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The Simian Virus 40 Core Origin Contains Two Separate Sequence
Modules That Support T-Antigen Double-Hexamer Assembly
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Using subfragments of the simian virus 40 (SV40) core origin, we demonstrate that two alternative modules
exist for the assembly of T-antigen (T-ag) double hexamers. Pentanucleotides 1 and 3 and the early palindrome
(EP) constitute one assembly unit, while pentanucleotides 2 and 4 and the AT-rich region constitute a second,
relatively weak, assembly unit. Related studies indicate that on the unit made up of pentanucleotide 1 and 3
and the EP assembly unit, the first hexamer forms on pentanucleotide 1 and that owing to additional
protein-DNA and protein-protein interactions, the second hexamer is able to form on pentanucleotide 3.
Oligomerization on the unit made up of pentanucleotide 2 and 4 and the AT-rich region is initiated by assembly
of a hexamer on pentanucleotide 4; subsequent formation of the second hexamer takes place on pentanucle-
otide 2. Given that oligomerization on the SV40 origin is limited to double-hexamer formation, it is likely that
only a single module is used for the initial assembly of T-ag double hexamers. Finally, we discuss the evidence
that nucleotide hydrolysis is required for the remodeling events that result in the utilization of the second
assembly unit.

A thorough understanding of the initiation of DNA replica-
tion and its regulation, will require a detailed description of the
protein-DNA and protein-protein interactions that take place
at origins of replication. Since origins of replication in higher
eukaryotic organisms are poorly characterized (8, 21), little is
known about the molecular interactions that take place at
these sites. Therefore, well-defined viral model systems are
being used in an effort to establish the molecular interactions
required to initiate DNA replication. One of the best-charac-
terized viral model systems is that based on simian virus 40
(SV40). This virus encodes a single protein, termed T antigen
(T-ag) (68), that binds in a site-specific manner to the viral
origin of replication, a necessary step for the initiation of DNA
replication (72). Several reviews have been published that
cover the SV40 origin of replication, T-ag, and the interactions
that take place between these molecules (4, 7, 26). Therefore,
only a brief introduction is provided that stresses recent ob-
servations in this field.

A 64-bp region of the SV40 genome, termed the core origin,
is necessary and sufficient for viral replication (19, 22, 39, 52,
66). The core origin consists of a central region, termed site II,
that is flanked by an AT-rich domain (AT) and a second
region, termed the early palindrome (EP) (17). Site II contains
four GAGGC pentanucleotides, arranged as inverted pairs,
that serve as binding sites for T-ag (20, 43, 69, 71). All three
regions of the core origin are required for DNA unwinding and
initiation of DNA replication (13, 17, 32).

T-ag is a 708-amino-acid phosphoprotein that contains sev-
eral structural and functional domains (for reviews, see refer-
ences 7 and 26). One domain of T-ag, the T-ag origin binding
domain (T-ag-obd131–260) has been extensively studied. The

purified T-ag-obd131–260 can locate and bind site II within the
core origin (reviewed in references 7 and 26). To better un-
derstand origin recognition, this domain was purified (33), and
the solution structure of this polypeptide was determined (43).
When viewed in terms of extensive mutagenesis studies (e.g.,
references 61 and 81), the structure of the T-ag-obd131–260
provided several important insights into pentanucleotide rec-
ognition (7). For instance, these studies established that
GAGGC binding is mediated largely by a pair of loops (43).

Following origin recognition by T-ag monomers, a poorly
understood oligomerization process takes place that results in
the formation of two hexameric rings that encircle the core
origin (12, 16, 30, 45) (reviewed in references 4 and 7). Previ-
ous studies demonstrated that the assembly of T-ag double
hexamers on the core origin is a cooperative process (50, 55,
75, 76). Furthermore, transmission electron microscopy studies
have provided images of T-ag hexamers (58) and double hex-
amers assembled on the core origin (73). The double-hexamer
complex is 24 nm long and 8 to 12 nm wide, and the hexamers
are oriented in a head-to-head manner (32, 73). Recent exper-
iments indicate that hexamer-hexamer interactions are medi-
ated by the T-ag-obd (73, 76), an observation consistent with
previous studies of the T-ag-obd (33, 62).

Our long-term goal is to describe, in molecular terms, the
mechanism of DNA unwinding. Since this process is initiated
by T-ag assembly on the core origin, we have analyzed in detail
the sequence requirements for hexamer and double-hexamer
formation. Using mutant forms of the 64-bp core origin, we
previously reported that individual pentanucleotides support
hexamer formation while oligonucleotides containing active
pairs of pentanucleotides, particularly pentanucleotides 1 and
3, support double-hexamer formation (32). The structural con-
sequences of double-hexamer formation on pentanucleotides 1
and 3 are known to include melting of the EP and structural
alterations of the AT (6, 32, 54). Properly arranged pairs of
pentanucleotides were also sufficient for stable binding of T-
ag-obd131–260 dimers to the core origin (33). In a subsequent
study, we examined the role of the AT and EP regions in T-ag
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assembly events. These studies revealed that T-ag binding to
the core origin requires not only interactions between the
T-ag-obd and site II, but additional poorly defined interactions
between non-T-ag-obd residues and either of the flanking se-
quences (7, 9, 35). They also demonstrated that in the presence
of a nonhydrolyzable analogue of ATP, subfragments of the
core origin containing site II and one additional flanking se-
quence that may be positioned on either side of site II are
sufficient for double-hexamer formation (35, 55). However, in
the presence of ATP, assembly events require a larger region
of the core origin (35).

In view of these studies, we elected to establish which com-
bination of pentanucleotide pairs and flanking sequences sup-
port T-ag assembly on the subfragments of the core origin.
Results from these studies, presented herein, have refined our
understanding of the sequence requirements for assembly of
T-ag hexamers and double hexamers on the core origin. These

observations are discussed in terms of how this viral helicase
(14, 29, 65) is assembled and how subsequent remodeling
events (2) are initiated.

MATERIALS AND METHODS

Commercial supplies of enzymes, DNA, reagents, and oligonucleotides. T4
polynucleotide kinase was purchased from Promega, and HaeIII was purchased
from Gibco-BRL/Life Technologies. Yeast hexokinase was obtained from
Boehringer Mannheim, and glucose was obtained from Sigma Chemical Com-
pany.

Oligonucleotides were synthesized on an Applied Biosystems 394 DNA syn-
thesizer at the Protein Chemistry Facility at Tufts University. The oligonucleo-
tides were purified by electrophoresis through urea–10% or 15% polyacrylamide
gels and isolated by standard methods (57, 64). HaeIII-digested plasmid pBR322,
used as non-sequence-specific competitor DNA, was purified by conventional
procedures (57).

