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The origin-binding domain (OBD) of simian virus 40 (SV40) large T-antigen (T-Ag) is essential for many of
T-Ag’s interactions with DNA. Nevertheless, many important issues related to DNA binding, for example, how
single-stranded DNA (ssDNA) transits along the T-Ag OBD, have yet to be established. Therefore, X-ray
crystallography was used to determine the costructure of the T-Ag OBD bound to DNA substrates such as the
single-stranded region of a forked oligonucleotide. A second structure of the T-Ag OBD crystallized in the
presence of poly(dT),, is also reported. To test the conclusions derived from these structures, residues
identified as being involved in binding to ssDNA by crystallography or by an earlier nuclear magnetic
resonance study were mutated, and their binding to DNA was characterized via fluorescence anisotropy. In
addition, these mutations were introduced into full-length T-Ag, and these mutants were tested for their ability
to support replication. When considered in terms of additional homology-based sequence alignments, our
studies refine our understanding of how the T-Ag OBDs encoded by the polyomavirus family interact with
ssDNA, a critical step during the initiation of DNA replication.

The initiation of DNA replication in higher organisms de-
pends upon numerous proteins and their associated protein-
protein and protein-DNA interactions (reviewed in references
2, 23, and 31). DNA tumor viruses, in contrast, are able to
initiate DNA replication with relatively few proteins. For in-
stance, simian virus 40 (SV40) is able to catalyze the initiation
of nascent-strand DNA synthesis from its origin with the virally
encoded large T-antigen (T-Ag) and host-derived replication
protein A (RPA), topoisomerase I, and polymerase a-primase
complex (21, 47, 51). Indeed, it is anticipated that a molecular
understanding of the initiation of DNA replication will result
from further characterization of the structures of these pro-
teins and their interactions with each other and with DNA
(reviewed in references 5, 7, 14, and 42). Thus, SV40 and
related viral model systems, such as the papillomaviruses (re-
viewed in reference 45), continue to serve as paradigms for the
study of the initiation of DNA replication.

Because T-Ag initiates the replication process, there has
been a considerable interest in T-Ag and its interactions with
the SV40 origin of replication. Images from electron micros-
copy studies have provided many critical insights into the as-
sembly of T-Ag into hexamers and double hexamers on the
origin (10, 19, 32, 48, 49). A full-length T-Ag X-ray crystal
structure is not yet available; however, structures are available
for individual domains of T-Ag, including the N-terminal J
domain (25), the origin-binding domain (OBD) (4, 30, 34, 35),
and the C-terminal helicase domain (18, 29). Our focus has
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been on the structure of the T-Ag OBD and its interactions
with DNA. In an initial study, we determined the structure of
the T-Ag OBD by nuclear magnetic resonance (NMR) meth-
ods (30) and established that it is a monomer in solution. In
subsequent crystallography studies, we determined the costruc-
ture of the T-Ag OBD bound in a site-specific manner to a
GAGGC-containing duplex oligonucleotide (35). Further-
more, we solved a crystal structure of the T-Ag OBD in the
absence of DNA, where it adopts an open ring structure con-
taining six molecules per turn (34). This “lock-washer” or spi-
ral hexamer structure contains a very basic channel that is
thought to bind single-stranded DNA (ssDNA) during DNA
unwinding (34) and a gap through which ssDNA may pass
during the initiation process (10, 34). Assembly into the lock-
washer structure positions the DNA binding Al and B2 re-
gions primarily on one face of the hexamer so that they can no
longer engage the GAGGC sequences in the central region of
the origin. This is one reason for the hypothesis that the lock-
washer conformation forms after site-specific binding of T-Ag
OBD monomers to the origin.

It has been reported that a significant portion of the ssDNA
binding activity of T-Ag resides in the T-Ag OBD (36, 54).
Indeed, the T-Ag OBD binds ssDNA with a greater affinity
than non-sequence-specific duplex DNA (17, 41). Binding to
ssDNA is mutually exclusive with site-specific binding to DNA
containing GAGGC pentanucleotides (17), an indication that
the same residues may be involved in both processes. Consis-
tent with this hypothesis, we showed via NMR heteronuclear
single-quantum coherence (HSQC) experiments that the bind-
ing site for ssDNA on the T-Ag OBD involves residues in the
Al and B2 loops which cluster on one surface of the spiral
structure (40). However, the structure of the complex of
ssDNA and the T-Ag OBD, either in its monomeric or hex-
americ form, remains unknown.
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Hence, to extend the analyses of the interaction of ssDNA
with the T-Ag OBD, we screened for crystal formation be-
tween the T-Ag OBD with a range of DNA templates contain-
ing regions of ssDNA. Herein, we report the costructure of the
T-Ag OBD bound to the single-stranded region of an oligonu-
cleotide serving as a mimic of a “forked DNA” structure. Of
interest, this structure identified several T-Ag OBD residues
not previously implicated in ssDNA binding. Therefore, we
have mutated to alanines the T-Ag OBD residues that have
been identified as being important for binding to ssDNA in
either our crystallography or previous NMR studies. Upon
purification, binding of the mutant T-Ag OBD proteins to
ssDNA and forked DNA was analyzed by fluorescence aniso-
tropy to determine the relative contributions of these residues
to ssDNA binding. In addition, assays were conducted to de-
termine the extent to which DNA replication was affected by
these mutations. Finally, we also report the structure of the
T-Ag OBD formed in the presence of poly(dT);,. In this struc-
ture, crystallographically related T-Ag OBDs arrange to form
positively charged channels that could accommodate ssDNA;
however, it is not clear if this crystallographic tetramer is bio-
logically relevant.

