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DNA binding of polyomavirus large T-antigen: kinetics of interactions
with different types of binding sites
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Abstract Polyomavirus large T-antigen binds to GRGGC sites
in double-stranded viral DNA, regulating transcription and
replication. Using surface plasmon resonance to record interac-
tions of large T-antigen with different types of binding sites, we
found that the configuration of recognition motifs influenced both
the association and dissociation rates. Particularly, the complex
formed at the origin of DNA replication was labile. A
comparison of the interactions between large T-antigen and
binding sites with one, two and four GRGGC motifs in tandem
showed a strong preference for dimer binding, without detectable
co-operativity between dimers. Sodium chloride stabilised the
complexes, whereas the dissociation increased rapidly by
increasing pH above 7.0.
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1. Introduction

Polyomavirus infection of permissive cells results in the for-
mation of approximately 10° DNA molecules. Cellular and
viral DNA synthesis take place in parallel and polyomavirus
large T-antigen is the only viral protein known to direct the
replication of the viral chromosome. This multifunctional pro-
tein has a pivotal role in the infection of cells. Interaction with
some cellular proteins leads to growth stimulation, and bind-
ing of large T-antigen to specific sites in viral DNA regulates
its replication and transcription. The protein encoded by sim-
ian virus has been studied in great detail. The murine poly-
omavirus large T-antigen is not as well characterised, but
shares many features with the simian virus 40 protein [1].

Large T-antigen has a general affinity for DNA, particu-
larly single-stranded, and binds specifically to sites in double-
stranded DNA with the pentanucleotide GRGGC. Contacts
are made with guanine bases in the major groove of DNA
[2,3]. Binding sites A—C in the regulatory region of polyoma-
virus DNA (Fig. 1) contain head-to-tail repeats of the penta-
nucleotide recognition motif separated by 4-6 bp. Occupation
of bindings sites B and C decreases transcription of the viral
early genes [4-6]. A different configuration of large T-antigen
binding motifs is found at the origin of DNA replication (site
1). Here, tandem repeats in opposite orientation form part of
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a longer base sequence of dyad symmetry (Fig. 1). In poly-
omavirus DNA these GRGGC motifs are separated by only
2 bp, and the two central motifs in the dyad symmetry over-
lap. The structure and stability of complexes formed between
large T-antigen and the replication origin type of binding site
are influenced by ATP [7-9]. In the presence of the nucleotide
two hexamers of large T-antigen assemble at the binding sites
and then unwind the strands of the DNA molecule [10].

DNA binding of polyomavirus large T-antigen has been
analysed by various techniques [2,3,7]. In general, little infor-
mation on Kinetics of the reaction has been provided. Even
capture of large T-antigen-SNA complexes on nitrocellulose
filters [7] has limited resolution, particularly of the dissocia-
tion reaction. Analysis of the simian virus 40 large T-antigen
binding kinetics with these methods shows a Kj in the range
of 1-5x 107 M [11,12]. This value can be compared with the
well characterised Lac repressor-operator interaction, having
a Kq of 1-10X 1071 M [13].

Protein-DNA interactions can be studied with an instru-
ment that monitors SPR [14,15]. For a review of the use of
such systems, see Granzow [16]. Interaction between macro-
molecules can be observed in real time by recording changes
in refractive index near the sensor surface. These changes are
proportional to the mass of molecules that bind to the surface
and can be monitored continuously. Association and dissoci-
ation of protein-DNA complexes can be studied in the same
experiment. To study the dissociation reaction, buffer without
protein is passed over the protein-DNA complexes on the
sensor surface.

We report on results of experiments with large T-antigen.
Interaction of the protein with different types of recognition
sites in DNA was investigated and differences in both the
association and dissociation reactions were observed.

