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ABSTRACT: Human alkyladenine DNA glycosylase (AAG) locates and excises a wide variety of damaged
purine bases from DNA, including hypoxanthine that is formed by the oxidative deamination of adenine. We
used steady state, pre-steady state, and single-turnover kinetic assays to show that the multiple-turnover
excision of hypoxanthine in vitro is limited by release of the abasic DNA product. This suggests the possibility
that the product release step is regulated in vivo by interactions with other base excision repair (BER)
proteins. Such coordination of BER activities would protect the abasic DNA repair intermediate and ensure
its correct processing. AP endonuclease 1 (APE1) is the predominant enzyme for processing abasic DNA sites
in human cells. Therefore, we have investigated the functional effects of added APE1 on the base excision
activity of AAG. We find that APE1 stimulates the multiple-turnover excision of hypoxanthine by AAG but
has no effect on single-turnover excision. Since the amino terminus of AAG has been implicated in other
protein—protein interactions, we also characterize the deletion mutant lacking the first 79 amino acids. We
find that APEI fully stimulates the multiple-turnover glycosylase activity of this mutant, demonstrating that
the amino terminus of AAG is not strictly required for this functional interaction. These results are consistent
with a model in which APE1 displaces AAG from the abasic site, thereby coordinating the first two steps of

the base excision repair pathway.

Single-base lesions are the most frequently occurring type of
DNA damage, and the majority of these are repaired by the base
excision repair (BER)' pathway (/). The BER pathway is
initiated by a DNA repair glycosylase that is responsible for
finding the base lesions, flipping out the damaged nucleotide into
the active site, and catalyzing hydrolysis of the N-glycosidic
bond. Cells contain a diverse repertoire of DNA repair glycosy-
lases that collectively are able to recognize hundreds of distinct
base lesions (2—4). In the case of monofunctional glycosylases,
the products are the nucleobase lesion and an apurinic/apyrimi-
dinic (AP) DNA duplex. Subsequently, AP endonuclease 1
(APEL) hydrolyzes the phosphodiester bond immediately 3" to
the AP site to create a single-strand break with a 3'-hydroxyl and
a 5-deoxyribose phosphate. The 5'-deoxyribosyl phosphate
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group is removed by the lyase activity of polymerase 5, which
also catalyzes repair DNA synthesis using the intact strand as a
template. Finally, ligation by either ligase I or ligase III/XRCCI1
completes the pathway. Since all of the intermediates in the BER
pathway are potentially mutagenic, it would be advantageous for
the steps of BER to be carefully coordinated. However, the mole-
cular details of how multiple proteins might access a repair patch
involving a single nucleotide replacement are not known (3, 6).

The human enzyme alkyladenine DNA glycosylase (AAG)
exhibits very broad substrate specificity, excising a structurally
diverse set of alkylated and oxidized purines [refs (7) and (8) and
references cited therein]. The most efficient substrate for AAG
that is known is deoxyinosine, which is formed from the oxidative
deamination of deoxyadenosine (9—12). AAG has a catalytic
proficiency of ~10'7 for excision of hypoxanthine (Hx) from
deoxyinosine-containing DNA (7). Crystal structures of the
catalytic domain provide evidence that AAG uses nucleotide
flipping to access the damaged base and identify specific contacts
in the active site pocket that select against undamaged bases (13, 14).
The sequence context effects (15—17) and sensitivity to the
identity of the opposing base are consistent with the model in
which the nucleotide flipping step contributes additional selec-
tivity toward damaged bases (7, 17, 18).

Two previous studies investigated whether APE1 can stimulate
the multiple-turnover glycosylase activity of AAG, but they
reached different conclusions (76, 19). The first study used steady
state kinetics to conclude that APE1 increases the activity of
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AAG toward deoxyinosine by values of 5—27-fold (/6) but did
not address whether the increase was due to stabilization of
AAG, an increase in the rate of product dissociation, or a relief of
product inhibition. Indeed, the second study demonstrated that
AAG is unstable under typical assay conditions and found that
many proteins, including APE1, stabilize AAG. Therefore, they
concluded that APEl does not increase the rate of AAG
dissociation but provides modest relief of product inhibition (19).
These observations prompted us to revisit these fundamental
questions of what step limits the rate of the multiple-turnover
glycosylase reaction and the extent to which the actions of AAG
and APEI are coordinated. Since tight binding of the abasic
product seems to be a general property of DNA repair glycosy-
lases (20—22), there is ample reason to suspect that the product
complex would be a point of regulation for AAG in the BER
pathway.

Previous reports have suggested that the poorly conserved
amino terminus of AAG contains binding sites for protein—
protein interactions (23, 24). In addition, there is evidence that
the amino terminus can contact DNA, because this portion of the
protein plays a role in the search for DNA damage (25).
However, there is no structural information available for this
portion of the protein, because the first 79 amino acids of AAG
were deleted for the crystallization of the protein (/3). It has been
noted that the presence of this region decreases the stability of
AAG in vitro (19, 25, 26). Therefore, we directly compare both
the full-length form and a truncated form lacking the first 79
amino acids (A80) to test whether this region of AAG is necessary
for the coordination of the first two steps of BER.

We have studied the AAG-catalyzed excision of Hx, to identify
the rate-limiting step and to test the hypothesis that APE1 affects
AAG-initiated repair reactions. We observe potent stimulation
by APE1 under a wide variety of conditions, providing evidence
that the individual steps of BER can be coordinated in the
absence of any other protein factors or post-translational mod-
ifications. Notably, the amino terminus of AAG is not required
for this stimulation. We provide biochemical evidence that this
stimulation involves both a direct enhancement of the rate of
AAG dissociation from abasic DNA and an indirect relief of
product inhibition. The increased rate of dissociation of AAG
from its abasic product on oligonucleotides as short as 17 base
pairs demonstrates functional coupling between AAG and
APEL. This is very similar to the coupling that has been observed
for other human DNA repair glycosylases (21, 27—33).

