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Abstract

Repetitive DNA sequences, such as are present in micro- and mini-satellites, telomeres, and
trinucleotide repeats (linked to fragile X syndrome, Huntington disease, etc.), account for nearly
30% of the human genome. These domains exhibit enhanced susceptibility to oxidative attack to
yield base modifications, strand breaks and abasic sites, have a propensity to adopt non-canonical
DNA forms modulated by the position(s) of the lesion(s), and, when not properly processed, can
contribute to genome instability that underlies aging and disease development. Knowledge of the
repair efficiencies of DNA damage within such repetitive sequences is therefore crucial for
understanding the impact of such domains on genomic integrity. In the present study, using
strategically designed oligonucleotide substrates, we determined the ability of human apurinic/
apyrimidinic endonuclease 1 (APEL) to cleave at AP sites in a collection of tandem DNA repeat
landscapes involving telomeric and CAG/CTG repeat sequences. Our studies reveal the
differential influence of domain sequence, conformation, and AP site location/relative positioning
on the efficiency of APE1 binding and strand incision. Intriguingly, our data demonstrate that
APE1 endonuclease efficiency correlates with the thermodynamic stability of the DNA substrate.
We discuss how these results have both predictive and mechanistic consequences for
understanding the success and failure of repair protein activity associated with such oxidatively
sensitive, conformationally plastic/dynamic repetitive DNA domains.
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INTRODUCTION

Abasic sites, also known as apurinic/apyrimidinic (AP) sites, are one of the most common
forms of DNA damage, with an estimated occurrence of ~10,000 per mammalian genome
per day (1). Abasic sites entail the loss of the base moiety from the intact sugar phosphate
backbone and are generated by spontaneous hydrolysis or from base lesion removal by DNA
glycosylases. If unrepaired, since the genetic information carried by the original base residue
is missing, AP sites can lead to error-prone bypass synthesis and thus cause mutagenesis
(reviewed in (2)). Moreover, the presence of an abasic lesion on a DNA template can impede
the progression of a polymerase during replication or transcription (3-), leading to genomic
instability or gene expression defects, respectively.

Due to the high occurrence of abasic sites in the human genome and their potential to cause
deleterious biological outcomes, investigators have worked to delineate the repair
mechanisms for such damages. Class Il AP endonucleases are the predominant AP site
processing activity in most organisms and incise the phosphodiester backbone immediately
5" to the lesion, generating a single-strand break with 3’-hydroxyl and 5"-deoxyribose
phosphate (dRp) termini (7). Subsequent enzymes of the base excision repair (BER) pathway
remove the 5”-dRp group, fill the gap, and seal the remaining nick to complete AP site
repair (8 9). In mammals, the major AP endonuclease is APE1, a protein that accounts for
>95% of the total abasic site incision activity in human cell extracts (reviewed in (19)).

Although it is thought that much of the human genome adopts canonical B-form right-
handed double helical structure, many alternative DNA conformations are known to exist,
and their roles in affecting biological processes have just begun to be understood (reviewed
in (11)). In particular, repetitive DNA sequences, which account for nearly 30% of the
human genome, frequently are able to adopt a range of non-canonical DNA forms (i.e., non-
B), in addition to the conventional duplex configuration. These sequences, which are often
found in biologically interesting regions of the genome, also have a tendency to contribute to
genome instability. Tandem DNA repeats are a subcategory of repetitive DNA, consisting of
at least two nucleotides directly adjacent to each other in repetition, such as seen in
microsatellites (1-7 nt) or minisatellites (10-100 nt). Prototypes for tandem DNA repeats
include telomeric DNA and trinucleotide repeats (TNRS), genomic regions known to play
critical roles in aging and disease development, such as in inherited neurological and
neuromuscular disorders, including fragile X syndrome, Huntington disease, and myotonic
dystrophy (12:13),

Emerging evidence indicates that certain domains of the genome, including highly repetitive
DNA sequences, are more susceptible to oxidative attack. For example, GGG-rich
sequences, which are found in telomeric repeats (TTAGGG), centromeres and some putative
gene control regions, are preferential targets of reactive oxygen species (ROS) generated by
normal oxidative phosphorylation or as a result of an exposure or pathological condition that
induces oxidative stress (reviewed in (14)). In addition, Jarem et al. found that oxidative base
lesions are preferentially generated by peroxynitrite within the loop domains of CAG repeat-
containing DNA molecules, such as found in Huntington disease, in comparison to the
normal duplex region (1°). Yet, while scientists are gaining a better appreciation for the
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susceptibility of certain genomic domains to DNA modification, we have only a cursory
understanding of the molecular consequences of such damage or how it is repaired.

Previous studies have demonstrated that several elements can influence the AP endonuclease
efficiency of APEL, including nearby damage, the overall nucleic acid conformational state,
and the nucleotide sequence context (see for example, (16-21)). In particular, in addition to
cleaving at AP sites in normal duplex DNA, APEL1 can incise at abasic sites in (1) single-
stranded DNA, (2) certain bubble contexts, (3) the DNA strand of a DNA/RNA hybrid, and
(4) single-stranded RNA. APE1 can also cleave at AP sites in “pseudo-triplex” bubble
substrates designed to mimic a stalled replication or transcription intermediate and
configurations that recapitulate an R-loop structure that exists during class switch
recombination. In the present study, we determined the ability of APEL to cleave at abasic
sites in a collection of tandem DNA repeat landscapes involving telomeric and CAG/CTG
sequences. Our investigations indicate an effect of the location of an AP site on the
efficiency of APEL incision and reveal an empirical correlation between the impact on
duplex stability of the substrate AP lesion and the proximal domains on the modulation of
repair protein activity, an observation foreshadowed by our previous studies (22 23). Such
data indicate that DNA damage will be repaired or processed with different proficiency, and
thus, that certain genomic regions/domains will be more prone to damage accumulation and
mutagenesis.

