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The interaction of simian virus 40 (SV40) T antigen (T-ag) with the viral origin has served as a model for
studies of site-specific recognition of a eukaryotic replication origin and the mechanism of DNA unwinding.
These studies have revealed that a motif termed the “beta-hairpin” is necessary for assembly of T-ag on the
SV40 origin. Herein it is demonstrated that residues at the tip of the “beta-hairpin” are needed to melt the
origin-flanking regions and that the T-ag helicase domain selectively assembles around one of the newly
generated single strands in a manner that accounts for its 3�-to-5� helicase activity. Furthermore, T-ags
mutated at the tip of the “beta-hairpin” are defective for oligomerization on duplex DNA; however, they can
assemble on hybrid duplex DNA or single-stranded DNA (ssDNA) substrates provided the strand containing
the 3� extension is present. Collectively, these experiments indicate that residues at the tip of the beta-hairpin
generate ssDNA in the core origin and that the ssDNA is essential for subsequent oligomerization events.

Replication of DNA is a fundamental biological process that
has been highly conserved (36). However, at the molecular
level, many steps during DNA replication are not well under-
stood. For example, our understanding of initiation of replica-
tion in higher eukaryotes is limited owing to the failure to
identify sequences that serve as origins of replication (28). An
additional complexity is that while a number of factors needed
to initiate eukaryotic DNA replication have been identified,
the functions of many of these proteins have yet to be estab-
lished (36, 86).

Therefore, fundamental issues related to the initiation of
DNA replication in eukaryotes are being addressed using the
relatively simple DNA tumor viruses (78). The DNA se-
quences that serve as viral origins of replication have been
characterized extensively (reviewed in references 10 and 26).
For instance, the simian virus 40 (SV40) core origin is 64 bp
long and contains three regions, including a central region
containing four GAGGC pentanucleotides arranged as in-
verted repeats and two flanking regions termed the early
palindrome (EP) and the AT-rich region. Viral origins are
recognized by virally encoded proteins termed initiators; the
SV40-encoded initiator is a multidomain, multifunctional pro-
tein termed the large T antigen (T-ag) (reviewed in references
14, 26, and 73). T-ag belongs to helicase superfamily III and is
also a member of the AAA� (ATPase associated with cellular
activities) family of proteins (31). It contains an N-terminal J
domain, a central origin binding domain (T-ag-obd), and a
C-terminal helicase domain (reviewed in references 14, 26, and
73). The determination of much of the structure of T-ag, in-

cluding the J domain (40), T-ag-obd (49, 54), and the helicase
domain (27, 42), has greatly expanded our understanding of
T-ag and its assembly on the origin. For example, the T-ag-obd
has been shown to form an open ring structure in the crystal,
with a positively charged central channel that is sufficiently
large to accommodate duplex DNA (54). The T-ag helicase
domain oligomerizes to form hexameric rings containing a
central channel whose diameter ranges from �7 Å (ATP
bound) to �15 Å (apoenzyme form) (27, 42). This structural
information and related electron microscopy studies (e.g., see
references 83-85) have greatly enhanced our understanding of
the hexamers and double hexamers that form on the SV40
origin (reviewed in reference 10).

The interaction of T-ag with the viral origin is an ideal model
system to establish fundamental mechanisms needed for initi-
ation of DNA replication, including origin recognition, cell
cycle-dependent assembly into a functional double-hexamer
helicase, and origin-specific DNA unwinding. Regarding site-
specific binding to the origin, previous studies demonstrated
that the GAGGC repeats in the central region of the origin are
recognized by residues within the T-ag-obd (49, 74). The re-
cent determination of the costructures of T-ag-obd131-260

bound to GAGGC repeats has greatly expanded our under-
standing of this interaction (9, 55). However, origin recognition
also depends upon a poorly understood interaction between a
motif in the helicase domain termed the “beta-hairpin” (35, 65,
71) (around residues 507 to 517) and either of the origin
“flanking regions.”

The “beta-hairpin” is present in a number of viral initiators
(1, 25, 27, 65, 69, 93) and in the archaeal minichromosome
maintenance (MCM) complex (52); therefore, its interactions
with DNA are of general interest. In addition to origin recog-
nition, it has been proposed that the “beta-hairpin” plays a
direct role in the initial melting of the origin “flanking se-
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quences” (65, 71). Moreover, recent studies of bovine papillo-
mavirus E1 protein demonstrated that within the helicase do-
main of this protein, the “beta-hairpins” surround single-
stranded DNA (ssDNA) (25). Furthermore, movements of the
“beta-hairpins” within bovine papillomavirus E1 (25) and T-ag
(27) are coupled to ATP hydrolysis. Although these studies
clearly implicate “beta-hairpins” in the ATP-dependent heli-
case activities of superfamily III helicases, the precise role(s)
played by the “beta-hairpin” during origin recognition and
subsequent DNA melting events has not been established.
Therefore, we have further investigated the role(s) played by
the “beta-hairpin” during T-ag-dependent initiation of viral
DNA replication.

