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Abstract

Human Apel is a multifunctional protein with a major role in initiating repair of apurinic/
apyrimidinic (AP) sites in DNA by catalyzing hydrolytic incision of the phosphodiester backbone
immediately adjacent to the damage. Besides in double-stranded DNA, Apel has been shown to
cleave at AP sites in single-stranded (ss) regions of a number of biologically-relevant DNA
conformations and in structured ssSDNA. Extension of these studies has revealed a more expansive
repertoire of model substrates on which Apel exerts AP endonuclease activity. In particular, Apel
possesses the ability to cleave at AP sites located in (i) the DNA strand of a DNA/RNA hybrid, (ii)
“pseudo-triplex” bubble substrates designed to mimic stalled replication or transcription
intermediates, and (iii) configurations that emulate R-loop structures that arise during class switch
recombination (CSR). Moreover, Apel was found to cleave AP site-containing sSRNA, suggesting
a novel “cleansing” function that may contribute to the elimination of detrimental cellular AP-RNA
molecules. Finally, sequence context immediately surrounding an abasic site in duplex DNA was
found to have a < 3-fold effect on the incision efficiency of Apel, and ATP was found to exert
complex effects on the endonuclease capacity of Apel on double-stranded substrates. The results
suggest that in addition to abasic sites in conventional duplex genomic DNA, Apel has the ability
to incise at AP sites in DNA conformations formed during DNA replication, transcription and CSR,
and that Apel can endonucleolyticly destroy damaged RNA.
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Introduction

Apurinic/Apyrimidinic (AP) endonuclease 1 (Apel) is a multifunctional enzyme of 318 amino
acids (35.5 kDa) with redox-dependent regulation of transcription factors!, 3'to 5’
exonuclease?, 3' phosphodiesterase3, RNaseH?4, and class 11 type AP endonuclease
activities®. The endonuclease function entails incision of the phosphodiester bond immediately
5’ to an AP site, generating a single-strand break with 5’ deoxyribose phosphate (dRP) and 3'
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hydroxyl ends. This action creates a substrate on which subsequent enzymes of the base
excision repair (BER) pathway can act to fill the nucleotide gap and seal the nick in the DNA
backbone to complete AP site repair (i.e. DNA polymerase § and XRCC1-DNA Iigase Ia).
Apel is the major mammalian protein for initiating removal of abasic sites in DNA', although
a second Apel-like protein has been identified in mammallan cells that acts as a 3' to 5’
exonuclease and possesses a weak AP endonuclease act|V|ty 9

Abasic sites are estlmated to arise spontaneously ~10,000 times per mammalian genome
equivalent per day . In addition to spontaneous base loss, abasic intermediates are formed
via enzyme (DNA glycosylase)-catalyzed base release during the process of BERLL
Unregalred non-instructional abasic sites have mutagenic and cytotoxic consequences to the
cell12. For instance, elongating replicative DNA polymerases and RNA polymerases will
pause or arrest at abasic products, leading to collapse of the synthetic process and possibly
activation of cell death responsesl3. Abasic sites encountered during DNA replication can also
lead to error-prone bypass synthesis by translesion DNA polymerasesl4. In Saccharomyces
cerevisiae, enhanced mutagenesis and severe inhibition of transcription occurs in strains
defective in the removal of AP sites and that lack RAD26, a SWI/SNF family ATPase and a
homolog of the human Cockayne syndrome B (ERCC6/CSB) gene 15 In all, current
experimental evidence supports the idea that (i) AP sites lead to enhanced DNA mutagenesis,
(ii) natural and oxidized abasic forms are blocks to RNA polymerase progression, and (iii)
CSB functions to promote AP site processing, presumably by facilitating efficient transcription
and/or preventing the production of mutant RNA templates.

The presence of damaged or mutant RNA molecules can have many consequences to the cell.
For instance, damaged or miscoding ribosomal RNAs have the potential to poison an entire
ribosome and lead to collapse of the translatlonal machlnery . Damaged or miscoding tRNAs
can lead to mutagenic protein synthe3|s . Aberrant mRNAs have the capacity to do both, as
a ribosome may stall upon encountering the damage or incorporate improper amino acids to
produce mutant polypeptldes 18 . Pathways for dealing with altered MRNAs exist in mammalian
cells, such as nonsense-mediated decay and non-stop decay . In addition to pathways that
degrade improper mRNAS, enzymes have evolved to repair damage to RNA molecules. The
AIlkB family of oxidative demethylases removes 1-methyladenine, 3-methylcytosine, and 1-
methylguanine from both DNA and RNAZ0, It is not currently known whether other types of
RNA damage are subject to “repair”, although oxidative RNA modifications have been shown
to be increased in both Alzheimer’s2L and atherosclerosis22

