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Abstract
O6-alkylguanine-DNA alkyltransferase (AGT) repairs mutagenic O6-alkylguanine and O4-
alkylthymine adducts present in DNA that has been exposed to alkylating agents. AGT binds
DNA cooperatively and models of cooperative complexes predict that residues 1–7 of one protein
molecule and 163–169 of a neighboring protein are closely juxtaposed. To test these models we
used directed mutagenesis to substitute triplets of alanine for triplets of native residues across
these two sequences. Six of eight designed mutants expressed AGT at detectable levels. All
mutant AGTs that were expressed were folded compactly, bound DNA with stoichiometries
equivalent to wild-type protein and were able to protect E. coli to varying degrees from the potent
alkylating agent MNNG. All mutations attenuated DNA binding cooperativity, but unexpectedly,
they also reduced AGT affinity for DNA. This suggests that the protein-protein and protein-DNA
interactions of AGT are strongly coupled. When normalized for differences in AGT expression,
cells expressing mutants KDC(3–5)-AAA, DCE(4–6)-AAA and KEW(165–167)-AAA were
significantly more susceptible to MNNG than wild-type cells. This is the first evidence, to our
knowledge, of a role for residues at the protein-protein interface and by implication, cooperative
protein-protein interactions, in the cell-protective mechanisms of AGT.

O6-alkylguanine and O4-alkylthymine are mutagenic adducts that are found in DNA that has
been exposed to alkylating agents (1,2). In humans and many other organisms, O6-
alkylguanine-DNA alkyltransferase (AGT, also called O6-methylguanine DNA
methyltransferase, MGMT) provides a mechanism for the direct removal of these adducts
(3,4). While this activity protects normal cells from alkylating agents, it also protects tumor
cells against chemotherapeutic drugs that alkylate DNA (5,6). AGT-inhibitors have been
developed that increase the efficacy of alkylating drugs in cancer chemotherapy and clinical
trials of two are underway (7–10). In spite of the interest focused on AGT as a result of its
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relevance to cancer, much remains to be discovered about its mechanisms of interaction with
the proteins and nucleic acids in its cellular environment.

Human AGT is a small, monomeric protein (Mr = 21,519), expressed constitutively in
normal cells (4,11,12). It repairs both single-stranded and duplex DNAs (13) and forms
cooperative complexes on these DNAs with similar association constants (Ka ~104 M−1),
cooperativity parameters (ω ~ 80) and binding site sizes (~4 bp(nt)/protein) (14,15). The
simplest mechanisms that account for these features are ones with substantial protein-protein
contact and little distortion of the twist of double-stranded DNA. High-resolution structures
of cooperative complexes are not currently available, so it has not been possible to directly
verify these predictions. However crystal structures of single AGT molecules bound to DNA
are available (16,17) and have been used to build models of cooperative assemblies (18).
These models feature helical arrays of proteins around a central DNA axis, with major
protein-protein contacts between the amino-terminal face of the nth AGT molecule and the
C-terminal face of the n + 3rd molecule (Figure 1A). Chemical cross-linking results
consistent with this juxtaposition identified residues at the protein-protein interface (18).
Among the most frequently-obtained cross-links were ones that coupled sequences located
in chymotryptic fragments spanning residues 1–7 and 163–169 (Figure 1B). A BLAST
analysis (19) indicated that with a few exceptions (K3, D4 and E6 present in mammals
only), these residues are conserved in a wide range of organisms (result not shown); this
outcome is consistent with an earlier sequence comparision (20). In mutagenesis
experiments described below, we test whether residues in these motifs contribute to the
strength of cooperative interactions in vitro and efficacy of DNA repair in vivo. In addition,
as residues 1–7 and 163–169 are located far from the known DNA-binding surfaces of AGT,
mutations in these regions reveal the extent to which protein-DNA and protein-protein
interactions are coupled by cooperative binding.

EXPERIMENTAL PROCEDURES
Reagents

Agar, yeast extract and tryptone broth were obtained from Midwest Scientific. T4
polynucleotide kinase was purchased from New England Biolabs and [γ-32P]ATP was from
ICN Radiochemicals. HPLC-purified oligodeoxyribonucleotides (Table S1) were purchased
from Invitrogen. All other biochemicals were from Sigma.