MATERIALS AND METHODS

Molecular biology techniques. (i) Generation of mutants. (a) Generation of
T-Ag OBD mutants. Alanine substitutions were introduced at targeted positions
using a QuikChange site-directed mutagenesis kit (Stratagene), plasmid pGEX
TBD (24), and the oligonucleotides presented in Table S2 in the supplemental
material and their complementary sequences. The thermocycling conditions con-
sisted of an initial denaturation step at 95°C for 60s, followed by 12 cycles of
denaturation at 95°C for 50s, annealing at 55°C for 60s, polymerase extension at
68°C for 11 min, and a final extension of 5 min. The composition of all mutant
plasmids described in this report was confirmed by the dideoxy sequencing
method at the Tufts Core Facility.

(b) Generation of mutations in pCMVneoT-Ag. The ability of full-length T-Ag
containing the desired mutations to catalyze DNA replication was analyzed as
previously described (16; see also below). The mutations were introduced into
the T-Ag-encoding plasmid pCMVneoT-Ag using a QuikChange kit, plasmid
pCMVneoT-Ag (8), and the primers listed in Table S2 and their complementary
sequences. The thermocycling conditions consisted of an initial denaturation
step at 95°C for 60s, followed by 12 cycles of denaturation at 95°C for 50s,
annealing at 55°C for 60s, polymerase extension at 68°C for 17 min, and a final
extension at 68°C for 5 min.

(ii) Purification and storage of the T-Ag OBD mutants. A protocol for the
purification of amino acids (aa) 131 to 260 of the T-Ag OBD (OBD 3, _»4,) Was
previously reported (24, 35). The T-Ag OBD,3,_,4 mutants were purified as
described previously with the exception that the Sephacryl S-100 column was
replaced with a Superdex 75 10/300 GL column. Upon purification, the T-Ag
OBD, 3,_,¢o mutants were stored in T-Ag storage buffer (20 mM Tris-HCI [pH
8.0], 50 mM NaCl, 1 mM EDTA, 0.1% B-mercaptoethanol, 0.1 mM phenylmeth-
ylsulfonyl fluoride, 0.2 pg of leupeptin per ml, 0.2 pg of antipain per ml, and 10%
glycerol) at —80°C until ready for use.

(iii) Fluorescence anisotropy binding assays. Fluorescence anisotropy-based
binding assays employing the wild-type (wt) T-Ag OBD have been previously
described (46). The reactions were conducted with the T-Ag OBD,3, 54, OF
mutant forms of the T-Ag OBD 3, ¢, and with ssDNA or forked DNA sub-
strates. The ssDNA probes were either 5'-fluorescein-TTTTTTTTTTTTTTTT
TTTTTTTT (24 thymidine residues) or 5'-fluorescein-CCAGAATCATTCTTG
CTGTAGAGC-3'. The forked DNA substrate was obtained by annealing the
oligonucleotides 5'-fluorescein-CCAGAATCATTCTTGCTGTAGAGC-3" and
3'-ATGACGCATAAGAACGACATCTCG-5" as previously described (17).
DNA binding assays were conducted using a binding buffer consisting of 20 mM
Tris, pH 7.4, 50 mM NaCl, 1 mM dithiothreitol (DTT) and 0.01% NP-40.

(iv) Transient DNA replication assay. A quantitative assay for studies of the
replication of polyomavirus and papillomavirus was recently described (16). This
assay was used to measure the replication ability of T-Ags containing point
mutations at residues implicated in binding to ssDNA. Briefly, ~5 x 10* C33A
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cells were transfected with three plasmids encoding, respectively, T-Ag, the
minimal origin of DNA replication together with a firefly luciferase reporter
gene, and Renilla luciferase. Replication of the origin-containing plasmid was
quantified 72 h posttransfection by measuring the levels of firefly and Renilla
luciferase activities using a Dual-Glo Luciferase assay system (Promega). Each
T-Ag mutant was analyzed in duplicate in two separate experiments. Error bars
represent the standard deviations.

(v) Western blotting assay. Western blotting was performed via standard
methods; extracts were prepared 24 h posttransfection. T-Ag proteins were
detected using a mouse monoclonal anti-T-Ag antibody recognizing an epitope
located within the N-terminal 82 amino acids of the protein (Sc-148; Santa Cruz).
Tubulin was used as a loading control.

Biophysical techniques. (i) Crystallography. (a) DNA purification. Synthetic
oligonucleotides were made using the phosphoramidite method (Integrated
DNA Technologies). The sequences used to form the 23-mer artificial fork
were(5' to 3") ACTCCTCCGAAAAAACCTCCGGA and GAGGAGGCTTTT
TTGGAGGCCTT. The sequence used for the single-strand crystallographic
studies was poly(dT),, (TTTTTTTTTTTT).