APEL1 cleaves at AP sites in the double-stranded telomere domain, but not the single-
stranded region

Given that telomere repeats are susceptible to oxidative modification and that APE1
deficiency leads to pronounced telomere defects (14 24), initial experiments determined the
ability of purified recombinant human APEL1 protein to incise at a single abasic site within a
telomeric context using a series of synthetic oligomers (Fig. 1A). Two telomeric repeat
sequences (i.e., TTAGGG) were positioned within the middle of a 39-bp duplex to mimic
the double-stranded region of a telomere (%), with guanine being replaced by the abasic site
analog tetrahydrofuran (THF or F) where indicated. The control substrate (NTC39)
possesses a similar base content, but with a randomly organized central sequence. As shown
in Fig 1B, APE1 incises the abasic site at each of the three guanine positions within the first
telomeric repeat unit efficiently (AP-1 substrates), although there exists a statistically
significant ~2-fold variability in specific activity based on the precise lesion location (Fig.
1C, black bars; summarized in Table 1). We also measured the incision activity of APE1 at
an abasic site near the double-stranded/single-stranded telomeric junction (OH57-DS), and
in the 3’-single-stranded overhang (OH57-SS). These studies reveal that APE1 efficiently
cuts at an AP site in the double-stranded portion of the telomeric substrate, but not within
the single-stranded tail (Fig. 1B and C, black bars).
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The pattern of AP site incision in telomere sequences by HelLa cell extract mimics that of
purified APE1

We next compared the incision activity of purified recombinant APEL to that of a whole cell
extract (WCE) prepared from the HeL a cervical cancer cell line using the same series of
control and telomeric AP-DNA substrates. We point out that as the abasic site analogue THF
is resistant to AP lyase cleavage, the observed incision activity is limited to class Il AP
endonuclease processing (29). Strikingly, we found that purified APE1 and the HeLa extract
exhibited essentially identical incision profiles for the various abasic site-containing
telomeric DNAs (Fig. 1B and 1C, textile bars), although the WCE displayed an ~1.6-fold
higher relative efficiency on OH57-DS as compared to the purified protein.

Western blotting was used to quantify the amount of APE1 in the HeLa WCE (Fig. 1D) and
revealed that there is roughly 1.6 + 0.02 pg of APEL1 per ng of total extract. Extrapolating
the available information, and assuming that APE1 is the major if not sole AP site incision
activity in human cells ((27) and data herein), indicates that the specific activity of the APE1
enzyme in a WCE context is 42 + 13 pmol-min~1.ug=1 for the NTC39 substrate. Comparing
this value with the specific activity of purified APE1 against NTC39, which is 265 + 65
pmol-min~t.ug~1 (Table 1), indicates an ~6-fold inhibition in extracts that presumably
reflects endogenous protein interference (i.e., DNA substrate binding or protein-protein
interactions), the presence of inhibitory ligands in the WCE, or post-translational
modification of APE1.

APEL1 cleavage at clustered abasic sites in telomeric repeats is dependent on lesion
arrangement

To further investigate APE1 incision at abasic sites in telomeric repeats, which as noted
earlier are prone to oxidative modification and presumably clustered damage, we employed
oligonucleotide substrates that contained at least two lesions (Fig. 2A) and were variations
of the single AP site-containing substrates described above (compared in Table 1). Since
APEL1 activity could generate multiple products by cleavage at the different lesion sites, we
used both 5-end and 3”-end labeled substrates for these experiments. In addition, all
reactions were separated on high-resolution denaturing sequencing gels to clearly
distinguish the single base products possible for the AP-3 substrate. As seen above, purified
recombinant APE1 and HeLa WCE showed a similar incision pattern for all substrates (Fig.
2B). Moreover, regardless of the location of the 32P label, cleavage of AP-2a and AP-2b
generated two products, whereas AP-3 reactions revealed only a single product. Based on
mobility and signal intensity, APE1 appears to incise the upstream abasic site with greater
efficiency in AP-2a and AP-2b (Fig. 2C), while the upstream-most lesion in the clustered
abasic site set of AP-3 is seemingly the only damage processed by the enzyme. Interestingly,
in vitro analyses have indicated that the 5" most guanine of a GGG tract displays the
greatest susceptibility to oxidative modification ((28) and references therein).

AP sites within a CAG repeat duplex are recognized and processed by APE1, whereas
those in a CAG repeat bulge loop are not

Previous work found that an abasic site in the duplex or loop domain of a CAG repeat
“bulge loop” DNA substrate can differentially affect the stability of the loop structure,

J Mol Biol. Author manuscript; available in PMC 2015 May 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lietal.

Page 5

implying that the lesion, and its position within the repeat, may play a role in TNR
expansion (22 29), a phenomenon common to inherited neurological disorders such as
Huntington disease. We have extended these prior studies by examining whether the various
AP site-containing CAG substrates affect processing by the human APE1 protein. In
particular, a set of (CAG)g repeat-containing oligonucleotides harboring a single abasic site
were annealed to either a 22-nt strand without the complimentary CTG repeats to form bulge
loop (“BL") constructs or a 40-nt fully complimentary strand with six CTG repeats to form
the corresponding (“40”) duplex constructs (Fig. 3A). The parent 22 mer duplex substrate
(22 mer) without the CAG/CTG repeats was included as a comparative control. In all of
these DNAS, the abasic site, regardless of location, is surrounded by the same nearest
neighbor bases (AFC) and, in the case of the double-stranded molecules, is always opposite
a C. Thus, it is the surrounding sequence domain and/or the nature of the DNA secondary
structure that changes and will be responsible for any observed variation in APE1 activity.

