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ABSTRACT

Deletion mutants within the Py DNA region between the replication
origin and the beginning of late protein coding sequences have been
constructed and analysed for viability, early gene expression and viral DNA
replication. Assay of replicative competence was facilitated by the use of Py
transformed mouse cells (COP lines) which express functional large T-protein
but contain no free viral DNA. Viable mutants defined three new nonessential
regions of the genome. Certain deletions spanning the Pvull site at nt 5130
(67.4 mu) were unable to express early genes and had a cis-acting defect in
DNA replication. Other mutants had intermediate phenotypes. Relevance of
these results to eucaryotic "enhancer" elements is discussed.

INTRODUCTION

The genetic organization of polyoma virus (Py) DNA is well
characterised (1-4). Far less is known about sequence elements which regulate
the expression of the viral genes and the replication of the viral DNA. Such
regulatory signals most likely occur within the non-coding sequences shown
diagramatically in Figure 1. This region is already known to include (1) the
origin of viral DNA replication (5-7), probably located within a palindromic
sequence highly conserved among papovavirus DNAs (8, "SV40 homology" in Fig.
1). (2) A region with high affinity for the Py large T-protein, containing
the sequence AGAGGC three times (9). (3) The sequences specifying the capped
5'-ends of both early and late mRNAs, and the promoter elements involved in
their transcription (10-13). (4) The sequence determining the repeated leader
of the late mRNAs (11; "leader unit"). (5) A domain hypersensitive to DNase I
in viral chromatin ("DHSR", 14).

Non-essential regions within this portion of the genome have been
identified by the isolation of viable deletion mutants. NER-E1 is eleven base
pairs within the repeated sequences which comprise the high affinity binding
site for the large T-protein. Strain A2 virus has three AGAGGC sequences,
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while strain A3 virus has only two (15). A large number of viable deletions
have been obtained between the origin region and the beginning of the early
coding sequences (16-19); these define the limits of NER-E2.

We have been particularly interested in the region designated "A" in
Figure 1, between the replication origin and the beginning of late protein
coding sequences. Region A includes the late region transcriptional promoter
elements, the late mRNA Teader sequence and the DNasel hypersensitive domain.
Within it are also the sequences tandemly duplicated in certain Py variants
which, unlike wild type virus, are able to grow in undifferentiated embryonal
teratocarcinoma cell lines (20-23, see legend to Fig. 1). We report here the
construction and characterisation of a number of mutants lacking sequence from
region A. The viability of certain mutants defined the three nonessential
regions, NER-L1, NER-L2 and NER-L3 (Fig. 1). Results of experiments in which
the phenotypes of nonviable mutants were determined using assays which
separately measured viral DNA replication and early gene expression identified
a sequence within region A absolutely required, in cis, for both functions.
Insertion of Py region A into plasmids also containing rabbit B8-globin genes
dramatically enhanced the expression of these genes from their own promoters
(J. de Villiers and W. Schaffner, submitted for publication). Its
relationship to other eucaryotic "enhancer" sequences (24-28) is discussed.

METHODS

DNA replication assays:  Subconfluent cultures (50mm) of 2° mouse embryo
fibroblasts or Py transformed mouse cells (COP cells, see Results) were
transfected with up to 100ng of recombinant plasmid DNA by the DEAE-Dextran
method (31). When the viral DNA inserts were excised from the vector before
transfection, Py anti-serum was included in the culture medium to prevent
reinfection. Viral DNA was extracted 72 hrs post-infection by the selective
SDS method (32). After ribonuclease treatment and deproteinization, the DNA
was digested with restriction endonuclease Mbol (Biolabs). The digests were
fractionated by agarose gel electrophoresis, transferred to nitrocellulose
(33) and probed with nick-translated recombinant DNA containing the entire
viral genome inserted into the BamHI site of plasmid pAT153 (34).

Gene expression assays: Hela, F2408 ratl (35), or rat2 (the gift of W. Topp)
cells !%Umm cuTtures) were transfected with 20ug of recombinant DNA by the
calcium phosphate method (36) as modified by Banerji et al (27). At 60-72
hours post-transfection, cells on coverslips were stained for Py Tlarge
T-protein by indirect immunofluorescence (37) using tumour-bearing rat serum
kindly provided by S. Dilworth (ICRF), or cytoplasmic RNA was extracted (38)
for subsequent hybridisation analysis. é&’ measure early region protein
synthesis, the cultures were labelled with ““S-methionine (0.5mCi per culture)
for three hours. Proteins were extracted, immunoprecipitated, and separated
on 15% SDS-polyacrylamide gels as described by Ito et al (37).