These oligonucleotides were purified via high-performance liquid chromatog-
raphy (HPLC) by anion-exchange chromatography (DNAPak; Vydac, Inc.). The
eluted DNA was lyophilized, desalted on a PD-10 column (GE, Inc.), and
lyophilized again to dryness. The oligonucleotides were resuspended in anneal-
ing buffer (10 mM Tris, pH 7.5, 50 mM NaCl), and complementary strands were
mixed in a 1:1 molar ratio and annealed by heating to 95°C for 3 min, followed
by slow cooling to 4°C. The duplex DNA was stored at —20°C.

(b) Crystallization. The T-Ag OBD3;, 54 and forked DNA complex was
prepared in a 2:1.2 molar ratio. The T-Ag OBD3;_»4, and poly(dT),, complex
was prepared in a 1:2 molar ratio. The complexes were concentrated by ultra-
filtration using a Vivaspin 10,000-molecular-weight-cutoff device to a protein
concentration of ~10 mg/ml, aliquoted in small volumes, quick-frozen in liquid
nitrogen, and then stored at —80°C.

Crystals of the T-Ag OBD3;_,4o-forked DNA complex were grown by vapor
diffusion at 4°C by mixing 1 pl of complex with 1 pl of a reservoir solution (100
mM Tris, pH 8.5, 300 mM NH,CI, 28% polyethylene glycol [PEG] 4000, 20 mM
CaCl,).

Crystals of the T-Ag OBD3;_»40-poly(dT),, complex were grown by vapor
diffusion at 18°C by mixing 1 ul of complex with 1 pl of a reservoir solution (0.2
M thiocyanate [SCN], 17.5% PEG 3350, 5% glycerol).

(c) X-ray data collection and structure solution. The crystals were transferred
to a cryogenic solution using a microloop (Hampton Research Inc.) and then
frozen in liquid nitrogen. The cryogenic solution used for the T-Ag OBD 3, 54~
forked DNA complex consisted of 0.1 M Tris, pH 8.5, 300 mM NH,CI, 30% PEG
4000, 20 mM CaCl,, and 15% ethylene glycol. The cryogenic solution used for
the T-Ag OBD,3,_»40-poly(dT),, complex crystals was 0.2 M SCN, 25% PEG
3350, and 15% glycerol. X-ray data were collected at 100 K using an ADSC
Quantum-315r, nine-quadrant, charge-coupled-device (CCD) detector at Na-
tional Synchrotron Light Source (NSLS) beamline X-29 (Brookhaven National
Laboratory, NY). The X-ray data were processed with the HKL2000 suite (38).
Both structures, that of the T-Ag OBD 3, »4o-forked DNA complex and that of
T-Ag OBD,3,_540-poly(dT),, complex, were solved by molecular replacement
using apo-T-Ag OBD coordinates as a search model (RCSB Protein Data Bank
[PDB] codes 2IF9 and 2FUF, respectively) and the program PHASER (33). The
structures were refined using the program REFMAC (37) within the CCP4 suite
of programs (9), and the program PHENIX (1). The resulting maps and models
were visualized and improved with the molecular graphics program COOT (12)
and PyMOL (11). All molecular graphics figures in this paper were made with
PyMOL.

(i) CD analyses of the purified T-Ag OBD,3, ,50 and the T-Ag OBD3;_,¢
mutants. To confirm that the individual mutations do not change the overall fold
of the proteins, wt and mutant T-Ag OBDs were analyzed by circular dichroism
(CD). Spectra were recorded at 25°C, using a 1-mm-path-length cell in a Jasco
J-810 spectropolarimeter. Each protein sample was at a concentration of 0.15
mg/ml in 5 mM sodium phosphate, 50 mM sodium fluoride, and 1 mM Tris
(2-carboxyethyl)phosphine (TCEP), pH 7.0. CD data were saved in ASCII for-
mat and processed in Microsoft Excel. Ellipticity data were expressed as the
mean residue molar ellipticity, or [O]yrw, Which was calculated as follows:
[O]mrw = (Bops X 100 X MRW)/c X [. In this formula MRW is the mean residue
weight, calculated by dividing the molecular weight for T-Ag OBD 3,5 (15,074
g/mole) by the number of amino acid residues (130 aa). 6, is the observed
ellipticity expressed in degrees, ¢ is the protein concentration in mg/ml (0.15
mg/ml), and / is the cell path length in cm (0.1 cm).



820 MEINKE ET AL. J. VIROL.

CTCCGAAAAAACCTCC

FIG. 1. The costructure of the SV40 T-Ag OBD bound to a forked DNA oligonucleotide. (A) The sequence of the forked DNA target used
in crystallization indicating duplex DNA and ssDNA regions. The top strand is magenta, and the bottom strand is cyan. The first and last bases
are numbered. Shown below, the labeled crystal structure of the DNA clearly depicts the frayed ends of the DNA. (B) Ribbon representation of
T-Ag OBD interactions with the duplex portion of the DNA, including the 3’ terminal dA of the top strand. The T-Ag OBD molecules are shown
in yellow and orange. The interacting protein residues are shown as red sticks. A Van der Waals dot surface is shown for the 3’ terminal adenine
base to highlight the stacking interactions provided by the T-Ag OBDs. (C) Ribbon representation of T-Ag OBD interactions with single-stranded
DNA. The T-Ag OBDs are colored as in panel B. A neighbor (symmetry-related) DNA molecule that interacts with the orange T-Ag OBD is
shown at left. A close-up of the boxed region is shown (and rotated ~90°) at right, where only the interacting ssDNA is shown for clarity. Van
der Waals spheres are shown in tan for the side chains of the residues that interact with the ssDNA phosphate backbone.