Complex nucleic acid structures form not only during the processes of DNA replication and
RNA transcription, but also during other cellular events. Antibody class switch recombination
(CSR) occurs at |mmunoglobulln (1g) switch regions via the creation and joining of DNA
double-strand breaks (DSBS) . The process of CSR is presumably mediated by transcription
through the GC rlch switch regions, which leads to the formation of DNA/RNA hybrids within
so-called R- Ioops . The establishment of DSBs is thought to be initiated by the action of
activation-induced cytidine deaminase (AlD), which deaminates cytosine to uracil within these
loop structures. The uracil bases are then processed to abasic sites and single-strand breaks by
as yet undefined repair components. One model proposes that the creation of juxtaposed nicks
in DNA by processing of opposed uracil residues gives rise to the DSBs necessary for CSR
and antibody isotype diversity 25 Recent eV|dence has implicated Apel, and a paralogous
protein Ape2, in AP site cleavage during CSR26 , yet a precise biochemical activity on R-loop
substrates has not been examined.

Here, we explored the activities of human Apel on a variety of alternative substrates. We have
designed abasic site-containing substrates that mimic a stalled DNA replication or RNA
transcription “pseudo-triplex” bubble to determine if Apel can cleave in these contexts. We
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have also designed “pseudo-triplex” R-loop type substrates to examine the influence of this
configuration on Apel AP site incision during simulated CSR. In addition, we analyzed
whether Apel exhibits endonuclease activity on single-strand AP-RNA molecules, as well as
various lesion-containing DNA/RNA arrangements. Lastly, we determined the effect of the
DNA sequence immediately surrounding an abasic site on Apel incision activity. Our findings
demonstrate that Apel can endonucleolytically cleave abasic sites in complex biologically-
relevant contexts related to dysfunction during the essential processes of DNA replication,
transcription and translation, and can cleave at AP sites in sSSDNA regions of R-loops related
to CSR.

Incision by Apel of AP-DNA/RNA duplexes

Given thezprior evidence that Apel can cleave at AP sites in transcription-like bubble
structures?’ 28, we evaluated, in vitro, the AP endonuclease activity of human Apel on
synthetic DNA/RNA hybrids that would simulate a transcription intermediate. Substrates
analyzed were 42mer DNA strands containing a centrally located abasic site analog (42F) that
were annealed to either a 18mer DNA (control) or a 18mer RNA (Table 1). We found that
Apel had only slightly more robust activity on the partial DNA/DNA duplex than on the
comparable DNA/RNA duplex (Figure 1). Kinetic parameters for Apel endonuclease activity
on the AP-DNA/DNA and AP-DNA/RNA are as follows: Ky, values for DNA/DNA and DNA/
RNA were 23.8 nM and 5.7 nM; Va5 Values were 4.2 nM product min~t and 1.3 nM product
min~1; ke, values were 2.9 min~t and 0.9 min~1; and catalytic efficiencies (Keai/Km) were 0.12
and 0.16, respectively.

AP site position affects Apel incision efficiency

We next sought to determine the effect of the location of an abasic site in partial double-stranded
DNA and in bubble duplex DNA. Oligonucleotides used were 54mers annealed to a
complementary 18mer DNA to form the partial duplex substrates (54Fendbubble or
54Fcenterbubble with 18DNA, Table 1) and two 54mers annealed to create an 18 nucleotide
(nt) bubble structure (54Fendbubble or 54Fcenterbubble with 54bubble18comp, Table 1). The
abasic site was either centrally located (center bubble DNAS) or located at the sSDNA/dsDNA
junction (end bubble DNASs) (Figure 2a, top). We found that Apel most efficiently incised at
an abasic site located centrally in the 18 nt bubble structure
(54Fcenterbubble18/54bubblecomp), followed by the centrally located abasic site in the partial
duplex DNA (54Fcenterbubble18/18DNA), the abasic site at a sSSDNA/dSDNA junction in the
bubble conformation (54Fendbubble18/54bubblecomp), and the abasic site at a SSDNA/
dsDNA junction in partial duplex DNA (54Fendbubble18/18DNA) (Figure 2a and b).