Protein preparations
Human AGT, with wild-type sequence except for a C-terminal (His)6–tag replacing residues
202–207, was encoded on plasmid pQE-hAGT (16), kindly provided by Dr. A.E. Pegg
(Penn State University). Mutants were constructed using QuikChange mutagenesis kits
(Stratagene) using primers designed to substitute trios of alanine residues for trios of wild-
type residues across the target sequences (amino acids 2–7 and 164–169; Table S1). Wild-
type and mutant sequences were confirmed by sequencing plasmid DNA from candidate
clones (performed by Seqwright DNA Technology Services). Mutant and wild-type proteins
were expressed in XL1-blue E. coli (Stratagene) and purified by Talon® chromatography as
described (16). Wild type protein was dialyzed against storage buffer (20 mM Tris (pH 8.0
at 20°C), 250 mM NaCl) and stored frozen at −80°C until needed. Mutant proteins were less
soluble; storage buffer supplemented with arginine (440 mM) as described by Arakawa et
al. (21) enhanced recovery of these proteins after freezing. Proteins stored in arginine-
containing buffers were dialyzed against arginine-free experimental buffers before use; these
preparations remained soluble at 4°C for several days after dialysis (result not shown).
Protein concentrations were measured spectrophotometrically using ε280 = 2.64 × 104

M−1cm−1 (22).
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DNA substrates
Synthetic DNAs were obtained from Invitrogen. Oligo 9 (Table S1) was labeled at 5’
termini with 32P (23). Unincorporated [γ-32P] ATP was removed with Sephadex G-10
centrifuge columns (GE Healthcare) equilibrated with 10 mM Tris (pH 8.0 at 20°C), 50 mM
KCl. Duplex DNA was prepared by annealing with oligo 10 (Table S1) as described (22).
DNA concentrations were measured spectrophotometrically, using ε260 = 9.46 × 103

M−1cm−1 (per base) for single-stranded DNA and ε260 =1.31 × 104 M−1cm−1 (per base) for
double-stranded DNA.

Electrophoretic mobility shift assays (EMSA)
Mobility shift assays were carried out at 20 ± 1°C in 10 mM Tris (pH 8.0 at 20°C), 1 mM
EDTA, 50 mM KCl, 1 mM DTT pH 8.0, as previously described (15). Samples
contained 32P-labeled 26-mer dsDNA (2 × 10−8 M) and 0–20µM AGT. Electrophoresis was
performed in 15% polyacrylamide gels (15) at 10 Vcm−1. Electrophoretic distributions were
captured on storage phosphor screens that were scanned on a Typhoon 9400 imager (GE
Healthcare). Integrated band intensities were calculated using ImageQuant 5.2 software.

Binding analysis
In these assays, 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 n on the free protein concentration [P] was given by the
McGhee-von Hippel isotherm (McGhee, 1974) as modified by Tsodikov et al. (2001) to
account for finite lattice size (Eq. 1).

(1)

Here ν is the binding density (protein molecules/nucleotide), K is the association constant
for a single site, ω is the cooperativity parameter (the equilibrium constant for moving a
protein from an isolated DNA site to one adjacent to another protein (a singly contiguous
site) or from a singly-contiguous site to a doubly-contiguous one (24)). N is the DNA length
in base pairs and s the occluded site size (the size of the site, in base pairs, that one protein
molecule occupies to the exclusion of others). 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 (25).

Circular Dichroism
Spectra were obtained at 4°C using a JASCO J-810 spectropolarimeter and a cell with a path
length of 0.02 cm. Secondary structure analysis was performed by the Contin/LL and
Selcon3 routines, implemented in the program CDPro (26,27) This program was obtained
from http://lamar/colostate.ed/~sreeram/CDPro/main.html. The SDP48 basis set used in this
analysis contains spectra of soluble, globular and denatured proteins with α- and β-structures
strongly represented.

Analytical ultracentrifugation
AGT proteins were dialyzed against 50 mM sodium phosphate, pH 7.5 at 4°C and
concentration adjusted to 0.16 mg/mL (7.5 µM). Sedimentation velocity measurements were
carried out at 40,000 rpm and 4°C using a Beckman XL-A analytical ultracentrifuge.
Sedimentation coefficient distributions c(s) and molecular weight distributions c(M) were
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obtained by direct boundary modeling using numerical solutions of the Lamm equation (28)
implemented in the program SEDFIT (29), obtained from
http://www.analyticalultracentrifugation.com/default.htm. Buffer density and viscosity
values were calculated using the public domain program SEDNTERP, developed by D.
Hayes, T. Laue and J. Philo (30), obtained from http://www.rasmb.bbri.org/.

