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Abstract

Genome sequences that contain tandem repeats of guanine can form stable four-stranded
structures known as G-quadruplex, or G4 DNA. While the molecular mechanisms are not fully
defined, such guanine-rich loci are prone to mutagenesis and recombination. Various repair
pathways function to reduce the potential for genome instability by correcting base damage and
replication errors; however, it is not yet fully defined how well these processes function at G4 DNA.
One frequent form of base damage occurs from cytidine deamination, resulting in deoxyuracil and
UG mismatches. In duplex and single-stranded DNA, uracil bases are recognised and excised by
uracil glycosylases. Here, we tested the efficiency of uracil glycosylase activity in vitro on uracil
bases located directly adjacent to guanine repeats and G4 DNA. We show that uracil excision by
bacterial UDG and human hUNG2 is reduced at uracils positioned directly 5" or 3’ of a guanine
tetrad. Control reactions using oligonucleotides disrupted for G4 formation or reaction conditions
that do not favour G4 formation resulted in full uracil excision activity. Based on these in vitro
results, we suggest that folding of guanine-rich DNA into G4 DNA results in a DNA conformation
that is resistant to uracil glycosylase-initiated repair and this has the potential to increase the risk
of instability at guanine repeats in the genome.

Introduction When DNA becomes transiently denatured during transcription
or replication, guanine repeats freed from their complement are per-
mitted to adopt structures like G4, which can subsequently inter-
fere with various DNA metabolic pathways (1,2,13-15). This raises
the possibility that some DNA repair activities may be inhibited at
G4 DNA, contributing to the apparent instability that characterises

Guanine-rich and repetitive genomic DNA has the unique abil-
ity to adopt four-stranded conformations called G4 DNA, and
the impact of those structures on DNA metabolism is impor-
tant for clarifying the molecular sources of genetic disease (1-3).
Physiological salt and pH conditions promote G4 folding, struc-

. . L many guanine-rich loci. One major pathway, base excision repair
tures with stacks of guanine ‘tetrads’, each of which is composed v 8 jor p ¥ P

(BER), reduces mutagenesis by correcting bases that were damaged

of four guanine bases paired to each other via Hoosteen bonds o . . .
by deamination or oxidation (16,17). BER is initiated by a lesion-

(4,5). The specific conformation and overall stability of a given )
G4 is influenced by the sequences, ions, and reaction conditions specific glycosylase that removes the damaged base, followed by
(6). In higher eukaryotes, G4 sequences are located at sites of
programmed recombination and at a variety of unstable inter-

genic regions where G4 structure formation promotes site-specific

excision of the resulting abasic site to permit subsequent resynthesis
to reconstitute the original base pairing. Emerging evidence suggests
that some DNA lesions in G4 DNA may not be processed efficiently
) o . . BER. In tel ic G4, activi h h hat 8- -
instability and disease (3,7,8). Of particular note are G4-capable by ,E ; nte Om'CI‘IC G4, activity assays have shown that 8-oxog
uanine is not excised by human glycosylases, even though further

sequences enriched at oncogenes, where G4 structure formation o
q 8 oxidation products can be processed (18,19). The APE1 enzyme,

may contribute to gene regulation and oncogenesis (9). G4 struc-
tures have been shown to form from guanine-repeat sequences at
rearrangement sites, such as the HOX11 (10), BCL2 (11), and
TCF3 (12) cancer-related genes.

which cleaves abasic sites, was also shown to have reduced enzy-
matic activity at abasic sites residing within certain G4 DNA struc-
tures (19,20). These findings support the model that G4 DNA can
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interfere with DNA correction activities, and could therefore con-
tribute to mutagenesis at guanine-rich loci by reducing DNA repair
efficacy at those sites.

Here we asked if G4 DNA interferes with excision of a common
form of DNA damage, deaminated cytidine (uracil), by uracil DNA
glycosylase in vitro. Using synthetic oligonucleotide substrates, we
placed a single deoxyuracil either directly 3’ or 5" of a guanine repeat
sequence or in between repeats, and then measured the activities of
two uracil glycosylases, \UNG2 (human) and UDG (Escherichia coli)
on those DNAs under conditions that allow G4 to fold. Activities
were compared to controls that cannot adopt G4 structures. We find
that the excision of uracil is reduced when the base is next to guanine
repeats participating in G4 formation, but not when it is located
three bases away from the tetrad. Addition of APE1 to the reactions
did not increase abasic site cleavage, suggesting that the initiating
steps of BER of uracil are reduced at G4 DNA. Together, our results
suggest that deaminated cytidines positioned adjacent to G4 DNA
structures are poor substrates for the BER pathway.