Construction of deletion mutants around Pvull sites by transfection of mouse
cells with shortened linear viral DNA: DNA of d128, a viable Py mutant (16)
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Figure 1. The positions of deletion mutants described in this paper relative
to Tandmarks within the 600 bp of Py DNA spanning the replication origin.
Coordinates are given 1in approximate map units (top line, 29) and in
nucleotide number (middle line, 4). The directions of transcription of the
early and late regions (1) are shown by arrows. Locations of mRNA cap sites
(12, R.K., P. Jat, R. Treisman & W. Folk, submitted for publication), Hogness-
Goldberg (30) boxes, and the translational initiation codons (2-4) are shown
along the nucleotide number coordinate. "Leader unit" indicates the position
of the sequence tandemly repeated near the 5'-termini of late mRNAs (11).
"DHSR" 1indicates the DNasel hypersensitive region of viral chromatin (14).
The locations of DNA sequences tandemly repeated in Py variants able to grow
in undifferentiated embryonal teratocarcinoma cells are shown by the boxes
around "PyPCC4" and "PyF9" (20-23). Other PyF9 variants (21,23) have only a
single base change at nt5233 (see Fig. 3). NER's (nonessential regions)
define the limits of sequences deleted among different viable mutants (16-19
and this paper; the dashed 1line in NER-L1 indicates that the origin-distal
1imit is not yet defined. Two PyPCC4 variants (20) have in addition to a
tandem duplication, a deletion within NER-L1. However, it is not known
whether virus with the deletion but not the duplication would be viable.)
"Origin Region" demarcates the 1limits of continuous sequence required for
viral DNA replication, and includes the high affinity binding site for the
large-T protein (comprised of the sequence AGAGGC repeated three times in the
A2 strain, [91) and a palindromic region homologous to the SV40 origin
sequence (8). Lines below the nucleotide number coordinate show the deletions
in the indicated mutants; those with vertical bars at their ends have been
sequenced. Deletions 2004-2007, and 2026 are shown centred on the Pvull site
because their extents into region A and A are not known. Large deletions
extending beyond the region shown areé represEented with arrows.
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lacking sequences around the Bgll site (within NER-E2, see Fig. 1), kindly
provided by B. Griffin (ICRF), was digested with Pvull under conditions
(30ug/ml form I DNA, 20ug/ml ethidium bromide [391, 95 units/ml enzyme)
empirically determined to yield maximal proportions of single-cut 1linear
molecules. These were slightly shortened by sequential treatment with T4 DNA
polymerase (in the presence of 10uM dTTP) and nuclease S1. Linear molecules
of nearly full 1length were purified by low melting point agarose gel
electrophoresis. The excised gel band was melted and diluted with at least
ten volumes of phosphate buffered saline. Serial dilutions containing ca 0.2-
200ng of linear DNA were used to transfect 2° mouse embryo cells, with and
without 500ng of tsa (40) helper DNA. Plaques were picked after 8-10 days of
incubation at 37° (no helper) or 39° (plus helper) and screened for tggse
containing deletion mutants by restriction enzyme analysis of small scale ““P-
labelled viral DNA preparations (41).
Construction of deletion mutations in cloned viral DNA: Full length Py strain
was inserted into plasmid vector pAT153 (34) at the unique BamHI sites.
After partial Pvull digestion (see above), Xhol linkers were added by blunt
end ligation. A plasmid with a unique Xhol site at 67.4mu (nt 5130) was
selected (p 43.2b.67). This DNA was cleaved with Xhol, treated with excess
amounts of nuclease Bal3l for different times (30" to 5'), Xhol linkers were
added back, the DNAs were recircularized and cloned into E.coli HB10l. Single
ampicillin resistant colonies were picked, grown into 5ml liquid cultures, and
1Iml volumes were used for plasmid isolation using a modification (D. Ish-
Horowitz, personal communication) of the Birnboim and Doly method (42). The
locations of deletions were determined by restriction with Xhol plus each of
the following enzymes: BamHI, Pvull, Accl and Sacl. Plasmids of interest
(pd12000 series) were grown on large scale (400ml1) and purified for biological
testing. The deletions in molecules which proved important were chemically
sequenced (43) from a 5'-label at the Pvull site (70mu, nt 5264) after
secondary cleavagg with KpnI (59.2mu, nt 4693) for d12025, d12035, d12038,
d12039 and d12121 . Certain of the deletions which extended bidirectionally
from the original Xhol site were used to construct unidirectional mutants by
ligation of Xhol + Clal fragments (Clal cuts once in pAT153 but doesn't cut Py
DNA) from the mutant plasmids to the appropriate Xhol + Clal fragment of the
parental plasmid p43.2b.67. The unidirectionals were called either L or E to
indicate whether the deletion extended towards the late (L) or early (E)
region.

A further deletion mutant (d12020P) lacking the small Pvull fragment
from 67.4-70.0mu was constructed, starting with a plasmid [pG20, the gift of
J. Jenkins and A. Cowie] in which the Py Sacl fragment from 52.1-81.3mu was
inserted into the Pstl site of pAT153 with GC tails. pG20 was cleaved with
Pvull, circularised at low concentration, and recloned to yield pG20P, Tacking
the small Pvull fragment. The viral BamHI-BglI (58.0-72.2mu) fragment from
pG20P was 1ligated to a BamHI + Bgll digest of Py DNA, and after BamHI
redigestion, the mixture of products was ligated to BamHI digested pAT153 and
transfected into E.coli HB101. A plasmid containing Py linear DNA lacking the
Pvull fragment, inserted into the BamHI site of pAT153 (p d12020P), was
isolated. Plasmid p2020 was constructed in parallel, but contained the wild-
type BamHI to Bgll fragment from pG20. Plasmid pd12006, containing a viral
genome with deletions around both Pvull sites at 67.4 and at 70mu was
constructed by cloning d12012 (a mutant lacking the Pvull at 70.0mu isolated
in mouse embryo cells) into pAT153, partial cleavage with Pvull, exonuclease
IIT digestion followed by S1 nuclease treatment, blunt end 1ligation and
recloning in HB101l. The deletions in pd12006 and pd12020P were sequenced from
a 5'-label at the Hpall site (70.5mu, ntl) after secondary digestion with
BamHI or KpnI (58.0 and 59.2mu). That in pd12012 was sequenced from the Pvull
site at 67.4 mu after secondary cleavage with Bgll (72.2mu).
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RESULTS

Deletions at 67 map units were not recovered when modified Py DNA was grown in
mouse cells.