Apelincises at AP sites in replication and transcription intermediates

As we observed that Apel could incise at AP sites in the DNA strand of a DNA/RNA duplex
(Figure 1) and within a bubble structure (Figure 2 and previous results 21, 28), we next sought
to determine the effect of a DNA strand or a RNA strand positioned within the bubble. These
“pseudo-triplex” nucleic acid substrates contained an abasic damage at the SSDNA/dsDNA
junction and reflect potential intermediates formed when either a DNA or RNA polymerase
stalls at an abasic site in the leading strand during DNA replication
(54Fendbubble18/54bubblecomp/18DNA) or the transcribed strand during transcription
(54Fendbubble18/54bubblecomp/18RNA), respectively (Figure 2a, bottom). Strikingly,
creation of these three strand substrates provided a 2-2.5 fold increase in the specific activity
of Apel over the partial duplex with the abasic lesion positioned at the ss/dsDNA junction
(54Fendbubble18/18DNA), indicating that Apel can efficiently incise complex substrates that
resemble both arrested replication and transcription intermediates (Figure 2b). Pseudo-
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triplexes containing a centrally located abasic site were not analyzed as annealing of the third
18mer DNA or RNA strand was inefficient, likely due to the position of the AP lesion (data
not shown).

ATP has complex effects on Apel incision activity

Previously, it had been demonstrated that the SWI/SNF DNA-dependent ATPase CSB and
Apel physically interact in vitro and exist in a common protein complex in vivoZ8. CSB was
also found to stimulate AP site incision by Apel (in the absence of ATP) on both fully-paired
duplex DNA (42F/42Comp, Table 1) and an 11 nt bubble duplex substrate containing a
centrally located abasic site (42F/42bubbleComp, Table 1). Here, we evaluated the effect of
CSB on Apel incision of our partial duplex DNA substrate (42F/18DNA, Table 1), the
previously employed fully-paired duplex DNA (42F/42Comp) and 11nt bubble substrates
(42F/42bubbleComp), and our more complex 18 nt bubble DNA replication
(54Fendbubble18/54bubblecomp/18DNA) and transcription
(54Fendbubble18/54bubblecomp/18RNA) “pseudo-triplex” intermediates. CSB stimulated
Apel incision on the 42F/18DNA, 42F/42Comp, and 42F/42bubbleComp substrates,
recapitulating the previous observations (data not shown). However, with both “pseudo-
triplex” substrates, no significant effect of CSB was observed on Apel AP site incision in the
absence of ATP (data not shown), suggesting, as previously proposed, that activation by CSB
is substrate influenced dependent28. Notably, when 2.5 mM ATP was included in the reactions
with 1 mM MgCly, we detected an inhibition of Apel incision activity (data not shown). We
therefore sought to further investigate the effect of ATP on Apel AP site cleavage.

Using 42mer fully-paired abasic site-containing duplex DNA (42F/42comp, Table 1), we
examined the effects of different concentrations of ATP on Apel incision at either 1 mM or
10 mM MgCl,. We found that ATP had complex effects on Apel cleavage activity (Figure
3a). At 1 mM MgCly, Apel abasic endonuclease activity was stimulated ~1.75- and ~1.25-fold
at0.5 mM and 1 mM ATP concentrations, respectively and Apel incision activity was inhibited
at higher ATP concentrations (2-5 mM). At 10 mM MgCl,, the higher concentrations of ATP
had stimulatory effects on AP site incision by Apel, whereas the lower concentrations had no
effect (Figure 3a). Interestingly, when the ratio of Mg?* to ATP was 2:1 (see 1 mM MgCl,
and 0.5 mM ATP vs. 10 mM MgCl, and 5 mM ATP), Apel AP site incision activity was
activated (1.7 to 3.3-fold) most significantly (Figure 3b). Steady-state kinetic analysis of Apel
AP endonuclease activity at 10 mM MgCl, with and without 5 mM ATP indicated a less then
2-fold difference in K., but a ~20-fold enhancement in k.4 in the presence of ATP, suggesting
an enhancement of the catalytic reaction specifically. We further examined the effect of other
nucleotides (TTP, CTP, GTP, and dATP) on Apel incision activity at a Mg2*:(d)NTP ratio of
2:1 (10 mM MgCl, and 5 mM (d)NTP). We found that ATP, dATP, and CTP had a similar
degree of stimulation, and that TTP and GTP activated incision, but to a lesser extent (data not
shown).

Apelincises at AP sites within ssDNA regions of R-loops

As Apel has been implicated in incising at abasic sites during CSR26, we sought to examine
the effect of a model R-loop structure on Apel incision efficiency. We employed the two AP
site-containing 54mer oligos, i.e. 54Fendbubble and 54Fcenterbubble (Table 1), annealed to
both 54bubblecomp and 18RNAfor54comp to create two R-loop intermediates (54Fendbubble/
54bubblecomp/18RNAfor54comp and 54Fcenterbubble/54bubblecomp/18RNAfor54comp),
which differed only in the location of the AP site within the single-stranded portion of the
“pseudo-triplex” (Figure 4a). Apel was able to incise both substrates with similar efficiency
(Figure 4b), indicating that Apel can cleave within structures that reflect R-loop intermediates
formed during CSR. We note that addition of the RNA strand to the undamaged DNA strand
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of the “pseudo-triplex” lowered the specific activity of the enzyme ~3 to 14-fold, depending
on the location of the abasic site.

