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ABSTRACT: The origin binding domain (OBD) of SV40 large T-ag serves a critical role during initiation of
DNA replication to position T-ag on the origin. After origin recognition, T-ag forms a double hexamer over
the origin. Within each hexamer, the OBD adopts a lock washer structure where the origin recognizing A1l and
B2 loops face toward the helicase domain and likely become unavailable for binding DNA. In this study, we
investigated the role of the central channel of the OBD hexamer in DNA replication by analyzing the effects of
mutations of residues lining the channel. All mutants showed binding defects with origin DNA and ssDNA
especially at low protein concentrations, but only half were defective at supporting DNA replication in vitro.
All mutants were normal in unwinding linear origin DNA fragments. However, replication defective mutants
failed to unwind a small origin containing circular DNA whereas replication competent mutants did so
normally. The presence of RPA and/or pol/prim restored circular DNA unwinding activity of compromised
mutants probably by interacting with the separated DNA strands on the T-ag surface. We interpret these
results to indicate a role for the OBD central channel in binding and threading ssDNA during unwinding of
circular SV40 DNA. Mixing experiments suggested that only one monomer in an OBD hexamer was
necessary for DNA unwinding. We present a model of DNA threading through the T-ag complex illustrating
how single-stranded DNA could pass close to a trough generated by key residues in one monomer of the OBD
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hexamer.

Simian virus 40 is an excellent model system to study DNA
replication due in part to the requirement of only one viral
protein, large T-antigen (T-ag)' (/—4). T-ag is a 708 kDa
multidomain protein comprised of three main functional do-
mains: the N-terminal J-domain, the central OBD, and the
C-terminal helicase domain. During replication, the functional
form of T-ag is a double hexamer (DH) that orchestrates
bidirectional DNA replication in the presence of host cell
proteins (5—38). Electron microscopy has revealed the overall
structure of T-ag in the presence of origin containing DNA to be
a DH in a head to head orientation (9). Structures of various
subdomains of T-ag have been solved including the N-terminal
J-domain crystallized in complex with Rb (/0), an NMR structure
of the monomeric form of the OBD (/1), and the crystal structure
of dimeric (/2) and hexameric OBDs (13) as well as several crystal
structures of the hexameric helicase domain (74, 15). However,
the crystal structure of the complete DH or even an entire single
hexamer remains elusive. The crystal structure of the helicase
domain and EM imaging reveal that T-ag forms a ring-like
structure with a central channel believed to be occupied by
DNA during replication. The OBD hexamer is also ring-like
(Figure 1), but in this case, it forms a lock washer structure with a
gap between two monomers (13). Its central channel, which is also
lined with hydrophilic and charged residues, may function
similarly. In this study, we provide evidence that this channel
may be occupied by ssDNA during SV40 DNA replication
(as shown in Figure 9).
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Other significant advantages of the SV40 model system include
the single well-defined origin of replication and the minimal
protein requirement for replication in vitro. The SV40 origin of
replication consists of a central 23 bp perfect palindrome (site II)
flanked on the early side by an imperfect palindrome (EP) and on
the late side by an AT-rich track (/6). T-ag is the only viral
protein necessary for viral DNA replication serving as an
initiator protein and as a bidirectional helicase (6—8, 17). All
other proteins needed are provided by the host cell. By fraction-
ating cell extracts that support SV40 DNA replication in vitro,
more than 10 host proteins were shown to participate in DNA
replication (/8—21). It was later determined that only three of
these proteins are necessary for initiation of replication, including
replication protein A (RPA), topoisomerase I (topo I), and the
DNA polymerase o primase complex (pol/prim) (22—27). Multi-
ple interactions among these proteins and T-ag are necessary for
optimal initiation of SV40 DNA replication (24, 25, 28—33).

In order to initiate replication, T-ag must first recognize and
bind to the core origin. The OBD is responsible for making
specific interactions with four GAGGC pentanucleotide repeat
sequences in the central palindrome of the origin using its A1 and
B2 loops as previously described (34—37). T-ag then assembles
into a double hexamer structure in the presence of ATP or ADP
in a head to head orientation over the 64 bp core origin by a pro-
cess that is not well understood. The double hexamer structure
induces structural distortions in the flanking EP region and AT
track of the origin in the absence of ATP hydrolysis (38, 39). This
is followed by bidirectional unwinding by the 3’ to 5 helicase in
an ATP-dependent manner (40, 41). Cellular initiation factors are
then recruited in a yet unclear process. RPA, topo I, and pol/prim
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FiGure 1: Residues lining the central channel of the OBD hexamer.
Crystal structure of the OBD hexamer (/3) modeled using PyMol
v1.1 software (http://www.pymol.org/). Central channel residues are
shown in red. Al and B2 residues are shown in green and purple,
respectively. (A) View of the double hexamer interface surface of
the lock washer, (B) side view, and (C) view of the helicase proximal
surface.

have all been shown to bind directly to T-ag, and these interactions
are essential for initiation to occur maximally (24, 25, 29, 32, 42).
The exact order of recruitment of these factors is still under inves-
tigation; however, previous evidence from our laboratory sug-
gests that pol/prim and topo I bind first followed by RPA (33).
RPA is needed to protect the exposed single strands and also to
stimulate pol/prim (30, 43). Topo I relieves supercoiling induced
strain (44—46) and, by binding specifically to the C-terminal
region of the helicase domain, stimulates the synthesis of
RNA/DNA primers by pol/prim (47). After the initiation
complex is formed and sufficient unwinding has occurred to
expose the template strand for replication, the pol/prim enzyme
comes into play. The primase subunit synthesizes an RNA
primer, and polymerase o extends it with a short stretch of
approximately 30 nucleotides of DNA thus completing initi-
ation (48, 49).