Our initial goal was to identify sequences involved in Py late gene
expression by the isolation of deletions which were either viable or
complemented by early gene ts mutants. To this end, viral DNA was modified
around any of the four cleavage sites for restriction endonuclease Pvull (see
Fig. 2) and transfected into mouse embryo cells, with and without helper tsa
(40; a large T-protein ts mutant) DNA. Two of the Pwvull sites (at 67.4 and
70.0mu, see Figs. 1 and 2) occur between the replication origin and the
beginning of 1late protein coding sequences. The site at 67.4mu was of
particular interest because it lies between the sequences which determine the
most abundant of the heterogeneous capped 5'-ends of late region mRNAs and the
only potential Hogness-Goldberg 'TATA'-box (11,12,30) in the late 5'-flanking
sequences (Fig. 1). As this site is some 300 bp upstream of the major early
mRNA cap sites (Fig. 1), we did not originally expect deletions around it to
affect early gene expression. The data shown in Figure 2 summarises the
rather surprising distribution of deletion mutants obtained. A number of
mutants lacking the Pvull site at 92.1mu were isolated. These are similar to
known viable mutants (16,17), and were not further characterised in this
study. Some of them subsequently proved useful in mapping regions of the Py
middle-T protein important for oncogenic transformation (Nilsson, S., Tyndall,
C. and Magnusson, G., manuscript in preparation). No mutants lacking the
Pvull site at 8.9mu were anticipated or found, because this occurs within
sequences essential for large T-protein function (3,4). Viable mutants
deleting the site at 70.0 mu (nt5267) were isolated in very low yield. This

Figure 2. Analysis of Pvull deletion
mutants isolated in mouse cells. Py DNA was
partially cut with Pvull, modified and used
to transfect WME cells, alone or with tsa
DNA helper, as described in Methods. Virus
plaques (50 with helper, 50 without) were
picked and screened for DNA deletions around
the Pvull sites. The map shows the locations
of the four Pvull sites (1) on the circular
Py genome with respect to landmarks in the
origin region shown in Figure 1. The table
summarizes the yield of mutations lacking
each of the four sites.
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was expected because it is very near the origin of viral DNA replication
(5-7). The larger mutant obtained (d12012) proved to extend entirely away
from the origin, deleting nt5235-5267 and preserving the T8 tract from nt5271-
5278 (cf Fig. 3). This agrees with the recent demonstration that deletions
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Figure 3. Positions of deletions in the DNA sequence. Bent arrows indicate
the Timits of deleted sequences. Xhol linker sequences (CCTCGAGG), inserted
at the site of deletmn, are not shown. The sequence is the one we have
determined for this region of the viral insert in our or1g1na1 cloned DNA
(p43.2b.67). It differs from that published for the A3 virus strain (2) at
one point (no C between A5155 and T5156), and from that for the A2 strain (4)
at five points (these differences are indicated by (V) for a bp deleted, and
by overlining for a bp inserted with respect to the previously published [4]
A2 sequence). The A2 numbering system is modified to accomodate the sequence
changes (total Py sequence length now 5295). At the top is shown the lefthand
portion of Figure 1, with regions A, A, and A- (see text) demarcated. Arrows
represent dyad symmetries, with imperfections marked with spaces. Pairs of
letters (a, a'; b, b' etc) correlate the components of each dyad.
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impinging on the T tract are cis defective for viral DNA replication (G.
Magnusson, personal communication). The major surprise was that we were
unable to isolate any deletions spanning the site at 67.4mu. Control
experiments demonstrated that this site was represented in the partial Pvull
digests. The absence of the expected mutants could merely reflect bad Tuck,
but we decided instead to test the more optimistic hypothesis that this region
contains a cis acting sequence important for early gene expression and/or for
viral DNA replication.

Construction and characterisation of deletion mutants using cloned viral DNA

Further deletion mutations were constructed (see Methods) within full
length viral DNA cloned in the BamHI site of plasmid pAT153 (34) and
propagated in bacteria. This simplified the isolation of mutants,
particularly those potentially defective in viral DNA replication. The
mutants are shown diagrammatically in Figure 1 and in more detail in Figure 3.
Except where noted in the figure legend, the mutants all have an Xhol linker
inserted at the site of deletion. Most are within the region designated A in
Figures 1 and 3 (from the Bcll site at 65.4 mu to the Pvull site at 70.0).
The Pvull site at 67.4 mu divides region A into subregions AL and AE (Figure 1
and 3). Some mutants extend across this site and lack sequence from both
subregions, whereas others extend only from the Pvull site into either A or
AE' One mutant (pdl 2012) lies within AE but extends instead from the Pvull
site at 70.0 mu; pdl 2006 is a double deletion derived from pdl 2012 which
lacks further sequence from AE proximal to the Pvull site at 67.4 mu.

