not affect the replication of viral recombinant, (data not shown). This
observation indicates that thase compensatory sequences are located between

The pdPB5039 LS 5108/5092 mutant contains a deletion of 15 bp
(nucleotides 5107 to 5091 are missing) and an insertion of 12 bp of linker,
DNA (Fig. 23) r'esplti;ng in a net deletion of 3 bp relative to its parent,
pdPB503d1300 (the wild type a-core plasmid). It replicated to
approximately 402 the level of pdPB503d1300 without a competitor plasmid.
A 4-fold drop in i‘eplicat;ion relative to the wild type a-core i:lasmid was
observed when this mutant DNA vas assessed for its capacity to replicate in
competition with a.B-core* (Fig. 24). These results suggest that viral
sequences located between nucleotides 5092 to 5108 confar a compet:itive
advantage. in DNA replication. r P

The mutant pdPB5039 LS 5111/5102 contains an 8 bp deletion in viral -
sequences (nucleotide 5110 to 5103 are missing) substituted with an 8 bp
XhoI linker (Fig. 23). By contrast to other mutant a-core origins, this
mutant utepl:lc':ated alone or in competition to levels close to the wild type
tx-cor:ei viral recombinant plasmid. Because the Xhol linker restores viral '
DNA sequences between nucleotides 5111 and 5108, only the viral DNA’

4 .
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sequences between nucleotides 5102 and 5105 are ,alta’x'ed in this mutant.
This observation indicates that sequences between 5102 and 5105 are .
digpensible for ‘a function. '

‘ . The results of the muta‘tioml” analyses within a suggests that it, like
B, comprises multiple sequence @lements. The first of these elements is
situated within the borders of the minimal a element (nucleotides 5108 to
5126) vhereas the other 1s located adjacent to the late border of a
(nucleotides 5075 to 5102). Although only the 510§{to 5126 element can
independently activate core replication, its activitx is increased by the
presance of the 5075 to 5102 region. In addition to the functional
similarities between the a and B elamenté‘,' the results of this genetic ’
analysis suggest that they also share a similar -structural organization.

K. Spatial requirements for the activation of PyV DNA replication.
In their natural position, the a and 8 elements. are physically removed

from the PyV core. Moreover, the a and B elements map within the borde;.-s’ .
of the PyV enhancer. Becausge enhancers function irrespective of their
orientation or position to:augment gene exgression, ‘I was curious to learn
whether a and B could also function independent of ori;entation and position-
to activate DNA replication. , ‘

I first examingd whether these elements could activate core
replication independenf of orientation. To determine whether the « element
could function in an orientation independeni: manner, a 498 bp restfictfon
fragment (nucleotides 4632 to 5130) encompassing the a element was inserted
in both orientations at the BamHI site of the viral reconbinant pdPBPI,
which possesses only the PyV core region (Fig. 25)C. One of the resulting
recombinants, pdPBP5-1, which cor!ta’ing'*the a element in its native
orientation relative to the core region, replicated at levels
indistinguishable from those of the pdPd1300 -viral recombinant plasmid
(a-core; Fig. 11). This occurred despite,the insertion of 4 bp at the
Junction between the a and core regions. However, inversion of the 498 bp
fragment in front of the core, as occurs in pdPBP1-5, did not restore -
replication competence to the pdPBPl recombinant plasmid (Fig. 25). It is
noteworthy that the inversion mutant pdPBP1-5 not only alters the ¥
orientation of a relative to the core region, but also effectively places
400 bp between the a element and core (Fig. 25). ' )
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F igure 25:

The a replicational element demonstr:tes an orientation or
position dependence. (A) A 2 ug sample of DNA was
transfected into MOP-8 cells and the replicational capacities
of the mutant DNA &ssayed at 72 hours post-transfection as
described previously (Fig. 9). The recombinant plasmid
pdPd1300 is included for comparative purposes. (B) The
structures of the PyV recombinant plasmids and their
associated replicational phenotype are illustrated as
described for Fig. 9.
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To ensure that the phenotype of the a inversion mutant was not due to
the inadvertant genergtion of sequences inhibitory to DNA replication, the
same 498 bp testrictJ:Q fragment bearing a was inserted at- the BamHI site
of a replication competent plasmid, pdPP1(B)Bg(H), possessing both the B
and core regions. The replicative capaci;ies of the resulting
recombinants, pdPP1P5-1 and pdPP1P1-5, were unaltered regardless of the
orientation of the usptream a element (Fig. 25). It is therefore unlikely
that the inversion of the a element in front of the core leads to the
chance creation of an inhibitong sequence detrimental to DNA replication.
Instead, it seems more likely that either the orientation or the spacing
(orﬁﬁoth)_of the a’and core regions relaiive to each other is critical to
create a functional origin. '

Becduse the inversion of:a large\DNA fragment (498 gp) bearing a
changed pot only the orientation, but also the position of a relative to
the core, it was not clear which parameter affected replication of the
inverted a-core construct adversely. For this reason, I cloned smaller
regtriction.fragments containing the o« and B elements next to the -core.

To establish whether the a element could also function in an
orientation independent manner, a 90 bp restriction fragment (nucleotides
5039 to 5130) containing the asymmetrically located a element was cloned in
both orientations next.to the core. The, resulting regombinant plasmids,
pdPB503Bg(H)a+ and pdPB503Bg(H)a-, both replicated in MOP-8 cells but to
differing exténts (Fig. 26). The mutanf plasmid cohtaining the o element
in the inverted orientation replicated poorly (10Z) by éompari%?n to both
" the pdPB503d1300 and pdPBS03Bg(H)a+ plasmids. It is noteworthy that
inversion of the 9d‘bp fragment containing o« effectively places 60 bp
between the a element and the core. From these results it is apparent, that '
the a element. can function independent of its orientation when placed next
to the core.

To determine whether the 8 element could also function independent of
its orientdtion, the Pvull-4 fragment (nucleotides 5131 to 5265) bearing B
was cloned in both orientations adjacent to the.core (Fig. 26A). ' One of
the viral recombinant plasmid pdPBHp632p+, contains the 134 bp Pvull-4
restriction fragment in its native orientation Felative to the core.
Despite the insertion of 8 bp of linker DNA betweerd the B sequences and tﬁe

o

core, this viral recombinant replicated at levels indistinguishable from
the control plasmid (pdPP1[B]}Bg[H}). I§vérsion of this 134 bp fragment

.
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Figure 26: The a and B elements function independent of orientation

relative to the core. (A) The structure and activity of the
PyV origin containing inversions of B (pdPBHp632p-) and a -
(pdPB503Bg[H]a-) replication ‘activators. The arrow within

. esch segment -refers to the orientation of the insert relative
- to the core. The dotted rpgions within each sqgment denotes

the minimal functional core, whereas the hatched boxes refers
to the minimal functional a and P\glements. The filled-in ™
box represents the 8 bp BRlII linker between the B and core
regions in the pdPHp632p+ apd - mutants. (B) A 1 upg sample
of DNA was transfected into,MOP-8 cells and the replicational
capacitiés of the mutant DNA aspayed at 48 hours post-
transfection as described pr;;iously (Fig. 9). The
recombinant plasmids pdPP1(B)Bg(H)-and pdPB503d1300 were
inc]iudgd for comparative puz:posea.
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adjacent to the core resulted in a recombinant plasmid (pdPBHp6328-) that
replicated to approximately 3-fold higher levels than the wild type B-core
plasmid (Fig. 26). Interestingly, the inversion of the Pvull-4 fragments
brings the B element closer to the core. These results indicate that the g
element activates DNA replication independent of its orientation.

