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ABSTRACT: O6-alkylguanine-DNA alkyltransferase (AGT) is a ubiquitous enzyme with an amino acid
sequence that is conserved in Eubacteria, Archaea, and Eukarya. It repairs O6-alkylguanine and
O4-alkylthymine adducts in single-stranded and duplex DNAs. In performing these functions, AGT must
partition between adduct-containing sites and the large excess of adduct-free DNA distributed throughout
the genome. Here, we characterize the binding of human AGT to linear double-stranded, adduct-free
DNAs ranging in length from 11 bp to 2686 bp. Moderately cooperative binding (22.6 ( 3.7 e ω e
145.0 ( 37.0) results in an all-or-nothing association pattern on short templates. The apparent binding
site size Sapp (mean ) 4.39 ( 0.02 bp) oscillates with increasing template length. Oscillations in
cooperativity factor ω have the same frequency but are of opposite phase to Sapp, with the result that the
most stable protein-protein and protein-DNA interactions occur at the highest packing densities. The
oscillation period (4.05 ( 0.02 bp/protein) is nearly identical to the occluded binding site size obtained
at the highest measured binding density (4 bp/protein) and is significantly smaller than the contour length
(∼8 bp) occupied in crystalline complexes. A model in which protein molecules overlap along the DNA
contour is proposed to account for these features. High AGT densities resulting from cooperative binding
may allow efficient search for lesions in the context of chromatin remodeling and DNA replication.

O6-alkylguanine and O4-alkylthymine are mutagenic and
carcinogenic adducts that are formed in DNA as a result of
exposure to alkylating agents (1-3). Both adducts are
repaired by the ubiquitous repair protein, O6-alkylguanine-
DNA alkyltransferase (AGT1) (1, 4, 5). Ironically, AGT also
protects cells against chemotherapeutic drugs that methylate
or chloroethylate DNA (6, 7). Clinical trials of AGT
inhibitors are underway in an attempt to increase the efficacy
of such drugs in cancer chemotherapy (8-10). In addition,
overexpression of AGT in hematopoietic stem cells is under
study as a means to protect normal cells against the
myelosuppressive effects of alkylating-agent chemotherapy

(10, 11). In spite of the interest focused on AGT as a result
of its relevance to cancer, relatively little is known about its
mechanisms of interaction with DNA and with proteins in
its environment. A more complete characterization of these
interactions is justified by the probability that they influence
the repair activities of AGT in ViVo as well as our ability to
control DNA repair for therapeutic purposes.

Human AGT is a monomeric protein (207 amino acids,
Mr ) 21,519) that is expressed constitutively in normal
cells (3, 5, 7) but may be overexpressed in some tumors that
have been exposed to alkylating agents (12). The protein
binds DNA with modest affinity and little sequence
specificity (13-15). Studies with repair-inactive mutant
proteins and with proteins in which the alkyltransfer function
has been inactivated by prior alkylation of residue C145
(described below) suggest that binding affinities for alkylated
DNA sites are only marginally greater than those for the
corresponding nonalkylated sequences ((15) Fried, unpub-
lished results). While these results do not rule out preferential
binding to O6-alkylguanine or O4-alkylthymine containing
sequences, they raise the intriguing possibility that the lesion-
search mechanism of AGT may not depend strongly on
preferential binding. In repair reactions, each protein mol-
ecule mediates the transfer of a single alkyl group from the
O6 position of guanine or O4 position of thymine to an active-
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site cysteine (C145 in the human protein). This reaction
returns the DNA base to an unmodified state and permanently
inactivates the alkyl-acceptor activity of the enzyme, which
is ultimately degraded (4, 16). As a result of this stoichio-
metric mechanism, the number of adducts that can be
repaired at one time depends on the steady-state cellular
concentration of the nonalkylated form of AGT (4, 5) and
on its ability to partition between lesion sites and the large
excess of genomic DNA in which they are embedded.

Several crystal structures of AGT-DNA complexes have
been obtained in recent years. Those determined by Daniels
et al. (PDB numbers 1T38 and 1T39) contain 1:1 AGT-DNA
complexes (17) while that of Duguid et al. (PDB number
1YFH) contains two AGT molecules making separate contact
with a single DNA molecule and a third binding a second
DNA (18). The isolated binding of single protein molecules
that is a recurring theme in these structures contrasts with
the close-packed, cooperative pattern of binding observed
in free solution with both single-stranded and duplex
templates (15, 19, this work). These differences in binding
mode suggest that binding in free solution may involve a
different ensemble of molecular contacts than is present in
the crystal structures. A more complete characterization of
cooperative AGT-DNA interactions may allow us to account
for this difference.

EXPERIMENTAL PROCEDURES

Enzymes and Reagents. T4 polynucleotide kinase and
EcoRI endonuclease were purchased from New England

Biolabs. [γ-32P]ATP was from ICN Radiochemicals. Elec-
trophoresis grade polyacrylamide was from Fisher. All other
chemicals were reagent-grade or better.