2. Materials and methods

2.1. Instrumentation and chemicals

The BIAcore system, SA and CMS5 sensor chips and kit for cou-
pling ligands to the sensor cell surface were from BIAcore AB
(Uppsala, Sweden). The coupling kit contained N-hydroxysuccini-
mide, N-ethyl-N’-(3-diethylaminopropyl)-carbodiimide, and 1.0 M
ethanol amine hydrochloride, pH 8.5. Chemical were obtained from
the following sources: streptavidin from Boehringer Mannheim
GmBH; poly(dI-dC) with an average length of 8600 bp from Phar-
macia; aprotinin, leupeptin, PMSF and DTT from Sigma. The F5
peptide, N-Leu-Leu-His-Pro-Asp-Lys-Gly-Gly-Ser-His-Ala-C, corre-
sponding to amino acid residues 40-50 in polyomavirus large T-anti-
gen, was obtained from Dr. Ake Engstrom, Uppsala University.

2.2. Oligonucleotides, DNA templates and PCR

Oligonucleotides used as primers in PCR reactions correspond to
the indicated segments of polyomavirus A2 DNA (GenBank/EMBL
accession number J02288). BS1-A, nucleotides 40-17; BS1-B; nucleo-
tides 5268-5294; BSC-A, nucleotides 110-132; BSC-B, nucleotides
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192-196; Py5052-, nucleotides 5052-5078. All these oligonucleotides
had a biotin group at the 5’ end. The oligonucleotides BSC-1p, BSC-
2p and BSC-3p are all derived from BSCwtp (nucleotides 176-136)
with G to A changes as indicated by bold face. BSC-1p, 5'-AT-
GATGGTGGTGAAGCTGAAATGAGGCGGAAGAGGCGGT-3';
BSC2p, 5'-ATGATGGTGGTGAAGCTGAAATGAAGCGGGAA-
GAGGCGGT-3"; BSC3p, 5'-ATGATGGTGGTGAAGCTGAAAT-
GAAGCGGGAGAAGCGGTGAAGCTTGA-3'. When possible the
PCR primers were selected to give double-stranded polynucleotides
with 24-27 bp segments at the ends without large T-antigen binding
sites. The BSC-A primer included four nucleotides of non-polyoma-
virus sequence in its 5’ end, to produce a 24 bp flanking region with-
out a large T-antigen motif. A DNA template without a large T-
antigen binding motif (TH.ds.1) was isolated by a PCR-based selec-
tion system using thrombin as a selective agent, and then cloned in a
bacterial plasmid [17].

To purify DNA for protein binding experiments, PCR products
were separated by agarose gel electrophoresis (FMC BioProducts).
A strip of agarose with the PCR product was excised, cast in a 1%
NuSieve GTG agarose gel and again subjected to electrophoresis. The
DNA was extracted from the gel, treated with phenol and finally
ethanol precipitated.

2.3. Immobilisation of DNA to the dextran matrix of the biosensor cells

Immobilisation of streptavidin to the dextran matrix via primary
amine groups [18] and subsequent binding of biotinylated DNA was
performed as described [14]. When sensor chip SA was used, the
streptavidin immobilisation step was not necessary. The chip was
treated according to instructions from the manufacturer and then
conditioned as described.

Each biotinylated double-stranded polydeoxyribonucleotide was
dissolved in buffer (20 mM KHPO,, pH 7.0, 150 mM NacCl, 1.0
mM EDTA, 0.05% Tween 20) at 0.01-0.1 ng/ml and was injected
into one of the four sensor chip channels with streptavidin-coated
surfaces. Thus, four surfaces, each with a different DNA template,
were prepared. Binding of the polynucleotide was monitored by the
instrument and the injection was interrupted manually. The surface
were then washed with buffer A. To obtain the correct amount of
immobilised DNA, repeated injections of DNA were done. The
amount of immobilised DNA on the four surfaces varied by less
than 10 RU.

