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ABSTRACT: The base excision repair (BER) pathway repairs a wide variety of damaged nucleobases in DNA.
This pathway is initiated by a DNA repair glycosylase, which locates the site of damage and catalyzes the
excision of the damaged nucleobase. The resulting abasic site is further processed by apurinic/apyrimidinic
site endonuclease 1 (APE1) to create a single-strand nick with the 30-hydroxyl that serves as a primer for DNA
repair synthesis. Because an abasic site is highly mutagenic, it is critical that the steps of the BER pathway be
coordinated. Most human glycosylases bind tightly to their abasic product. APE1 displaces the bound
glycosylase, thereby stimulating multiple-turnover base excision. It has been proposed that direct protein-
protein interactions are involved in the stimulation by APE1, but no common interaction motifs have been
identified among the glycosylases that are stimulated by APE1. We characterized the APE1 stimulation of
alkyladenine DNA glycosylase (AAG) using a variety of symmetric and asymmetric lesion-containing
oligonucleotides. Efficient stimulation of a wide variety of substrates favors a model in which both AAG and
APE1 can simultaneously bind to DNA but may not interact directly. Rather, nonspecific DNA binding by
both AAG and APE1 enables APE1 to replace AAG at the abasic site. AAG is not displaced into solution but
remains bound to an adjacent undamaged site. We propose that nonspecific DNA binding interactions allow
transient exposure of the abasic site so that it can be captured by APE1.

The base excision repair (BER)1 pathway repairs a wide vari-
ety of damaged nucleobases inDNA.There are at least 11 human
DNA repair glycosylases that locate damaged nucleotides, and
these enzymes initiate the BER pathway by catalyzing the hydro-
lysis of theN-glycosidic bond to release the base lesion. Although
several of these enzymes have associated lyase activity that can
cleave the DNA backbone, most of the human glycosylases
create an abasic DNA product. The major abasic site-specific
endonuclease, AP endonuclease I (APE1), is responsible for
hydrolyzing the abasic site and creating a 30-hydroxyl and a
50-deoxyribose phosphate end. Subsequently, polymerase β in-
corporates the correct nucleotidewith itsDNApolymerase active
site and removes the deoxyribose phosphate group with its lyase
active site.DNA ligase seals the nick to complete the repair pathway.

Most DNA glycosylases bind tightly to the abasic DNA pro-
duct, and this provides a mechanism for protecting the abasic
site and coordinating the catalytic action of the glycosylase and
APE1 (1-7). In several cases, APE1 has been shown to increase
the rate of dissociation of the glycosylase (2, 6-8). It has been
suggested that this stimulated rate of dissociation involves direct

protein-protein interactions; however, the exact nature of this
interaction has not been resolved for any glycosylase (2, 6, 7).We
have addressed the question of how the BER pathway is coordi-
nated with human alkyladenine DNA glycosylase (AAG). AAG
is responsible for repairing a wide variety of alkylated and
deaminated purine lesions (9, 10). One of the most efficient sub-
strates for AAG is deoxyinosine (I), which is formed from the
oxidative deamination of deoxyadenosine (11, 12). AAG-cata-
lyzed hydrolysis of I yields the abasic-containing DNA and the
free base hypoxanthine (Hx). We previously reported kinetic
experiments establishing that multiple turnovers of AAG on I 3T
substrates are limited by the rate of dissociation from the abasic
DNA product and that APE1 stimulates turnover by increasing
this rate (8). This finding is consistent with the model in which
APE1 stimulates AAGvia direct physical interaction, as has been
previously proposed for AAG and for other DNA glycosy-
lases (6, 7, 13). However, the nature of a possible APE1-AAG
interaction is unknown. Therefore, we have tested this hypothesis
by comparing the kinetics for APE1 stimulation of AAG with a
series of substrates that differ in the size of the nonspecific DNA
flanking the site of damage. If APE1 and AAG were to form a
specific complex, even transiently, then this complex would
involve additional DNA interactions beyond those required for
AAG alone. A previous report used this strategy to conclude that
APE1 preferentially interacts with 8-oxoguanine DNA glycosy-
lase (OGG1) on the 50 side of the site of damage (7).

All of the BER enzymes are expected to have a reasonably high
affinity for undamaged DNA, and nonspecific DNA binding is
presumed to play an important role in locating sites of damage.
Both AAG (14) and APE1 (15) have been shown to use
nonspecific DNA binding interactions to locate sites of damage
via a processive searching mechanism. These processivity assays

†This work was supported by a grant from the National Institutes of
Health to P.J.O. (CA122254).
*To whom correspondence should be addressed. Phone: (734) 647-

5821. Fax: (734) 764-3509. E-mail: pjobrien@umich.edu.
1Abbreviations: AAG, alkyladenine DNA glycosylase, also known as

methylpurine DNA glycosylase (MPG) and 3-methyladenine DNA gly-
cosylase; AP, apurinic/apyrimidinic site; APE1, AP endonuclease I, also
known asAPEX1; BER, base excision repair; BSA, bovine serumalbumin;
DTT, dithiothreitol; EDTA, ethylenediaminetetraacetate; EndoIII, endo-
nuclease III encoded by the Nth gene; Hx, hypoxanthine (base moiety of
inosine); I, deoxyinosine; NaHEPES, sodium N-(2-hydroxyethyl)piper-
azine-N0-2-ethanesulfonate; NaMES, sodium 2-(N-morpholino)ethane-
sulfonate; OGG1, 8-oxoguanine DNA glycosylase; PAGE, polyacryl-
amide gel electrophoresis; PEG, polyethylene glycol.



7880 Biochemistry, Vol. 49, No. 36, 2010 Baldwin and O’Brien

directly show that AAG can leave an abasic site and locate
another site of damage located on the same DNA molecule.
Transient excursions of AAG away from the abasic site would
provide an opportunity for another enzyme, such as APE1, to
translocate from an adjacent nonspecific site onto the abasic site.
Such a mechanism would not require protein-protein inter-
actions and would be a general mechanism by which proteins
could attain the most thermodynamically favorable complexes
without dissociation into solution.