Human AGT Protein. Recombinant human AGT protein
(tagged with His6 at its C-terminal end) was purified to
apparent homogeneity according to published protocols (17).
The purity of the protein was verified by SDS-gel electro-
phoresis followed by silver-staining (20, 21). Sedimentation
equilibrium data were consistent with a single species of Mr

) 21,860 ( 400 for [AGT] e 100 µM ((3) and Fried, M.,
unpublished results). This value is consistent with the value
(Mr ) 21,614) predicted from the sequence of this variant
of the protein. The preparations used were >95% active in
the transfer of methyl groups from O6-[3H]methyl guanine-
labeled calf-thymus DNA to AGT and >95% active in
debenzylatingO6-benzylguanine,aspreviouslydescribed(22,23).
AGT concentrations were measured spectrophotometrically
using ε280 ) 3.93 × 104 M-1 cm-1 (23). Samples were stored
at -80 °C until needed.

DNA Substrates. Oligodeoxyribonucleotides of 11, 12, 14,
16, 18, 21, 22, 24, 26, 30, and 41 residues and their
complements (sequences shown in Table 1) were synthesized
by the Macromolecular Core Facility of the Penn State
College of Medicine or were purchased from Midland
Certified Reagent Company. Some DNA sequences were
previously used in studies of DNA binding and/or repair by
AGT (c.f. 14, 24). Others were selected for particular
sequence attributes (e.g., dG24 ·dC24 and dA24 ·dT24). Oligo-
nucleotides were labeled at 5′ termini with 32P as described

Table 1: Duplex Oligonucleotides
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by Maxam and Gilbert (25). Single-stranded DNA concen-
trations were measured spectrophotometrically, using extinc-
tion coefficients calculated by the nearest-neighbor method
(26, 27). Depending on base composition and sequence,
values of ε260 ranged from 8.45 × 103 M-1 cm-1 to 1.04 ×
104 M-1 cm-1 (per base). Duplex DNAs were obtained by
mixing a labeled oligonucleotide with a 1.05-fold molar
excess of its unlabeled complement. Samples were heated
to 90 °C for 3 min and cooled to 20 °C over 2 h. Duplex
formation was monitored by nondenaturing PAGE. Where
necessary, samples were purified by preparative electro-
phoresis (28). Duplex 147 bp and 207 bp DNA fragments
containing the sea-urchin nucleosome positioning sequence
were isolated by restriction digestion and preparative elec-
trophoresis from plasmid p5S-207-18 (29), kindly provided
by Dr. Sergei Grigoryev, Penn State University. Plasmid
pUC19 DNA (New England Biolabs) was linearized with
EcoRI endonuclease. Restriction fragments were deprotein-
ized by phenol extraction and ethanol precipitation (30). All
DNAs were dialyzed against 10 mM Tris (pH 8.0), 0.1 mM
EDTA prior to use or storage at -20 °C. Duplex DNA
concentrations were measured by absorbance using the
average molar extinction coefficient ε260 ) 1.3 × 104 M-1

cm-1 (per base pair).
Electrophoretic Mobility Shift Assays (EMSA). Mobility

shift assays were carried out with DNAs of e41bp. Under
the conditions used here, complexes formed with DNAs of
148 bp and larger were not sufficiently resolved from free
DNA to allow quantitative binding analysis. Binding reac-
tions were carried out at 20 ( 1 °C in 10 mM Tris (pH 7.6),
100 mM NaCl, 1 mM dithiothreitol, and 10 µg/mL bovine
serum albumin. Mixtures were equilibrated at 20 ((1) °C
for 30 min. Duplicate samples incubated for longer periods
gave identical results, indicating that equilibrium had been
attained (result not shown). Electrophoresis was carried out
in 10% polyacrylamide gels as previously described (19).
Autoradiographic images were captured on storage phosphor
screens (type GP, GE Healthcare) detected with a Typhoon
phosphorimager and quantitated with Image-Quant software
(GE Healthcare). In a few cases, autoradiographic data was
captured on Kodak XL-1 film, and band intensities were
measured by excision and scintillation counting as previously
described (15).

The serial dilution method (31, 32) was used to obtain
estimates of binding stoichiometry (n). For the binding of n
protein molecules to 1 DNA, the association constant is Kn

) [PnD]/[D][P]free
n . Here, P represents AGT protein, D

represents DNA, and PnD the AGT-DNA complex of
protein-DNA ratio n. Separating variables and taking
logarithms gives

log
[PnD]

[D]
) nlog[P]free + log Kn (1)

Dilution of an AGT-DNA mixture changes [PnD]/[D] by
mass action while maintaining the ratio of [P]total to [D]total.
The free protein concentration at each dilution step can be
estimated using [P]free ) [P]input - n[PnD] starting with an
initial value of n; equation 1 was then used to calculate a
new value of n from the DNA-binding distribution. This
value was used to calculate a new estimate of [P]free and the
calculations repeated recursively until values of n converged.

Analytical Ultracentrifugation. Human AGT protein and
duplex DNAs were dialyzed against 10 mM Tris (pH 7.6),
1 mM DTT, 1 mM EDTA, and 100 mM NaCl. Analytical
ultracentrifugation was performed at 20 ( 0.1 °C in a
Beckman XL-A centrifuge using an AN60Ti rotor. Most
scans were obtained at 252 nm to minimize protein contribu-
tion to the DNA signal (33), although some data sets were
obtained at 260 nm. Approach to equilibrium was considered
to be complete when scans taken 6 h apart were indistin-
guishable. Typically, equilibration times g24 h met this
criterion for AGT-DNA mixtures. Five scans were averaged
for each sample at each wavelength and rotor speed.