Materials and methods

Oligonucleotides

Deoxyuracil containing G4 sequences were based on a previously
described G4 sequence from the TCF3 gene (12). All oligonucleo-
tides were synthesised by Eurofins MWG Operon (Huntsville, AL,
USA) and PAGE purified. Oligonucleotides were 5” end labelled
with y-P** ATP from MP Biomedicals (Solon, OH, USA) and
with T4 PNK, New England Biolabs (NEB) (Ipswich, MA, USA).
Unincorporated label was removed by spin chromatography using
an Illustra Microspin G-50 column from GE Healthcare (Pittsburg,
PA) using the manufacturer’s instructions.

Native PAGE analysis

G4 and GT oligonucleotides were both subjected to the same G4
folding conditions. Reactions (10 pl) contained 5 pmols of labelled
oligonucleotide and 100 mM KCL in TE. The DNA was first dena-
tured in a small > 98°C water bath, which was then allowed to cool
to room temperature to permit structure folding. Ficoll was added to
the samples, which were then resolved by 16% native PAGE (29:1)
for 600Vhrs in 0.5x TBE buffer containing 100 mM KCI.

Circular dichroism

Circular dichroism (CD) detection of TCF3 G4 was performed as
previously described (12). Briefly, we used an Aviv model 215 CD
spectrometer at 37°C and a 1-cm cuvette. Oligonucleotides were
prepared at 12.5 pM in 10mM Tris-HCI (pH 7.6), 1mM EDTA,
and 100mM KCI. Samples were heated to 98°C in a water bath,
which was then allowed to cool to room temperature. Samples were
stored on ice. Molar ellipticity was taken from 200nm to 300 nm in
1nm increments. The averages of three scans for each oligonucleo-
tide were analysed.

Uracil glycosylase and APE1 cleavage assays

Purified E. coli UDG and hAPE1 were purchased from NEB (Ipswich,
MA, USA) and hUNG2 purchased from Enzymax (Lexington, KY,
USA). The glycosylase concentrations used in the assays were based
on the unit definitions provided by the manufacturer. Each reaction
contained double the amount of enzyme required for complete diges-
tion of unstructured substrates. G4 DNA oligonucleotide structures
were formed from 5 pmol of labelled DNA in 10 ul of 100 mM KCl
and 1x UDG reaction buffer (20mM Tris-HCl, 1TmM DTT, 1mM

EDTA, pH 8.0). Samples were placed in a ABI 2720 Thermal-cycler
(Foster City, CA, USA) set at the following temperatures with 5-min
intervals; 98°C, 90°C, 75°C, 60°C, 45°C, 30°C, 20°C. Samples were
then immediately placed on ice. Cleavage assays contained indi-
cated enzymes and incubated at 37°C for 20 min (glycosylase reac-
tions) and 60 min for reactions containing both hUNG2 and APE1.
Reactions were halted by adding an equal volume of 1.8% SDS and
100 pg/ml Proteinase K, Fermentas (Waltham, MA, USA). The aba-
sic sites were cleaved by bringing the reactions to 333 mM NaOH
followed by heating at 55°C or 10 min. DNAs were brought to 50%
formamide and resolved by 16% denaturing PAGE (19:1) with 7M
urea and 0.5x TBE. Electrophoresis was performed at 550V for
20-35 min, depending on the oligonucleotide.

Image collection and data analysis

Images were collected using a Typhoon FLA 7000 phosphorim-
ager and bands quantified using ImageQuant TL software (GE
Healthcare). Pixel density ratios were used to score enzyme activity.
Graphs show the percentage of the total DNA cleaved. Enzymatic
reactions were repeated at least three times (7 = 3) for each oligonu-
cleotide and displayed with standard deviation. One representative
phosphorimage was selected for each figure. A two tailed t-test for
paired two sample means (95% confidence interval) was performed
for each pair of G4 and GT oligonucleotide assay.