Unwinding and threading of DNA through the T-ag complex
are essential to allow for replication to proceed. DNA unwinding
is initiated at the C-terminal helicase domain in which one strand
is displaced to the surface of the large tier while the other strand
passes through the central channel of the hexamer (50). Various
sites for the threading of the displaced strand back into the
hexamer structure have been previously proposed, all of which
include the passage of the strand near or through the OBD
hexamer. EM imaging of double hexamers associated with
origin DNA identified side channels at the junction of the
OBD hexamers which were proposed to facilitate movement of
DNA through the complex (57). Another group proposed the
involvement of the Al and B2 loops and the gap between
terminal monomers to permit the passage of ssDNA (52). How-
ever, these two loops become reoriented toward the helicase
domain when the OBD hexamerizes into a lock washer struc-
ture (/3), limiting access of these loops to DNA. This reorienta-
tion raises the question of how the OBD interacts with DNA
during unwinding. We investigated the possible role of the central
channel of the OBD hexamer in DNA binding and unwinding by
generating and analyzing single point mutants with substitutions
of all central channel residues. We identified several mutants that
were compromised in their ability to support DNA replication
in vitro and also failed to normally unwind a circular origin-
containing DNA. We propose that the normal residues partici-
patein threading of ssDNA during DNA unwinding and describe
a possible path of an unwound strand through the T-ag single
hexamer.
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EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis. Single-point substitutions were
generated in SV40 large T-ag cDNA using the Stratagene
QuikChange site-directed mutagenesis kit according to the
manufacturer’s recommendations. Mutations were generated in
baculovirus transfer vector 941-T containing full-length T-ag
cDNA (53). Briefly, synthetic oligonucleotides containing the
desired mutation were annealed to denatured template plasmid
DNA and extended by Pfu Turbo polymerase with a PCR.
Unmutated plasmid DNA templates were degraded by Dpnl
digestion for 1 h at 37 °C, and DNA was then used to transform
XL Gold competent cells (Stratagene). Plasmid DNA was
purified from ampicillin-resistant colonies by a mini-prep proto-
col (Promega). Purified DNA was confirmed for the correct
mutation(s) by standard dideoxy sequencing using synthetic
oligonucleotide primers.

Generation of Recombinant Baculoviruses. DNA con-
firmed for the correct substitution(s) was cotransfected with
BaculoSapphire (Orbigen) DNA in Spodoptera frugiperda (Sf9)
cells according to the manufacturer’s instructions. T-ag-expres-
sing recombinant viruses were screened by indirect immuno-
fluorescence with anti-T monoclonal antibody PAb101 (54).
Virus was then amplified in S9 cells (2 x 107 cells) prior to pro-
tein purification.

Protein Purification. Full-length wild-type and mutant
T-ags were purified from baculovirus-infected High 5 insect cells
by immunoaffinity chromatography with monoclonal PAb101
antibody-coupled Sepharose 4B beads as previously descri-
bed (28). The antibody was covalently coupled to CNBr-
activated Sepharose 4B beads (Pharmacia) as described by the
manufacturer. After incubating cell lysates with antibody-
containing beads and washing to remove unbound proteins,
T-ag was eluted with ethylene glycol buffer (55) (50% ethylene
glycol, 20 mM Tris-HCI (pH 8.5), 500 mM NaCl, | mM EDTA,
10% glycerol), dialyzed overnight against dialysis storage buffer
(10 mM Tris-HCI (pH 8.0), 100 mM NaCl, | mM EDTA, | mM
dithiothreitol, 50% (v/v) glycerol), and stored at —20 °C. The
concentration of purified T-ag was determined by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and Coomassie stain-
ing of the gel by comparison with a BSA standard. Purity was
estimated to be greater than 95%.

Recombinant human RPA was expressed by IPTG induction
of transformed Escherichia coliand purified by column chromato-
graphy as previously described (56).

Topoisomerase I was purified from infected Sf-9 insect cells as
previously described (46).

Pol/prim was purified from baculovirus infected High-5 cellsin a
two-step process as previously described (33) using chitin affinity
chromatography followed by chromatography on hydroxylapatite.