MATERIALS AND METHODS

Human Recombinant Proteins. Full-length and truncated
human AAG were expressed in Escherichia coli and purified as
previously described (34). The concentrations of AAG proteins
were routinely determined from burst analysis as previously
described (25). Full-length human APEl was cloned into a
pET22-based vector that contained an amino-terminal hexahis-
tidine tag that could be cleaved with tobacco etch virus (TEV)
protease. After TEV protease cleavage, the amino terminus
contained six extra amino acids (H,N-GAMDPM-). The pur-
ification was similar to the previously described protocol, with
Ni**-NTA agarose, TEV protease cleavage to remove the
polyhistidine tag, and final purification by S-Sepharose anion
exchange (35). The concentration of APE1 was determined from
the absorbance at 280 nm using the calculated extinction
coefficient of 5.6 x 10* M ™" ecm ™" (36).
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Synthesis and Purification of Oligonucleotides. DNA
substrates were synthesized by commercial sources using stan-
dard phosphoramidite chemistry and purified by denaturing
polyacrylamide gel electrophoresis. The lesion-containing oligo-
nucleotides contained a 5'-fluorescein (fam) label. The full-length
oligonucleotides were excised from the gel and eluted by crushing
and soaking the gel slices overnight. DNA was extracted and
desalted by reverse phase (C18 Sep-pak, Waters). The concentra-
tions of the single-stranded DNA stocks were determined from
the absorbance at 260 nm using the calculated extinction
coefficients. Prior to glycosylase assays, oligonucleotides were
annealed to a 1.5-fold excess of the complementary strand
by being heated to 90 °C and cooled to 4 °C over a period of
~15 min.

The abasic DNA product was formed by multiple-turnover
reaction with A80 AAG, phenol chloroform extracted to remove
the protein, and desalted with Sephadex G-25 that had been
equilibrated with annealing buffer [10 mM NaMES (pH 6.5) and
50 mM NacCl]. The fraction abasic was determined by denaturing
PAGE analysis of samples that were heated for 15 min in 0.2 M
NaOH and of samples that were analyzed in formamide gel
loading buffer without heating. Typically, the fraction abasic was
>90% with <5% nicked DNA and <5% intact substrate. The
concentration of abasic DNA was determined by comparing the
fluorescence intensity of the fluorescein in the abasic DNA
duplex to that of a known concentration of inosine-containing
duplex (excitation at 483 nm, emission at 525 nm). We assumed
that the quantum yield of the fluorescein label was identical
whether the 25mer duplex containined a central abasic site or a
central inosine.

General Glycosylase Activity Assay. Glycosylase assays
were performed as described previously (25, 34). Unless otherwise
indicated, enzyme and DNA substrates were mixed in a solution
containing 50 mM NaHEPES (pH 7.0), I mM EDTA, 1 mM
DTT, 10% (v/v) glycerol, 0.1 mg/mL BSA, and sufficient NaCl to
attain an ionic strength of 42 or 120 mM. The 42 mM ionic
strength condition was chosen as a low-ionic strength condition
simply because this was the lowest ionic strength that could be
conveniently achieved in the indicated HEPES buffer system,
after taking into account the maximal salt from enzyme and
DNA stocks. Reaction mixtures were incubated at 37 °C. At the
desired times, aliquots were withdrawn and quenched by being
mixed with 2 volumes of 0.3 M NaOH to attain a final
concentration of 0.2 M NaOH. Abasic sites were quantitatively
converted to DNA breaks by heating samples at 70 °C for 15 min.
Samples were mixed with formamide/EDTA loading buffer
(3.3 volumes), heated briefly at 70 °C (~2 min), and loaded onto
polyacrylamide sequencing gels (10—20%) containing urea
(6—8 M). Gels were scanned with a typhoon trio imager using
4838 nm excitation and a 520 nm long pass filter to detect
fluorescein. Intensities of products and substrate bands were
quantified using Image Quant TL (GE Healthcare), and for each
time point, the fraction product was calculated [F = P/(P + S),
where Fis the fraction converted to product, P is product, and S
is intact substrate].

Preincubation Controls To Evaluate the Stability of
AAG. The stabilities of full-length and truncated (A80)
AAG proteins were assessed by incubating the enzyme under
a variety of assay conditions for periods of time up to 24 h.
Reference reactions were initiated by adding AAG to directly
to the DNA without preincubation. We used multiple-turn-
over excision of Hx with saturating substrate (I uM) to
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determine the activity of AAG, because the initial velocity
is proportional to the amount of active enzyme under these
conditions (eq 1). The fraction of active enzyme is given
by the ratio of the initial rate of the preincubated sample

to a control reaction in which the enzyme was not preincu-
bated.

Vobs = Vmax :kcat[AAG] (1)

Under conditions for which the enzyme was not stable, the
activity of AAG seemed to drop off with a single-exponential
dependence (eq 2, where ki, 1S the rate constant for enzyme
inactivation and ¢ is the incubation time).

fraction active = exp( —kinact!) (2)

Single-Turnover Kinetics. Single-turnover glycosylase as-
says were performed with AAG in excess over DNA. The DNA
concentration was typically 50 nM but ranged from 10 to 200 nM
in different experiments. Time points were chosen to cover the
entire reaction progress curve, and the fraction product, deter-
mined from the gel-based assay, was plotted as a function of
reaction time. The reaction progress curves were fit by a single-
exponential equation using Kaleidagraph (eq 3, where A is the
fraction of substrate converted to product at completion, ks 1S
the observed single-turnover rate constant, and ¢ is the reaction
time). Although the reactions are relatively fast under these
conditions, we were able to take fast time points by hand and
follow at least 50% of the reaction. In all cases, the quality of the
fits was excellent with R* values of >0.96 and amplitudes that
were close to 1.

fraction product = A[l —exp( —kobs?)] (3)

kobs = kmax[AAG]/(K} ), + [AAG]) 4)

Under single-turnover conditions, it is expected that the concen-
tration dependence of the enzyme will be hyperbolic (eq 4). The
maximal observed rate constant (k,,) corresponds to the rate of
reaction at a saturating enzyme concentration, and the K , value
indicates the concentration at which half of the substrate is
bound. Due to the tight binding of AAG, we were not able to
determine half-maximal saturating concentrations of AAG.
Since the observed rate constant was independent of the con-
centration of AAG over a wide range, this indicates that the
observed rate constant is the maximal single-turnover rate
constant (kops = Amax)-

Burst Analysis To Determine the Concentration of Ac-
tive AAG. Under low-ionic strength conditions, AAG catalyzes
a rapid burst of Hx excision, followed by slow rate-limiting
product release. This provides a simple assay for determining the
concentration of active recombinant enzyme. We used the low-
ionic strength conditions mentioned above and used several
different concentrations of glycosylase with 25mer substrate
(1 uM) to obtain burst amplitudes between 5 and 20%. Since
the pre-steady state burst is rapid under these conditions, it was
most convenient to extrapolate the burst amplitude from the
linear portion of the reaction progress curve. When it was
desirable to take time points covering both the initial burst and
steady state phase, we employed eq 5, in which P is product, A4 is
the burst amplitude, ks is the burst rate constant, and Vs is the
steady state velocity. We observed that the rate constant for the
burst was identical within error to the rate constant for the single-
turnover reaction with enzyme in excess over substrate,
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demonstrating that excess enzyme does not alter the kinetics of
base excision.