MATERIALS AND METHODS

Protein purification. Both wild-type (wt) T-ag and a mutant designed to
inactivate the tip of the “beta-hairpin,” the KH512/513AA double mutant, were
expressed in insect (Sf9) cells via infection with baculovirus expression vectors.
The wt vector was previously described (59). The expression vector encoding the
T-ag KH512A/513AA double mutant was prepared as follows. A QuikChange kit
(Stratagene) was used to generate the double mutant, employing the pCVM-
T-ag vector (17) as the substrate. After cleavage of the plasmid vector with
BamHI and isolation of the fragment encoding the mutant T-ag, the fragment
was ligated into the pVL1392 expression vector (Pharmingen) at the BamHI site.
The pVL1392 vector encoding the mutant T-ag was cotransfected into Sf9 cells
along with linearized baculovirus DNA and then amplified to produce a viral
stock (�108 PFU/ml) that was used to produce the mutant T-ag protein. Proteins
were purified using immunoaffinity techniques with the Pab419 monoclonal an-
tibody (23, 72). Purified proteins were stored in T-ag storage buffer (20 mM
Tris-HCl [pH 8.0], 50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol [DTT], 0.1
mM phenylmethylsulfonyl fluoride, 0.2 �g of leupeptin per ml, 0.2 �g of antipain
per ml, 10% glycerol) (90) and frozen at �80°C until needed.

DNA purification and labeling. Oligonucleotides were synthesized on an Ap-
plied Biosystems 394 DNA synthesizer, purified by electrophoresis through 10%
polyacrylamide-urea gels, and isolated as described previously (67, 75). Upon
hybridization, double-stranded oligonucleotides were 32P labeled at their 5�
termini and isolated by standard procedures (67, 75). The SV40 origin-contain-
ing plasmid used in the replication assays, pSV01�EP, was previously described
(90) and was purified using conventional methods (67).

Biochemical assays. (i) DNA replication assays. SV40 DNA replication reac-
tions (43, 80, 90) were conducted as previously described (15, 16). The replica-
tion reaction mixtures (60 �l) contained 7 mM MgCl2, 0.5 mM DTT, 4 mM ATP,
40 mM creatine phosphate (di-Tris salt [pH 7.6]), 1.4 �g of creatine phosphate
kinase, the deoxynucleoside triphosphates dATP, dGTP, and dTTP (100 �M
[each]), the nucleoside triphosphates CTP, GTP, and UTP (200 �M [each]),
[�-32P]dCTP (20 �M; �5 cpm/fmol), 750 ng (�0.4 pmol) of the SV40 origin-
containing plasmid pSV01�EP, 2 �g (�24 pmol) of T-ag or the KH512/513AA
mutant, and 30 �l of HeLa cell extract (�12 mg/ml). The reaction mixtures were
incubated at 37°C for the indicated lengths of time, and then aliquots were
removed and acid-insoluble radioactivity determined by trichloroacetic acid pre-
cipitation.

(ii) EMSAs. Electrophoretic mobility shift assays (EMSAs) with T-ag and the
T-ag KH512/513AA double mutant were conducted under SV40 in vitro repli-
cation conditions (90) in the presence of 4 mM AMP-PNP (a nonhydrolyzable
analog of ATP), as previously described (21, 65). 32P-labeled DNA substrates
(�25 fmol) included a 64-bp double-stranded oligonucleotide containing the
core origin and smaller derivatives, some of which contained ssDNA (see below).
After a 20-min incubation at 37°C, glutaraldehyde was added (0.1% final con-
centration) for 5 min. The samples were then applied to a 4 to 12% gradient
polyacrylamide gel and electrophoresed in 0.5% Tris-borate-EDTA (pH 8.4) for
�1.5 h (10 W). The gels were dried on Whatman 3MM paper and subjected to
autoradiography.

(iii) KMnO4 footprinting. The KMnO4 footprinting technique was conducted
using standard methods (12). The 30-�l reaction mixtures were incubated under
replication conditions (90), using 4 mM of the indicated nucleotide, 1 �g of T-ag
(�12 pmol), and 0.5 �g of the SV40 core origin-containing plasmid pSV01�EP
(�0.27 pmol). Oligonucleotide 2 (5� TATCACGAGGCCCTTTCG 3�), which
was 5� end labeled with [�-32P]ATP and T4 polynucleotide kinase (67), was used
in the primer extension reactions. The samples were electrophoresed for �4 h at

1,500 V and 40 mA in a 7% polyacrylamide gel containing 8 M urea. The
locations of the oxidized residues were determined by using a dideoxy sequencing
ladder (68), with oligonucleotide 2 as the primer.

(iv) Nitrocellulose filter binding assays. Previously described nitrocellulose
filter binding assays were used to measure binding of T-ag to the SV40 origin (11,
51). Reaction mixtures (20 �l) contained 7 mM MgCl2, 0.5 mM DTT, 40 mM
creatine phosphate (di-Tris salt [pH 7.6]), 0.48 �g of creatine phosphate kinase,
4 mM AMP-PNP, 0.2 mg of bovine serum albumin per ml, 0.8 �g of HaeIII-
digested pBR322 DNA, 25 fmol (�0.4 	 106 cpm/pmol) of the 64-bp core origin
or a 64-bp control oligonucleotide derived from the SV40 enhancer (41), and 490
ng (6 pmol) of T-ag or the KH512/513AA double mutant. After incubation for
20 min at 37°C, the mixtures were filtered under suction through alkali-treated
nitrocellulose filters (Millipore type HAWP; pore size, 0.45 �m; stored in 100
mM Tris-HCl [pH 7.5]). The filters were then washed with 5 ml of 100 mM
Tris-HCl (pH 7.5), dried, and counted in a Beckman LS 3801 scintillation
counter.