The results obtained by altering the orientation of a and B relative
to tha core show that both of these slements activate replication
1rrupact.1ve of orientation. Intersstingly, bri 1ng;:: B element closer
or moving the a elemerit farther away from the core Tresulted in up and down
effacts respectively on replication. These results and those described
earlier (Fig. 25) strongly h):lnted that each of the elements acted in a
position dependent way. . ‘

To directly test whe.thet the a and B elements could function
independent of position, restriction fragments containing the individual «

"and B elements, or a DNA fragment containing both elements, were cloned in

either orientation at a site in pML-2 DNA positioned 185 bp from the late
border of the core, or at a site 50 bp removed from its early border (Fig.
27, B). The result of examining replicative capacity of these constructs
are shown in Fig. 27C and D. They demonstrate-that the auxiliary
replication elements could no longer activate DNA replication when moved
avay from the core. On the basis of these results, I conclude that the «
and 8 elements activate DNA replication dependent on their position
relative to the core. Replication of the various recombinant plasmids only
occurs when a and/or B are located near the late border of the core.

L. The a element activates replication from its native position.

In its native po:tition the a element is more than 134 bp upsttéam of
the core regioin. I was therefore curious to learn whether the a element
functions to activate core DNA rapllication’in its normal sequence context:.
To test this I cloned a restriction fragm;nt containing the a element
(nucleotide 5075 to 5130) next to 2 mutant viral recombinant plasmids
hgring' mutant B elements (LS 5151/5166 and LS 5173/5188; Fig. 21) next to
the core. It should be noted that all these recombinants, including' the
control plasmid (pdPB5075Bg[H)), contain a 4 bp insertion between the a and
B elements. These recombinant plasmids were named pdPB5075 LS %151/5166
and pdPB5075 LS 5173/5188. These plasmids contain multiple point mutations '
in their B elements that severely impair their capacity to function (Fig.

4
4
o -
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Figure 27:

The structure and replicational activity of PyV position
mutants. (A) The structure of the vector used to clone and
assess the tauplicational activity of recombinant plasmids
cont;ining ths replication activators poiit;oncd at a
distance from the core. The DNA segments shown in panel B
were cloned in the vector at unique BanHI site (late side
inserts) or Bcll (early side inserts) in both orientations to
yleld six recombinant plasmids. (B) Composition and
orientation of the various DNA fragments that were cloned in
vector shown in panel A. The arrow yithin each segment
refers to the orientation of the insert relative to the core.

' Arrows pointing to right are meant to depict the activator in

the same orientation as it naturally occurs in PyV I‘)NA
relative to the core. (C, D) A 1 ug sample of recombinant
plasmid DNA was transfected into MOP-8 cells and the extent
of replication agsayed at 48 hour;“ post-transfection as
described previously (Fig. 9). The results obtained with the
late side position mutants are illustrated in I;anel c,
vhereas those with the early side mutants are shown.in panel
D. "The letters above the lane refer to the inserts described
in B. Yhe récombinant plasmids pdPB503Bg(H) (aB-cora),
pdPP1(B)Bg(H) (B-core) and the deBSOfBg(H) d130Q (a-core)
recombinants were included for comparative purposes.
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. 22). Therefors, the replicational activity exhibited by the pdPBS075 LS

5151/5166 and pdPB5075 LS 5173/5188 viral if it occurred, could be
attributed largely to ths activity of the adjacent a element. Because the
o slement is nov in essentially its native position in these ’mutants,
replication of fhua mutant DNAs would suggest that a could function from

'its normal site. i

The replicational properties of these recombinants are shown in Fig.

28, Comparsd to the control plasmid, pdPBSO075 Bg(H),. ths pdPB5075 LS

5151/5166 and pdPB5075 LS 5173/5188 mutant DNAs replicated to reduced
lsvels (20-25% of wild type; Pig. 28). Howaver, compared to the parental
LS 5151/5166 and LS 5173/5188 plasmids, these viril recombinant plasmids
replicated to 5-fold higher levels. o ‘ X o
* To examine the phenotyps of these mutants mors rigorously, I tested
the capacity of one of the mutants (pdPB5075 LS 5173/5188) to replicate -

alene and in competition with the af-core* origin ag described previously ’

(Chiptcr 2, section C). The results of this analysis is shown in Figure

28B. As observed previously, pdPB5075Bg(H) LS 5173/5188 replicated alona .

to about 20Z the control level (pdPB5075Bg[H]). By ‘contrast, this
recombinant plasmid replicated in conpecit‘ion vith the ag-core* plasmid to
barely detectzble levels. Taken together, thase results suggest that.a is
capable of activating core DNA replication from its native position.

- However, in the context of a m-tn't-fl B clamlnf:. the a element failed to

compete effectively with the af-core* viral recombinant. Conceivably, this

defact is the result of compgtitio'rx for lin:lti;ng' rapliciztiop factors

" between the mutant and wild type templates.
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Figure 28:

A ' u
N

The a slement functions from its native position. (A) The
replication capacities of the mutants were determine as
degscribed in rig. 15 and are illustrated at the bottom of the

sutoradiogram. (B) The replicative capacities of the mutants

were calculated as described in Fig. 18.
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DISCUSSION

Chapter I: Isolation of Large T Afitigen-Producing Mouse Cell Lines

Capable of Supporting the Replication of Polywmavirus-Plasmid Recombinants

I constructed a recombinant plasmid, pPSVEl-Bla, containing a;ﬁ;}arid
transcription unit comprising the SV40 early promoter fused to the T
antigan’coding saquences of PyV. pPSVEl-Bla DNA was used to transform NIH
3T3 cells, and the resulting transformed cells were screened for the
presence of active large T antigen. The majority (70%) of the transformed
MOP cell lines proved capable of supporting the replication of recombinant
plasmids containing the p lyemavitus origin for DNA replication. These
results prove that permissive mouse cells readily tolerate active large T
antigen provided that excisjon of the integrated viral DNA is blocked by
removal or mutation of the polyomavirus origin for DNA replication.

I analyzed the state and structure of pPSVEl-~Bla DNA in three MOP cell
lines and found no evidence ‘of free pPSVE1-Bla DNA in any of them.
Instead, each MOP cell line contained integrated pPSVEl1-Bla DNA. The MOP-3
and MOP-6 lines .conta:lned two independent insertions of transforming DNA,

-whereas the.MOP-8 cell line contained & single insertion. None of the

lines contained complete head-to-tail tandemly arranged copies of
pPSVE1-Bla DNA. The fact that free unintegrated transforming DNA was not
detected in these cells suggests that PyV large T antigen cannot act at the
SV40 origin for DNA replication to trigger éxc;l.sion in mouse cells.

Examination of the MOP-3, -6 aéld -8 cell lines for the physical
presence of PyV T antigens showed that each line synthesized large, middle
and small T antigen. These proteins were the same size as those
synthesized in the transformed rat T1Al cell line. It has been shown
previously that the Tl.ii T antigens ara theq same size as those synthesized
in lytically infected m;i-c\ cells (Ito and Spurr, 1979). It is very likely
that the middle T antigen of the MOP cell lines is functional because each
line is transformed, and this phenotype is strongly correlated~with middle{’
T antigen activity (Hassell et al, 1980; Mes and Hassell, 1982; Treisman et
al, 1981b). I do not know whether the small T antigen present in the MOP
lines is active or not. However, the large T antigens were functional for
DNA replication, and they were capable of specifically binding to the large
T antigen binding sites near the PyV early promoter and origin for DNA

replication.
¢



I compared the extent to which the /three MOP cell lines support the
ereplication of origin-bearing plasmids and found no large differences among
them. I estimate that each cell in the population yields from 500 to 2,000
raplicated plasmid molecules by 72 hours post-tr;msfaction (Muller et al,
1983a). Because less than 10% of the llﬁpopu‘lation vas effectively
transfected by this procedure, ths yield\Qf #eplicated DNA per transfected
cell is at least 10 times higher than this.