[P] = A[l —exp( —kobst)] + Vobst (5)

Multiple-Turnover Kinetics and Stimulation by APEI.
To determine multiple-turnover rate constants in the presence
and absence of APEI, we ensured that the concentration of DNA
(1 uM) was in at least 30-fold excess over the concentration of
AAG so that the burst would be negligible. Velocity was
calculated from the initial rates of product formation up to
~20% reaction, and the k., value was calculated according to eq
1. Since our standard reaction buffer does not contain Mg® ", a
cofactor required for APEl-catalyzed endonuclease activity, it
was necessary to have a stoichiometric concentration of APE1 to
effectively sequester all of the abasic product. We found that
2 uM APE] was sufficient to fully saturate the rate of AAG-
catalyzed excision of Hx under the conditions employed and that
increasing the concentration of APEI to 4 or 6 uM had no
significant effect on the rate. To confirm that APEI was inactive
under these conditions (1 mM EDTA), we performed a control in
which reactions were quenched in formamide and 20 mM EDTA
and mixtures directly analyzed by denaturing PAGE. This
established that the rate of strand nicking in the presence of
2 uM APEI is at least 10-fold slower than the rate of multiple-
turnover excision of Hx by AAG (see Figure S5 of the Supporting
Information).

Equilibrium Inhibition by the Abasic DNA Product.
Because of the relatively tight binding of AAG to DNA, it was
not possible to directly measure Ky; and K; values for substrate
and products using the gel-based DNA glycosylase assay with
fluorescently labeled DNA. Nevertheless, the relative affinity for
substrate and product could be readily determined by mixing
together different ratios of abasic DNA and Hx-containing
substrate DNA and measuring the initial rates of abasic product
formation (<20% reaction). The equation for a competitive
inhibitor is given by eq 6, which can be rearranged to give eq 7
[Vobs 18 the observed velocity, V.« 18 the maximal velocity in the
absence of inhibitor, Ky is the half-maximal concentration for
saturation by substrate (S), and K; is the half-maximal concen-
tration for binding to the inhibitor (I)]. Under conditions for
which the concentration of substrate is much greater than Ky,
then this equation simplifies to eq 8. Plotting the relative velocity
(Vobs/ Vimax) versus the ratio of inhibitor to substrate gives the
ratio of Ky for the substrate and K; for the inhibitor.

Vobs = Vimax[S]/[Km(1 + [1]/Ki) + [S]] (6)
Vobs = max/(KM/[S] + Km [I]/KI[S] + 1) (7)
Vaobs/Vinan = 1/([I]/[S] x Kn/Ki +1) (8)

Pre-Steady State Experiments for Determining the Rate
Constant for Dissociation of AAG from the Abasic DN A
Product. To test whether the rate-limiting step in the multiple-
turnover reaction is release of the 25mer abasic product, we
generated the abasic DNA duplex and incubated it with AAG.
We varied this incubation time between 1 and 2 h and found no
difference, indicating that the complex was stably formed. After
this preincubation, the solution of 250 nM AAG-abasic DNA
complex was diluted 5-fold into a solution of 25mer substrate in
the standard low-ionic strength reaction buffer to achieve final
concentrations of 50 nM AAG, 50 nM abasic 25mer, and 1 uM
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substrate 25mer. The glycosylase activity was measured as
described above. To account for the equilibrium inhibition due
to the added abasic DNA product, the control reaction mixture
contained the same mixture of abasic product and substrate as
the first. The only difference was that the preincubation step was
omitted.

The observation that k., for the AAG-catalyzed reaction is
sensitive to DNA length between 17 and 25 bp suggested an
additional way to test the hypothesis that the rate-limiting step
is dissociation from the abasic product. If the slower k., value
for the longer substrate is due to a slower rate of dissociation,
then a lag is predicted if a 25mer abasic DNA complex is
chased with a 17mer substrate since the first turnover involves
dissociation from the longer abasic-containing oligo and
subsequent turnovers involve dissociation from the shorter
abasic-containing oligo. This experiment was conducted ex-
actly as described above, except that the 17mer substrate was
used in place of the 25mer substrate. The reactions that
exhibited burst phases were fit to eq 5. The reactions that
exhibited a lag were fit to eq 9, where [P] is the concentration of
product, [S] is the concentration of substrate, k; is the rate
constant for dissociation from the 25mer, and k, is the rate
constant for dissociation from the 17mer (37).

[P] = [SHT + [1/ (ki —k2)][k2 exp( —kit) —ky exp( —kat)]}
©)

RESULTS

Appropriate Assay Conditions for AAG. Several previous
studies have reported loss of AAG activity under in vitro assay
conditions, which are typically low ionic strength and low total
protein concentration (79, 25, 26, 34). Protein instability can
greatly complicate the interpretation of enzyme kinetics;
therefore, it is critical that assay conditions be found for which
the enzyme of interest is stable for the full time course of
interest. For example, loss of protein activity over time could
be interpreted as burst kinetics or product inhibition. Most
importantly, if the enzyme is unstable under the reaction
conditions, then experiments designed to test the effects of
adding additional components would simultaneously assay
enzyme stability and activity. We used preincubation controls
to evaluate the stability of the catalytic domain (A80) and full-
length AAG.