We investigated themechanism bywhichAPE1 accelerates the
rate of dissociation of AAG from its abasic DNA product by
systematically comparing the kinetic parameters for glycosylase
activity on a series of homologous substrates that differ in the
amount of nonspecific DNA available. The results suggest that
APE1 can efficiently displaceAAG fromeither upstreamor down-
stream of the abasic site with as little as 6 bp of flanking DNA
required. Robust stimulation of AAG dissociation is also obser-
ved for another enzyme that can compete for the abasic DNA
product, Escherichia coli endonuclease III (EndoIII). These
experiments demonstrate that an AAG-bound abasic site is
transiently accessible to other DNA binding proteins and reveal
a remarkably small footprint for the simultaneous binding of
APE1 and AAG. There is now abundant evidence that non-
specific DNA binding interactions are key not only to finding
sites of damage but also to the transfer of repair intermediates
between enzyme active sites in the BER pathway.

MATERIALS AND METHODS

Recombinant Proteins. Full-length human APE1 was puri-
fied as previously described (8). Full-length human AAG was
cloned into an E. coli expression vector that contained an
N-terminal six-His SUMO tag and verified by sequencing the
open reading frame. This expression vector (termed ppSUMO)
was a gift fromP.Pellicini andwas originally derived frompET28
(Novagen), with the open reading frame for yeast smt3 inserted
between the NcoI and BamHI sites. The open reading frame for
full-length AAG was PCR-amplified, digested with BamHI and
XhoI, and ligated into the ppSUMO vector that had been cut by
the same enzymes. The desired construct was verified by sequen-
cing the entire open reading frame of the SUMOfusion. This new
expression construct greatly increased the yields of the full-length
protein. The purification of the SUMO fusion was essentially
identical to the previous purification of the 10-His-tagged full-
length AAG (16), except that removal of the tag was achieved via
treatment with the SUMO isopeptidase ULP1 after the metal
affinity column and prior to the anion exchange step. The result-
ing protein differs by two amino acids at the amino terminus and
had glycosylase activity identical to that of the previously char-
acterized protein (data not shown). Full-length E. coli EndoIII
was cloned using primers that were designed to anneal to the
upstream and downstream ends of the Nth (EndoIII) open
reading frame. The appropriate fragment was PCR amplified
from DH5R genomic DNA and digested with BamHI and XhoI
using sites that were engineered into the PCR primers. This
fragment was cloned into ppSUMO, which had been digested
with the same restriction enzymes. The open reading frame was
sequenced and found to be identical to the genomic sequence for
Nth from theE. coliK12 genome. The SUMO fusionwas expres-
sed in BL21(DE3) at 37 �C, and cells were lysed in 50 mM KPi
(pH 7.4), 200 mM NaCl, 10% glycerol, and 5 mM β-mercapto-
ethanol. After an initial purification on a Ni2þ-NTA column, the
SUMO tag was removed withULP1, and the protein was further

purified on heparin sulfate. Peak fractions were pooled and
concentrated to ∼4 mg/mL and stored at -80 �C. The concen-
tration was determined from the absorbance at 280 nm, using a
calculated extinction coefficient (E280) of 1.85 � 104 M-1 cm-1.
The purity was estimated to be g95% based upon SDS-PAGE
analysis using Coomassie staining.
Oligonucleotides.DNA substrates were synthesized by Inte-

grated DNATechnologies or the Keck Center at YaleUniversity
(New Haven, CT) and were purified by denaturing PAGE as
previously described (8). The concentration of single-stranded
DNA was determined from the absorbance at 260 nm using the
calculated extinction coefficients, and the concentration of duplex
(hairpin) DNA was determined from the extinction coefficient at
495 nm for fluorescein (E495=7.5� 105M-1 cm-1). In all cases, a
more precise measure of the DNA concentration was determined
by burst analysis, assuming a stoichiometric burst of Hx release by
AAG. These corrections were less than 30% in all cases.
General Glycosylase Activity Assay.DNA substrates were

labeled on the lesion-containing strand with 50-fluorescein and
were assayed as previously described (8). All assays were conduc-
ted at 37 �C. Unless otherwise indicated, the reaction conditions
included 50mMNaHEPES (pH 7.0), 1 mMEDTA, 1mMDTT,
10% (v/v) glycerol, 0.1mg/mLBSA, and sufficientNaCl to reach
an ionic strength of 42mM.Reaction volumes ranged from 15 to
30 μL, depending on the number of time points to be taken. At
the desired times, aliquots were withdrawn and quenched by
mixing with 2 volumes of 0.3 M NaOH to attain a final
concentration of 0.2 M NaOH. Abasic sites were quantitatively
converted into DNA breaks by heating for 15 min at 70 �C.
Samplesweremixedwith 3.3 volumes of formamide/EDTA load-
ing buffer, heated for 2 min at 70 �C, and analyzed on denaturing
polyacrylamide sequencing gels (10 to 20%) containing saturat-
ing urea (6-8M). Gels were scanned with a typhoon trio imager
using 488 nm excitation and a 520 nm long pass filter to detect
fluorescein. Intensities of product and substrate bandswere quanti-
fied using Image Quant TL (GE Healthcare), and the fraction
product at each time point was calculated according to eq 1

F ¼ P=ðPþSÞ ð1Þ
where F is the fraction of substrate converted to product, P is the
amount of product, and S is the amount of intact substrate.
Reaction progress curves were analyzed using Kalediagraph
(Synergy Software), as described below.
Single-Turnover Glycosylase Assay. Single-turnover gly-

cosylase assayswere performed in the standard reaction buffer, as
described above. Reactions were followed to completion (at least
six half-lives), and the fraction product was fit by a single
exponential using Kaleidagraph (eq 2).

fraction product ¼ A½1- expð- kobstÞ� ð2Þ
The concentration of AAG was in excess over the concentration
of DNA substrate (typically 50 nM) to ensure single-turnover
conditions. In all cases, the observed single-turnover rate con-
stant was independent of the concentration of AAG, which was
varied by at least 5-fold (see the Supporting Information). This
observed rate constant corresponds to the saturating single-
turnover rate constant (kobs = kmax) and monitors steps after
binding up to and including the chemical step (eq 3).

kobs ¼ kmax½AAG�=ðK1=2 þ ½AAG�Þ ð3Þ
Multiple-Turnover Glycosylase Assay. Multiple-turnover

AAG reactions in the presence and absence of APE1 were
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performed as previously described (8). Typically, the concentra-
tion of substrate was 1 μM and the concentration of AAG was
25 nM. When APE1 was present it was at a concentration of
2 μM, safely in excess over the number of substratemolecules.We
varied the concentration ofAPE1 to ensure that it was saturating,
and identical stimulation was observed for APE1 concentrations
between 1 and 4 μM (see the Supporting Information). After
storage at 4 �C for several weeks, we noted that APE1 lost its
ability to fully stimulate AAG (data not shown). We presume
that this loss of activity is related to oxidation, because APE1 is
known to be susceptible to oxidation (17), and incubation of
APE1 that had lost its activity at 4 �C in fresh DTT at 37 �C
resulted in a partial recovery of the ability of APE1 to stimulate
AAG (data not shown). We routinely stored APE1 at-80 �C or
in 50% glycerol at -20 �C. Regardless of the storage method,
there was no detectable loss of activity for at least 6 months.