I have also compared the yield of replicated plasmid DNA o ned from
MOP-8 cells with that obtained from COS cellls. These experiments
conducted by transfection of MOP-8 cells with pML-2 containing the m :Lmal
PyV origin for DNA replicgtion (pdPP1{B]Bg[H]; Muller et al, 1983a) an
transfaction of COS-1 cells with pML-2 contgining the HindIII C fragment of
SV40. Both cell lines yielded the same number of replicated plasmid DNA '
molecules 72 hours after transfection (data not -shown).

An important application of transformed p&miuivn cells is their use
to complement the replication of early mutants of PyV, or early-replacement
viral vectors. Unfortunataely, t:haumz cell lines which I characterized in
greatest detail did not yield high titers of mutant viruses (data not
shown). I beliéve that this was due to the nature of the cell line (NIH
3T3) rather than toythe efficiency of complementation by large T antigen.

" Although 3T3 cells are permissive for PyV replication, the yield of

infectious virus produced by them is at least l,OQO-fold reduced \::omparedﬂ
to infected 3T6 or baby mouse kidney caells (data not shown). To correct
this deficiency, I have recently isolated another suite of transformed
permissive 3T6 caells by using a slightly differ:'ant transformation strategy.
Among those lines are several vhich encode a temperature-sansitive large T
antigen. I anticipate that these 3T6 MOP cell lines will support the
efficient rpﬁicat:lon of early PyV mutants and early-replacement vectors.
Two other transformed mouse cell lines have been described which
support the replication of PyV-plasmid recombinants (Tyndall et al, 1981).
;Theu lines were derived by transformation of C127 mouss cells with an
origin-defective PyV genome. Because a detailad characterization of these
cell lines has not been published I cannot compate them to the MOP cell
lines described here. Moreover,.I also do not know whether C127 mouse

" cells permit the efficient replication of PyV, and therefore I do not know

whether their transformed derivatives allow for the production of defective
polyomaviruses. '



Despite this shortcoming, the MOP cell lines have already l;roved
useful to map the borders of the PyV origin for DNA- replication (Muller et
al, 1983a), and they have other applications as well For example, they
can be used a8 a ready source of large T antigen for DNA bindix:g studies or
as a source of middle and small T anti?an. The amount of active large T
antigen I obtained from the MOP-6 and MOP-8 cell lines was nearly 30X that
obtained from lytically infected 3T6 cells. The MOP cell lines can also be
used to rescua integrated PyV DNA sequences from transformed cells.

Finally, by cloning foreign genes in pML-2 plasmids bearing the PyV origin,

it should be pos;ibla to study their expression in mouse cells. Therefore,
MOP cells pt;ovide an alternative to COS cells when it is important to
measure gene activity in a murine cell environment.
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Chapter II: Structural Requirmnés for the Function of the
Polyomavirus Origin for DNA Replication

‘ A. PyV origin comprises multiple genetic elements.

I used the MOP-8 cell line ‘to identify the cis-acting sequences
required for PyV DNA replication. I constructed a2 semies of deletion
mutants, sequenced the deletion junct::lo'nq and then measured their capacity
to replicate in MOP-8 cells. The results revealed that the PyV origin for
DNA replication (ori) comprises several genetic elements. These include
two functionally equivalent but unique sets of viral sequences, designated
alpha (a) and beta (B), that are situsted near a third element termed the
core. The simultaneous pre;xence of either a or B and an intact core region
is required to form a functional origin. All three elements reside within
a noncoding stretch of the viral genome no more than 242 bp in length
between nucleotides 5108 and 58. The results of my deletion analysis
indicate that these elements are noncont}:lguous'. The séquences that
qcomprise ori and other features resident in this area of the viral genome
are summarized in Fig. 29.

The multi-element organization of the origin is supported by the
analysis of viable virus mutapts of PyV. Luthman et al (1982) Gave
described the construction of a viable deletion mutant of PyV (411024) from
which all but 8 bp of the 134 bp PuvIi-4 fragment have been deleted.
Because this viable variant lacks the B ele;nent, their wr:jgsults together
with mine suggest that two npncontiguous regions of Virdl DNA, namely a and
core, are capat;'le of forming a functional origin. A’second viable mutant
of PyV containing a deletion between nucleotides SIOOA~ and 5131 removes the

‘minimal ¢ element (Tyndall et al, 1981). It is likely that in this mutant

the B-core origin configuration functions to allow initiation of viral DNA
Jreplication. Interestingly, the same group have isolated other
unidirectional and bidirectional viral mutants about the Pvull site located
at nucleotide number 5130. Many of the bidirectional mutants fail to
replicate, whereas the unidirectional mutants that are deleted toward
either the early qr late transcription units do-replicate (Tyndall et g'l'm
1981). These results are readily explained by the model I have presented.
The bidirectional mutants were replication defective because sequences
comprieing both ¢ and 8 were deleted. By contrast, the unidirectional
deletion mutant DNA bear lesion that remove either a or 8 and are therefore

replication competent.
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Figure 29:

Schematic of the features wz.thin the PyV origin for DNA
replication. (A) The top line represents noncoding PyV DNA
according to the scheme proposed by Soeda et al (1980). The
open triangles below the line depict sites in viral chromatin
that are hypersensitive to DNase I cleavage (Herbomel et al,
~ﬂ1981). The borders of DNA that are commonly duplicated in
PyV muta.nts selected for their capacity to repltcaté “in"P6C4
or F9 embryonal carcinoma (EC) cells are shown by the open
boxes. The stippled boxes represent those sequences that are
present within the genomes of two viable deletion mutants of
PyV. The hatched box shows a region in PyV DNA that is
comol(ly duplicated in various wild type strains of PyV
(Ruley and Fried, 1983). The positions of the three DNA
segments that are thought to be enhancer elements are shown

~a8 three numbered open boxes. The a and § replication

elements are shown together with their sequences. 'The arrows
that underline the sequences in o and B represent the
inverted repeats, whereas the boxed sequenced repi'esent
enhancé; core sequences. The arrows above and below the
sequence represent udelatigg endpoints on the late or early
side of each element. The + and - designates whetler that
endpoint replicates (+) or not (-) in MOP-8 cells. The DNA
‘sequence changes present in this strain have been previously
noted. (B) The arrovs above the sequence represent deletion
endpoints on the late side of the core, whereas those below
the sequence represent deletions on the early side of core.
The solid arrows underlining the sequence represent the large
T antigen recognition sequence 5'-GAGGC-3'. ‘\The broken
arrows represent the related pentanucleotide 5"-GGGGC-3'

" described by DeLucia et 81~(1983). The lines beloy the

sequence denote the A/T rich and 34 bp palindrome regions.
The stipopled box represents the Pyv x'-egion homologous to the
SV40 ori. The T antigen binding sites are illustrated by the
lines beneath the sequence and their borders were derived
from Cowie and Kamen (1984). The DNA sequence changes within
this region have been previously note\d. N
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Although the a and B elements can functionally substitute for each
other in viral DNA replication i:hey do not do so with equal efficiency. In
competition with a viral recombinant plh’mid. that contains all three
elements (af-core*), the B-core origin configuration replicated best\ (Fig.

©13). By contrast, a recombinant plasmid bearing the a-core origin | _
replicated poorly&in competition with the ap-core* recombinant (at
approximately 10-fold lower levels). The impaired replicational 7ctiv’ity
of the a-core recombinant plasmid could be due to either the inherent
}Ztivity of this element relative to B, or to a suboptimal alignment of the
a sequences relative to the core in the a-core plasmid. Interestingly, the
B-core recombinant plasmid r cated to.higher levels than the af-core¥
competitor plasmid at later t “intervals (72 hours post-jtransfection).

It is possible that sequences within a have an inhibitory effect on B
function. Further experiments are required to precisely elucidate the

nature of this efifect.

