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The polyomavirus origin for DNA replication comprises at least two essential, but functionally distinct,
cis-acting components. One of these, the origin core, is required only for DNA replication. It includes binding
sites for large T antigen and the origin of bidirectional DNA replication. The other component is required for
both transcription and DNA replication and is represented by two functionally redundant regions, a and 1,

which are elements of the polyomavirus enhancer. Whereas either enhancer element will activate DNA
replication, both enhancer elements are required to constitute a functional enhancer of transcription. To
identify the sequences that make up each enhancer element, we have subjected them separately to in vitro
mutagenesis and measured their capacity to activate replication in cis of the origin core in MOP-8 cells, which
provide all trans-acting replicative functions including large T antigen. The results reveal that the a enhancer
element is composed of three subelements, two auxiliary subelements, and a core subelement. The core

subelement independently activated DNA replication, albeit poorly. The auxiliary subelements, which were
inactive on their own, acted synergistically with the core subelement to increase its activity. Interestingly,
dimers of the core subelement functioned as well as the combination of a auxiliary subelement and a core
subelement, suggesting that the subelements are functionally equivalent. The a enhancer element is organized
similarly; it too comprises an auxiliary subelement and a core subelement. These results lead us to suggest that
the polyomavirus enhancer comprises two levels of organization; two or more enhancer elements form an
enhancer, and two or more subelements make up an enhancer element. The subelements share few sequences
and serve as binding sites for distinct cellular factors. It appears, therefore, that a number of different cellular
proteins function cooperatively to activate polyomavirus DNA replication by a common mechanism.

Replication of polyomavirus (Py) requires the interplay of
a virally encoded protein, large T antigen, cellular proteins
including permissive factors, and cis-acting sequences de-
fining the functional replication origin (3). Large T antigen is
required to initiate viral DNA replication (5) and acts by
binding to sequences within and adjacent to the replication
origin (7, 9, 34). Once bound to DNA, Py large T antigen, by
analogy to that of simian virus 40 (SV40), unwinds DNA in
its vicinity, thereby permitting the action of cellular enzymes
including permissive factors (43). The latter is likely DNA
primase-DNA polymerase a complex or an associated cel-
lular protein (25, 36). The formation of an initiation complex
is followed by RNA-primed DNA synthesis which occurs
initially within the origin at several sites on the template
strand encoding the early proteins. Subsequently, initiation
of RNA-primed DNA synthesis occurs on the opposite
strand of replication forks (11).
The replication origin of Py comprises two functional

components, an auxiliary component and a core component
(23, 41). The origin core is the site of action of large T antigen
and comprises no more than 67 base pairs (bp) (14, 23). It is
composed of three regions including an AT-rich stretch at its
late border, a central GC-rich palindrome (which includes
two repeats of the large T antigen binding site, 5'-GAGGC-
3', on each strand [7, 32, 33]), and an imperfect repeat
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defining its early border. Mutations in each of these se-
quence features impair the capacity of the origin core to
function (18, 40).
The auxiliary component of the Py origin is positioned at

its late border and comprises two functionally redundant
elements which make up part of the viral enhancer (23).
These elements have been named alpha (a) and beta (1) (23)
and correspond to enhancer elements 2 and 3 (22). (The
names a and 1 were applied to the replication activators at a
time when their identity to the transcription enhancer ele-
ments was not known.) A functional Py origin comprises
either one of the enhancer elements, a or 1, and the origin
core. The Py origin core cannot function on its own as an
autonomous origin in permissive mouse cells expressing
large T antigen (23, 41, 42).
How the enhancer elements function to exert their effect

on replication or transcription is not understood. To better
understand this process, we have attempted to identify the
viral sequences in the enhancer elements which are required
for replication activation. Because only one element is
sufficient to activate Py DNA replication, whereas a mini-
mum of two is required to enhance transcription, we used
the replication assay to assess the activity of mutant forms of
each enhancer element. To accomplish this objective, we
mapped the borders of the a and 1B elements by deletion
mutagenesis and identified the critical sequences within their
borders by linker-scanning (LS) mutagenesis. The results of
our analyses revealed that each enhancer element is com-
posed of the following subelements: auxiliary sequences,
whose mutation reduced function, and core sequences,
whose mutation abolished function. The auxiliary subele-
ment and core subelement acted synergistically to activate
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DNA replication. The subelements share few sequences and
interact in vitro with different DNA-binding proteins (2, 6,
13, 28, 30-32). These results suggest that a number of
different enhancer-binding proteins can activate Py DNA
replication, presumably by a common mechanism.

MATERIALS AND METHODS

Cells. MOP-8 cells (24) were grown on plastic petri dishes
with Dulbecco modified Eagle medium supplemented with
10% (vol/vol) calf serum and antibiotics and maintained at
37°C in a humidified CO2 atmosphere. Cells were passaged
by trypsinization after reaching confluence and were replat-
ed at approximately 104 cells per cm2.

Preparation of DNA and its modification. Recombinant
plasmid DNAs were isolated from Escherichia coli DH1 and
purified by CsCl density gradient centrifugation (8). Diges-
tions of DNA with restriction endonucleases were per-
formed in accordance with conditions specified by their
manufacturers. Modification of DNA by treatment with the
Klenow fragment ofDNA polymerase I, T4 DNA ligase, and
Bal 31 nuclease was carried out as described previously (19).

Construction of recombinant plasmids. The recombinant
plasmids that served as substrates for mutagenesis or were
used in replication assays were derived from molecules
whose construction has been described previously (23). The
various recombinant plasmids were named according to their
composition whenever possible. The abbreviation pd
(plasmid deleted) refers to pML2, P refers to Py, and the
remaining letters or numerals refer to restriction endonucle-
ase cleavage sites and nucleotide (nt) numbers in Py DNA.
To facilitate the isolation of deletion mutants and LS

mutants, we modified pML2 DNA as follows. The BamHI
site was destroyed by cleavage with BamHI, the ends were
digested with Bal 31 nuclease, and an XhoI linker was ligated
to them. After cleavage with an excess ofXhoI, ligation, and
transformation of E. coli, a plasmid which had lost nt
sequences 325 through 465 and acquired an XhoI linker in
their place was recovered and sequenced. This plasmid,
pMLX, was further modified by removal of the SalI site at nt
651 and the replacement of this with a BamHI site. This was
achieved by cleavage of pMLX with Sall, backfilling the
3'-recessed ends with the Klenow fragment of DNA poly-
merase I, and ligation of BamHI linkers. Cleavage of this
DNA with an excess of BamHI followed by circularization
with T4 ligase and transformation of E. coli led to the
recovery of the plasmid, pMLXB, which contained a BamHI
site in place of the SalI site. pMLXB served as a vector for
the Py origin and its mutated derivatives.

Isolation of mutant recombinant plasmids. A series of
late-side (ALB) and early-side (AEB) unidirectional deletion
mutants of the A enhancer element was constructed by use of
the plasmid pdPPl(B)Bg(H) as displayed in Fig. 1. The latter
plasmid contains Py sequences from nt 5130 through the
numbering origin to nt 90 as a BamHI-to-HindIII fragment
cloned between the same sites in pML2 (23). The numbering
system of Soeda et al. (37) is used here. Late-side unidirec-
tional deletion mutants were isolated by cleavage of this
plasmid with BamHI, erosion of the ends for various periods
with Bal 31 nuclease, blunting of the ends with the Klenow
fragment ofDNA polymerase I, and ligation of XhoI linkers
(5'-CCTGCAGG-3'). The DNA was then digested to com-
pletion with HindIII and XhoI, and the Py sequences were
cloned between the HindlIl and XhoI sites of pMLXB.

