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Frameshift mutations are particularly deleterious to protein
function and play a prominent role in carcinogenesis. Most
commonly these mutations involve the insertion or omission of
asingle nucleotide by a DNA polymerase that slips on a damaged
or undamaged template. The mismatch DNA repair pathway
can repair these nascent polymerase errors. However, overex-
pression of enzymes of the base excision repair (BER) pathway is
known to increase the frequency of frameshift mutations sug-
gesting competition between these pathways. We have exam-
ined the fate of DNA containing single nucleotide bulges in
human cell extracts and discovered that several deaminated or
alkylated nucleotides are efficiently removed by BER. Because
single nucleotide bulges are more highly exposed we anticipate
that they would be highly susceptible to spontaneous DNA dam-
age. As a model for this, we have shown that chloroacetaldehyde
reacts more than 18-fold faster with an A-bulge than with a sta-
ble A'T base pair to create alkylated DNA adducts that can be
removed by alkyladenine DNA glycosylase. Reconstitution of
the BER pathway using purified components establishes that
bulged DNA is efficiently processed. Single nucleotide deletion
is predicted to repair +1 frameshift events, but to make —1
frameshift events permanent. Therefore, these findings suggest
an additional factor contributing to the bias toward deletion
mutations.

The loss or gain of one or more base pairs is one of the most
common types of genetic instability (1). Single nucleotide dele-
tions or insertions occur more frequently than larger deletions
or insertions and they cause frameshift mutations if they occur
within the open reading frame of a gene. Genomic instability is
proposed to be a hallmark of carcinogenesis and the loss or
alteration of DNA replication or repair pathways is an early step
in the progression of cancer (2, 3). Normally the mismatch
DNA repair (MMR)? pathway suppresses frameshift mutations
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by performing replication-coupled DNA repair, but many
cancer cells inactivate this pathway through mutations or
changes in promoter methylation that reduce expression of
one or more proteins in this pathway (4 —6). However, not all
cases of increased frameshift frequency can be attributed to
defects in MMR (7, 8). Here we consider the possibility that
other DNA repair pathways might also play a role in frame-
shift mutagenesis.

Many of the factors that influence the frequency of frame-
shift mutations are known (9, 10). Streisinger and co-workers
(11) proposed that slipping of a primer/template pair within a
polymerase active site could lead to a misaligned intermediate
that would subsequently be extended to generate a bulged
intermediate. Subsequent models for frameshift mutations (1,
6), including the effects of damaged templates and DNA inter-
calators (12, 13), have incorporated this essential feature (Fig.
1). It is generally assumed that another round of DNA replica-
tion is required to make this frameshift event permanent, with
one copy that retains the original sequence and another copy
that is mutant. Although both —1 and +1 frameshifts occur,
human cells show a strong bias (3—6-fold) toward —1 frame-
shift mutations (14 —16). This bias has been attributed to the
intrinsic propensity for some polymerases to make more fre-
quent —1 than +1 errors. For example, yeast polymerase 6 gen-
erates a greater number of —1 slips (17). Here we have consid-
ered the possibility that alternative DNA repair pathways
recognize frameshift intermediates and preferentially repair
+1 events and/or make —1 events permanent.

The base excision repair (BER) pathway is one DNA repair
pathway that might compete against MMR, because the over-
expression of BER enzymes result in increased frequency of
point mutations and frameshift mutations, especially —1
frameshifts (18 —20). The BER pathway repairs the majority of
damaged bases that arise from spontaneous hydrolytic, oxida-
tive, or alkylative reactions (for reviews, see Refs. 21-23). This
pathway is initiated by glycosylases that locate sites of damage
and excise the lesion base. A few of these enzymes also nick the
DNA backbone via a lyase mechanism, but most release an
apurinic/apyrimidinic (AP) product. The AP site is subse-
quently hydrolyzed by AP endonuclease 1 (APE1) to create a
3’-hydroxyl and a 5'-deoxyribose phosphate (dRP) group.
Commonly the missing nucleotide is incorporated by DNA
polymerase 3, which also removes the 5'-dRP group via a lyase
reaction. Finally, the single strand nick is ligated to complete

sylase; UGI, uracil glycosylase inhibitor; WCE, whole cell extract; MES,
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JOURNAL OF BIOLOGICAL CHEMISTRY 25203


http://www.jbc.org/cgi/content/full/M110.118596/DC1

Deletion of Bulges by Base Excision Repair

[ ] X
PN b A
---------- N/X
MMR l
Frameshift

FIGURE 1. Polymerase slipping creates bulged intermediates that give
rise to frameshift mutations. Arrows indicate DNA replication events. Slip-
ping of polymerases generate a bulged nucleotide (N) that is less likely to be
corrected by proofreading if it occurs in a homopolymeric sequence (A) (11).
The probability of a polymerase slipping is increased by DNA intercalators (B)
(12), or by adamaged template (C) (43, 45). Slipping on adamaged nucleotide
(X) generates a damaged bulge. MMR can correct these errors, whereas an
additional round of replication makes the frameshift permanent.

the BER pathway. This pathway removes the damaged nucleo-
tide and inserts a new nucleotide based upon base pairing with
the opposing nucleotide. However, if the BER pathway were
initiated on a single nucleotide bulge, then it would be expected
to delete the bulged nucleotide.