ReéenthM et al (1985) reported that recombinant plasmids
containing essentially the f-core origin configuration replicated to ten to
twenty-fold reduced levels compared to the complete origin (aB-core). I
therefore measured the replication efficiency of B-core viral recombinant
plasmid-€pdPP1[B])Bg[H)) in competition with another recombinant plasmid
which contains all three replication element (aB-core*). The results
indicated that the pdPP1(B)Bg(H) viral recombinant replicated 2 to 5-fold
higher levels than the afi-core* origin at 48 h post-transfection. The
difference between these results and those of Veldman et al (1985) may be
due to differences in the amounts of large T antigen present in the MOP-8
a;:d COP-5 cell lines or to different assay conditions used to assess the
replicative capacities of these viral recombinants, Alternatively, the
levels of a limiting cellular factor ref])u:lred for B8 function may differ in
these cell lines and this parameter may affect the replication phenotypes

"of the viral mutants. Whatever the explanation, there is little doubt that
the B e¢lement can independently activate core DNA replication.

B. . Sequences required for core fun(étion. -
The core region is composed of no more than 77 bp-(Fig. 29B). Its

late border resides between nucleotides 5265 and 5277, whereas its early
bo~’ - 1s located between nucleotides 39 and 58. Located within this span
are several umix’sual sequence features. These include a 8 bp stretch of
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adenina;thymine (A:T) residues, and a guanine:cytosoine (G:C)-rich 34 bp
palindrome (betweean nucleotides 5281 and 20), which includes the low-
affinity large T antigen binding sites 1 and 2 (Cowie et al, 1984, 1986).

Removal of the entire tract of eight consecutive A:T-bp, as occurs in
pdPd1304 (Pig. 11) or four of the eight A:T residues (Luthman et al, 1982)
renders the DNA replication defectiva. These observations suggest that the .
A:T tract is an essential component of the cors. Intersstingly, this
sequence is conserved in the DNA of three other papovaviruses, SV40, JC and
BK Avirus, and it is known to be a functional component of the SV40 origin
for DNA replication (Bergsma et al, 1982; Fromm and Berg, 1982).

There is also evidena to support the contention that the PyV 34 bp
palindrome is required for origin function. Point mutations or deletions
within the center of the 34 bp region have been observed to render the
viral DNA replication defective (Luthman et al, 1982; Triezenberg and Folk,
1984; Luthman et al, 1984). However, base pair substitutions located near
the ends of the dyad symmetry have been reported to have little or no
effect on viral DNA replication (Triezenberg and  Folk, 1984).

Located on either strand of the 34 bp palindrome are 2 repeats of the
sequence, 5'-GAGGC-3'. This pentanucleotide repeat is the éocognit:lon-
binding sequence for PyV and SV40 large T antigens (Tegtmyer et al, 1983;
DeLucia et al, 1983; Pomerantz and Hassell, 1984). PyV large T antigen
specifically contacts the guanine’ residues within these repeats (Cowie and
Kamen, 1986). Interestingly, mutation of certain of these guanine residues
located about thes center of thcl palindrome abolishes viral DNA replication
(Triezenberg and Folk, 1984). These results suggest that the large T
antigen binding sites in this region of the core are required for the
initiation of viral DNA synthesis. .

A 27 bp palindrome that is related in sequence to that of the Pyv core
is n‘lso)ﬁound with the origin-core .of SV40. Moreover, genetic anaiyses
have demonstrated that the 27 bp palindrome is an essential component of
the SV40 origin (Shortle and Nathans, 1979; Gluzman et al, 1979).
Interestingly, the SV40 27 bp palindrome also contains repeats of the GAGGC
pentanucleotide that serve as T antigen binding sites, and thease are
arranged in a similar manner to those in the PyV core (Tjian, 1978; DeLucia
et al, 1983; Tegtmyer et al, 1983; Jones et al, 1984).

Located adjacent to the PyV 34 bp palindrome near its early border are
several high affinity lg;'ge T antigen binding sites (sitaes A and C)
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(Gasdray et al, 1981; Pomerantz et al, 1983a; Covie and Kamen, 1984, 1986).
Surprisingly, the replication competent mutant (AECS58; Fig. 15) that
defines the early core boundary lacks DNA sequences that contain binding
site A (Pomerantz et al, 1983a; Cowie and Kamen, 1984). Although I have
not tested the ability .of this mutant to bind large T antigen, these
results suggest that the integrity of this large T antigen binding site is
dispensible for the initiation of viral DNA lrepllcat:lon. Conceivably, the
lower affinity T antigen bin:.'ling sites located within the 34 bp palindr
are the functionally important sites required for the initiation of viral ’ .
DNA replication.

Quantitation of the replication capacity of the AEC58 mutant revealed
that it replicated at 10-fold reduced levels relative io"wil‘d type B-core
plasmid. Furthermore, when the AEC58 mutant was cotransfected with
af-core* raecombinant containing all three replication elements, it
replicated at barely detectable levels. These results strongly suggest
that large T mtig:h binding site A is ‘not necessary but does contribute to
Pyil core function. Consistent with this vime observation ’ti’mt
lesions within large T a;xtigen binding site A result in an impaired
replication phenotype (Katinka and Yaniv, 1983) ‘Moreover, it is probably
not coincidental that all viable deletion mutants of PyV isolated to date
tain sequences that include large T antigen binding site A (Bendig and
F{lk, 1979; Magnusson and Berg, 1979; Wells et al, 1980; Luthman et al,

The minimal SV40 origin also includes sequences that efficiently bind
SVloO ldrge T antigen (site II) (Tjian, 1978; Myers and Tjian, 1980,¢91Haio
,and Nathans, 1982), SV40 large T antigen binding site II is locateé vithin
the borders of the 27 bp palindroms. Interestingly, DeLucia et al (1986)
observed that the SV&O core, containing site 1I, replicated to 10 -fold
higher lgvels when linkad to the adjacent high affinity T antigan }J}Qding

site I near its early border. In this respect, SV40 large T antigen

’ bimiing site I functionally resembles PyV site A. These obsarvations

suggest that the T antigen binding sites ldcated in the viral palindromes
comprise the functionally important sequences for the 1nitiation of PyV and
“SV40 DNA replication and that the origin proximal T antigen binding sites
(site A in PyV and site I in SW‘O) facilitate replication. It is tempting
to speculate that this effect occurs through protein:protein interaction
between\ T antigen molecules bound to sites I or A with T antigen bound to ~
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the palindrome sites. . These interactions may stabilize binding of T
antigen. Alternatively, T antigen bound at site I or site A may stabilize
or facilitate the binding of other replication factor(s) to the core
raegions.

In summary, these observations suggest that an A:T rich stretciz, a
G:C-rich regton of dyad symatry, and large T antigen binding sites are

 features that are not only conserved among the papovaviruses origin cores

but are also functionally important for the initiation of viral DNA
raplication. ( ‘

C. Sequsnces required for B function.

Cis-acting viral sequences in addition to the core are needed to form -
a fux;ctional PyV origin. One such element that can, together with the core
region, form a functional ori has been termed B. The minimal B element is
located within the Pvull-4 fragment and is no larger than 33 bp. One of
its borders maps between nucleotides 5172 and 5182, and the other is
positioned between nucleotides 5202 and 5170 (Fig. 29J. In addition to
these sequences, others that flank the B element also contribute tq its
activity. These include the sequences between nucleotides 5131 and 5%72,
on its late border and those between nucleotides 5202 and 5218 on its early

border. ' ! »
The importance of the region between nucleotide 5131 and 5172 in B

" function was revesled by the analysis of late B deletion mutants (Fig. 16,

19). Deletion of the late sequences flanking B resulted in 20-fold drop in

replication capacity of the mutant DNA (ALB5166, 4LBS5172) when they wera

assayed alone, whereas the replication of these mutants was barely D e e
detectable in competition with the dQ:oté* viral recombinant. The '

replication phenotype of the ALB5147 miitant suggests that the late border

of this flanking region is close to nuclnotigc 5147. This mutant was

‘clearly capable of efficient replication in MOP cells, but it replicated

poorly when placed in competition with the af-core* viral recombinant.