Mutant viral DNAs were tested for their ability to form plaques on
mouse embryo cells after excision from their vectors (Table 1). DNA with
multiple Xhol linkers inserted at 67.4 mu (p43.2b.67), an intermediate in the
production of many deletions (see Methods), was wild-type for plaque
formation, as was a linker insertion mutant at 70.0 mu (nt 5267). The viral
DNA from mutants lacking the origin distal 38 or 51 bp of subregion AE (pdl
2038 and pdl 2025E, see Figure 3), and the DNA from a mutant lacking the
origin proximal 33 bp (pdl 2012), were viable (Table 1). Removal of all of
region AE (pd1 2020P), or introduction into pdl 2012 of a second deletion
removing the origin distal 85 bp (d12006), eliminated viability (Table 1).
These data suggested that a sequence near the middle of Ag (68.4-69.0 mu, nt
5185-5215) was essential. A mutant lacking 10-15 bp from the origin proximal
side of subregion Al (pd1 2125) was viable, extension to 30 bp resulting in
small plaques (pdl 2039L), but mutants lacking 36 bp or more were nonviable.
This suggested the existence of a further important sequence within A_ near
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Table 1
nucleotides Viability f
deleted plaque Relative amounts?® Complementation
Plasmid DNA A Ac A formation of replicated DNA by p2020 (wt)
WT
p2020 +++4
p43.2b.67 normal +Hit
Ae
pd12012 33P normal ++ N.D.
pd12038 38 normal ++ none
pd12025E 51 b normal +++ none
pd12006 85+33 negative + negative
pd12020P 139 negative + negative
A
pd121254 cals normal " N.D.
pd1203Qc 30 small plaque +++ N.D.
pd12047¢+9 36 2 negative et none
pd12025L 64 negative +++ N.D.
pd12121 82 negative + slightly negative
pd12121* 82 negative +/- positive
pd12035L 102 negative ++ N.D.
A
pd12004¢ -4 cal0® N.D. ++t none
pd12007¢» ca25® N.D. +++ none
pd12039 d 30 36 negative +/- negative
pd12054 ca50 ca 40 N.D. - N.D.
pd12025 d 64 51 negative - none
pd12031 cab5 ca 55 N.D. - N.D.
pd12035 d 102 67 negative - none
pd12089d ca% ca 80 N.D. - N.D.
pd12023d ca30 cal30 N.D. - none
pd12112 ca220 ca 30 N.D. - none
pPytsa3l o ts +HH44 -
pPytsa39 +/- positive

a. An arbitrary scale of - to ++++ is used to reflect visual comparison of gel band
intensities. We do not consider difference between ++ and +++ to be beyond
experimental error. b. The 33bp deletion extended from the Pvull cleavage site at 5267
into Ac. pd12006 additionally has an 85bp deletion extending into A from the Pvull
site at 5130. c. These deletion mutants do not contain an Xhol linkér. d. Sequence
analysis was not done. The deletion was approximately positioned by restriction enzyme
analysis (Accl, Xhol, Pvull, BamH-I). e. The deletion removes the Pvull site at 67.4
mu but its extent into or A. is not known. f. “none* indicateg no effect of helper
DNA on replication. "“N.U."“ inaEicates that tests were not done. This mutant contains
three Xhol linkers at the site of deletion.

66.8 mu (nt 5100). No other deletion mutant assayed formed plaques (Table 1).
Deletion mutants defective in early gene expression
We suspected that certain mutants were nonviable because of defects in

early gene expression. Other experiments done in our laboratory had shown
that removal of sequence from 65.4-70.0 mu decreased the oncogenic
transforming activity of the viral DNA in a progressive manner as the residual
viral sequence between vector DNA and the Pvull site at 70.0 was shortened (P.
Jat, A. Cowie, U. Novak, C. Tyndall, and R.K., submitted for publication).
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Transformation depends on early gene expression. We therefore measured this
function more directly in transient assays. Deletion mutants were initially
screened for their ability to express Py large-T protein by determining the
percentage of cells with positive T-antigen immunofluorescence 60-72 hours
after calcium phosphate mediated transfection. Although this assay is both
sensitive and convenient, the quantitative relationship between expression
level and the percentage of Py T-positive cells, is unknown and unlikely to be
direct. We therefore subsequently checked certain deletion mutants by two
less ambiguous methods, immunoprecipitation of 35S-me'chionine labeled protein
(37) and direct RNA determination using a variation of the nuclease S1 gel
mapping procedures (44).