Our studies found that the abasic sites within the (CAG)g bulge loop are generally resistant
to APE1 incision (BL6-F1, BL6-F3 and BL6-F5), whereas the same abasic sites in the fully
annealed 40 mer duplex substrates (40-F1, 40-F3 and 40-F5) were cleaved effectively (Fig.
3B). However, it is worth pointing out that the abasic site in the 5” portion of the loop
domain (BL6-F1) was cleaved with some small efficiency relative to the other bulge loop
substrates (summarized in Table 1). When the abasic site was positioned within the duplex
domain upstream of the (CAG)g loop (BL6-FStem), APE1 was able to process the lesion
competently. These observations were supported by both time- and dose-dependent incision
assays (Fig. 3C and 3D). When comparing the specific activities of APE1 for the different
substrates with an AP site in a double-stranded region, i.e., BL6-FStem, 40-FStem, 40-F1,
40-F3 and 40-F5, the latter three DNAs, which harbor the AP site within the CAG repeats,
were processed ~2 to 3-fold less effectively (Table 1). Moreover, the incision efficiency of
APEL1 for the BL6-FStem and 40-FStem substrates was ~3 to 4-fold lower than for the
control 22 mer substrate (Table 1), even though the non-repetitive DNA sequence
immediately surrounding the AP site (i.e., the five bases upstream and downstream) is the
same in all three constructs. Cumulatively, these data indicate a broad, adverse effect of
TNRs on enzyme processing. Finally, consistent with the data above using the telomeric
substrates, the same pattern of AP site incision activity was observed for the CAG repeat-
containing substrates with either purified APEL or HeLa WCE (Fig. S1).

Lack of AP site incision of bulge loop constructs is due to a defect in APE1 DNA binding

We next determined if the ability of APEL to incise at the abasic site was related to binding
efficiency of the protein using a previously established electrophoretic mobility shift assay
(EMSA) (39). As evident from the data presented in Fig. 4A and B, the observed APE1-
DNA complex was more or less absent for the bulge loop substrates as compared to
substrates harboring an AP site within duplex DNA (p<0.01), implying that recognition and
binding is greatly diminished for damage in the loop domain.

J Mol Biol. Author manuscript; available in PMC 2015 May 29.
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Variation in APE1 incision on CAG duplex substrates is primarily due to reduced catalytic

efficiency

Since the EMSA data indicated an affinity for the 40-F1, 40-F3 and 40-F5 CAG substrates
that is comparable to the 22 mer (Fig. 4B), despite the ~10-fold lower incision activity of the
protein for the 40 mer duplexes (Table 1), we determined more quantitatively the ability of
APEL1 to form a stable complex with either the 22 mer or 40-F3 (as a representative
substrate) using protein titration experiments. As shown in Fig. 4C, the apparent binding
affinities for the 22 mer and 40-F3 DNAs are indeed surprisingly similar, with 50%
substrate bound at approximately 15 ng and 26 ng APEL, respectively. We also determined
the steady-state kinetic parameters for APEL incision of the 22 mer and 40-F3 substrates:
Km values were 55 and 23 nM; Vnax Values were 8.3 and 0.93 nM min~1; and ke, values
were 5.9 and 0.66 min~1, respectively. These data suggest that the inability of APE1 to
efficiently incise at AP sites in the (CAG)g repeat tract stems largely from a catalytic
impediment and is not due to “titrating-off” of the enzyme via nonspecific binding to the
excess DNA in the longer 40 mer duplexes.

Neighboring bulge loops have varying effects on APEL1 incision activity in adjacent duplex

domains

We next examined the influence of the size and location of a bulge loop on the ability of
APEL1 to cleave at an AP site within a nearby duplex using a set of TNR-containing DNA
substrates (Fig. 5A). As seen in Fig. 5B, a DNA substrate harboring a (CAG)g bulge loop on
the same strand as an upstream AP site (BL8-FStem) was incised ~2-fold more efficiently
(in the linear range of enzymatic activity, i.e, at 5 min) than a comparable substrate with a
(CAG)g loop (BL6-FStem). When the loop was positioned on the strand opposite the AP
site, there was a consistent trend for APEL incision to be stimulated relative to the normal
duplex (22 mer = CAGOF:CTGO0), particularly with the (CTG), loop size (Fig. 5C, black
bars). If the abasic lesion was on the CTG strand within the neighboring duplex, APE1
exhibited a similar incision efficiency regardless of the strand opposite CAG loop size (Fig.
5C, grey bars), although the complex with a (CAG), loop appeared to be cleaved at a
slightly diminished capacity. One noteworthy observation is that the substrates harboring the
AP site in the CTG strand (CTGOF) were cleaved at roughly half the initial rate of the CAG
abasic substrates (CAGOF; Fig. 5C and summarized in Table 1). This outcome may reflect a
steric hindrance to enzyme binding due to the nearby loop or the reduced thermodynamic
stability of the CAGN:CTGOF constructs that likely introduces partially denatured states
under the conditions of the experiment.

Impact on APEL1 incision of dynamic complementarity in AP site-containing TNR bulge

loop

TNRs are dynamic in nature, taking on a range of conformational states that are influenced
by the sequence context and location of DNA damage (2%). We examined here the effect of
the presence of a (CTG), stretch opposite the various AP site-containing bulge loop
substrates tested above (see Fig. 3A and 6A) on APEL incision activity. We showed
previously for a CAG8 oligomer annealed to a “CTGN” strand (N = 2, 4, 6), that the repeat
bulge loop can exist in multiple isoenergentic structural arrangements, with relatively facile

J Mol Biol. Author manuscript; available in PMC 2015 May 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lietal.