Molecular modeling. The coordinates of the hexameric T-ag helicase domain
(PDB accession code 1N25 [apo form]) were generated from the reported dimer
(42), using crystallographic symmetry operators. Visualization of residues within
the C terminus of T-ag was performed using the computer program VMD (NIH
resource for macromolecular modeling and bioinformatics). The electrostatic
potential of the surface of the helicase domain was calculated using the program
APBS (6), and the results were displayed using the program PyMOL (22).

RESULTS

Formation of hexamers and double hexamers of T-ag on the
SV40 origin requires the interaction of the “beta-hairpin” with
regions of the flanking sequences that undergo structural dis-
tortions (65, 71), suggesting that this interaction is necessary
for the initial melting of the origin. However, the precise
role(s) played by the “beta-hairpin” during assembly of T-ag
on the origin has yet to be established. Therefore, the func-
tion(s) of the T-ag “beta-hairpin” during origin recognition
and subsequent melting events was further examined.

Residues at the tip of the “beta-hairpin” are essential for
initiation of DNA replication. To address the role(s) of the
“beta-hairpin” during origin recognition and assembly, a T-ag
molecule containing a double mutation at the tip of the beta-
hairpin was isolated, giving the KH512/513AA mutant (see
Materials and Methods). The relative positions of the two
mutated residues at the tip of the “beta-hairpin” are shown in
Fig. 1A. The mutant and wt T-ags had nearly identical ATPase
activities (data not shown), indicating that the C-terminal do-
main of the mutant molecule was folded correctly. Structure-
based studies have also established that mutations in the “beta-
hairpin” do not disrupt the fold of the helicase domain (71).
Therefore, we tested whether the residues at the tip of the
beta-hairpin are essential for T-ag-dependent DNA replication
in vitro (Fig. 1B). It is apparent from these data that the
KH512/513AA T-ag mutant is unable to support an in vitro
SV40 DNA replication reaction.

Using full-length T-ag isolated from baculovirus, it has been
demonstrated that the interaction of the beta-hairpin with the
origin flanking sequences is essential for T-ag assembly (65).
Therefore, it was likely that the replication defect of the
KH512/513AA mutant reflected an assembly defect. To test
this prediction, a series of EMSA experiments were conducted
to monitor oligomerization on the core origin, which is a key
step during initiation of replication. A representative experi-
ment is presented in Fig. 2; it is apparent that the KH512/
513AA mutant was unable to form either single or double
hexamers on a 64-bp duplex oligonucleotide containing the
core origin. Based on these studies, it was concluded that the
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residues at the tip of the beta-hairpin are essential for the oli-
gomerization of T-ag on duplex DNA containing the core origin.

Determining the stage in the initiation process that is
blocked in the KH512/513AA mutant. The next series of ex-
periments was conducted to establish the exact stage in the
assembly process that was defective in the double mutant.
Initially, we tested the possibility that the failure of the double
mutant to oligomerize was due to a defect in DNA binding.

(i) Testing the DNA binding ability of the KH512/513AA
mutant. Whether the KH512/513AA mutation disrupted DNA
binding was investigated by a series of filter binding assays.
Inspection of Fig. 3A reveals that as with wt T-ag, the double
mutant bound to an oligonucleotide containing the SV40 core
origin. A similar result was obtained when these experiments
were repeated with a 64-bp non-sequence-specific “control
oligonucleotide” (Fig. 3B), although the overall level of DNA
binding was reduced relative to that for the core origin. Con-
sistent with these findings, T-ags containing several different
substitutions at residue H513 were competent for binding to a
duplex subfragment of the origin when assayed in the presence
of ATP (71). Collectively, these studies indicate that DNA
binding can occur in the absence of the residues at the tip of
the beta-hairpin. However, under replication conditions (90),
binding levels of the KH512/513AA mutant were reproducibly
reduced relative to those of wt T-ag. Moreover, fluorescence
anisotropy DNA binding assays, conducted as previously de-
scribed (82) with a DNA substrate containing a single pen-
tanucleotide, established that the affinity of the KH512/513AA
mutant for this substrate was reduced as much as threefold
relative to that of the wt (data not presented). Finally, since the
KH512/513AA mutant binds fragments of DNA containing the

SV40 origin, one may question why binding was not detected in
the EMSA experiments (Fig. 2). Note that the KH512/513AA
mutation is in the T-ag helicase domain. Therefore, the T-ag-
obd should still be able to bind to the GAGGC sequences, an
event presumably detected by the filter binding and fluores-
cence anisotropy experiments. In contrast, our hypothesis is
that the KH512/513AA mutant, which fails to properly oli-
gomerize, is dislodged from the DNA substrate during the
relatively harsh conditions encountered during the EMSA ex-
periments.