In this study we tested the hypothesis that the human BER
pathway can delete bulged nucleotides, by performing DNA
repair assays in cell extracts and reconstituting the BER path-
way with purified components. The results demonstrate that
the BER pathway is active toward alkylated or deaminated
nucleotide bulges, and confirm that the deletion of the dam-
aged nucleotide closely follows the well characterized activities
of the BER enzymes. Damaged single nucleotide bulges could
arise from the slipping of a polymerase on a damaged template,
or could result from spontaneous damage of an undamaged
bulge. These observations suggest that BER may compete
against MMR and that this competition could contribute to the
bias toward single nucleotide deletions.

EXPERIMENTAL PROCEDURES

Recombinant Proteins—Human BER enzymes were ex-
pressed in Escherichia coli and purified by affinity and ion
exchange chromatography. The affinity tags were removed and
the purity was judged to be >95% by SDS-PAGE analysis with
Coomassie staining. The purification of the catalytic domain of
AAG (A80), lacking the first 79 amino acids (24), the catalytic
domain of DNA ligase I (A232), lacking the first 232 amino acids
(25), and the full-length APE1 have been previously described
(26). Full-length DNA polymerase 8 was cloned into a modified
pET28 vector containing amino-terminal His, tag, followed by
a TEV cleavage site. After TEV cleavage, the amino terminus is
extended by two extra amino acids (GH). It was purified by a
similar protocol as previously described (27). Protein concen-
trations were determined by the estimated extinction coeffi-
cients at 280 nm.

Oligonucleotide Substrates—DNA oligonucleotides were syn-
thesized by commercial sources using standard phosphoramid-
ite chemistry, and were purified and annealed as described (28).
The sequence of 5'-fluorescein (FAM)-labeled oligonucleotide
was 5'-FAM-CGATAGCATCCTXCCTTCTCTCCAT, in which
X was either a normal nucleotide or a damaged nucleotide.
The labeled oligonucleotide was annealed with a 24-mer
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complement to create a single nucleotide bulge, or with a
25-mer complement to create a central base pair (X-Y;
supplemental Fig. S1).

Glycosylase Assay in Whole Cell Extracts—Glycosylase reac-
tions were monitored at 37 °C in a buffer containing 50 mm
NaHEPES (pH 7.5), 100 mm NaCl, 1 mm EDTA, 1 mm dithio-
threitol, 0.1 mg/ml of bovine serum albumin, and 10% (v/v)
glycerol. Reactions (20 ul) contained 10 nm FAM-labeled sub-
strate and 3-ul aliquots were removed at the desired time
points and quenched with 2 volumes of 0.3 M NaOH to obtain a
final concentration of 0.2 M. AP sites formed from the glycosy-
lase reaction were quantitatively converted to DNA breaks by
heating at 70 °C for 15 min, followed by the addition of 3.3
volumes of formamide/EDTA loading buffer containing 0.05%
(w/v) of bromphenol blue and xylene cyanol FF dyes. Samples
were separated via denaturing PAGE and FAM fluorescence
was quantified by imaging with a Typhoon trio (GE Healthcare)
using 488 nm excitation and a 520BP40 emission filter. Fluores-
cence intensity of individual bands was determined with Image-
Quant TL (GE Healthcare). The fraction of glycosylase product
was determined by dividing the fluorescence intensity of the
12-mer product band by the sum of the 12-mer product and
25-mer substrate bands. The fraction was converted into con-
centration by multiplying by the total amount of DNA substrate
present. Reactions were carried out in triplicate and the initial
rates were measured by a linear fit. To confirm the identity of
the 12-mer reaction product, we generated the authentic
12-mer from a single turnover reaction with 2 um AAG and 10
nM I'T DNA. The reaction was quenched with NaOH after 15
min and treated as described above. Whole cell extracts (WCE)
were obtained from Active Motif and were stored at —80 °C in
lysis buffer (20 mm NaHEPES, pH 7.5, 350 mm NaCl, 20% gly-
cerol, 1% Igepal-CA630, 1 mm MgCl,, 0.5 mm EDTA, 0.1 mm
EGTA) until immediately before use.

Inhibition of U-bulge glycosylase activity was achieved by
addition of 0.02 units of uracil glycosylase inhibitor (New Eng-
land Biolabs) to 0.4 mg/ml of HeLa WCE as described above.
Inhibition of the glycosylase activity toward I-bulge and
€A-bulge bulge DNA (10 nm) was investigated by adding 100 nm
unlabeled 25-mer competitor DNA that was either damaged
(eA-T) or undamaged (A-T). To estimate the amount of AAG
present in extracts, the standard glycosylase assay was per-
formed with either 0.2 or 0.4 mg/ml of WCE, 10 nm I-T-labeled
substrate, and 100 nm A-T unlabeled DNA. The glycosylase
activity of T47D and HeLa toward the I' T substrate was linearly
dependent on the amount of extract added (supplemental
Fig. S6).