2.4. Expression and purification of large T-antigen

A recombinant baculovirus, pYMLT, encoding large T-antigen was
obtained by using the transfer vector pAcYM.1 [19]. Large T-antigen
was prepared and purified essentially as described previously [9].
Growing Spodoptera frugiperda Sf9 or Trichoplusia ni High Five cells
were infected with VACYMLT at a multiplicity of infection of 1-10
PFU/cell. The cultures were harvested at 42 h post-infection. After
extraction, large T-antigen was adsorbed to monoclonal antibody F5
[20] coupled to BioGel P-10 (Bio-Rad). After extensive washing with
buffer B (20 mM Tris-HCI, pH 8.5, 500 mM NaCl, | mM DTT, 2 U/
ml aprotinin), large T-antigen was eluted with buffer B containing 80
pug/ml of F5 peptide [9]. The final protein preparation was dialysed
against buffer C (20 mM KHPO,, pH 7.0, 150 mM NaCl, 1.0 mM
EDTA, 1.0 mM DTT and 0.05% Tween 20).

2.5. Reaction kinetics of large T-antigen-DNA interactions

Detailed descriptions of the use of SPR in monitoring of protein-
protein and protein-DNA interactions have been published [14,15,21—
24]. All experiments were carried out at 25°C. In the association phase
a flow of buffer A with large T-antigen was passed over the surface
with immobilised DNA. At an adequate flow, the protein is constantly
replenished and the free concentration is approximately equal to the
total concentration. The software of the BIAcore system calculates
association and dissociation rate constants from selected parts of
the reactions. However, only association reactions that are consistent
with the Langmuir binding polynomial can be correctly analysed by
the present version of the BIAcore software [25].

The SPR response, measured RU (I RU of protein =1 pg/mm?) is
directly proportional to the concentration of formed protein-DNA
complexes. Therefore, the response values can be used directly with-
out conversion to the number of large T-antigen molecules, and the
reaction rate can be recorded as dR/dz. For the dissociation reaction
the rate equation can be simplified to dR/dt=—kg R, provided that
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BSC GTGGTGAGGCTGAAATGAGGCGGGTTGAGGCGGTTGAGGCTTAAT

CACCACTCCGACTTTACTCCGCCCAACTCCGCCAACTCCGAATTA

BS1 AAGCAGAGGCCGGGGGCCCCTGGCCTCCGCTTA
TTCGTCTCCGGCCCCCGGGGACCGGAGGCGAAT

BSC-1 GTGGTGAAGCTGAAATGAGGCGGGTTGAGGCGGTTGAGGCTTAAT
CACCACTCCGACTTTACTCCGCCCAACTCCGCCAACTCCGAATTA

BSC-2 GTGGTGAAGCTGAAATGAAGCGGGTTGAGGCGGTTGAGGCTTAAT
CACCACTCCGACTTTACTCCGCCCAACTCCGCCAACTCCGAATTA

BSC-3 GTGGTGAAGCTGAAATGAAGCGGGTTGAAGCGGTTGAGGCTTAAT
CACCACTCCGACTTTACTCCGCCCAACTCCGCCAACTCCGAATTA

TH.ds 1 TTGACGATGGCGAAGGTTGTTGGGGTATGGGATAGGGGA
AACTGCTACCGCTTCCAACAACCCCATACCCTATCCCCT

Fig. 1. Map of the replication origin and early promoter of polyo-
mavirus DNA. On the map, arrows indicate the position and orien-
tation of large T-antigen binding motifs (GRGGC). Binding sites
with clustered GRGGC motifs are designated according to Cowie
and Kamen [2]. The nucleotide sequence of binding sites C and 1
are shown together with the large T-antigen binding segments of the
binding site C mutant polynucleotides BSC-1, BSC-2 and Bsc3. The
corresponding sequence of the non-binding polynucleotide 7TH-ds.1
is also shown. Binding motifs are underlined.

rebinding of dissociated protein does not occur. This requirement is
fulfilled when an adequate liquid flow is maintained.