The analysis of the replicational properties of lir;kar scanning
mutants within the ra’gion flanking the late B tborder confirms that
sequences to the late side of B are required for f function. The mutant LS
5151/51@, in which a linker disrupts this region, replicated at only 12

e level of its parent. Because this mutation leaves other sequence
featutaq\in p intact, the replication defac}: observed in this mutant can be

\ . i v
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ascribed m‘)lely to the alteratiog of sequences batween nucleotides 5151 and

.5166. These observations 'strongly suggest that séquences that neighbor the

late border of B (5131-5172) influence the activity of B.

There are several, interesting sequence features present in this
region. First, a segment of this region between nucleotides 5150 and 5166
is AsT rich (10/11 of base pairs) and gsecond this region contains a segment
homologous to sequences within the immunoglobulin heavy chain enhancer
(Banerji et al, 1983). Mutants that delete (i.e. ALB5166) or alter this
region (i.e. LS_5151/5166) replicate at impaired levels. Interestingly,
the ALB 5147 mutant, which replicated poorly in competition with the
of-core* origin, impinges on the first two base pairs of the immunoglobulin
enhancer homology. This result suggests that the immunoglobin enhancer

"homologue near the-late border of B (nuqleotidas 5145 to 5158) contributes

to 8 function. |

Both early and late border deletion analyses defined the minimal B
elememk - between ;ucleotides 5172 and 5202. This DNA segment contains a 9 -
bp, G® rich, inverted repeat and®™a 9 bp sequence homologous to the SV40
enhancer core described by Wieher et al (1983 (Fig. 29). The importance
of the 9 bp inverted repeats in § function was assessed by.their mutationm.
Deletion of the inverted repeat near the late border as occurs in ALB5182,
abolished p function. This mutant retained the SV40 enhancer core and part
of the inverted repeat at the early B border. These results indicate that
the inverted repeat sequence is essential for § activity and that the
SV40 enhagcer core sequence cannot by itself activate viral DNA
tep}}catggn. ) )

Interestingly, the linker scanner mutant, LS 5173/5188, whose mutation
disrupts both the inverted répeats and the SV40 enhancer homology, L
;eplicated, albeit poorly. This result further supports éhe notion that
the SV40 core homology and inverted repeats are fmportant functional units
of the B element and in addition, highlights thd importance of f£lanking
sequences. ’ v .

Viral DNA sequénces located near the early border of the B element
-also affect B function. Viral recombinant plasmids bearing deletions on
the early side of B replicate from two- (4EB5223) to ten-fold (AEBS5209)
lowver levels than did the wild type B-core origin (Fig. 16). Because these
deletions also alter the spatial arrangement of the B sequences relative to
the core, it is not clear whether the impaired replication phenotypes were

v
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due to removal of critical B sequences or to the alteration of the position.
of the B %}ement‘ relative to the core. However, the teplication;I
properties of the linker scanning mutants, LS 5202/5211 and LS 5209/5218,
strongly sugﬂgest that the debilitated replication phenotypes exhibited by
at least two of the early B mutants (ARB5209 and AEB5202) was due in part
to the alteration of the primary DNA sequence. The LS 5202/5211 mutant
replicated its DNA to 141 the level observed with the wild type B-core

" viral recombinant. By contrast, the LS 5209/5218 viral recombinant

replicated at 37 the levels observed with the control B-core origin. The
replication defect observad\with both these mutants was Lreadily apparent in
competition with the ap-core* plasmid. Because the spatial relationship
between B and core is unalie\red in these mutants, these results indicate
that the viral sequences mutated (nucleotides 5202 to 5218) in these two
recombinants contribute to B function. ’

Within this region of viral DNA is a 5 bp inverted repeat consisting
of the sequence 5'-AGGAG-3' spaced by 10 bp from its complement (Fig. 21).
Interestingly, the more severely impaired mutant (LS 5209/5218) contains a
linker which disrupts this 5 bp inverted repeat wherea; the LS 5202/5211
mutant, which jrélicates to intermediate levels, contains a linker between
the 5 bp inverted repeats. Perhaps the LS’ 5202/5211 mutant replicates
better than the LS 5209/5218 mutant because it more nearly preserves the
integrity of the 5 bp inverted repeat. ‘ ]

Although m;tation of the sequences on the early side of B can have a
profoimd effect on DNA replication, there is evidence to suggest that these
sequences are dispensible for virus viability. Indeed, PyV variants
containing deletions on the early side of B from nucleotide 5265 to
nucleotides 5211 or to 5214 are viable (Tyndall et al, 1981; N. Acheson,
personal communication). The difference between’ these observations and
mine may be explained by the fact that these viruses also possess a and the
presence of this element compensates for the deletion of § sequences.
Indeed, one of these viable mutants possesses a duplicated a element (N.
Acheson, personal communication). .

Sequences located between nucleotides 5240 and 5248 are clearly
dispensible for B fixhction since a mutation (LS 5240/5248) altering these
sequences replicates at wild type levels. It is interesting to note that a
direct repeat of the sequence 5'-TCCACCCA-3' (nucleotides 5217 to 5225 and
nucleotides 5238 to 5245) is contained within this region. This sequence
is present within the distal enhancer of bovine papillomavirus (Lusky et

3
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al, 1983). Because tha LS 5240/5248 mutant replicates as well as wild
type, the integrity of this sequence cannot be necessary for g element

function. )
Piette et al (1985) recently reported that sequinces residing within

+ the B element are protected from nuclease digesticn by cellular factors.

One of .these protected regions is located near the late bordet of 8 within
the sequences homoiogous to the immunoglobulin enhancer (nucleotides 5145
to 5160). A second protected region was found that contains the 9 bp
inverted repeat. Interestingly, Piette et al (1985) o’bs‘erved that delation
‘of the late side region including the immunoglobulin enhancer homologue
(nucleotides 5145 to 5158) impaired the fsinding of cellular factors to the
central, G:C rich, 9 bp inverted repeat. These observations suggest that
these factors may reccfgnize viral DNA sequences and bind in a cooperative

«

manner.
It is striking that these two protected regions overlap to sequences
1

that comprise functional components of 8. The impaired replicational
phenotypes of viral recombinants that contain mutations within the
immunoglobulin enhancer homology in B coyld be ascribed to their reduced
capacity-to bind cellular factors. Conceivably, factors bound to this
region faciliate the binding of factors to the minimal B element
(nucleotides 5172 to 5203). A similar phenomenon may algo account for the
capacity of saquences on the ‘early side of B to -augment B function.
Indeed, Piette et al (1985) have observed nuclesse hypersensitive sites
that are suggestive of the binding of a factor in this region. It is
tempting to suggest that factors bdund on either side of the minimal g
stabilize the binding of factors to B through protein:protein interactions.
The § element resides within an area of the viral genome “that is
tandemly duplicated and mutated by base pair substitutions in variants of
PyV, which unlike wild typé virus, are capable of productively infecting F9
embryonal carcinoma cells (Sekiwa and Levine, 1981; Vasseur et al, 1982),
The observation that coinfection of F-9 emhg}onal carcinoma cells with wild
type, and mutant strains of PyV ylelds only mutant virus progeny, despite
the presence of coﬁxplement'ing large T antigen (in the infected cells),
indicates that the sequence modifications in these mutants likely allow
them to overcome & cis-acting defect in viral DNA replication present in
wild type DNA (Fujimura and Linney, 1982). One class of F9 PyV mutants
contain multiple base pair substitutions within the 9 bp inverted repeat
present in B (Vasseur et al, 1982). A second class of variants conta:ln'a

b
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' single base pair transition at nucleotide 5230 (A+G; Fig. 29) and tandem’

duplications of sequencés surrounding sand including this base pair
substitution (Fujimura et al, 1981; Sekiwa and Levine, 1981). '
Int?testingly. these alterations are positioned outside the mapped borders
of the miriimal B element. These mutstions may promote the binding of

. limiting factor(s) within EC cells to the p element or to its adjacent

sequences. In this regard, it is interesting to note that the A to G
transition at nucleotide 5230 results in the generation of a sequence
homologous to SV40 enhancer core motif (Wieher et al, 1983).