Alkylation of DNA by Chloroacetaldehyde—A coupled assay
was employed to determine the susceptibility of a bulged base
to alkylative damage from chloroacetaldehyde. 1 um A-T or
A-bulge oligonucleotide was incubated at 37 °C in 50 mm
Na,HPO, (pH 7.5), and 100 mm NaCl. 100 mm Chloroacetalde-
hyde (Sigma) was added as indicated. Reactions (4 ul) were
incubated for 4 h at 37 °C, followed by the addition of 50 ul of
TE buffer (10 mm Tris, pH 8.0, 1 mm EDTA) and 50 ul of
hydrated diethyl ether. The organic layer was removed and a
second ether extraction step was performed. DNA was precip-
itated by the addition of 150 ul of cold ethanol, 0.12 M sodium
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FIGURE 2. Human glycosylases excise alkylated and deaminated bases, but not undamaged bases, from one-nucleotide bulges. A, DNA glycosylase
activity was monitored in HeLa WCE using fluorescently labeled oligonucleotides that contained single nucleotide bulges. AP products were cleaved under
alkaline conditions and samples were analyzed by denaturing PAGE. B, a representative gel is shown. Undamaged (lanes 1-8) and damaged (lanes 9-14) DNA
(10 nm) was incubated in 0.4 mg/ml of WCE for the indicated time. An I-T substrate was incubated in the presence or absence of recombinant AAG to provide
size standards for the 25-mer intact substrate (S) and the 12-mer glycosylase-generated product (P). C, initial rates for excision of damaged nucleotides present
in single nucleotide bulges were determined as described above. The mean * S.D. is shown from 3 independent experiments.

acetate. Samples were incubated for 30 min at —80 °C and cen-
trifuged for 15 min. After removal of the supernatant, samples
were washed with 0.5 ml of 95% ethanol and centrifuged for 10
min. The supernatant was removed and the samples were air-
dried. The €A lesions that were formed by alkylation of the
DNA were subsequently removed by AAG, which was found to
have the same level of activity toward an €A-T mismatch as
toward an eA-bulge (data not shown). Samples were resus-
pended in 20 ul of AAG reaction buffer, 50 mm NaMES (pH
6.1), 100 mm NaCl, 1 mm EDTA, 1 mwm dithiothreitol, and 0.1
mg/ml of bovine serum albumin, and incubated with 2 um AAG
at 37 °C for 30 min. Samples were quenched in NaOH and ana-
lyzed by the standard glycosylase assay.

BER Assays in WCE—Assays for the processing of labeled
mismatch and bulge DNA were performed at 37 °C in 50 mm
NaHEPES (pH 7.5), 100 mm NaCl, 5 mm MgCl,, 4 mm ATP, and
25 uM of each dNTP. Typically 10 nm FAM-labeled mismatch
or bulge substrate and 100 nM unlabeled (A-T) DNA were incu-
bated with 0.4 mg/ml of extract (Active Motif) in a reaction
volume of 20 ul. Samples were taken by quenching 3-ul aliquots
into an equal volume of formamide with 20 mm EDTA, heated
to 70 °C for 5 min, and separated by denaturing PAGE. AP sites
remained intact during this procedure. The amount of repair
that had occurred was determined by quenching reactions with
EDTA (10 mwm final). Recombinant AAG (2 uMm) was added and
reactions were incubated at 37 °C for 30 min. Finally, these
reactions were quenched in 0.2 M NaOH and processed as
described above to cleave abasic sites.

In Vitro BER Reconstitution—Recombinant human proteins
were used to reconstitute BER activity on either an I'T mis-
match or an I-bulge. Reactions were incubated at 37 °C under
the standard conditions of 50 mm NaHEPES (pH 7.5), 100 mMm
NaCl, 5 mm MgCl,, 4 mm ATP, and 2.5 um of each dNTP.
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Reactions contained 300 nM DNA substrate with 30 nm AAG,
APEL, polymerase f3, and ligase I, as indicated in a total volume
of 20 pl. After 60 min the BER reaction was complete, at which
point 3-ul aliquots were quenched in formamide/EDTA and
analyzed as described above. We used this same protocol to
follow the time course for multiple turnover BER activity,
except that reactions contained 700 nm DNA and the putative
physiological concentration (29) of APE1 (120 nm), polymerase
B (20 nm), and ligase I (40 nm).

RESULTS

Glycosylase-catalyzed Excision of Bulged Nucleotides in HeLa
WCE—Oligonucleotide duplexes were incubated in human
WCE to test whether DNA glycosylases can excise unpaired
nucleotides (Fig. 24). These oligonucleotides were 25 base pairs
in length, with the central nucleotide unpaired (i.e. presented as
a single nucleotide bulge). In addition to the four natural nucle-
otides, we also tested some common deaminated or alkylated
nucleotides that are known to be present in chromosomal
DNA. Deamination of C gives rise to uracil (U), deamination of
Avyields inosine (1), and alkylation of A can yield 1,N°®-etheno-A
(€A). Glycosylases do not require Mg>" ions for activity, there-
fore we included EDTA in the glycosylase assay buffer. In the
absence of Mg**, most endonuclease and exonuclease activi-
ties were blocked and oligonucleotides remained intact for
greater than 24 h (Fig. 2B).