Immunofluorescence results are summarized in Table 2. We used three
different recipient cell 1lines, which were all non permissive for Py DNA
replication: Hela, F2408 (ratl) fibroblasts (35), and their TK™ derivative,
rat2 fibroblasts (established by W. Topp, personal communication).
Approximately 20-30% of HelLa cells, 8-15% of rat 2 cells and 1% of ratl cells
showed positive Py T-antigen nuclear immunofluorescence after transfection
with a plasmid (p37.3.A2) containing wild-type DNA or a plasmid (p43.2b.67)
with Xhol 1linkers inserted in viral DNA at 67.4 mu (Table 2). This
immunofluorescence indicated the expression of the Py large T-protein because
a plasmid encoding only this early protein (pPyLTl, A. Cowie, R. Treisman and
R.K., unpublished construction) afforded similar results whereas one
expressing only the Py middle-T protein (pPyMTl) yielded no positive cells
(Table 2). A viable deletion mutant (d175 [19,46], cloned into pAT153 to
yield p37.29.75) lacking much of NER-E2 (see Figure 1), produced only slightly
reduced levels of positive cells (Table 2), although it is known to synthesise
very reduced amounts of early proteins during the productive infection of
mouse cells (46). A1l of the region A deletion mutants tested had reduced or
negative expression levels as measured by this assay (Table 2). In general,
qualitatively similar results were found among the three cell lines used, but
some quantitative differences were noted among mutants with intermediate
phenotypes. Removal of subregion Ag (pd12020P) reduced the percentage of
T-positive HelLa cells to about 14% of control levels; the negative effect was
less marked with the rat cells, but this difference may not be significant.
Removal within AE of the origin-distal 85bp plus the origin-proximal 33bp
(pd12006) reduced expression in HelLa cells to less than 1%; this mutant in rat
cells, however, expressed at the same moderate level as the one (pd12020P)
lacking all of region AE' In this case the difference between the results
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Relative Percentage of T-positive Cells Extent of deletion (bp)

Plasmid DNA Hela F2408 ratl  F2408 rat2 A A A
p37.3.A2 100 - - - - -
p43.2b.67 100 100 100 - - -
p37.29.75 56 (1) 68 (3) - - - -
pPyLT1 109 (3) - 49 (2) - - -
pPyMT1 0 (3) 0 (4) 0 (4) - - -
A
pd12039L 19 21; - - 30 -
pd12025L 5 (1 - - 64
pd12121, 0 (1; - 24 m 82
pd12121 a (3 - a (4 822 .
pd12035L a  (2) - - 102

A
d12038 25 (4) 56 (2) 21 (2) - 38
d12006 <1 (5) 36 (4) 12 (2) - 33485
d12020p 14 (3) 36 (2) 40 (1) - 139

A
pd12039 20 (3) 50 23; 10 (2) 30 36 66
pd12026 - 10 (1 - ca 90
pd12025 0 (2) 0 (2; 4 (3; 64 51 115
pd12005 0 (2) 0 (2 6 (3 64 513 115
pd12023 0 (4) 0 (4) 0 (2 ca 30 cal30 cal60
pd12035 0 51; 0 {1; 2 (3 102 67 169
pd12089 0 1 0 (1 0 (1 ca 95 ca 80 cal’s
pd12033 0 (1) 0 (1) a (1) >50 > 150 > 200
pd12032 0 (1) 0 (1) 12 (1) 5200 < 10 > 210
pd12044 - - 0 (1) 200 call5 > 315
pd12055 - - 0 (1) > 400

Table 2. Screening early gene expression by determining the percentage of
cells with positive Py large T-protein immunofluorescence 60-72 hr post-
transfection. Results are normalised to values obtained in the same
experiment with the control (p43.2b.67) plasmid DNA, and are averages of
independent determination where appropriate. Numbers of independent
determinations are shown in parentheses. a. deletion with multiple Xhol
linkers (3 in d12121 and 8 in d12005)

with the two species of recipient cells was statistically significant; its
explanation is under investigation using the more quantitative direct analysis
of viral RNA described below. Deletion of only the origin-distal 38bp from AE
(viable mutant pd12038) resulted in a 2-4 fold decrease. Deletions extending
into region AL progressively reduced T-antigen expression, reaching a very low
but still detectable level in HeLa cells when 82bp were removed. A short
deletion extending 30bp into AL and 36bp into AE (pd12039) moderately reduced
the level of T-positive cells, whereas removal of 64 and 5lbp, respectively,
virtually eliminated it (pd12025 and pd12005). Large deletions extending
across the AL/AE junction were ’simﬂarly negative or severely depressed.
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These data suggested that sequence elements located on either side of the
Pvull site at 67.4 mu were important for early gene expression.

To correlate the immunofluorescence data with actual expression levels,
we used the immunoprecipitation of 35S-labeled T-antigens to test critical
mutants. This proved feasible only in Hela cells. The results presented in
Figure 4A show that large, middle and small T-proteins were readily detectable
in HeLa cells transfected with the plasmid containing viral DNA with multiple
Xhol linkers at 67.4 mu (p43.2b.67). By contrast, deletion mutants which
showed intermediate levels of T-positive HeLa cells (d1 2038 and d1 2039) had
far less large T-protein (middle and small T antigens were undetectable). No
large T-protein was found with the other mutants tested. These data
qualitatively confirm the conclusions derived from immunofluorescence
experiments, but imply that the latter assay rather overestimated actual
expression levels.