For DNAs with small numbers of protein-binding sites,
cooperative binding can be described by the simple mech-
anism nP + D / PnD in which free DNA (D) is in
equilibrium with saturated complex (PnD), but intermediates
with protein stoichiometries <n are not present at signifi-
cant concentrations. At sedimentation equilibrium, the radial
distribution of absorbance for such a system is given by
equation 2.

A(r))RPexp[σP(r2 - ro
2)]+RDexp[σD(r2 - ro

2)]+

RPnDexp[σPnD(r2 - ro
2)]+ ε (2)

Here, A(r) is the absorbance at radial position r, and RP, RD,
and RPnD are absorbances of protein, DNA, and the
protein-DNA complex at the reference position, ro. and ε
is a baseline offset that accounts for radial position-
independent differences in the absorbances of different cell
assemblies. The reduced molecular weights of AGT protein,
DNA and protein-DNA complexes are given by σP ) MP(1
- VjPF)z2/(2RT), σD ) MD(1 - VjDF)z2/(2RT) and σPnD ) (nMP

+ MD)(1 - Vj
PnD
F)z2/(2RT). Here, MP and MD are the

molecular weights of protein and DNA, n is the protein/
DNA ratio of the complex; r is the solvent density, z, the
rotor angular velocity, R the gas constant, and T the
temperature (Kelvin). The partial specific volume of AGT
(VjP ) 0.744 mL/g) was calculated by the method of Cohn
and Edsall (34), using partial specific volumes of amino acids
tabulated by Laue and co-workers (35). The partial specific
volume of double-stranded NaDNA at 0.1 M NaCl (0.540
mL/g) was estimated by interpolation of the data of Cohen
and Eisenberg (36). Partial specific volumes of each
protein-DNA complex were estimated using eq 3.

VjPnD )
(nMPVjP +MDVjD)

(nMP +MD)
(3)

Equation 2 was used in global analysis of multiple data sets
obtained at different macromolecular concentrations and rotor
speeds (37). In this method, the values of RP, RD, RPnD, and
ε are unique to each sample, but the value of n must be
common to all data sets. Terms accounting for nonideal
effects were not included because there was no evidence of
nonideality (results not shown).

For large DNAs with many protein-binding sites, the
concentration of protein-free DNA molecules becomes
negligible long before available binding sites are saturated.
In such systems, one observes mixtures of free protein and
protein-DNA complex, with the weight-average molecular
weight of the complex increasing smoothly until saturation
is reached. These systems were analyzed using equation 4,
with parameters defined as they were for eq 2, above.
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A(r))RPexp[σP(r2 - ro
2)]+RPnDexp[σPnD(r2 - ro

2)]+ ε

(4)

Determination of Equilibrium Constants and CooperatiVity
Parameters. Association constants and cooperativity param-
eters were evaluated by direct titration of DNA with protein,
with binding detected by EMSA or sedimentation equilibrium
analysis. The total concentration of protein binding sites on
DNA was always much less than that of the protein allowing
the approximation [P]total ) [P]free to be used. The dependence
of binding density ν on the free protein concentration [P]
was given by the McGhee-von Hippel isotherm (38) as
modified by Record et al. (39) to account for finite lattice
size (eq 5).

ν
[P]

)K(1- sν)((2ω- 1)(1- sν)+ ν-R
2(ω- 1)(1- sν) )s-1

×

(1- (s+ 1)ν+R
2(1- sν) )2(N- s+ 1

N )
R) ((1- (s+ 1)ν)2 + 4ων(1- sν))1⁄2 (5)

Here, ν is the binding density (protein molecules/nucleotide),
K is the equilibrium association constant for binding a single
site, ω is the cooperativity parameter, N is the length of the
DNA in base pairs, and s is the occluded site size (the size
of the site, in base pairs, that one protein molecule occupies
to the exclusion of others)2. The cooperativity parameter ω
is equal to the equilibrium constant for moving a protein
from an isolated site to a singly contiguous one or from a
singly contiguous site to a doubly contiguous one (38). The
model embodied in this equation is one in which proteins
are assumed not to bind to fractional sites of length <s base
pairs located within or at the ends of DNA molecules (39).

RESULTS

Determination of Stoichiometries. Sedimentation equilib-
rium and EMSA assays were used to determine binding
stoichiometries. When short double-stranded DNAs
(dsDNAs) were titrated with AGT, the major DNA species
present at equilibrium were free DNA and the saturated
protein-DNA complex (Figure 1). As previously discussed,
the formation of a saturated multiprotein complex from free
DNA without accumulation of significant concentrations of
lower-stoichiometry species is a consequence of positively
cooperative binding (15). Thus, for sedimentation equilibrium
analysis of binding to templates e207 bp (Fig 2), data were
fit using the sedimentation equation corresponding to the
concerted binding model (nP + D / PnD; eq 2). For plasmid
pUC19 DNA, the number of binding sites is much larger
than the cooperativity parameter ω (described below);
therefore, over a wide range of [P], solutions contain only
free protein and protein-DNA complexes, but no detectable
free DNA. When this was the case, the data were fit using
a two-species model (eq 4). The small, symmetrical residuals
obtained from these fits (upper panels) indicate that these
models account well for the mass distributions present in
our samples. Molecular weights of protein-DNA complexes
were obtained as fitting parameters, and the stoichiometry

of each complex was inferred from the known molecular
weights of the DNA and AGT protein. The results of these
analyses are summarized in Table 2.