2.6. Solid phase DNase I footprinting

The assay was done by combining two methods previously de-
scribed [7,26]. DNA fragments containing the polyomavirus origin
were prepared as described. Before PCR, the primers BSCwtp,
BSC-1p, BSC-2p, and BSC-3p were radioactively labelled with
[y-*2P]ATP, using polynucleotide kinase (Fermentas) in a standard
reaction. The primer Py5052- contained a biotin group and, thus,
the finished radioactive products could be immobilised on streptavi-
din-coated paramagnetic beads (Dynabeads M280-Streptavidin,
Dynal, Oslo). All steps included the use of a magnetic particle con-
centrator (MPC, Dynal, Oslo). Radioactivity in a portion of the beads
was measured in a scintillation counter. Polyomavirus large T-antigen
was incubated in 50 pl R buffer (40 mM creatine phosphate di-Tris
salt, pH 7.8, 7.0 mM MgCly, 0.5 mM DTT, 0.2 mg/ml bovine serum
albumin) with magnetic beads-DNA complex (1.0 ng) at 37°C for 15
min. An optimised amount of DNase I (Promega) was used as pre-
viously described [7]. The beads were then washed with 100 pl 2.0 M
NaCl, 0.02 mM EDTA, followed by 100 ul 10 mM Tris-HCI, pH 8.0,
1.0 mM EDTA. After determination of remaining radioactivity, the
samples were suspended in loading buffer, denatured and electropho-
resed in an 8% polyacrylamide sequencing gel which was then dried
and autoradiographed.

3. Results

3.1. Kinetic analysis of large T-antigen binding to two types
of naturally occurring binding sites
Double-stranded polyomavirus DNA segments of 70-80
bp, containing binding site C or binding site 1, were made
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by PCR. The polynucleotides had a biotin group at the 5’ end
of one strand that was used to anchor the molecule to the
streptavidin-coated surface of the sensor cell. The two types of
polynucleotides were bound to parallel flow cells on a sensor
chip. As a negative control we used DNA without large T-
antigen binding sites (TH.ds.1). On the basis of previous ex-
perience we attached relatively low amounts of DNA (60-200
RU) to the surface of the flow cells. In this way, effects of
mass transport limitation in the binding reaction and transfer
of large T-antigen between polynucleotide molecules during
the dissociation phase were kept at a practical minimum.

In the binding experiments buffer A was passed through the
detection unit at a constant flow rate. The association reac-
tions were started by injecting large T-antigen diluted in buffer
A into one of the sensor cells. Protein binding was recorded as
change in SPR over time. The dissociation reaction was then
studied by changing back to buffer A without large T-antigen,
and the disappearance of protein from the sensor surface was
recorded. Addition to and removal of protein from buffer A
caused instant resonance responses due to slight changes of
buffer composition and pressure. These responses are not in-
cluded in the calculation of association and dissociation rates.

Fig. 2A shows the changes of SPR when large T-antigen at
four different concentrations was passed over a surface con-
taining a polynucleotide with binding site C. The four sensor-
grams show the association rate and amount of bound large
T-antigen were directly proportional to the protein concentra-
tion. When large T-antigen was withdrawn from the flowing
buffer, a slow dissociation of the complexes was apparent.
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Processing of the dissociation data generated a set of dissoci-
ation curves (Fig. 2B), showing that the reactions were essen-
tially independent of the amount of bound large T-antigen,
but that the superimposed curves were biphasic. This result
suggests that at least two different complexes were present.
After 300 s of the dissociation phase, most of the labile com-
plex had disappeared. The remaining stable complex dissoci-
ated at a much slower rate, making a calculation of the dis-
sociation rate constant inaccurate when measurements were
done over short time periods (400 s).

With a polynucleotide containing binding site 1, a set of
sensorgrams with a slightly different shape was obtained
(Fig. 2C). The association rate was still directly proportional
to the protein concentration. However, a plot of the large T-
antigen dissociation from binding site 1 (Fig. 2D) showed that
the initial dissociation rates were dependent on the amount of
bound large T-antigen. Also with site 1 the dissociation rates
decreased as a function of time, suggesting that also in this
case more than one type of complex had been formed.