There was no detectable glycosylase activity toward undam-
aged nucleotides in single nucleotide bulges in HeLa WCE (Fig.
2B, lanes 1-8). This could be due to extremely low rates of
excision of natural nucleotides by human DNA glycosylases or
to protection of these sites by other proteins present in the
extract. In contrast, damaged nucleotides were rapidly excised
(Fig. 2B, lanes 9-14). Significant excision was detected at 1 h,
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sylase assays in Hela cell extracts were performed as described in the legend
to Fig. 2. A, U-bulge DNA was incubated in the presence or absence of UGI
(0.02 units). UGl completely blocks U-bulge glycosylase activity, demonstrat-
ing that UDG is the enzyme responsible. B, fluorescently labeled I-bulge or
eA-bulge DNA was incubated with no competitor DNA (—), undamaged DNA
(A-T), or damaged DNA (eA-T) for 24 h. AAG is the only human glycosylase
known to excise €A lesions, therefore the strong competition by eA-contain-
ing DNA suggests that AAG is responsible for both activities.

with complete processing of the bulge occurring within 24 h. If
reactions were quenched in formamide, instead of hydroxide,
the 12-mer product was not observed. This confirmed that all
three damaged nucleotides were excised by monofunctional
DNA glycosylases (supplemental Fig. S2). Initial rates of base
excision in the HeLa extracts show that the U-bulge was most
rapidly removed (Fig. 2C). The I-bulge was removed at a 4-fold
slower rate, and the eA-bulge was removed at a 20-fold slower
rate than the U-bulge. We next sought to identify the enzymes
responsible for this activity on single nucleotide bulges.

Identification of DNA Glycosylases Acting at Bulged Nucleo-
tides—There are four human glycosylases that are known to
excise U from DNA (30). The most active of these is uracil DNA
glycosylase (UDG) (31). UDG is inhibited with high affinity and
specificity by the bacteriophage-encoded UDG inhibitory pro-
tein (UGI), therefore we tested if UGI would block the excision
of a U-bulge in HeLa WCE (32). Complete inhibition was
observed, demonstrating that UDG was the glycosylase respon-
sible for acting on a U-bulge (Fig. 34).

We expected that the I and eA-specific activities would both
be attributed to alkyladenine DNA glycosylase (AAG), because
this is the only human enzyme known to excise alkylated and
deaminated purines from DNA (33-36). €A is formed by
endogenous reactive species resulting from lipid peroxidation
(37). Vinyl chloride exposure causes increased levels of €A via
the P450 catalyzed production of chloroethylene oxide and
chloroacetaldehyde (37, 38). AAG is the only protein found to
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bind €A-T DNA in cell extracts from human tissues (39, 40) and
it binds with very high affinity (41, 42). Therefore, we tested if
unlabeled €A-T DNA inhibits the excision of I and €A from
single nucleotide bulges. As expected, the addition of 10-fold
excess of €A-T decreased the excision of €A from the bulge to
undetectable levels, whereas undamaged competitor DNA
(A'T) had no effect (Fig. 3B). Similarly, the €AT competitor
completely blocked activity toward an I-containing single
nucleotide bulge. This suggests that AAG is responsible for the
excision of alkylated and deaminated purines present in a single
nucleotide bulge.

Bulges containing damaged nucleotides can be formed when
a DNA polymerase encounters a bulky lesion, such as €A, on the
template strand. The Y-family polymerases are particularly
prone to template slipping. For example, frequent —1 slips are
observed during replication of eA-DNA by human polymerases
W, K, and 71 (43, 44) and during replication of eG-DNA by Dpo4
(45, 46). However, other types of damaged nucleotides are not
known to induce polymerase slipping. For these types of dam-
age, which includes U and I, we considered the possibility that
they might form subsequent to DNA replication.

Bulged Nucleotides Are More Susceptible to Damage—Single
nucleotide bulges formed by polymerase slipping events are
more exposed than Watson-Crick paired nucleotides (47, 48),
suggesting that bulged nucleotides would also be damaged by
oxidation and alkylation. We tested whether a bulged A is more
susceptible to alkylative damage than an A‘T base pair. As
described above, alkylation of DNA by chloroacetaldehyde
results in the formation of a variety of alkylation adducts,
including €A (Fig. 44). Thus, alkylation of an A-bulge would
create a good substrate for AAG.

We exposed a fully paired duplex (A-T) and a single A-bulge
to a high concentration of chloroacetaldehyde (100 mwm) for 4 h.
Excess alkylating agent was removed and the DNA was incu-
bated with recombinant AAG in the standard glycosylase assay.
Both alkylating agent and AAG were required to get the specific
12-mer product resulting from the glycosylase reaction at this
bulged site (Fig. 4). Additional experiments showed that this
alkylation reaction is dependent upon the concentration of
chloroacetaldehyde and on the amount of time that DNA was
exposed (supplemental Fig. S4). We observed that the bulged A
has =18-fold increased reactivity relative to a paired A (Fig. 4
and supplemental Fig. S4).