Initial rates were routinely determined from linear fits to time
points taken before 20% substrate was consumed. At saturating
substrate, the Michaelis-Menten equation (eq 4) simplifies to
eq 5.

Vobs ¼ kcat½E�½S�=ðKM þ ½S�Þ ð4Þ

Vobs ¼ kcat½E� ð5Þ
To examine the effects of product inhibition forAPE1-stimulated
AAG reactions, time courses were extended so that>85%of the
substrate was consumed. Reactions that took place at different
rates were compared visually by using a double x-axis, thereby
allowing the curvature due to product inhibition to be directly
compared. Simulations and curve fitting were performed with
Berkeley Madonna (www.berkeleymadonna.com) to evaluate
the relative affinities of AAG for intact substrates and APE1-
bound products (see the Supporting Information).

In the absence ofMg2þ, a very slow endonuclease activity was
observed after long incubation times, but the amount of hydro-
lysis that occurred during the initial rate portion of the AAG
reaction was negligible (8, 18). We observed that the hairpin
connected by a PEG linker was susceptible to cleavage by APE1,
even in the absence of Mg2þ, with strand nicking occurring
immediately 50 to the PEG (see the Supporting Information).
This is consistent with the ability of APE1 to catalyze incision of
DNA 50 to helix-distorting moieties, such as R-anomeric nucleo-
tides (19, 20). In the presence ofMg2þ, theAPE1-catalyzed incision
was extremely fast (data not shown). Under the EDTA-buffered
conditions that we employed for the multiple-turnover glycosylase
assays, this additional reaction did not interfere with our measure-
ments, because AAG excised the Hx lesion at least 10-fold more
quickly than APE1 could nick at the PEG linker (see the Support-
ing Information). No endonuclease reaction was observed toward
a hairpin linked with a GAAA tetraloop (data not shown).

Stimulation of AAG by E. coli EndoIII was assessed as
described for APE1 above. Under these conditions, EndoIII
was active as an AP lyase (data not shown). Control reactions in
which AAGwas omitted revealed a very slow rate of Hx excision
andAP lyase activity consistent with an EndoIII-catalyzed glyco-
sylase reactionwith the inosine substrate. The activity of EndoIII
toward inosine has not been previously reported, but EndoIII
accepts a wide range of substrates; therefore, it is not surprising
that some activity was observed (21, 22). This AAG-independent
reaction was negligible under the conditions employed and did
not significantly affect the calculation of the stimulation (see the
Supporting Information).

Determination of Relative kcat/KM Values. It was not
practical to directly measure kcat and KM values for the AAG-
and APE1-catalyzed reactions using the fluorescence-based
assays, due to the extremely low KM values. Therefore, we took
advantage of the fact that the competition for two substrates
(designatedA andB) binding to a single active site gives velocities
that are proportional to the kcat/KM values for the two substrates
[eq 6 (23)]. Thus, we mixed together the two substrates to be
compared and followed both reactions in a single reaction tube
(see the Supporting Information for additional details and repre-
sentative data).

VA=VB ¼ ½½A�ðkcat=KMÞA�=½½B�ðkcat=KMÞB� ð6Þ

RESULTS

APE1 stimulates the multiple-turnover glycosylase activity of
AAG by increasing the rate of dissociation from its abasic DNA
product (8). This stimulation does not require APE1 endonuclease
activity, because full stimulation of AAGoccurs in the absence of
Mg2þ, which is required for maximal APE1 catalytic activity. To
facilitate comparison with previously published results, and to
minimize complications with APE1-catalyzed strand nicking, we
have performed AAG reactions in the absence of Mg2þ. Under
these conditions, APE1 binds with extremely high affinity to abasic
sites andminimal strand nicking occurs (24, 25). This allows us to
focus on the first steps of BER, those that involve the binding,
base excision, and release of the glycosylase. The stimulatory
effect of APE1 is most pronounced at lower ionic strengths,
because the dissociation of AAG is strongly influenced by ionic
strength. Low ionic strength conditions have been used in this
study (42 mM) to provide a large dynamic range for the stimu-
lation ofAAG; however, this stimulation is also observed at higher
ionic strengths [120 mM (8)]. We have determined the kinetic
parameters for the stimulation of AAG by APE1 for both sym-
metric and asymmetric oligonucleotides to gain insight into the
mechanismbywhichAPE1displaces AAG from the abasicDNA
product. Oligonucleotide substrates were designed to contain a
single I 3T lesion in an identical sequence context but to differ in
the length and structure of the 50 or 30 flanking regions (Figure 1).
It is important to maintain the same sequence context, because
large differences in Hx excision rates have been attributed to
differences in sequence context (26, 27). To evaluate the possible
requirement for flanking DNA on the displacement of AAG by
APE1, we characterized the glycosylase activity toward each
substrate and the rate of glycosylase release from each abasic
product in the presence and absence of APE1.

A simplified kineticmechanism forAAG-catalyzed base excision
and the effect of APE1 has been adapted fromprevious work and
is shown in Figure 2 (8). DNA binding by AAG occurs in two
distinct steps, with initial DNA binding followed by nucleotide
flipping to place the N-glycosidic bond in the enzyme active site
(28, 29). Under the saturating conditions employed, these steps
are expected to be very rapid. Whereas the equilibrium constant
for flipping of the alkylated lesion 1,N6-etheno-dA is highly
favorable (28), previous work suggests that the equilibrium con-
stant for flipping of I is unfavorable (9, 30). Therefore, themaximal
single-turnover rate constant (kmax) reports on both this unfavo-
rable equilibrium and the rate constant for N-glycosidic bond
hydrolysis (9). Multiple turnovers are limited by the rate of dis-
sociation from the abasic DNA product (kcat=koff), whereas the
presence of saturating APE1 ensures that the dissociation step is
no longer rate-limiting formultiple turnovers (i.e., kcat