A p43.2b67 pdi2006 pdi2025 pdi2038 pdi2039 pdi2121™ B M12345 67891011 M

SIEM T N T N T JIGN T N T N 7T

Figure 4. Panel A: HelLa cells trans-
ST~ 88 - fected with the indicated plaggnd
DNAs were 1labelled with
methionine. Viral early protems
were immunoprecipitated and
fractionated by SDS gel electro-
phoresis (see Methods). Py 3T6
lanes include markers for large T (LT), middle T (MT) and small T (ST) from
mouse cells infected with virus N-nonimmune and T-immune sera. Panel B:
1-521 mapping (11,44) the 5' ends of deletion mutant early mRNAs. The
P-labeled, single-stranded, Hinfl fragment of Py DNA from nucleotide 388
to 5077 (4) was annealed to 10ug of cytoplasmic RNA (38) from HeLa cells
transfected with each of the following DNAs: 1. plasmid p43.2b.67; 2. a
plasmid encoding only large-T protein ?pPyLTl), 3. a plasmid encodmg only
middle-T protein (pPyMT1); 4. pd12006; 5. pd12023; 6. pd12025; 7. pd12038; 8.
pd12039; 9. pd12121*; 10. pd12035L. Lane 6 was reference mRNA from . virus
infected 3T6 cells. The S1 resistant products resolved on the 5%
polyacrylamide urea gel (47) of ca 235 and 245 bases map the major early
region cap sites at nt 145-155 (see Fig. 1).
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We further assayed the quantity and quality of the early region mRNAs
synthesized after transfection using nuclease Sl-gel mapping of the 5'-ends.
Control plasmids (Figure 4B) produced, in HeLa cells, early region mRNAs with
the same 5'-termini as those from productively infected mouse cells. Viral
mRNAs with correct 5'-ends were found at drastically reduced levels with the
two deletion mutants (d1 2038 and d1 2039) which produced moderate percentages
of T-positive cells and detectable amounts of immunoprecipitable protein. No
other deletion mutant examined synthesised quantities of viral mRNA measurable
with this assay. The S1 mapping results thus agree quantitatively with those
from immunoprecipitation. Further investigation of the 5'-termini of deletion
mutants severely impaired 1in early gene expression required substantial
increase in the sensitivity of the hybridisation assay and will be presented
elsewhere.

Deletion mutants cis-defective in viral DNA replication

The demonstration that removal of DNA sequence from within region A
impairs or eliminates early gene expression does not exclude the possibility
that some mutants also have a defect in viral DNA replication which acts in
cis. We therefore tested the ability of the deletion mutant DNAs, after
excision from their vectors, to replicate in permissive mouse embryo cells
with and without helper wild-type DNA as a source of early proteins. The
replication assay used (48) exploits the fact that viral DNA propagated in
E.coli is methylated at the A of GATC sequences by the DAM methylase (49).
The methylation, which is stable in animal cells, renders the DNA resistant to
restriction endonuclease Mbol. Progeny molecules produced by DNA replication
are not GATC methylated and therefore recover Mbol sensitivity. Results are
summarised in Table 2 (data submitted for review but not included for
publication). The viral DNA with Xhol Tinkers inserted at 67.4 mu (43.2b.67)
replicated as well as wild-type viral DNA. Among deletion mutants, some
replicated nearly as well as the wild-type, others replicated less well, very
poorly, or not at all. This range of phenotype is indicated using an
arbitrary scale (++++ to -) in the table. As might be expected, there was a
general correlation between replication without helper and the ability of the
mutant to express its early genes. For example, viable mutant d12038
replicated and expressed relatively well, whereas nonviable mutants d12025 and
d12035 expressed very poorly and didn't replicate. There was, however, a
curious exception. Nonviable mutant d12039 (lacking 30bp from AL and 36 from
AE) expressed early protein and early region mRNA as well the viable mutant
d12038 (lacking 38bp from AE)’ but it replicated far less well (compare Figure
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4 with table 1). Results of complementation assays, in which wild-type viral
DNA retained in its vector was co-transfected with the mutants, were also
surprising. In these assays, the mutant and helper DNAs could in general be
distinguished by their Mbol restriction patterns, but in certain instances
MboI and Xhol digestion was necessary. Positive complementation was obtained
with only one mutant (d12121*, see below). Deletion mutants (such as d12025
and d12035) which did not replicate alone also did not replicate with helper.
Mutants (such as d1 2020P and d1 2039) which replicated poorly by themselves
were inhibited by addition of "helper" DNA (negative complementation).
Control experiments using the large T temperature sensitive mutant, tsa (40),
demonstrated that cotransfection could yield positive complementation (Table
1). In addition, the one exceptional deletion mutant, pd12121*, was
positively complemented. This mutant has three Xhol linker sequences inserted
at the site of a deletion removing 82bp from region AL. Removal of two linker
sequences (generating pdl 2121) restored much of the replicative ability of
the mutant, but in this case added helper was slightly inhibitory such that,
with helper, pdl 2121* and pdl 2121 replicated to similar extents.

We inferred from these data the tentative conclusion that manipulation
of the DNA sequence within region A can cause a cis-acting impairment in viral
DNA replication, in addition to the previously demonstrated defectiveness in
early gene expression. The critical sequences are not continuous with the
known replication origin region because at least 33bp can be removed from the
origin proximal end of region Ag (viable deletion pdl1 2012) without affecting
viability or substantially decreasing replicative ability. The negative
complementation observed with several mutants suggested that they
unsuccessfully competed with helper wild-type DNA for a limiting factor. It
was therefore impossible to assess the actual replicative abilities of such
mutants by cotransfection with helper DNA because the source of the large
T-protein was also a competitive inhibitor.