Additional stoichiometry values were determined by native
gel electrophoresis (EMSA) using the serial dilution
method (31, 32). A representative experiment showing mass-
action dissociation of the AGT complex formed with the
dA24 ·dT24 duplex is shown in Figure 3A. As with forward
titrations, free DNA and an apparently saturated complex
are the dominant species and stoichiometric intermediates
are not detectably present. A graph of log[PnD]/[D] as a
function of log[P] is shown in Figure 3B. The slope of this
graph near the midpoint of the binding reaction is a measure
of the protein stoichiometry of the complex (40). Stoichi-
ometry values determined in this way are summarized in
Table 2. The agreement of stoichiometry values determined
by EMSA with those obtained by sedimentation equilibrium
indicates that the same complexes are detected by both
methods and demonstrates that dissociation of complexes
during electrophoresis is not a significant factor under the
conditions that were used here. These data also show that
increasing DNA length results in higher limiting stoichiom-
etries, indicating that for the DNA concentration range
explored here and under conditions of AGT excess, stoichi-
ometry is limited by the number of binding sites available
on each DNA.

Apparent Binding Site Size Depends on DNA Length. For
a DNA of N bp, bound by a protein that occupies and
occludes s bp/protein molecule, the maximum possible
stoichiometry is the largest integereN/s, which we designate
nmax. If binding-site utilization is efficient, i.e., if saturated
complexes contain nmax proteins, we can define an apparent
binding site size Sapp ) N/nmax bp/protein. For short DNAs,

2 This is the occluded site size obtained for complexes with the
highest binding densities (formed with DNAs of 12 bp, 16 bp, and 24
bp).

FIGURE 1: Titration of representative double-stranded DNAs with
human AGT. Upper panel: 11-mer duplex DNA, 8.8 × 10-7 M
with [AGT] increasing from 0 M to 6.5 × 10-5 M from left to
right. Middle panel: 22-mer duplex DNA, 3.6 × 10-7 M, with
[AGT] increasing from 0 M to 1.5 × 10-5 M from left to right.
Lower panel: 26-mer duplex DNA, 3.9 × 10-7 M, with [AGT]
increasing from 0 M to 4.8 × 10-5 M, from left to right. Binding
reactions were carried out at 20 ( 1 °C and samples were resolved
on 10% polyacrylamide gels, as described in Experimental Proce-
dures. Band designations B, bound DNA; F, free DNA. Although
these images have been cropped and labeled for clarity, no
additional bands were detectable between the origin of electro-
phoresis and the ionic front.
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values of Sapp are expected to fall between s and 2s - 1 and
oscillate with increasing N. Because minima in Sapp occur
whenever N/s is an integer, this oscillation is expected to
have a frequency equal to s. These properties, first described
by Epstein (41), are characteristic of efficient, nonoverlapping
binding with occluded site size of s bp. Below, we compare
the properties of AGT-DNA complexes with the predictions
of this simple model.

Values of Sapp measured for AGT oscillate with increasing
DNA length (Figure 4). This is most evident for short
templates (e30 bp); above this length, the separation between
tested values is too great for oscillation to be easily seen.
Shown in Figure 4B, experimental Sapp values coincide with
theoretical values calculated using s ) 4 bp, the occluded
site size observed with 12, 16, and 24 bp DNAs. The
agreement between theoretical and experimental Sapp values
is best when N/4 is an integer. However, theoretical Sapp

maxima decrease with increasing DNA length as the propor-
tion of DNA length within an unoccupied partial binding
site decreases, and this decrease is not reproduced by the
experimental data. This divergence may reflect increasingly
degenerate binding as DNA length increases, which may
result in population average stoichiometries <nmax. If this is
the case, minimization of degeneracy whenever N/4 is an
integer would still result in oscillations in Sapp with a period
of 4 bp. Fitting Sapp to a cosine function3 shows that the
period and phase of the oscillation are strongly retained over
the range 11 bpe Ne 30 bp (Figure 4C), with an oscillatory
period of 4.05 ( 0.02 bp that is consistent with the s ) 4 bp
value inferred from minima in Sapp.

For DNAs of 148, 207, and 2686 bp, values of S are
significantly larger than those found for shorter DNAs. Since
incomplete occupancy of DNA ends should be equally
possible for all DNAs, the less-efficient packing of AGT on
these DNAs may reflect the presence of gaps between groups
of tightly packed protein molecules or a uniform but less
tightly packed structure. The appearance of gaps between
cooperative units is one of the features discussed by McGhee
and von Hippel in their development of cooperative binding
theory (38). At the other extreme in template length, the value
of S is significantly greater for the 11 bp DNA than for any
of the short duplexes (up to and including the 41bp fragment).
This is accounted for by the fact that with a site frequency
of ∼4bp/protein, only two AGT molecules can be accom-
modated on the 11-mer and that the 3 residual base pairs
are a larger proportion of the length of this DNA than of
any larger template. Between these extremes, the dominant
picture is one of a protein array in which the average
separation between the start of two adjacent binding sites is
∼4 bp. This spacing is significantly shorter than the ∼8bp/
protein occupied in crystalline AGT complexes (17, 18) and
the optimum site size found for the rate of methyl-group
transfer from single-stranded oligonucleotides (7 nt (42)).
As discussed below, our working hypothesis is that binding
sites for AGT molecules overlap along the contour of
dsDNA.