Incubation of a dilute solution of AAG (20 nM) in the absence
of a DNA substrate at low ionic strength (I = 42 mM) results in a
rapid loss of activity, with a half-life of ~10 min (Figure 1). This
stability was slightly increased to a half-life of ~40 min by
increasing the ionic strength (/ = 120 mM). This rapid, irrever-
sible loss of catalytic activity could be prevented by the addition
of 0.1 mg/mL BSA (Figure 1). Additional experiments suggested
that similar stabilization was observed between 0.01 and 0.5 mg/mL
BSA, so we chose 0.1 mg/mL BSA in our standard assay buffer.
This does not appear to be a specific effect of BSA because other
proteins are able to stabilize AAG to the same extent [ref (/9) and
data not shown]. We find that the truncated enzyme, A80, is signi-
ficantly more stable than the full-length protein under a variety
of conditions, consistent with previous reports (19, 25, 26).
The truncated enzyme is also greatly stabilized by the pre-
sence of BSA (see the Supporting Information). There-
fore, all of the subsequent reaction mixtures contained 0.1
mg/mL BSA.
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FiGure 1: Stability of full-length AAG in the absence of DNA. AAG
(20 nM) was incubated at pH 7.0 and 37 °C. The ionic strength was
adjusted with sodium chloride to be low [42 mM (circles)] or high [120
mM (squares)]. Incubations contained no additional proteins (empty
symbols) or were supplemented with 0.1 mg/mL BSA (filled sym-
bols). After the indicated incubation time, the multiple-turnover
glycosylase activity was measured as described in Materials and
Methods. The average and standard deviation for triplicate reactions
are shown. In the absence of BSA, there was no detectable glycosylase
activity, so only the limit of <1% is indicated. Single-exponential fits
to the activity of AAG in the absence of BSA gave half-lives of 10 and
40 min for low and high ionic strengths, respectively. In the presence
of BSA, full glycosylase activity was retained for at least 1 day.

Scheme 1
17mer 5" ~FAM-AGCATCCTXCCTTCTCT-3"
3'-TCGTAGGATGGAAGAGA-5"'
5' -FAM-TAGCATCCTXCCTTCTCTC-3"
19mer

3" -ATCGTAGGATGGAAGAGAG-5"

25mer 5'-FAM-CGATAGCATCCTXCCTTCTCTCCAT-3"
3" -GCTATCGTAGGATGGAAGAGAGGTA-5"

AAG Exhibits Burst Kinetics for the Excision of Hx.
Satisfied that even dilute solutions of AAG were stable in our
reaction conditions, we examined multiple-turnover base exci-
sion for reactions in which DNA substrate was in only slight
excess over the enzyme. Unless otherwise indicated, we used a
25mer oligonucleotide duplex containing a central Hx-T mis-
match (Scheme 1). This is much larger than the ~10 bp footprint
of AAG (13, 38). Under low-ionic strength conditions (pH 7.0,
42 mM ionic strength), there is a rapid pre-steady state burst,
followed by a much slower steady state rate (Figure 2). The
concentration of AAG was varied at a constant concentration of
DNA to evaluate whether the observed rapid phase of the
reaction was a bona fide burst. The results demonstrate that
the burst amplitude is linearly dependent upon the concentration
of enzyme, whereas the burst rate constant is independent
(Figure 2 and Supporting Information). The burst rate constant
of ~3 min~" was indistinguishable from the single-turnover rate
constant of 2.8 & 0.4 min~" (Figure 3 and Table 1). The burst
amplitude was used to determine the concentration of active
enzyme (see Materials and Methods). Similarly, the steady state
rate of Hx excision is also linearly dependent upon the concen-
tration of AAG (Figure 2 and Supporting Information). These
data suggest that the N-glycosidic bond cleavage reaction is
relatively rapid and that it is followed by a much slower step that
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FIGURE 2: AAG exhibits burst kinetics. Reactions were conducted
under our standard low-ionic strength conditions (42 mM) with 1 uM
25mer substrate and 30 (@), 120 (W), or 300 nM full-length AAG (a).
The reactions were performed in triplicate, and the average and
standard deviation are shown (in many cases, the standard deviation
is smaller than the symbol). The burst amplitude and steady state
velocity were obtained from nonlinear least-squares fits to the data
using eq 5 (see Materials and Methods for details). Both the burst
amplitude and steady state velocity were linearly dependent upon the
concentration of AAG, corresponding to a stoichiometric burst (see
the Supporting Information).
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FIGURE 3: Saturation of the single-turnover excision of Hx by AAG.
Single-turnover reactions were performed with 20 nM DNA, and the
concentration of AAG was varied between 20 and 1000 nM. At each
concentration of AAG, the entire time course was followed and fit by
a single exponential (eq 3; see Materials and Methods for details). The
ionic strength in this experiment was 120 mM, and the average and
standard deviation of duplicate reactions are shown. The results
indicate that the K|, for binding is <20 nM (eq 4).

is required to regenerate free enzyme. Below we present evidence
that release of the abasic DNA product is the rate-limiting step
under the conditions employed.

APEIl Does Not Affect AAG-Catalyzed Single-Turn-
over Excision of Hx. If APEl and AAG form a complex on
DNA, then this interaction could alter the affinity or catalytic
activity of AAG. To investigate this possibility, we turned to the
single-turnover glycosylase assay in which enzyme is in excess
over the DNA substrate. Previous work suggested that the
saturating single-turnover rate constant (kp,,) reflects the
N-glycosidic bond cleavage and/or nucleotide flipping steps (7, 39).
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If APE1 were to interact with AAG, then one might expect to
observe a change in the rate constant for AAG-catalyzed
single-turnover excision.

Since we employed different reaction conditions than the
previous studies, we first determined the concentration of AAG
necessary to saturate the Hx-containing substrate by performing
single-turnover reactions at a range of AAG concentrations. The
results show that AAG fully saturates (K, < 50 nM) at a high
ionic strength [/ = 120 mM (Figure 3)]. It was not possible to
determine the exact K, value, because our gel-based assay
required a minimum of 20 nM fluorescein-labeled substrate
and at this concentration the 1:1 complex was almost fully
saturating (Figure 3). The observation that the single-turnover
rate constant was independent of the concentration of AAG
confirms that the saturating rate constant, k., was measured.
Similar experiments with A80 AAG demonstrated that the single-
turnover rate constant was independent of the concentration of
enzyme over a wide range, so that the observed rate constant was
simply kp.x. The saturation by both full-length and A80 AAG
was confirmed at both high (120 mM) and low (42 mM) ionic
strengths, and the results are summarized in Table 1, with
representative time courses shown in Figure 4. Consistent with
previous reports (7, 19, 25, 26), we find that full-length and
truncated forms of AAG have identical single-turnover glycosy-
lase activities (Table 1, right column). The single-turnover rate
constant is independent of ionic strength, similar to what has
been observed for the excision of €A by full-length and A80
AAG (25).