Early-side unidirectional deletion mutants of the ,B ele-
ment were isolated similarly by digestion with PvuII, which

Pvu II

AEB

0.00- EA5130

150'39AEA

pML-2
FIG. 1. Schematic representation of the plasmids bearing dif-

ferent configurations of the Py origin that were used as substrates for
mutagenesis. The Py origin core with either the a or 1 element at its
late border was cleaved with BamHI to generate a set of late ,B
(ALB) or late a (A&LA) unidirectional deletion mutants and with
PvuII to derive a set of early v (AEB) or early a (AEA) unidirec-
tional deletion mutants as described in Materials and Methods. The
plasmids also contain the pML2 origin for DNA replication (ORI)
and the ampicillin resistance gene (bla). Numbers indicate nt posi-
tions.

cleaves pdPPl(B)Bg(H) once within Py sequences at nt 5264,
followed by digestion with Bal 31, treatment with the Kle-
now fragment of DNA polymerase I, and ligation of XhoI
linkers. The Py sequences corresponding to the 13 element
were excised by cleavage with BamHI and XhoI and were
cloned into pMLXB carrying the Py origin core (nt 5265 to
90) as an XhoI (nt 5265)-to-HindIII (nt 90) fragment. A
positive-control plasmid, pdPPl(B)P2(X)Bg(H), for the early
13 deletion mutants was constructed by replacing the PvuII
site at nt 5264 with an XhoI linker; the 13 element was then
cloned in pMLXB carrying the origin core. Two mutants in
this series, AEB5209 and AEB5202, are larger than the
others (AEB5240, AEB5223, and EB5170), because their
plasmid DNA comprises pML2 rather than pMLXB se-
quences. pML2 is 140 bp larger than pMLXB.

Late-side unidirectional deletion mutants of the a element
(ALA) were isolated by cleavage of pdPB503dl300 (23) with
BamHI (Fig. 1). This plasmid contains Py sequences from nt
5039 to 5130 linked to the Py origin core (nt 5265 to 90) and
lacks the 13 element (21). The BamHI site occurs in a linker
juxtaposed next to nt 5039 (21). The linearized DNA was
treated with Bal 31 as described earlier, and the Py se-
quences were cloned between the HindlIl and XhoI sites of
pMLXB.

Early-side unidirectional deletion mutants of the a ele-
ment (AEA) were also derived from pdPB503dl300 (Fig. 1).
Its DNA was digested with PvuII, which cleaves once at nt
5130 in Py sequences, and the linearized DNA was treated as
described previously. The deleted a elements were removed
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by cleavage with BamHI and XhoI and were cloned between
these same sites in pMLXB DNA bearing the Py origin core.
LS mutants were constructed by joining appropriate pairs

of late- and early-side deletion mutants across their XhoI
ends. Because our collection of deletion mutants was not
large, we were unable, in several cases, to generate perfect
LS mutants in which 8 bp ofXhoI linker DNA replaced 8 bp
of Py DNA. To expand the number of LS mutants, three
(LS5151/5166, LS5109/5113, and LS5092/5108) were created
by joining the ends of deletion mutants from two libraries
that terminated in different linkers (viz., BamHI and XhoI
linkers). Finally, one LS mutant, LS5173/5188, contains an
insertion of 6 bp (5'-TCTCGA-3') of unknown origin as well
as a complete 8-bp XhoI linker replacing viral sequences.
DNA transfection and measurement of DNA replication.

CsCl gradient-purified, supercoiled plasmid DNAs were
transfected into MOP-8 cells by a modification of the DEAE-
dextran technique (23). Generally, 5 x 105 cells on a 60-mm
dish were transfected with 1.0 pug of DNA, and cell lysates
were harvested 48 h posttransfection by the Hirt procedure.
Quantitative replication assays were performed by transfect-
ing simultaneously with 0.5 ,ug each of test DNA and
wild-type (wt) competitor DNA.
The replication of the recombinant plasmid DNA in

MOP-8 cells was assessed by the assay devised by Peden et
al. (29). In outline, the low-molecular-weight DNA recov-
ered from transfected MOP-8 cells was digested with DpnI
and a one-cut restriction endonuclease for the transfected
DNA (generally BamHI). The products were separated by
electrophoresis through a 1.0% (wt/vol) agarose gel, trans-
ferred to nitrocellulose, and visualized by hybridization to
32P-labeled, nick-translated pdPBR2 DNA (23). pdPBR2
DNA is composed of pML-2 DNA and the small BamHI-to-
EcoRI fragment of Py DNA, which contains the viral repli-
cation origin. After the nitrocellulose sheet was dried, it was
exposed to XAR-5 film (Eastman Kodak Co.) and Cronex
Lightning-Plus intensifying screens (E. I. du Pont de Ne-
mours & Co., Inc.) for 3 to 12 h. After autoradiography, the
bands representing replicated DNA were quantitated by
laser densitometric scanning of autoradiograms exposed for
various periods to ensure that the band intensity was directly
proportional to the number of labeled DNA molecules in
each band. The replication assays were repeated at least four
times with a minimum oftwo different preparations of wt and
mutant plasmids. In separate experiments, the extents of
replication of the same DNAs were within 10% or less of
each other.

RESULTS

To define the sequence requirements for function of the a
and p elements, we employed in vitro mutagenesis tech-
niques to recover deletion and LS mutants whose replicative
capacity was tested relative to an appropriate control plas-
mid in permissive 3T3 cells expressing the Py T antigens
(MOP-8 cells). Analysis of the deletion mutants allowed us

to define the borders of the elements, whereas analysis of the
LS mutants permitted identification of functional sequences
within their borders. Py sequences bearing mutations in
either the a or p elements were cloned in their natural
orientation at the late border of the origin core in a common
genetic background (Fig. 1). The replicative capacity of the
mutant origins was assessed after transfection of MOP-8
cells by recovering low-molecular-weight DNA and cleaving
it with DpnI and a one-cut restriction endonuclease for the
transfected plasmid. The DNA replication assay is based on
the fact that DpnI cleaves methylated, unreplicated DNA
but not unmethylated DNA that has replicated at least once
in mammalian cells (29). The one-cut restriction endonucle-
ase, generally BamHI, served to collect the replicated DNA
as a single species visible in autoradiograms of Southern
blots. The DpnI cleavage products of unreplicated DNA
appear as a smear of fragments at the bottom of such
autoradiograms, because there are 16 or more DpnI cleavage
sites in the transfected plasmids. Application of this method
allowed us to determine the borders of the enhancer ele-
ments and to identify the active sequences within them.