-

D. S$equences required for the function of a
L4
Another genetic element designated a, when coupled to the core, can

also form a functional origin. I have defined the limits of this element
to a 19 bp region situated between nucleotides 5108 and 5126 (Fig. 20).
Within the borders of the a .element is a 10 bp region homologous to the
adenovirus 5 Ela enhancer core sequence (Heating and Shenk, 1983) and an 8
bp inverted repeat. The results of my deletion analysis indicate that the
early side repeat (nucleotide 5119 to 5125) is absolutely required for a -

* function because- its deletion results in a replication defect (AEA5120;

Fig. 17). The adenm;irus Ela homology box also appears to be a functional
component of the g, element’ because a deletion impinging on thig element to
nucleotide 5113 tendered the DNA replication defective (data not shown).
These results demongtrate that the minimal a element is composed of an
adenovirus 5 Ela enhancer core sequencé and the early side 8 bp inverted

repeat. - )

In addition to the minimal o element, I have mapped another 36 bp:
segment between nucleotides 5075 to 5109 which augments its activity. The
importance of this reg' on for a function was revealed by two lines of
evidence. First, lite'ca mutants bearing deletions of this region ( AiA
5097, ALAS5108; Fig. 20) replicated at reduced levels. The impaired
replication phenotypes exhibited by i:hese mutants was particularly
pronounced vhen they were tested in competition with the af-core* origin
configuration. Second, replication of a defective reco:pbinant, which
contains a deletion impinging on the late border of a (nucleotide 5113),
could be restored by cloning the sequences bét':en nucleotides 5039. and
5109 adjacent to it at its late border (pdPB5039 LS 5113/5109; Fig. 23,
24). I have recently reduced the length of this functionally redundant

El



sequence to 24 bp between nucleotides 5075 and 5109 (data not shown).
Interestingly, this region is A:T rich (20/28 bp) and contains a sequence
identical to the 8 bp inverted repeat found in a.

The integrity of the structure that could be formed by the 8 bp
inverted repeat flanking the Ela enhapcgr core sequence is not required for
a function, because the mutant LS 5102/ 5111, which replicates at wild type
levels, alters 2 bp within this repeat. Moreover, deletion of the late
side inverted repeat does not abolish replication of a-core. It is
conceivable that distinct cellular factors recognize and bind to both the
early side repeat and the Ela homology. Binding of factors to the minimal
o element may 'be facilitated by the binding of factors to sequences
upstream of the late border of a (nucleotides 5075 to 5109). This may
account Jfor the capacity of these sequences to augment q function.

Recently, Veldman et al (1985) reported that a recombinant plasmid
containing the viral sequences between nucleotides 5108 to 5130 next to .

&

core replicated poorly. Surprisingly, wild type levels of viral DNA
_replication could be obtained by simpiy duplicating the sequences between
nucleotide 5108 and 5130 (the minimgl a element is situated bétween
nucleotide 5108 and 5126) (Veldpan et al, 1985)." In this regard, it is
interesting to note that many strains of PyV cor;i:ain duplications of the
minimal « element (Fig., 29; Ruley and Fried, 1983). ' Perhaps the
duplication of the minimal « element stabilizes or facilit;:és the binding
of factors_ to this region. .
Curiously, a region to the late side of a (nucleotides 5039 to 5073),
has a cis-inhibitory effect on DNA replication. This was demonstrated by
" the observation \Ehat a mutant lacking these sequences (ALA5073) replicatéd
in competition experiments with aB-core* to five-}’old higher levels than a
comparable plasmid containing these sequences (pdPB503d41300; Fig. 20).
Because only one deletion mutant defines this effect, this result must be
interpreted cautiously. Nonetheless, it is interesting to note that when
this region is linked to a hybrid transcription unit composed of the PyV
enhancer and the chloram;;hen:lcol ace}:yl transferase gene (CAT gene), it
represses CAT expression in mouse embryos cultured in vitro (M.
De?amphilis. personal communication). v
PyV productively grows in most murine cells, but it cannot replicate
in the undifferentiated PCC4 embryonal carcinoma cells. However, variants
of PyV cag‘b‘e isolated that replicate efficiently in these cells (Katinka

et al, 1980; Vasseur et al, 1982). These variants possess common sequence
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rearrangements that generally result in the duplication of viral sequences
between nucleotides 5072 and 5137 (tye borders of the minimal a element are
situated between .nucleotides 5108 to 5126) and deletion of those sequences
between nucleotides 5185 and 5215 (the borders of B arembetween nucleotides
5172 and 5202; Katinka et al, 1980). It is likely that the PCC4 variants
lack § and contain duplications of the a .clement. Conceivably, these
alterations allow limiting cellular factors present in the PCC4 cell line )
to recognigze the a element.

B. Comparison of the structure of & and B.

The arrangement of the functional sequences within the a and B
auxiliary elements is surprisingly s:l.m:l.lar.l Both elements appear to be
composed of a number of distinct sequence motifs. The late border of each
element contains an A:T rich region vhich augments its activity. In
addition, both ‘elements contain enhancér core homologies and distinctive
inverted repeats. The a element contains g 10 bp.homologue to sequences
repeated in the enhancer region of Ela transcription unit of adenovirus 5
(Hearing and Shenk, 1983), whereas B contains a homologue of the SV40
enhancer core se"quence (Weiher et al, 1983). Interestingly, the 9 bp
inverted repeat in B and the 8 bp inverted repeat in a are related in
sequence. A 7 bp consensus sequence,-5'-A/C,ACTG,A/C,C-3', can be derived
for the inverted repeats. It is possible that these inverted repeats are
recognized by a common cellular factor.

Recently, Wirak et al (1985) found that PyV origin configurations
containing the 8 element (ap-core, B-core) could replicate in a T antigen-
dependent manner within mouse embryos cultured 'g vitro. Surprisingly,
under the same conditions, the a-core configuration 'of origin did not
replicate in early motjxse exanbryos. One possible explanation of these
observations ig that the factors in early mouse embryos that interact with
a are missing or inactive. Alternatively, mouse embryos may contain a
repressor that inactivates a function. Interestingly, the a-core
constructs used by Wirak et al (1985) contained the putative repressor

binding sequence (%3039 to 5073) alluded to earlier.
4]

F. The ¢« and B eléments overlap with viral transcriptional enhancer
The a and B elements are located within the borders of“the PyV
enhancer. Recently, it has been demonstrated that PyV enhancer comprises

three distinct domains termed elements 1; 2 and 3 (Mueller et al,
manuscript in preparation; Fig. 29). Individual elements are incapable of



124

acting as an enhancer but pairs of’these elements can function to augment
gene expression nearly as well a; all 3 elements. The minimal a element is
located witliin the borders of enhancer element 2 (nucleotides 5075 to
5130). Deletion of the invertéd repeat located at the late side of tl;a
adenovirus core (nucleotides 5097 to 5104) has little effect on element 2.
function. By contrast, daletion of the i{\lverse of this sequence .
(nucleotides 5120 to 5126) abolishes enhancer element function. These °
mutations affact @ in a similar way, and imply that the same sequences in a
and element 2 mediate replication and transcription enhancement.