The addition of APE] has no significant effect on the rate of
single-turnover excision, suggesting that if these two proteins
interact, then APEI does not affect the nucleotide flipping and
base excision activities of AAG (Figure 4). Although APE1 is not
active in this buffer, because the required Mg®" cofactor is
omitted, control experiments showed that our preparation of
APEI was catalytically active (data not shown). These observa-
tions are consistent with the previous report that APE1 does not
alter the single-turnover glycosylase activity of AAG (19). This
could indicate that APE1 and AAG do not interact under these
conditions or that an interaction occurs that does not affect the
activity of AAG. However, these data do not exclude the
possibility that APEI can affect the catalytic activity of AAG,
particularly if this effect required Mg> " or additional proteins
that were not present in our simplified system.

APE]I Stimulates the Multiple-Turnover Reaction Cat-
alyzed by AAG. To test whether APE1 can accelerate the slow
multiple-turnover glycosylase activity of AAG, we added in-
creasing amounts of APE1 to AAG-catalyzed multiple-turnover
glycosylase reactions. We chose to omit Mg> " from our reaction
buffer to prevent APEl-catalyzed hydrolysis since this would
allow us to distinguish a stimulatory effect of APE1 distinct from
the simple removal of the abasic site. It has previously been
shown that APE1 binds tightly to abasic DNA in the absence of
Mg®" [e.g., refs (5) and (40) and data not shown]. Control
reactions confirmed that there was only a trace level of strand
nicking activity under our experimental conditions, and this very
slow rate of reaction is at least 10-fold slower than the multiple-
turnover reaction catalyzed by AAG (see the Supporting In-
formation). Since APEI is catalytically inactive, it was expected
that a stoichiometric excess of APEl over DNA would be
required to allow formation of the 1:1 complex of APE1 bound
to the abasic site. Under a wide variety of conditions, APEI
stimulated the rate of AAG-catalyzed multiple-turnover base
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Table 1: Kinetic Parameters for AAG-Catalyzed Excision of Hypoxanthine in the Presence and Absence of APE1¢

enzyme ionic strength (mM) x-fold stimulation” kear (min~") without APE1° ko (min~") with APEL¢ fmax (min~") without APE1¢
full-length 42 100 0.026 +0.002 2.7+£0.1 2.8+04
120 4 0.65+0.05 2.54+0.2 2.74+0.3
A80 42 65 0.046 + 0.002 3.0+0.1 3.3+£0.8
120 4 0.734+0.05 29402 26+04

“The reported rate constants were determined for a 25mer Hx - T-containing oligonucleotide (Scheme 1), as described in Materials and Methods. We were
unable to determine Ky, values, because the fluorescent assay that was employed required a substrate concentration above the Ky (=20 nM). ® The x-fold
stimulation of AAG-catalyzed multiple turnover by APE1 is calculated as the ratio of k¢, in the presence and absence of saturating APE1 (x-fold stimulation =
kear With APE1 k., without APE1). “Multiple-turnover excision of Hx was assessed with 1 M substrate either in the absence or in the presence of 2 uM
APE1. “The single-turnover rate constants were determined with a saturating concentration of AAG.
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Ficure 4: APEI does not affect AAG-catalyzed single-turnover. Single-turnover reactions were conducted with either full-length (A and B) or
A80 (Cand D) AAG (1 uM) in excess over the 25mer DNA substrate (100 nM). These experiments were performed at an ionic strength of 42 mM
(A and C) or 120 mM (B and D). The rates of reaction in the absence (O) and presence (®) of 2 uM APE1 were essentially identical in all cases. The
lines indicate the nonlinear least-squares fits of the equation for a single exponential (eq 3). Representative data are shown for reactions that were
conducted in duplicate, and the error bars indicate the standard deviation. The rate constants obtained from this experiment were combined with
additional experiments conducted under the same conditions, and the average value is reported in Table 1.

excision (Figure 5). Under conditions of excess APE1 (2—6 uM),
the reaction rate was independent of the concentration of APE1.
A dramatic increase of ~100-fold was observed under low-ionic
strength conditions (Figure 5A), indicating that APE1 increases
the rate of dissociation of AAG from its abasic DNA product. In
addition, linear reaction progress curves were obtained up to
greater than 70% of the reaction. This suggests that in addition to
increasing the rate of dissociation, APEI also relieves product
inhibition by sequestering the abasic DNA product. It is notable

that the ke value of 2.7 min~' in the presence of APEI
is essentially the same as the single-turnover rate constant of
~2.8 min"", indicating that the rate of dissociation of AAG in the
presence of APE1 is much faster than the nucleotide flipping and
N-glycosidic bond cleavage (Table 1).

We have previously shown that the dissociation of AAG
from DNA is strongly dependent upon ionic strength, so it
was important to examine the stimulation by APE1 at higher
ionic strengths. In the absence of APEI, the initial rate for
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FIGURE 5: APE] increases the rate of AAG-catalyzed multiple turnover. The 25mer Hx-containing substrate (1 M) was incubated with 50 nM
full-length (A and B) or A80 (C and D) AAG ata low ionic strength (A and C) and a high ionic strength (B and D) in the absence (O) or presence (O)
of 2uM APEI. In cases for which greater than 20% of the substrate was converted to product, the filled symbols indicate the points that were used
to determine the initial rate. It is apparent that the 80 amino-terminal amino acids of AAG are not required for the stimulation by APE1, because
the top panels (full-length AAG) are almost identical to the bottom panels (A80 AAG). The linear fits to the initial rates provided k., values in the
presence and absence of APE1 (eq 1). This representative experiment was performed in triplicate, with the average and standard deviation (error
bars) shown. The results from this experiment were combined with additional experiments to provide the rate constants that are reported in

Table 1.

AAG-catalyzed excision of Hx at saturating DNA concentration
is ~23-fold higher at an ionic strength of 120 mM than at an ionic
strength of 42 mM (Figure 5 and Table 1). Addition of APEI
increased the rate constant for multiple-turnover excision to
essentially the same value that was observed at low ionic
strengths, which is the same as the rate constant for single-
turnover excision. Although the observed stimulation by APE1 is
only 4-fold, it is important to note that this limit is set by the rate
of N-glycosidic bond cleavage for this lesion, and it is expected
that larger stimulatory effects would be observed for repair
initiated at methylated bases that are more rapidly excised by
AAG (7).

We also examined the ability of the amino-terminally trun-
cated catalytic domain of AAG to perform multiple-turnover
excision in the presence and absence of APEI, to investigate the
role of the amino-terminal portion in DNA binding and possible
association with APE1. At low ionic strengths, the A80 truncated
enzyme exhibited an ~2-fold faster rate of multiple-turnover
excision than was observed for the full-length protein (Table 1).