Purification of T-ag. SV40 T-ag was expressed in Sf9 cells with a baculovirus
expression vector containing the T-ag-encoding SV40 A gene (53) and purified
by immunoaffinity techniques with the PAb 419 monoclonal antibody as previ-

FIG. 1. Sequences of the 64-bp core oligonucleotide and a set of oligonucleotides derived from the site II 1 EP oligonucleotide. (A) The 64-bp core origin; locations
of the AT, site II, and the EP regions are indicated. Arrows depict the four GAGGC pentanucleotides within site II that serve as recognition sites for T-ag;
pentanucleotides are numbered as previously described (38). SV40 sequences are numbered as described elsewhere (72). (B) Sequences of a set of oligonucleotides
based on the 48-bp site II 1 EP oligonucleotide. The sequence of the 48-bp site II 1 EP oligonucleotide is presented in diagram 1. Diagram 2 presents the sequence
of the 48-bp penta 1, 3 1 EP oligonucleotide, a representative member of the two pentanucleotide 1 EP set of oligonucleotides. During the synthesis of the 48-bp penta
1, 3 1 EP oligonucleotide, transition mutations were introduced at pentanucleotides 2 and 4. These mutations are indicated by the lowercase bold letters. Although
not depicted, the 48-bp penta 1, 2 1 EP, penta 1, 4 1 EP, penta 2, 3 1 EP, penta 2, 4 1 EP, and penta 3, 4 1 EP oligonucleotides were also synthesized. Diagram
3 presents the sequence of the 48-bp penta 1, 3 1 EPm oligonucleotide. This oligonucleotide is similar to the 48-bp penta 1, 3 1 EP oligonucleotide except that
additional transition mutations have replaced the EP region (symbolized by lowercase bold letters). A representative member of the single pentanucleotide 1 EP set
of oligonucleotides, the 48-bp penta 1 1 EP oligonucleotide, is presented in diagram 4. During synthesis of this oligonucleotide, transition mutations were introduced
at pentanucleotides 2, 3, and 4 (indicated by lowercase bold letters). The sequence of the 48-bp penta 1 1 EPm oligonucleotide is presented in diagram 5; this molecule
is similar to the 48-bp penta 1 1 EP oligonucleotide except that additional transition mutations have replaced the EP region (indicated by lowercase bold letters).
Although not depicted, the 48-bp penta 3 1 EP and 48-bp penta 3 1 EPm oligonucleotides were also synthesized. (C) Finally, the sequence of the 47-bp control
oligonucleotide is presented; this molecule served as a control for non-sequence-specific binding events.
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ously described (23, 60, 79). Purified T-ag was dialyzed against T-ag storage
buffer (20 mM Tris-HCl [pH 8.0], 50 mM NaCl, 1 mM EDTA, 1 mM dithio-
threitol (DTT), 0.1 mM phenylmethylsulfonyl fluoride, 0.2 mg of leupeptin per
ml, 0.2 mg of antipain per ml, and 10% glycerol) and stored at 280°C until use.

Band shift assays. Double-stranded oligonucleotides, used as substrates in gel
shift assays (27, 28), were formed by annealing complementary pairs of oligonu-
cleotides in hybridization buffer (34). The double-stranded oligonucleotides were
labeled at their 59 ends with 32P by standard procedures (57). The labeled
oligonucleotides were purified via electrophoresis on neutral 10% polyacryl-
amide gels (run in 13 Tris-borate-EDTA buffer at 10 W, ;21 mA, and ;465 V),
and the bands of interest were removed. The DNA was eluted in oligonucleotide
elution buffer (57). After being extracted with phenol-chloroform-isoamyl alco-
hol (25:24:1) and chloroform-isoamyl alcohol (24:1), the labeled oligonucleotides
were precipitated with 100% ethanol, washed with 80% (vol/vol) ethanol, and
dissolved in deionized H2O (25 fmol/ml).

Band shift reactions, using T-ag and the indicated double-stranded oligonu-
cleotides, were conducted under replication conditions (79) as previously de-
scribed (15, 44, 51, 64). The reaction mixtures (20 ml) contained 7 mM MgCl2, 0.5
mM DTT, 4 mM AMP-p-nitrophenyl (PNP) (or, where indicated, ADP, ATP, or
no exogenous nucleotide), 40 mM creatine phosphate (pH 7.6), 0.48 mg of
creatine phosphate kinase, 5 mg of bovine serum albumin, 0.8 mg of HaeIII-
digested pBR322 DNA (;2.5 pmol; used as a non-sequence-specific competi-
tor), 25 fmol of labeled double-stranded oligonucleotide, and 6 pmol of T-ag
(T-ag was the last component added to the reaction mixture). After a 20-min
incubation at 37°C, glutaraldehyde was added (0.1% final concentration), and
the reaction mixtures were incubated at 37°C for an additional 5 min. At the end
of the incubation period, 5 ml of 63 gel loading dye II (15% Ficoll, 0.25%
bromophenol blue, and 0.25% xylene cyanol [57]) was added to the reaction
mixtures. The samples were then loaded on a 4 to 12% gradient polyacrylamide
gel (19:1 acrylamide-to-bisacrylamide ratio) and electrophoresed in 0.53 Tris-
borate-EDTA buffer for ;95 min (;500 V, 20 mA). The gels were dried,
subjected to autoradiography, and subsequently placed in a PhosphorImager
cassette. Products of gel shift reactions were quantitated with a Molecular Dy-
namics PhosphorImager. In an effort to remove trace amounts of ATP, the
reactions conducted in the presence of ADP were incubated at 37°C for 5 min in
the presence of 1 U of hexokinase and 10 mM glucose prior to the addition of
T-ag (67). Furthermore, the creatine phosphate kinase, dissolved in 50 mM
imidazole buffer, was replaced with a corresponding amount of imidazole buffer.

Nitrocellulose filter binding of SV40 T-ag–DNA complexes. The nitrocellulose
filter binding assay for T-ag binding was based on previously described methods
(5, 42, 46, 64). Reaction mixtures (20 ml each) contained 7 mM MgCl2, 0.5 mM
DTT, 40 mM creatine phosphate (di-Tris salt [pH 7.6]), 0.48 mg of creatine
phosphate kinase, 0.2 mg of bovine serum albumin per ml, 0.8 mg of HaeIII-
digested pBR322 DNA, 25 fmol of a given radioactively labeled oligonucleotide
(;106 cpm/pmol), the indicated amount of T-ag, and 4 mM either AMP-PNP or
ATP.