Cell survival assays
Cell survival was assayed using E. coli TRG8 cells deficient in endogenous DNA
alkyltransferases (ada− ogt−) (31,32). This strain was kindly provided by Dr. A.E. Pegg
(Penn State University). Cells were transformed with pQE-hAGT plasmids expressing WT
or mutant AGTs and grown in shaker culture in LB broth containing 50 µg/ml ampicillin
and 50 µg/ml kanamycin until A600 = 0.5. Aliquots of each culture were exposed to N-
methyl-N’-nitro-N-nitrosoguanidine (MNNG) at concentrations ranging from 0 to 45 µg/mL
for 30 min with shaking at 25°C. Reactions were stopped by dilution with cold M9 medium.
Dilutions were plated on LB-agar plates containing 50 µg/ml ampicillin and 50 µg/ml
kanamycin and incubated at 37°C for 48h. Colony numbers were determined by manual
counting. Fractional survival was determined by dividing the number of colonies per ml of
culture exposed to MNNG by the number of colonies per ml of culture when MNNG was
absent.

Protein Expression Measurements
TRG8 cells containing pQE-hAGT plasmids were grown at 37°C in LB containing 50 µg/ml
ampicillin and 50 µg/ml kanamycin. Cells were harvested by centrifugation (4000 × g for 5
min), resuspended in 5 ml of 20 mM Tris-HCl (pH 8.0 at 20°C), 250 mM NaCl 1 mg/mL
lysozyme, and incubated at 4°C for 1 h. Cell suspensions were sonicated (3 × 15 sec at 15
sec intervals) then centrifuged at 4000 × g for 10 min. Supernatants were equilibrated batch
wise with Talon® resin (5 mL) for 20 min. Preliminary experiments established that this
ratio of resin to cell extract resulted in depletion of AGT in the supernatant to levels that
were not detectable by Western blotting (result not shown). The resin was washed with 60
mL of 20 mM Tris-HCl (pH 8.0 at 20°C), 250 mM NaCl and then retained proteins were
eluted with 10 mL of 20 mM Tris-HCl, 250 mM NaCl 200 mM imidizole (pH 8.0 at 20°C).
Eluted proteins were concentrated to 200 µl using centrifugal concentrators (Pierce).
Samples (25 µl) were denatured, resolved by SDS-PAGE (33) and detected by western
blotting (34,35) using a mouse monoclonal antibody against human AGT (ab7045 from
Abcam) and anti-mouse fluorescent secondary antibody (Perkin-Elmer). Blots were
developed with ECF substrate (GE Healthcare) and scanned on a Typhoon 9400 imager.
Densitometry was performed using the program ImageQuant v.5.2.

RESULTS
Characterization of mutant proteins

Chemical cross-linking identified AGT segments that are juxtaposed in cooperative AGT-
DNA complexes (18). However, cross-linking reflects proximity and reactivity, not
function. To identify residues that mediate the cooperative interaction, we performed
scanning mutagenesis across two segments of AGT sequence that had been found to
crosslink with high efficiency (Figure 1B). The mutations substituted triplets of alanine for
triplets of wild-type amino acids, spanning residue numbers 1–7 and 163–169. Six AGT
mutants (KDC(3–5)-AAA, DCE(4–6)-AAA, CEM(5–7)-AAA, VKE(164–166)-AAA,
KEW(165–167)-AAA and EWL(166–168)-AAA) were obtained using primers P2–P7 listed
in Table S1. Viable transformants were not obtained with plasmids mutated with primers P1
and P8, in spite of repeated attempts with different DNA preparations and different
preparations of competent cells. Mutant proteins were purified to near-homogeneity (Figure
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S1) and were characterized by analytical ultracentrifugation. All preparations contained a
single, dominant species (≥92% of total signal) that sedimented at ~2S (Fig. 2); c(M)
analyses (28) showed that the dominant component in each sample had a molecular weight
equal, within error, to the sequence molecular weight of AGT (Mr = 21519 (14)). These
results are summarized in Table 1. All preparations contained a minor component (<7% of
total signal) with a broad s-value distribution (3 ≤ s20,w ≤ 6). This could be removed by
chromatography on Sephadex G-25, but reappeared after freeze-thaw or prolonged storage
at 4°C, consistent with the notion that it was an aggregated form of AGT (result not shown).
Comparison of c(s) distributions of wild-type and mutant proteins (Fig. 2B) showed that s-
value distributions of mutant proteins were broadened in the direction of lower s-value and
frictional ratios f/f0 were increased, suggesting that these proteins were somewhat less
compact and/or spherically-symmetric than wild-type.