Borders of the j enhancer element. We showed previously
that the p element is contained within the PvuII-4 fragment
of Py between nt 5131 and 5264 (23). To more precisely
define its limits, we constructed a series of late (ALB) and
early (AEB) unidirectional deletion mutants and measured
their capacities to replicate in MOP-8 cells (Fig. 1). To map
the late border of the P element, we began deletion muta-
genesis at nt 5131 and extended the deletions toward the
early region to various positions within the PvuII-4 fragment
(Fig. 2A and C). The removal of sequences between nt 5131
and 5147 had no effect on the replication capacity of the
plasmid. By contrast, deletion of sequences between nt 5147
and 5172 impaired but did not abolish the capacity of the
plasmid to replicate. The ALB5172 mutant lacked 2 bp of a
9-bp, GC-rich inverted repeat (5'-ACTGCCCTC-3'). The
latter is situated adjacent to a sequence (5'-GTGTGGTTT-
3') that shares sequence identity with the SV40 enhancer
core motif, 5'-G(C)G(C)T(C)GTGGA(T)A(T)A(T)G-3' (15),
which is thought to serve as a binding site for the cellular
proteins AP3 (20), PEB1 (30), and EBP20 (13). Further
removal of 10 bp between nt 5172 and 5182 completely
abolished the capacity of the plasmid to replicate. The
replication-defective ALB5182 mutant lacks the inverted
repeat motif but retains the SV40 enhancer core sequence.
These results suggest that the late border of the P element is
between nt 5172 and 5182 and that sequences between nt
5147 and 5172 augment its activity.
The early border of p was determined by analyzing the

replication of a set of early unidirectional deletion (AEB)
mutants (Fig. 2B and C). A plasmid, pdPPl(B)P2(X)Bg(H),
was constructed that contained an XhoI linker between nt
5264 and 5265 to serve as a positive control. The insertion of
the 8-bp linker, 5'-CCTGCAGG-3', restored nt 5265 to the p
element. This linker did not alter the replicative capacity of

FIG. 2. Replication capacity of a set of late and early unidirectional deletion mutants of the P element. (A) Replication of late fi deletion
mutants. (B) Replication of early P deletion mutants. The autoradiograms shown in panels A and B were derived from the same experiment,
but were processed separately and exposed for different periods. (C) Schematic illustration of the structures of the P deletion mutants relative
to the Py nt sequence. The sequence has the same polarity as early mRNA and is numbered according to Soeda et al. (37). The changes to
this sequence are depicted above it. These include insertion of a T between nt 5172 and 5173, insertion of an A between nt 5185 and 5186,
and insertion of an A between nt 5208 and 5209. The boxed sequences are homologous to the SV40 enhancer core motif. The arrows underline
perfect inverted repeats. The angled arrows above and below the sequence depict deletion endpoints, and the plus and minus indicate whether
mutants with these endpoints replicated (+) or not (-). The extent of replication of each DNA was not quantitated and consequently the
replicational phenotypes are designated as either + or -.
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the plasmid (data not shown). Mutagenesis was initiated at nt
5265, and the deletions were extended toward the late region
(Fig. 1). Deletion of sequences between nt 5265 and 5202 had
no effect on the capacity of the plasmid to replicate. How-
ever, deletion of sequences between nt 5202 and 5170
abolished the replication capacity of the plasmid, establish-
ing the early border of P between these two endpoints. Two
mutants in this series (AEB5209 and AEB5202) are larger
than the others because the vector sequences comprise
pML2 rather than pMLXB sequences. pML2 is 140 bp larger
than pMLXB.
The minimal 3 element. From the results of our analysis it

could be inferred that the P element' is contained between nt
5172 and 5202. To determine whether these sequences were
sufficient to constitute the p element, we chemically synthe-
sized two complimentary oligonucleotides that spanned the
region between nt 5168 and 5202 (Fig. 3B). We included 4
additional bp at the late border (nt 5168 to 5172) because we
thought that removal of these sequences, which comprise
the inverted-repeat motif, might have impaired the activity
of the p element borne by the mutant with a late border at nt
5172 (Fig. 2). The oligonucleotides were synthesized with
SalI and XhoI cohesive ends to facilitate their cloning at the
late side of the origin core in pMLXB as head-to-tail multi-
mers (Fig. 1). Several plasmids were isolated and analyzed
which contained monomer, dimer, and trimer inserts of the
oligonucleotide in head-to-tail array and in the same orien-
tation as these sequences normally are positioned in Py.
Initial tests of the replicative capacity of these constructs
revealed that they replicated poorly compared with the
parent plasmid carrying the entire p element (nt 5130 to
5264). To quantitatively measure their capacity to replicate
we transfected the test plasmids, containing monomer, di-
mer, or trimer inserts of the oligonucleotide, either alone or
together with a larger internal reference plasmid carrying
both the a and p elements juxtaposed to the origin core in the
pML vector. The reference DNA comprises the origin-
bearing BamHI (nt 4632)-to-BglI (nt 90) fragment of Py
cloned between the BamHl and HindIII sites ofpML2 and is
about 400 bp larger than the test plasmids.
The results are illustrated in Fig. 3; panel B shows the

sequence of the minimal p element and the attached linkers.
The autoradiogram, illustrating the replication efficiencies of
the various constructs, is shown in Fig. 3A, and a summary
of the data is shown in Fig. 3C. A plasmid carrying a
monomer insert of the minimal p element (pPmp1+) repli-
cated to levels between 3% (in the absence of the reference
plasmid) and 2% (in the presence of the reference plasmid) of
the control- plasmid containing the entire p element. Dimers
of the 'minimal p sequence functioned much better than
expected. The pPmp2+ plasmid replicated to levels between
16% (without the internal reference plasmid) and 11% (in the
presence of the reference plasmid) compared with the con-
trol plasmid. This value is significantly higher than that
expected of the sum of two monomer elements and suggests
that the sequences act synergistically. Plasmids bearing
trimers of the minimal p element replicated somewhat less
well than dimer-bearing recombinants. It is noteworthy that
the extent of replication of the test plasmids was always less
in cotransfections with the internal reference plasmid than it
was in the absence of the reference plasmid, suggesting that
the latter acted as a competitor of the former.

1 subelements. The results obtained from analysis of the
deletion mutants and of plasmids bearing the minimal P
element strongly suggested that other sequences in the
PvuII-4 fragment contributed to p activity. To identify these,

we employed the quantitative replication assay described
previously with an expanded collection of early- and late-
side deletion mutants of the p element. The inclusion of a
reference DNA (an a-P-origin core construct) in the assays
led to competition between it and the cotransfected mutant
plasmid DNA for the cellular replication machinery, result-
ing in an exaggerated phenotype for the mutant plasmid.
The effect of deleting sequences from the late side of the p

element is illustrated in Fig. 4. Deletion of sequences be-
tween nt 5131 and 5147, which removed part (3 bp) of a
sequence motif found in the enhancer of immunoglobulin
genes (1), reduced the capacity of the plasmid (ALBS147) to
replicate to levels 34% of the control in the absence of a
competitor and to levels 7% of the control in the presence of
the competitor plasmid. A larger deletion to nt 5166, which
completely removed this sequence motif, drastically reduced
replication of the mutant plasmid (ALBS166) to levels more
than 30-fold lower than the control. A mutant bearing a
slightly larger deletion (to nt 5172) replicated to essentially
the same extent as the ALB5166 mutant, implying that
sequences between nt 5166 and 5172 are unimportant to p
function or are part of a sequence which was debilitated by
the A5166 mutation. Extension of the deletion by another 8
bp to nt 5180 abolished the capacity of the plasmid,
ALB5180, to replicate (also see ALB5182 in Fig. 2A). These
results confirm that the late border of the minimal p element
resides between nt 5172 and 5180 and also suggest that
sequences between nt 5131 and 5172 constitute a separate
domain of the , element. Deletion of these sequences
impairs p function (Fig. 4), but these sequences cannot
independently activate Py DNA replication. The latter was
illustrated by an early-side deletion mutant (AEBS170) con-
taining sequences between nt 5131 and 5170 which was
unable to replicate in MOP-8 cells (Fig. 2B). It has also been
shown previously that constructs containing up to five
copies of these sequences (nt 5128 to 5167) linked to the
origin core do not replicate in C127 mouse cells expressing
the Py T antigens (41). On the basis of these observations,
we propose to call these sequences (nt 5131 to 5172) the P
auxiliary-1 subelement, and we suggest the name p core
subelement to identify the minimal p sequences (nt 5172 to
5202).
To determine whether there were also sequences to the

early side of the p core subelement that augmented its
activity, we analyzed a set of early-side p deletion mutants
by the quantitative replication assay (Fig. 5). Each of the
mutants carries an 8-bp XhoI linker (5'-CCTGCAGG-3') in
place of the deleted Py sequences. The plasmid, pdPPl(B)
P2(X)Bg(H), which carries an XhoI linker between nt 5264
and 5265 (data not shown), served as the wt control in these
experiments. In two cases, pdPPl(B)P2(X)Bg(H) and
AEB5223, the ligation of the linker to the deleted DNA
restored 1 bp identical to viral sequences. The numbered
endpoints of the mutants in Fig. S reflect this.