Oligomerization. Four hundred nanograms of T-ag was
incubated in the presence or absence of 4 mM ATPyS (Alexis)
in 30 uL of replication buffer (30 mM HEPES (pH 7.5), 7 mM
MgCly, 40 mM creatine phosphate, 4 mM ADP, 1 mM dithio-
threitol, 0.1 mg of bovine serum albumin/mL) for 10 min on ice
followed by 30 min at 37 °C. Proteins were then cross-linked
using a final concentration of 0.1% glutaraldehyde for an
additional 10 min at 37 °C and diluted 2-fold in Laemmli loading
buffer without f-mercaptoethanol or sodium dodecyl sulfate (47).
T-ag oligomers were resolved on a 4—20% native polyacrylamide
gradient gel in 0.05 M Tris (pH 8.8)—0.05 M glycine for 16 h at
100 V at 4 °C. T-ag was then detected by silver staining.
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Table 1: Summary of Biochemical Properties of T-ag Point Mutants

activity as % of WT for protein concentration indicated”

origin binding ssDNA binding
residue and point oligomerization DNA replication DH formation origin DNA fragment
mutation (1000 ng) (1000 ng)” 25 ng 400 ng 25ng 400 ng (400 ng) unwinding (600 ng)

177, Glu — Lys + + + + - + + +

178, Lys — Glu + - - + — - ++ +

178, Lys — Arg + ++ + + + + + +

179, Tyr — Phe + + - + + + + +

201, His — Phe + + + + + + + ++

201, His — Asn + ++ + + - + ++ +

211, Tyr — Phe + + + + + + + +

214, Lys — GlIn + + + + + + + +

214, Lys — Arg + + - + + + + ++

“% WT activity is denoted as follows: (=) <25%; (£) 26—65%; (+) 66—99% (normal); (++) =100% (normal). *DNA replication assay using 293 cell

extracts.

In Vitro DN A Replication Assay. Reactions were similar to
those described by Trowbridge, Roy, and Simmons (26). Reac-
tions (50 uL) contained 20 uL of 293 cell extract, 1 ug of T-ag, 100 ng
of topoisomerase I, 200 ng of origin containing pSVO +11 (18),
and 1 uCi of [**PJdCTP in monopolymerase buffer (30 mM
HEPES—KOH ([pH 8.0), 7 mM MgCl,, 40 mM creatine
phosphate, 4 mM ATP, 0.2 mM each CTP, GTP, and UTP,
0.1 mM each dATP, dGTP, and dTTP, 20 uM dCTP, 25 ug/mL
creatine phosphokinase, 0.5 mM dithiothreitol, 50 ug/mL BSA).
DNA was synthesized for 1 h at 37 °C, and the reaction was
terminated by addition of stop buffer (0.02 M EDTA, 0.4%
sodium dodecyl sulfate, 0.25 mg of proteinase K/mL final
concentrations). After incubation for 30 min at 37 °C, labeled
DNA was purified by phenol—chloroform extraction and filtra-
tion through a Centri-Spin20 column (Princeton Separation).
DNA was separated on 1.5% agarose gels in Tris—borate—
EDTA buffer (0.089 M Tris, 0.089 M boric acid, 0.02 M Na-
EDTA) by electrophoresis for 5 h at 100 V. Gels were then dried
and exposed to phosphor screens, and the labeled replicated
DNA products were quantitated using a Molecular Dynamics
Phosphorlmager and ImageQuant 5.0 software.

DNA Binding Assay. The ability of T-ag to bind synthetic
64 bp core origin DNA and 55 nt nonspecific ssDNA was
assessed using gel shift assays. **P end-labeled DNA substrates
were generated as previously described (50). Binding reactions
were carried out by incubating 25 or 400 ng of T-antigen with
32P-labeled DNA substrate (2 ng of 64 bp DNA or 10 ng of ssDNA)
in replication buffer for 30 min at 37 °C. The DNA—protein
complexes were then cross-linked with 0.1% glutaraldehyde for
an additional 10 min at 37 °C and subjected to electrophoresis at
25 mA for 3 h at 3 °C on a composite 2.5% acrylamide—0.6%
agarose gel in Tris—borate—EDTA buffer. The gels were dried
and exposed to phosphor screens (Molecular Dynamics). Binding
activity was quantified by scanning the screens with a Phosphor-
Imager (Molecular Dynamics) and by using ImageQuant 5.0
software.

For some mutants, ssDNA binding curves were generated by
incubating increasing amounts of T-ag (4—1000 ng) with 2 ng of
55 nt ssDNA. The percent DNA bound was plotted against the
corresponding concentrations of T-ag. Binding curves were
obtained using BioDataFit 1.02 software (Chang Bioscience,
Castro Valley, CA).

Origin DNA Unwinding Assay. Reactions include 600 ng of
T-ag incubated with 2 ng of end-labeled 64 bp origin DNA in

monopolymerase buffer for 1.5 h at 37 °C. Reactions were
terminated by addition of stop buffer and incubated for another
30 min at 37 °C. Reactions were subjected to electrophoresis on a
nondenaturing 7% acrylamide gel for 3 h at 110 V. Gels were
dried and exposed to phosphor screens, and the labeled DNA was
visualized with a Molecular Dynamics PhosphorImager and
quantitated using ImageQuant 5.0 software.

Reactions were also performed with longer origin-containing
fragments generated by PCR. All primer pairs included one
oligonucleotide primer corresponding to the top strand residues
5188—5206 of SV40 DNA on the conventional map. The other
primers corresponded to the bottom strand of SV40 DNA
residues 15—41, 61—78, 79—94, and 95—114 in order to generate
97, 134p, 150, and 170 bp fragments, respectively. Three pico-
moles of each gel-purified PCR product was end-labeled with
[y-**P]ATP. Thirty femtomoles of labeled product was included
in unwinding reactions using similar conditions as described above
for 64 bp unwinding.