Apelincises AP site-containing ssRNA

AlkB homologs have been shown to repair methyl lesions in RNA via oxidative demethylation
in order to prevent damaged RNA from causing ribosome stalling or being translated?0. As a
single unrepaired MMS-induced lesion has the potential to block translation29, we sought to
determine whether Apel had AP endonuclease activity on RNA containing a centrally located
abasic site analog, as abasic sites are common alkylation products due to the increased rate of
hydrolysis of the N-glycosidic bond12. We used two AP-ssRNAs, a 26mer and a 34mer, and
two AP-ssDNAs of the same sequence (Table 1). Surprisingly, Apel incised the 26FRNA more
efficiently then the 26FDNA (Figure 5A). With the 34mers, Apel incised the sSSDNA much
more efficiently then the ssSRNA (Figure 5B; note the difference in Apel concentration used
with the two substrates). Steady-state kinetic parameters for Apel incision of 34FDNA and
34FRNA are as follows: K, values were 179.2 nM and 1561.0 nM; Vs Values were 12.4
nM product min~! and 61.4 nM product min—1; ke, values were 441.6 min~1 and 7.3 min~1;
and catalytic efficiencies were 2.5 and 0.005, respectively.

Neighboring sequence context has subtle effects on Apel incision efficiency

Sequence context surrounding an abasic site can affect the local structure of the DNA duplex,
with the bases flanking and the base opposite the AP site having the most significant
effect30. Generally speaking, AP sites opposite a purine base maintain B-form DNA with the
purine base located within the helix, whereas AP sites opposed by a pyrimidine base can take
on localized non-B-form DNA, with the pyrimidine base capable of extrahelical positioning
depending on the stacking energies of the bases flanking the abasic site31. To determine the
combined effect of the bases flanking and opposite an AP site on Apel incision efficiency, we
utilized a set of AP site analog-containing 26mer oligonucleotides of the same sequence except
for the five nucleotides surrounding the lesion. In particular, we examined substrates with either
a purine (G) or a pyrimidine (C) positioned opposite the AP site and: 2 purines flanking the
abasic site (GFA paired with CCT or CGT); 2 pyrimidines flanking (CFT with GCA or GGA);
a5’ purine and a 3’ pyrimidine flanking (GFT with CCA or CGA); or a 5’ pyrimidine and a 3’
purine flanking (CFA with GCT or GGT) (Figure 6a). Our results revealed no obvious unified
pattern of incision efficiency with respect to the bases flanking or the base opposite the AP
site. In short, Apel incision activity was 2 to 3-fold higher with the GFT/CCA, CFA/GCT and
CFT/GGA arrangements relative to GFA/CCT, while Apel showed similar activity for the
other sequence contexts (Figure 6b).

Discussion

We have demonstrated herein that human Apel can incise at AP sites in (i) the DNA strand of
DNA/RNA hybrids, (ii) complex substrates that mimic a stalled replication or transcription
intermediate, (iii) SSDNA regions of R-loop structures and (iv) single-stranded RNA molecules.
In addition, we found that the nucleotide sequence surrounding an AP site, i.e. both
immediately flanking and directly opposite, had a less than three-fold effect on Apel cleavage
activity. This latter observation suggests that nucleotide sequence context is likely to have a
minimal role in determining the biological impact of abasic sites within naked DNA,
specifically in terms of repair-ability. The contribution of sequence context on AP site bypass
synthesis (i.e. mutagenesis) is less clear.

Previous biochemical work had demonstrated that salt conditions can have a profound effect
on the efficiency of Apel as an AP endonuclease or 3’ to 5’ exonuclease in vitro. For instance,
both MgCl, and KCI strongly influence the efficiency of Apel as a sSSDNA or dsDNA AP
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endonuclease?’. Furthermore, the endo- and exonuclease activity of Apel was found to be
influenced by the MgCl, concentration, with optimal exonuclease activity at low MgCl,
concentration (0.1-2 mM) and optimal endonuclease activity at high MgCl, concentration (10—
15 mM)32. We report here that depending on the relative concentration of MgCl,, ATP can
have both inhibitory and stimulatory consequences on Apel incision capacity. Most notably,
when the MgCl,:ATP ratio was 2:1, Apel AP endonuclease activity was highest. Under the
same reaction conditions, other (d)NTPs were also found to stimulate Apel AP site incision
activity.