(ii) Are the residues at the tip of the “beta-hairpin” neces-
sary for the structural distortions within the origin flanking
sequences? The experiments presented in Fig. 2 and 3 estab-
lished that the KH512/513AA mutant binds to the SV40 origin
but fails to oligomerize. In view of these observations, it was of
interest to determine whether the tip of the beta-hairpin is
needed to catalyze the previously described distortions in the
flanking sequences (reviewed in reference 10).

KMnO4 oxidizes thymine rings that are not properly base
paired, and this compound has been employed in a technique
designed to detect structural distortions in DNA. Therefore,
standard KMnO4 assays were conducted with either T-ag or
the KH512/513AA mutant and a plasmid that contains the
SV40 core origin (12). Results of a representative study are
presented in Fig. 4. A control reaction was conducted in the
absence of T-ag and loaded in lane 1. The products of reac-
tions conducted with T-ag in the presence of ATP, AMP-PNP,
and ADP are presented in lanes 2 to 4, respectively. The

FIG. 1. Testing the ability of the KH512/513AA double mutant to
catalyze initiation of DNA replication. (A) View of the “beta-hairpin”
(residues 507 to 519) showing the positions of terminal residues K512
and H513 (in red), which were mutated to alanine. (B) SV40 in vitro
replication assays (43, 80, 90) conducted for the indicated amounts of
time with wt T-ag (green line) and the KH512/513AA double mutant
(red line). As a negative control, the amount of T-ag-independent
nonspecific incorporation was also determined (blue line).

FIG. 2. Comparison of the abilities of T-ag and the KH512/513AA
double mutant to oligomerize on the SV40 core origin. Band shift
experiments, conducted with a 32P-labeled 64-bp duplex oligonucleo-
tide containing the SV40 core origin and either 3, 6, or 12 pmol of
T-ag, are shown in lanes 2, 4, and 6, respectively. Reactions conducted
with the same amounts of the KH512/513AA double mutant are shown
in lanes 3, 5, and 7. The control reaction in lane 1 was conducted in
the absence of protein. The positions of T-ag hexamers (H), double
hexamers (DH), and free DNA (F) are indicated.
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previously described alterations in the AT-rich region and EP
regions are indicated. Identical reactions were conducted with
the KH512/513AA double mutant (lanes 5 to 7). It is apparent
from these studies that the residues at the tip of the beta-
hairpin are needed to promote the structural distortions in the
origin flanking sequences.

T-ag assembly on DNA substrates designed to mimic origins
containing melted flanking regions. It was previously reported
that the structural distortions in the EP are associated with the
generation of ssDNA (12). Therefore, it was of interest that the
KH512/513AA double mutant was able to bind to duplex DNA
containing the core origin but was unable to distort the EP
(Fig. 4). These observations raised the possibility that oli-
gomerization of T-ag on the origin is dependent upon the
presence of ssDNA in the EP and that the “beta-hairpins” play
a direct role in the generation of ssDNA in this region. In view
of these considerations, we analyzed whether hybrid duplex/
ssDNA substrates would support the assembly of both wt T-ag
and the KH512/513AA double mutant.

The origin-based substrates used in the EMSA experiments
are presented in Fig. 5A. The first three oligonucleotides con-
tain a single GAGGC pentanucleotide (penta 1) and were
designed to limit T-ag assembly to a single hexamer. Oligo-
nucleotides with ssDNA on the top, or “Watson,” strand are
termed ssW, and those with ssDNA on the bottom, or “Crick,”
strand are termed ssC. A representative EMSA experiment
conducted with these substrates is presented in Fig. 5B. As a
positive control, a reaction was conducted with the entirely
duplex “penta 1�EP” oligonucleotide; as previously reported
(37, 65, 76), T-ag readily formed hexamers on a subfragment of
the origin containing a single pentanucleotide (lane 2). How-
ever, consistent with the EMSA data presented in Fig. 2, T-ag
containing the KH512/513AA double mutation failed to oligo-
merize on the duplex “penta 1�EP” oligonucleotide (lane 3).

FIG. 4. Structural distortions in the SV40 origin are not catalyzed
by the KH512/513AA mutant. T-ag (12 pmol) was incubated under
replication conditions with pSV01�EP (0.27 pmol) in the presence of
ATP (lane 2), AMP-PNP (lane 3), or ADP (lane 4). Additional reac-
tions were conducted with 12 pmol of the KH512/513AA double mu-
tant (lanes 5 to 7) in the presence of the identical nucleotides. As a
control, the reaction in lane 1 was conducted in the absence of T-ag.
After treatment with KMnO4, the locations of the oxidized bases were
determined via primer extension reactions with a 32P-labeled oligonu-
cleotide (see Materials and Methods). The products of the primer
extension reactions were analyzed by electrophoresis on a 7% poly-
acrylamide gel containing 8 M urea. The locations of regions of the
SV40 core origin, including the EP, site II, and the AT-rich region, are
indicated to the right of the gel.