Replication of mutant DNAs in Py transformed mouse cells (COP lines)

An alternative approach to measuring the replicative abilities of
deletion mutants would be to use permissive mouse cells containing a
replication defective integrated viral genome as the source of the large T
protein. Such cell 1lines exist for SV40 (the monkey cell COS, 1lines
established by Gluzman [50]), but are not permissive for Py DNA replication
(our unpublished observations). We therefore established the equivalent Py
transformed mouse cell lines by transfecting C127 mouse cells (51) with a Py
deletion mutant (lacking 70.33 - 7239 mu, nt 5287 to 104) which was expression
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positive but replication negative. The detailed characterisation of these
cell lines, which we named COP cells (by analogy to the SV40 "COS" cell lines)
will be presented separately. The transformed lines selected for use here,
COP-3 and COP-5, express full length Py 1large T-protein but produce no
detectable unintegrated viral DNA molecules. The COP cells were transfected
with recombinant plasmids and replication was assessed using the Mbol
sensitivity assay (Figure 5). A recombinant containing a Py genome with a
deletion within large T-protein coding sequences (pTK Py.2.1) replicated in
the COP cells, as did recombinants containing viral fragments spanning region
A plus the origin region (p35.15.A2 and pG20, see Fig. 5). These data
demonstrate the functionality of the large T-protein expressed by COP cells.
Truncation of the viral DNA insert in one of the plasmids (p35.15.A2) by
removal of region A (to form pPl7) abolished replicative ability. Removal of
only region Ag (pG20P and pd12020P) markedly inhibited replication. One of
the deletion mutants discussed above (pd1 2039, which has a deletion spanning
the AE/AL junction) also replicated far less well than controls, whereas two
other slightly longer deletion mutants (pdl 2025 and pdl 2035) were
replication incompetent in COP cells, as was mutant pd]2121*. Experiments to
directly compare the replicative abilities of pd12038 and pd12039 (see
preceeding section) are in progress.

These results clearly demonstrate that a sequence located within region
AE is required, in cis, for efficient viral DNA replication. They further
establish that removal of 115 bp around the Pvull site at 67.4 mu (64 bp from
AL plus 51 bp from AE) eliminates the ability to replicate. As such deletion
mutants also fail to express early genes, they appear to be biologically
inert.

DISCUSSION

We have begun a functional analysis of the noncoding region of Py DNA
to the late region side of the replication origin by the construction and
characterisation of internal deletion mutations. Some mutants were viable.
Others had moderate or severe defects in both viral DNA replication and early
gene expression. Possible effects on late gene expression have not as yet
been investigated. The use of deletion mutants to accurately localise
regulatory elements is always complicated by the fact that removal of a
specific sequence brings others into abnormal juxtaposition. This is
particularly relevant to the results reported here because the functional
elements appear to be either repeated or dispersed over a considerable
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Figure 5. Replication assays with Py transformed C127 (COP) cells. The
cells, either COP-3, COP-5, or a control T-antigen negative (and apparently
untransformed) cell line derived in the same experiment which produced the COP
lines, were transfected (31) with the indicated recombinant plasmids (100 ng).
Three days post-transfection, low molecular weight DNA was extracted and
analysed for progeny viral DNA sensitive to endonuclease Mbol as described in
Methods. Tracks M show the six fragments produced by Mbol digestion of Py
DNA. DNA with a temperature sensitive mutation in the large T gene (tsa)
provided one of the controls for positive complementation (this DNA was not
grown as a plasmid and therefore the input was also Mbol sensitive). The
upper panels show shorter and the lower panels show longer autoradiographic
exposures, except for the gel on the far right (no further bands were visible
on longer exposure), where the lower panel is a separate experiment. In this
experiment, the viral DNA inserts were excised from the vectors prior to
transfection. Excision enhanced the ability of the DNA to replicate in the
untransformed control cell line. The diagram below the autoradiograms shows
maps of the viral DNA inserts in the plasmids relative to the large T-protein
coding sequence and region A. Plasmids pP17 and pTKPy2.1 (which also contains
an HSV TK gene) were the generous gifts of U. Novak and M. Fried,
respectively.
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distance. It is obvious that a more extensive set of sequence alterations
must be constructed to accurately enumerate and position the regulatory
elements, but nevertheless important conclusions can be made.

The viable mutants map nonessential regions (NERs) of the viral genome
not identified previously (cf. Fig 1 and Fig 3). NER-L1 extends away from
sequences known to be important for viral DNA replication by a minimum of 33
bp (nt 5267-5234; one deletion mutant of less than 5 bp previously described
(17) lies within this region); the limit distal from the origin has not been
determined. NER-L2 extends from nt 5130 toward the replication origin by at
least 51 bp, whereas NER-L3 extends from the same position towards the late
region by about 30 bp. We do not as yet know whether the short deletions
spanning nt 5130 are viable, but we suspect they will be because such DNAs (dl
2004 and dl 2007) replicate well in mouse cells without helper (Table 1).
Larger deletions, such as d1 2039, which remove NER-L3 and much of NER-L2 (36
bp) were nonviable. For this reason we provisionally consider NER-L2 and
NER-L3 as separate domains, either but not both of which can be removed
without loss of viability.