Deletion of nt 5265 through 5240 reduced the capacity of
the resulting plasmid (AEBS240) to replicate to levels 22%
(in the absence of the competitor) and 2% (in the presence of
the competitor) of the control. Extension of the deletion to nt
5223, corresponding to a 42-bp deletion, reproducibly in-
creased the activity of the mutant to replicate relative to
AEBS240 by a factor of two- to threefold. The AEB5223
mutant was nonetheless significantly impaired in its replica-
tive capacity (49 and 6% of the control in the presence or
absence of the competitor, respectively). The simplest inter-
pretation of these data is that sequences between nt 5265 and
5240 are essential for , function, whereas those between nt

MOL. CELL. BIOL.



Py ENHANCER ELEMENTS AND SUBELEMENTS 5005

A
pdPP1 (B)P2(X)Bg(H)

I +

OXe C\\e(1
P.% P,%

CB
5168 SV40 5202
ITI

5 'tcgaCAAC GCCCTCCAGAGGGC GTGTGGTTTTGCAAGAGc
3' GTTGACGGGAGGTCTCCCG TCACACCAAAACGTTCTCgagctA~~~~

SAL I Xho I

CAPACITY TO'
PLASMID REPLICATE

+

pdPP (B)P2(X)Bg(H) 100 o100

pPmp 1+ 13 2

pPmP2+. 16 11

DPmp3+ 13 9

FIG. 3. Quantitative replication of plasmids bearing monomer, dimer, or trimer inserts of the minimal c element. (A) Autoradiogram of
the extent of replication of the various plasmids. Each pair of lanes was originally derived from the same autoradiogram. The + and - symbols
above each panel refer to the presence (+) or absence (-) of the internal control plasmid in each lane. The internal control plasmid is the
slowest-migrating species in these lanes. The numbers below the lanes represent the extent of replication of plasmids relative to that of the
wt plasmid, pdPP1(B)P2(X)Bg(H), which was arbitrarily set at 100lo. The efficiency of replication of the experimental plasmids bearing the
minimal element was calculated relative to the wt plasmid in the lanes without the internal control. For those lanes containing the internal
control, the ratio of replication of the minimal element-bearing plasmids relative to the internal control was calculated, and this ratio was
then expressed as a percentage of the corresponding ratio for the wt plasmid, pdPPl(B)P2(X)Bg(H). pPm,Bl+ carries a single insert of the
minimal element, pPm132+ carries two head-to-tail tandem inserts of the minimal element, and pPm,3+ carries three head-to-tail tandem
inserts of the minimal element. (B) Sequence of the minimal element. The nt bases represented by lowercase letters are not found in Py.
They correspond to restriction endonuclease cleavage sites. The arrows underlining the sequences are perfect inverted repeats, and the boxed
sequences are homologous to the SV40 enhancer core motif. The numbers refer to nt positions in Py DNA. (C) Summary of the extent of
replication of the experimental plasmids as a percentage of that of the wt plasmid.

5240 and 5223 are not. The increased activity of the AEB5223
mutant relative to the AEBS240 mutant could have resulted
from moving the remaining subelements closer to the
origin core. However, other interpretations are also possible
(see below). An even larger deletion mutant (AEBS209) with
an endpoint at nt 5209 replicated to levels significantly lower
than the preceding mutants (AEB5240 and EB5223) in this
series, suggesting that sequences between nt 5223 and 5209
are also essential to function. The remaining mutant in this
set, tEB5202, replicated to levels about twofold higher than
AEB5209, which bears a smaller deletion. Therefore, the
sequences between nt 5202 and 5209 are probably unessen-
tial for function. It is noteworthy that this mutant,

AEB5202, which retains the auxiliary-1 subelement and the
core subelement, replicated better under noncompetitive

conditions (18% of the control) than the pmB1+ plasmid (3%
of the control), which contains only the core subelement
(compare Fig. 3 with Fig. 5). This observation substantiates
our contention that the auxiliary-1 subelement augments
the activity of the core subelement. It is also noteworthy
that the replicative capacity of the AEB5202 mutant was

approximately the same in noncompetitive conditions as that
of the plasmid carrying a dimer insert of the core subele-
ment (Fig. 3), suggesting that the auxiliary subelement and
core subelement are functionally redundant.
The results of the analysis of the early-side deletion

pPmp1+
_+

pPmp2+
+

pPmp3+

_p

_

O~ OW
o o
o o

I, PI%..

VcT, Q\0

VOL. 8, 1988



5006 MULLER ET AL.

pdPP1 (B)Bg(H)

Su

_

ALB5147 ALB5166

- +

=Mm

_ +

A LB5172
_

El

-Sm

o\O o\° o

o 0 >o 0 (5`3( 1' 1-

IgG SV40
5140 5150 5160 5170T 5180 A 5190

CGACA4TCCTC TTTTAATTAO TTGCTAGGCA .C.CCCTCCA _AGGGGTGTGGTTT1CA.I.

CGACA4TCCTC TT TTAhATTA G TTGC TA GGC A ACGCCCTCCA GAGGGCiGTGT G GTTTtGCAA

5131

5147

5 16 6

5 1 7 2

5180

CAPACITY TO
REPLIC ATE

5265 T00]j0

2 cl1

c<O.l c0.1

FIG. 4. Quantitative replication of late 1 deletion mutants. The top portion of the figure is an autoradiogram illustrating the extent of
replication of the mutant plasmids relative to the wt plasmid. Each panel was derived from the same autoradiogram. The bottom portion of
the figure illustrates the endpoints of the various late unidirectional deletion mutants. The boxed sequence labeled IgG is identical to one found
in the enhancer of a mouse immunoglobulin heavy chain gene. The other features and symbols are the same as those in Fig. 3.

mutants could be interpreted to mean that two auxiliary
subelements exist on the early side of the i core subelement.
One of these could be located between nt 5209 and 5223,
whereas the other could be situated between nt 5240 and
5265. This interpretation ignores the possible effect on
replication capacity of altering the spacing between se-
quences in the 13 element and those in the origin core. That
this parameter plays a role is supported by the observation
that some mutants in this series replicated better than others
bearing smaller deletions. For example, AEB5223 replicated
better than AEB5240, and AEB5202 replicated better than
AEB5209 (Fig. 5). Interestingly, the deletions suffered by
AEB5223 and AEB5202 are close to even multiples of
one-half of a DNA turn (3.9 and 5.9 helical turns, respec-
tively), whereas those of AEB5240 and AEB5209 are nearly
odd multiples of half a DNA turn (2.3 and 5.2 helical turns,
respectively). This suggests that the phenotype of each
mutant could have resulted from an effect of spacing or
deletion (or both) of essential sequences. Whatever the
effect of spacing, it seems unlikely that the phenotype of the
early-side deletion mutants is due solely to variation of this
parameter, because each of the mutants, including those
deleted of even multiples of half a DNA turn, were debili-
tated relative to the control and the severity of the defect in
each mutant generally correlated with deletion size. None-

theless, to obtain confirmation of the proposed structure of
the d element, we recombined early- and late-side 13 deletion
mutants to generate LS mutants, whose lesions do not alter
the spacing between the 13 element and the origin core.