FIG. 3. Analysis of the relative abilities of T-ag and the KH512/513AA mutant to bind to duplex DNA substrates. Filter binding assays (11, 51)
were used to establish the relative affinities of T-ag (black bars) and the KH512/513AA mutant (KH/AA; white bars) for either (A) a 64-bp
oligonucleotide containing the SV40 core origin or (B) a 64-bp control oligonucleotide. As a control, filter binding assays were conducted in the
absence of protein (�T; gray bars). The reactions were conducted under replication conditions (see Materials and Methods) in the presence of
AMP-PNP and 6 pmol of either T-ag or the KH512/513AA mutant. The percentage of oligonucleotide bound was determined by nitrocellulose
filter binding assays and scintillation counting.
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The next two sets of reactions were conducted with oligo-
nucleotides that were designed to mimic the viral origin after
“beta-hairpin”-dependent melting occurred. T-ag formed hex-
amers on the “penta 1�ssW” oligonucleotide at levels compa-
rable to those with the duplex substrate (Fig. 5B, lane 5). It was
of considerable interest that the KH512/513AA double mu-

tant, which was defective for hexamerization on the duplex
substrate (lane 3), formed hexamers on this hybrid substrate
(lane 6). The next series of reactions were conducted with the
“penta 1�ssC” oligonucleotide. T-ag formed hexamers on this
substrate (lane 8), although at reduced levels relative to its
assembly on the “penta 1�ssW” oligonucleotide. In addition,

FIG. 5. EMSA experiments conducted with the pentanucleotide 1-based set of oligonucleotides, T-ag, and the KH512/513AA mutant.
(A) Pentanucleotide 1-based set of oligonucleotides used for EMSA experiments. The first three SV40 origin-derived oligonucleotides contained
pentanucleotide 1 (P1; arrow). The 48-bp “P1�EP” oligonucleotide was entirely duplex; pentanucleotide 1 is indicated, the transition mutations
that replaced the other pentanucleotides are shown in light gray, and the location of the EP region is indicated by a horizontal bar. The hybrid
duplex/single-stranded “P1�ssW” and “P1�ssC” oligonucleotides contained pentanucleotide 1 and either a 3� extension (Watson [W]) or a 5�
extension (Crick [C]) of the EP. The two control oligonucleotides, “P0�ssW” and “P0�ssC,” lacked pentanucleotide 1 but contained the same
single-stranded extensions of the EP found in the “P1�ssW” and “P1�ssC” oligonucleotides. (B) Representative band shift experiment used to
compare the abilities of T-ag (lanes 2, 5, 8, 11, and 14) and the KH512/513AA mutant (lanes 3, 6, 9, 12, and 15) to assemble on the indicated
substrates (i.e., P1�EP, P1�ssW, P1�ssC, P0�ssW, and P0�ssC). The positions of the hexamers (H) and free DNA (F) are indicated. As controls,
the reactions in lanes 1, 4, 7, 10, and 13 were conducted in the absence of protein. (C) Three separate EMSA experiments were quantitated with
a Molecular Dynamics PhosphorImager and used to determine the percentages of input DNA present in the hexamers. Black bars symbolize
experiments conducted with wt T-ag, while white bars symbolize those performed with the KH512/513AA mutant. It was apparent that the
KH512/513AA mutant assembled at appreciable levels only on the P1�ssW substrate. Moreover, for the hybrid duplex/ssDNA substrates and
either T-ag or the KH512/513AA mutant, the Watson strand was preferred over the Crick strand. Finally, for wt T-ag, the presence of a
pentanucleotide in the hybrid duplex/ssDNA substrates led to a relatively minor increase (�2-fold) in the level of assembly.
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little assembly of the KH512/513AA double mutant was de-
tected on the “penta 1�ssC” oligonucleotide. Finally, T-ag is
known to assemble on “forked substrates” in a pentanucle-
otide-independent manner (70, 77, 89). Therefore, additional
control reactions were conducted to establish the extent to which
pentanucleotide 1 was needed for assembly. T-ag formed rela-
tively high levels of hexamers on the “0 penta�ssW” oligonucle-
otide (lane 11), but the KH512/513AA mutant did not (lane 12).
A similar conclusion was derived from studies of assembly on the
“0 penta�ssC” oligonucleotide (lanes 14 and 15). However, com-
parison of lanes 14 and 11 indicates that T-ag preferentially as-
sembled on the molecule that contained a 3� single-stranded ex-
tension (the Watson strand). The reactions in lanes 1, 4, 7, 10, and
13 were conducted in the absence of protein.

The reaction products from Fig. 5B and two additional sets
of experiments were quantified using a phosphorimager, and
the results are presented in Fig. 5C. The substrates used in a
given experiment are indicated. The black bars represent data
derived from experiments conducted with T-ag, while data
derived using the KH512/513AA mutant are represented by
white bars. Collectively, these experiments demonstrate that
T-ag preferentially oligomerizes on hybrid duplex/ssDNA sub-
strates containing a 3� extension of the EP (Watson [W]
strand). They also establish that on substrates containing hy-
brid duplex/ssDNA, assembly takes place in a manner that is
relatively independent of pentanucleotide 1 (Fig. 5C, compare
the middle and right panels). Moreover, they demonstrate that
a mutation that renders the tip of the “beta-hairpin” defective
for assembly on duplex DNA is “rescued” by DNA containing
pentanucleotide 1 and ssDNA derived from the Watson strand
in the EP region. In contrast, the other hybrid duplex/ssDNA
substrates support little or no assembly of the KH512/513AA
mutant.