We were initially surprised to find that deletion mutants within region
A (Fig 1) were defective in early gene expression. The AE/AL junction is more
than 300 bp 5'- to the principal early mRNA cap site (Kamen et al, submitted
for publication), and we know that these cap sites are transcriptional
initiation points (A. Cowie, P. Jat, and R. Kamen, in preparation). The cap
sites and the 'TATA' box which preceeds them are within NER-E2 (Fig. 1). A
viable deletion mutant (d1 75, Table 2) spanning much of this putative
promoter region was tested in transient expression assays and found to be only
slightly defective in early gene expression as measured by T-antigen
immunofluorescence. Using the same assay, a 115 bp nonviable deletion (pdl
2025) approximately centred on the AE/AL junction was very severely impaired.
Therefore an upstream region remote from the cap sites is far more important
for efficient gene expression in vivo than proximal sequences. We have shown
elsewhere, however, that deletion of the proximal sequences causes increased
heterogeneity of mRNA 5'-ends (Kamen et al, submitted for publication). These
results are similar to those described for other genes (24,52,53), but the Py
upstréam element is some 200 bp more remote.

The detailed interpretation of the effects of different mutations
within region A on early gene expression is made difficult by the deletions/
Juxtaposition conundrum. Deletions extending either 30 bp into region AL or
38 bp into AE (d1 2039, d1 2039L and dl 2038) were found to express correct
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early region mRNA, but at no more than 10% of the wild-type level in direct
assays. Longer deletions extending into AL were further impaired. Mutants
lacking the origin-distal 85 bp from AE’ or all of AE, were moderately
impaired when assayed by T-antigen immunofluorescence in rat cells; no early
region protein or mRNA was detected in HeLa cells using more quantitative
assays. Such data strongly suggest that there is more than one critical
sequence, but positional relationships may be important. We are now
constructing further mutants to test the hypothesis that the important
sequences are the striking regions of dyad symmetry indicated in Figure 3,
particularly those at nt 5031-5052 and at 5158-5201.

The closely related virus, SV40, also has an upstream region critical
for early gene expression on the late side of its origin (24,54). This, in
strain 776, is a 72 bp direct repeat (1), one copy of which is dispensible
(24,54). The 72 bp sequence can enhance expression from promoters of other
eucaryotic genes linked to it (27,28). This effect is orientation independent
and can act over long distances. Region A of Py DNA similarly enhances the
expression of the rabbit B-globin gene (J. de Villiers and W. Schaffner,
submitted for publication) in transient assays and stimulates the transforming
activity of the HSV thymidine kinase gene (U. Novak, personal communication).
We searched for homology between Py region A and the SV40 72 bp sequence using
the Stanford SEQ program. Three interesting regions of imperfect homology
were found, from Py nt 5025-5039 (overlapping one of the dyads indicated in
Fig. 1), from nt 5173-5188 (within the longest dyad region), and from nt
5212-5230, including a perfect CCCAGGC match (this region is within that
duplicated in PyF9 mutants (21-23)). The statistical significance of these
homologies was not high, and indeed better matches can be found elsewhere in
the Py genome. However, the occurrence of sequence homologies between regions
of related function is worth noting. We have also found homologies among the
three sequences in Py region A, the SV40 72 bp sequence and the 73 (55) or 69
(56) bp direct repeat in the Moloney murine sarcoma virus LTR (similar
observations have been made by J. Banerji, personal communication). The MSV
sequence can functionally substitute for the 72 bp repeat in SV40 DNA (P.
Gruss and G. Khoury, personal communication), and contains striking dyad
symmetries. Although the Py A2 strain we use has no perfect tandem repeats in
region A, other Py viruses, and several of the PyPCC4 (20) and PyF9 (21-23)
mutants, have them (E. Ruley, unpublished sequence results and alternative
interpretation of the PyPCC4 DNA structures).

The major functional differences between Py region A and the SV40 72 bp

6247



Nucleic Acids Research

repeat is that the former includes sequence absolutely required, in cis, for
viral DNA replication. Plasmids lacking a complete copy of the SV40 72bp
sequence have been shown to replicate in COS cells (57,58). While we once
again cannot state exactly where within region A the critical element lies, we
know that it is not continuous with the previously identified origin region.
For example, mutant d1 2039, which lacks only 66 bp approximately centred on
the AE/AL junction has a cis-acting defect, whereas d1 2012 lacks 33 bp
proximal to the origin and is viable. Curiously, the replication of partially
defective mutants is inhibited by "helper" wild-type DNA, implying the
competition for a limiting factor. We do not know whether region A comprises
common elements which regulate both gene expression and DNA replication, or
distinct but intermingled regulatory signals. As only some of the possible
functions for "enhancer" sequences which have been discussed (27,28) can
account for a dual role in replication and transcription, it is important to
distinguish between the alternatives. One approach to this problem is to
study SV40/Py recombinants. Preliminary results (C. Tyndall and J. de
Villiers, unpublished experiments) suggest that the origin region of SV40
(from KpnI to HindIII) can replace both the expression and replication
functions present in Py region A.
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