Deletion of an I-bulge in Cell Extracts—Above we demon-
strated that DNA glycosylases catalyze the excision of lesions
from a single nucleotide bulge to create a bulged AP site. If this
intermediate can be processed by the major human APE1, then
the BER pathway would be expected to cause a single nucleotide
deletion. Therefore, we added the necessary cofactors to sup-
port the BER pathway, including dNTPs, ATP, and Mg**, to
HeLa WCE to test if the predicted one nucleotide deletion
could be detected with either an I-bulge or a U-bulge substrate.
Under these conditions, we observed a variety of BER interme-
diates that were consistent with the processing of these deami-
nated single nucleotide bulges by BER (supplemental Fig. S7).
However, we observed a substantial level of 3'-5’ exonuclease
activity in HeLa WCE that degraded the DNA oligonucleotides
even when the BER pathway was inhibited. It should be noted
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that this exonuclease activity is an artifact of using short oligo-
nucleotide substrates and is not expected to play a role when
bulged nucleotides are present in chromosomal DNA. This
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FIGURE 4. Single nucleotide bulges are highly susceptible to alkylation dam-
age. A, chloroacetaldehyde (CAA) reacts with A nucleotides in DNA to produce
the alkylation adduct €A. Sites of €A formation were detected by the glycosylase
activity of AAG. B, stably paired (A-T) or a single nucleotide A-bulge was incubated
with chloroacetaldehyde (100 mwm) for 4 h. After AAG-catalyzed excision of €A
lesions and alkaline hydrolysis of AP sites, samples were analyzed by denaturing
PAGE. Only the A-bulge showed detectable eA formation under these conditions.
Quantification of duplicate experiments revealed that 18 =+ 2% of the A-bulge is
alkylated to form an €A bulge, whereas the A-T pair was not detectably alkylated
(=1%; supplemental Fig. S4). This indicates that the A-bulge is at least 18-fold
more reactive than and A-T pair.
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exonucleolytic activity could be decreased by adding unlabeled
competitor DNA (undamaged A-T 25-mer), presumably by
providing additional DNA ends that would be substrates for the
hydrolytic enzyme(s). We infer that there was insufficient gly-
cosylase activity for the BER pathway to fully outcompete the
degradation pathway(s) in HeLa WCE when short oligonucleo-
tides are used as substrates. Therefore, we investigated several
additional human cell lines in which the balance of BER and
exonucleolytic degradation might differ.

Many cancer cell lines, especially breast cancers, have
increased AAG expression (49, 50). We chose one of these cell
lines (T47D), a ductal breast tumor, because AAG is reported to
be expressed at a 3-fold higher level relative to HeLa cells (50).
We first measured the level of glycosylase activity toward an I' T
mismatch in HeLa and T47D WCE and confirmed the 3-fold
higher level of AAG activity in T47D (supplemental Fig. S5).
We next examined the repair of I'T and I-bulge DNA in T47D
extracts under the BER conditions. The I'T mismatch was pro-
cessed to build up a nicked DNA intermediate (Fig. 54). The
presence of the repaired 25-mer product was confirmed by
treating it with excess recombinant AAG and alkaline cleavage,
which fully cleaved any remaining lesion-containing DNA (Fig.
5B, lane 2). In the case of the I-bulge, a new 24-mer product was
formed (Fig. 5A, lanes 5— 8) that was similarly resistant to cleav-
age by recombinant AAG (Fig. 5B, lane 4). This suggests that
WCE are capable of catalyzing a single nucleotide deletion with
an I-bulge on a similar time scale to repair of an I'T mismatch.
When €A-T competitor was added there was no repair of ' T or
I-bulge (Fig. 5B, lanes 5-8). We also noticed small amounts of
polymerase extension products under these conditions. These
products were greatly reduced by aphidicolin, an inhibitor of

A Substrate T I-bulge 1T I-buige B Substrate[ T | rbulge| T | I-bulge
Competitor AT AT eAT AT Competitor| AT AT eAT eAT
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FIGURE 5. Base excision repair assays in T47D WCE demonstrate single nucleotide deletion. A, conditions were similar to those described in the legend to
Fig. 2, but 5 mm MgCl,, 1 mm ATP, and 0.1 mm of each dNTP were added to support BER activity. The expected single nucleotide deletion product (24-mer) was
detected within 30 min for the I-bulge substrate (lanes 5-8). The I'T mismatch was processed on the same time scale (lanes 1-4), as evidenced by the build-up
of BER intermediates (72-mer). No BER intermediates or deletion products were observed when eA-T-containing unlabeled competitor DNA was included in the
incubation (lanes 9-16). B, determination of extent of repair for reactions shown in A. After 120 min samples were split and either incubated with recombinant
AAG (+AAG) to process the remaining | lesions, or immediately quenched in formamide/EDTA (—AAG). Alkaline hydrolysis of the abasic site occurs via
B,8-elimination to generate a 3'-phosphate (3'-P), making it possible to quantify the amount of | lesion present after incubation in WCE. In contrast, the
APE1-catalyzed reaction in the extract yields a 3'-hydroxyl (3'-OH). The persistent 25-mer in lane 2 and 24-mer in lane 4 confirms that the | lesion was removed.
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FIGURE 6. Proposed single nucleotide deletion pathway catalyzed by BER
enzymes. The pathway for AAG-initiated short-patch BER is shown on the left
and the proposed pathway for single nucleotide deletion is shown on the
right. X denotes a damaged nucleotide. Note that only the glycosylase and
endonuclease reactions differ for the two pathways. After APE1 cleavage the
5'-dRP intermediate is chemically identical to the intermediate generated
after single nucleotide incorporation in the short-patch BER pathway.