Results

G4 formation with deoxyuracil oligonucleotides

We selected a G4 DNA sequence from the TCF3 (E2A) gene as a
model structure, which we previously showed folds into G4 DNA
at physiological salt and pH conditions in vitro (12) (Figure 1A).
The goal of this study was to simply test the efficiency of uracil exci-
sion activities on DNA containing uracil bases located directly next
to (57 or 3’) a guanine tetrad. Therefore, oligonucleotides were syn-
thesised to contain a single uracil lesion at defined positions. The
U7, U135, and U24 sequences contain a uracil at position 7, 15 and
24, respectively (Figure 1A). The uracil is placed directly 5 (U7),
3’ (U24) or in between (U15) the guanine repeats participating in
G4 formation (Figure 1A). Control DNAs were sequence paired
to the uracil-containing G4 oligonucleotide, except that the gua-
nine repeats were interrupted with thymine to eliminate stable G4
folding (Figure 1A). These oligonucleotides are distinguished from
one another by the terminology ‘G4’ (with guanine repeats) or ‘GT’
(thymine substituted). One important experimental consideration
regarding G4 DNA is that a sequence capable of intra-molecular
G4 formation will also permit inter-molecular G4 conformations in
solution (5,21). Therefore, we expected to observe a mixture of both
conformations (Figure 1B). Independent of the precise G4 structure
that forms, the U7 and U24 uracil bases will be adjacent to a tetrad.
Structure prediction using the Mfold server (22) did not return any
significant fold-back structures for the GT oligonucleotides (AG <
-1.0 kcal/mol). For the G4-capable sequences, the QGRS G4 pre-
diction software (23) verified that the most likely G4 conforma-
tion will involve the longest guanine repeats (using an input with a
G-group of four and minimum loop of 1). That results in placement
of U7 and U24 directly next to a tetrad in either intra-molecular or
inter-molecular G4, and this is depicted in Figure 1B. This remains
the predominant structure predicted by the program even when the
input parameters are reduced to a G-group size of three. Alternate
G4 conformations are theoretically possible, but if they do form they
would most likely exist as a collection of various minor G4 species in
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A.
Oligo Name Sequence

G4 (U7) AGGGAGUGGGGACGTGAATGGGGT GCGAGGEGCGGGGTG
GT (U7) AGTGAGUG TTGACGTGAATG TTGTGCGAGTTTCG TTGTG
G4 (U15) AGGGAGTGGGGACGUGAATGGGGT GCGAGGGGCGGGGTG
GT (U15) AGTGAGTGTTGACGUGAATG TTGTGCGAG TTTCG TTGTG
G4 (U24) AGGGAGTGGGGACGTGAATGGGGUGCGAGGEGCGGGGTG
GT (U24) AGTGAGTGTTGACGTGAATG TTGUGCGAGTTTCGTTGTG

B.

Intramolecular

et

Intermolecular

Figure 1. Sequences used and diagrams of G4 structures. (A) The name (left) and sequence (right) for each oligonucleotide are shown. G4 and GT indicate
oligonucleotides capable or incapable of adopting G4, respectively. The nucleotide position of the uracil, U7 U15 and U24 relative to the 5" end is indicated
within each oligonucleotide name. The positions of uracil bases within each sequence are underlined and guanine repeats are bolded. Substitution of thymine
for guanine interrupts G4 folding potential, shown with an italicised ‘T' (B) Diagram depicting intramolecular, left, or intermolecular, right, G4 conformations
and the relative positions of each uracil (asterisks). All three uracil positions are depicted on a single G4 conformation for convenience. Diagrams are not scaled
models. Actual G4 conformations in solution are predicted to be a mixture of intra and inter-molecular species, but U7 and U24 will be adjacent to a G-tetrad.

addition to the two predominant inter- and intra-molecular confor-
mations predicted by QGRS mapper (Figure 1B).