Circular dichroism (CD) spectroscopy was used to characterize global structural differences
between wild-type and mutant proteins. All proteins had well-developed negative CD bands
at 208 and 222 nm that are consistent with the presence of α-helical structure (Figure S2),
but CD amplitudes in this wavelength range differ considerably. Spectrum analysis using the
CDPRO program (26, 27), showed that mutants KDC(3–5)-AAA, CEM(5–7)-AAA and
VKE(164–166)-AAA had residue-fractions of helix and sheet motifs similar to wild type
AGT (summarized in Table S2). Mutants KEW(165–167)-AAA, EWL(166–168)-AAA and
especially DCE(4–6)-AAA contained less helix and correspondingly more β- and
unassigned structures than wild-type. It is notable that while all mutant proteins had smaller
s20,w values than wild-type AGT, the protein with the CD spectrum most different from
wild-type (DCE(4–6)-AAA) differed least in s-value. The simplest model consistent with
this outcome is one in which both CD and s20,w differences reflect local conformational
differences and not globally different protein folds. This interpretation is supported by
DNA-binding, expression and DNA-repair results described below.

Mutations change both binding cooperativity and DNA-affinity
Electrophoretic mobility shift assays (EMSA) were carried out according to standard
methods (22), using a 26 bp DNA as the binding substrate (Fig. 3A). All proteins were
active in DNA binding, giving single-step transitions from free DNA to saturated
complexes. Previously, we found that this DNA accommodates 6 wild-type AGT molecules
at saturation, corresponding to an average binding site size of 4.3 bp/protein (15). Using the
same serial-dilution approach, we found that mutant AGT proteins bind with similar
stoichiometries (Table 2). This formation of a multi-protein complex from free DNA
without significant accumulation of lower-stoichiometry species is evidence of positively-
cooperative binding (14,15). Scatchard plots for wild-type and mutant proteins are shown in
Fig. 3B; the concave-downward curvature of these graphs is further evidence of positive
cooperativity (24). Values of association constant (K) and cooperativity parameter (ω) were
obtained by fitting these data with Eq. 1 (results summarized in Table 2). For wild-type
AGT, values of K and ω were similar to ones previously reported for binding a double-
stranded 16-mer DNA under the same buffer conditions (18). All mutant proteins bound
DNA with significantly lower overall affinities (values of K•ω) attributable, in part, to
reduced binding cooperativity. This was an expected result of disruption of contacts across
the protein-protein interface. However, significant reductions in K were also observed. This
was unexpected, because the DNA-binding surfaces seen in crystal structures (16,17) are
distant from the protein-interfaces identified by cross-linking (18). An additional unexpected
result is a correlation of K and ω values among mutant proteins (described below). Together
these results suggest that the protein-protein and protein-DNA interactions of AGT are
strongly coupled. Mechanisms that might couple these interactions are considered below.
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DNA repair and AGT expression in an in vivo model system
As shown above, mutations in AGT’s protein-protein interfaces can reduce DNA-affinity
and binding cooperativity, but these results do not indicate whether such mutations influence
cellular protection against DNA-alkylating agents. To answer this question, we took
advantage of a model system consisting of E. coli cells deleted of their endogenous
alkyltransferases Ada and Ogt (36). The expression of human AGT in these cells protects
them from the potent alkylating agent MNNG (N-methyl-N'-nitro-N-nitroso-guanidine). E.
coli TRG8 (ada− ogt−) cells and TRG8 transformed with pQE-hAGT plasmids were
exposed to MNNG (0–45 µg/mL) and plated for colony-counting as described. Increasing
MNNG-exposure reduced survival of all cells, with alkyl-transferase-deficient TRG8 cells
being the most sensitive to MNNG (Figure 4). All plasmids encoding mutant AGT proteins
conferred resistance to MNNG, but the degree of resistance, measured by LD50 ranged
widely (Table 3). The protection afforded by pQE-hAGT-(CEM(5–7)-AAA) or - VKE(164–
166)-AAA plasmids was barely detectible and that provided by pQE-hAGT-KDC(3–5)-
AAA, -DCE(4–6)-AAA and -KEW(165–167)-AAA while substantial, was less than that of
pQE-hAGT-(wild-type). Intriguingly, the protection conferred by pQE-hAGT-EWL(166–
168)-AAA was significantly greater than that afforded by the wild-type plasmid.