At a higher ionic strength (120 mM), there was no significant
difference [1.1-fold (Table 1)]. These observations indicate that
the A80 protein closely mimics the DNA binding and glycosylase
activities of the full-length protein. Addition of APEI had an
identical effect on the truncated and full-length proteins (Figure 5
and Table 1); APEI increased the rate constant for multiple
turnover up to the rate constant for single turnover. The slightly
lower stimulation of the truncated protein simply reflects the
2-fold faster rate of product dissociation for this mutant in the
absence of APEIL. Therefore, we conclude that the amino
terminus of AAG is not required for the APEI-dependent
stimulation.

Evaluating the Contribution of Product Inhibition to the
APE] Effect. We observed that in the absence of APE1, the rate
of AAG-catalyzed multiple-turnover reactions decreased signifi-
cantly above 20% reaction (e.g., see Figure 5B,D). Since we
established that AAG is stable under these reaction conditions
(Figure 1) and the concentration of DNA was far above the Ky
for substrate binding (Figure 3), the most likely explanation for
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the decrease in the rate of product formation is product inhibi-
tion. To evaluate this possibility, we added increasing amounts of
abasic product and measured the initial rates. Given the tight
binding of AAG to DNA, it was most convenient to carry out
these inhibition experiments at concentrations of substrate that
were far above the Ky;. Under these conditions, the relative Kyy/
K; value can be obtained from a plot of the ratio of inhibitor
divided by substrate (see Materials and Methods). The results for
both full-length and A80 AAG are shown in Figure 6 and indicate
relatively modest inhibition.

In other work in our lab, we have used pulse—chase experi-
ments to establish that bound Hx-containing substrate partitions
exclusively toward dissociation without appreciable N-glycosidic
bond cleavage (P. J. O’Brien, unpublished results). This suggests
that the Ky, for Hx-containing substrate is simply the dissociation
constant for substrate binding (Ky; = Kg), because substrate
binding is rapidly reversible. Therefore, the full-length enzyme
binds only slightly (1.7-fold) tighter to the abasic DNA product
than the Hx- T substrate under low-ionic strength conditions. In
contrast, the A80 enzyme exhibited an ~3.6-fold preference for
the abasic DNA product. This suggests that the amino terminus
of AAG makes a modest contribution to substrate binding.

Probing the DNA Length Dependence for Single- and
Multiple-Turnover Base Excision Catalyzed by AAG in the
Presence and Absence of APEI. To gain additional insight
into the interplay among catalysis, product inhibition, and
stimulation by APE1, we compared the kinetic parameters for
a series of similar substrates in which the inosine lesion was
flanked by a variable number of base pairs (Scheme 1). By
keeping the same sequence context, we avoid the complication of
sequence context effects that have been observed for AAG-
catalyzed excision of Hx (15, 16, 39). The results are summarized
in Table 2. There was no significant difference in the rate
constants for single-turnover excision (k) for substrates with
eight flanking base pairs (17mer) up to 12 flanking base pairs
[25mer (Table 2)]. This indicates that a 1 7mer duplex provides the
necessary binding contacts to achieve maximal glycosylase
activity. This is consistent with the crystal structures of AAG
bound to 13mer oligonucleotide duplexes (/3). In contrast, the
steady state rate constant for AAG alone (k.,) decreased by
almost 1 order of magnitude as the flanking region was increased
from 8 to 12 bp. This observation further supports the model in
which dissociation of the DNA product is rate-limiting for
multiple-turnover excision of AAG. The decreased rate of
dissociation could either reflect additional binding interactions
between AAG and the DNA beyond 8 bp either upstream or
downstream of the abasic site or simply reflect end fraying effects
that would be expected to have a larger effect on the shorter
substrates. When APEl was present, the steady state rate
constants were quite similar for substrates of different lengths
[keo varies between 1.9 and 2.7 min~' (Table 2)]. The fold
stimulation by APE1 increases with increasing DNA length,
but this simply reflects the greater rate of dissociation of AAG on
shorter duplexes. The multiple-turnover rate constant when
APEI] is present is identical within error to the single-turnover
rate constant for AAG alone in each case [efficiency of stimula-
tion varies from 0.9 to 1.1-fold (Table 2)]. This indicates that
APEL is effective at stimulating dissociation of AAG even on a
[ 7mer substrate.

Evidence That APEI Increases the Rate Constant for
Product Dissociation. As described above, the slow rate of
AAG-catalyzed multiple-turnover excision could be attributed to
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FIGURE 6: Equilibrium inhibition of AAG by its abasic DNA pro-
duct. The relative affinity for the substrate and abasic product was
determined for both AS80 (@) full-length AAG (M) by measuring the
initial rate of product formation for mixtures of abasic product and
substrate and plotting the relative activity (Vops/Vmax) Vs the ratio of
abasic product to substrate. The concentration of AAG was 25 nM,
and the total concentration of DNA was maintained at 500 nM. The
concentration of abasic DNA was varied from 0 to 450 nM. Reac-
tions were performed in triplicate, and the error bars indicate the
standard deviation from the mean. The lines indicate the best fit of eq
8 to the data (see Materials and Methods) and yield K;/Ky, ratios of
1.7 £ 0.2 for full-length AAG and 3.6 £ 0.2 for A0 AAG.

rate-limiting dissociation of the abasic DNA product or to
preferential rebinding of the abasic product (equilibrium product
inhibition). The experiments described above confirm that equi-
librium product inhibition is significant but do not quantitatively
account for the extremely slow rates of multiple turnover that
were observed under initial rate conditions. Furthermore, since
AAG generates both hypoxanthine and abasic DNA products, it
is possible that either product release step could be rate-limiting.
Therefore, we used pre-steady state experiments to test the
hypothesis that dissociation from the abasic DNA product is
the rate-limiting step for the AAG-catalyzed excision of Hx.
These experiments confirm that the burst phase is due to slow
release of the abasic DNA product in the absence of APE] and
that APE] stimulates AAG by directly increasing this rate.

We directly tested whether the observed k., value reflects the
rate of dissociation of the abasic DNA product by first forming
the product complex and then adding substrate (Figure 7A). As a
control, AAG was added to an identical mixture of substrate and
product (Figure 7B). These results confirm that 1 equiv of abasic
DNA product is sufficient to completely eliminate the burst
phase of the AAG-catalyzed reaction (Figure 7C). Since there is
no Hx product in this experiment, this result indicates that the Hx
product dissociates rapidly and that the slow step is dissociation
of the abasic DNA product. We performed simulations to
determine whether the burst could be eliminated by equilibrium
product binding; however, this would require ~20-fold tighter
binding of the abasic DNA product than the inosine-containing
substrate (data not shown), and we find that the abasic product
binds only ~2—4-fold more tightly under these conditions
(Figure 6). Nevertheless, we performed an additional experiment
to distinguish these possibilities.