Minicircle Unwinding Assay. **P-Labeled origin-contain-
ing 388 bp circular DNA was generated, and unwinding reactions
were performed essentially as previously described (47). One
nanogram of gel-purified **P-labeled circular DNA substrate was
incubated with 400 ng of immnoaffinity-purified T-ag and 10 ng
of topo I in monopolymerase buffer in a total reaction volume of
20 uL. For experiments with initiation factors, 200 ng of RPA
and/or 50 ng of pol/prim were added to the above reaction
mixture. For ssDNA competition experiments, 2 or 4 ng of 55 nt
ssDNA was included in reactions containing T-ag, topo I, and
pol/prim. After 1 h at 37 °C, the reactions were terminated by the
addition of 5 uL of 2% SDS, 0.1 M EDTA, and 1 mg/mL
proteinase K and incubated at 37 °C for 30 min. Samples were
applied to composite gels containing 2.5% acrylamide and 0.6%
agarose in Tris—borate—EDTA buffer and subjected to electro-
phoresis for 550 V-h at 3 °C. The gels were dried and exposed to a
PhosphorImager screen.

RESULTS

Generation of Point Mutants. To investigate the function of
the central channel of the OBD hexamer in DNA replication, we
introduced single substitutions at each of the six residues that line
the channel of the OBD hexamer spiral (Figure 1). Even though
there is little sequence similarity at these sites among the DNA
binding domains of other polyoma viruses, the SV40 T-ag and
papilloma virus E1 proteins are structurally very similar (11, 13),
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suggesting common function. We made conservative and/or
nonconservative changes at each site (Table 1). For instance,
K178R represents a conservative substitution maintaining the
charge, and K178E represents a nonconservative substitution
reversing the charge. Mutations were introduced in the SV40
large T-ag gene using the Stratagene QuikChange site-directed
mutagenesis protocol. Recombinant baculoviruses were gene-
rated by homologous recombination of plasmid DNA containing
the mutant T-ag genes with BaculoSapphire (Orbigen) DNA in
S. frugiperda (Sf9) cells. Wild-type and mutant T-ags were
purified to 95% purity from baculovirus-infected High 5 insect
cells with similar yields. Equivalent concentrations of mutant and
WT T-ags were used in all assays.

Central Channel Mutants Oligomerize Normally. The
ability of T-ag to oligomerize into hexamer and double hexamer
structures is essential for DNA unwinding during replication
(36, 57). To ensure that mutant T-ags are structurally normal, we
measured their ability to hexamerize in solution in the absence of
DNA in an oligomerization assay. This process requires the
presence of a nucleotide, in this case ATPyS. Although mutants
showed some differences in their oligomerization patterns com-
pared to WT, all mutants were able to form hexamers to a similar
extent as WT (Table 1 and Supporting Information Figure 1).
These results indicate that the overall structure of the mutant
T-ags was not seriously affected.

Some Central Channel Mutants Are Defective in DN A
Replication in Vitro. Next, we tested the effects of substitutions
on the ability of mutants to promote DNA replication in vitro
using a 293 cell extract system as previously described (26).
Replication activity was measured by quantifying all labeled
DNA products (Figure 2A). Mutants E177K, K178E, Y211F,
K214Q, and K214R were significantly defective in supporting
replication in vitro (Figure 2, Table 2). Charge reversal mutants
K178E and E177K showed the least activity, with approximately
20% of WT, while Y211F, K214Q, and K214R displayed mode-
rate activity varying from 50% to 62% of WT. Other substitu-
tions such as the conservative change in K178R and mutations
generated at H201 had little to no effect on the mutants’ repli-
cation activity (Figure 2, Table 1).

Central Channel Mutants Have DNA Binding Defects.
Since the OBD is known to be involved in DNA binding (52, 58, 59),
we hypothesized that the central channel of the OBD hexamer
interacts with DNA as well. We analyzed the ability of central
channel mutants to bind a 64 bp origin DNA fragment (ori-
DNA) using gel shift assays in the presence of ADP as previously
described (50) (Figure 3A). ADP was used instead of ATP to
prevent the loss of T-ag—DNA complexes caused by helicase
activity. All mutants were normal in their ability to bind ori-
DNA at the higher protein concentration; however, they showed
some failure to bind at the lower concentration compared to WT
T-agespecially E177K, K178E, Y179F, and K214R (Figure 3C).
These normal residues are likely to be involved in nonspecific
DNA binding since they are not known to be directly involved in
origin recognition (11, 59, 60). These reaction conditions allow
for formation of both single hexamers (SH) and double hexamers
(DH) at low protein concentration whereas at a high concentra-
tion only double hexamers are generated (61, 62). All mutants
formed double hexamers normally at the higher protein concen-
tration, providing further support for the structural integrity of
mutant proteins (Table 1). Notably, the DNA binding defect
seen in mutant Y179F did not interfere with DNA replication
activity.