Similarly, reiteration of the sequances that make up the minimal o element
impart enhancer function to the DNA and increase its capacity to activate

DNA replication (Veldman et al, 1985)_. These observations strongly suggest.

that the sequences within this region function to both enhance gene
expression ‘and to activate DNA replication.

The B replication element is locatéd within the borders of enhancer
element 3. This region of viral DNA has been reported to possess weak
enhancer activity in mouse fibroblast cells (Herbomel et a_l; ‘198&; Mueller
et al, manuscript in preparation). Because the mutants I have generated
that define the B element have not" bean tested yet for enhancer activity it
is not known whether the same sequences implicated in 8 function are also
involved in enhancer element 3 function in mouse fibroblasts. Mutants ofn
PyV that replicate in F9 embryonal carcinoma cells contain sequence
alterations on the early side of B that allow this region to function as an
indepandent enhancer in mouse embryo carcinoma cells (Lifiney and Donnerly,

1983; Herbomel et al, 1984). Moreover, it has recently been found that the f

wild‘type B elemént functions as an enhancer in early mouse efnbryos

.cultured in vitro (M. DePamphilis, personal communication). These results

suggest that the sequences resident within B possess intrinsic enhancer
activity that can be fully expressed in certain cellular environments.

The PyV enharicer .contains a third region (element 1) that can
functionally substitute for deletion of either element 2 or 3. However,
enhancer element 1 is not capable of activating PyV DNA replication. This
element is also completely i)ncapable of independently enhancing gene
expression. These observations suggest that element 1 is intrinsically
weak, perhaps becduse it is unable to serve as an independent binding. site
for trans-acting factors. In this regard it is noteworthy that element 1
contains a saqu'enéga that is a poor match to the SV40 enhancer core and

/
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another sequence that is also a poor match to the conserved invarted repe}t
motif that is present in enhancér elements 2 (a) and 3(B).
' /

G,  Spatial reguirements for the function of the a and B elements
The coincidence of the replication and enhancer,.,el/ewrtrsfuégest that

the same sequences effect viral DNA;/replication and transcription. Like

- /
aenhancer elements the a and B eleme,hts function independent of their
orientation relative to the core. Consistent with these findings, Veldman

et al (1985) reported that a tandem duplication of the sequences comprising
a (nucleotides 5108 to 5136) could activate viral DNA replication
irrespective of its orientation relative to the core region.

However, replication activation by the a and B elements did not occur
when they were moved away from the core (Pig. 27). The replication ‘defect
obgervad in these spacing mutants was likely not dug to_the inadvertant
creation of inhibitory sequences that retarded DNA replication because
these elemants were cloned at two distinct sites located on either side of
the core. The replication properties of several o inversion mutants are
also consistent.with the view that the replication elements cannot activate
viral DNA from a distance. These a-core origins replicated pooreiy or fhqQt
at all depending on the distance between the inverted a-element and the
core. Inversion of a\Ia’rge 498 bp fragmant céontaining a adjacent to the
core resulted in a replication defect (Fig. 25), whereas inversion of
smaller restriction fragment contaihing the same a sequences next to the
cora resulted in the generation .of raplication capable but enfeebled
molecules (Fjg. 26). Therefore, the replication defect observed in the 498
bp a invarﬂoh mutant was likely due to a position effect (more that 400 bp
separate a from the core in this construct) rather than an orientation
effect. Taken together, these observations suggest that the auxiliary
replication elements (a and B) and the core must be in close proximity in
order to form a functional origin.

By contrast to these }‘esults, de Villiers et al (1984) recently
reported that the o and B elements could activale viral DNA replication
when placed more than 800 bp away from the core. It is noteworthy that the
viral re\combinant' plasmids used in this study encode functional large T
antigen. DBecause the replication elements also possess enhancer activity
it is conceivable that the weak replication observed was due to enhanced
levels of expression of large T antigen and this influenced core ADNA

-+ °
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raeplication. Indeed, it is known that PyV large T antigen is limiting in
the COP cells which were used in these experiments (Katinka and Yaniv,
1983). If this explanation is correct, then enhanced levels of active
large T antigen may compensate for a and f.

Although the a« element cannot activate viral DNA replication when
moved approximately 200 bp away from the core there is evidence to suggest
that it can function, alpait poorly, from its normal position in the viral
genome, where it is situatad more than 134 bp from the core. This was
demonstrated by the observationthat viral recombinant plasmids containing
the a element next to a mutated a\-\cQte origin (LS 5151/5166 and LS
5173/5188) replicated to five-fold highar levels than the mutant B-core
origins lacking o (Fig. 28A). )

Interestingly, the early sideﬁ‘gosition mutants place a closer to core
than it is in its native position and yet' these mutants are replication
defective (Fig. 27). These results suggest that a can only effect ifs
function from the late side of the core. The o element may have er
aligned with sequences located at the late side of core (i.e. A: ch
stretch). Alternatively, a may effect its function through sequences
present witix:ln the mutated B element. It may be that protein(s).bound to a
stabilize the binding of factors to the mutated B element 'through
protein-protein interaction. Whatever the mechanism, it is clear that a
can activate viral DNA replication from?its normal position in the viral

genome. — .

H. Co a:.-ison of the PyV and SV40 origins for DNA replication.

The PyV origin structurally resembles the origin for SV40 DNA
replication. Etn SV40 DNA the functional origin is composed of a core™
segment and an adjacent region consisting of two perfect and one imperfect
G:C rich 21 bp long direct repeats that stimulate DNA replication (Borgsmg‘
et al, 1982;" Fromm and Berg, 1982). By contrast to the PyV core, the SV40
core, when linked to plasmid saquences, is capable of efficiently
replicating in COS cells (Bergsma et al, 1982). The difference betw;en the
replication capacity of the SV40 and PyV cores may be due to the diffgrent
affinities by which the viral large T antigens bind to their respecé‘l& ’
origins. It is known that SV40 large T antigen binds to its origin
independent of auxiliary sequences (Jones et al, 1984; DeLucia et al,

1986). By contrast, PyV large T antigen binds very poorly to sites 1 and 2
., “ &

&
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within the core (Cowie and Kamen, 1984). Perhaps in PyV, efficient T
antigen binding to the: core requires the presence of factors bound to the a
and B elements. These protein-protein interdctions may stabilize large T -
antigen binding. Alternatively, some other feature of viral cores accounts
for this difference in replication properties of the two core origins.

The SV40 auxiliary region containing the 21 bp repeats has an
enhancing effect on replication efficiency that is dependent on the number
of copies of the 21 bp rapeatsﬂ(Berg'sma et al, 1981; Fromm and Berg, 1982).
Recently, DeLucia et al (1986) reported that the 21 bp and 72 bp repeats
can functionally substitute for each other in enhancing SV40 core
replication. In this respect:,\ they resemble the PyV a and B alemen'ts.
Interestingly, when the SV40 auxiliary elements are moved away from the -
core there is correspopding decrease in the levels of viral DNA replication
(Innis et al, 1984). These observations-suggest that the mechanism by
which these auxiliary elements activate core DNA repligation is similar
both PyV and SV40. . ‘Q_ \

Surprisingly, either the SV4D 21 bp‘ or- 72 bp repeats activate PyV core
DNA tez;licatlon (devilliers et al, 1982, 1984; Campbell and Villareal,
1985; Bennett and Hassell, manuscript in preparation). Indeed, it has been
demonstrated that the immunoglobulin heavy chain enhancer activates PyV
core DNA replication in a tissue specific manner (deVilliers et al, 1984).
These elements share little sequence homology, yet they apparently function
in-the same manner. ‘Within cells, these various elements are relatively
free of nucleosomes and l;ypersensit:lve to DNAase I digestion (Fig. 29)
(Sargosti et al, 1980; Herbomal et al, 1981). There is evidence to suggest
that these elements serve as recognit‘ion sites for cellular proteins. ’
Dynan and Tjian (1983) demonstrated that the SV40 promoﬁer specific
transcription factor, Spl, binds to 21 bp repeats, and other cellular
factors are known to specifically bind the SV40 72 bp repeats (Wildeman et
8l, 1984; Sassone- Corsi et al, 1985), the polyomavirus B element (Pie!:te
at al, 1985) and the immunoglobulin heavy chain enhancer (Ephrussi et al,

'1985). The only common feature shared among these various elements is that

they act as components of the promoters in each system.