Page 7

inter-conversion between them, prompting the designation “rollamers” (31). The relative
population of loop isomers is influenced by the relative thermodynamic impact of the abasic
site and its position within the repeat, with the lesion favoring isomer states that are least
energetically perturbed. CAG6F1, CAG6F3, and CAG6F5 annealed to CTG2 result in the
formation of loop isomers that differ structurally in that the abasic site can be located in
different structural elements of the overall bulge loop construct: i.e., in the upstream duplex
(CAG6F1), the 5" duplex loop junction (CAG6F1), the loop (CAG6F1, CAG6F3,
CAGB6F5), the 3" duplex loop junction (CAG6F5), or the downstream duplex domain
(CAG6F5) (3.

In the experiments here, we found that APE1 (500 pg) was able to efficiently incise only the
CAG6F1:CTG2 substrate (Fig. 6B), where the abasic site is located in the 5" region of the
CAG domain and can partition into the upstream duplex, the 5 duplex loop junction, or the
loop domain. When APEL1 protein was increased to 25 ng, we did observe cleavage of all
three substrates to varying degrees (Fig. S2; Table 1). An EMSA revealed that APE1 binds
most stably to CAG6F1:CTG2, which it cleaves, whereas APE1 does not appear to bind
significantly to the poorly incised CAG6F3:CTG2 and CAG6F5:CTG2 substrates (Fig. 6C).
In other words, substrates that cannot be processed efficiently are also not bound stably,
similar to what we observed with static CAG repeat bulge loops earlier.

APEL binds only one of the rollamer isoforms that can be resolved electrophoretically

The EMSA revealed (at least) two prominent labeled DNA species of differing migration for
the CAG6F1:CTG2 and CAG6F5:CTG2 substrates in the native gel (Fig. 6C), likely
reflecting the different conformational states that can be adopted by these rollamers.
Although CAG6FNn:CTG2 can form three distinct loop isomers “on paper”, it is likely that
only two are resolvable on a gel, as two of the loop isomers (i.e., the one with a long
upstream and short downstream arm, and the one with a long downstream and short
upstream arm) are expected to have very similar hydrodynamic properties. The fact that we
observed only one major species for CAG6F3:CTG2 suggests that for this oligomer
arrangement the different loop isomers are not resolvable, or more likely, that only one of
the isomers is populated to a significant extent (32).

The impact of partitioning of the abasic site into different structural elements of the bulge
loop constructs is also reflected in the temperature induced strand dissociation behavior of
these constructs, where the CAG6F1:CTG2 substrate recognized/processed by APE1
exhibits a unique denaturation curve relative to CAG6F3:CTG2 and CAG6F5:CTG2 (Fig.
6D). The altered shape of the curve (green trace) reflects changes in the dissociation
pathway induced by the 5" location of the abasic site and the associated variation in
rollamer distribution/dissociation pathway caused by destabilization of the upstream
domain. Interestingly, APEL appears to only bind the slower migrating species of the
CAG6F1:CTG2 substrate in the EMSA (Fig. 6C), albeit with low affinity as suggested by
the observed smear, indicating that the enzyme may preferentially associate with one
particular structural form. Based on our incision results described earlier, this DNA species
is likely to be the rollamer isomer where the abasic site is partitioned into the upstream
duplex domain (similar to BL6-FStem). Collectively, the results within support the
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conclusion that APE1 is able to recognize and process lesions on the 5” side of a bulge loop,
albeit with reduced affinity, whereas the enzyme is unable to process lesions within the 3’
portion of the bulge loop and 3" of a nearby bulge loop. Future work will need to determine
how APEL1 binding and/or processing of the AP site influences the repeat bulge loop
distribution in the rollamer substrates.

DISCUSSION

Tandem repeats, such as those found in telomeres (e.g., TTAGGG) or in TNR disorders
(e.g., CAG), display increased susceptibility to oxidative modification and can exhibit
enhanced instability that contributes to aging and disease etiology. Studies are at the early
stages of delineating how repetitive DNA and non-canonical DNA conformations can affect
various DNA metabolic processes, such as DNA repair. Using a series of synthetic
oligonucleotide substrates, we determined the ability of APEL to recognize and process
abasic sites in two prototypical tandem repeat settings: telomeric and trinucleotide repeats.
The observation that APE1 processes AP sites with varying efficiency, depending on
sequence and context (Table 1), has important implications in terms of DNA damage
persistence within and mutagenic potential of different genomic domains.

Repair of oxidative damage in TNR sequences affects expansion/contraction events

McMurray and colleagues reported that oxidative damage in CAG repeat tracts can drive
expansion, such as seen in Huntington disease, through an OGG1 DNA glycosylase-initiated
BER response (33). Subsequent work demonstrated that the DNA glycosylase NEIL1 can
also promote TNR instability (34). Our investigations here indicate that APE1 poorly
operates on AP sites within a looped-out domain of a TNR substrate, generally consistent
with our prior finding (3°). Moreover, AP sites within a double-stranded CAG stretch (40-
F1, -F2, and -F3) are significantly poorer substrates for APE1 than when located in a more
random nucleotide sequence (e.g., the 22 mer). Furthermore, experimental studies indicate
that single-stranded loops are more susceptible to oxidative modification (see for instance,
(19)), and thermodynamic arguments suggest that lesions will favor partitioning of the
damage into the bulge loop structure (2°). These facts, collectively, contend that genomic
regions susceptible to looped-out structures, such as TNR tracts, will be prone to damage
accumulation and a poor repair outcome.