Foster and Simmons

& o o a& K
A SR

Rls—s . '.1
. .
' . -

e

@i
L3
v

Form | — . L

B 1754

lll

- - -
o N (%))
o @] o
1 1 1

w1
o
1

N
(0]
1

% of WT replication activity
N
wv

i

[Xe) \D(Q\

LI

Qﬂiﬂ?’i\’\%ﬁﬂ93\10\310\3\10\31\\53\

« ¥

2

FIGURE 2: Mutations within the central channel of the OBD result in
DNA replication defects. (A) Complete in vitro replication assay
using WT or mutant T-ags and 293 cell extract in the presence of
[0-**P]dCTP. Newly synthesized DNA products were separated on a
1.5% agarose gel and visualized by autoradiography. The positions
of replicative intermediates (RIs) and form I DNA are indicated.
(B) Replication activity was measured by quantification of all labeled

DNA products. Mutant activity is represented as a percentage of WT.
* P <0.05 and #, P < 0.01, compared to WT activity.

Mutants were also tested for their ability to bind a 55 nt single-
stranded oligonucleotide of random (nonorigin) sequence as pre-
viously described (63, 64). The replication deficient mutants
(E177K, K178E, Y211F, K214Q, K214R), previously shown to
be defective in binding ori-DNA at low concentrations, showed
similar defects in binding ssDNA at low protein concentrations
(Figure 3B,D). Mutant K178E also failed to bind ssDNA normally
at the higher concentration. Some replication competent mutants
were also compromised in ssDNA binding at both low and high
protein concentrations (H201N) or at low protein concentrations
only (H201F) (Figure 3D and Table 1); however, these defects did
not interfere with their ability to support DNA replication in vitro.
To more completely assess the ability of replication-defective
mutant proteins to bind ssDNA, binding curves were completed
with increasing concentrations of T-ag (Figure 4A). T-ag-bound
ssDNA was quantified, and percent binding at each T-ag con-
centration was used to obtain dose—response binding curves
(Figure 4B). log ECs, values were calculated for each of the
mutants from their respective binding curves using BioDataFit
1.02 software, and inverse values were compared as a percentage of
WT (Figure 4C). All replication-deficient mutants were found to
have a lower ability to bind to ssDNA with 20% or less of the WT
inverse log ECs value indicating moderate to severe defects. The
percentages of ssDNA bound by mutant and WT T-ags in Figure 4
cannot be directly compared to those in Figure 3 because we used
5 times less DNA in the present experiment.
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Table 2: Summary of Mutants’ Replication and Unwinding Activities

mean £ SD“ calculated as percentage of WT activity

minicircle Minicircle unwinding

minicircle unwinding with with pol/prim +

mutant DNA replication unwinding RPA + pol/prim 4 ng of ssDNA group
WT 100 100 112 £5 82+ 10

K178R 120 +£30 96+ 13 N/D N/D 1
Y179F 80+ 13 97+ 38 N/D N/D 1
H201F 114+£25 100£ 5 N/D N/D 1
H20IN 123 £11 90+ 15 N/D N/D 1
E177K 2246 37+£2° 97+ 10 2248 2
K178E 2043 7+2° 66 + 13 542 2
Y211F 50+19° 74+ 12 9B +6 N/D 2
K214Q 55+£11¢ 8+£2° 95+ 10 13£8 2
K214R 62+13° 1747 90 £+ 13 18+6 2

“Standard deviation determined from triplicate experiments. “Significant at P < 0.01. “Significant at P < 0.05. N/D indicates experiments not done.

NoT wr E177KK178EY179F

25 400 25 400 25 400 25 400 ngT-g
A o~ - -~

DH— il ! w e
[ W «~

SH—> ™

Free DA - ———

@)

120 [125ng
[1400ng
(@)}
2 1004 l T
= l I 171
3 80
£
S 604
S *
E 40 * *
* *
‘5 204
X
0 } t

%\1’\\(\;\1%\3:\1?’?\1\19;10\310\\i¢'\\§\1‘\b%\1’\b‘?\

WT H201
NoT Y179F

25 400 25 400 25 400 25 400 ngT-g
W —— — — — - —

F
K214R

‘.‘ .".4— bound

O

120+

—125ng

e I SR T S E
% 80 ]—
Z oo * *
5 %
é 404 4 " *| | *
lilfi
= 0 1 T t

@\'\1\(\;\’\%i'\\’\“”?1\’\9?3@0\;10\?1\\5\1\&%0b‘?\

FiGURE 3: Central channel mutants display DNA binding defects. (A, B) Gel shift assays were used to test the binding of T-ag to DNA in the
presence of replication buffer and ADP. DNA protein complexes were cross-linked and separated on a composite acrylamide—agarose gel. (A)
Origin binding was tested using a 64 bp origin containing DNA fragment. (B) ssDNA binding was tested using a 55 nt oligonucleotide. (C) Origin
binding was measured by quantifying both single hexamers (SH) and double hexamers (DH) and expressed as a percentage of WT activity. (D)
Bound ssDNA complexes were quantified and represented as a percentage of WT activity. *, P < 0.05, and #, P < 0.01, compared to WT activity.