If resistance to MNNG is conferred on TRG8 cells by AGT expression, cell survival is
likely to depend on the level of AGT-expression in each cell population as well as on the
activities of AGT molecules present. Western blots detected with anti-AGT antibody
provided estimates of the relative amounts of AGT in cells harboring wild-type and mutant
plasmids. In the analysis shown in Figure 5, lanes 2–9 contained identical volumes of
partially-purified cell extract (25 µL). An E. coli protein (Mr~85,000) that is present in
TRG8 extracts but not XL-1 blue extracts, cross-reacts with the primary antibody. The
intensity of this band provides a visible indication of the relative amounts of E. coli protein
applied to each lane. The intensities of the strongly-reacting bands that migrate with
Mr~21,000 represent the relative amounts of AGT proteins present (purified wild-type AGT
is shown in lane 10 for comparison). The slight differences in electrophoretic mobility of
these bands are reproducible; we attribute them to differences in charge and mass caused by
our mutations. On the basis of relative band intensities, KDC(3–5)-AAA and DCE(4–6)-
AAA proteins are present in quantities similar to wild-type AGT, CEM(5–7)-AAA and
VKE(164–166)-AAA are present in smaller amounts and EWL(166–168)-AAA and
KEW(165–167)-AAA are present in greater amounts than wild-type AGT (Table 3).

The expression of mutant proteins at different levels prevents direct interpretation of
MNNG-protection in terms of AGT function. An alternate approach is to normalize survival
and expression values to those found in cells expressing wild-type AGT and to compare
these relative values. Thus, relative survival S(rel) = S(mutant)/S(wild-type) where
S(mutant) and S(wild-type) are the proportions of mutant and wild-type cells that survive a
given MNNG exposure. Similarly, relative expression E(rel) = E(mutant)/E(wild-type)
where E(mutant) and E(wild-type) are the relative amounts of AGT detected by western blot
as described above. The protection factor P = S(rel)/E(rel) reflects the relative protection
afforded by mutant protein expression, corrected for differences in AGT expression between
cell populations. Values of S(rel), E(rel) and P are given in Table 3. Measured in this way,
mutants KDC(3–5)-AAA and DCE(4–6)-AAA, expressed at levels similar to that of wild-
type AGT, gave significantly less protection than the wild-type protein. In contrast, the
CEM(5–7)-AAA and VKE(164–166)-AAA mutants were poorly-expressed, but on a
molecule-for-molecule basis were nearly as effective in protection as wild-type protein.
Mutant KEW(165–167)-AAA) provided less protection than the wild-type protein and
mutant EWL(166–168)-AAA gave a protein that was expressed at higher levels, but
protected slightly less well than wild-type AGT. Together, these results suggest possible
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roles for residues K3 and/or D4 and for K165, E166 and/or W167 in protecting cells against
MNNG.

DISCUSSION
Previous cross-linking studies showed that AGT residues 1–7 and 163–169 are juxtaposed
across an intermolecular protein-interface that is present in AGT-DNA complexes (18). We
hypothesized that the interactions of residues in this interface contribute importantly to
binding cooperativity (ω) and thus to overall DNA binding affinity (K•ω). We further
expected that changes in affinity for DNA would affect DNA repair activities and thus the
resistance of cells to alkylating agents. The experiments described here test these hypotheses
by examining the consequences of changing AGT residues 3–5, 4–6, 5–7 and 164–166,
165–167 and 166–168 to sets of alanine triplets. We found that these mutations produced
proteins with reduced-but-detectable DNA binding cooperativities and affinities, and that
expression of these proteins conferred MNNG-resistance on E. coli cells that lack
endogenous DNA alkyltransferases. Together, these results confirm that functional
determinants of cooperative binding are present within sequence positions 3–7 and 164–168
in the wild-type protein and they strongly support models in which cooperative interactions
involving these determinants play key roles in binding affinity and DNA repair.