RESULTS OBD 3, ,¢, in complex with a nonspecific forked DNA sub-

Structures of the T-Ag OBD with substrates containing strate is presented in Fig. 1. The X-ray data collection and
ssDNA. (i) Costructure of the T-Ag OBD with a forked DNA refinement statistics are presented in Table S1 in the supple-
substrate. The 1.7-A resolution crystal structure of T-Ag mental material. The refined structure has good geometry and
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FIG. 2. The crystal structure of the SV40 T-Ag OBD grown in the presence of poly(dT),, substrate. (A) View of the crystallographic lattice.
The arrangement of T-Ag OBD molecules in the lattice is shown as ribbon diagrams, and the poorly modeled Al motif residues are shown as
spheres. The disordered Al residues occur within a solvent channel that is made up of four T-Ag OBD molecules, highlighted by the square, and
the four T-Ag OBDs are shown in yellow, cyan, brown, and blue. The circles indicate the location of the solvent channels in the crystal structure.
This arrangement positions two Al motifs inside the channel; the other two participate in neighboring channels. (B) Electron density map of the
T-Ag OBD crystallographic tetramer. This view shows a 2F_-F_ (observed and calculated structure factor amplitudes, respectively) electron density
map (blue) covering four T-Ag OBD molecules, shown in cyan, green, yellow, and red. The position of the disordered Al residues are shown as

gray dot surfaces and occur within a positively charged solvent channel.

an Ry, .or and Ry, of 17.8% and 22.3%, respectively. The final
model contains two molecules of T-Ag OBD5,_,4,, €ach hav-
ing a modified Cys—f3-mercaptoethanol adduct, 1 acetate mol-
ecule, 3 calcium ions, 2 ethylene glycol molecules, 298 water
molecules, and 43 out of 46 possible nucleic acid bases. As
shown in Fig. 1A, the DNA is frayed at each end of the duplex.
The frayed DNA ends are involved in stabilizing lattice con-
tacts with neighboring DNA molecules. The DNA forms a
continuous pseudo-double helix along one axis of the crystal,
with ssDNA extending perpendicularly from this axis. Thus,
the DNA provides a stable scaffold for the T-Ag OBDs.

The asymmetric unit contains two T-Ag OBD molecules
bound to the forked DNA substrate (Fig. 1B). Superposition of
the two crystallographically unique T-Ag OBDs in this struc-
ture shows that they have identical conformation (root mean
square deviation [RMSD] of 0.22 A over 133 Cas). Interest-
ingly, the overall conformation of each T-Ag OBD in this
structure resembles that of the apo-OBD (DNA-free) con-
former (34), not the GAGGC-bound T-Ag OBD conformer
(35). Thus, this structure provides a view of how the previously
defined “DNA-free” form of T-Ag OBD can interact with
fork-containing DNA.

The two T-Ag OBDs are oriented with the Al motifs (43)
(residues 147 to 159) facing each other. The protein-protein
interactions are depicted as a schematic in Fig. S1 in the sup-
plemental material. The OBDs are positioned at one end of
the duplex, near a junction formed with neighboring crystallo-
graphically related DNA molecules. Two different sets of pro-
tein-DNA interactions are observed involving the duplex por-
tion of one forked DNA molecule and the ssDNA region of a

neighboring DNA molecule, respectively. In the first set of
interactions, the OBDs interact with the phosphate backbone
at the junction of DNA strands that includes symmetry-related
DNA molecules. The OBDs sandwich the terminal adenine
base at the 3’ end of the top strand (adenine 23) through the
Al motif, primarily through a stacking interaction with R154
and, to a lesser extent, N227 (Fig. 1B). The residues involved
in this first set of protein-DNA interactions include Al motif
residues A149, S152, N153, R154, and T155 and B2 motif
residue R202 and N227 (shown in red in Fig. 1B). The second
set of protein-DNA contacts shows how T-Ag OBD interacts
with ssDNA (Fig. 1C). The T-Ag OBD interacts with the
phosphate backbone of a neighboring (symmetry-related)
ssDNA region (the 5’ end of the top strand having the se-
quence 5" ACTC) (Fig. 1A) through the side chains of residues
R204, N210, and K214. Specifically, the electron density shows
that R204 is in an extended conformation and that it interacts
with the phosphate oxygens through its guanidinium group.
Next, the N210 makes a weak hydrogen bond with one phos-
phate oxygen and a water-mediated interaction with another.
Lastly, the electron density for the side chain K214 is weak
although it could clearly form a hydrogen bond with either of
the oxygen atoms from adjacent phosphates.

(ii) Structure of the T-Ag OBD in the presence of
poly(dT),,. The 1.65-A resolution crystal structure of T-Ag
OBD cocrystallized in the presence of a 12-mer of poly(dT) is
presented in Fig. 2. The X-ray data collection and refinement
statistics are presented in Table S1 in the supplemental mate-
rial.