Five LS mutants were isolated (Fig. 6). Three of these,
LS5151/5166, LS5173/5188, and LS5202/5211, are imperfect
and lack 1 bp relative to the wt sequence. LS5209/5218 is a
perfect LS mutant, and LS5240/5248 contains a 1-bp inser-
tion relative to wt. With one exception, LS5240/5248, all of
the mutants were debilitated in their capacity to replicate.
Interestingly, the LS5240/5248 mutation occupies 8 of the 25
bp identified previously (Fig. 5, AEB5240) to be important
for 13 element function. Therefore, if the phenotype of
AEB5240 is due only to the loss of functional sequences and
not to an effect of spacing, then the important sequences
must be located between nt 5248 and 5265. There are no
known conserved enhancer or promoter motifs in this re-
gion.
Two LS mutants, LS5209/5218 and LS5202/5211, which

map to the early side of the 1 core subelement, were unable
to replicate efficiently. Interestingly, one of these mutants
(LS5202/5211), whose mutation lies closest to the 13 core
subelement, replicated better than the other (LS5209/5218),
whose mutation maps farther away. The mutations overlap
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FIG. 5. Quantitative replication of early 1 deletion mutants. Each panel at the top was derived from the same autoradiogram. The other
features and symbols are the same as those in Fig. 3.

by 1 bp and may differentially impair the function of the
same sequence element. Recall that deletion of sequences
between nt 5223 and 5209 resulted in a five- to sixfold drop in
the replicative capacity of the AEB5209 plasmid relative to
the AEB5223 mutant (Fig. 5), and deletion of another 7 bp
from the AEB5209 mutant to yield the AEB5202 plasmid did
not exacerbate the phenotype of the AEB5209 mutant. The
region spanned by the two LS mutants maps between nt 5203
and 5218. Taken together, these observations suggest that a
13 auxiliary subelement (1 auxiliary-2) exists between nt 5209
and 5218. This region contains an SV40 enhancer core motif
[5'-G(C)G(C)T(C)GTGGA(T)A(T)A(T)G-3'] on the strand
opposite to that shown in Fig. 6, which is 77% homologous
to the consensus. At high protein-to-DNA ratios, EBP20
protects sequences between nt 5215 and 5228 from DNase I
digestion (13).
An LS mutation within the 1 core subelement drastically

reduced the replicative capacity of the LS5173/5188 mutant
(Fig. 6). The mutation, however, did not abolish the repli-
cative capacity of the mutant. This LS mutant replicated to
the same extent as did a plasmid bearing only the 13 core
subelement (compare Fig. 3 and Fig. 6). The mutation may
not have completely inactivated the 1B core subelement, or
the activity of the remaining auxiliary subelements may have
compensated for the loss of 13 core activity.

Finally, the LS5151/5166 mutant, bearing a mutation in the

13 auxiliary-i subelement defined by deletion mutagenesis,
replicated very poorly by comparison with the wt control
plasmid. The phenotype of the mutant confirms our conten-
tion that sequences to the late side of the 13 core subelement
augment its activity. The mutations borne by the LS mutant
(LS5151/5166) and the late 13 deletion mutant (ALB5147),
which define this auxiliary subelement, do not overlap.
These mutations may independently affect different parts of
the same sequence (i.e., the conserved immunoglobulin
enhancer motif), or they may separately affect two different
sequence motifs, for example, one between nt 5131 and 5147
and another between nt 5151 and 5166.

Analyses of the early and late 1 deletion mutants and the
LS mutants strongly suggest that the 13 enhancer element
comprises multiple functional subelements whose activities
differ in MOP-8 cells. Individual auxiliary subelements did
not have any intrinsic activity, and deletion of these se-
quences from the 13 enhancer element impaired but did not
abolish its activity. Unlike the auxiliary subelement, the 13
core subelement was able to function as an enhancer ele-
ment, albeit poorly, and supplementing this subelement with
the auxiliary subelements radically improved its activity.
Moreover, dimers of the 13 core subelement functioned much
better than a monomer of the same element to levels about
the same as a plasmid containing the 13 auxiliary-1 and core
subelements. Additionally, the phenotype of the LS5173/
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FIG. 6. Quantitative replication of LS mutants whose lesions affect the enhancer element. (A) Quantitative replication of three LS
mutants. (B) Quantitative replication of two LS mutants. The data illustrated in panels A and B were derived from separate experiments. (C)
Sequence of the element spanning the region affected by the LS mutations. The sequence affected by each mutation is boxed. The open
square in each of the first three boxes (LS5151/5166, LS5173/5188, and LS5202/5211) denotes a 1-bp deletion. The sequences flanking the box
are the same as the wt sequence, which is depicted above. LS5240/5248 carries a 1-bp insertion relative to the wt sequence. The other symbols
are the same as those in Fig. 3.

5188 mutant, whose mutation resides in the center of the
core subelement, could be interpreted to mean that two
auxiliary subelements can partially compensate for the loss
of the core subelement. These results imply that the
various subelements in are functionally redundant and that
they act synergistically to activate Py DNA replication.

Borders of the a enhancer element. We showed previously
that sequences between nt 5039 and 5130, which define the a
enhancer element, could functionally substitute for the 1B
element (23). To define the borders of the a element more
precisely, we constructed a series of late (ALA) and early
(AEA) unidirectional deletion mutants and measured their
capacities to replicate in MOP-8 cells. To map the late
border of the a element, we began mutagenesis at nt 5039
and extended the deletions toward the early region (Fig. 1).
Deletion mutants with endpoints at nt 5063, 5066, 5073, and
5097 replicated nearly as well as the control plasmid,
pdPB503Bg(H)dl300, comprising sequences from nt 5039 to
5130 (a) linked to those from nt 5265 to 90 (the origin core)
(Fig. 7A and C). Extension of the deletion from nt 5097 to
5120 resulted in a mutant plasmid, ALA5120, which was
unable to replicate. This established the late border of the a
element between nt 5097 and 5120. The 23 bp between these
endpoints contains part of an inverted repeat and a sequence
perfectly homologous to the adenovirus ElA enhancer core

motif, 5'-A(C)GGAAGTGAA(C)-3'. Three nuclear factors
from 3T6 cells, PEA1, PEA2, and PEA3, protect sequences
within this stretch from digestion by DNase I (32; M. E.
Martin, J. Piette, M. Yaniv, W.-J. Tang, and W. R. Folk,
personal communication). PEAl apparently recognizes the
same sequence as do the HeLa cell factor AP1 (16, 17) and
the yeast factor GCN4 (12).
To establish the early border of the a element, we began

mutagenesis at nt 5130 and extended the deletions toward
the late region (Fig. 1). Deletion of sequences between nt
5130 and 5120 abolished the replicative capacity of the
plasmid AEA5120 (Fig. 7B and C). Four other mutants in this
series also failed to replicate. These observations allow us to
map the early a border between nt 5130 and 5120. This
region contains the other part of the inverted repeat referred
to earlier and a PEA2-binding site (Fig. 7C). Therefore, the
minimal a element is no more than 33 bp long and must be
contained between nt 5097 and 5130.
a subelements. To determine whether the a element, like

the element, was composed of a core subelement and
auxiliary subelements, we measured the replicative capacity
of the ALA mutants using a quantitative assay. In addition,
we isolated one more mutant (ALA5108) with a late endpoint
at nt 5108. The results of this analysis are shown in Fig. 8.
The wt control plasmid, pdPB503Bg(H)dl300, replicated

pdPP1 (B)Bg(H)
_4.