OO~

polymerase a, 8, and €, and did not occur if ANTPs were omit-
ted from the reaction (supplemental Figs. S10 and S11).

We also tested two additional cell lines that overexpress
AAG (49, 50), a second breast ductal carcinoma (MCF-7 (51))
and a colon adenocarcinoma (HT-29 (52)). Incubation of the
I-bulge substrate under BER conditions revealed a high level of
AAG activity in both cell lines (supplemental Figs. S8 and S9).
In addition to the 12-mer nicked BER intermediate, a 24-mer
single nucleotide deletion product could be detected that was
above the background of 3'-5’ exonucleolytic degradation.
These observations indicate that extracts from cancer cells that
have different origins share the ability to delete a single nucle-
otide I-bulge.

This proposed single nucleotide deletion of a bulged lesion is
depicted in Fig. 6 and compared with the normal BER pathway.
Only the short patch pathway is shown, but long patch BER
with proliferating cell nuclear antigen-mediated strand dis-
placement, flap cleavage by FEN1, and ligation would also be
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expected to form the single nucleotide deletion (21, 22). The
key steps are the initiation of the pathway by a DNA repair
glycosylase, as we have shown for AAG and UDG, and the sub-
sequent hydrolysis of the AP-bulge by APE1, as shown below.
This is because the dRP lyase and DNA ligase reactions are
identical for the short patch BER and bulge deletion pathways
(Fig. 6). To confirm the proposed pathway and to evaluate the
relative rate of single nucleotide deletions we reconstituted the
reaction in vitro with recombinant proteins.

Reconstitution of Single Nucleotide Deletion by Enzymes of the
Short Patch BER Pathway—We examined multiple turnover
repair reactions of either an I'T mismatch or an I-bulge under
the standard BER assay conditions with recombinant AAG,
APE], polymerase 3, and DNA ligase I. A representative time
course is shown in which reactions were quenched in formam-
ide/EDTA and analyzed by denaturing PAGE (Fig. 7). An early
time point confirmed that this quench is sufficient under these
conditions, because only intact substrate was observed (lanes 1
and 6). The nicked 12-mer DNA intermediate rapidly built up
in reactions containing either an I-T mismatch or an I-bulge. In
both cases, this intermediate was depleted by 60 min, indicating
complete repair. The quantitative conversion of an I-bulge to a
single nucleotide deletion product (24-mer, lane 10) demon-
strates that all enzymes are active and capable of catalyzing this
deletion reaction. Quantification of the nicked DNA interme-
diate that were formed from a mismatch and from a bulge
shows similar reaction profiles (Fig. 7B). This indicates that
both substrates are repaired with similar rates.

To confirm that these four proteins are necessary and suffi-
cient for the single nucleotide deletion, we omitted each protein
in turn (Fig. 8). If all proteins were present, the single nucleotide
deletion was complete within 1 h (lane 2). When AAG was
omitted, no detectable reaction occurred (lane 3). This shows
that APEL1 has little or no activity toward an I-bulge. Omission
of APE1 led to the formation of the AP-DNA intermediate,
which had slightly increased mobility under these conditions
(lane 4). When polymerase 3 was omitted, a 12-mer single
strand nick was formed. This intermediate is expected to retain
the 5'-dRP group, and therefore is not a substrate for DNA
ligase (lane 5). Finally, the omission of DNA ligase I also pre-
vented ligation (lane 6). Both the 12-mer nick and a 13-mer
product were observed. The 13-mer product is due to the incor-
poration of an additional nucleotide by polymerase 8 in the
absence of ligase and this species is not observed when all pro-
teins are present (lane 2) or in the absence of ANTP substrates
(data not shown). These experiments demonstrate that the
human BER enzymes efficiently catalyze the deletion of a dam-
aged nucleotide bulge, and that this reaction occurs on the same
time scale as the well characterized short patch BER pathway
for the repair of damaged nucleotides present as a mismatch
(Fig. 7).

DISCUSSION

Reports that imbalanced levels of BER enzymes increase the
frequency of frameshift mutations (20, 53) led us to test if the
BER pathway acts on single nucleotide bulges. Such bulges can
occur by a variety of mechanisms (Fig. 1). Using cell extracts
and full reconstitution with recombinant proteins, we find that
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FIGURE 7. Time dependence of repair demonstrates that the single nucle-
otide deletion pathway occurs at the same rate as the BER pathway.
A, multiple turnover reconstituted BER reactions contained 700 nm I-T mis-
match or bulge DNA, 350 nm AAG, 120 nm APE1, 20 nm polymerase 3, and 50
nm DNA ligase | and the necessary nucleotide and Mg?* cofactors. Reactions
were quenched at the indicated time with formamide/EDTA loading buffer
and analyzed by denaturing PAGE. B, the quantification of the formation of
the 24-mer deletion product and the formation and breakdown of the 12-mer
nicked DNA intermediate is from 3 independent experiments and the
mean * S.D.is shown. Identical rates of repair of the I'T mismatch and I-bulge
were also observed at physiological concentration of repair enzymes
(supplemental Fig. S12).

deaminated and alkylated nucleotides present in single nucleo-
tide bulges are substrates for BER, resulting in rapid deletion of
the damaged nucleotide. These observations suggest that com-
petition between repair pathways can affect the frequency of
frameshift mutations.