Alanine is often used in mutagenesis studies because its small side chain interacts minimally
with others and is reasonably well tolerated in both hydrophobic and hydrophilic
environments (37,38). However, alanine has a high helix propensity (39,40) so an AAA
substitution in a non-helical region might bias local conformation in favor of helix
formation. CD analyses showed that our mutations were either neutral (KDC(3–5)-AAA,
CEM(5–7)-AAA and VKE(164–166)-AAA) or reduced net helical content (DCE(4–6)-
AAA, KEW(165–167)-AAA and EWL-(166–168)-AAA). Since residues 163–169 form an
alpha helix in the isolated protein (16), this result suggests that interactions with surrounding
residues can dominate local helix-propensity in this region of AGT. A variety of other data
is also consistent with the idea that structural perturbations are focused in the regions
immediately surrounding the changed amino acids. The mutant AGT proteins have frictional
ratios typical of compact, globular proteins and the uniformity of s20,w values is inconsistent
with gross disruption of the native fold by any of these mutations. The retention of DNA
binding activity indicates that mutations in the protein-interface do not fatally compromise
the fold of the DNA-binding surface. Residual binding cooperativity indicates that the
protein-protein interfaces retain structures that allow them to interact with neighboring AGT
molecules in spite of the presence of mutations. Finally, the ability of all mutant proteins to
provide at least minimal protection against MNNG is most simply explained by the retention
of DNA-repair activity that requires a native fold (41).

It is striking that mutations in the protein-protein interface reduce DNA association
constants with respect to that of wild-type AGT. This result is intriguing because the known
DNA-binding surfaces are far from the known protein-interfaces (18). Our mutations
include ones that change the N-terminal protein-interaction surface and others that change
the C-terminal protein-interaction surface (Fig. 1); although they have similar effects, their
locations in different domains argue against a single mechanism coupling conformational
changes at the protein-interfaces to ones at the DNA-interface. Instead, we favor a model in
which protein-protein interactions help to position AGT monomers so that DNA-binding
residues are correctly oriented with respect to their cognate DNA surfaces (18). Mutations
that weaken protein contacts should increase conformational degeneracy, either by
increasing flexibility at the protein-protein interface or by providing an alternate set of
protein-protein interactions. Increased degeneracy at the protein-DNA interface is likely to
weaken DNA contacts. This process may account for the reductions in both ω and K (shown
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in Fig. 6B, arrows) that distinguish the mutants from wild-type protein. In addition to
weakening protein-protein interactions, some mutations may distort the protein-interface,
repositioning one protein with respect to its neighbor. A repositioning that gives poor
juxtaposition of protein and DNA should reduce K; such a mechanism could account for the
anti-correlation among values of K and ω shown in Fig. 6B. The correlation of ω with
binding site size (Fig. 6C) is consistent with protein-repositioning along the DNA contour as
stronger protein-protein interactions increasingly bias binding distributions toward spacings
that are optimal for the protein-protein contacts, but not the DNA-protein contacts. We have
previously found that wild-type AGT binds relaxed, B-form DNA in preference to
supercoiled forms (18) and on these DNAs, the optimal binding periodicity is ~4 bp/protein
(15). Larger protein-protein separations are expected to mis-position some AGT molecules
with respect to the minor groove of relaxed DNA and thus require DNA unwinding or
protein distortion to restore the protein-DNA register. The energetic costs of DNA
unwinding and/or protein distortion may account for the decrease of K with increasing
binding site shown in Figure 6C. A comparison of DNA bending and twisting by wild-type
and mutant proteins will provide an additional test of this protein-repositioning model;
measurements needed for this comparison are underway.