DNA-Length Dependence of K and ω. Changes in binding
density may be accompanied by changes in the intrinsic

3 This corresponds to the first terms of a Fourier cosine series (46).
We chose this simple expression because it adequately models the
oscillation and because the fit was not significantly improved when
additional sine or cosine terms were added (results not shown).

FIGURE 2: Sedimentation equilibrium of solutions containing AGT
and double-stranded DNAs at 20 ( 1 °C. Panel A: Representative
data for binding to 26 bp DNA. Samples contained DNA (5 ×
10-7 M) and AGT (1.45 × 10-5 M) in buffer consisting of 10 mM
Tris (pH 7.6), 1 mM DTT, 1 mM EDTA, and 100 mM NaCl. Radial
scans taken at 20,000 rpm (9), 26,000 rpm (b), and 35,000 rpm
([) are shown with vertical offsets for clarity. The smooth curves
correspond to a global fit of eq 2 to a data set that includes these
scans and scans obtained at 2 additional AGT concentrations (1.82
× 10-5 M and 2.18 × 10-5 M). The small residuals, nearly
symmetrically distributed about zero (upper panels) indicate that
the cooperative nP + D / PnD model is consistent with the mass
distributions of DNA in these samples and that n ) 5.65 ( 0.21.
Panel B: Representative data for binding to linear pUC19 DNA
(2686 bp). Samples contained DNA (5 × 10-7 M) and AGT in
buffer consisting of 10 mM Tris (pH 7.6), 1 mM DTT, 1 mM
EDTA, and 100 mM NaCl. AGT concentrations were 0 M (b),
4.5 × 10-6 M (1), 9.0 × 10-6 M ([), 1.44 × 10-5 M (2), and
2.16 × 10-5 M (9). Radial scans shown here were taken at 3,000
rpm. The smooth curves are fits of eq 4 to each data set.
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association constant of AGT with DNA (K) or in the
cooperativity with which AGT forms multiprotein complexes
(ω). To explore these possibilities, we recast our binding
data according to the short-lattice variant of the McGhee-
von Hippel relation (eq 5). This relates binding density ν to
free protein concentration [P] in terms of K, ω, and the

occluded binding site size, s. Shown in Figure 5A are
Scatchard plots of data obtained from serial dilution and
direct titration experiments. The smooth curves represent fits
of eq 5 to the data, in which values of s were calculated
from stoichiometries determined independently (by sedi-
mentation equilibrium or serial dilution as described above).
The good correspondence of fits to data indicates that binding
models that include neighbor exclusion and positive coop-
erativity can account for the binding activities in these
systems.

The least-squares best values of K and ω obtained as fitting
parameters are summarized in Table 2. Tests using fixed
values of K show that K and ω are weakly anticorrelated
(an increase in one parameter produces a slight decrease in
the other). However, the quality of the fits measured by the
�2 parameter decreased significantly if either parameter varied
from its most probable value by more than the 95%
confidence limits (results not shown). Thus, while the values
of these parameters cannot be considered unique, the data
quality is sufficient to allow us to parse binding affinity into
reasonably well-defined estimates of K and ω.

Values of K and ω oscillate as DNA length increases
(Figure 5B). The fact that these oscillations are larger than
the confidence limits associated with individual parameters
and the fact that they are not in phase argue that they are
not consequences of fitting correlations between K and ω
(as discussed above, K and ω are weakly anticorrelated).
Oscillations of ω with DNA length are regular in amplitude
and period; this oscillation has the same period but opposite
phase as that for the oscillation of Sapp with length. As a
result, the most compact complexes (with smallest Sapp) have
relatively stronger protein-protein interactions than do less
compact assemblies. One possible interpretation of these
results is that optimal protein juxtaposition is lost as binding
density decreases (Sapp increases). It is noteworthy that the
baseline for the oscillation of ω increases uniformly for 11
bp e DNA length e30 bp. This is an expected consequence
of the growth of a cooperative array in which proteins bind
adjacent sites on a linear substrate. Proteins at array ends

Table 2: Properties of AGT-DNA Complexes

DNA length (bp) Mr(saturated complex)a stoichiometry Sapp bp/protein K/M ω K ·ω

11 5.08 ( 0.24 × 104 2.05 ( 0.11a 5.36 ( 0.31a 1.69 ( 0.19 × 103c 45.9 ( 6.0c 7.75 ( 1.92 × 104

1.99 ( 0.15b 5.52 ( 0.38b

12 2.91 ( 0.14b 4.13 ( 0.21b 4.08 ( 1.12 × 103c 48.0 ( 5.5c 1.96 ( 0.78 × 105

14 2.94 ( 0.10b 4.75 ( 0.12b 6.11 ( 0.96 × 103c 52.3 ( 5.1c 3.18 ( 0.82 × 105

16 9.71 ( 0.17 × 104 3.94 ( 0.08a 4.06 ( 0.08a 1.25 ( 0.22 × 104c 105.2 ( 18.8c 1.31 ( 0.47 × 106