0

Io

C.

MUTANT

pdPP1 (B)Bg(H)

LS515t5l166

LS5173.'518

LS5202 5211

LS5209 52218
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FIG. 7. Replication capacity of a set of late- and early- unidirectional deletion mutants of the a element. (A) Autoradiogram illustrating

the replication of the late-deletion mutants. (B) Autoradiogram of the replication of the early-deletion mutants. (C) Physical maps and
qualitative replication phenotypes of the deletion mutants. The sequence of Py spanning the a enhancer element is shown. The boxed
sequence is a DNA stretch perfectly homologous to the adenovirus ElA enhancer core motif The triangle above the G at nt 5116 indicates
that this nt is not present in our strain of Py. The nt letter C above the sequence represents an insertion found in our strain. The symbols are
the same as those in Fig. 3.

5009

BA

4,t

v

A

0)
4,
7T

b ,S

_ N4,
7
V V

" 0

N,,
4,
v

'V
V

Ory
4,2

O 4
V v

V4,
'V

_ _ __ _-

I.~A' - U

5039 +

-



5010 MULLER ET AL.

pdPB503Bg(H)
dl 300 A LA5073

-4.

o\o o\O

(00
0\N \0
.* co

ALA5097 ALA5108

_-+

o\ O\
PI- bl

SV40 AdEla
5040 5050, 5060 70. 0909 -1 0 A 2 O

CAPACITY TO
GGAC-GGCc rCCAACACAG TAAT-rTC.cOT CC GGAGCCT ;TT AAAA-AGAAA ATGT'AA-tGAA . .AG-GGAC AAGTGACG REpLICATE

5039 5130 100 I 100

5073 107 526

5097 44 6'

5108 21 <1

FIG. 8. Quantitative replication of late a deletion mutants. The panels at the top were derived from the same autoradiogram. The sequence
complementary to the boxed sequence labeled SV40 is homologous to the SV40 enhancer core motif. The symbols are the same as those in
Fig. 3.

poorly in competition assays by comparison with the
a-a-core construct. In several independent experiments, we
found that the a-origin core construct replicated 10% as
efficiently as the a-a-origin core plasmid or the ,-origin core
construct (data not shown).
A mutant with a late-deletion endpoint at nt 5073 repli-

cated as well as the control plasmid under noncompetitive
conditions, and the same mutant replicated better than the
control under competitive conditions. The latter phenotype
could not be reproduced with a plasmid with the same
endpoint (nt 5073) but terminating in a BamHI linker (data
not shown). We suspect that the join between the XhoI
linker and the Py sequence at nt 5073 adventitiously created
a positively acting element. Deletion of sequences between
nt 5039 and 5097 reduced the replicative capacity of the
resulting plasmid (ALA5097) by a factor of 2 (noncompeti-
tive conditions) to 16 (competitive conditions), compared
with the control. Another mutant in this series, ALA5108,
lacking 11 bp more than ALA5097, was even more severely
debilitated in its replicative capacity. A mutant with an
endpoint at nt 5120 was unable to replicate (Fig. 7A).
These results define the late border of the a element

between nt 5073 and 5097 and suggest that sequences be-
tween nt 5073 and 5108 augment the activity of the a core
subelement (nt 5108 to 5130). The sequences between nt

5039 and 5108 cannot independently function to activate
replication of the origin core (Fig. 7B), and therefore they
fulfill the definition of an auxiliary subelement. To date, no
cellular proteins have been identified which bind to these
sequences.
To confirm that the a element was composed of nonessen-

tial auxiliary sequences and essential core sequences, we
recombined a number of late- and early-deletion mutants to
create one LS mutant (LS5102/5111) and two linker insertion
mutants (LS5109/5113 and LS5092/5108). The results of this
analysis are shown in Fig. 9. LS5102/5111 resulted from the
insertion of 8 bp of XhoI linker DNA in place of 8 bp of Py
DNA. However, only 3 bp in the mutant, nt 5103 through
and including nt 5105, are altered relative to the wt. The
mutant replicated at levels essentially equivalent to those of
the control. This result implies that sequences between nt
5102 and 5106 are not essential for a activity. LS5092/5108,
a linker insertion mutant, lacks 4 bp relative to wt and carries
11 bp of linker DNA in place of Py sequences. It replicated
to levels 41% of the control in the absence of a competitor
and to levels 13% of the control in the presence of a
competitor. The phenotype of this mutant is essentially the
same as that of ALA5097, which lacks sequences between nt
5039 and 5097 (compare Fig. 8 ALA5097 with Fig. 9 LS5092/
5108), implying that sequences between 5073 and 5092 are
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FIG. 9. Quantitative replication of LS mutants whose lesions affect the a enhancer element. (A) The panels depict autoradiograms
representing different exposures of the same nitrocellulose sheet. The area between the replicated DNA and the nonreplicated DNA on the
original autoradiogram was cropped from the figure to make more effective use of space. (B) Sequence of the a enhancer element and location
of the a LS mutations. The dark squares with pinholes represent missing nt. These were included to allow alignment of the flanking sequences
in the mutant with the wt sequence.

not essential to a activity and suggesting that the late a

auxiliary subelement border is between nt 5092 and 5097.
Because the effect of spacing between subelements is not
known, this interpretation remains tentative. LS5109/5113
lacks 3 bp of Py DNA (nt 5110 through and including nt 5112)
and contains 14 bp of linker DNA in their place, resulting in
a net insertion of 11 bp. The mutation causes the deletion of
3 bp from the 5' extremity of the adenovirus ElA enhancer
core motif and changes the spacing between the late-side
inverted repeat element and the enhancer core sequence.
LS5109/5113 replicated poorly compared with the control, to
about the same extent as ALA5108, which retains a core
sequences between nt 5108 and 5130 but lacks the a auxiliary
subelement. The phenotype of this mutant could be due to
removal ofa auxiliary sequences, to alteration of the spacing
between a auxiliary sequences and the a core subelement, or
to partial inactivation of a core function. The fact that
LS5109/5113 replicated at all suggests that the essential a

core sequences lie between nt 5113 and 5130.
Mutational analyses of the a enhancer element suggest

that like the P enhancer element, it too is composed of
auxiliary sequences and essential core sequences. The aux-
iliary subelement maps between nt 5073 and 5102, or more

likely between nt 5092 and 5102, and augments the activity of
the core subelement. The core sequences, by comparison,
are absolutely essential for the a element activity, and these
map between nt 5108 and 5130. Like the 1B subelemnents, the
a subelements act synergistically to potentiate replication.

DISCUSSION

We have constructed and characterized the replication
efficiency in 3T3 cells of a number of deletion and LS
mutants with lesions in the a and enhancer elements. This
analysis revealed that each enhancer element comprises
multiple subelements. The subelements can be divided into
two classes: auxiliary sequences and core sequences. Indi-
vidual auxiliary subelements are not able to function as
enhancer elements. Their mutation reduced but did not
abolish enhancer element activity. The auxiliary subele-
ments functioned in conjunction with the core subelements
to augment their activity. The core subelements alone were
able to activate DNA replication, albeit poorly, and their
multimerization increased their activity significantly. Muta-
tions that affected the core sequences generally abolished
enhancer element function. The two classes of enhancer

B.