APE1=kmax).
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Single-TurnoverGlycosylaseActivityofAAGtoward Inosine
Lesions Located Different Distances from the DNA Ends.
Oligonucleotides with a central I 3T mismatch as short as 17 bp
are very good substrates of AAG, and the N-glycosidic bond
cleavage measured by a single-turnover reaction is only 50%
lower for a 17mer substrate than for a 25mer substrate (8). We
wanted to confirm that the 25mer substrate, with 12 bp of flank-
ing DNA on each side, fully satisfied the binding requirements of
AAG.Therefore, wemeasured single-turnover excision ofHx from
35- and 49mer symmetric substrates (Figure 1). The glycosylase
reactions followed a single exponential in all cases, and the rate
constants were independent of the concentration of AAG, confir-
ming that the saturating single-turnover rate constant was deter-
mined (see Materials and Methods for details). Representative

data are shown in Figure 3A, and the rate constants are listed in
Table 1. These longer substrates behaved very much like the pre-
viously characterized 25mer (8). The observation that the single-
turnover rate constant is essentially identical for symmetric sub-
strates with 12-24 bp of flanking DNA indicates that all of the
AAG-DNA contacts occur within 12 bp upstream and down-
stream of the lesion site.

We next compared the rates of single-turnover excision of Hx
from two asymmetric substrates that were based upon the 25mer
sequence but were shortened to 6 bp on either the 50 (19u) or
30 (19d) side of the lesion (Figure 1). Both substrates were rapidly
hydrolyzed under single-turnover conditions, indicating that they
are good substrates for AAG (Figure 3B). Shortening of the
50 side is fully tolerated, but shortening of the 30 side results in a

FIGURE 1: DNA substrates used in this study. The local sequence context of the I 3T mismatch was maintained in all cases. The position of the
fluorescein (FAM) label is indicated. A normal phosphodiester bond connects the two strands for the GAAA tetraloop hairpin substrates (HP),
whereas in the polyethylene glycol (PEG) hairpins, the two strands are bridged by six ethylene glycol units.

FIGURE 2: Kinetic mechanism for AAG-catalyzed base excision and stimulation by APE1. The DNA substrate is abbreviated S and the abasic
DNAproduct P.Gray arrowsare used to indicate the steps that aremonitored bymultiple-turnover (kcat) or single-turnover (kmax) kinetics.APE1
selectively increases the rate of AAG dissociation (k0off), without affecting other steps in the AAG reaction (e.g., kchem = k0chem).
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modest ∼2-fold reduction of the single-turnover base excision
rate (kmax) relative to that of the 25mer (Table 1). We also tested
an asymmetric substrate thatmaintained the same 12 bpupstream,
but with 8 bp on the downstream side [21d (Figure 1)]. The
addition of 2 bp to the downstream flanking region led to a 2-fold
increase in the kmax value (Table 1). Increasing the DNA length
on the downstream side to 12 bp has only an additional 1.4-fold
effect [25mer (Table 1)]. These data indicate that the 6 bp flanking
regions are sufficient for robust AAG activity and suggest that
they are appropriate substrates for investigating the stimulation
of AAG by APE1.
Multiple-Turnover Excision of Hx by AAG and Stimu-

lation by APE1. We used multiple-turnover kinetics to gain
insight into the AAG product release step and the effect of APE1
on this step. By comparing the kcat values for excision of Hx from
substrates with different lesion positions, we expected to identify
the minimal site size required by AAG for binding to an abasic
DNA. This is because kcat is limited by the rate of dissociation
from the abasic DNA product (8). A decreased kcat value indi-
cates that AAG dissociates more slowly from its abasic product
(i.e., binds more tightly), relative to a substrate with an increased

kcat value. This analysis requires that the same kineticmechanism
apply for all of the substrates. Therefore, we performed burst
experiments to confirm that the product release step is rate-
limiting for substrates in which the lesion site is closer to the end.
In all cases, the expected burst was observed (ref 8 and data not
shown). These burst experiments also provided an accurate
determination of the concentrations of the oligonucleotides used
in this study, which is critical to the determination of steady state
rate constants. We next measured the rate in the presence of
saturating APE1 to evaluate the ability of APE1 to stimulate the
dissociation of AAG on these different substrates (8).

Representative multiple-turnover data for the symmetric sub-
strates are shown in Figure 4A, and the kcat values are listed in
Table 1. The kcat values were very similar (∼0.03 min-1) for the
substrates that were longer than 25 bp, whereas they increased
rapidly as the substrate was shortened below 25 bp (Table 1). For
the symmetric 17mer, the kcat value increased by∼10-fold relative
to that of the 25mer symmetric substrate. This demonstrates that
AAG dissociates much more quickly from the shorter substrates
in which there are fewer than 12 bp of flanking DNA. These
shorter symmetric substrates were very efficiently stimulated by
APE1, such that the multiple-turnover rate is essentially identical
to the single-turnover rate of AAG-catalyzed Hx excision
(Table 1). We define the efficiency of stimulation to be the ratio
of the stimulated multiple-turnover rate constant divided by the
single-turnover rate constant in the absence ofAPE1 (kcat

APE1/kmax),
and this value is ∼1 for the 17- and 19mer symmetric substrates.
To our surprise, the longer substrates were not as efficiently stimu-
lated. Burst experiments confirmed the relative concentration of
AAG and DNA, ruling out the trivial possibility that kcat was
incorrectly calculated (data not shown). Stimulated rates were
independent of the concentration of APE1 from 2 to 10 μM,
demonstrating that sufficient APE1 was present under our reaction
conditions to saturate the stimulatory effect (see the Supporting
Information). Apparently, the nonspecific flanking DNA provides
a binding site for the displaced AAG and results in a slower rate of
dissociation.

We next compared the rates for multiple-turnover excision of
Hx from the asymmetric substrates in the presence and absence of
APE1 (Figure 4B). In the absence of APE1, the kcat values for the
asymmetric 19 bp substrates are similar to that of the symmetric
19mer, indicating suboptimal binding of AAG to the abasic
product in these shortened substrates (Table 1). Both substrates
are stimulated to a similar extent by APE1 (7-10-fold stimu-
lation), indicating the APE1 is able to displace AAG from either
substrate. The substrate that was shortened on the downstream
side is fully stimulated up to the rate of the single-turnover
glycosylase reaction (efficiency of stimulation=1). In contrast,
the substrate that is shortened on the upstream side is not
fully stimulated and has an efficiency of stimulation of only 0.3
(Table 1). At first glance, these data would seem to indicate that
APE1 cannot displace AAG as efficiently if the upstream
nonspecific DNA binding site is shortened. However, additional
models must be considered, such as reduced binding affinity of
APE1 for the 19u abasic site or end-fraying effects that might
alter the nonspecific DNA binding of AAG.