RESULTS

Requirements for T-ag hexamer and double-hexamer for-
mation on the site II 1 EP assembly unit. A diagram of the
SV40 core origin is presented in Fig. 1A. To establish which
pairs of pentanucleotides are required for double-hexamer for-
mation on the core origin subfragments (35), oligonucleotides
were synthesized that contained all possible combinations of
two pentanucleotides and one of the flanking sequences. A
representative member of the set of oligonucleotides made up
of two pentanucleotides plus the EP, designated the two pen-
tanucleotide 1 EP set, is shown in Fig. 1B, diagram 2. This
48-bp oligonucleotide contains pentanucleotides 1 and 3 and
the EP but contains transition mutations in pentanucleotides 2
and 4 and lacks the AT-rich region. Although not depicted in
Fig. 1B, similar oligonucleotides containing pentanucleotides 1
and 2, 1 and 4, 2 and 3, 2 and 4, 3 and 4 and the EP were also
synthesized. As a positive control, we also synthesized the
48-bp site II 1 EP oligonucleotide (Fig. 1B, diagram 1). The
previously described 47-bp control oligonucleotide (35) served
as a negative control (Fig. 1C).

In a preliminary study, the two pentanucleotide 1 EP set of
oligonucleotides was used in a series of band shift experiments
(Fig. 2A). This set of reactions was conducted at a T-ag-to-
oligonucleotide ratio of 240:1 in the presence of AMP-PNP. As
positive controls, reactions were conducted with the 64-bp core
and 48-bp site II 1 EP oligonucleotides (Fig. 2A, lanes 2 and
4); the products include T-ag hexamers and double hexamers

FIG. 2. Representative gel mobility shift assay used to determine the se-
quence requirements for double hexamer formation on the two pentanucle-
otide 1 EP-based set of oligonucleotides. (A) Experiments were performed in
the presence of AMP-PNP with 6 pmol of T-ag and 25 fmol of the indicated
oligonucleotide. As positive controls, the reaction displayed in lane 2 was con-
ducted with the 64-bp core oligonucleotide while that displayed in lane 4 was
performed with the 48-bp site II 1 EP oligonucleotide. Reactions displayed in
lanes 6, 8, 10, 12, 14, and 16 were conducted with the indicated members of the
two pentanucleotide 1 EP set of oligonucleotides. As a negative control, the
reaction in lane 18 was conducted with the 47-bp control oligonucleotide. Re-
actions in the odd-numbered lanes were conducted with the indicated oligonu-
cleotides in the absence of T-ag. The arrows indicate the positions of T-ag
hexamers (H) and T-ag double hexamers (DH). The position of input or free
DNA is indicated by a bracket. (B) The reactions in Fig. 2A and similar reactions
conducted in the presence of ADP, ATP, and no exogenous nucleotides (data
not shown) were quantitated with a Molecular Dynamics PhosphorImager in
order to determine the percentage of input DNA shifted into double hexamers.
The nucleotide cofactor used in a given reaction is shown to the right of the
figure, and the names of the individual oligonucleotides are presented along the
x axis, while the percentage of input DNA present in double hexamers is listed
on the y axis.
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(12, 55, 75). The reaction products formed with the two pen-
tanucleotide 1 EP set of oligonucleotides are shown in lanes 6,
8, 10, 12, 14 and 16. To measure nonspecific binding to DNA,
a reaction was conducted with the 47-bp control oligonucleo-
tide (lane 18). Reactions shown in odd-numbered lanes were
conducted in the absence of T-ag. Inspection of the even-
numbered lanes reveals that while all of the two pentanucle-
otide 1 EP set of oligonucleotides formed hexamers, only the
48-bp oligonucleotide containing pentanucleotides 1 and 3 plus
the EP (termed the penta 1, 3 1 EP oligonucleotide) formed
significant levels of double hexamers (lane 8). It is concluded
that only pentanucleotides 1 and 3 are arranged in the correct
orientation, relative to the EP, to support double-hexamer
formation.

The experiments presented in Fig. 2A were repeated in the
presence of ADP, ATP, and no exogenous nucleotide (data not
shown). These experiments were quantitated with a Molecular
Dynamics PhosphorImager. Results from these analyses are
presented in Fig. 2B. Inspection of this figure confirms that in
the presence of AMP-PNP, the penta 1, 3 1 EP oligonucleo-
tide supported DH formation at levels equivalent to those
formed on the four-pentanucleotide-containing 48-bp site II 1
EP oligonucleotide. Furthermore, in the presence of ADP, the
level of interactions of T-ag with the two pentanucleotide 1
EP set of oligonucleotides is similar, albeit somewhat lower in
the case of the 48-bp penta 1, 3 1 EP oligonucleotide, than
that of the interactions taking place in the presence of AMP-
PNP. It is also clear that in the absence of exogenous nucleo-
tides, the two pentanucleotide 1 EP set of oligonucleotides
supported limited double-hexamer formation, a result consis-
tent with previous studies (5, 15, 18). In experiments conducted
in the presence of ATP, it was previously reported (35) that the
site II 1 EP oligonucleotide does not form double hexamers in
the presence of ATP, a result confirmed by the data shown in
Fig. 2B. Likewise, Fig. 2B demonstrates that all members of
the two pentanucleotide 1 EP set of oligonucleotides were
unable to support double-hexamer formation in the presence
of ATP. In contrast, in the presence of ATP, hexamer forma-
tion was supported by these same oligonucleotides (data not
shown). Quantitation of hexamer formation on the penta 1,
3 1 EP assembly unit in the presence of ATP is presented in
Fig. 3B).

Further characterization of hexamer and double-hexamer
formation on the penta 1, 3 1 EP assembly unit. Given that in
the presence of AMP-PNP, the 48-bp penta 1, 3 1 EP oligo-
nucleotide supported hexamer and double-hexamer formation,
we elected to establish which of the three components were
required for hexamer, as opposed to double-hexamer, assem-
bly. We were also interested in characterizing the role of the
EP in T-ag assembly events. Therefore, the penta 1, 3 1 EP
derivative set of oligonucleotides was synthesized (i.e., the
48-bp penta 1, 3 1 EP mutant [EPm] oligonucleotide [Fig. 1B,
diagram 3], the 48-bp penta 1 1 EP and the 48-bp penta 1 1
EPm oligonucleotides [Fig. 1B, diagrams 4 and 5], and the
48-bp penta 3 1 EP and the 48-bp penta 3 1 EPm oligonu-
cleotides [diagrams not shown]).