We predicted that substituting thymine for uracil in the TCF3
oligonucleotide would not disrupt G4 formation, principally
because those bases differ by only a single methyl group and they
are located between G-tetrads (Figure 1A and B), so we did not
expect to see alterations in guanine-guanine pairing. In other G4
studies, telomeric G4 structures were shown to maintain stability
when thymine was substituted for 5-hydroxymethyluracil, a major
oxidation product (24,25), so we infer that changes to bases not
directly participating in G4 folding will not disrupt the structure. In
contrast, tandem guanine repeats are required for G4, and interrup-
tion of those sequences by thymine substitution would eliminate the
possibility of G4 formation. Consistent with that, QGRS mapper
returned no scores for the GT oligonucleotides used here, indicating
the absence of G4 folding potential. In order to experimentally ver-
ify G4 formation we applied two different approaches, native PAGE
and CD. In native PAGE, G4 DNA structures migrate faster (intra-
molecular) or slower (intermolecular) compared to unfolded con-
trols of similar molecular weight (GT). In the presence of 100 mM
KClI, the migration patterns for G4(U7), G4(U15), and G4(U24) are
entirely consistent with G4 DNA (Figure 2A). This matches pre-
vious results showing G4 formation with TCF3 sequences in KCl
salt, except those oligonucleotides did not contain uracil (12). The
GT controls for each G4 sequence migrate predominately as a sin-
gle species (Figure 2A), as expected. The G4(U24) oligonucleotide
paired with complement (double stranded) migrates predominately
as a single species and slower than the single-stranded counterparts,
as expected (Figure 2A).

CD measures the absorbance of circularly polarised light by chi-
ral molecules and G4 DNA structures produce characteristic CD
spectra, with an ellipticity maximum at 264nm and a minimum at
240nm (26-29). We applied CD analysis to the uracil containing GT
and G4 oligonucleotides shown in Figure 1A to measure their abil-
ity to fold into G4 DNA in the presence of 100mM KCI. Only the
oligonucleotides containing guanine repeats (G4) produced spectra
characteristic of G4 DNA (Figure 2B), consistent with earlier results
(12). Interruption of the guanine repeats (GT) resulted in a CD spec-
tral shift for each oligonucleotide (Figure 2B). We conclude that the
TCE3 oligonucleotides containing uracil fold into G4 DNA struc-
tures and the GT control sequences do not adopt G4 DNA.

G-tetrads interfere with bacterial UDG activity

We next asked if uracil glycosylase is active at uracils residing within
guanine-rich DNA and next to a G4 tetrad. We first tested E. coli
UDG. Each 5" 3P end-labelled and uracil-containing G4 and GT
oligonucleotide was incubated with UDG, and after alkaline lysis of
the abasic sites the cleavage products were resolved by denaturing
PAGE. Generally, G4 is stabilised in solutions containing physiologi-
cal concentrations of K* and in neutral pH, and it is less stable in the
absence of K* salts or in the presence of Li* (5,30,31). Therefore, we
performed UDG reactions in either 0omM, 50mM or 100mM KCl,
anticipating that 100mM KCI will result in the most stable G4 DNA.
One representative phosphorimage for each PAGE-resolved cleavage
assay is shown in Figure 3 (left), and to the right of each image are
graphs depicting the quantitation of cleavage from at least three inde-
pendent experiments. In the absence of KCl, all six oligonucleotides
were cleaved with near equal efficiency, regardless of the position of
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Figure 2. Detection of G4 formation. (A) Phosphorimages showing native PAGE resolution of 5" 3P end labelled G4 and GT oligonucleotides in neutral pH and
100mM KCI.The name of each oligonucleotide is shown at the top. Oligonucleotides where guanine repeats are interrupted by thymine to prohibit G4 formation
(GT) migrate predominately as a single species. Guanine repeat oligonucleotides (G4) migrate faster (arrow) and slower (bracket) than each control (GT). All
oligonucleotides are equal nucleotide length and migration of G4(U24) duplex DNA (DS) is shown as a reference for double-stranded DNA. (B) CD of each G4
and GT uracil-containing oligonucleotide. Ellipticity is shown on theY axis, wavelength (nm) on the X axis. Spectra for uracil-containing oligonucleotides with
guanine repeats (G4) are in black, repeat interrupted (GT) oligonucleotides in grey. All oligonucleotides were assayed in 100mM KClI solution at pH 7.6.