The asymmetric substrates place the lesion close to the end of
the duplex; therefore, we considered the possibility that the
differences in the efficiency of stimulation for the 19u and 19d
substrates were due to differential recognition by either AAG or
APE1. We determined the relative kcat/KM values for AAG by
directly competing these two substrates in the same reaction. The

FIGURE 3: Single-turnover excision of Hx by AAG. Representative
data for select substrates are shown. (A)The results for the symmetric
35mer (0) and 49mer (]) sequences are compared to previously pub-
lished results for the 25mer (b) sequence (8). (B) Results for asym-
metric substrates that were shortened at either the upstream (19u,O)
or downstream (19d,0) flanking region. The average of two or three
independent reactions is shown, and the error bars indicate the stan-
dard deviations.
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results showed thatAAGprefers the 19u substrate by a factor of∼3
over the 19d substrate (see the Supporting Information). This is
consistent with the reduced single-turnover rate constant and
increased rate of product dissociation for the 19d substrate
(Table 1). We next determined the relative kcat/KM values for
APE1-catalyzed strand nicking with these asymmetric oligonu-
cleotides by mixing together the two abasic DNA products and
following the APE1-catalyzed hydrolysis in the presence ofMg2þ.
At low ionic strengths, identical kcat/KM values were obtained for
19u and 19d, consistent with a Briggs-Haldane mechanism (see
the Supporting Information and ref 31). Therefore, we increased
the ionic strength to 140 mM to allow rapid equilibrium DNA
binding by APE1. Under these conditions, a 3-fold higher kcat/KM

was observed for the 19u relative to the 19d substrate (see the
Supporting Information). Thus, APE1 and AAG both exhibit a
similar preference for the 19u substrate. This rules out decreased
binding affinity byAPE1 as the cause of the low efficiency of APE1
stimulation on the 19u substrate.

We next considered the possibility that AAG might remain
bound to the APE1 3 abasic DNA complex and does not immedi-
ately dissociate into solution. If this were true, then we would
predict tighter binding of AAG to the 19u product than the 19d
product when APE1 is also bound, because the stimulated rate is
slower for the 19u substrate. Under initial rate conditions, the
product complexes do not accumulate, and rebinding to product
is not significant (8). However, if a multiple-turnover reaction is
allowed to proceed to completion, then the product complex can
compete for substrate binding. We followed AAG-catalyzed
reactions with 19u and 19d asymmetric substrates and the 25mer
symmetric substrate to completion in the presence of APE1
(Figure 5). The initial rates and the product inhibition are both
different for these substrates, making it difficult to see that the
19d substrate shows a reduced level of product inhibition relative
to the 19u and 25mer substrates. This is most easily visualized by
replotting the data as a double-x plot that normalizes the initial

rate portion of the reaction progress curves, allowing for a direct
comparison of curvature due to product inhibition. Remarkably,
the 19u and 25mer substrates show essentially identical product
inhibition [note the curvature in the reaction progress curve at
∼50% completion (Figure 5B)]. In contrast, the 19d substrate
shows much less curvature, indicative of weakened product
inhibition relative to that of the 25mer substrate (Figure 5C).
These data could be simulated using a simple kinetic mechanism
that takes into account substrate and product binding and the
rate constant for multiple-turnover base excision (kcat). These
simulations revealed that the product inhibition for AAG
glycosylase activity toward the 19d substrate is ∼3-fold reduced
relative to the product inhibition observed with the 19u and
25mer substrates (see the Supporting Information). These experi-
ments confirm that AAG is more easily displaced from the 19d
product than from the 19u product. This could indicate a
stronger ability of APE1 to displace AAG from the upstream
side but also requires that AAG preferentially bind downstream
of APE1. Thus, a putative protein-protein interaction would be
destabilizing with respect to AAG binding to the abasic site, but
stabilizing with respect toAAGbinding to nonspecific DNA.We
think it is more likely that these differences in the asymmetric
substrates are due to different end fraying effects for the two
substrates, as discussed below. Regardless of the source of the
different kinetic behavior for asymmetric substrates of opposite
polarity, it is important to recognize that APE1 is able to effici-
ently stimulate the dissociation of AAG even though the AAG
footprint extends to the ends of the DNA.
Use of Hairpin Structures To Minimize End Fraying

Effects. The increased kcat values for the shortened substrates,
especially the 17mer symmetric substrate and the 19d asymmetric
substrate, suggest that end fraying might be responsible for the
increased rate of dissociation of AAG from these abasic DNA
products. This is because the AAG-DNA contacts identified
in the crystal structure do not extend beyond 6 bp from the

Table 1: Kinetic Parameters for Excision of Hx by AAG in the Presence and Absence of APE1a

oligo name x-fold stimulationb
kcat (min-1)

without APE1c
kcat (min-1)

with APE1c
kmax (min-1)

without APE1d
efficiency of

stimulatione

Central Lesion

49mer 36 0.027( 0.003 0.97( 0.1 3.2( 0.6 0.3

35mer 57 0.028( 0.002 1.6( 0.1 3.9( 0.3 0.4

25merf 66 0.036( 0.007 2.3( 0.3 2.8 ( 0.4 0.8

19merg 20 0.10( 0.02 2.0( 0.5 2.2( 0.5 0.9

17merg 8 0.23( 0.06 1.9( 0.2 1.8( 0.3 1.1

HP17PEG 25 0.088( 0.017 2.2( 0.3 2.4 ( 0.6 0.9

50 Lesion

19u 10 0.059( 0.013 0.60( 0.07 2.4 ( 0.7 0.3

HP19u 52 0.032( 0.006 1.6( 0.4 3.1( 0.3 0.5

HP19uPEG 52 0.046( 0.008 2.4( 0.2 3.9 ( 0.3 0.6

30 Lesion

19d 7 0.15( 0.03 1.1( 0.1 1.1( 0.2 1.0

HP19d 52 0.051( 0.005 2.5( 0.1 1.8( 0.5 1.4

21d 19 0.11( 0.02 2.2( 0.7 2.0 ( 0.4 1.1

aThe rate constants for single-turnover and multiple-turnover excision of Hx were measured for full-length AAG under the standard low ionic strength
conditions (see Materials andMethods). The DNA sequences are given in Figure 1. bThe x-fold stimulation of AAG-catalyzed multiple turnovers by APE1 is
calculated as the ratio of kcat in the presence and absence of saturating APE1 [x-fold stimulation= (kcat with APE1)/(kcat without APE1)]. cMultiple-turnover
excision ofHxwas assessed with 1 μMsubstrate either in the presence or in the absence of 2 μMAPE1. dThe single-turnover rate constant was determined with
a saturating concentration of AAG. eThe efficiency of stimulation is given by the ratio of the APE1-stimulated kcat value and the single-turnover rate constant
(kcat