Previous limited proteolysis and peptide mapping of native Apel revealed that chymotrypsin
is able to cleave within the tight globular domain of the protein, unveiling 19.8 kDa (aa 1-179),
19.5kDa (aa 174-318), and 12.8 kDa (aa 206—-318) major digestion fragments33. When abasic-
site containing DNA was incubated with Apel and chymotrypsin, inhibition of cleavage at the
three major protease sites was observed, delaying Apel degradation. We found that when Apel
was digested with chymotrypsin in the presence of ATP a similar delay was seen
(Supplementary Figure 1), suggesting that DNA and ATP bind Apel in a similar manner. In
line with this conclusion, dCTP has been detected in the crystal structure of the Apel ortholog,
Escherichia coli Exoll134. The dCTP moiety, as well as a Mn2* ion, were specifically
complexed within the enzyme active site, which is conserved in AP endonucleases from both
pro- and eukaryotes. This observation may suggest that nucleotides, such as ATP, and Mg?*
can bind simultaneously to Apel and modulate its AP endonuclease function via a mechanism
not fully understood.

The spectrum of AP site-containing DNA substrates for Apel has expanded in recent years.
In particular, we had previously reported that Apel can cleave AP sites positioned within the
single-stranded regions of fork and bubble configurations that mimic replication and
transcription intermediates?”, as well as at AP sites within single-stranded DNA molecules in
a manner that is influenced by secondary structure3S, Significantly, we have found that the
ability to cleave at AP sites within single-stranded regions of bubble duplexes is evolutionarily
conserved, as members of both families of AP endonucleases, i.e. E. coli Exolll and EndolV,
incise efficiently at AP sites within the sSDNA region of the 11 nt bubble 42mer duplex DNA
(42F/42bubbleComp, Table 1; Supplementary Figure 2). Indeed, both Exolll (1.8 to 2.6-fold)
and EndolV (4.3 to 29.5-fold) exert greater AP endonuclease activity on an abasic site located
in the single-stranded region of the bubble duplex relative to an abasic site located in a classical
duplex substrate (42F/42comp). A similar preference for an abasic site located in the single-
stranded region of a bubble duplex is seen with Apel (Figure 2a, 54Fcenterbubble/54comp
vs. 54Fcenterbubble/18DNA).

We have demonstrated herein that Apel can incise at AP sites in more complex DNA and/or
RNA intermediates. In particular, Apel can cleave AP sites in substrates that reflect a stalled
DNA replication fork (54Fendbubble18/54bubblecomp/18DNA, Figure 2a). Creation of a
three-strand containing “pseudo-triplex” intermediate, in fact, increased the specific activity
of Apel ~3-fold over the partial double-stranded counterpart (54Fendbubble18/18DNA). This
action of Apel may be promoted to avert error-prone bypass synthesis and instead create a
one-ended DSB (following incision) that can be faithfully resolved by homologous
recombination (HR 36 Arole for HR in AP site repair is supported by genetic evidence in
bacteria and yea5t3 -39, Alternatively, in the absence of AP site cleavage, or bypass synthesis,
the leading DNA strand could be displaced (or degraded) to permit re-annealing of the
downstream DNA, ultimately permitting classic template-driven BER prior to the resumption
of replicative synthesis. Apel, as well as other BER enzymes, has been found to be physically
associated with components of the DNA replication machinery, including DNA polymerases
a, 8, ¢, DNA ligase I, MCM7, and cyclin A4, indicating that BER factors are intimately linked
to actively elongating replication forks.
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In addition to DNA polymerases stalling at a blocking lesion, the progression of RNA
polymerases is also affected by the presence of DNA damage. Of particular interest is the fact
that an abasic site in the transcribed strand has been identified as a potent block to RNA
polymerase 11 progression41. We find that Apel exhibits significant activity on “pseudo-
triplex” substrates designed to replicate a stalled transcription bubble. This finding suggests
that a stalled transcription intermediate containing partially transcribed RNA has the potential
to be acted upon by a BER enzyme. Whether BER substrates are processed via transcription-
coupled repair (TCR) is controversial42: 43, That said, Apel has been shown to interact with
the human TCR factor CSB, and this interaction enhances Apel AP site incision activity on
11 nt bubble substrates, suggesting that certain forms of endogenous DNA damage may be
repaired in a gene-specific manner28. Even without invoking TCR, it seems reasonable that
immediate processing of lesions that both stall RNA polymerase progression and potentially
generate mutagenic RNA templates would be advantageous.