Calculation of rate constants was not straightforward, since
the binding of large T-antigen to DNA was inconsistent with
a Langmuir binding polynomial. To quantify the association
and dissociation rates, the amount of protein bound to differ-
ent types of sites under standardised conditions was deter-
mined. In the first experiment 60 RU of double-stranded poly-
deoxynucleotide, containing binding site 1 or C, was
immobilised on the surface. With approximately 250 nM large
T-antigen in the flow buffer similar amounts of large T-anti-
gen bound to the two types of polynucleotides with binding
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Fig. 2. Superimposed association and dissociation curves of large T-antigen with binding sites C and 1. Large T-antigen at a range of concen-
trations (100, 150, 200, 250, 300 nM) in buffer A was injected into a cell containing 60 RU of double-stranded polynucleotide with binding site
C and 1, respectively. Complete sensorgrams of interactions with site C (A) and site 1 (C) are shown. The curve for protein injected at 300 nM
with C was incomplete and, therefore, omitted from the figure. At 460 s the protein was withdrawn from buffer A and dissociation was re-
corded until 1350 s. Panels B and D display In(R1/Rn) dissociation curves calculated from the sensorgram data obtained with site C and site 1,
respectively. The response (RU) was directly proportional to the concentration.
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Fig. 3. Analysis of salt and pH dependence of large T-antigen disso-
ciation from site C. Binding of large T-antigen to a polynucleotide
with binding site C was performed as described in the legend to
Fig. 2. At the shift to the dissociation phase buffer A modified with
the indicated concentrations of NaCl (panel A), or to the indicated
pH values was used (panel B).
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sites (site 1: 550 RU; site C: 784 RU). A polynucleotide of
the same length, but without GRGGC motifs, bound only
15% of the amount associated with site C (no site: 115
RU). In the second experiment 100 RU of immobilised poly-
nucleotide was used to bind large T-antigen from a 300 nM
solution. Here, 2-3 times more protein was adsorbed to the
immobilised polynucleotides, but, again, there was no differ-
ence in the amount of protein bound to the two types of
polynucleotide containing GRGGC motifs (site 1: 1657
RU; site C: 1659 RU; no site: 220 RU). Since roughly equal
amounts of large T-antigen were specifically adsorbed to the
two kinds of binding sites, the dissociation curves were di-
rectly comparable. Under the experimental conditions, large
T-antigen dissociated from binding site 1 at an approximately
6-fold higher rate than from site C (site 1: 30%; site C: 5%).
Interestingly, the small amount of large T-antigen complexed
with the polynucleotide without a binding site dissociated only
at a slightly higher rate than the protein bound to site C (no
site: 9%).

The reproducibility of the method was tested by determina-
tion of the variability of data derived from five independent
experiments (Table 1). The relative association and dissocia-
tion rates were calculated using the software of the instru-
ment. Determinations of dissociation rats were based on
measurements at 400-800 s after termination of the binding
phase, when a large fraction of the protein bound to site 1
already had been released. The small amount of dissociated
protein in this time interval made the quantitation inaccurate.
This problem is reflected by the high standard deviation of the
relative dissociation rates, as determined in different experi-
ments. Nevertheless, the combined data suggest that the rela-
tive affinity of large T-antigen for site C and site 1 was de-
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termined by differences in both the association and
dissociation rates.

3.2. Effect of monovalent salt and pH on large T-antigen
binding to site C

We studied the effect of NaCl concentration on the disso-
ciation of large T-antigen from binding site C (Fig. 3A). The
protein was bound to DNA in buffer A. During the dissoci-
ation phase buffer A, modified by the indicated concentrations
of NaCl, was passed through the sensor cell. The results show
that the relative dissociation rate was maximal at 0.10 M
NaCl. The retention of large T-antigen at lower salt concen-
tration was probably caused by non-specific binding to the
negatively charged surface of the cell. At NaCl concentrations
above 0.10 M the large T-antigen-DNA complexes were ap-
parently stabilised.