Glycosylases Excise Damaged Nucleotides Present in Single
Nucleotide Bulges—We identified UDG and AAG as two glyco-
sylases that efficiently recognize base lesions presented in a sin-
gle nucleotide bulge. UDG has robust activity toward U in both
single- and double-stranded DNA (31). In contrast, the activity
of AAG toward I in a single-stranded substrate is ~103-fold
slower than toward I in a double-stranded substrate (28). Single
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FIGURE 8. In vitro reconstitution of the single nucleotide deletion path-
way with recombinant human BER proteins. Recombinant AAG, APE1,
polymerase (pol) 3, and DNA ligase | were necessary and sufficient for the
single nucleotide deletion in vitro (lane 2). Omission of any single protein gave
the expected product (Fig. 6). Note that the AP intermediate migrates
between the 25-mer substrate and the 24-mer product (lane 4) and the omis-
sion of DNA ligase (lane 6) leads to some strand displacement by DNA poly-
merase f3.

turnover kinetics establish that AAG has a 3-fold preference for
an I-bulge over an I'T mismatch (28). These observations dem-
onstrate that the UDG and AAG active sites are extremely flex-
ible and able to recognize substrate nucleotides in very different
structural contexts.

This ability to accept bulged lesions may be common.
Human NEIL1, a glycosylase that recognizes oxidized and frag-
mented bases, has recently been shown to excise lesions present
in single nucleotide bulges (54). Further work is needed to eval-
uate the range of potential BER substrates.

There was no detectable glycosylase activity toward normal
nucleotide bulges in HeLa WCE under multiple turnover con-
ditions. However, AAG exhibits low levels of activity toward the
normal nucleotides A and G, and this activity is greater when
they are present in a mismatch (36, 55, 56). Under single turn-
over conditions we found that AAG has similar activity toward
an undamaged purine bulge as toward the purine mismatch
(supplemental Fig. S3). The lack of detectable glycosylase activ-
ity toward A- and G-bulges in cell extracts is consistent with the
extremely low concentration of AAG. Under our assay condi-
tions we predict that less than 0.1% of the bulge would be pro-
cessed by AAG, which would be below our limit of detection.
Although AAG activity on undamaged purine bulges could give
rise to a very low incidence of deletions, a more likely scenario is
that spontaneous damage to a bulged nucleotide would gener-
ate a good substrate for BER.
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FIGURE 9. Model for competition between MMR and BER in the processing of nascent frameshift muta-
tions. A, a polymerase slips on a damaged template to create a bulged lesion nucleotide. The MMR pathway
allows another attempt at replication of the damaged template, whereas the BER pathway would catalyze the
removal of the damaged nucleotide resulting in a — 1 frameshift mutation. B, a polymerase slips on an undam-
aged homopolymeric run, resulting in a —1 or +1 event. Subsequent damage allows it to be recognized by
BER, which will repair a +1 event but make a —1 event permanent. MMR provides a high fidelity pathway for
repairing either —1 or +1 events, butimbalances in MMR or BER or a high level of DNA damage are expected
to increase the frequency of frameshift mutations. The low level of activity of AAG on undamaged purines
could allow some deletions even in the absence of DNA damage (not shown).

Bulged Nucleotides Are More Susceptible to Damage—The
reactivity of single nucleotide bulges has not been extensively
characterized. However, the nucleobases of single-stranded
DNA are much more reactive than those in duplex DNA toward
various types of damage. For example, deamination of C to U
occurs ~100-fold faster in single-stranded DNA than in duplex
DNA (57, 58). It has also been observed that C mismatches have
elevated spontaneous deamination rates relative to CG pairs,
and in some sequences the rates of deamination of the C mis-
match approaches that of single-stranded DNA (59). There-
fore, we predict that a C-bulge is likely to be similarly suscepti-
ble to deamination. Here we have tested the reactivity of a
bulged A toward a DNA alkylating agent. We found that a single
nucleotide bulge reacts at least 18-fold faster than a stably
paired nucleotide with chloroacetaldehyde (Fig. 4). The greater
reactivity of single nucleotide bulges toward endogenous and
exogenous forms of base damage underscores the importance
of rapidly correcting —1 and +1 polymerase slips.

Human BER Excises Damaged Nucleotides Present in Single
Nucleotide Bulges—We tested whether the BER pathway can
process glycosylase-initiated bulged AP sites in human cell
extracts to effectively delete the damaged nucleotide. In
extracts from two human breast cancer cell lines (T47D and
MCF-7) and a colon cancer cell line (HT-29), we observed the
expected single nucleotide deletion product (Fig. 5 and
supplemental Figs. S8 and S9). Both AAG and UDG initiate
repair of deaminated nucleotides by a mixture of short and long
patch BER pathways (29, 60). It should be noted that both path-
ways are expected to result in the single nucleotide deletion. To
further test the proposed model, we reconstituted the short
patch BER pathway using recombinant proteins (Figs. 7 and 8).
This confirms that APE1 efficiently processes the bulged AP
site, which has important implications for the mutation spec-
trum of AP sites that are discussed below. The subsequent dRP
lyase activity of polymerase B removes the 5'-dRP group and
the nick is sealed by DNA ligase (Fig. 6).