Central Channel Mutants Can Unwind Origin-Contain-
ing Linear DN A. After T-ag assembles into a double hexamer
over the origin, its helicase activity is used to unwind the DNA
(61, 63, 64). The mutants’ origin-unwinding activity was evalu-
ated using a 64 bp origin fragment DNA under normal assay
conditions (600 ng of protein) as previously described (31, 50). All
mutants were normal in unwinding this DNA substrate (Suppor-
ting Information Figure 2 and Table 1). To test the possibility
that these mutants fail to unwind longer DNAs, 97, 134, 150, and
170 bp origin DNA fragments were subjected to unwinding

reactions. An example of an unwinding reaction with the 150 bp
substrate is shown in Supporting Information Figure 2A. All
mutants were also normal in unwinding all of these longer DNA
fragments (Supporting Information Figure 2B). There was also
no significant difference in the ability of K178E to unwind the
64 bp origin DNA compared to WT T-ag at various protein
concentrations (Supporting Information Figure 3). These results
therefore demonstrate that, in addition to forming normal amounts
of double hexamers over the origin, the mutants’ helicase activity
is normal.
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FiGurE 4: Replication deficient mutants display lower ability to interact with ssDNA. (A) ssDNA binding assays were performed using
increasing amounts of T-ag (from 4 to 1000 ng) and a fixed amount (2 ng) of 55 nt ssDNA. DNA—protein complexes were cross-linked and run on
a composite gel. Bound ssDNA complexes were quantified, and percent of DNA bound was calculated for each T-ag concentration. (B)
Dose—response binding curves were generated for WT and replication deficient mutants using 4, 8, 16, 25, 50, 100, 200, 400, 800, and 1000 ng of
T-ag. (C)log ECso values were determined from representative binding curves using BioDataFit 1.02, and the inverse of the log ECs, value for each
mutant was plotted as a percentage of WT. *, P < 0.05 compared to WT activity.

Replication-Deficient Mutants Are Unable to Unwind
Circular DNA. Plasmid DNA is the substrate provided in the
replication assay, and thus we wanted to evaluate the mutant’s
ability to unwind circular DNA. A 388 bp minicircle origin DNA
was used as a substrate as previously described (28, 47). Unwind-
ing activity of WT and mutant T-ags was measured by quantita-
tion of only the —5 underwound DNA, as previously characteri-
zed by Roberts (65). All replication-deficient mutants except for
Y211F were compromised in their ability to form this under-
wound DNA product as compared to WT T-ag (Figure 5).
Mutants K178E and K214Q showed the most defect with less
than 10% unwinding activity whereas K214R and E177K were
more active at 17% and 37%, respectively. Circular DNA
unwinding defects correlated well with the inability of the
mutants to support DNA replication in vitro (Table 2). The loss
of unwinding activity did not result from an inability of mutants
to bind the circular DNA substrate (Supporting Information
Figure 4).

Mixing experiments were then carried out to analyze the
impact of incorporating mutant monomers within a WT unwind-
ing complex. The most defective mutant, K178E, was chosen for
this experiment, in which different relative amounts (from 1:5 to
5:1) of mutant and WT T-ags were present in a total of 400 ng.
We reasoned that mixing of subunits should occur equally to
allow the formation of hexamers containing mutant and WT
monomers since the mutations exist within the central channel of
the OBD and do not prevent hexamerization. For each mutant:
WT ratio, a distribution of complexes should form where the
average structure should contain the ratio of molecules present in
the reaction. Increasing relative amounts of mutant protein sup-
pressed the unwinding reaction in a linear fashion (Figure 6),
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FIGURE 5: Replication deficient mutants are unable to support un-
winding of a small circular DNA substrate. (A) 388 bp covalently
closed origin containing circular DNA (minicircle) was subjected to
unwinding reactions with WT or mutant T-ag and topo I in mono-
polymerase buffer. Underwound products were separated from
the starting minicircles on composite gels. —2 and —5 underwound
products were visualized as characterized by Roberts (65). Percent
unwinding was quantified for the —5 supercoiled product only.
(B) Unwinding activity of mutants was plotted as a percentage of
WT. #, P < 0.01 compared to WT activity.

showing that the presence of mutant subunits inhibits unwinding
in direct proportion to their relative amount.

Addition of Initiation Factors Recovers Unwinding Acti-
vity of Deficient Mutants. RPA is known to interact with both
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FIGURE 6: Minicircle unwinding by WT T-ag is linearly suppressed
by addition of K178E mutant. Mixing experiments were performed
using various ratios of WT and K178E T-ag to generate hexamers
with increasing numbers of mutant monomers. Percent minicircle
unwinding was calculated for each mixture by quantifying produc-
tion of —5 supercoiled DNA products.
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FIGURE 7: Addition of initiation factors recovers minicircle unwind-
ing by deficient mutants. (A) RPA and/or pol/prim were added to
standard minicircle unwinding reactions containing T-ag and topo 1.
Underwound products were separated on a composite gel, and
formation of —5 supercoiled DNA products was quantified. (B) All
values were normalized to that of WT T-agin the absence of initiation
factors (standard reaction).