The effect of pH on the dissociation of large T-antigen from
site C was also tested. The experiment was performed as de-
scribed above, with adsorption of the protein done under
normal conditions. During the dissociation phase buffer A
with the phosphate component adjusted to the indicated pH
was used. The relative dissociation rate of large T-antigen
increased rapidly when the pH was raised from 6.6 to 7.8
(Fig. 3B). The pH of buffer A, 7.0, is apparently near the
optimum for stable DNA binding of large T-antigen.

3.3. Interaction of large T-antigen with polynucleotides
containing different numbers of adjacent binding motifs

Large T-antigen binding sites in viral DNA contain at least
two adjacent copies of the GRGGC motif, and the related
simian virus 40 large T-antigen appears to bind to DNA as
a dimer [27]. Thus, we assume that also polyomavirus large T-
antigen dimers are the basic DNA binding units. To test this
hypothesis for polyomavirus large T-antigen, its interaction
with wild-type and mutant binding site C oligonucleotides
BSCwt, BSC-1, BSC-2 and BSC-3 containing four, three,
two and one GRGGC motifs, respectively, was analysed
(Fig. 1). The mutant motifs had the structure GRAGC. To
confirm that the mutations abolished large T-antigen binding,
DNase I footprinting analyses were done (Fig. 4). The wild-
type DNA probe was protected by large T-antigen in a broad
area that in the absence of protein contained several hyper-
sensitive DNase I cleavage sites. The footprints agreed with
the location of the four GRGGC motifs of binding site C.
Two of these DNase I cleavage sites reappeared when
GAGGC motif number 1 was mutated. A second hypersensi-
tive site reappeared in DNA with mutation of motifs 1 and 2,
and a third when also the sequence of motif 3 was altered.
Interestingly, motif 4 of binding site C seemed to be protected
by large T-antigen even when the other three sites were mu-
tated.

Table 1

Reproducibility of association and dissociation rate determinations

Binding site® C 1 None
Relative association” 1.00 (0.28) 0.64 (0.24) N.D.
Relative dissociation rate® 1.00 (0.84) 2.33 (1.33) 2.33 (0.70)

2Polynucleotides with binding site C, and site 1 and the polynucleotide TH.ds.1 were used.

b Association rates were calculated by the BIAcore instrument. The mean was calculated for five experiments and related to the rate of association
with binding site C. Values in parentheses show the standard deviations. N.D. signifies not determinable.

“Dissociation rates during 400-800 s of the dissociation phase were calculated by the BIAcore instrument. Relative values and standard deviations

were calculated as the corresponding association rates.
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Fig. 4. Footprint analysis of large T-antigen on binding site C wild-
type and mutant origins. Large T-antigen (1.5 or 2.0 ug) was incu-
bated with 1 ng of 3?P-labelled polynucleotide coupled to paramag-
netic beads, at 37°C for 15 min. 1 U of DNase I in 10 ul of buffer
was added and the incubation was continued for 60 s. After wash-
ing, formamide loading buffer was added and the samples were
loaded on a pre-run 8% polyacrylamide sequencing gel. A nucleo-
tide sequence reaction was run in parallel as a marker (not shown).
The arrows indicate the location in the autoradiogram, and the di-
rection of the GRGGC binding motifs in site C. The numbers 1-4
correspond to the order in which the motifs are mutated in BSC-/,
BSC-2 and BSC-3.