One series of experiments conducted with the penta 1, 3 1

FIG. 3. Representative gel mobility shift assay used to establish which com-
ponents of the 48-bp penta 1, 3 1 EP assembly unit are required for hexamer and
double-hexamer formation. (A) Reactions were conducted in the presence of
AMP-PNP with 6 pmol of T-ag and 25 fmol of the indicated oligonucleotide. As
a positive control, one reaction was conducted with the 48-bp penta 1, 3 1 EP
oligonucleotide (lane 2). To test the role of the EP in these assembly events, a
reaction was conducted with the 48-bp penta 1, 3 1 EPm oligonucleotide (lane
4). Reactions conducted with the single pentanucleotide containing 48-bp penta
1 1 EP and 48-bp penta 1 1 EPm oligonucleotides are presented in lanes 6 and
8, respectively. Similar reactions, conducted with the 48-bp penta 3 1 EP and
48-bp penta 3 1 EPm oligonucleotides, are presented in lanes 10 and 12. To
assay for non-sequence-specific binding events, a reaction was conducted with
the 47-bp control oligonucleotide (lane 14). The reactions in the odd-numbered
lanes were conducted in the absence of protein. The positions of T-ag hexamers
(H) and double hexamers (DH) are indicated by arrows. The location of input or
free DNA is indicated by a bracket. (B) The reactions in Fig. 3A and similar
reactions conducted in the presence of ADP, ATP, and no exogenous nucleo-
tides (data not shown) were quantitated with a Molecular Dynamics Phosphor-

Imager. The percentage of input DNA, containing single pentanucleotides, that
was shifted into hexamers is presented in histogram 2. The nucleotide cofactor
used in a given set of reactions is shown to the right of the figure, and the names
of the individual oligonucleotides are presented along the x axis, while the
percentage of input DNA present in the hexamer species is listed on the y axis.
Histogram 1 indicates the quantitative impact of mutating the EP region on T-ag
oligomerization into hexamers and double hexamers.
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EP derivative set of oligonucleotides, in the presence of AMP-
PNP, is presented in Fig. 3A. As a positive control, a band shift
experiment was conducted with the 48-bp penta 1, 3 1 EP
oligonucleotide (Fig. 1B, diagram 2); as previously demon-
strated, this two-pentanucleotide-containing subfragment of
the core origin supported hexamer and double-hexamer for-
mation (Fig. 3A, lane 2). However, when these experiments
were repeated with an oligonucleotide containing transition
mutations in the EP, the penta 1, 3 1 EPm oligonucleotide,
T-ag assembly was greatly reduced (lane 4). Thus, as with
assembly on the site II 1 EP oligonucleotide (35), T-ag assem-
bly on the penta 1, 3 1 EP assembly unit is promoted by
sequence-specific, or perhaps conformation-dependent, inter-
actions with the EP, an observation supported by previous
studies (54, 59). Identical band shift experiments conducted
with the 48-bp penta 1 1 EP or 48-bp penta 3 1 EP oligonu-
cleotide, are presented in lanes 6 and 10, respectively. It is
apparent that while the 48-bp penta 1 1 EP oligonucleotide
supported the formation of relatively high levels of T-ag hex-
amers, the 48-bp penta 3 1 EP oligonucleotide did not. Con-
firmation that hexamer formation on pentanucleotide 1 re-
quires an interaction with the EP region was demonstrated by
additional experiments conducted with the 48-bp penta 1 1
EPm oligonucleotide. Relative to the molecule containing the
wild-type EP, this molecule was clearly defective in its ability to
support hexamer formation (compare lanes 6 and 8). As ex-
pected, hexamer formation on the 48-bp penta 3 1 EPm oli-
gonucleotide was defective (lane 12); indeed, it formed hex-
amers at levels approaching those of background assembly on

the 47-bp control oligonucleotide (lane 14). Reactions con-
ducted in the absence of T-ag are presented in the odd-num-
bered lanes of Fig. 3A. It is concluded that in the presence of
the EP, pentanucleotide 1, but not pentanucleotide 3, is capa-
ble of independently supporting hexamer formation.

The experiments presented in Fig. 3A and similar experi-
ments conducted in the presence of ATP, ADP, or no exoge-
nous nucleotides (data not shown) were quantitated with a
PhosphorImager. Results from these studies are presented in
Fig. 3B). Inspection of histogram 2 demonstrates that the pat-
tern of hexamer formation on the penta 1, 3 1 EP derivative
set of oligonucleotides is similar in the presence of AMP-PNP
and ADP. This histogram also confirms that while the 48-bp
penta 1 1 EP oligonucleotide supports hexamer formation, the
48-bp penta 3 1 EP oligonucleotide is a poor substrate for
hexamer assembly. Moreover, reactions conducted in the ab-
sence of nucleotide support very low levels of hexamer forma-
tion. Likewise, in the presence of ATP, very limited amounts of
hexamer formed on this set of oligonucleotides. However, the
48-bp penta 1 1 EP oligonucleotide was the single exception in
that in the presence of ATP, it supported hexamer formation
in this and several identical experiments (data not shown).
Additional evidence that the 48-bp penta 1 1 EP oligonucle-
otide supported T-ag binding in the presence of ATP is pro-
vided by other experiments (see Fig. 7B). Inspection of histo-
gram 1 of Fig. 3B reveals that T-ag assembly on the 48-bp
penta 1, 3 1 EP oligonucleotide, in the presence of either
AMP-PNP or ADP, is at least fivefold greater than on an

FIG. 4. Sequences of the site II 1 AT-based oligonucleotides. Diagram 1 provides the sequence of the 47-bp site II 1 AT oligonucleotide. As in previous examples,
the arrows depict the four GAGGC pentanucleotides that serve as recognition sites for T-ag. A representative member of the two pentanucleotide 1 AT set of
oligonucleotides is presented in diagram 2. During the synthesis of the 47-bp penta 2, 4 1 AT oligonucleotide, transition mutations were introduced at pentanucleotides
1 and 3. These mutations are indicated by lowercase bold letters. Although not depicted, the 47-bp penta 1, 2 1 AT, penta 1, 3 1 AT, penta 1, 4 1 AT, penta 2, 3 1
AT, and penta 3, 4 1 AT oligonucleotides were also synthesized. Diagram 3 presents the sequence of the 47-bp penta 2, 4 1 ATm oligonucleotide; this molecule is
similar to the 47-bp penta 2, 4 1 AT oligonucleotide except that additional transition mutations have replaced the AT (indicated by the lowercase bold letters). A
representative member of the single pentanucleotide 1 AT set of oligonucleotides, the 47-bp penta 4 1 AT oligonucleotide, is presented in diagram 4. During the
synthesis of the 47-bp penta 4 1 AT oligonucleotide, transition mutations were introduced at pentanucleotides 1, 2, and 3 (indicated by the lowercase bold letters).
Diagram 5 presents the 47-bp penta 4 1 ATm oligonucleotide; this molecule is similar to the 47-bp penta 4 1 AT oligonucleotide except that the AT-rich region has
been replaced by additional transition mutations (indicated by lowercase bold letters). Finally, although not depicted, the 47-bp penta 2 1 AT and 47-bp penta 2 1
ATm oligonucleotides were also synthesized.
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oligonucleotide containing transition mutations in this flanking
sequence.