When APEL incision does take place within a TNR stretch, presumably in a duplex portion,
BER can promote instability in a manner that is influenced by (i) the location of the lesion
within the repeat array (i.e., 5" or 3") and (ii) the stoichiometry of the BER protein
concentrations (3°40). Based on the observation that APE1 incises at AP sites with some
low level activity only when in the 5" loop position of the rollamer substrate, it is tempting
to speculate that this cleavage event would lead to the formation of a gap immediately
upstream of a stable repeat fold-back self-structure (often inaccurately referred to as a “5’-
hairpin”), an outcome that would in turn lead to TNR expansion via repair synthesis and
ligation.

It is noteworthy that APE1 binding to an AP site within a (CAG)g double-stranded array is
not dramatically affected, whereas the catalytic efficiency is markedly reduced (nearly 10-
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fold). Such a finding suggests that while APE1 is able to form a stable complex with an AP
site within a TNR sequence tract, it is unable to establish the transition state intermediate
required for metal-assisted strand scission. It is possible that this binding serves as a
protective strategy for an AP site intermediate in such a genomic domain or helps to
coordinate the BER response in a “passing-the-baton”-type mechanism. However, persistent
DNA damage could eventually lead to mutagenic events or reduced transcriptional
efficiency.

Repair of abasic sites by APEL1 in telomeres is important for telomere function

Evidence has begun to emerge that reveals a particularly important role for BER in the
maintenance of telomeric integrity and functionality, which likely has significant
implications for aging and disease development (41-46). In the case of APE1, a recent study
demonstrated that depletion of the protein causes telomere dysfunction, including telomere
signal loss, chromosome end fragmentation, chromosome end-to-end fusions, and extra
telomeric signals (24). We found that APE1 efficiently incises at a single abasic site in a
simple telomeric repeat, but that the protein poorly processes lesions in certain clustered
arrangements. The enzyme is especially sensitive to neighboring 5° modifications, such as a
nearby AP site (see also (17:29)), particularly when located within the region that APE1
makes its most intimate contacts with DNA (47). Modifications 3" to an abasic lesion have a
less noticeable effect on APEL1 incision capacity, and in the case of a 3" mismatch have even
been found to be stimulatory (16). We speculate that the propensity of telomeric DNA to
sustain oxidative modification likely gives rise to clustered lesions that would be either
poorly processed or converted into double-strand breaks by BER (#8), culminating in
telomeric defects. Moreover, damage persistence or accumulation within the telomeric
region would likely result in defective binding of TRF1 and TRF2 to telomeric repeats (49),
two proteins that are part of the protective shelterin complex, further promoting telomere
instability.

We found herein that APE1 exhibits poor incision at an AP site within the single-stranded
portion of a model telomeric substrate. However, the issue of APE1 activity on single-
stranded DNA is complex, as prior studies have revealed efficient cleavage of single-
stranded substrates by the human enzyme (°°). One confounding factor is that “single-
stranded” DNA often takes on some form of self-structure, typically due to intramolecular
folding. Our prior work demonstrated that APE1 has a >100-fold lower incision efficiency
on poly(dA) or poly(dT) oligonucleotides harboring a single AP site relative to their
comparable double-stranded substrates (°1), suggesting that mostly single-stranded
molecules are poorly processed by the repair protein. More extensive analyses, which
included a wide-range of oligonucleotides, support the conclusion that fortuitous secondary
structure is a key element in dictating APE1 cleavage efficiency of so-called single-stranded
molecules (°1).

APE1 DNA repair activity is influenced by sequence context and thermodynamic stability

Another notable element of the studies herein is the observation that APE1 cleavage
efficiency for a family of closely-related 40 mer duplexes containing the same lesion in the
same sequence/nearest neighbor context correlates with their thermodynamic stability. As
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shown in more detail in Figure 7, within the uncertainty of the experimental data, there is a
striking similarity in the pattern of APE1 incision with lesion position (panel A) or loop size
(panel B) and the thermodynamic stability of these constructs. However, this correlation is
less obvious when comparing across different DNA constructs (e.g., 22 mer, BL-FStem,
40FStem), probably because the local and global thermodynamic impact of the lesion is
distributed differently in these variable substrates. Nevertheless, the general trend seems to
persist and is noteworthy. The observed position-dependent variation in AP site energetics
for the above sequence-controlled 40 mer constructs suggests coupling between the lesion
and the oligomer ends, with there being a more pronounced effect the closer the lesion is to
the end. Consistently, we previously had shown energetic coupling between abasic sites and
nearby bulge loop structures (22 23).

Interestingly, a similar correlation between thermodynamic stability of lesion-containing
DNA duplexes and either repair glycosylases or Escherichia coli endonuclesse 1V has been
reported (52-56). It was argued that the correlation between thermodynamic stability and
enzyme activity for DNA glycosylases reflects the enzymatic recognition/binding process,
which requires “flipping out’ of the substrate base from the helical stack. Structural insights
from X-ray crystal data of APE1 with and without duplex substrates indicate that the protein
binding pocket remains relatively unperturbed, whereas the DNA substrate undergoes a
substantial structural rearrangement upon protein binding (#*). It is therefore tempting to
interpret the observed correlation between lesion thermodynamics and enzyme efficiency as
a component of substrate flexibility that involves damage recognition and/or transition state
competency. Our experimental data, albeit limited, indicate that the variation in APE1
activity is primarily due to changes in ke, and not Ky, implying that, unlike for uracil DNA
glycosylase, it is not energetic lesion recognition, but transition state formation or product
release (i.e., the reaction chemistry) that is responsible for the observed repair efficiency-
thermodynamic stability correlation seen for APE1. These preliminary conclusions will of
course need to be interrogated in greater detail by more quantitative studies in the future.
Regardless of the origins of the observed thermodynamic-function relationship, the finding
that APE1 can process AP sites with varying degrees of efficiency depending on the
nucleotide context suggests that lesions will exhibit variable consequences on the nature and
effectiveness of the repair response, and ultimately, on the integrity of the genome. It will be
particularly interesting to examine how such features might affect possible genome-specific
coordination of the BER response.