The four double-stranded polynucleotides, containing wild-
type and mutant versions of large T-antigen binding site C,
were also used in analysis of association and dissociation
rates. In this experiment sensorgrams like the ones shown in
Fig. 2A were obtained. The shapes of these curves were sim-
ilar, suggesting that there was no significant co-operative ele-
ment in the binding. Processing of the data by the BIAcore
instrument resulted in a set of relative rates summarised in
Table 2. The rate of association to BSC-3 with one motif was
set at 1.00. The association rates for sites with two, three and
four motifs were all approximately 2-fold higher. The same
trend was also apparent in the dissociation reactions. Again
the dissociation rate from BSC-3 DNA was set at 1.00. The
dissociation of large T-antigen from polynucleotides with two,
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three or four adjacent binding motifs was 1.5-2.0-fold lower
(Table 2). Also in this experiment, the high stability of the
protein-DNA complexes made the quantitation of the disso-
ciation reactions inaccurate. Still, it is clear that association of
large T-antigen was more rapid to DNA with a tandem
GRGGC motif than to a single copy, and that dissociation
was more rapid from a site with a single motif.

4. Discussion

Binding sites C and 1 in polyomavirus DNA both contain
four GRGGC motifs (Fig. 1). However, the orientation and
spacing of the sequence motifs in these two sites differ. In
binding site 1 the tandem GRGGC pentanucleotides are sep-
arated by only 2 bp. Moreover, the two tandem repeats are in
opposite orientation and overlap. Due to the spacing of
GRGGC a bound protein dimer would not fit the major
groove of DNA [2], and the head-to-head orientation of the
tandem GRGGC repeats does not allow simultaneous binding
of two large T-antigen dimers without distortion of the double
helix. Analysis of the contacts made by large T-antigen and
the two types of GRGGC binding sites by methylation inter-
ference [2], and by protection against DNase I in the absence
and presence of ATP [7], confirmed the predicted differences.
To analyse the binding kinetics of large T-antigen to the dif-
ferent types of sites in DA, we have used the SPR-based
BIAcore system.

DNA binding of the transcription factor Ets has been
studied with the SPR technique. These studies showed that
the interaction with immobilised DNA was complex [15]. Be-
fore binding, the protein had to pass several compartments
that were in equilibrium with each other. The individual re-
actions cannot be resolved by the standard BIAcore computer
analysis. There is an ongoing discussion how data obtained
from these kinds of instrument shall be processed for deter-
mination of absolute rate constants [28-30]. However, in our
comparisons of different large T-antigen binding sites the ob-
jective was not to obtain absolute values of kinetics constants,
but to compare the different types of interactions under stand-
ardised conditions.

Large T-antigen bound to site C and site 1 with similar
kinetics (Fig. 2A,C). However, there were obvious differences
between the dissociation curves, showing that the protein
binding — at least to site 1 — must be complex. Thus, the
similarity of the net association reactions was probably fortu-
itous. The clear dependence on protein concentration of large
T-antigen binding to site 1 showed that protein-protein inter-
actions must be involved. An interpretation of the data is that
initial binding of large T-antigen occurred at a rate that was
lower than association with site C. However, once a protein-
DNA complex was formed at site 1, formation of a labile
complex was facilitated. During the dissociation phase the
labile complex disappeared first, but also the remaining pro-

Table 2

Interaction of large T-antigen with polynucleotides with different numbers of pentanucleotide binding motifs

Number of GRGGC motifs* 1 2 3 4

Relative association rate® 1.00 1.84 2.10 2.03
Relative dissociation rate® 1.00 (0.54) 0.66 (0.42) 0.52 (0.09) 0.64 (0.35)

2Polynucleotides BSC-3, BSC-2, BSC-1 and BSCwt were used.
b Association rates were calculated by the BIAcore instrument.

“Dissociation rates were calculated by the BIAcore instrument. Values in parentheses show standard deviations.
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tein appeared to be released at a higher rate than the corre-
sponding complex with binding site C. The data do not pro-
vide information on the structure of large T-antigen complex
at site 1, but the labile complex might consist of hexamers or
intermediates in hexamer formation [31].