This crystal form contains one molecule of T-Ag OBD per
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asymmetric unit. The structure has been refined to good ge-
ometry, with an Ry, ., and Ry, of 16.6% and 19.5%, respec-
tively. Residues 148 to 154 within the DNA binding Al motif
are disordered (hence, not well modeled), as seen in Fig. 2B.
This disorder is unusual as this region has been ordered in all
previous crystal structures (4, 34, 35), both in the presence and
absence of DNA. Unfortunately, we were also unable to model
any ssDNA in this structure. However, we infer that DNA is
present in this structure as this new crystal form occurs only in
the presence of ssDNA. Furthermore, these crystals fluoresce
when soaked with a DNA-sensitive fluorescent dye (SYBR
Gold; Invitrogen) (data not shown), suggesting the presence of
ssDNA. Inspection of the crystal lattice reveals that the disor-
dered Al loop lies in a positively charged channel formed by
four symmetry related T-Ag OBDs (Fig. 2A).

This arrangement positions two Al motifs in the central
portion of the channel (Fig. 2A). In addition, other residues
(165, 166, 169, 170, 172 to 174, 176, 186, 188, 191, 193, 201, 202,
204, 227, 228, 243, and 245) are solvent accessible and also line
this channel. Some of these residues have been implicated in
DNA binding, for example, those in or near the B2 motif
(H201, R202, and R204). The channel is oblong, and the di-
ameter of the channel is consistent with the size of ssDNA
(~12 A, in the shortest dimension). Finally, the T-Ag OBD,5;_»¢
residues at the interfaces of the crystallographically related
molecules are presented in Fig. S2 in the supplemental mate-
rial. It is noted that these protein-protein interfaces are not
symmetric.

As mentioned earlier, the previous crystal structures of the
T-Ag OBD clustered into two conformations: an apo (DNA-
free) form (34) and a DNA-bound form (35). In these previous
structures, the largest conformational change upon binding
DNA occurs in the Al motif, which acts as a toggle switch
having an “on” (DNA bound) and “off” (DNA free) confor-
mation (35). F151 is at the apex of this loop, having the great-
est conformational change upon binding DNA. In addition, in
all previous crystal structures of the T-Ag OBD, the Al motif
has always been well ordered, whether in the free or bound
form. Thus, in this structure with ssDNA, we infer that the Al
motif is changing conformation between these states and in-
teracting with the ssDNA although we do not have structural
details of this interaction.

Determining the relative ability of the T-Ag-OBD mutants
to bind ssDNA. (i) Purification and characterization of the
T-Ag OBD mutants. The results from our current crystallog-
raphy experiments and from our previous NMR studies (40)
implicated a number of residues in the T-Ag OBD as potential
binders to ssDNA (i.e., residues 150 to 152, 154, 156, 199, 201,
203, 204, 210, and 214). The relative positions of these residues
on a surface representation of the T-Ag OBD is presented in
Fig. 3A; it is apparent that these residues cluster on one sur-
face of the molecule in a region that contains the DNA binding
Al (aa 147 to 159) and B2 motifs (aa 203 to 207) (43, 55).
However, it is not clear if particular residues are necessary for
binding to ssDNA. Therefore, the codons encoding the resi-
dues potentially engaged in binding to ssDNA were mutated to
alanines, and the individual T-Ag OBDs were purified using
previously described protocols (Materials and Methods).

An SDS-PAGE (12% acrylamide) gel of the 11 mutant pro-
teins analyzed in this study is presented in Fig. 3B. Given that
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all of the substitutions were introduced into surface residues, it
is highly unlikely that significant conformational changes re-
sulted from any of these mutations. This conclusion is sup-
ported by the gel filtration results (Fig. 3C) and CD analyses
(Fig. 3D) of the individual proteins.

(ii) Establishing the relative binding affinity of the mutant
T-Ag OBDs for substrates containing ssDNA. The relative
affinity of the T-Ag OBD mutants for ssDNA was measured by
fluorescence anisotropy as previously described (reference 17
and references therein). The results of experiments conducted
with poly(dT),, are presented in Fig. 4. Inspection of Fig. 4B
establishes that two of the three residues identified by the
X-ray costructure as contacting the sugar-phosphate backbone
of the ssDNA portion of the forked DNA substrate (i.e., B2
residue R204 and K214) are critical for binding to poly(dT),,.
In addition, A1l residue R154 is also critical for binding to this
single-stranded substrate. A1l residue F151 also appears to play
a significant role in binding to single-stranded DNA. In con-
trast, the other residues (i.e., V150, S152, L156, T199, H201,
H203, and the crystallographically identified residue N210) are
not important for binding to poly(dT),,. It should be noted
that in contrast to our results with the H201A mutant, it was
recently reported that T-Ags containing the H201F and H201N
mutants were slightly defective in terms of their ability to bind
a 55-mer nonspecific ssDNA (15). Finally, virtually identical
results were obtained when these experiments were repeated
with a 24-mer having the sequence 5'-fluorescein-CCAGAAT
CATTCTTGCTGTAGAGC-3' (data not shown).