The robust activity of APE1 toward a bulged AP site suggests
intriguing similarities in substrate recognition between APE1
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AP sites in single-stranded DNA
(63) and it can also catalyze endonu-
cleolytic cleavage at bulky lesions,
such as a-anomeric nucleotides
(64). The finding that APE1 acts on
a bulged AP site is further evidence
for a great flexibility in substrate
recognition.

In addition to the activity of APE1 toward a bulged AP site, at
least one human bifunctional DNA glycosylase is able to act on
this substrate. NEIL1, a bifuctional DNA glycosylase/AP lyase,
has been shown to perform both glycosylase and lyase activities
on a single nucleotide bulge (54). In this case, the action of
polynucleotide kinase 3’-phosphatase is required to generate a
nick that can be ligated (54, 65). Consistent with this finding, we
observed that the bulged AP product from the AAG-catalyzed
reaction was slowly hydrolyzed in the absence of Mg>",
presumably by an AP lyase present in HeLa cell extract
(supplemental Fig. S2).

The ability of the BER pathway to delete a bulged AP site
helps to explain the high frequency of frameshift mutations
caused by AP sites (66). For example, overexpression of poly-
merase f3 is associated with an increased frequency of —1
frameshift events (18). Polymerase S is especially prone to
bypass the AP site and read the adjacent nucleotide (18, 67, 68).
We have provided evidence that the resulting AP bulges would
be quickly processed to give a —1 frameshift.

Competition for Repair of Bulged Nucleotide Intermediates—
A model for BER-mediated frameshift mutations is summa-
rized in Fig. 9. Replication of a damaged template can cause the
polymerase to bypass the lesion to produce a damaged, bulged
nucleotide product (Fig. 94). MMR can provide another oppor-
tunity for replication of the damaged template nucleotide by
removing the newly synthesized strand. In contrast, BER activ-
ity would resolve the bulge to a —1 deletion. Alternatively, a
polymerase could slip on an undamaged template to give rise to
an undamaged bulge (Fig. 9B). MMR can repair both —1 and
+1 slips to prevent these errors from becoming frameshift
mutations. We found that AAG is able to excise normal purines
present in bulges (supplemental Fig. S3). Although this level of
activity is extremely low, stochastic action of AAG could nev-
ertheless contribute a bias toward deletion particularly in the
absence of functioning MMR. If the bulge remains undetected
then it is highly susceptible to DNA damage. We have shown
that for at least some types of oxidative and alkylative damage,
BER is likely to compete with MMR (Fig. 9B). This competition
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will favor BER if there is a high burden of DNA damage or if the
levels of repair activities are imbalanced (i.e. depletion of MMR
enzymes or overexpression of BER enzymes). In the case ofa +1
slip, this cycle of damage and deletion via BER would restore the
original DNA sequence. Whereas, a — 1 slip would be converted
into a —1 frameshift mutation.

Our results also shed light on observations that overexpres-
sion of BER enzymes can lead to mutator phenotypes (19). A
model, collectively referred to as imbalanced BER, postulates
that increased production of BER intermediates leads to persis-
tent DNA repair intermediates that can ultimately result in
mutations (20, 53, 69, 70). This model successfully accounts for
many observations, but does not easily explain the finding that
heterologous expression of human AAG in yeast leads to a
30-fold increase in the frequency of —1 frameshifts in a poly(A)
tract and a 6-fold bias toward deletions over insertions (20).
Our finding that AAG excises a damaged or undamaged
A-bulge provides a mechanism whereby AAG could outcom-
pete the yeast MMR pathway to recognize polymerase slipping
errors.

This model also has implications for cancer, because the fre-
quency of mutations is one of the driving forces for carcinogen-
esis (2, 3). Several studies have found a positive correlation
between overexpression of AAG and an increase in mutation
rates in human cells (20, 50, 71). AAG expression is commonly
up-regulated in breast cancers and previous studies have found
that these same cell lines exhibit elevated mutation rates,
including increased frequency of —1 frameshift mutations (49,
50, 71). There is a well established link between defects in MMR
and microsatellite instability, which includes increased fre-
quency of frameshift mutations, and is commonly associated
with hereditary colon cancers (72, 73). The overexpression of
enzymes of the BER pathway, such as AAG, could increase the
frequency of frameshift mutations by shifting the balance from
MMR to BER. Our studies highlight additional factors that can
contribute to the bias of —1 frameshift over +1 frameshift
mutations in human cells, and offers an explanation for the
frameshift mutations that accompany imbalances in the BER
pathway.

Acknowledgments—We thank Tom Wilson for ¢cDNA encoding
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on the manuscript.

Note Added in Proof—Another study has recently been published
investigating the mechanism of how AAG causes frameshift muta-
tions (74). The authors use heterologous expression of AAG in yeast
cells to demonstrate that AAG glycosylase activity is important for
the generation of frameshift mutations. Remarkably, active site
mutants of AAG were identified that further increase the frequency
of both —1 and +1 frameshift mutations, and it is proposed that
AAG outcompetes other DNA repair pathways for binding to bulged
DNA intermediates.
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