Support derived from T-ag mutations for the selective as-
sembly of the helicase domain around one strand of DNA. The
previous observations suggest a model whereby residues at the
tip of the beta-hairpin play a critical role in melting the EP,

followed by selective assembly of the helicase domain around
the strand containing the 3� extension. Within the T-ag heli-
case domain, the positions of the beta-hairpins vary as a func-
tion of the nucleotides (27); however, they all project into the
center of the channel (Fig. 6A). Thus, it is likely that the strand
containing the 3� extension transits past the beta-hairpins in
the central channel. However, little is known regarding the
path taken by the second strand of DNA through hexamers or
double hexamers, the products of the assembly process. There-
fore, the following analyses were performed.

Initially, all of the previously described replication-defective
mutations in the helicase domain were tabulated, along with
information regarding the step(s) in the initiation process that
was defective (Table 1). The mutations were mapped onto the
structure of the helicase domain and then analyzed for infor-
mation regarding the transit of ssDNA through the helicase
domain. A C-terminal view of a T-ag251-627 hexamer is pre-
sented in Fig. 6A, with the individual T-ag monomers colored
in two alternating shades of gray. The residues in blue repre-
sent the subset of mutations that are defective for binding to
ssDNA. The distribution of mutations that are defective for
helicase activity (green residues) is also informative in terms of
potential paths for ssDNA. It is apparent that the C-terminal
face of the helicase domain contains several residues that are
defective, when mutated, for binding to ssDNA (i.e., P429) and
for helicase activity (i.e., G488, R498, D499, and P584). Resi-
dues defective for both activities are colored cyan (i.e., D402,
V404, P417, and K516). (Note that the mutations defective for
binding to ssDNA and for helicase activity include all of the
mutations that are defective for DNA unwinding [Table 1];
thus, the unwinding mutations were not considered sepa-
rately.) In summary, the C-terminal surface of the helicase
domain contains a number of residues that are defective for
DNA replication when mutated, many of which play important
roles in binding to ssDNA and in DNA helicase and unwinding
activities. Moreover, it is apparent that replication-defective

FIG. 6. Support for the hypothesis that there exists an external path for ssDNA over the helicase domain. (A) Distribution of residues on the
C-terminal surface of the helicase domain whose mutation selectively disrupted binding to ssDNA (blue residues, i.e., P429), helicase activity
(green residues, i.e., G488, R498, D499, and P584), or both activities (cyan residues, i.e., D402, V404, P417, and K516). The six T-ag monomers
in the T-ag hexamer (a to f) are indicated. Residues K512 and H513 are situated at the tip of the beta-hairpin, and their positions within the central
channel are indicated (shown in red). (B) Residues on the lateral surface of the helicase domain which are defective, when mutated, for binding
to ssDNA (blue residues, i.e., R349, R364, and D429), helicase activity (green residues, i.e., Y314, K315, H320, R357, W422, D466, G488, R498,
and P584), or both activities (cyan residues, i.e., D402, V404, V413, and P417). The relative positions of the T-ag-obd (OBD) and the helicase
subdomains (D2/D3 and D1) are indicated. (C) Electrostatic potential of the surface of the helicase domain. Blue surfaces indicate positive
potential, along which negative ssDNA could transit, and red surfaces indicate negative potential (
10 kT/e). The relative positions of the T-ag
domains are indicated as in panel B.
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mutations also cluster in the central channel (beta-hairpin res-
idues K512 and H513 are colored red).

A lateral view of the T-ag helicase domain was obtained by
rotating the image in Fig. 6A 90° (Fig. 6B). The set of muta-
tions situated on the surface of the helicase domain that are
defective for binding to ssDNA (blue) and for DNA helicase
activity (green) are indicated (residues defective for both ac-
tivities are colored cyan). It is evident that the lateral surface
contains a number of residues that are defective, when mu-

tated, for binding to ssDNA (i.e., R349, R364, and D429),
helicase activity (i.e., Y314/K315, H320, R357, W422, D466,
G488, R498, and P584), or both activities (i.e., D402, V404,
V413, and P417). In addition, the electrostatic potential at the
surface of the helicase domain, spanning the D2/D3 and D1
domains, was examined (Fig. 6C). The figure demonstrates
that the mutations defective for binding to ssDNA and for
helicase activity (Fig. 6A and B) cluster in a region that is
comprised of a number of basic residues. In summary, the

TABLE 1. Compilation of mutations within the T-ag helicase domain causing defects in DNA replicationa

Mutation(s) in
helicase domain

Defect caused by mutation

Reference(s)DNA
binding

ssDNA
binding Oligomerization DNA

distortions
DNA

unwinding
Helicase
activity

ATPase
activity Replication

C302S O, I, II 3, 33, 46
C305S O, I, II 3, 33, 46
K308A ● 91
H313L ● 46
H313R ● 46
Y314S ● 46
K315E ● 46
Y314G/K315E ● ● ● 47
H317Q ● 46
H320L ● ● ● 46, 47
R349A ● 91
R357K O ● ● L ● ● 48, 63, 66
R364A ● ● 91
R371A ● 91
G377A ● 91
W393C ● 48
L398V ● 45
P399L ● 45
D402N/V404M/