VOL. 8, 1988



5012 MULLER ET AL.

A. ALPHA REPLICATION ELEMENT

SV40 + AdE 1A
5050 5060 5070 5080 5090 5100 F110 A£ 20 C 5130

V
GGAGGGCC TCCAACACAG TAAT|TTTCCT CCCG|ACTCTT AAAATAGAAA ATGTCAAGTC AGTTAAGCIAG GAAGTGGAT AACTGACGCA G

5073 5102 5108 +E:.::.::::.-.:.::::::::.:::-::.-.::::.:::.: : ::: 5126

a core

5108 5
3T6 cells I I

t 5114 f

PEA3 PEAI
(API)

B. BETA REPLICATION ELEMENT

IgG j-< SV40 A
5140 5150 5160 5170) 5180 v 5190 5200 210 5220 5230

GTG CGACA|TCCTC TTTTAATTA|G TTGCTAGGCA ACGCCCTCCA GCAA GAGGAAGCAA AAGCCTCTCC ACCCAGGCCT A

5130 5172 5202 5218

rrl

5147

P aux-1 P core

PEB 1

20 10

5162 5184 5194

5159

Rat liver
5159

5174

P aux-2

3T6 cells

F9 cells

20 10 20

5175 5185 5201 5215 5228

EBP20

(AP3)
FIG. 10. Schematic features within the a and ,3 enhancer elements. (A) Sequence of the a enhancer element. (B) Sequence of the

enhancer element. SV40, SV40 enhancer core motif. AdElA, adenovirus enhancer core motif. IgG, conserved immunoglobulin enhancer
sequence. The stippled boxes below each sequence depict the maximum length of the auxiliary subelements, whereas the dark boxes indicate
the maximum size of the core subelements. The open boxes below the subelements show limits of regions protected by various nuclear factors
from DNase I digestion. 1° and 2° indicate primary and secondary binding sites, respectively, for the factors. The remaining symbols are the
same as those in Fig. 3.

elements acted synergistically to effect DNA replication
because the activity of constructs bearing two subelements
was much greater than the sum of the activity of each
subelement. Similarly, dimers or trimers of enhancer core
subelements functioned much better than the sum of indi-
vidual core subelements, suggesting that the two classes of
subelements, while possessing different activities, are none-
theless-functionally equivalent.
We have tested the validity of this model for enhancer

element structure by measuring the replication of all the
mutants described here in a number of different mouse cell
lines (D. Dufort and J. A. Hassell, manuscript in prepara-
tion). In all but one instance, the sequence requirements for
replication activation were similar in the various cell lines.
The exception, a mouse mammary epithelial cell line, was
able to use the auxiliary-1 subelement alone to activate
origin core replication. This observation substantiates our
contention that the auxiliary and core subelements are
functionally equivalent. We suspect that the intrinsic activity
of each subelement reflects the corresponding abundance or
activity of its cognate binding factors in the cell. Different
mouse cell lines likely elaborate different factors or different

activities of the same spectrum of factors (for examples, see
references 27, 35, and 44). Consequently, whether an en-
hancer subelement acts as an auxiliary sequence or core
sequence will depend on the activity of the cognate factors
for these sequences in the cell. There may also be enhancer
subelements in a and ,B which we have failed to detect
because their cognate factors are not active in the cell lines
which we have tested.

Bearing this in mind, we summarize our results in Fig. 10,
which shows the location of the subelements and the regions
protected from DNase I cleavage by murine nuclear factors
in vitro relative to the Py nt sequence. At least two subele-
ments constitute the a enhancer element. One of these, the
a auxiliary subelement, spans the region between nt 5073
and 5102. Deletion of these sequences from the a element
reduced replication of the resulting plasmid at least 5-fold in
the absence of a competitor and more than 100-fold in its
presence. These sequences include an AT-rich stretch and
part of an 8-bp inverted stretch. The latter is an important
sequence because its mutation severely impaired the repli-
cation efficiency of the mutant plasmid (compare the repli-
cative capacity of ALA5097 and ALA5108). Whether these

a aux.

120

5130
t

PEA2
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sequences serve a structural function by excluding nucleo-
somes from their vicinity (38) or act through a DNA-binding
protein is not known. No nuclear factors have been found
which bind to these sequences in vitro.
The a core subelement is located between nt 5108 and

5126. Its late border is located between nt 5108 and 5120,
whereas its early border is located between nt 5130 and 5120.
We have shown previously that deletion of sequences be-
tween nt 5130 and 5126 has no consequences for origin
function (23). Therefore, the early border of the a core
subelement is between nt 5120 and 5126. The 18 bp which
define the a core subelement contain a perfect match to a
conserved enhancer motif, 5'-A(C)GGAAGTGA(C)-3', first
recognized in the adenovirus ElA enhancer (10), and part of
the inverted repeat motif. At least three nuclear factors have
been detected which bind to these sequences. They include
PEA3, which protects the sequence 5'-AGGAAG-3' (located
between nt 5108 and 5114) from DNase I digestion (M. E.
Martin, J. Piette, M. Yaniv, W.-J. Tang and W. R. Folk,
personal communication), and PEAl (32), which recognizes
the same sequence motif as the human factor AP1 (16, 17)
and the yeast factor GCN4 (12) and binds to sequences
between nt 5120 and 5130 (31). The PEA3- and PEAl-
binding sites are crucial for a function, implying that one or
both proteins is required for replication activation. Part of
the PEA2-binding site (nt 5120 to 5126) appears to be
required for replication activation, implying that PEA2 also
participates in this process. Although the sequences defining
both the PEA3-PEA1-binding sites and those defining the
PEA2-binding sites are required for a function, neither is
sufficient to activate Py DNA replication. Therefore, the
function of the a core subelement requires the binding sites
for at least two nuclear factors (PEA3 [or PEAl] and PEA2).
The I enhancer element also comprises multiple sequence

subelements (Fig. 10). Two auxiliary subelements and one
core subelement were identified. ,B auxiliary subelement 1 (nt
5130 to 5172) was defined by two late 3 deletion mutants
(LB5147 and LB5166) and one LS mutant (LS5151/5166).
The mutations borne by each mutant may have affected a
common sequence, for example, the AT-rich sequence 5'-
TCCTCTTTTAATTA-3', which is a perfect match to one
found in the enhancer of a mouse heavy-chain immunoglob-
ulin gene (1). Alternatively, the mutations carried by these
three mutants may have affected the structure of two or
more nonoverlapping sequence elements; for example, the
conserved AT-rich element and the binding site (nt 5159 to
5174) for a protein first found in F9 mouse embryonal
carcinoma cells but subsequently found in other mouse cell
lines (6, 28). The auxiliary-1 subelement was unable to
activate DNA replication on its own in 3T3 cells, and
sequences between nt 5128 and 5167, which include the 3
auxiliary-i subelement, are unable to activate origin core
replication in mouse C127 cells even when multimerized up
to five times (42). Therefore, in 3T3 cells and C127 cells the
p auxiliary-i subelement cannot act as an independent
enhancer element. In a mouse mammary epithelial cell line,
however, sequences which constitute the P auxiliary-1 sub-
element activated origin core replication independently of
other sequences in the 1B element to the same extent as did
the control (D. Dufort and J. A. Hassell, manuscript in
preparation). Presumably, the factor(s) which interacts with
the P auxiliary-i subelement is more active or abundant in
the mammary epithelial cell line, or this cell line may express
a novel factor which is not expressed in 3T3 and C127 cells.
The P core subelement is located between nt 5172 and