CSR involves transcription through Ig switch regions, which ultimately generates R-loop
DNA/RNA hybrid structures between the transcribed strand and the nascent transcript, and
leaves the untranscribed strand as ssSDNA24. ssDNA is a preferred substrate on which AID
acts to deaminate cytosine to uracil. While it is unclear how the uracil generated in DNA by
AID is converted to DSBS, evidence suggests that the aberrant base is acted upon by uraC|I
DNA glycosylase (UNG), leaving behind an abasic site that can be cleaved by Apel and/or
the Mre11/Rad50/NBS1 (MRN) complex 44 to create a single-strand break. A set of closely
opposed nicks would create a DSB2°. We demonstrate within that Apel possesses the ability
to efficiently incise at AP sites in either the center or at the ssDNA/dsDNA junction of the
single-stranded portion of an R-loop intermediate. Coupled with the fact that Apel can incise
at AP sites within a DNA/RNA hybrid (Figure 1), the results herein unveil a plausible
mechanism for generating DSBs during CSR.

We have shown for the first time that Apel possesses the ability to cleave AP sites within RNA
molecules. For the 26mer substrates, Apel cleaved the AP-ssRNA over 5-fold more efficiently
than the cognate AP-ssDNA. For the 34mer substrates, Apel cleaved the AP-ssDNA (which
has been shown preV|oust to be a very potent Apel substrate, even more so than double-
stranded AP-DNAZ7: 35,4 ) over 500-fold more efficiently than the AP-ssSRNA. Prediction
of substrate secondary structures revealed that although possessing the same nucleotide
sequence (26mer ssDNA and 26mer ssSRNA,; 34mer ssDNA and 34mer ssRNA, Table 1), the
RNA and DNA for each set has the potential to form different conformations (Figure 7).
Previous work has shown that secondary structure significantly influences Apel ssDNA
incision act|V|ty , likely explaining the variability seen in incision activity for the disparate
single-stranded ollgonucleotldes. RNA substrates are likely, in general, recognized with
relatively low affinity, as suggested by the high Ky, value of Apel for 34FRNA (~1.5 uM).

The ability to cleave AP site-containing RNA implies that Apel can remove damaged templates
from the endogenous pool. It has previously been shown that RNA is oxidized to a greater
extent than cellular DNA by treatment with H,0,46, that abasic RNA intermediates can arise
via the action of RNA N-ribohydrolases, including the toxin ricin#/, and that oxidatively
damaged mRNAs are present in high quantity in brains from Alzheimer’s patients48. Damaged
MRNA either cannot be translated or is mistranslated to produce small peptides due to
premature termination of translation or by proteolytic degradation of proteins containing
destabilizing amino acid errors18. The ability of Apel to cleave abasic site-containing sSRNA
provides a possible mechanism for the cell to eliminate damaged mRNA prior to association
with the ribosome and execution of non 8r0ductive translation. Damage to rRNA can
completely shut down protein syntheS|s , and damage to tRNA can abolish the ability to read
codons1’. Taking into consideration the organlzed secondary structure of rRNA and tRNA
molecules, Apel is a candidate to cleave abasic site-containing rRNA and tRNA molecules as
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well. Apel has been found in the nucleus and cytoplasm of a number of cell types, subcellular
locations where RNA “cleansing” would presumably take place49.

Materials and Methods

Proteins and oligonucleotide substrates

Recombinant human Apel protein was purified as previously described0. Oligonucleotides
were purchased from Integrated DNA Technologies (Coralville, IA) or Midland Certified
Reagent Company, Inc. (Midland, TX). Oligonucleotide sequences are listed in Table 1. For
AP site incision assays, oligonucleotides containing an abasic site analog (tetrahydrofuran)
were radiolabeled at the 5’ end using [y-32P] ATP and T4 polynucleotide kinase (New England
Biolabs, Ipswich, MA). Substrates were annealed by heating at 95°C for 3 minutes and then
cooling 2°C every 2 minutes to 4°C in athermocycler. Annealing of the DNA or RNA “pseudo-
triplex” strand was verified by native polyacrylamide electrophoresis, as shown in
Supplementary Figure 3.

AP site incision assays

Unless otherwise specified, Apel was incubated with 5’ 32P labeled abasic site analog-
containing oligonucleotide substrates at 37°C under physiologically-relevant reaction
conditions (25 mM MOPS, pH 7.2;100 mM KCI; 1 mM MgCl,). Reactions were inhibited by
the addition of stop buffer (95% formamide, 20 mM EDTA, 0.5% bromphenol blue, and 0.5%
xylene cyanol), and then heated at 95°C for 5 minutes. 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).