V413M
● L ● ● 19, 60

P417S ● ● L ● ● 19, 60, 62
W422C O ● ● ● ● 48, 63
G426A ● 62
P427L O ● ● ● 48, 63
D429A ● L 91
G431ALE ● ● ● L ● ● 19, 60
A438V O ● ● 48, 63, 66
P453S ● 48
R456A NS ● L ● 35
F459Ab 1,2�EP ● ● 71
E460D NS ● L ● 35
E460A ● L 91
G462A NS ● L ● 35
D466E L ● ● 35
G488A L ● ● 35
R498K L ● ● 35
D499A NS ● L ● 35
K512A 1,2�EP ● ● 71
K513Ab 1,2�EP ● ● 71
K516A 1,2�EP ● ● 71
K516R O 50, 58, 79
P522S ● C ● ● 50, 58
P522S/P549R ● 5, 50, 79
P549R ● 50
F562S ● 48
P584L NS ● ● ● 20, 44, 61, 81

a In many instances, the step(s) in the initiation process that is defective is known. For example, mutants defective for binding to double-stranded DNA substrates
(i.e., with defects in binding to the core origin �O�, site I �I�, site II �II�, or an origin subfragment containing pentanucleotides 1 and 2 and the EP �1,2�EP� or in
non-sequence-specific �NS� binding to duplex DNA) have been reported. Additional mutants are defective for binding to ssDNA, oligomerization on origin-containing
DNA, DNA distortions of the origin flanking regions, the ability to unwind covalently closed circle (C) or linear (L) DNA, helicase activities, or ATPase activities.
However, in several instances, the stage at which the mutants are defective has not been determined. Therefore, these mutants were simply classified as “replication
defective.”

b Many additional mutations were introduced at these positions (71).
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mutagenesis data support the hypothesis that on a given hex-
amer, one strand of DNA transits past the beta-hairpins and
continues on into the central channel, while the second strand
is routed over the outer surface of the helicase domain and
never enters the central channel.

DISCUSSION

Residues situated at the tip of the beta-hairpin are needed
for the structural distortions of the SV40 origin that occur
during T-ag assembly. They are also required for T-ag oligo-
merization on substrates containing a duplex EP region but not
for oligomerization on substrates containing a single-stranded
3� extension of the EP. Based on these findings, it is proposed
that the tip of the beta-hairpin plays a critical role in melting
the EP and that subsequent oligomerization events are depen-
dent on the ssDNA generated in this process. Furthermore,
our studies indicate that the melting of the EP is not simply
due to the forcing of the beta-hairpin into duplex DNA. If that
were the case, then the mutations at the tip of the hairpin
would not have such a dramatic effect on the structural distor-
tions. Therefore, it is proposed that residues at the tip of the
beta-hairpin are directly involved in the initial melting process.

Our studies also establish that the T-ag helicase domain
preferentially oligomerizes on the strand containing the 3�
extension of the EP. Thus, after assembly on the origin, a given
hexamer is positioned such that it can serve as a 3�-to-5� heli-
case (29, 89). Studies of synthetic replication forks also estab-
lished that T-ag binds selectively to the strand that would
enable it to travel in a 3�-to-5� direction (35, 70). The hypoth-
esis that only a single strand of DNA transits through the
central channel in T-ag is supported by related structure-based
considerations. For example, the diameter of the central chan-
nel running between the beta-hairpins ranges from 7 to 15 Å,
depending on the nucleotide state (27, 42), and there is little
precedent for two strands of DNA passing through such a
narrow passage. For instance, the hexameric RuvB helicase,
which is specific for duplex DNA, has a 30-Å central channel
(56). In contrast, RepA (92) and TrwB (30), two hexameric
pumps for ssDNA, have central channels of 17 Å and 20 Å,
respectively. Furthermore, in view of the conclusion that only
a single strand of DNA transits through the central channel of
T-ag, it is of interest that the bovine papillomavirus (BPV) E1
helicase assembles around a single strand of DNA whose 3�
end is directed towards the C terminus (25). Moreover, the
steric exclusion model for DnaB and MCM (38, 39) as well as
Rho (87) suggests that one DNA strand transits through the
central channels, while the second strand passes outside the
rings. Similarly, models suggest that the T7 helicase ring sur-
rounds the 5� strand in its central channel, thus accounting for
its 5�-to-3� polarity, while the 3� strand is routed over the
external surface (2, 24, 32).

The assembly of the helicase domain on one strand of DNA
is readily explained if during T-ag assembly, the beta-hairpins
coordinate around only a single strand of duplex DNA. Re-
garding the residues involved in this process, it is apparent that
K512 and H513 are needed for the generation of ssDNA.
However, since the KH512/513AA mutant still preferentially
assembles on one strand of DNA, albeit to a lesser degree than
the wt (Fig. 5B, lane 6 versus lanes 9, 12, and 15), additional

residues must contribute to strand selection and binding to
ssDNA. While the set of residues involved in selection of the 3�
strand remains to be identified, it is of interest that T-ags
containing mutations at residues P522 (58) and K516 (71) had
markedly reduced abilities to bind to ssDNA. Thus, it is clear
that other residues in the beta-hairpin are involved in binding
to ssDNA and, perhaps, in strand selection. Why the helicase
domain selectively assembles on the 3� extension of the EP is
unresolved. Possibilities include the polarity of the DNA
strand, the chemical nonequivalence of the antiparallel
strands, and the shape and charge complementarity of the
protein for a given strand.