APE1/kmax).
fThe steady state parameters for this substrate are very similar to the previously reported values (8). gData from ref 8.
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lesion (29). Therefore, we prepared a 17 bp duplex that was joined
by a polyethylene glycol (PEG) linker to form a hairpin struc-
ture (32), reasoning that the hairpin would decrease the level of
fraying of this end (Figure 1). This hairpin resulted in a 2.6-fold
decrease in kcat, reflecting tighter binding to the less flexible
hairpin relative to a blunt end. In contrast, the single-turnover
rate constant was essentially unchanged [increased by 1.3-fold
(Table 1)]. Because of the greater difference between base excision
and product dissociation rates, the x-fold stimulation of AAG by
APE1 is increased 3-fold for the hairpin even though the effici-
ency of stimulation is ∼1 for both 17mer substrates (Table 1).

To evaluate the effects of end fraying on the asymmetric 19mer
substrates, we synthesized analogous substrates in which the
shorter flanking arms were connected by either a PEG linker or
a GAAA tetraloop hairpin. We measured single-turnover and
multiple-turnover glycosylase activity, and the results are sum-
marized in Table 1. When the upstream flanking region was
shortened (50 lesion position), both the PEG and GAAA tetra-
loop exhibited very similar kinetic parameters. This suggests that
both hairpins decrease the level of end fraying and stabilize the
duplex, allowing more favorable DNA binding contacts with

FIGURE 4: Multiple-turnover excision of Hx byAAG and the stimu-
lation by APE1. Representative data for select substrates are shown.
Multiple-turnover reactions were performed in duplicate or triplicate
with 25 nMAAGand the indicated substrate at 1 μM in the presence
(filled symbols) or absence (empty symbols) of 2 μMAPE1. (A) The
results for the symmetric 25mer (O), 35mer (0), and 49mer (])
substrates are compared. (B) Comparison of the results for the asym-
metric substrates in which either the upstream (19u, O) or down-
stream (19d, 0) flanking DNA was shortened.

FIGURE 5: Differential product inhibition in APE1-stimulated AAG
multiple-turnover reactions. (A) Multiple-turnover reactions for the
25mer (O), 19u (0), and 19d (]) substrates containing both AAG and
APE1were set up as described in the legend of Figure 4, but time points
were takenup tog85%completion.TheabilityofAAGto rebind to the
APE1 3 abasic DNA complex can be inferred from the curvature in the
reaction progress curve. Double-x plots were generated from the same
data to facilitate thedirect comparisonofproduct inhibition. Initial rates
were calculated from the first 20%of the reaction (straight line), and the
time scales were adjusted so that the initial rates for the two substrates
overlap. (B) The 25mer (O) and 19u (0) substrates exhibit indistinguish-
able product inhibition. (C) The 25mer (O) substrate shows greater
product inhibition than the 19d (]) substrate. These data were further
analyzed by global simulations using Berkeley Madonna, which re-
vealed∼3-fold reduced product inhibition for the 19d substrate relative
to the 19u and 25mer substrates (see the Supporting Information).
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AAG. For the hairpin substrates, the rate of dissociation of
AAG from its abasic DNA product was slowed and the APE1-
stimulated rate was increased to provide an ∼5-fold increase in
the stimulation (Table 1). The shortening of the downstream
DNA(30 lesion position) hadweaker effects onAAGactivity, but
a hairpin on this end (HP19d) also provided more stable binding
by AAG. The 3-fold decrease in kcat demonstrates that the AAG
binding affinity is increased. This resulted in a 7-fold increase in
the level of stimulation by APE1 (Table 1).
An Unrelated Enzyme Can Also Displace AAG from Its

Abasic DNA Product. The data provided above are consistent
with themodel inwhichAAG transiently diffuses from the abasic
site along theDNA. This would provide an opportunity for APE1
to capture the abasic site and prevent rebinding of AAG. This
model predicts that other enzymes that bind to abasic sites would
be able to compete and thereby increase the macroscopic rate of
dissociation from the DNA. We tested this hypothesis with a
bifunctional bacterial DNA glycosylase, E. coli EndoIII, because
this enzyme can bind to and hydrolyze abasic sites via a lyase
mechanism. E. coli does not have a structural homologue of
AAG; therefore, it is unlikely that the E. coli EndoIII protein is
capable of specific protein-protein interactions with the human
AAG protein. In addition to its AP lyase activity, EndoIII is
known to recognize oxidized pyrimidine lesions (33). We tested
whether EndoIII could recognize an I 3T lesion and found
extremely low glycosylase activity toward this substrate (see the
Supporting Information). Therefore, an increase in multiple-
turnover glycosylase activity of AAG would be indicative of
stimulation by binding of EndoIII to the abasic site.

Under multiple-turnover conditions for which dissociation
from the abasic product limits the rate of the AAG reaction,
we observed robust stimulation by EndoIII (Figure 6). The
stimulation by EndoIII reaches almost the same rates that
were observed for APE1, but the concentration dependence
shows that it does not compete for the abasic site as well as
APE1. This is consistent with the known affinities of these
proteins for an abasic site. Whereas APE1 binds with pico-
molar to nanomolar affinity (24, 34), EndoIII is reported to
bind with micromolar affinity (35). These data suggest that
AAG transiently exposes the abasic site and protein-protein
interactions are not necessary for increasing the rate of AAG
dissociation.

DISCUSSION

Previous studies of the coordination of the first two steps of
base excision repair for several different glycosylases found that
APE1 increases the rate of dissociation of the glycosylase from its
abasic DNA product (2, 6-8). This could result from direct
protein-protein interaction between the glycosylase and APE1.
However, APE1 is known to bind nonspecifically to DNA and
has been reported to use these nonspecific DNA binding inter-
actions to locate sites of damage in the absence of other repair
proteins (15). Therefore, we have also considered the possibility
that APE1 and the glycosylase switch places without either
protein dissociating into solution. These two general mechanisms
might be distinguished by examining the ability of APE1 to
stimulate multiple-turnover glycosylase activity with asymmetric
substrates (7). If APE1 were to make a specific interaction with
AAG, then it is expected that APE1 would be positioned on one
side or the other and that removing this flanking region would
interfere with the ability of APE1 to stimulate the rate of AAG
dissociation. If only nonspecific DNA binding interactions are

required, then APE1 would be expected to stimulate the glyco-
sylase from either flanking region.
Contributions of the Upstream (50 flanking) Region.