Requirements for T-ag hexamer and double-hexamer for-
mation on the site II 1 AT assembly unit. To establish the
sequence requirements for double-hexamer assembly on the
site II 1 AT assembly unit (35), a second series of band shift
experiments was conducted with the two pentanucleotide 1
AT set of oligonucleotides. A representative member of this
set of oligonucleotides is depicted in Fig. 4, diagram 2. This
47-bp oligonucleotide contains pentanucleotides 2 and 4 and
the AT but contains transition mutations at pentanucleotides 1
and 3 and lacks the EP region. Similar oligonucleotides con-
taining pentanucleotides 1 and 2, 1 and 3, 1 and 4, 2 and 3, 3
and 4 and the AT were synthesized. To serve as positive con-
trols, the 47-bp site II 1 AT (Fig. 4, diagram 1) and the 64-bp
core (Fig. 1A) oligonucleotides were also synthesized. The
previously described 47-bp control oligonucleotide (Fig. 1B,
diagram 6) served as a negative control.

In an initial set of experiments, the two pentanucleotide 1
AT set of oligonucleotides were used in a series of band shift
experiments that were conducted in the presence of AMP-PNP
at a T-ag-to-oligonucleotide ratio of 240:1 (Fig. 5A). As posi-
tive controls, reactions were conducted with the 64-bp core
origin oligonucleotide (Fig. 5, lane 2) and the 47-bp site II 1
AT oligonucleotide (lane 4); as expected, these molecules sup-
ported hexamer and double-hexamer formation. The reaction
products formed with the two pentanucleotide 1 AT set of
oligonucleotides are shown in lanes 6, 8, 10, 12, 14, and 16.
Inspection of the protein-DNA complexes in these lanes dem-
onstrates that while all of the two pentanucleotide 1 AT sets
of oligonucleotides formed hexamers, only the penta 2, 4 1 AT
oligonucleotide formed double hexamers at levels approaching
that of assembly on the 47-bp site II 1 AT oligonucleotide
(compare lanes 14 and 4). As in previous reactions (Fig. 2A
and 3A), the 47-bp control oligonucleotide supported very low
levels of hexamer formation (Fig. 5, lane 18). Reactions in
odd-numbered lanes were conducted in the absence of T-ag.

The experiments shown in Fig. 5A were repeated in the
presence of ADP, ATP, and no exogenous nucleotides (data
not shown). These studies were quantitated with a Molecular
Dynamics PhosphorImager; results from these analyses are
presented in Fig. 5B. In the presence of AMP-PNP, the penta
2, 4 1 AT oligonucleotide supported double-hexamer forma-
tion, albeit at a level somewhat lower than that on the 47-bp
site II 1 AT oligonucleotide. It is also apparent that in the
presence of ADP, T-ag’s ability to form double hexamers on
the two pentanucleotide 1 AT set of oligonucleotides is similar
to, although somewhat less than, double-hexamer formation in
the presence of AMP-PNP. As with the two pentanucleotide 1
EP set of oligonucleotides (Fig. 2B), T-ag’s ability to form
double hexamers on the two pentanucleotide 1 AT set of
oligonucleotides was reduced to near-background levels in the
presence of ATP or no exogenous nucleotides.

Further characterization of hexamer and double-hexamer
formation on the penta 2, 4 1 AT assembly unit. As with the
penta 1, 3 1 EP assembly unit, we elected to establish which
combinations of the penta 2, 4 1 AT assembly unit are nec-
essary for hexamer and double-hexamer formation. We also
wanted to further characterize the role of the AT-rich region in
assembly. Therefore, the penta 2, 4 1 AT derivative set of
oligonucleotides was synthesized (i.e., the 47-bp penta 2, 4 1
ATm oligonucleotide [Fig. 4, diagram 3], the 47-bp penta 4 1
AT and the 47-bp penta 4 1 ATm oligonucleotides [Fig. 4,
diagrams 4 and 5], and the 47-bp penta 2 1 AT and 47-bp
penta 2 1 ATm oligonucleotides [diagrams not shown]).

One series of experiments performed with this set of oligo-

FIG. 5. Representative gel mobility shift assay used to determine the se-
quence requirements for double hexamer formation on the two pentanucle-
otide 1 AT-based set of oligonucleotides. (A) Experiments were performed in
the presence of AMP-PNP with 6 pmol of T-ag and 25 fmol of the indicated
oligonucleotide. As positive controls, reactions were conducted with the 64-bp
core oligonucleotide (lane 2) and the 47-bp site II 1 AT oligonucleotide (lane 4).
The reactions displayed in lanes 6, 8, 10, 12, 14, and 16 were conducted with the
indicated members of the two pentanucleotide 1 AT set of oligonucleotides. The
reaction shown in lane 18 was conducted with the 47-bp control oligonucleotide.
Reactions in the odd-numbered lanes were conducted in the absence of T-ag.
The arrows indicate the positions of T-ag hexamers (H) and double hexamers
(DH). The position of input or free DNA is indicated by a bracket. (B) The
reactions shown in Fig. 5A and similar reactions conducted in the presence of
ADP, ATP, and no exogenous nucleotides (data not shown) were quantitated
with a Molecular Dynamics PhosphorImager to determine the percentage of
input DNA shifted into double hexamers. The nucleotide cofactor is indicated to
the right of the figure, and the names of the individual oligonucleotides are
presented along the x axis, while the percentage of input DNA present in the
double hexamers is indicated on the y axis.
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nucleotides, conducted in the presence of AMP-PNP, is pre-
sented in Fig. 6A. As a positive control, a band shift experi-
ment was conducted with the 47-bp penta 2, 4 1 AT
oligonucleotide (Fig. 6A, lane 2). The products formed in this
reaction, hexamers and double hexamers, are indicated. When
these reactions were repeated with the 47-bp penta 2, 4 1
ATm oligonucleotide, a molecule containing transition muta-
tions in the AT sequences, the level of T-ag assembly was
reduced (lane 4). Thus, as with assembly on the site II 1 AT
oligonucleotide (35), T-ag assembly on the penta 2, 4 1 AT
assembly unit is promoted by sequence-specific, or conforma-
tion-dependent, interactions with the AT. Band shift reactions
conducted with the 47-bp penta 4 1 AT or 47-bp penta 2 1 AT
oligonucleotide are presented in lanes 6 and 10, respectively. It
is apparent that the penta 4 1 AT oligonucleotide supported a
higher level of hexamer formation than the penta 2 1 AT
oligonucleotide. An additional reaction, conducted with the
47-bp penta 4 1 ATm, is presented in lane 8. As in previous
examples, a relatively low level of binding to this oligonucleo-
tide indicates that sequence-specific, or perhaps conformation-
dependent, interactions with the AT-rich region are important
for hexamer assembly on pentanucleotide 4. As expected, the
level of hexamer formation on the 47-bp penta 2 1 ATm
oligonucleotide was very low (lane 12). As in previous exam-
ples, the 47-bp control oligonucleotide was used to measure
non-sequence-specific hexamer formation (lane 14). Reactions
conducted in the absence of T-ag are presented in the odd-
numbered lanes. It is concluded that in the presence of the
AT-rich region, pentanucleotide 4 is the preferred substrate
for hexamer formation.