APEL appears to be the major factor in recognition and processing of AP site lesions
within non-canonical DNA secondary structures

APEL1 is the major AP endonuclease in human cells, is a robust enzyme, and is present at
generally high concentrations (10 27). However, it was still surprising to us that the incision
profile for the HeLa WCE was essentially identical to that obtained with the purified
recombinant protein, with the single major difference being the estimated ~6-fold inhibition
of APE1 activity in the WCE context. We propose that the reduced incision efficiency of
APEL1 stems from other DNA binding proteins in the extract associating with the DNA
substrate, direct protein interactions, and/or post-translational modification. In addition, the
results suggest that the same pathways critical for the repair of abasic sites in “normal”

J Mol Biol. Author manuscript; available in PMC 2015 May 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lietal.

Page 11

duplex DNA are important for the repair of lesions in non-canonical DNA secondary
structures. In other words, no obvious DNA secondary structure-specific pathway exists for
processing AP sites embedded within non-canonical DNA forms. Future studies will focus
on delineating the factors that fine-tune the endonuclease efficiency of human APEL.

MATERIALS AND METHODS

Recombinant human APEL1 protein and HeLa WCE

Untagged, human recombinant APE1 protein was overexpressed from pETApe and purified
to >95% purity as essentially described (°7). Exponentially growing HeLa cells were
harvested by trypsinization and washed once with cold PBS. The cell pellet was then
resuspended at a density of 107 cells/mL in Lysis Buffer (50 mM Tris HCI pH 7.4, 150 mM
NaCl, 1 mM EDTA and 1% (vol/vol) Triton X-100 supplemented with 0.5 mM PMSF and
protease inhibitor cocktail) and incubated for 30 min at 4°C. After centrifugation at 18,000 g
for 20 min at 4°C, the supernatant was collected as the WCE. Protein concentrations were
determined using the Bradford method.

Oligonucleotide substrates

Oligonucleotides were purchased from Integrated DNA Technologies (Coralville, 1A) or
synthesized as described (2% 31). Oligonucleotide names and sequences are listed in Table 2.
For abasic site incision assays, oligonucleotides containing an abasic site analog (THF) were
radiolabeled at either the 5" end using [y-32P]JATP and T4 polynucleotide kinase (New
England Biolabs, Ipswich, MA) or the 3" end using [a-32P]dCTP and terminal
deoxynucleotidyl transferase (New England Biolabs, Ipswich, MA). Oligonucleotides were
annealed by heating at 95 °C for 3 min and then cooling 2 °C every 2 min to 25 °C in a
thermocycler. Annealing of the substrates was verified by native polyacrylamide
electrophoresis.

AP site incision assay

All incision experiments were conducted under steady-state conditions and within the linear
range of the assay. For telomeric substrates, the indicated amount of APE1 or WCE was
incubated with radiolabeled THF-containing oligonucleotide substrates at 37 °C under
physiologically relevant reaction conditions (50 mM HEPES-KOH pH 7.5, 50 mM KCl, 1
mM MgCl,, 1 mM DTT). For TNR substrates, the indicated amount of APE1 or WCE was
incubated with radiolabeled substrates at 25 °C under modified reaction conditions (10 mM
HEPES-NaOH pH 7.5, 100 mM NaCl, 2 mM MgCl,). Reactions were inhibited by the
addition of stop buffer (95% formamide, 20 mM ETDA, 0.5% bromphenol blue, and 0.5%
xylenecyanol), and then heated at 95 °C for 5 min. Reaction products were resolved by 15%
polyacrylamide urea denaturing gel electrophoresis, imaged, and quantified using a Typhoon
phosphoimager and ImageQuant TL software (GE Healthcare, Piscataway, NJ). Steady-state
kinetic parameters were determined by incubating 500 pg (1.4 nM) of APE1 in 10 pl with 5,
10, 25, 50 or 100 nM 22 mer or 40-F3 substrate for 5 min at 25 °C. Reaction velocities were
calculated following denaturing gel electrophoresis as described above. Ky, and Vpax Were
determined using Lineweaver-Burk plots in Prism 6 software (GraphPad Software, La Jolla,
CA).
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APE1 DNA binding assay

APE1-DNA complex formation was assessed essentially as described (3°). Each reaction
contained 100 fmol of DNA substrate (10 nM) and the indicated amount of APE1 protein in
a final volume of 10 pl. The binding reactions were separated on an 8% native gel at 4 °C.
The percentage of labeled DNA bound was determined by standard phosphorimager and
ImageQuant TL software analysis (GE Healthcare, Piscataway, NJ).

Western blot analysis

Three pg HeLa WCE or the indicated amount of recombinant APE1 protein was mixed with
2x loading buffer (50 mM Tris pH 6.8, 2% SDS, 2% 2-mercaptoethanol, 12% glycerol) and
heated at 95°C for 5 min before loading on a 10% SDS-polyacrylamide gel. After
electrophoresis, proteins were transferred to a nitrocellulose membrane. In-house rabbit
polyclonal APE1 antibody was used at a dilution of 1:10,000 to detect the protein, followed
by an HRP-conjugated goat anti-rabbit secondary antibody. The membrane was washed
using standard procedures, and the ECL substrate (GE Healthcare, Piscataway, NJ) was
applied. The blot image was visualized by ChemiDoc XRS System and analyzed by Image
Lab™ Software (Bio-Rad Laboratories, Hercules, CA).