(iii) Establishing the relative binding affinity of the mutant
T-Ag-OBDs for a forked DNA substrate. A forked DNA sub-
strate (that does not contain a GAGGC duplex region) was
used in the crystallography studies that identified residues in-
volved in ssDNA binding. Therefore, the binding studies were
repeated with a similar model of a forked DNA substrate (Fig.
5A). Of interest, very similar results were obtained with this
forked substrate as with the poly(dT),,; i.e., residues R154
(A1), R204 (B2), and K214 are critical for binding, F151 has an
intermediate phenotype, but the rest of the residues do not
appear to play important roles in this process (Fig. 5B). These
results may simply reflect that the T-Ag OBD has a ~10-fold
higher affinity for ssDNA than for nonspecific duplex DNA
(17, 40); thus, only the interactions with the single-stranded
region of the molecule are detected. In summary, these studies
confirm the important role that T-Ag OBD residues F151,
R154, R204, and K214 play in ssDNA binding.

Testing the ability of T-Ag molecules harboring the muta-
tions implicated in binding to ssDNA to catalyze DNA repli-
cation. It is apparent from Fig. 4 and 5 that several of the T-Ag
OBD mutants analyzed in this study are defective for binding
to ssDNA, a property that suggests that they would be defec-
tive for DNA replication. In the context of full-length T-Ag,
several of these residues were previously mutated (reviewed in
reference 40) but not to alanines, while others (e.g., N210)
were never tested for their ability to support DNA replication.
Therefore, the ssDNA binding mutations were introduced into
T-Ag (Materials and Methods), and their ability to support
DNA replication was analyzed (Fig. 6). As expected from pre-
vious studies using mutant T-Ags with different substitutions at
these positions (reviewed in reference 40), alanine mutations
at basic residues implicated in binding to ssDNA (i.e., R154A,
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FIG. 3. Residues implicated in binding to ssDNA by either X-ray crystallography or NMR methods and therefore mutated to alanine. (A) T-Ag
OBD is shown as a surface representation in yellow. The residues mutated to alanine are shown in blue and labeled. These include Al residues
150 to 152, 154, and 156, B2 residues 203 and 204, and additional residues 199, 201, 210, and 214. (B) SDS-PAGE analysis of purified T-Ag OBD
samples containing the indicated point mutations. As a control, an aliquot of wt T-Ag OBD5;_,4, (5.0 pg) was loaded in lane 1. Lane 2 contains
See Blue Plus 2 prestained protein size markers (10 wl; Invitrogen); the molecular masses of the individual markers are indicated in kDa. Aliquots
(5.0 pg) of the individual T-Ag OBD, 3, ,4, mutants are displayed in lanes 3 to 13; the particular mutation present in a given T-Ag OBD molecule
is indicated. The gel is stained with Coomassie blue. (C) Evidence that, relative to wt T-Ag OBD5,_,4, the individual T-Ag OBD3,_,¢, mutants
are not structurally altered. Chromatograms are shown of the wt T-Ag OBD,5,_,¢, and the T-Ag OBD,5,_,¢, mutants eluted from a Superdex 75
10/300 GL column in T-Ag storage buffer (see Materials and Methods). The baselines of the chromatograms are offset on the y axis (absorbance
at 280 nm [Abs280]) in order to separate them. The wt T-Ag OBD, 5, ,4, chromatogram (green) is at the bottom of the Abs280 axis, followed by
(in ascending order, to the top of the series) the mutants V150A, F151A, S152A, R154A, L156A, T199A, H201A, H203A, R204A, N210A, and
K214A. Elution position and molecular mass (in kDa) of gel filtration standards are indicated at the top of the graph. (D) CD analyses of wt T-Ag
OBD 3,54 and the T-Ag OBD,3,_,¢, mutants. The spectra associated with the individual mutants are identified on the figure.

R204A, and K214A) are also defective in DNA replication.
Regarding aromatic residue F151, its mutation to alanine gen-
erated a molecule having approximately half the replication
activity of wild-type T-Ag. However, the F151Y mutation was
previously demonstrated to be replication defective in vivo (44,
55), thus confirming that it plays a significant role in viral
replication. In addition, a number of residues not implicated in
binding to ssDNA (i.e., S152, L156, T199, H203, and N210) are
nevertheless important for DNA replication, which is addi-
tional evidence that they play multiple roles in DNA replica-
tion that are distinct from binding to ssDNA (reviewed in
reference 40). For example, previous mutational studies of
full-length T-Ag in the Al and B2 elements (i.e., mutations
A149G, F159Y, and H203N) revealed that these residues were

necessary for binding to ssDNA containing helicase substrates
(44). Finally, it is of interest that, relative to the wild type, the
H201A mutant had an increased level of DNA replication.
Consistent with this observation, it was recently reported that
full-length T-Ags containing the H201F and H201N mutations
have higher levels of replication than the wild type (15). The
physical basis for the enhancement of replication observed
upon mutation of residue H201 is not currently understood.

DISCUSSION

The T-Ag origin-binding domain plays multiple roles in
DNA replication. Reflecting this functional diversity, the T-Ag
OBD is highly dynamic in terms of the different structures and



824 MEINKE ET AL.

A) 24mer polydT
5/ -F-TTTTTTTTTTTTTTTTTTTTTTTT-3"

B) 0.06 5
. 0.05 N210A
ES
> 0.04-
g
b
S 0.031 A FI51A
z
0.02 |
K214A
0.01+ R204A
R154A

2000 3000 4000 5000
T-ag-obd (nM)

FIG. 4. Binding of T-Ag OBD proteins to poly(dT) DNA measured
by fluorescence anisotropy. (A) Sequence of the 24-nucleotide
poly(dT) probe used in this study. (B) Measurement of the T-Ag
OBD-poly(dT) interaction via fluorescent anisotropy. Binding iso-
therms were measured in triplicate with 15 nM single-stranded DNA
probe and increasing concentrations of the wild-type T-Ag-OBD (O)
or of the VI50A (L), F151A (A), S152A (V), R154A (), L156A (+),
T199A (©), H201A (*), H203A (X), R204A (A), N210A (M), or
K214A (@) mutant protein. Curves were obtained by a nonlinear
regression and fitting to a one-binding-site equilibrium. Error bars are
not visible on the graph as they are smaller than the size of the symbols.
K,s (dissociation constants) were not calculated for these binding
curves because they are not saturated although the relative affinities
may be compared.