The experiments in Fig. 6A and similar experiments con-
ducted in the presence of ATP, ADP, or no exogenous nucle-
otides (data not shown) were quantitated with a Phosphor-
Imager; results from these studies are presented in Fig. 6B.
Inspection of histogram 2 of Fig. 6B reveals that ADP sup-
ported similar, albeit somewhat lower, levels of hexamer for-
mation on the penta 2, 4 1 AT derivative set of oligonucleo-
tides, as did AMP-PNP. In the absence of exogenous
nucleotides, this set of oligonucleotides supported very low
levels of hexamer formation. Moreover, in the presence of
ATP, only the 47-bp penta 4 1 AT oligonucleotide supported
low, but detectable, levels of hexamer formation. (Additional
evidence that the 47-bp penta 4 1 AT oligonucleotide supports
T-ag binding in the presence of ATP is provided by the exper-
iments presented in Fig. 7B). In the presence of AMP-PNP,
the 47-bp penta 4 1 AT oligonucleotide supported a level of
T-ag assembly approximately 3.5-fold higher than that of the
47-bp penta 2 1 AT oligonucleotide (Fig. 7B). Finally, inspec-
tion of histogram 1 of Fig. 7B reveals that the level of T-ag
assembly on the 47-bp penta 2, 4 1 AT oligonucleotide, in the
presence of AMP-PNP, is approximately fourfold higher than
that on an oligonucleotide containing transition mutations in
the AT.

Further characterization of T-ag assembly via nitrocellulose
filter binding assays. The T-ag assembly studies conducted in
the preceding sections require cross-linking with glutaralde-
hyde (see Materials and Methods). Therefore, nitrocellulose
filter binding assays were used to confirm that particular oli-
gonucleotides (e.g., the 48-bp penta 1, 3 1 EP, 47-bp penta 2,

FIG. 6. Representative gel mobility shift assay used to establish which com-
ponents of the 47-bp penta 2, 4 1 AT assembly unit are required for hexamer
and double-hexamer formation. (A) Reactions were conducted in the presence
of AMP-PNP with 6 pmol of T-ag and 25 fmol of the indicated oligonucleotide.
As a positive control, one reaction was conducted with the 47-bp penta 2, 4 1 AT
oligonucleotide (lane 2). To test the role of the AT in these assembly events, a
reaction was conducted with the 47-bp penta 2, 4 1 ATm oligonucleotide (lane
4). Reactions conducted with the single pentanucleotide containing 47-bp penta
4 1 AT and 47-bp penta 4 1 ATm oligonucleotides are presented in lanes 6 and
8, respectively. Similar reactions, conducted with the 47-bp 2 1 AT and 47-bp
penta 2 1 ATm oligonucleotides, are presented in lanes 10 and 12, respectively.
To assay for non-sequence-specific binding events, an additional reaction was
conducted with the 47-bp control oligonucleotide (lane 14). Reactions in the
odd-numbered lanes were conducted in the absence of protein. The positions of
T-ag hexamers (H) and double hexamers (DH) are indicated by arrows, while the
position of free DNA is indicated by a bracket. (B) The reactions shown in Fig.
6A and similar reactions conducted in the presence of ADP, ATP, and no
exogenous nucleotides (data not shown) were quantitated with a Molecular
Dynamics PhosphorImager. Histogram 2 displays the percentage of input DNA,
containing single pentanucleotides, that is shifted into hexamers. The nucleotide
cofactor used in a given set of reactions is shown to the right of the figure, the

names of the individual oligonucleotides are shown on the x axis, and the
percentage of input DNA shifted into hexamers is shown on the y axis. Histogram
1 reveals the quantitative impact of mutating the AT on T-ag oligomerization on
the penta 2, 4 1 AT assembly unit.
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4 1 AT, 48-bp penta 1 1 EP, and 47-bp penta 4 1 AT) are
preferred substrates for T-ag binding. Results from these as-
says, conducted with T-ag, AMP-PNP, and various oligonucle-
otides, are presented in Fig. 7A. As expected, T-ag bound the
48-bp penta 1, 3 1 EP and 47-bp penta 2, 4 1 AT oligonucle-
otides at levels only slightly lower than that of the 64-bp core
origin oligonucleotide. Moreover, oligonucleotides containing
a single pentanucleotide proximal to a given flanking sequence
(i.e., the 48-bp penta 1 1 EP and 47-bp penta 4 1 AT oligo-
nucleotides) bound T-ag at elevated levels, while those con-
taining the flanking sequences distal to the single pentanucle-
otide (i.e., the 48-bp penta 3 1 EP and 47-bp penta 2 1 AT
oligonucleotides) supported T-ag binding at reduced levels.
Thus, results from both band shift and nitrocellulose filter
binding assays are in agreement about which combinations of
pentanucleotides and flanking sequences support T-ag assem-
bly.

The same set of oligonucleotides was used in additional
nitrocellulose filter binding assays conducted in the presence of
ATP (Fig. 7B). In contrast to studies conducted in the presence
of AMP-PNP (Fig. 7A), there was a considerable reduction in

the level of binding to all oligonucleotides in the presence of
ATP (Fig. 7B). Qualitatively, however, the results obtained
with these two nucleotides are quite similar; those oligonucle-
otides containing pentanucleotides proximal to the flanking
sequences support T-ag binding while those distal to the flank-
ing sequences bound T-ag at levels comparable to that of the
47-bp control oligonucleotide.

DISCUSSION

The protein-DNA interactions that take place at the SV40
origin are of interest for a number of reasons. By studying T-ag
assembly on the core origin, one is simultaneously character-
izing origin recognition (reviewed in references 7 and 26) and
the formation of a eukaryotic helicase (14, 29, 65). Moreover,
it is likely that a clearer understanding of how T-ag assembles
on the core origin will aid in efforts to establish the mechanism
of T-ag-catalyzed DNA unwinding (14, 24, 80). A further mo-
tivation is that studies of T-ag–origin interactions continue to
provide significant insights into how initiation of DNA repli-
cation is regulated by the cell cycle machinery (references 3,
47, 49, 75, 76 and references therein). Therefore, we have
conducted a series of experiments designed to further refine
the core origin sequence requirements for T-ag assembly
events.