It is interesting that the presence or absence of a pentanucle-
otide in our hybrid duplex/ssDNA substrates did not dramat-
ically influence the level of hexamer assembly (Fig. 5B and C).
Following the interaction between the T-ag helicase domain
and ssDNA, it is likely that the T-ag-obds are positioned such
that they are in the center of the complex, where they maintain
certain interactions with dsDNA. Nevertheless, the penta-
nucleotide-independent assembly of the helicase domain on
ssDNA raises the possibility that following beta-hairpin-depen-
dent melting of the origin, there is no longer a requirement for
site-specific binding of the T-ag-obd to pentanucleotide 1.
Consistent with this hypothesis, it was recently reported that
within the “lock-washer” hexameric conformation of the T-ag-
obd, residues known to be required for site-specific binding to
DNA (i.e., V150, F151, and N153) were instead involved in
protein-protein interactions (54). Thus, assembly of the heli-
case domain around ssDNA may trigger the conversion of the
T-ag-obd from a domain needed for site-specific binding to
duplex DNA to one engaged in other interactions (e.g., non-
specific binding to duplex DNA and ssDNA [64] and to pro-
teins such as RPA [4, 34]).

A model for the assembly of T-ag on the SV40 origin is
presented in Fig. 7. Important determinants of origin recogni-
tion and assembly include the interactions of the A1 and B2
loops with the pentanucleotides and those between the beta-
hairpins and the EP (Fig. 7A, top diagram). The present anal-
yses indicate that following beta-hairpin-dependent melting of
the EP and subsequent assembly events, only one strand of
DNA transits through the central channel of the helicase do-
main (Fig. 7A, bottom diagram). The same conclusion was
reached following the determination of the costructure of BPV
E1 bound to ssDNA (25). It follows that if only one strand of
DNA travels through the central channel, the second strand
must be excluded from this region. In support of this hypoth-
esis, our analysis of T-ag mutations in the helicase domain
suggests that the external surface of this domain contains a
path for ssDNA. It is likely that the second hexamer forms in
much the same way as the first. However, for unknown reasons,
assembly of the second hexamer, particularly on single assem-
bly units (41, 76), is promoted by phosphorylation of Thr124
(7, 53, 57, 88).

How DNA is currently thought to be routed through the
newly formed double-hexamer complex is summarized in Fig.
7B. According to this model, the 3� strand of ssDNA transits
through the central channel of a given hexamer. In contrast,
the complementary strand transits over the surface of the he-
licase domain and is then routed into the central portion of the
T-ag-obd via the gap (54, 64). The strands then switch their
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routes through the second hexamer. Support for this model,
particularly for the internal routing of DNA through the T-ag-
obd, was obtained from footprinting studies of double hexam-
ers performed with 1,10-phenanthroline–copper ions (37).
These studies revealed that within a double hexamer, the DNA
comprising site II was protected from cleavage, while the flank-
ing sequences were degraded by the oxygen radicals generated
by this reagent. Finally, based on observations derived from the
costructure of BPV E1 bound to DNA, it is proposed that
ssDNA is propelled out of the C terminus of the helicase
domain owing to beta-hairpin- and ATP-dependent interac-

tions with the sugar-phosphate backbone of ssDNA (25). The
central role of the beta-hairpins and ATP hydrolysis in this
process is consistent with observations made during studies of
the T-ag helicase domain (27). As shown in Fig. 7B, the extru-
sion of ssDNA out of the central channels would result in the
generation of two single-stranded loops, which could serve as
templates for nascent-strand DNA synthesis (reviewed in ref-
erences 13, 14, 36, and 86).

Beta-hairpins are important features of the initiators carried
by members of the Papovaviridae family (1, 25, 65, 69, 71), and
they are also present in the archaeal and human MCM com-
plexes (52). Furthermore, as with the beta-hairpins in T-ag, the
beta-hairpin in E1 is necessary for structural distortions of the
BPV origin (18, 69). Therefore, beta-hairpin-dependent melt-
ing of origins of replication and the subsequent assembly of
helicase domains on one strand of DNA may be general phe-
nomena. Given the complexity of the initiation complex on
nonviral origins of replication (8, 36), important interactions
such as those between beta-hairpins and duplex DNA may be
regulated by additional cellular factors. Nevertheless, it is now
clear that the beta-hairpins are important not only for ATP-
dependent helicase activity but also for the distortions of the
origin that generate the ssDNA needed for the assembly of
replication initiation complexes.

ADDENDUM IN PROOF

Omitted from Table 1 are data from B. M. Weiner and M. K.
Bradley (J. Virol. 65:4973–4984, 1991) regarding the T-ag
ED473/474AA double mutant situated in the Walker B motif.
This mutant was defective for viral DNA replication and had
only 10% of the ATPase and helicase activity of the wild-type
protein.
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