5202 as defined by analysis of deletion mutants, and se-

quences between nt 5168 and 5202 were sufficient to activate
Py DNA replication. This region contains two notable se-
quence features: a 9-bp GC-rich inverted repeat and an SV40
enhancer core motif. The inverted repeat is essential for p
core function because its deletion abolished P activity. This
was revealed by examining the replication efficiency of the
late P deletion mutants ALB5172 and ALB5180. The former,
which possesses the inverted repeat motif, replicated,
whereas the latter, which lacks it, did not. In addition, the
LS mutant LS5173/5188, whose mutation principally affects
the inverted repeat motif, was severely debilitated in its
capacity to replicate (2% of the control in the absence of a
competitor). Interestingly, this LS mutation lies entirely
within the borders of the p core subelement, yet the plasmid
bearing it was still able to replicate to levels equivalent to
that of the minimal p subelement (3% of the control in the
absence of a competitor). Perhaps the mutation did not
completely inactivate p core function, or the two p auxiliary
subelements functionally substituted for the p core subele-
ment when the latter was inactivated by a mutation. The p
core subelement also contains a sequence nearly identical to
the SV40 enhancer motif. We do not know whether this
sequence is required for , function because we did not
isolate any mutants which specifically affected it. However,
if it is an important sequence, then it must function with
another one in the p core subelement to exert its effect,
because deletion mutants which retain only the SV40 en-
hancer core motif and the p auxiliary-2 subelement (i.e.,
ALB5180) were replication defective.
A factor from mouse 3T6 cells, PEB1 (30), and one from

rat liver, EBP20 (13), bind to the SV40 enhancer core motif
in vitro. These factors may be the rodent equivalent of the
human HeLa cell factor AP3 (20). PEB1 and EBP20 also
bind to sequences adjacent to the primary binding site. The
binding of PEB1 to the secondary site is sequence indepen-
dent (31), and the binding of EPB20 to its secondary sites
only occurs at high protein-to-DNA ratios (13).
The p auxiliary-2 subelement was defined by the analysis

of AEB mutants and LS mutants. Interpretation of the
replicative capacity of the AEB mutants is complicated by
the altered spacing that results between remaining sequences
in p and the origin core. We have shown that the a and p
enhancer elements only function at the late border of the
origin core and lose their capacity to act if moved more than
90 bp away (23) (W. J. Muller and J. A. Hassell, manuscript
in preparation). Therefore, the positions of the enhancer
elements are crucial to their ability to activate DNA repli-
cation. We observed that some mutants in the AEB series
replicated better than others which have sustained smaller
deletions (e.g., compare AEB5223 with AEB5240, and
AEB5202 with AEB5209). Importantly, all the deletion mu-
tants replicated less well than the control, implying that each
of them was impaired relative to the wt plasmid. Nonethe-
less, these deletions may have affected two parameters
simultaneously, and we have not relied on the quantitative
data which analysis of the AEB mutants provided to define
the A auxiliary-2 subelement. Instead, we have relied only on
the analysis of two LS mutants, LS5202/5211 and LS5209/
5218, whose lesions map to the early side of the p core
subelement to define the p auxiliary-2 subelement. The
mutations borne by these mutants span the region between
nt 5202 and 5218. Another LS mutant, LS5240/5248, repli-
cated at essentially wt levels, suggesting that sequences
between nt 5240 and 5248 are not essential to p function. We
cannot at this point rule out the possibility that other
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sequences in this region (e.g., nt 5218 to 5240 or 5248 to
5265) contribute to P function.
No cellular factors have yet been identified which bind to

sequences between nt 5202 and 5265. The rat liver nuclear
factor EPB20 protects sequences between nt 5212 and 5228,
which overlap with the P auxiliary-2 element (nt 5202 to
5218), from DNase I cleavage at high protein-to-DNA ratios
(13), but it is not known whether this binding is sequence
specific (32).
Veldman et al. (42) have previously characterized the

structure of the a and ,B enhancer elements by replication
assays in a C127 mouse cell line that expresses Py T antigens
(COP-5 cells). They mapped the a element between nt 5072
and 5126 and showed that sequences between nt 5109 and
5130 would promote replication very poorly. Qualitatively,
our results substantiate these conclusions. These authors did
not map the borders of the P element in the absence of the a
enhancer element. However, they did observe transitions in
enhancer activity as sequences were deleted from the early
border of an a plus p construct. These transitions occurred
between nt 5214 and 5179 and between nt 5179 and 5148,
corresponding to the deletion of the p auxiliary-2 subelement
and the p core subelement, respectively. We have indepen-
dently verified that the sequence requirements for replica-
tion activation function are the same in 3T3 cells and C127
cells (D. Dufort and J. A. Hassell, manuscript in prepara-
tion).
The sequences which make up the a and p enhancer

elements correspond to Py enhancer elements 2 and 3. The
Py enhancer comprises three enhancer elements, which we
have named 1, 2, and 3 (22). Pairs of these enhancer
elements will constitute nearly full enhancer activity (26 to
83% of the complete enhancer), but each element alone is
relatively inert (from 0 to 12% of the complete enhancer).
The enhancer elements, therefore, act synergistically to
enhance transcription. The distance between enhancer ele-
ments is not crucial to enhancer function, because enhancer
elements can be separated by up to 60 bp without deleterious
consequences. Interestingly, enhancer element 1, which is
totally inactive as an enhancer, is unable to activate DNA
replication. Enhancer element 1 maps between nt 5039 and
5075. There is evidence in addition to the correspondence
between the borders of the a and p elements and enhancer
elements 2 and 3 to indicate that they comprise identical
sequences. First, mutations which affect replication activa-
tion also affect enhancer activity (22, 39), and reversion of
these mutations restores both functions (39). Second, foreign
enhancers activate Py DNA replication (4; E. R. Bennett and
J. A. Hassell, manuscript in preparation). Third, the a core
subelement will enhance transcription if it is reiterated (42).
Consequently, it is very likely that the Py enhancer elements
and replication activators are composed of the same se-
quences.

In this report we show that the Py enhancer elements can
be further divided into subelements which act synergistically
to activate DNA replication. Therefore, the Py enhancer is
organized at two levels; two or more enhancer subelements
make up an enhancer element, and two or more enhancer
elements form an enhancer. In many instances, the subele-
ments correspond to protein-binding sites. The a core sub-
element can interact with up to three factors, whereas the
core subelement interacts with at least one factor. We are
currently testing whether a single factor-binding site can
constitute a subelement, whether dimers of such sites will
form an enhancer element, and whether multimers of the
dimers will constitute an enhancer.

The SV40 enhancer is organized similarly to that ofPy (27,
35). It, too, comprises at least three enhancer elements
which act synergistically to enhance transcription. At least
two enhancer elemnents are required to form a functional
enhancer of transcription. Furthermore, Ondek et al. (26)
have very recently shown that each enhancer element is
bipartite in structure, being composed of subelements which
they term enhansons. Enhansons are the minimal unit of
enhancer function and appear to be the sites of binding of
individual transcription factors. A pair of enhansons consti-
tutes an enhancer element. Unlike enhancer elements, which
can be spaced apart by up to 100 bp with little effect on
enhancer activity, enhansons cannot be moved apart by
more than S bp without loss of function.
At first glance, the organization of the SV40 and Py

enhancers appears remarkably similar. Each comprises
three enhancer elements which in turn are composed of two
or more subelements. However, we have not determined
whether the Py enhancer subelements, which we have
identified by their effect on replication activation, corre-
spond to enhansons. Further experimentation will be re-
quired to address this point.
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