the OBD and ssDNA exposed as a result of helicase activity
(25, 30, 43). RPA may therefore aid unwinding by interacting
with the unwound strand. Pol/prim has also been shown to
stimulate binding and unwinding of origin containing DNA by
T-ag under some conditions (24, 29, 66, 67). With these findings
in mind, minicircle unwinding reactions were performed in the
presence of RPA and/or pol/prim to test whether the presence of
these factors could rescue the mutants’ circular DNA unwinding
defect. The addition of either of these initiation factors or both
together was able to stimulate the unwinding of the circular DNA
substrate by mutant T-ags (Figure 7). RPA and pol/prim had
little effect on unwinding by WT T-ag or unwinding positive
mutant Y211F (Figure 7). Recovery of activity was most drama-
tic for the mutants having the greatest defect in the absence of
initiation factors (K178E and K214Q). At the concentrations of
proteins used, pol/prim stimulated mutant unwinding activity
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FIGURE 8: ssDNA added to minicircle unwinding reactions with
deficient mutants compromises the stimulatory effect of pol/prim.
Minicircle unwinding reactions were performed in the presence of
pol/prim with or without 2 or 4 ng of 55 nt ssDNA. Unwinding
activity was measured by the quantification of the —5 supercoiled
DNA products and represented as a percent of WT activity without
added ssDNA.

more than RPA, and both proteins together were able to restore
almost normal levels of activity (Figure 7B and Table 2).

During replication, pol/prim interacts with the exposed
ssDNA at the surface of the T-ag complex in order to synthesize
the complementary strand (24, 68). Thus, if pol/prim stimulation
of circular DNA unwinding occurs due to an interaction with the
displaced DNA, then it may be competed off the exposed strand
by exogenously added ssDNA. Minicircle unwinding reactions
were performed in the presence of pol/prim with or without 2 or
4 ng of competitor ssDNA. This represents a 14- and 28-fold
molar excess of ssDNA over the circular DNA substrate, res-
pectively. Quantitation of the —5 underwound products revealed
that the presence of 2 ng of ssDNA in mutant unwinding reac-
tions resulted in a partial block of the stimulation by pol/prim
whereas 4 ng of ssDNA resulted in a complete loss of stimulation
(Figure 8 and Table 2). WT T-ag was affected only slightly by the
presence of the ssDNA competitor (Figure 8 and Table 2). These
results imply that pol/prim stimulates DNA unwinding by
interacting with the exposed ssDNA.

DISCUSSION

The properties of the mutants in this study are summarized in
Tables 1 and 2. We demonstrated that mutation of four central
channel residues within the OBD hexamer interfered with the
ability of T-ag to bind DNA and to support DNA replication
in vitro. The DNA binding defects did not, however, clearly
correlate with an inability to participate in DNA replication.
Interestingly, we found that there was an excellent correlation of
loss of DNA replication with an inability to unwind circular
SV40 DNA (Table 2). These data led to the classification of
mutants into two main groups, those that support normal
replication (group 1) and those that were impaired (group 2).

Group 1 mutants consist of K178R, Y179F, H201F, and H201N.
These mutants were able to support DNA replication in vitro.
Although DNA replication was not affected, the mutations lowered
the ability to bind 64 bp ori-DNA and 55 nt nonspecific sSDNA
(Table 1). It is possible that these mutants might show a DNA
replication defect at low protein concentrations; however, this was
not tested due to the difficulty in obtaining reproducible results
under such conditions. In any case, these data support the idea that
these central channel residues are important for DNA interactions.
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Group 2 mutants consisting of E177K, KI178E, Y211F,
K214Q, and K214R were unable to support normal levels of
DNA replication in vitro. Except for Y211F, these replication
defects correlated with an inability to unwind circular origin-
containing DNA (Figure 5 and Table 2). In contrast, they were
normal in their ability to unwind linear origin-containing DNAs
of various lengths (Supporting Information Figure 2) in spite of
their ori-DNA and ssDNA binding defects at low protein
concentrations (Figures 3 and 4). Therefore, we conclude that
mutants have no difficulty in forming the functional double
hexamer helicase over the origin and unwinding it in the context
of a linear DNA fragment. The problem surfaces with circular
DNA presumably because its topology imposes constraints on
how the DNA molecule is unwound and threaded through the
T-ag complex. Linear origin-containing fragments lack these
constraints, and due to its flexible nature, there is less need for
ordered interactions within the OBD hexamer during unwinding.
The ends of linear DNA are free to writhe as necessary to relieve
any superhelical tension induced by the unwinding process, and
consequently, unwinding is less dependent on proper threading of
the DNA through the T-ag double hexamer. Unwinding of
covalently closed circular DNA, however, requires interactions
within the central channel and elsewhere on the OBD to properly
thread the unwound strands and allow for further unwinding to
occur. Consequently, replication of circular plasmid DNA by
group 2 mutants is compromised.