0 1000

oligomeric forms that it can adopt. Indeed, the two crystal
structures presented here further demonstrate how this small
domain can reorganize to interact with different DNA sub-
strates and generate alternative complexes with new protein-
protein surfaces. The costructure with the forked DNA sub-
strate revealed novel protein-DNA interactions through the
Al motifs as well as revealing how residues R204, N210, and
K214 can interact with the backbone of ssDNA. The structure
of T-Ag OBD grown in the presence of ssDNA showed an-
other possible mode of assembly of the T-Ag OBDs that could
accommodate ssDNA within positively charged solvent chan-
nels. In this structure, residues in the DNA binding A1 motif
were disordered (in particular, F151), implying that multiple
conformations of this loop exist in the crystal.

Our previous NMR study of the purified T-Ag OBD with
poly(dT),s suggested that residues involved in binding to
ssDNA were primarily from the Al and B2 regions (40). The
greatest chemical shift changes occurred at R204 within the B2
motif. The structure of the T-Ag OBD bound to a single-
stranded region of a forked DNA oligonucleotide (Fig. 1C)
confirmed the importance of B2 residue R204 and provided
further evidence that residues beyond the B2 region (i.e.,
N210A and K214A) are important in binding to ssDNA. Ex-
tending these structure-based experiments, the fluorescence
anisotropy studies confirmed that Al residues F151 and R154
and B2 residue R204 and residue K214 play very important
roles in ssDNA binding. Finally, differences between the resi-
dues needed for binding to ssDNA (Fig. 4) and forked DNA
substrates (Fig. 5) were not detected in this study.

The question of what amino acid residues in the single-
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FIG. 5. Binding of T-Ag OBD proteins to forked DNA measured
by fluorescence anisotropy. (A) Nucleotide sequence of the forked
DNA probe used in this study. The double-stranded region is under-
lined. (B) Measurement of the T-Ag OBD-forked DNA interaction via
fluorescent anisotropy. Binding isotherms were measured in triplicate
with 15 nM probe and increasing concentrations of the wild-type T-Ag
OBD (O) or of the V150A ([J), F151A (A), S152A (V), R154A (gray
square), L156A (+), T199A (<), H201A (*), H203A (X), R204A (A),
N210A (H), or K214A (@) mutant protein. Curves were obtained by a
nonlinear regression and fitting to a one-binding-site equilibrium. Er-
ror bars are not visible on the graph as they are smaller than the size
of the symbols.

0 1000

stranded DNA binding proteins from eukaryotic (3) and pro-
karyotic organisms (6, 39) are optimal for interactions with
ssDNA has been previously addressed. The research has es-
tablished that there are two primary types of interactions with
DNA: aromatic residues stack with individual bases while elec-
trostatic interactions occur between side chains and both the
phosphate backbone and particular bases. This theme of pro-
tein-ssDNA interactions being mediated by aromatic and elec-
trostatic interactions has been noted in related studies (e.g.,
PriB-ssDNA [20]). Thus, our conclusions that binding of the
T-Ag OBD to ssDNA is dependent upon basic (i.e., R154,
R204, and K214) and aromatic (i.e., F151) residues are con-
sistent with these previous studies. Also of interest is the evi-
dence presented in Fig. 7 that these residues are highly con-
served among the polyomaviruses. Thus, the routing of ssDNA
through the T-Ag OBDs encoded by these viruses may be
highly conserved.

Currently, the structural details of assembly of T-Ag onto
origin DNA and subsequent unwinding are not clear. T-Ag
double-hexamer formation at the origin of replication is a
complicated process whereby T-Ag generates ssDNA via its
B-hairpin motif located in the helicase domain and assembles
into opposing hexamers around a single strand of DNA (26, 29,
41). To date, no high-resolution structure exists of this process.
Our studies focus on the role of the T-Ag OBD in these
processes, and our structures are a snapshot of the initiation
process. In particular, the question arises as to the “path”
taken by the DNA during replication. We previously proposed
that in the context of T-Ag, the T-Ag OBD is in a dynamic
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FIG. 6. DNA replication activity of large T-Ag mutant proteins.
(A) Transient DNA replication activities of the indicated wild-type or
mutant T-Ag proteins in C33A cells. DNA replication activities were
measured by determining the ratio of firefly (Fluc-ori plasmid) to
Renilla (Rluc control plasmid) luciferase activity as described in Ma-
terials and Methods. Replication activities are reported as a percent-
age of the Fluc/Rluc ratio obtained with the largest amount of wild-
type T-Ag expression vector. Cells transfected with vector only (No
T-Ag) were used as a negative control. (B) Expression of T-Ag pro-
teins. Western blot analysis of total protein extracts prepared from
transfected C33A cells expressing the wild-type or the indicated T-Ag
mutant proteins. «, anti.