Thermodynamic studies

Thermodynamic parameters for the DNA substrates were derived from model free
differential scanning calorimetry studies conducted using a NanoDSCII (Calorimetry
Science Corporation, Lindon, UT) with a nominal cell volume of 0.3 ml as described (58-60),
Oligonucleotides, at a concentration of 50 UM per strand, were repeatedly scanned between
0 °C and 90 or 95 °C with a constant heating rate of 1 °C/min, while continuously recording
the excess power required to maintain sample and reference cells at the same temperature.
After conversion of the measured excess power values to heat capacity units and subtraction
of buffer vs. buffer scans, the raw differential scanning calorimetry traces were normalized
for DNA concentration and analyzed using Origin software (Originlabs Corp., Northampton,
MA). The calorimetric enthalpy (AH,) was derived by integration of the excess heat
capacity curve, and ACp, was derived from the difference in the linearly extrapolated pre-
and post-transition baselines at Ty,. AS was derived by AH/T,, assuming
“pseudomonomolecular” behavior in which propagation dominates initiation in the strand
dissociation mechanism (61 62). The T, is defined as the temperature at the midpoint of the
integrated excess heat capacity curve for a given conformational transition, which
corresponds to half the sample being denatured for a process that exhibits
pseudomonomolecular behavior. The free energy change at a suitable reference temperature
was derived from the well-known standard identity: AG(T) = AHca|(Tm - T)/ Ty - ACp(Ty -
T) + TAC, In(T)/T).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Incision activity of APE1 at AP sites in telomeric repeats. (A) Composition of the AP site-

containing telomeric and control substrates. Circled “F” represents the abasic site analogue,
tetrahydrofuran (THF), and boxed sequence represents one telomeric repeat unit. Full
nucleotide sequence information is provided in Table 2. Location of 32P label is designated.
(B) Representative gel image of AP site incision reactions. As indicated, reactions contained
“No Enzyme”, purified human APE1 recombinant protein (200 pg, 0.56 nM), or HeLa WCE
(300 ng) with 1 pmol of the designated substrate (100 nM). Arrow heads indicate the class |1
AP endonuclease incision products. (C) Incision activities for the different AP site-
containing telomeric substrates relative to the NTC39 control. Results show relative values
for purified APEL (solid bars) and HeLa WCE (textured bars), considered independently.
Reported are the averages and standard deviations of three data points. P values were
determined via the student t test, with the only significant difference designated. (D) APE1
content in HeLa WCE (3 ug) as determined by Western blot analysis. The indicated amounts
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of purified recombinant APE1 protein were loaded as a reference. Shown is a representative
blot from three independent experiments.
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Figure 2.
Incision activity of APE1 at clustered AP sites in telomeric repeats. (A) Substrate

composition of abasic site-containing telomeric repeat substrates. See Figure 1 for additional
details. (B) Representative gel image of a typical AP site incision assay with either 5"-end
labeled (left panel) or 3’-end labeled (right panel) oligomer substrates. Reactions were
performed with no enzyme (NE), purified human APE1 (200 pg, 0.56 nM) or HeLa WCE
(300 ng), and 1 pmol of the indicated substrate (100 nM). A mixture of AP site incision
products from either 5”-end labeled or 3"-end labeled AP-1a, AP-1b and AP-1c substrates
were loaded as molecular weight markers. (C) Distribution of incision sites for purified
APE1 on the AP-2a and AP-2b substrates. For the 5'-end labeled substrates, the slower
migrating product represents only downstream incision, whereas the faster migrating
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product represents either upstream or dual incision. For the 3"-end labeled substrates, the
slower migrating product represents only upstream incision, whereas the faster migrating
product represents downstream or dual incision. From these data, we can determine the
percentage distribution of upstream AP site incision only, downstream incision only, and
dual incision, which is equal to the overlap in numbers for the differently labeled substrates.
Results were obtained from at least three independent experiments. In all panels, the site of
the upstream (or 5”) lesion or its incision product is designated with a “*”, while the location
of the downstream (or 3") AP site or its product is identified with a “#”.
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Figure 3.

Incision activity of APE1 at AP sites in the duplex or loop domain of TNR substrates. (A)
TNR and control substrate composition. Nucleotide sequence and abasic site position of the
(CAG)g bulge loop TNR substrates (left). Schematic of the various TNR and fully-duplex
control substrates (right). The AP site analog, THF, is depicted by the circled “F” (left) or
the open circle (right). Full nucleotide sequence information is provided in Table 2. (B)
Representative gel image of an AP site incision assay with the various oligonucleotide
substrates. Reactions contained either “No Enzyme” or purified human APE1 protein (500
pg, 1.4 nM) and 1 pmol of the indicated substrate (100nM, designed by “S”). Arrow heads
indicate the products of AP endonuclease activity. (C) Time course (5, 15, 30 and 60 min)
and (D) dose response (100, 500, 1000 and 5000 pg APE1, equal to 0.28, 1.4, 2.8 and 14
nM, respectively) reaction profiles. The data are from three independent experiments, and
the graphs were generated by Prism Graphpad software.
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Figure 4.
DNA binding of APEL1 to different TNR substrates. (A) Representative gel image of

electrophoretic mobility shift assay. Binding reactions contained either “No Enzyme” or
purified human APE1 (30 ng, 84 nM), and 100 fmol of the indicated substrate (10 nM), and
were resolved on a native gel. (B) Relative APE1 binding to the different TNR substrates in
comparison to the 22 mer control AP-DNA. (C) Binding affinity of APE1 for the 22 mer and
40-F3 substrates. Various amounts of APE1 (indicated) were incubated with 100 fmol of
substrate (10 nM), and percentage of substrate bound was determined and plotted. Data
represent the average and standard deviation of three independent experimental values.
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Figure 5.
Effect of loop size adjacent to AP site in duplex region on APE1 incision. (A) Schematic of