Crystal structures of AAG bound to DNA reveal protein-DNA
contacts 5 bp upstream (50 to the lesion) on the opposing strand
[Figure 7 (36)]. Therefore, we shortened this region to 6 bp, with
the expectation that this would provide aminimal binding site for
AAGwithout leaving room forAPE1 to bind.We found that this
asymmetric substrate (19u) is a good substrate for AAG, with a
single-turnover rate constant essentially identical to that of the
longer 25mer substrate (Figure 8). The rate of dissociation from
the 19u abasic DNA product is increased by∼2-fold. This modest
decrease in the stability of the AAG 3 abasic DNA complex was
restored when the endwas stabilizedwith either a PEG linker or a
GAAAtetraloop.Surprisingly, theAPE1stimulation isdramatically
decreased for the 19u substrate. This could indicate that the
upstream DNA is required for APE1 binding and that the redu-
ced binding site results in less efficient stimulation. Similar logic
has been previously employed in the study of the APE1 stimula-
tion of OGG1, in which the same polarity was observed (7).
However, the hairpins of the same length rescued this defect and
allowed for more efficient stimulation (Figure 8). This suggests
that there are complex effects due to end fraying that are relieved
by hairpin formation. The results from the hairpin substrates are
more informative, and they demonstrate that as little as 6 bp of
upstream flanking DNA is sufficient for APE1 stimulation of
AAG. This result demonstrates that APE1 does not have to
interact with the lesion-containing strand upstream fromAAG to
stimulate its release.
Contributions of the Downstream (30 flanking) Region.

Analogous experiments were used to evaluate the effect of shorten-
ing theDNAdownstreamof the lesion (Figure 9). Shortening this

FIGURE 6: Stimulation of AAG by E. coli EndoIII. Multiple-turnover
(kcat) AAG glycosylase activity on the 17mer (b) and 25mer (9) sub-
strates was measured in the presence of different concentrations of
EndoIII.The stimulation (x-fold) was calculated from the ratio ofkcat in
the presence of EndoIII to that measured for AAG alone. The concen-
trationdependencewas roughly linearup to thehighest concentrationof
EndoIII achieved (8 μM). The extent of stimulation by 8 μM EndoIII
for both substrates is essentially the same as that observed for stimula-
tion by APE1 under these conditions (Table 1). EndoIII exhibited
extremely slow glycosylase activity toward inosine under these condi-
tions but did not contribute to the measured rate of Hx excision when
bothEndoIII andAAGwere present (see the Supporting Information).
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region to 6 bp resulted in a slight∼2-fold decrease in themaximal
single-turnover rate constant for AAG, relative to the symmetric
substrate that has a 12 bp downstream region. This suggests that
binding interactions beyond 6 bp make a modest contribution to
the excision of Hx. This is surprising, because no contacts were
observed in the crystal structure in this region. However, the
protein that was crystallized lacked the first∼79 amino acids, and
we have used the full-length protein in these studies. Stabilization
of the downstream DNA end with a hairpin or by extension of
the duplex to 8 bp partially restored the full glycosylase activity
(Figure 9A). These asymmetric substrates with a shortened down-
stream region exhibited significantly faster rates of dissociation
from the abasic DNA products, consistent with important AAG-
DNA contacts in this flanking region (Figure 9B). These desta-
bilizing effects were likely influenced by end fraying, because the
hairpin substrate showed a rate of product dissociation similar to
that of the symmetric 25mer. The 19d and 21d substrates show
greatly reduced stimulation byAPE1, but this is simply due to the

decreased glycosylase activity and the increased rate of dissocia-
tion of AAG in the absence of APE1 (Figure 9C and Table 1).

FIGURE 8: Evaluation of AAG activity and stimulation by APE1 near
the 50 (upstream) end.The values of kmax (A) and koff (B) weremeasured
in the absence of APE1, and the x-fold stimulation (C) and efficiency of
stimulation (D) were determined with a saturating concentration of
APE1 (Table 1).

FIGURE 7: Structures of AAG and APE1. Space-filling representa-
tions of (A) AAGbound to a 13mer εA-DNA [PDBentry 1EWN(36)]
and (B) APE1bound to a 15mer abasicDNA [PDBentry 1DEW(39)].
Protein surfaces are colored red, and DNA is colored green. Both
interact predominantly with one surface of the DNA. Therefore, it
can be envisioned that both AAG and APE1 might simultaneously
bind by interacting with opposing surfaces.
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When the efficiency of stimulation is calculated, it is apparent
that APE1 fully stimulates AAG turnover on these substrates
so that the overall rate of reaction is limited by base excision and
not product dissociation. Thus, this series of substrates provided

compelling evidence that APE1 does not bind to the lesion-
containing strand downstream of AAG. Because both upstream
and downstream flanking regions can be shortened to the point
where AAG activity is affected and yet APE1 efficiently stimu-
lates, we favor the model in which APE1 uses nonspecific DNA
binding interactions to displace AAG. However, these experi-
ments do not address the possibility that a protein-protein inter-
action might be made across the DNA duplex.
Effect of Flanking DNA Length on the Activity of AAG

and the Stimulation by APE1.We obtained additional insight
into the mechanism of AAG displacement by APE1 by examin-
ing the multiple-turnover reaction of AAG on oligonucleotides
containing a central lesion and different lengths of flanking
DNA. Even the shortest of these substrates (17 bp) is a good
substrate for AAG (Figure 10A). However, the shorter duplexes
do result in destabilization of the AAG 3 abasic DNA complex,
because the rate of dissociation increased by ∼10-fold as the
length was decreased from 35 to 17 bp (Figure 10B). As discussed
above, fraying of the DNA ends is likely to account for the
decreased affinity (increased dissociation rate constant) of the
shorter substrates. We tested a 17mer symmetric substrate in
which the downstream end was stabilized by a PEG hairpin, and
this resulted in ∼3-fold stabilization of the AAG 3 abasic DNA
complex [HP17PEG (Table 1)]. The single-turnover and multiple-
turnover glycosylase activity of AAG in the absence of APE1 is
consistent with the data collected for the asymmetric substrates
and can easily be explained by the DNA binding interactions
observed in the AAG 3DNA crystal structure (Figure 7). How-
ever, the stimulation of AAG by APE1 yielded a surprise.