the uracil (Figure 3 A-C). In contrast, UDG activity on G4(U7) and
G4(U24) was sharply reduced in the presence of KCl compared to each
companion GT control (Figure 3A and C; P < 0.004 and P < 0.002,
respectively at 100mM KClI). KCI had only a marginal affect on the
cleavage activity of UDG on G4(U15), even at 100mM (P > 0.17;
Figure 3B). In contrast, the presence of KCI had a strong effect on the
ability for UDG to cleave G4(U7) and G4(U24), with more than 5-fold
fewer uracils removed compared to reactions that did not contain KCl
(Figure 3A and C). KCl at concentrations up to 100mM did not meas-
urably effect UDG activity on any of the GT oligonucleotides, so the
reduction in UDG activity observed for G4(U7) and G4(U24) was not
due to the ionic strength of the reaction. Furthermore, UDG showed
equivalent activity on all oligonucleotides tested when LiCl was sub-
stituted for KCl, up to 100mM (supplementary Figure 1, available at
Mutagenesis Online). Together, we concluded that uracil bases located
next to guanine repeats are excised by UDG. However, UDG does
not cleave the uracil as efficiently when those repeats participate in
G4 formation compared single-stranded DNA of identical sequence.

G-tetrads interfere with hUNG2 activity

Even though uracil DNA glycosylase is a highly conserved enzyme
(32), we next asked if the human UNG2 enzyme shows the same
reluctance to process uracil near G4 DNA structures. We performed

an identical set of cleavage assays, except that hUNG2 was substi-
tuted for E. coli UDG (Figure 4). The activities observed for hUNG2
on each oligonucleotide paralleled results obtained for E. coli UDG
(Figure 3). Compared to the GT oligonucleotide, hUNG2 showed
reduced activity on G4(U7) and G4(U24) oligonucleotides, but
only when KCl and guanine repeats are present (Figure 4A and C),
whereas activity on G4(U15) was similar to GT(U15) (Figure 4B).
At 100mM KCl, the reduction in cleavage activity on G4(U7) and
G4(U24) compared to their GT companions was highly significant
(P < 0.001 and P < 0.008, respectively), and not significant for
G4(U15) and GT(U15) (P > 0.42). The reduced activity is most likely
due to the formation of G4 structures because it was only observed
when K* ions were included in the reaction. Identical reactions per-
formed in the presence of LiCl instead of KCl resulted in full \tUNG2
activity (supplementary Figure 2, available at Mutagenesis Online).
We conclude that hUNG2 activity is inhibited at uracils positioned
adjacent to the G4-tetrads, at least for G4 DNA structures formed
by the TCE3 oligonucleotide. Further, it appears that weak cleavage
activity at G4 DNA is likely a conserved property of the human
hUNG?2 and E. coli UDG enzymes.

In humans, abasic DNA is cleaved by the AP-endonuclease (APE1)
enzyme and it was recently demonstrated that APE1 activity is inhib-
ited at G4 DNA (20), suggesting that BER may be compromised at
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Figure 3. G-tetrads in TCF3 G4 interfere with UDG activity. (Left) Representative phosphorimages of E. coli UDG cleavage assays for each 5 radiolabelled
oligonucleotide are shown. Reactions were performed at the indicated salt conditions (0, 50 and 100mM KCl), followed by alkaline lysis and resolution of the
cleavage products by denaturing PAGE. Oligonucleotides contained a single uracil at position 7 (A), 15 (B) or 24 (C) in sequences capable of forming G4 (G4)
or controls where the guanine repeats were interrupted with thymine to prohibit G4 formation (GT). The presence (+) or absence (-) of UDG is indicated at the
top. An arrow shows the position of the cleavage products. (Right, A-C) Quantitation of the percentage cleaved by UDG (Y axis) for each oligonucleotide at the
indicated salt concentration (X axis). Values are means from three independent experiments, with standard deviation.

guanine-rich loci. We further tested the efficiency of uracil repair by
co-incubating hUNG2 and APE1 with U7, U15 and U24 G4 and
GT oligonucleotides all under G4 folding conditions. As expected,
uracil was poorly cleaved from the G4(U7) and G4(U24) oligonu-
cleotides by hUNG2 and APE1 compared to GT(U7) and GT(U24)
(Figure SA and C). The cleavage difference between G4 and GT was
highly significant (P < 0.002). The G4(U135) oligonucleotide was
processed at essentially the same efficiency as GT(U15), although
there was a modest, but not significant (P > 0.20), reduction in aba-
sic site cleavage for the G4(U15) oligonucleotide (Figure 5B). This
compares well to alkaline cleavage results (Figure 4), with the excep-
tion that APE1 displayed a lower overall ability to cleave even the
unstructured substrates (Figure 5). This suggests that not all abasic
sites were cut by APE1 because treatment with NaOH resulted in
~90% of the GT oligonucleotides cleaved in every uracil glycosylase
assay (Figures 3 and 4, supplementary Figures 1 and 2, available
at Mutagenesis Online). We conclude that uracils located next to a
G-tetrad are poorly excised by hUNG2, independent of the mecha-
nism of abasic site cleavage.