I. A model for PyV DNA replication
I have attempted to devise a model for the initiation of PyV DNA

raplication which takes into account the apparent dual role of the « and B

<
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elements in viral transcription and DNA replication. The observation that
enhancers potentiate transcription but not replication from a distance
suggests to me that while th{ initial reactions leading to these processes
might be the same, subsequent pathways are likely to be different., I
propose that transcriptional factors bound upstream of the A:T rich stretch
facilitate entry of replication proteins on the iate side of the core
region. These replication factors in turn interact with PyV large T bound

" to the core ragion. Permissive factors may also be associated with the

viral large T antigen or exert their effect by directly binding the core
region (Fig. 30). Local binding transcription factors near the late side
of the core may lead directly to sepnration of DNA strands near a 15 bp A:T
rich region situated at the late border of the core. The A:T rich stretch
is an essentiasl component of the PyV core as well as the SV40 origin for
DNA replication (Luthman et al, 1982; Muller et al, 1983). Alternatively,
RNA polymerase may recognize this complex of proteins and facilitate the
denaturation of this region, This single stranded region may then be
recognized by DNA polyméra%e a-primsse complex and DNA synthesis initiated.
Consistent with this model is observation that primers for PyV leading and
légging strand DNA synthesis are initiated on either side, but not within,
the core (M. DePamphilis, personal communication). Therefore, unlike SV40,
m; primers are initiated within the genetically defined PyV origin core (M.
DePamphilis, personal communication). This may be due to the presence of a
PyV LT complex bound to both strands of DNA helix that blocKs the synthesis
of primers within this region. _

This model predicts that the pr&teins bound to the auxiliary '
replication alement’s must be near the A:T rich region to exert their
effect. This is consistent with my data that alterations of the spatial
relationship between these elements can have a profound effect on viral DNA
replication. ’

The protein:protein interactions occuring across the enhancer/core )
boundary may not be as critical for enhancer function. It may be that the ,
protein-DNA complex comprising the enhancer eiement serves as entry site
for RNA polymerase II (Moreau et al, 1981). Once on the DNA template, RNA

,polymerase may then move along until it encounters transcription factor-DNA

complexes which align it for initiation. This would explain why enhancers

activate gene expression from a considerable distance.
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Figure 30: A model for the initiation of PyV DNA replication. Solid

lines within the boxes represent the boundaries of the PyV
replication activators. The arrows parallel to the boxad
regions denote inverted repeat structures pteient: within each
element. The arrows pérpcnd:lculdr to the boxed regions
represent the origin q_f bidirectional DNA :ynthasig_. The
brackets on top of boxes refer to either enhancer core
homologies (E.A., Ig and SV40) or PyV large T antigen binding
sites (1, 2 and A). The Aux region represents the sequence
on the early side of core which contr:lbytas to core funqtion
but is not abselutely required. The-dotted regions within
the a and 8 elements refer to viral seiq\uences that contribute
to the acti:r:lty, of each replication activator.
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- The transcriptional activation model I have proposed for the |
initiation of PyV DRA replication is applicable to SV40. In SV40 ’
transcriptional elements (the 21 bp or 72 bp repeats), located to the late
side of the core, anhance viral DNA replication in cis (Bargsma et al,
1982; Promm and Berg, 1982; DelLucia et al, 1986) and, like PyV, these
elements appear to demonstrate a spatial dependence relative to the core
(Innis et al, 1984). Recently, Takahashi et al (1986) reported that the 21
bp repeats and the early TATA box within the SV40 core requires a precise
sterospecific ilingmnnt in order to effect efficient transcription. These
results suggest that protein:protein interactions occur across the core.
Interestingly, point mutations within the SV40 early TATA box have a cis
inhibitory effect on viral DNA replication (Wasylyk et al, 1983; DeLucia et
al, 1986). It is conceivable that the factor that binds to TATA box in the

\

s

viral core region interacts with factors (i.e. Spl) bound to the 21 bp

repeats. This proteip:protefn interaction may be critical for both viral
transcription and DNA replication. It is interesting to note that a

restriction fragment spanning the 21 bp repeats and the SV40 early TATA

will compete efficient'ly for limiting factor(s) required for SV40 DNA .
replication in vitro (Yamaguchi and DePamphilis, 1986). These results too
suggest that components of the transcriptio;xal machinery are also involved

in the initiation of SV40 DNA replication. )

Activation of SV40 DNA replication does not require transcription
since a amanitin, which is an inhibitor of RNA polymerase 1I, does not ‘
interfere with SV40 DNA replication in vitro (L1 and Kelly, 1984). i
Nontheless, this observation does not rule out the role for RNA palymerase
II in the initiation of viral DNA replication. Ih the model I ;ropose. RNA
polymerase II is required to form a complex ir{ the core that causes DNA
strand separhtioni Transcription per se is not a requirement for ~,
activation of DNA replication. ‘

Trmscription\activ;tioa has been’implicated as a key event in the |
initiation of DNA replication at the Escherichia coli and A origins of DNA
rqplication (Furth and Wickner, 1983). Like the papov;uviruses,
trmscrfptional activation in these systems must occur near the origin ;
(Purth and Wickner, 1983). However, the mechanism by which local
transcription activates these ori regions is not known. '

The multi-element organization of the PyV and SV40 origins is not
uniqde to the papovavirus group. The adenovirus 2 origin comprises two
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functic;nally distinct segmenits. The presence of one of these segments is
sufficient to initiste viral DNA replication (Tagarql and Stillman, 1983;
Ravlins et al, 1984).° A second adjacent tagion{ enhan iral DNA
replication (Rawlins et al, .1984). Intetestingiy, cellular factor, known
as NFl, binds to this sequence (Nagata et al, 1983) and binding of this
factor is known to be required for efficient ndg\ovirus DNA synthesis.
A.lt:hough the role of NF1 in adenoviral taplicatibn is unclur, it is
'tenpting to gspeculate that Like the factors thpﬁ bind to the PyV and SV40
auxiliary elements, 1t also plays a role in-’ttanscr:lption. In this regard
it is 1nt¢restir;g to note that a 21 bp sequence identical in sequénce to
the SV40 21 bp repeats has been reported to reside within the inverted
repeat termini of simian gdenovirus 7 DNA (Tolun et al, 1979). Although it
is. not known whether“‘theae adenoviral sequ&ncqs are alements of the.
adenovirus 7 functichal origin their location near the sites of viral DNA
replication is suggestive of a role in this procaess.

Recently, the origin of Epstein Barr virus (ori-P) has been shown to
be also composad of two cis-acting componants (Reisman _e_'g al, 1985).
Interestingly, one of these components appears to be & transcriptional
enhancer elemsnt (Reisman et al, 1985). In addition to the viral origins,
the yeast chtomosonu;l ARS elements which are thought to be -cellular brigins
for DNA replication are also comeosad of multiple sequence elements
(Kearsey, 1984).- Taken togathet.xthesa obsetvations suggest t a
multi-element organization may be a common faatura«of viral and by analogy,

/
cellular replication origins. . '
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