The overall level of stimulation byAPE1 increases as theDNA
length is increased from 17 to 25 bp (Figure 10C). This can be ex-
plained by the more stable binding of AAG to longer substrates,
and efficient binding of APE1 to substrates as short as 17 bp. For
all of these substrates, theAPE1-stimulated rate is independent of
the concentration of APE1, suggesting that APE1 is saturating
and able to bind to the AAG 3DNA complex. The 35- and 49mer
substrates show a slight decrease in the x-fold stimulation by
APE1. This decrease is even more apparent when the efficiency
of stimulation is calculated (Figure 10D). Clearly, the ability of
APE1 to stimulate AAG decreases as the DNA length is in-
creased. This decrease in the efficiency of stimulation is due
mostly to a decrease in the APE1-stimulated rate of AAG, with
only modest changes in koff and kmax in the absence of APE1
(Figure 10). The simplest model for explaining this behavior is
that APE1 does not directly displace AAG into solution but
rather displaces it along the DNA. The stimulated kcat value of
∼1 min-1 for AAG turnover on the 49mer substrate in the
presence of APE1 is likely to reflect the rate of dissociation of
AAG from undamaged DNA. Stopped-flow binding experi-
ments with AAG binding to εA-DNA yielded a similar value
of ∼0.5 min-1 for the dissociation of AAG from nonspecific
DNA under slightly different conditions (28). The increased
value of kcat for the shorter substrates is likely due to unstable
binding ofAAG in the presence of boundAPE1which occupies a
considerable fraction of the available DNA surface (8).
Implications for the Mechanism of APE1 Stimulation of

AAG. Our working model for the coordination of the first two
steps of the BER pathway catalyzed by AAG and APE1 is sum-
marized in Figure 11. Recent studies that explored the processi-
vity of AAG demonstrated that AAG uses nonspecific DNA
binding interactions to search DNA for sites of damage (14, 37).
Although AAG binds tightly to the abasic site, it does with some

FIGURE 9: Evaluation of AAG activity and stimulation by APE1
near the 30 (downstream) end.The values ofkmax (A) andkoff (B)were
measured in the absence of APE1, and the x-fold stimulation (C) and
efficiency of stimulation (D) were determined with a saturating
concentration of APE1 (Table 1).
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frequency leave the site and diffuses along the DNA (Figure 11A).
Most often, AAG returns to the abasic site without dissociating
into solution. Therefore, in the absence ofAPE1, the abasic site is

afforded some protection by being bound to AAG. However, if
APE1 is present, it can capture the transiently exposed abasic site
(Figure 11B). These transient excursions are frequent enough

FIGURE 10: Evaluation of AAG activity and stimulation by APE1 on symmetrical oligonucleotide substrates. (A) Single-turnover (kmax) and
(B)multiple-turnover (kcat= koff) rate constants are plotted for AAG-catalyzed excision ofHx in the absence ofAPE1. TheAPE1 stimulation of
AAGon these same substrates is plotted as either thex-fold stimulation (C) or the efficiency of stimulation (D).The values are taken fromTable 1,
and the error bars indicate the standard deviation. The points are connected to guide the eye.

FIGURE 11: Mechanism forAPE1 stimulation ofAAGdissociation from the abasicDNAproduct. (A) In the absence ofAPE1,AAG (circle) is in
rapid equilibrium between being bound with high affinity to the abasic site and being bound with lower affinity to adjacent nonspecific sites.
Occasionally, AAG dissociates from the nonspecific DNA but usually returns to the abasic site without dissociating into solution. (B) APE1
(square) is able to capture the transiently exposed abasic site and prevent rebinding by AAG. This leads to an increase in the observed rate of
dissociation of AAG into solution.
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that the dissociation of AAG is not the rate-limiting step. We
have shown that both APE1 and E. coli EndoIII are able to
capture the abasic site as fast as it is formed byAAG. This model
does not require specific interactions between proteins, as long as
both proteins can bindDNA nonspecifically and diffuse along it.
The binding affinity, and thus the binding lifetime, will favor the
complex that is most stable. It has previously been suggested that
the high affinity of APE1 for its abasic substrate and the high
affinity of pol β for the nicked 50-dRP intermediate provide a
mechanism for ensuring the transition of the BER intermediate
fromAPE1 to pol β (24).Given that the intermediates in the BER
pathway need to directly make a transition from one active site to
the next, a dynamic mechanism of transitions between specific
and nonspecific DNA sites would allow for the sampling and
selection of thermodynamically favored complexes that could be
further processed along the BER pathway.

The structural information places strong constraints on the
biochemical observations that are described above. Although we
cannot rule out the possibility that specific protein-protein
interactions exist between AAG and APE1, the considerations
discussed above suggest that effective coordination could be
achieved even in the absence of direct interactions. If no specific
protein-protein contacts aremade, the two proteins nevertheless
come into proximity on the very short oligonucleotides that we
have studied, because the footprints for binding of AAG and
APE1 are both ∼8 bp (Figure 7). Therefore, it is unlikely that
both bind to the same face of the DNA on a duplex with as little
as 8 bp of flanking DNA, as is present in the 17mer symmetric
substrate. If APE1 is initially bound on the opposing strand,
then it would need to switch strands to be able to bind to the
abasic site. AAG and uracil DNA glycosylase have both been
shown to rapidly sample both strands while they are bound, so it
is possible that this is a general property of DNA binding
proteins (37, 38).

The concept that nonspecific DNA binding interactions facili-
tate the exchange of BER enzymes during the course of DNA
repair is attractive, because it can explain why a single AP endo-
nuclease is able to accept abasic DNA intermediates from any of
11 different glycosylases that come from different structural
families and do not appear to share any common interaction
surfaces. Nonspecific DNA binding interactions appear to be
critical not only for the initial recognition of DNA damage but
also for the coordination of the multistep BER pathway.
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SUPPORTING INFORMATION AVAILABLE

Representative data are presented in which the AAG concen-
tration is varied under single-turnover conditions, the APE1
concentration is varied under single- and multiple-turnover con-
ditions, APE1 catalyzes cleavage of a PEG linker, and EndoIII
catalyzes a slow excision of Hx. The relative kcat/KM values for
recognition of the 19d and 19u substrates by AAG andAPE1 are
determined by competition experiments, and kinetic simulations
are used to characterize the differential product inhibition with
the different substrates. This material is available free of charge
via the Internet at http://pubs.acs.org.
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