Our studies demonstrate that in the presence of SV40 core
origin subfragments containing two pentanucleotides and the
EP and the nonhydrolyzable analogue of ATP (AMP-PNP),
double hexamers form only in the presence of pentanucleo-
tides 1 and 3. In the presence of core origin subfragments
containing two pentanucleotides and the AT, double hexamers
form only when pentanucleotides 2 and 4 are present. Identical
conclusions were drawn from experiments conducted in the
presence of ADP, an indication that T-ag adopts a similar
conformation upon binding of AMP-PNP or ADP. These and
related studies (32, 33, 35) demonstrate that the 64-bp SV40
core origin contains two separate modular units for double-
hexamer assembly. This observation raises the possibility that
previous chemical and enzymatic studies of T-ag’s interactions
with the core origin (reviewed in reference 7) are composites
of two signals; one signal is due to occupancy of the EP mod-
ule, and the second weaker signal is due to occupancy of the
AT module.

The relative positions of the penta 1, 3 1 EP and penta 2,
4 1 AT assembly units within the core origin are depicted in
Fig. 8A. As previously noted, pentanucleotide pair 1 and 3 is
on the same surface of B-DNA, as is pentanucleotide pair 2
and 4 (33). Based on these spatial arrangements, one would
predict that T-ag contacts with the pentanucleotides are clus-
tered along one face of B-DNA, a hypothesis confirmed by
previous studies (31, 59). Moreover, a single nucleotide inser-
tion between pentanucleotides 2 and 3 disrupts cooperative
interactions between hexamers on the core origin (10, 75).
Thus, separation of pentanucleotide pairs 1 and 3 and 2 and 4
by 3.4 Å is sufficient to disrupt the protein-protein interactions
necessary for efficient double-hexamer formation. It is clear
from Fig. 8 and previous studies that a very precise arrange-
ment of sequences is necessary for efficient double-hexamer
formation. These observations suggest that the two hexameric
rings that assemble on these sequences have an equally precise
spatial arrangement, a hypothesis consistent with recent im-
ages of T-ag double hexamers assembled on the core origin
(73).

A model is presented in Fig. 8B depicting double-hexamer
formation on the two assembly units present within the SV40
core origin that incorporates recent insights into the structures

FIG. 7. Filter binding assays used to measure the ability of T-ag to bind to
oligonucleotides derived from the site II 1 EP- and site II 1 AT-based oligo-
nucleotides. (A) Reactions were performed in the presence of AMP-PNP and
the indicated amounts of T-ag (0, 3, and 6 pmol). The percentage of oligonu-
cleotide bound to T-ag was established by nitrocellulose filter binding assays and
scintillation counting. (B) The same set of oligonucleotides were used in addi-
tional nitrocellulose filter binding assays conducted in the presence of ATP.
Following the addition of T-ag (0, 3, 6 pmol), the amount of bound oligonucle-
otide was determined. It is noted that a larger percentage of the substrates are
bound in the filter binding assays than in the gel shift assays (compare the data
in Fig. 7 with those in Fig. 3B and 6B). This may reflect that the T-ag–DNA
complexes are subjected to harsher conditions during gel electrophoresis than
during filter binding.
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of T-ag hexamers and double hexamers derived from studies by
Valle et al. (73). On the penta 1, 3 1 EP assembly unit, it is
proposed that the initial hexamer forms on pentanucleotide 1
(Fig. 8B, lines 1 to 3). This oligomerization event is dependent
upon both sequence-specific interactions between the T-ag-
obd and pentanucleotide 1, as well as poorly characterized
interactions between non-T-ag-obd regions of T-ag and the EP
(this study; references 9, 35, 43, and 73 and references therein).
Regions of T-ag required for hexamer formation (line 3) are
known to include the T-ag-obd and Zn finger domains (41, 62,
76; reviewed in reference 7). Phosphorylation and ATP hydro-
lysis are not required for hexamer formation (3, 48, 49, 56, 76).
The experiments shown in Fig. 2, 3, and 7 indicate that once
the initial hexamer has formed on pentanucleotide 1, addi-
tional protein-protein and protein-DNA interactions promote
the cooperative assembly of the second hexamer on pen-
tanucleotide 3 (Fig. 8B, line 4). Regions of T-ag involved in the
hexamer-hexamer interactions include the T-ag-obd and the

N-terminal cluster of phosphorylation sites (references 3, 73,
75 and 76 and references therein). On the penta 2, 4 1 AT
assembly unit, it is proposed that the initial hexamer forms on
pentanucleotide 4 (lines 1 to 3), presumably due to many of the
same protein-protein and protein-DNA interactions described
above for hexamer formation on the penta 1, 3 1 EP assembly
unit. The experiments shown in Fig. 5, 6, and 7 indicate that
once the initial hexamer forms over pentanucleotide 4 (Fig.
8B, line 3), cooperative protein-protein interactions enable the
second hexamer to form over pentanucleotide 2 (line 4).

Additional support for the model presented in Fig. 8B and
especially for the hypothesis that the penta 1, 3 1 EP unit is
preferentially utilized is provided by previous studies of T-ag-
obd131–260 and T-ag assembly events on oligonucleotides de-
rived from the full-length core origin. For instance, purified
T-ag-obd131–260 was shown to bind as a dimer to the four-
pentanucleotide-containing 64-bp core origin (33). Pentanucleo-
tides 1 and 3 were the preferred substrates for T-ag-obd131–260