equilibrium between monomer and hexamer forms (26, 35).
The T-Ag OBD forms a hexameric open-ring structure in the
crystal, having a positively charged channel that could accom-
modate two opposing strands of ssDNA as well as providing a
gap through which ssDNA could exit (34). Recent electron
microscopy studies of full-length T-Ag have provided addi-
tional evidence for an open-ring structure of the T-Ag OBDs
(10). Figure 8A depicts the relative positions of the critical
ssDNA binding residues identified in this study mapped onto
the lock-washer hexameric structure. It is apparent that on the
gap-proximal T-Ag OBD monomer, residues F151, R154,
R204, and K214 (shown in blue) are completely accessible

v40/145-228 145
BK/147-230 147
C/146-229 146

us/299-380 299
Merkel/322-404 322

o
B
R
R
R
K
K

5v40/145-228 188
BK/147-230 190
C/146-229 189
Mus/299-380 349
Merkel/322-404 36

INTERACTION OF SV40 T-ANTIGEN OBD AND DNA 825

while they are less accessible (indeed, F151 is completely bur-
ied) in the other subunits. The T-Ag OBD is connected to the
helicase domain by a flexible linker, and hence much of the
surface of the T-Ag OBD hexamer remains solvent accessible
even in the context of full-length T-Ag. In addition, the T-Ag
OBD is likely to be highly dynamic, forming and unforming, so
even which T-Ag OBD acts as the gap-proximal subunit (where
all ssDNA critical residues are exposed) may change. The
accessible basic residues R154, R204, and K214 would presum-
ably be involved in electrostatic interactions with the sugar-
phosphate backbone of DNA while the aromatic group of F151
would stack with the bases, and the Al motif can toggle be-
tween the two known conformations. Thus, these residues are
arranged in a manner that suggests a path for one single strand
of DNA over the T-Ag OBD surface. A model depicting the
transit of ssDNA over the surface of the lock-washer is shown
in Fig. 8B. The second strand of DNA could also pass through
the inner surface of the T-Ag OBD hexamer making less spe-
cific electrostatic interactions (34). Complementary to our re-
sults, a recent study (15) conducted with full-length T-Ag in-
vestigated the role of particular residues lining the inner
surface of the lock-washer conformation of the T-Ag OBD on
binding to ssDNA (i.e., E177, K178, Y179, H201, Y211, and
K214). Binding to ssDNA was modestly affected by conserva-
tive mutations and to a greater extent by nonconservative mu-
tations (particularly K178E and H201N).

In addition to binding to ssDNA, the T-Ag OBD is involved
in other interactions critical for initiation of DNA replication.
For instance, the interaction between T-Ag and the single-
stranded DNA binding protein RPA is mediated via the T-Ag
OBD and domains within the RPA 70-kDa subunit (52; re-
viewed in references 13 and 53). Therefore, it is of interest that
a positively charged patch in the T-Ag OBD containing the
residues R154, R202, and R204 is important for both the
interaction with the RPA 70-kDa subunit (22) and with
ssDNA. How the same T-Ag OBD residues can bind both the
70-kDa subunit of RPA and ssDNA is not currently clear. One
possibility is that as RPA expands from its 8- to 10-nt binding
mode to its 30-nt mode, it no longer binds to the T-Ag OBD,
a process that would promote the next cycle of T-Ag OBD
interactions with ssDNA (22). However, additional studies are
needed to address this issue and to extend our structural un-

FIG. 7. Sequence alignment of several T-Ag OBDs. The programs Clustal W (27) and Jalview (50) were used to calculate and display the
sequence alignment of several representative T-Ag OBDs. The amino acids are colored by sequence identity (a color gradient from dark blue,
indicating 100% identity, to white, indicating 0% identity). The red boxes indicate the location of the four residues identified as being important
in ssDNA binding in this study; the SV40 T-Ag amino acid numbers are also presented. The sequences used in this alignment are from the
polyomavirus members SV40, BK, JC, mouse (Mus), and Merkel cell carcinoma.



826 MEINKE ET AL.

ARG-154

J. VIROL.

FIG. 8. ssDNA binding mutations mapped onto the surface of the T-Ag OBD spiral hexamer. (A) The spiral hexamer of T-Ag OBD generated
from the crystal structure (RCSB PDB code 2FUF) is shown as a solvent-accessible surface representation. The individual subunits are shown in
alternating tan and gray. Residues that were mutated in this study are shown as blue or magenta. The blue residues are critical for binding ssDNA
and are labeled in the terminal subunit. The magenta residues are not critical for ssDNA binding and are not labeled. (B) Depiction of ssDNA
transiting over the lock-washer structure of T-Ag OBD via the path described herein. This figure was made by superposition of coordinates of the
T-Ag OBD of the forked DNA complex onto the T-Ag OBD of the lock-washer structure. The resulting position of the short sequence of ssDNA
(5 bases) is shown in red and displayed as a surface representation. This figure illustrates the relative size of ssDNA to the channel.

derstanding of the interactions that occur between the T-Ag
OBD and its cellular binding partners during initiation of DNA
replication.
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