Discussion

G4 DNA structures that form in the genome promote genetic insta-
bility and human disease (3,8), yet the reasons why are not fully

defined. In this work we asked if G4 DNA structures, or more pre-
cisely the presence of G-tetrads, are an impediment to uracil repair in
vitro. Both UDG and hUNG2 have been well characterised for their
activity on uracils residing in either single or double stranded DNA
substrates. We found that UDG and hUNG2 efficiently cleaved ura-
cil from the unstructured single-stranded TCF3 DNA and from the
repeat disrupted (GT) oligonucleotides (Figures 3 and 4), showing
equal activity for the repeat containing and control DNAs. This was
in contrast to the lower activity observed on the G4 oligonucleotides
U7 and U24 under G4 folding conditions (Figures 3A and C, and
4A and C). The addition of salt to the reactions did not reduce exci-
sion activity on the G4(U15) oligonucleotide (Figures 3B and 4B),
arguing that it is the position of the uracil relative to G4 and not
the ionic strength of the reaction that affected cleavage efficiency.
Furthermore, reactions that replaced KCl with a salt that does not
support TCF3 G4, LiCl (12), returned full cleavage activity on the
G4(U7) and G4(U24) (supplementary Figures 1 and 2, available at
Mutagenesis Online). We suggest that the G4 structure formation
within G4(U7) and G4(U24) place the uracil in a molecular geom-
etry that is less accessible to either UDG or hUNG2 activity. Indeed,
moving the uracil three nucleotides from a tetrad G4(U15) results in
nearly full glycosylase activity compared to single-stranded confor-
mations (Figures 3B and 4B). While these experiments do not resolve
whether G-tetrads are an impediment to substrate recognition or
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Figure 4. G-tetrads in TCF3 G4 interfere with hUNG2 activity. (Left) Representative phosphorimages of hUNG2 cleavage assays for each 5 radiolabelled
oligonucleotide are shown. Reactions were performed at the indicated salt conditions (0, 50 and 100mM KCl), followed by alkaline lysis and resolution of the
cleavage products by denaturing PAGE. Oligonucleotides contained a single uracil at position 7 (A), 15 (B) or 24 (C) in sequences capable of forming G4 (G4) or
controls where the guanine repeats were interrupted with thymine to prohibit G4 formation (GT).The presence (+) or absence (-) of hUNG2 is indicated at the
top. An arrow shows the position of the cleavage products. (Right, A-C) Quantitation of the percentage cleaved by hUNG2 (Y axis) for each oligonucleotide at
the indicated salt concentration (X axis). Values are means from three independent experiments, with standard deviation.

cleavage by UDG and hUNG2, both enzymes do appear to share
the property of having relatively weak activity next to G4 DNA
structures.

Our study is limited to the analysis of a single uracil placed at
three different positions relative to guanine repeats in a synthetic
oligonucleotide that can participate in G4 formation. The model G4
sequence selected for this study is from a portion of the transcription
factor 3 (TCF3 or E2A) gene (12). The TCF3 gene encodes a key
transcriptional regulator in immune cell differentiation (33,34) and
is mutated or altered in both B and T cell lymphoma (35,36). Based
on our results, it seems likely that a uracil located directly adjacent
to any guanine tetrad will be poorly repaired by UNG-initiated BER,
and that our findings extend beyond the model (TCF3) G4 sequence
used here. Since we have used a single sequence here (albeit more
than one structural conformation) we cannot exclude the possibility
that uracil excision activity may be more efficient at G4s folded from
other genomic sequences or other G4 conformations. It is possible
that G-tetrads are a general impediment to uracil excision activity by
UNG enzymes, but cytidine deaminations within sequence contexts
that support alternate G4 conformations, such as anti-parallel or
Na- stabilised G4s, could feasibly be better substrates. Some deami-
nated cytidines in telomeric G4, or at positions located a single base
away from a tetrad may also be substrates for repair. Furthermore,
considering the apparent abundance and complexity of unstable G4
loci in the human genome (3,7,8), it will be important to further

characterise the limits of uracil excision activity on a wider range of
G4 structural conformations.