How might changes in cooperativity and DNA-binding affinity influence protection from
MNNG? In the simplest repair models, AGT binds DNA and induces a conformation change
that flips a base into the protein’s active site, where alkyl-transfer takes place (12,16). If
DNA repair within the cell is dominated by binding equilibria, an increase in overall affinity
(K•ω) should increase repair efficiency and resistance to MNNG. On the other hand, if
stronger binding is a result of reduced dissociation rates, and if repair efficiency is limited
by the rate of protein translocation, increasing K or ω may slow protein-exchange between
available sites and reduce MNNG-resistance. A correlation plot (Figure 6A) shows that
MNNG-resistance increases rapidly with K, less rapidly with K•ω, and decreases with
increasing ω. On this basis, our working hypothesis is a hybrid of these limiting models. We
propose that repair is enhanced by increasing the equilibrium stability of DNA complexes,
but that stabilization by cooperative interactions comes at the cost of slowing AGT’s
translocation between binding sites. Comparison of the translocation kinetics of these
mutant proteins with those of wild-type AGT would test this feature of our model.

Although cooperative DNA binding has been observed in vitro (14,15,18), the roles of
cooperativity in the cellular functions of AGT remain to be discovered. AGT’s ability to
repair both single-stranded and duplex DNAs (42,43), and its nearly-identical affinities for
DNAs with these secondary structures (14,15), may be relevant. We propose that protein-
protein interactions compensate for the small association constants (K~104 M−1) that
accompany the low structural specificity of the protein-DNA interactions. The combination
of K•ω produces an aggregate association constant of ~106 M−1 that may be at the low-end
of the affinity range compatible with DNA binding in vivo (44). In this scenario, reductions
in ω would be expected to cause reductions in overall affinity, DNA repair efficiency and
ultimately, the reduction in resistance to MNNG described above. Cooperativity may
contribute importantly to the lesion search mechanism as well. AGT binds O6-
methylguanine-containing DNAs with affinities that differ little from those for the same
sequences containing guanine (22). In one possible search model, access to DNA is
controlled by chromatin remodeling, associated with DNA replication (18). Values of
AGT’s cooperativity (30 ≤ ω ≤ 150) are sufficient to ensure cooperative binding to open
DNA segments of ≤150 bp; this corresponds well with the separation expected of
nucleosomes in de-condensed chromatin (45,46). Because replication is processive, the
movement of AGT with the remodeled zone could allow the surveillance of nearly the entire
genome. This model predicts that AGT will co-localize with chromatin-remodeling enzymes
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in the cell and that AGT-mediated repair may be especially concentrated in chromatin
regions undergoing DNA replication. Experiments to test these predictions are underway.

This report provides the first evidence, to our knowledge, that mutations affecting the DNA
binding cooperativity of AGT can produce changes in cellular resistance to alkylating
agents. These findings support the notion that cooperative interactions play an important role
in DNA repair by AGT and suggest that the disruption of this cooperativity might be a
useful strategy to enhance the efficacy of DNA-alkylating agents used in cancer
chemotherapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