3.98 ( 0.01b 4.04 ( 0.02b

18 3.82 ( 0.24b 4.70 ( 0.18b 4.23 ( 0.72 × 103c 85.7 ( 11.6c 3.59 ( 1.10 × 105

21 5.06 ( 0.20b 4.15 ( 0.17b 6.07 ( 1.80 × 103c 92.6 ( 25.1c 5.62 ( 3.21 × 105

22 4.58 ( 0.24b 4.80 ( 0.24b 3.80 ( 0.95 × 103c 68.3 ( 13.5c 2.58 ( 1.16 × 105

24e 5.93 ( 0.25b 4.05 ( 0.18b 2.31 ( 0.36 × 103c 83.1 ( 13.2c 1.92 ( 0.61 × 105

24f 6.01 ( 0.20b 3.99 ( 0.14b 4.01 ( 1.78 × 103c 110.1 ( 23.2c 4.41 ( 2.89 × 105

26 1.37 ( 0.41 × 105 5.64 ( 0.18a 4.60 ( 0.18a 8.18 ( 2.52 × 103c 93.5 ( 26.5c 7.64 ( 4.53 × 105

5.50 ( 0.16b 4.72 ( 0.14b

30 1.49 ( 0.34 × 105 6.08 ( 0.16a 4.93 ( 0.13a 9.71 ( 2.03 × 103c 64.7 ( 15.3c 6.28 ( 2.79 × 105

6.43 ( 0.13b 4.66 ( 0.11b

41 9.01 ( 0.24b 4.55 ( 0.13b 1.87 ( 0.45 × 103c 145.0 ( 37.0c 2.71 ( 1.35 × 105

148 5.66 ( 0.14 × 105 21.76 ( 0.65a 6.80 ( 0.21a 8.23 ( 1.51 × 103d 53.5 ( 22.1d 4.40 ( 2.62 × 105

208 8.05 ( 0.33 × 105 31.04 ( 1.54a 6.70 ( 0.35a 7.87 ( 0.82 × 103d 63.6 ( 16.6d 4.95 ( 1.82 × 105

2686 1.05 ( 0.51 × 107 406.3 ( 23.7a 6.61 ( 0.41a 8.52 ( 0.96 × 103d 22.6 ( 3.7d 1.92 ( 0.53 × 105

a Determined by sedimentation equilibrium analysis. The error ranges are 95% confidence limits. b Determined by EMSA-serial dilution analysis. The
error ranges are 95% confidence limits. c Determined by scatchard analysis of EMSA data, using binding densities calculated from serial dilution
analysis. d Determined by scatchard analysis of sedimentation equilibrium data, using binding densities calculated from Mw of the protein-DNA
complex. e dG24 ·dC24. f dA24 ·dT24.

FIGURE 3: Serial dilution analysis of the AGT complex formed with
dA24 ·dT24. Panel A: Binding detected by EMSA. Sample a: 24-
mer DNA (1.10 × 10-7 M) only. Sample b: 24-mer DNA (1.10 ×
10-7 M) plus AGT (5.36 × 10-6 M). Samples c-l are sequential
1.33-fold dilutions of sample b. All samples were equilibrated in
buffer consisting of 10 mM Tris (pH 7.6), 100 mM NaCl, 1 mM
DTT, and 0.05 mg/mL bovine serum albumin for 30 min at 20 (
1 °C prior to resolution on native gels as described in Experimental
Procedures. Although this image has been cropped and labeled for
clarity, no additional bands were detectable between the origin of
electrophoresis and the ionic front. Panel B: Graph of the
dependence of log[PnD]/[D] on log[P] for the AGT complex formed
with dA24 · dT24. Data are from the experiment shown in A and
others that provide additional [AGT] values. The line represents a
least-squares fit to the data ensemble for the range about the
midpoint of the reaction (-6.18 e log ([AGT]/M) e -5.11), with
[AGT]free calculated as described in Experimental Procedures.
Symbols: the points used in the fit are indicated by (9); other points
in the data set are indicated by closed circles (b). The slope equals
5.81 ( 0.34 for this subset of the data.
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interact with a single neighbor, while proteins in the center
of the array interact with two or more neighbors. As arrays
increase in length, the proportion of proteins in the center
increases, with corresponding increase in ω averaged over
the whole assembly. A model of a cooperative assembly that
unites these features is proposed below.

In contrast to the regular pattern seen with ω, oscillations
in K are irregular in amplitude and phase, suggesting that
factors other than DNA length and binding density contribute
significantly to the strength of the AGT-DNA contact. The
difference in K values for dG24 ·dC24 and dA24 ·dT24 templates
(Figure 5B and Table 2) suggests that DNA sequence has

an important influence on affinity. Consistent with this notion,
the two DNAs that give local maxima in K (the 16-mer and
the 26-mer) have repeating sequences that provide a guanine
at every fourth residue on each strand (shown in Table 1).
This frequency, which is the same as that of AGT in the
cooperative complex, may allow the enzyme to make
unusually favorable contacts with its substrate.