FIG. 8. A model illustrating the relative positions of the penta 1, 3 1 EP and penta 2, 4 1 AT assembly units on the core origin and the formation of hexamers
and double hexamers on oligonucleotides containing single assembly sites. (A) To depict the relative positions of the penta 1, 3 1 EP and penta 2, 4 1 AT assembly
units, the 64-bp core origin is shown as a B DNA helix. The penta 1, 3 1 EP assembly unit is shown in green, while the penta 2, 4 1 AT assembly unit is shown in
yellow. The locations of individual GAGGC pentanucleotides are indicated by arrows; the positions of the flanking sequences are also indicated. (B) Models for T-ag
assembly events on the penta 2, 4 1 AT (left) and 1, 3 1 EP (right) assembly units (line 1). The structures used to depict T-ag monomers and hexamers are based
on transmission electron microscopy studies reported by Valle et al. (73). Smaller circles represent the T-ag-obd, while the remaining residues of T-ag are represented
by larger circles. Pentanucleotides proximal to the flanking sequences are recognized by the T-ag-obd, while non-T-ag-obd residues make both sequence-specific and
non-sequence-specific interactions with the flanking sequences (this study; reference 35 and references therein). Following monomer binding (line 2), protein-protein
interactions give rise to hexamer formation (line 3). Hexamer formation enables additional protein-protein and protein-DNA interactions to take place and subsequent
formation of double hexamers to occur (line 4). Boldface arrows show that assembly on the penta 1, 3 1 EP assembly unit is preferred over the penta 2, 4 1 AT assembly
unit.
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dimer formation; only if pentanucleotides 1 and 3 were mu-
tated were pentanucleotides 2 and 4 used to support T-ag-
obd131–260 binding (33). To account for the observation that
only two of the four pentanucleotides were bound by T-ag-
obd131–260, we speculated that upon T-ag-obd131–260 binding to
a given pentanucleotide (e.g., pentanucleotide 1), it obscured
the neighboring pentanucleotide (e.g., pentanucleotide 2) from
subsequent binding events. Similar observations were made
with T-ag. For example, we demonstrated that only two pen-
tanucleotides are required for T-ag double-hexamer formation
on the 64-bp core origin (32) and that pentanucleotides 1 and
3 were the preferred substrates for T-ag assembly. Consistent
with these observations, dimethyl sulfate studies revealed that
T-ag protected pentanucleotides 1 and 3 more than 2 and 4 (6,
31), and preferential binding to the early half of the core origin
has been reported by several investigators (55, 70, 75). Of partic-
ular interest, 1,10-phenanthroline-copper ion footprinting
studies revealed that on the core origin, T-ag double hexamers
and T-ag-obd131–260 dimers have virtually identical footprints
that extend between pentanucleotides 1 and 3 (32). In the
absence of pentanucleotides 1 and 3, pentanucleotides 2 and 4
supported T-ag double-hexamer formation but at relatively low
levels when compared to pentanucleotides 1 and 3 (32).

It is noted that under certain conditions, double hexamers
can form on the core origin at positions other than the penta
1, 3 1 EP and penta 2, 4 1 AT assembly units. For example,
we previously reported that a 64-bp duplex molecule contain-
ing pentanucleotides 1 and 4, the 64-bp AT, penta 1, 4 1 EP
oligonucleotide, supported formation of two hexamers (32). In
view of the experiments presented herein, we now suspect that
these assembly events are due to aberrant formation, at rela-
tively high protein-to-DNA ratios, of two hexamers at this
distal pair of pentanucleotides. This observation may also be
relevant to studies indicating that the SV40 core origin is
organized into two complementary halves (i.e., penta 1, 2 1 EP
and penta 3, 4 1 AT) (55). It is possible that Parsons et al. (55)
detected EP-dependent assembly on pentanucleotide 1 and
AT-dependent assembly on pentanucleotide 4.

While subfragments of the SV40 core origin support the
assembly of T-ag double hexamers (this study and references
32, 33, and 35), the entire core origin region is needed for
initiation of DNA unwinding (13, 32). These observations im-
ply that certain core origin sequences associate with T-ag at a
stage subsequent to double-hexamer formation. Regarding this
remodeling process, it is noted that once the double hexamer
is formed, two T-ag molecules are predicted to be bound to
DNA. The remaining ten molecules are likely to be unbound
and available for additional DNA binding events, such as in-
teracting with the penta 2, 4 1 AT assembly unit. An obvious
question is what causes the double hexamers formed on one
assembly unit to engage the second assembly unit? Given that
T-ag is known to translocate along leading-strand templates in
a 39-to-59 direction (29, 65, 78), it is unlikely that both hexa-
mers simply shift to the unoccupied pair of pentanucleotides in
the second unit. For example, a hexamer formed on pen-
tanucleotide 1 could not directly translocate to pentanucle-
otide 2, although a hexamer formed on pentanucleotide 3
could migrate to pentanucleotide 4. Therefore, we suspect that
the protein-DNA interactions used to assemble the hexamers
are initially maintained and that under replication conditions
(i.e., ATP and ATP hydrolysis), DNA present in the penta 2,
4 1 AT assembly unit is reeled on to unbound T-ag molecules
present in the double hexamers. This hypothesis is consistent
with studies indicating that T-ag is immobilized on the origin
and the DNA is pulled through during origin unwinding (63,
77) and replication events (reviewed in reference 11). Previous

reports indicating that interactions between T-ag and the AT
tract activate origin unwinding (40, 54) are consistent with the
hypothesis that postassembly DNA-protein interactions are
important for initiation of replication.

Several observations indicate that nucleotide hydrolysis may
be involved in postassembly remodeling events. For instance,
in contrast to double-hexamer formation in the presence of
AMP-PNP or ADP, ATP supports hexamer, but not double-
hexamer, formation on many of the core origin subfragments;
similar observations were made by Kim et al. (35). Given that
hexamers are detected at the pentanucleotides proximal to the
flanking sequences in the presence of ATP (Fig. 3B, 6B, and
7B), it is possible that ATP or ATP hydrolysis causes prefer-
ential lability of the hexamers formed at the distal pentanucle-
otides. Related observations raise the possibility that this se-
lective destabilization of one hexamer may be related to origin
remodeling. For instance, on the penta 1, 3 1 EP assembly
unit, formation of the second hexamer, presumably on pen-
tanucleotide 3, was not supported by ATP. However, in the
presence of ATP, double-hexamer formation was supported by
a 64-bp core origin oligonucleotide containing pentanucleo-
tides 1 and 3 and the AT and EP regions (32). Thus in the
presence of ATP, the AT is necessary for detection of the
second hexamer. One interpretation of this observation is that
ATP or ATP hydrolysis results in conformational changes that
increase the repertoire of core origin sequences necessary for
stable binding of the second hexamer. Consistent with this
proposal, DNase I footprints of T-ag bound to the core origin
were extended into the flanking regions upon the addition of
ATP (6, 18). Moreover, many nucleotide-dependent confor-
mational changes in prokaryotic helicases have been noted
(e.g., in references 37 and 74).

It has been suggested that complicated biochemical pro-
cesses do not change radically once solved by evolution (1, 25).
Therefore, it is interesting that one architectural feature
shared by many prokaryotic and viral origins of replication is
the presence of multiple binding sites for initiators—those
proteins that recognize origins in trans (36). In view of the
similarity between the architectural features of these different
replication origins, it is possible that subregions of many ori-
gins will support initiator assembly. If this hypothesis is proven
to be correct, then additional evidence will have been obtained
that the mechanisms operating during the initiation of DNA
replication have been conserved during evolution.
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