the various loop-containing substrates. See Figure 3 for additional information, and Table 2
for full oligonucleotide composition. (B) Time course (5, 10, 15 and 30 min) reaction with
the BL6-FStem and BL8-FStem TNR substrates. Reactions consisted of purified APE1 (100
pg, 0.28 nM) and 1 pmol of substrate (100 nM), and were incubated at 25 °C for the
indicated time. (C) Relative incision efficiency of APEL1 for the “CAGOF” (black bars) or
“CTGOF” (grey bars) abasic site-containing oligonucleotide annealed to the indicated loop
strand. Reactions were as above, and were performed at 25 °C for 15 min. The data
represent the average and standard deviation of three independent experiments, and the
graphs were generated by Prism Graphpad software. The asterisk (*) denotes that the
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incision activities of CAGOF:CTG2 and CAGOF:CTGO (22 mer) were significantly different
(p=0.02).
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Figure 6.
Impact on APE1 incision of dynamic complementarity in AP site-containing TNR bulge

loop. (A) Schematic of standard bulge loop TNR substrates (top) and comparable
“rollamers” (bottom). See Figure 3 for additional information, and Table 2 for full
oligonucleotide composition. (B) Representative gel image of an AP site incision assay
using the substrates above. Reactions contained either “No Enzyme” or purified APE1 (500
pg, 1.4 nM) and 1 pmol of the indicated substrate (100 nM, designated as “S”). Incision
products are indicated as “P”. Note that “CAG6F1” is abbreviated “F1”, etc. (C)
Representative gel image of DNA binding assay. Reaction consisted of either “No Enzyme”
or purified APE1 (30 ng, 84 nM) and 100 fmol of the indicated substrate (10 nM). Arrow
indicates APE1-DNA complex, and the unbound, free probe is designated by the bracket.
(D) Excess heat capacity traces for the parent rollamer (CAG6:CTG2 - in black) and the
CAG6-F1:CTG2 (green), CAG6-F3:CTG2 (blue), and CAG6-F5:CTG2(red) rollamers in 10
mM cacodylate, 100 mM Na+ buffer. Note the altered shape of the CAG6F1:CTG2 melting
curve (green), the only construct for which significant APE1 binding and processing activity
was detected.
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Figure 7.
Empirical correlation between substrate thermodynamic stability and APE1 incision activity.

(A) Variation of APE1 incision activity with lesion position within the family of 40 mer
duplexes (left axis, blue circles) shows the same trend as the lesion position dependence in
duplex stability (AAG) relative to the unmodified parent duplex (right axis, red triangles).
(B) Dependence of APE1 incision activity CTG repeat bulge loop size downstream from the
abasic lesion (left axis, blue circles) shows the same trend as the impact of the CTG bulge
loop size on thermodynamic stability of the bulge loop construct (right axis, red triangles).
Error bars are indicated in blue for enzyme activity and in red for free energy changes.
Corresponding plots of APEL1 cleavage activity versus free energy changes (not shown) can
be fit to straight lines with R correlations of 0.98 (panel A) and 0.8 (panel B).
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Specific activity of purified human APE1 against DNA substrates used in this study

Table 1
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Name of DNA substrate is indicated in left column, with the labeled and complementary strand designated
(see Table 2 for nucleotide sequences).

Complementary

Specific activity

Name Labeled strand strand (pmol-min-tug1)
Telomeric substrates (37°C)
NTC39 NTC39AP NTC39C 265 + 65
AP-la APla TPL 81+ 36
AP-1b AP1b TPL 157 + 22
AP-1c APl1c TPL 140 + 28
AP-2a AP2a TPL 155+75"
AP-2b AP2b TPL 150 +3.4 "
AP-3 AP3 TPL 116 +5.8
OH57-DS OH57DS OH57C 247 £ 49
OH57-SS OH57SS OH57C 16+3.1
TNR substrates (25°C)
22 mer CAGOF CTGO 229+ 28
BL6-Fstem CAG6Fstem CTGO 77+13
BL6-F1 CAGG6F1 CTGO 2.3+0.76
BL6-F3 CAG6F3 CTGO 0.19 +0.03
BL6-F5 CAGG6F5 CTGO 0.93+0.18
40-Fstem CAG6Fstem CTG6 55+ 13
40-F1 CAGG6F1 CTG6 27+£59
40-F3 CAG6F3 CTG6 19+7.1
40-F5 CAGG6F5 CTG6 20+ 3.5
BL8-Fstem CAG8Fstem CTGO 197+ 15
CAGOF:CTG2 CAGOF CTG2 275+ 16
CAGOF:CTG4 CAGOF CTG4 276 £ 32
CAGOF:CTG6 CAGOF CTG6 265+ 51
CAGOF:CTG8 CAGOF CTG8 236 £ 27
CTGOF:CAGO CTGOF CAGO 130+ 24
CTGOF:CAG2 CTGOF CAG2 94 +0.4
CTGOF:.CAG4 CTGOF CAG4 141 + 46
CTGOF:CAG6 CTGOF CAG6 115+ 21
CTGOF:.CAG7 CTGOF CAG7 131+ 14
CTGOF:CAG8 CTGOF CAG8 120+ 1.1
CAGG6F1:CTG2 CAGG6F1 CTG2 69 +6.3
CAG6F3:CTG2 CAG6F3 CTG2 1.5+0.39
CAGG6F5:CTG2 CAGG6F5 CTG2 1.6+£0.73
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*
Specific activity derived from total incision of the multiple abasic sites in the substrate.
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