The large difference in k., values observed for different length
substrates suggests that dissociation of the 25mer abasic DNA
product is significantly (~10-fold) slower than dissociation of the
17mer abasic DNA product (Table 2). Thus, we predict that
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Table 2: Effect of DNA Length on AAG Kinetics and Stimulation by APE1“

oligo length  x-fold stimulation” ke, (min~') without APE1¢ ke (min~') with APEI®  kpay (min~') without APE1Y  efficiency of stimulation®
17 8.3 0.234+0.06 1.9+0.2 1.84+0.3 1.1
19 20 0.10 £0.02 2.0+0.5 2240.5 0.91
25 100 0.026 + 0.002 2.74+0.1 2.8+0.4 0.96

“The rate constants for single-turnover and multiple-turnover excision of Hx were measured for full-length AAG under the standard low-ionic strength
conditions (I= 42 mM; see Materials and Methods for details). The oligo length is given in base pairs (Scheme 1). ® The x-fold stimulation of AAG-catalyzed
multiple-turnover by APEL1 is calculated as the ratio of k., in the presence and absence of saturating APEI (x-fold stimulation = k., with APE1/k., without
APE1). “Multiple-turnover excision of Hx was assessed with 1 #M substrate either in the presence or in the absence of 2 4M APEL. ¢ The single-turnover rate
constant was determined with a saturating concentration of AAG. ¢ The efficiency of stimulation is given by the ratio of the APE1-stimulated k., value and the

single-turnover rate constant (kea "= /kmax).

addition of 17mer substrate to a preformed AAG-25mer abasic
complex would exhibit a lag. This lag would correspond to the
time it takes for AAG to dissociate from the 25mer abasic DNA
product and begin to turn over the 17mer Hx-containing DNA
substrate. Indeed, the expected lag of ~4 min is observed
(Figure 8). These results strongly suggest that multiple-turnover
excision of Hx with both 25mer and 17mer oligonucleotide
substrates is limited by the rate of dissociation from the abasic
DNA product.

DISCUSSION

Since the intermediates generated in the BER pathway are
potentially toxic and/or mutagenic, it would be advantageous for
the sequential reactions to be coordinated in vivo. For several
human DNA glycosylases, there is in vitro evidence in favor of an
effective hand-off of the abasic DNA intermediate between the
glycosylase and APEI (21, 22, 28, 33, 41). For thymine DNA
glycosylase (21, 33, 41) and 8-oxoguanine DNA glycosylase, it
has been suggested that APEI can actively displace the bound
glycosylase, possibly through protein—protein interactions. This
raises the possibility that APEI-facilitated displacement of an
initial glycosylase-product complex might be a general mechan-
ism for coordinating the first two steps of BER. In the case of
AAG-initiated repair, the situation has been less clear, and two
previous studies reached apparently contradictory conclu-
sions (16)(19). Therefore, we have revisited the question of
whether APE] is able to stimulate the glycosylase activity of
AAG. Under conditions for which AAG is stable, we demon-
strate that APE1 stimulates the multiple-turnover glycosylase
activity of AAG, specifically by increasing the rate of its
dissociation from the abasic DNA product. These results support
the model in which the first two steps of base excision repair are
coordinated by the replacement of a bound glycosylase by APE].

Kinetic Mechanism for the AAG-Catalyzed Excision of
Hx. The analysis of pre-steady state and steady state kinetics
provides strong evidence that the rate-limiting step for AAG-
catalyzed excision of Hx is dissociation of the abasic DNA
product under multiple-turnover conditions (Figure 9). This
model accounts for the pre-steady state burst (Figure 5), elimina-
tion of the burst by the addition of abasic DNA (Figure 7), and
observation of a lag when preincubated abasic is mixed with a
shorter DNA substrate (Figure 8). In addition, the ionic strength
dependence of k., with an increased reaction rate at an increased
ionic strength (Table 1), is readily explained by rate-limiting
dissociation from DNA. This can be attributed to the fact that the
AAG-DNA interface involves many ionic interactions, and they
are predicted to weaken as the ionic strength is increased (13, 25).
Similarly, the length dependence of k., (Table 2) is most
simply explained by rate-limiting DNA dissociation, since Ky
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FIGURE 7: Addition of the abasic DNA product is sufficient to
eliminate the burst phase. The experimental design is given in panels
A and B. (A) AAG was preincubated with abasic 25mer product for
90 min (t1), after which 25mer substrate was added. Time points were
taken during the second time period (t2), and the amount of abasic
DNA product was determined with the standard DNA glycosylase
assay. (B) As a reference reaction, enzyme was preincubated without
DNA, and the reaction was initiated by the addition of a mixture of
25mer abasic product and substrate to achieve conditions identical to
those in panel A. The final concentrations after mixing were 50 nM
AAG, 50 nM 25mer abasic DNA, and 1 uM 25mer substrate. In this
representative experiment, each reaction was performed in triplicate,
and the average and standard deviation for each time point are
plotted in panel C. A burst is observed when enzyme is added to the
product/substrate mixture (O). No burst was observed when enzyme
was first equilibrated with 1 equiv of abasic DNA product (O). This
confirms that the slow step in the multiple-turnover glycosylase
reaction is release of the abasic DNA product and that release of
the Hx product must be as fast as or faster than this step.
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FiGure 8: Rate of dissociation of the abasic DNA product limits
multiple-turnover excision by AAG in the absence of APE1. We took
advantage of the faster rate of dissociation of shorter DNA substrates
(Table 2) to independently test our model in which dissociation from
the abasic DNA product is the rate-limiting step in AAG-catalyzed
multiple-turnover base excision. This experiment was conducted as
described in the legend of Figure 7, except that the 17mer substrate
was used in place of the 25mer substrate. Since faster multiple-
turnover excision is observed for the shorter duplex, a lag phase is
observed in the approach to steady state (O). The lag time obtained by
extrapolation of the steady state rate is 4 & 1 min, in good agreement
with the expected lag time of 4 min {lag time = 1/[kom(25mer) +
kog(17mer)] = 3.8 min}. In contrast, initiation of the reaction with a
mixture of 25mer product and 17mer substrate gave rise to a burst
phase (O). Reactions were performed in triplicate, and the standard
deviation is shown. The theoretical equations that were fit to the
experimental data are described in Materials and Methods.

is decreased for longer oligonucleotides that would be capable of
making more extensive contacts with the protein. These observa-
tions imply that release of the excised Hx product is fast relative
to release of the abasic DNA product. Consistent with this
notion, we observe identical rates of product release for the
complex formed in situ with Hx present and for the complex
formed without Hx by the addition of abasic DNA alone
(Figure 7C and Figure S4 of the Supporting Information). The
very weak inhibition that is observed for added Hx (K; > SmM) is
also consistent with rapid dissociation of this product (data not
shown). Fast release of the excised lesion was also reported for E.
coli MutY (42). Slow, rate-limiting dissociation of glycosylases
from their abasic DNA product appears to be a common feature
of BER, since similar kinetic data have been reported for a
number of different enzymes (20—22, 43).