A compilation of data from several experiments performed
with different amounts of immobilised DNA and with differ-
ent concentrations of large T-antigen showed that the affinity
of the protein for site C was higher than for site 1. The differ-
ence in binding to the two sites was a result of more rapid
association and, in particular, of slower dissociation from site
C. Curiously, the dissociation of large T-antigen from a poly-
nucleotide without a GRGGC binding site was as rapid as
from DNA containing binding site 1, even when the initial
rapid dissociation from site 1 was disregarded. Thus, the spe-
cificity of binding to site 1 appeared entirely dependent on the
association rate that was at least 10-fold faster than binding to
non-specific DNA. This observation may have implications
for the understanding of polyomavirus initiation of DNA syn-
thesis. Once the initiation has occurred, the large T-antigen
complex bound to site 1 is resolved.

ATP had little effect on the DNA binding of our prepara-
tions of large T-antigen, as revealed by the McKay method
[32], or in analysis of kinetics using the BIAcore. When bind-
ing kinetics of large T-antigen was analysed in the buffer used
by Lorimer et al. [7] that contains creatine phosphate, no
reproducible binding data were obtained. In the presence of
ATP most of the large T-antigen-protein seemed to be con-
verted to a form — probably hexamers — that was inactive in
DNA binding. A probable explanation for the different results
is that the previous experiments of binding kinetics [7] were
done with large T-antigen and DNA present together in sol-
ution. Thus, a shift in the equilibrium between monomers and
oligomers of the polypeptide could take place as the binding
reaction proceeded. In the BIAcore instrument the protein
passes a surface with binding sites and the equilibrium be-
tween different oligomeric forms of large T-antigen will prob-
ably not shift significantly during the short exposure to DNA.

A dimer of large T-antigen is considered to be the primary
DNA binding unit [1]. Our data (Table 2) support this obser-
vation. We tested binding of polyomavirus large T-antigen to
double-stranded polynucleotides with wild-type and mutant
forms of binding site C. The mutant polynucleotides had 1-
3 adjacent GRGGC motifs changed to GRAGC. Footprint
analysis showed that the mutation abolished DNase I protec-
tion by large T-antigen (Fig. 4). Analysis of the kinetics of
large T-antigen interaction with DNA showed that the asso-
ciation rates to polynucleotides with 2-4 GRGGC motifs were
similar, whereas the binding to the polynucleotide with a sin-
gle intact recognition motif was approximately half as rapid.
The dissociation kinetics showed a corresponding dependence
on the number of repeated GRGGC motifs, the rate of dis-
sociation being two times higher from the polynucleotide with
one motif than from the polynucleotides with two, three or
four. The observation that stability of a complex formed with
a site containing four GRGGC motifs was no greater than
with a two-motif site indicates that adjacent protein dimers
did not co-operate in binding. This conclusion is supported by
the similarity of the association kinetics.

The BIAcore instrument offers the advantage that dissoci-
ation of protein from DNA can be analysed without addition
of competitor DNA that traps released polypeptides.
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Although large T-antigen forms less stable complexes with
its cognate binding sites than the Lac repressor [14], the
slow dissociation makes accurate rate determinations difficult.
We tested whether dissociation could be accelerated by in-
creasing the salt concentration of the binding buffer, or by
changing the pH. The data presented in Fig. 3 show that an
increase of the NaCl concentration stabilised the large T-anti-
gen complex formed with binding site C. The result suggests
that electrostatic forces were not important for the binding.
Increasing the pH of the binding buffer did accelerate disso-
ciation of large T-antigen from site C. The stability of the
complex appeared to decrease exponentially when pH was
raised from 6.6 to 7.8. This effect might be caused by titration
of imidazole groups in histidine residues in large T-antigen.
NMR studies of the simian virus 40 DNA binding domain
indicate that a hydrogen bond involving a histidine residue is
important for binding to the GRGGC motif [33]. This region,
including the histidine residue, is conserved in polyomavirus
large T-antigen.
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