DISCUSSION

The data presented here are consistent with a binding
mechanism in which weak affinity for duplex DNA (1.7 (
0.2 × 103 M-1 e K e 1.3 ( 0.2 × 104 M-1) is paired with

FIGURE 4: AGT forms a binding motif with a 4 bp periodicity. Panel
A: Dependence of apparent binding site size (Sapp) on template
length. Data are from the entire set of AGT-dsDNA complexes.
Sapp was calculated using Sapp ) N/n, where N is DNA length in
base pairs and n is the number of protein molecules bound to a
DNA molecule. Sapp values determined from sedimentation equi-
librium data are indicated by filled squares (9), and values obtained
from EMSA experiments are indicated by closed circles (b). The
error bars correspond to 95% confidence limits. These data are also
shown in Table 2. Panel B: Comparison of experimental and
theoretical Sapp values as a function of DNA length. Experimental
Sapp values determined from sedimentation equilibrium data are
indicated by filled squares (9), and values obtained from EMSA
experiments are indicated by closed circles (b). The error bars
correspond to 95% confidence limits. Theoretical Sapp values (solid
line) were calculated using Sapp) N/nmax, where nmax is the largest
integer e N/4. Panel C: Data for the subset of AGT-DNA
complexes formed with DNAs of 41 bp or less. Data symbols are
defined as in panel A. The smooth curve is the least-squares fit of
the equation3 Sapp ) A cos (BL) + C in which A is the amplitude
of the oscillation, B the displacement angle in degrees/bp, and C
an offset equal to the mean value of Sapp. This fit returned A )
-0.37 ( 0.04, B ) 88.7 ( 0.5°, and C ) 4.39 ( 0.02. This value
of B indicates that successive binding sites are separated by 360/
(88.7 ( 0.5) ) 4.05 ( 0.02 bp along the DNA contour.

FIGURE 5: Analysis of binding affinities. Panel A: Scatchard plots.
Forward titrations were carried out as described in Experimental
Procedures, and binding was detected and quantitated by an
electrophoretic mobility shift assay. Each data set is a composite
derived from 2 or 3 independent titrations. The smooth curves
correspond to nonlinear least-squares fits of eq 2 to the data. The
values of K and ω obtained as parameters of these fits are compiled
in Table 2. Panel B: Dependence of K and ω on DNA length (N).
The data are derived in part from the experiments shown in panel
A. The error bars correspond to 95% confidence limits estimated
for each parameter. K data for dA24-dT24 and dG24-dC24 templates
are labeled. Comparison with Figure 4B shows that the oscillations
of ω with increasing N have the same period but phases opposite
those of Sapp.
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moderate binding cooperativity (22.6 ( 3.7 e ω e 145.0 (
37.0). On short DNAs, this cooperativity produces tight
packing that results in oscillation in the apparent binding
site size Sapp with a period of 4 bp/protein molecule. On
DNAs of length >41 bp, cooperativity is not sufficient to
suppress binding degeneracy; therefore, Sapp increases (Figure
4); however, our data for lengths greater than 41 bp is too
sparse to allow us to determine whether oscillations in Sapp

occur in much larger templates. The correlation of maxima
in ω with minima in Sapp (Figures 4C and 5B) indicates that
the optimal juxtaposition for cooperativity occurs when
neighboring binding sites are 4 bp apart. Since a single
molecule of AGT occupies ∼8 bp with its center in the minor
groove of double-stranded DNA (17, 18), this spacing
requires that protein molecules overlap along the DNA
contour, but it does not require overlap along the minor
groove surface that provides the majority of DNA contacts4.
Overlap along the DNA contour provides opportunities for
protein-protein contacts that may contribute to cooperativity.

The cooperative binding mechanism described here for
duplex DNA and previously for single-stranded DNAs (19)
contrasts with the independent binding shown in currently
available crystal structures of AGT-DNA complexes (17, 18).
At present, we cannot account for this difference. To date,
cooperative binding has been observed with wild-type human
AGT over a range of temperature (4 °C e T e 40 °C), salt
concentrations (0 M e [KCl] e 0.4 M), magnesium ion
concentrations (0 mM e [Mg2+]free e 20 mM), and zinc
availability (Zn-depleted and Zn-saturated proteins, and Zn-
saturated protein with 0 mM e [Zn2+]free e 10 mM). In
addition, cooperative binding has been observed with active-
site (C145) mutant- and C145-methylated and -benzylated
proteins as well as C-terminal (His)6-tagged, N-terminal
(His)6-tagged, and untagged proteins (15, 19, 23, 43). We
conclude that cooperative binding is a bona fide activity of
human AGT.

The pattern described here for double-stranded DNA
binding is remarkably similar to that found for single-
stranded substrates (19). Quantitative similarities include
weak intrinsic affinity for substrate DNA (1 × 103 M-1 e
K (single stranded) e 2 × 104 M-1), moderate cooperativity
(35 e ω (single stranded) e 90), and a statistical binding
site size that oscillates on short DNAs with a period of ∼4
nt/protein. Similar K values indicate that the free energies
of protein-DNA interaction are almost the same for single-
stranded and duplex substrates, while comparison of K and
ω values indicates that protein-protein contacts contribute
a similar, large proportion (∼33%) of the free energy of
addition of a protein monomer to cooperative assemblies.
Together, these results suggest why similar stabilities are
observed for AGT complexes formed on single-stranded and
duplex DNAs (15): comparatively strong protein-protein
interactions mask the contributions of relatively small
differences in K to the overall product K ·ω.