During transcription or replication, when DNA is transiently
denatured, cytosine is exposed to hydrolytic deamination at a
rate orders of magnitude higher than that of duplex DNA (37).
Presumably, unpaired cytidines present within G4 DNA structures
will also be prone to deamination, and our results suggest hUNG2
may not efficiently remove these particular base lesions. Even so,
there are three other glycosylases that are capable of removing ura-
cil from DNA with varying efficiencies (16,17,38), and some or all
could feasibly substitute for hUNG2 at G4 DNA. Using telomeric
G4 substrates and glycosylases specific to oxidised DNA damage, it
was shown that 8-oxyguanine was not processed, but other oxida-
tion products were excised by the NEIL glycosylases (18) suggest-
ing that G4 DNA does not inhibit every glycosylase. Furthermore,
some repair pathways appear to not be affected by G4 DNA, O(6)-
alkylguanine in telomeric G4 was shown to be repaired by alkyl-
guanine alkyltransferase at levels comparable to duplex DNA (39).

One prediction from our results is that repeat sequences that sup-
port G4, like the telomeres (30,31), would not contain cytidines adja-
cent to G4. This is because unrepaired cytidine deaminations caused
by reduced BER at those sites would promote C to T mutagenesis.
There is some evidence to support that model. A compilation of
known G-rich telomere repeat sequences from animals, plants and
fungi species shows that cytosines are rare and, if they are present in
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Figure 5. G-tetrads in TCF3 G4 interfere with the cleavage step of Base Excision Repair. (Left) Representative phosphorimages showing the activity of both
hUNG2 and APE1 on single uracil bases placed at positions 7 (A), 15 (B) or 24 (C) in G4 DNA folded from the TCF3 oligonucleotide (G4) or control oligonucleotides
that cannot fold into G4 structures (GT). Reactions contained 100 mM KCI and the presence (+) or absence (=) of hUNG2 or APE1. Cleavage products (arrow) were
resolved by denaturing PAGE. (Right) Quantitation of a least three independent experiments are displayed on the right of each representative phosphorimage.
The percentage cleaved by APE1 activity (Y axis) is shown for each G4 (X axis left) or GT (X axis right), with standard deviation and P values (two-tailed t-test).
Both G4(U7) (P < 0.002) and G4(U24) (P < 0.002) display significant inhibition compared to GT, but G4(U15) (P> 0.20) does not.

the repeat, they do not reside directly next to tandem guanines (40)
and would therefore not be directly adjacent to a G4 tetrad. Even
C-type variant repeats found enriched in telomeres of ALT cells con-
tain cytidine one nucleotide away from the guanine triplet (41). It is
therefore interesting to speculate that the frequency of G4 formation
in the cell may be a reflection of the sequence context and size of
the looped regions. It is possible that G4-capable sequences contain-
ing cytosine-rich loops infrequently participate in stable or persis-
tent G4 formation. Indeed, it was recently shown in yeast that both
minisatellite instability and the thermal stability of G4 structures
increases for sequence variants that contain shortened pyrimidine
loops, which happen to be rare G4 sequences in the yeast genome
(42). If selection acts to favour genetic stability at a given G4 locus,
our results provide a possible molecular mechanism for that evolu-
tionary force and an explanation for the paucity of short pyrimidine
loops between G-tetrads. Cytidine damage may be poorly repaired
in the context of G4 DNA, and if damage occurs within stable G4
structures this could result in unresolved DNA repair intermediates,
or mutagenesis, at those sites.

In conclusion, we have used a model G4 forming sequence from
the TCF3 gene to ask if G4 DNA structures have the potential to inter-
fere with uracil excision activities. Both bacterial UDG and hUNG2
shared a reluctance to cleave uracils next to G-tetrads, but showed full
activity on control oligonucleotides that cannot adopt DNA structure,

and full activity on guanine repeat oligonucleotides in conditions that
do not support G4 formation. The addition of APE1 to the reaction
did not improve excision activity, supporting the notion that the BER
pathway is not fully activated at uracil bases in G4 DNA. Guanine-rich
loci are known to be genetically unstable, and our results suggest that
defects in BER of uracil at G4 DNA can contribute to mutagenesis.

Supplementary data

Supplementary Figures 1 and 2 are available at Mutagenesis Online.
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