Initiation factors were able to rescue the mutants’ unwinding
activity (Figure 7 and Table 2). The most likely way this could
take place is by interacting directly with the unwound DNA
strands on the T-ag surface. This idea is supported by the finding
that the presence of ssDNA in mutant unwinding reactions pre-
vented the stimulatory effect of pol/prim (Figure 8, Table 2).
RPA may aid in the threading process by pulling the ssDNA
from the lock washer as previously proposed (69). It has also been
suggested that origin unwinding is coupled to synthesis and
elongation of primers by the association of polymerase a with
T-ag and RPA (70). This might explain how the presence of both
cellular factors stimulates DNA unwinding more than either one
alone. Although RPA and pol/prim were able to recover circular
DNA unwinding activity by group 2 mutants, the presence of
these factors in the replication assays did not overcome their
defect. One possibility is that the initiation factors are present in
limiting amounts in the replication extracts. Another explanation
is that the ability of these factors to stimulate unwinding can
occur only in the absence of active DNA synthesis. We are
presently investigating both of these possibilities.

Given all the data presented in this paper, we favor the
interpretation that the replication-defective mutants are unable
to properly thread and propel single-stranded DNA during origin
unwinding from circular DNA. This could explain the mutants’
defects in binding origin and ssDNAs at low protein concentra-
tions (Figures 3 and 4) and their failure to properly unwind
circular DNA as well as the ability of initiation factors to rescue
the mutants’ deficiency in circular DNA unwinding (Figures 5
and 7). Since excess ssDNA interfered with this stimulatory
effect, these factors most likely promote unwinding by binding
the displaced strands and in this way compensate for the mutants’
inability to properly thread and propel the denatured ori-DNA
through the T-ag hexamer. In what could be a similar process,
bacteriophage T7 DNA polymerase was proposed to increase the
rate of unwinding by the T7 helicase by preventing slippage of the
helicase (71). It is therefore possible that loss of DNA binding
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FIGURE 9: Model of ssDNA threaded through a trough generated by
central channel residues within a single hexamer. (A) OBD spiral
from Figure 1B was rotated slightly (arrow in Figure 1B identifies the
same monomer in panel A). Different subunits of the OBD are shown
in different colors. The trough generated by central channel residues
E177,K178,Y211, and K214 is indicated in green on the tan-colored
monomer. (B) The OBD spiralis in the same orientation asin (A) and
is shown next to the hexameric helicase domain. The single strand of
DNA moves from right to left and is shown in white. It is threaded
through the helicase domain, bends, passes by the trough, and
exits toward the viewer close to the gap of the OBD lock washer.
(C) Blowup of part of (B) showing the trough in more detail.

results in DNA slippage during unwinding by our mutant T-ags
but can be overcome by the presence of pol/prim and/or RPA.

Based on the extensive literature in this field and the data
presented here, we constructed a model that illustrates the
threading of single-stranded DNA through the T-ag single
hexamer. Although several models of unwinding and threading
have been proposed (51, 52), none is totally consistent with all of
the data. In our modeling, we came up with a number of related
possibilities, and here we describe one such model. We combined
the crystal structure of the hexamerized lock washer OBD (73, 69)
shown in Figure 1 with the hexameric helicase domain (/4) in
order to model a SH structure (Figure 9B). Results from mixing
experiments also contributed to our model. We observed that
mutant monomers suppressed WT minicircle unwinding activity
in a linear fashion (Figure 6), suggesting that the central channel
residues of only one OBD monomer are involved in the unwind-
ing reaction. If all monomers in a hexamer were required, we
would expect that incorporation of only one mutant monomer
would poison the reaction and cause a severe drop in activity.
Thus in our model, we considered that DNA passes by residues of
only one monomer of the hexamer OBD structure. Our model
shows the single-stranded DNA spooled through the helicase
domain and exiting the T-ag SH complex near the gap of the
OBD lock washer. This strand would then pass over the surface
of the opposing hexamer in the DH (not shown).

The salient feature of the model is that the routed single strand
passes very close to the residues that we have implicated in this
study as being involved in DNA threading (E177, K178, Y211,
and K214). Interestingly, these residues form a trough along the
central channel surface of an OBD monomer that can accom-
modate ssDNA. The position of these residues is shown in green
on the tan-colored monomer in side views of the OBD hexamer in
Figure 9. The tan-colored OBD monomer is positioned at the gap
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of the lock washer structure and is the closest monomer to the
helicase domain. Figure 9B illustrates a hexamer of T-ag with a
single strand of DNA passing by the residues of the trough and
exiting toward the viewer. Figure 9C shows a close-up view of the
ssDNA passing near the trough residues. Threading of ssDNA
along the trough within this monomer would allow RPA and/or
pol/prim to associate with the strand emerging from this structure
to facilitate unwinding of circular DNA by mutant T-ags.

In conclusion, we presented evidence that the majority of the
residues within the central channel of the OBD hexamer parti-
cipate in ssDNA interactions suggesting that ssDNA passes
through the central channel of the OBD during unwinding. Some
mutants (group 1), although unable to properly interact with
DNA, are not functionally affected and support DNA replication
normally. Other mutants (group 2) are more severely affected and
show defects in circular DNA unwinding and in DNA replication
activities. The unwinding activity of these mutants is stimulated
by the presence of initiation factors probably by binding directly
to the separated strands of DNA. Altogether, our analysis
suggests to us that the residues altered in the group 2 mutants
function in sliding and threading of ssDNA during unwinding.
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