ABBREVIATIONS

AGT O6 alkylguanine-DNA alkyltransferase

MNNG N-methyl-N'-nitro-N-nitrosoguanidine.
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Figure 1. Structural model of a 4:1 AGT-DNA complex
A. Residues in the protein-protein interface. Protein molecules are labeled n, n+1, n+2, n+3;
proteins n+1 and n+2 are partially cut by the lower edge of the figure. Protein n+2 is almost
completely obscured by protein n+1. A 16 bp DNA molecule, bound by all four proteins in
the complex, is colored black. Interface residues identified by chemical cross-linking (18)
are colored blue if they are located in the N-terminal face of the protein or red if they are in
the C-terminal face. B. AGT residues that are targets of mutagenesis. Parts of polypeptides
1–7 and 163–169 are shown; these were efficiently crosslinked in AGT-DNA complexes.
Residues 1–5 are not shown because they were not resolved in the crystal structure of
Daniels et al. (16) that is the source of the protein and DNA structures used to build this
model.
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Figure 2. Sedimentation velocity analysis of wild-type and mutant AGT proteins
A. Time-evolution of boundary sedimentation in a solution of wild type AGT in 50 mM
potassium phosphate pH 7.4. Centrifugation was performed at 4°C and 40,000 rpm. Data
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collected as a function of time are shown in the lower frame. Scans shown here were taken
40 min apart. Data were fit (solid black curves) using numerical solutions to the Lamm
equation for the continuous c(s) model implemented in the program SEDFIT (28,47). The
small, symmetrically-distributed residuals (upper panel) demonstrate that this model
accounts well for the data. B. Distributions of c(s) for wild-type and mutant AGT proteins.
Values of c(s) are normalized so that the maximum Δc(s) in each profile is 1 absorbance
unit. Profiles are offset by 0.1 absorbance unit from their nearest neighbors for clarity.
Sequences replaced by alanine triplets are indicated.
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Figure 3. Measurement of DNA-binding affinities for wild-type and mutant AGT proteins
A. Representative EMSA analyses. Titrations of 32P-labeled double-stranded 26-mer DNA
(2 × 10−7M) with wild-type AGT, CEM(5–7)-AAA and KDC(3–5)-AAA mutants. Protein
concentrations ranged from 0 (first lane at left in each panel) to 1.7µM (wild-type AGT) or
7.5µM (mutant proteins). Binding reactions were carried out at 20 ± 1°C in 10 mM Tris (pH
8.0 at 20°C), 50 mM KCl, 0.1 mM DTT. 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 electrophoresis and the ionic front. B. Scatchard plots for
AGT binding to duplex 26mer DNA. Data derived from mobility shift assays, including
those shown in panel A. Symbols: (●) data for wild-type AGT; (♦) data for KDC(3–5)-AAA
AGT; (▼) data for CEM(5–7)-AAA) AGT; (◣) data for VKE(164–166)-AAA AGT; (▲)
data for EWL(166–168)-AAA AGT; (■) data for DCE(4–6)-AAA AGT; (◢) data for
KEW(165–167)-AAA AGT. The smooth curves are fits of Equation 1 to these data sets;
fitting parameters are summarized in Table 2.
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Figure 4. MNNG survival assays
Liquid cultures of TRG8 cells expressing wild-type or mutant AGT proteins were exposed
to 0–45µg/mL MNNG for 30 min. Serial dilutions were plated and colonies were counted
after 24h of culture at 37°C. Percent survival was calculated as 100 × C(MNNG)/C(control),
where C(MNNG) is the number of colonies per mL of culture exposed to MNNG and
C(control) is the corresponding number of colonies in parallel cultures not exposed to
MNNG. The smooth curves are fits of a single-exponential decay function to the data.
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Figure 5. Expression of wild-type and mutant AGT proteins in E. coli TRG8
Analysis by SDS-PAGE and western blot. Lane 1, molecular weight standards (10 µg total
protein). Bands do not stain but can be seen as lighter zones against the background. Lane 2,
proteins from TRG8 cells containing no plasmid (25 µl); lane 3, proteins from TRG8 cells
containing pQE-hAGT-wild-type (25 µl); lane 4, proteins from cells containing pQE-hAGT-
KDC(3–5)-AAA (25 µl); lane 5, proteins from cells containing pQE-hAGT-DCE(4–6)-AAA
(25 µl); lane 6, proteins from cells containing pQE-hAGT-EWL(166–168)-AAA (25 µl);
lane 7, proteins from cells containing pQE-hAGT-CEM(5–7)-AAA (25 µl); lane 8, AGT
proteins from cells containing pQE-hAGT-VKE(164–166)-AAA (25 µl); lane 9, proteins
from cells containing pQE-hAGT-KEW(165–167)-AAA (25 µl). Lane 10 contains wild-type
AGT purified from XL1-blue E. coli cells (20 µg).
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Figure 6. Correlations between relative protection, DNA binding constant and cooperativity
A. Dependence of relative protection P(rel) with relative DNA binding constant K(rel),
relative cooperativity ω(rel) and the product K(rel) × ω(rel). P(rel) was calculated from cell
survival data obtained with 30 µg/mL MNNG. The lines are linear least squares fits to the
data for mutant proteins. Symbols: (■) correlation with K(rel), correlation coefficient R =
0.93; (♦) correlation with ω(rel), R = 0.82; (○) correlation with K(rel) × ω(rel), R = 0.92. B.
Correlation of K(rel) with ω(rel). Data from Table 2. The arrows indicate the reduction of
both K(rel) and ω(rel) as a result of mutation. The point at K(rel) = 1.0 is that for wild-type
protein, for comparison. The line is a least squares fit to the data for mutant proteins,
returning R = 0.96. C. Correlation of statistical binding site size with K(rel) and ω(rel).
Symbols: (●) correlation with K(rel), R = 0.69; (○) correlation with ω(rel), R = 0.80. The
error bars show 95% confidence limits.
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