What role does cooperative binding play in sequence-
specificity? Previous work has shown that overall affinity

(K ·ω) and DNA-repair efficiency are not strongly dependent
on base composition or sequence of the substrate (14, 44, 45).
For the DNAs described here, values of K and ω vary by
factors of 7.4 and 6.4, respectively. However, because
changes in K and ω are not perfectly in phase, the largest
difference in their product is only a factor of 17. These results
suggest that differences in K may be offset by differences
in ω, resulting in a very small sequence-dependence of
overall binding affinity. The absence of a large dependence
of binding affinity on base composition or sequence may be
important to ensure that repair activity is available to all
sequences. In addition, cooperative binding may contribute
to the efficiency of lesion search and repair by concentrating
repair activity at a higher density on the DNA contour than
would be available in noncooperative binding modes. With
a new binding site starting every 4 bp, only modest protein
displacement is needed for surveillance of every base-pair
within a cooperative assembly. Preliminary kinetic results
suggest that AGT complexes isomerize rapidly, as required
for efficient surveillance according to this model (Fried, M.,
unpublished results). Although the moderate cooperativity
detected here is insufficient to extend high-density binding
over hundreds of base-pairs, it can generate densities
approaching 1 protein every 4 bp for sections of template
e50 bp long. Regions of this size are likely to become
available between nucleosomes during the chromatin re-
modeling associated with transcription or DNA replication.
The processive movements of transcription and replication
complexes may allow systematic surveillance of large parts
of the genome by AGT, while repair just upstream of a
replication fork is likely to represent the last opportunity to
prevent the conversion of a promutagenic lesion into an
actual mutation.

How are AGT proteins arranged in the cooperative array?
Our working model is based on the binding density of 1
protein/4 base-pairs characteristic of complexes formed on
short DNAs. This frequency allows identical protein contacts
with the minor groove a B-DNA duplex if each protein is
rotated clockwise approximately (4 bp · protein-1/10.4
bp · turn-1) × 360 deg · turn-1 ) 138.4 deg ·protein-1 with
respect to its immediate neighbor. This arrangement would
allow each AGT protein to maintain the minor-groove
contacts that are seen in the crystal structures of AGT-dsDNA
complexes (17, 18), and it also produces a 3-start helical
array of protein molecules, with the nth protein molecule
positioned to interact with protein n + 3 (shown schemati-
cally in Figure 6). The ability to form an n-to-n+3 contact
may account for the significantly greater cooperativity seen
in the 4:1 complex formed with 16-mer DNA than in 2:1
and 3:1 complexes formed with 11, 12, and 14 bp DNAs
(Figure 5B). The resulting tight-packing of proteins accounts
for the dramatic phasing of Sapp and cooperativity (ω) with
DNA length that we have observed. It also allows us to make
testable predictions about the protein interactions that
maintain the complex in Vitro and are likely to dominate its
functions in ViVo. A few of these are outlined below.

First, AGT is likely to bind relaxed-duplex DNA with
greater affinity than it binds positively or negatively super-
coiled molecules. If locally stiff duplex DNA constrains the
protein-protein contacts to a suboptimal geometry compared
to those formed on torsionally more-flexible single-stranded
DNA, the free energy cost should be reflected in a reduction

4 In the structures of Duguid et al. (18) and Daniels et al. (17), AGT
contacts 4 bp in the minor groove of slightly distorted B-DNA. The
occluded site size s ) 4 bp results in binding sites that do not overlap
on the minor groove surface. This justifies the use of eq 5, which
describes nonoverlapping cooperative binding, in our analyses.
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in ω on duplex templates compared to the value on single-
stranded DNAs. Since experimental values of ω are nearly
the same for single-stranded and duplex DNAs (19) this
work), it seems unlikely that the helical period of the DNA
that is optimal for protein-protein contacts differs much from
that of relaxed B-DNA. If correct, this prediction is likely
to be functionally relevant. Since chromatin imposes topo-
logical constraints on genomic DNA and since transcription
and DNA replication have the potential to impose torsional
stress, we predict that AGT- and topoisomerase-activities will
be found to cosegregate within chromosomal domains.

Second, cooperative interactions are likely to influence the
rates of AGT binding and dissociation from target DNAs
and hence, the kinetics of lesion search and repair. The
portion of a cooperative array of bound proteins that is active
in protein binding and/or dissociation is likely to influence
the kinetics of these processes. Our current thinking is
influenced by the notion that the addition or removal of a
protein unit from the middle of a cooperative assembly is
likely to be slow compared to the addition or removal of a
unit from one end. If this is the case, the rate of transfer of
AGT molecules between DNA segments may depend more
strongly on the concentration of cooperative assemblies (and
hence the concentration of end-monomers) than on the
concentration of DNA-bound AGT monomers, themselves.

Finally, unless the rate of alkyl transfer greatly exceeds
the rate of forming a cooperative complex, DNA-repair rates
are likely to depend on the length of the cooperative complex.
This is because repair requires the correct juxtaposition of
an active AGT monomer and the damaged base. If the correct
juxtaposition of AGT and lesion is not achieved during
formation of the protein-DNA complex, repair may require
repositioning of the entire protein array. If this is the case,
productive binding and repair might be more rapidly achieved
with short protein arrays than with long. Tests of these
predictions are currently underway.
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