Time course reactions with the 42F partial duplex substrates contained 500 pg (i.e. 15 fmol,
1.5 nM) Apel protein. Steady-state Kinetic parameters were determined by incubating 500 pg
of Apel with 1, 3, 10, 30, 100 or 300 nM DNA/DNA or DNA/RNA substrate for 2.5 minutes
at 37°C. Reaction velocities were calculated following denaturing gel electrophoresis by
phosphoimager analysis. Ky, and Vmax values were determined using Lineweaver-Burk plots.
Time course reactions with the 54mer oligonucleotides contained 10 pg (0.3 fmol, 30 fM)
(center positioned AP site) or 100 pg (3 fmol, 300 fM) (junction positioned AP site) Apel.
Reactions with the fully-paired 42mer dsDNA substrates contained either 1 mM or 10 mM
MgCl, and 30 pg (0.9 fmol, 90 pM) Apel, respectively. Time course reactions with 26FDNA,
26FRNA, and 34FRNA contained 3 ng (90 fmol, 9 nM) Apel, whereas reactions with 34FDNA
contained 10 pg (0.3 fmol, 30 fM). Kinetic parameters for the 34mer ssDNA and ssSRNA
molecules were measured by incubating either 10 pg or 3 ng of Apel (see above) with 10, 30,
100, 300 or 600 nM substrate for 5 minutes at 37°C. K, and Vnax Values were determined as
above.

For sequence context reactions, buffer conditions used were 50 mM HEPES-KOH (pH 7.5),
50 mM KCI, 10% glycerol, 10 mM MgCls,, 0.1 mg/ml BSA, and 0.5% TritonX-100. Reactions
contained 20 pg (0.6 fmol, 60 fM) Apel, 1 pmol of substrate, and were incubated at 37°C for
10 min. The reactions were stopped by the addition of stop buffer and then heated at 95°C for
5 minutes. Reaction products were resolved by 18% polyacrylamide urea denaturing gel
electrophoresis, imaged, and quantified as above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Apel can cleave AP sites in DNA/RNA duplex substrates

a. Representative denaturing polyacrylamide gel of AP site incision by Apel on partially
duplex DNA/DNA (left) and DNA/RNA (right). DNA is represented by solid lines, RNA is
represented by dashed lines, and abasic site position is represented as a star. Asterisk indicates
site of radiolabel. S denotes substrate position and P denotes product position. Time points are
shown on top and percent of substrate converted to product is shown below for each time point

analyzed.

b. Graph depicting time course kinetics of Apel incision of DNA/DNA and DNA/RNA
substrates. Average values are plotted with standard deviations of at least 3 independent

experiments.
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Figure 2. Apel incises at AP sites in complex nucleic acid structures formed during replication or
transcription

a. Substrate composition, representation of substrate configuration, and specific activities of
Apel with standard deviations from at least 3 independent experiments are shown, along with
relative incision capacity compared to standard partial duplex substrate
(54Fcenterbubble18/18DNA). DNA is represented by solid lines, RNA is represented by
dashed lines, and abasic site position is represented as a star. Asterisk denotes site of radiolabel.
b. Graph depicting time course kinetics of Apel incision of partial duplex, bubble duplex,
replication bubble mimic, and transcription bubble mimic substrates. Average values of at least
3 independent experiments are shown; standard deviations were omitted to simplify figure (see
panel “a” for variability). Substrates are depicted next to the graph with DNA represented by
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solid lines, RNA represented by dashed lines, and abasic site position represented as a star.

Reactions with center-positioned abasic site contained 10 pg (0.3 fmol, 30 fM) Apel and
reactions with junction-positioned abasic site contained 100 pg (3 fmol, 300 fM) Apel.
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Figure 3. Relative ATP and Mg*™* concentration has complex effect on Apel incision activity of AP
dsDNA

a. Representative denaturing polyacrylamide gel displaying the effects of ATP and Mg**
concentration on Apel incision activity. DNA (42F/42comp) is represented by solid lines and
abasic site position is represented as a star. Asterisk denotes site of radiolabel. Apel
concentration was constant with increasing concentrations of ATP (0, 0.5, 1, 2, 2.5, 5 mM) for
1 mM Mg* (left) or 10 mM Mg*™ (right). S denotes substrate position and P denotes product
position. Percentage of substrate incised is indicated below each lane.

b. Graph of relative Apel incision activity vs. ATP concentration on DNA/DNA substrates.
Average values with standard deviations of at least 3 independent experiments are plotted
(White bars = 1 mM Mg**, Black bars = 10 mM Mg**).
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Figure 4. Apel incises at AP sites in ssSDNA region of R-loops

a. Representative denaturing polyacrylamide gels of AP site incision by Apel on R-loop
substrates. DNA is represented by solid lines, RNA is represented by dashed lines, and abasic
site position is represented as a star. Asterisk denotes site of radiolabel. Time points are shown
on top and average percent of substrate converted to product is shown below for each time
point analyzed along with standard deviations calculated from triplicate experiments. S denotes
substrate position and P denotes product position.