Under single-turnover conditions with a saturating concentra-
tion of AAG, the rate-limiting step includes nucleotide flipping
and N-glycosidic bond cleavage but does not include initial DNA
binding or product release (18, 34). Consistent with previous
reports (26, 38), we find that the A80 truncated enzyme is
indistinguishable from the full-length recombinant enzyme with
respect to single-turnover excision of Hx (Figure 4 and Table 1).
In contrast, we find that the truncated enzyme dissociates ~2-fold
faster than the full-length protein under low-ionic strength
conditions. This difference is highly reproducible and consis-
tent with the observation that the full-length protein exhibits
greater processivity than the truncated protein in the search
for sites of damage (25). However, at high ionic strengths, the
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FIGURE 9: Model for the stimulation of AAG by APEL. A simplified
mechanism is presented to emphasize the role of APEI in stimulating
the reaction of AAG. Although most lesions will be encountered by a
nonspecifically bound protein that is diffusing along the duplex (25),
only a single binding step is shown. Similarly, a single step is shown
for the excision of Hx; however, it is known that N-glycosidic bond
cleavage is preceded by an unfavorable flipping equilibrium, and
therefore, the maximal single-turnover reaction includes both the
nucleotide flipping and N-glycosidic bond cleavage steps (7). Accord-
ing to our results, the release of the Hx product (X) is shown as a rapid
step. Two possible pathways for dissociation of AAG and association
of APE1 are shown. In the top pathway, AAG first dissociates and
then APEI1 binds. In the bottom pathway, APE1 binds to the AAG-
abasic DNA complex and somehow increases the rate constant for
dissociation of AAG. Our results demonstrate that the bottom
pathway is preferred for both full-length and truncated AAG under
the conditions tested.

kinetic properties of the truncated protein are indistinguishable
from those of the full-length protein, confirming that the
A80 catalytic domain is a good model system for studying
the substrate specificity and catalytic mechanism of AAG
(7, 18, 26).

APEI Displaces AAG from Its Abasic DNA Product.
Given that the rate-limiting step for the multiple-turnover
glycosylase activity of AAG 1is dissociation from the abasic
product, then the stimulation by APE] must reflect an increase
in the rate of dissociation. Although the observed stimulation for
AAG-catalyzed excision of Hx is relatively modest at the higher
ionic strength employed (~4-fold at 7 = 120 mM), this is only a
lower limit for the increase in the rate constant for dissociation of
AAG. Under these conditions, the stimulated reaction is limited
fully by the nucleotide flipping and hydrolysis steps since the
multiple-turnover rate constant in the presence of APE1 reaches
the single-turnover rate constant for AAG-catalyzed excision
(Table 1). Therefore, the 100-fold effect that is observed at lower
ionic strengths is a better lower limit for the stimulation that is
possible. Interestingly, this 100-fold effect is similar to the ~40-
fold effect that has been observed for the stimulation of TDG by
APE1 (21, 33). Since AAG exhibits faster rates of excision for
methylated bases than for oxidized bases, our data suggest that
the stimulation by APE1 may be significantly larger for repair of
methylated DNA.

We have directly tested whether APEL1 is able to affect steps in
the AAG-catalyzed reaction prior to the release of the abasic
product by monitoring single-turnover kinetics of Hx excision.
The absence of any effect up to micromolar concentrations of
APEI indicates that if APEI and AAG are able to interact on
DNA, then this interaction does not alter the nucleotide flipping
or N-glycosidic bond cleavage steps catalyzed by AAG (Figure 4
and Table 1). This observation, under conditions in which APE1
has a stimulatory effect on multiple turnovers, strengthens the
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earlier observation that APEI does not affect the bond cleavage
step for AAG (19).

Taken together, the comparison of single-turnover and multi-
ple-turnover kinetic experiments for the reconstituted system of
AAG and APEI on a synthetic Hx-containing oligonucleotide
substrate reveals that the preferred pathway involves the binding
of APEI prior to the dissociation of AAG (Figure 9, bottom
pathway). We have no evidence to address whether APE1 might
be recruited prior to N-glycosidic bond hydrolysis, because the
rates of the AAG reaction are unaltered by the addition of APE1.
Regardless of whether APEI binding discriminates between an
AAG-substrate complex and an AAG-product complex, the
relatively slow release of AAG from its abasic product provides a
mechanism for coordinating the first two steps of the BER
pathway. Work from other laboratories has suggested that
downstream steps of BER might also be coordinated either by
transient physical interactions or by differential affinities of BER
enzymes for the different reaction intermediates (5, 21, 27, 33, 44).

The functional observation that APE1 induces the dissociation
of AAG raises the mechanistic question of whether protein—
protein interactions are involved. We deleted the first 79 amino
acids of AAG and found no significant change in the stimulation
by APEL. This restricts potential protein—protein interactions to
the catalytic domain of AAG and is reminiscent of the recent
report that truncation of TDG does not significantly affect the
stimulation by APE1 (33). Since AAG and TDG belong to
distinct structural families, this raises the question of how APEI]
stimulates each enzyme: is there a common mechanism, or have
distinct mechanisms evolved for the different glycosylases?
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SUPPORTING INFORMATION AVAILABLE

Preincubation controls establishing the stability of A80 AAG,
formamide-quenched controls to show that APEI has little
residual activity in the absence of magnesium ions, linear con-
centration dependence of burst amplitude and steady state rate,
demonstration that the single-turnover reaction is saturated at
low ionic strengths, and an additional experiment showing that 1
equiv of product abolishes the burst phase. This material is
available free of charge via the Internet at http://pubs.acs.org.
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