b. Graph of Apel AP endonuclease specific activity, calculated from the 2.5 minute timepoint
for the “pseudo-triplex” R-loop substrates. The specific activities for the two-stranded bubble
substrates were derived from the data presented in Figure 2. Substrates are shown below with
DNA represented by solid lines, RNA represented by dashed lines, and abasic site position
represented as a star. Asterisk denotes site of radiolabel. Reactions with center-positioned
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abasic site contained 10 pg (0.3 fmol, 30 fM) Apel and reactions with junction-positioned
abasic site contained 100 pg (3 fmol, 300 fM) Apel.
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Figure 5. Apel possesses the ability to cleave AP ssRNA

a. Graph depicting Apel time course kinetics on 26mer ssSDNA and 26mer ssSRNA. Average
values with standard deviations of at least 3 independent experiments are plotted. Substrates
are depicted next to the graph with DNA represented by solid lines, RNA represented by dashed
lines, and abasic site position represented as a star.
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b. Graph depicting Apel time course kinetics on 34mer ssDNA and 34mer ssRNA. Note that

the reactions with 34FRNA contained 3 ng (90 fmol, 9 nM) Apel, whereas 10 pg (0.3 fmol,
30 fM) was used with 34FDNA. See panel “a” for further details.
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Figure 6. Sequence context immediately surrounding an AP site has little effect on Apel
endonuclease activity

a. Representative denaturing polyacrylamide gel of AP site incision by Apel on duplex DNA/
DNA containing different sequence contexts immediately surrounding the abasic site.
Sequence of nucleotides immediately surrounding the abasic site (denoted as F) shown above
lanes either not containing Apel (—) or containing Apel (+). See Table 1 for full sequence
information of oligonucleotides. S denotes substrate position and P denotes product position.
b. Graph of specific activities of Apel on duplex DNA/DNA containing different sequence
contexts immediately surrounding the abasic site. Average values with standard deviations of
at least 3 independent experiments are plotted.
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Figure 7. Predicted secondary structure(s) of 26 and 34-mer ssDNA and ssRNA substrates

a. 26mer ssDNA and ssRNA predicted structures.
b. 34mer ssDNA and ssRNA predicted structures.

F denotes position of abasic site analog tetrahydrofuran. Secondary structures were predicted
using mfold (http://frontend.bioinfo.rpi.edu/applications/mfold/) with standard prediction
parameters. dG represents the minimum free energy for folding.
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Table 1

Oligonucleotides used in this study
F denotes synthetic abasic site analog tetrahydrofuran.

Page 23

DNA/DNA, DNA/RNA, ssDNA, ssRNA

Name Sequence (5'-3")

42F CCGCTGAATTGCACCCTCGAFCTAGGTCGATGATCCTAAGCA
42bubbleComp TGCTTAGGATCATCGAGGATCGAGCTCGGTGCAATTCAGCGG
42comp TGCTTAGGATCATCGACCTAGGTCGAGGGTGCAATTCAGCGG
18DNA TCGACCTAGATCGAGGGT

18RNA rUrCrGrArCrCrUrArGrArUrCrGrArGrGrGru

18RNAfor54comp rUrGrGrGrArGrCrUrUrGrArUrCrCrArGrCruU

54Fendbubble18
54Fcenterbubble18

CCGCTGCCGCTGAATTGCFCCCTCGATCTAGGTCGATGATCCTAAGCATAAGCA
CCGCTGCCGCTGAATTGCACCCTCGAFCTAGGTCGATGATCCTAAGCATAAGCA

54bubble18comp TGCTTATGCTTAGGATCAAGCTGGATCAAGCTCCCAGCAATTCAGCGGCAGCGG

26FDNA AATTCACCGGTACGFACTAGAATTCG

26FRNA rArArUrUrCrArCrCrGrGrUrArCrGFrArCrUrArGrArArururCrG

34FDNA CTGCAGCTGATGCGCFGTACGGATCCCCGGGTAC

34FRNA rCrUrGrCrArGrCrUrGrArurGrCrGrCFrGrUrArCrGrGrArUrCrCrCrCrGrGrGrUrArC
Sequence Context

Name Sequence (5'-3")

GFA AATTCACCGGTACGFACTAGAATTCG

GFA-C CGAATTCTAGTCCGTACCGGTGAATT

GFA-G CGAATTCTAGTGCGTACCGGTGAATT

CFT AATTCACCGGTACCFTCTAGAATTCG

CFT-C CGAATTCTAGACGGTACCGGTGAATT

CFT-G CGAATTCTAGAGGGTACCGGTGAATT

GFT AATTCACCGGTACGFTCTAGAATTCG

GFT-C CGAATTCTAGACCGTACCGGTGAATT

GFT-G CGAATTCTAGAGCGTACCGGTGAATT

CFA AATTCACCGGTACCFACTAGAATTCG

CFA-C CGAATTCTAGTCGGTACCGGTGAATT

CFA-G CGAATTCTAGTGGGTACCGGTGAATT
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