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Ribonucleotides (rNTPs) are predicted to be incorporated into the genome at a rate of up to 3 million
times per cell division, making rNTPs the most common non-standard nucleotide in the human genome.
Typically, misinserted ribonucleotides are repaired by the ribonucleotide excision repair (RER) pathway,
which is initiated by RNase H2 cleavage. However, rNTPs are susceptible to spontaneous depurination
generating abasic ribonucleotides (rAPs), which are unable to be processed by RNase H2. Additionally,
rAPs have been found in nascent RNA and coupled to R-loops. Recent work identified that base excision
repair (BER) protein AP-Endonuclease 1 (APE1) is responsible for the initial processing of rAPs embedded
in DNA and in R-loops. APE1 is a well characterized AP endonuclease that cleaves 50 of abasic sites, but its
ability to cleave at rAPs remains poorly understood. Here, we utilize enzyme kinetics, X-ray crystallogra-
phy, and molecular dynamics simulations to provide insight into rAP processing by APE1. Enzyme kinet-
ics were used to determine pre-steady-state rates of APE1 cleavage on DNA substrates containing rAP,
revealing a decrease in activity compared to cleavage at a canonical deoxy-AP substrate. Using X-ray crys-
tallography, we identified novel contacts between the rAP and the APE1 active site. We demonstrate that
the rAP sugar pucker is accommodated in the active site in a C30-endo conformation, influencing its posi-
tion and contributing to a decrease in activity compared to the deoxy-AP site. Together, this work pro-
vides molecular level insights into rAP processing by APE1 and advances our understanding of
ribonucleotide processing within genomic DNA.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
1. Introduction

To maintain genomic integrity the cellular DNA must be faith-
fully replicated during each round of cell division. DNA replication
is carried out by DNA polymerases, which use deoxynucleoside
triphosphates (dNTPs) as substrates to extend the DNA strand
one nucleotide at a time. However, due to the high abundance of
ribonucleoside triphosphates (rNTPs) in the cellular nucleotide
pool, DNA polymerases frequently misincorporate rNTPs into the
genome [1]. Based on the ribonucleotide incorporation propensi-
ties of human replicative polymerases, Pol e and Pol d, it is pre-
dicted that ribonucleotides may be incorporated into the genome
at a rate of up to three million ribonucleotides per cell division
[2–4]. The frequent incorporation of ribonucleotides in DNA makes
them the most common type of non-standard or ‘damaged’ nucleo-
tide found within the genome. Ribonucleotides embedded in the
genome are repaired by the ribonucleotide excision repair pathway
(RER). This repair pathway is initiated by the RNase H2 enzyme,
which cleaves 50 of the ribose sugar backbone [5]. However, recent
work identified that damaged ribonucleotides, such as abasic
ribonucleotides (rAP), cannot be processed by RNase H2 [6].
Instead, rAPs are processed by AP-Endonuclease 1 (APE1), a multi-
functional enzyme in the base excision repair (BER) pathway [6].
During BER, abasic (AP) sites are first processed by APE1, which
cleaves 50 of the abasic site generating 30 hydroxyl and 50 deoxyri-
bose phosphate termini. Following cleavage by APE1, the down-
stream BER proteins, DNA polymerase b and XRCC1/Ligase IV,
process the 50 nick, ultimately restoring the coding potential of
the DNA [7–10].

Furthermore, recent work has identified rAP sites present in a
number of diverse and biologically relevant nucleic acid structures,
such as nascent, messenger, and ribosomal RNA with a prevalence
of approximately three RNA abasic sites per million ribonu-
cleotides [11]. RNA abasic sites were found to be coupled to R-
loops, three stranded nucleic acid structures composed of a
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DNA:RNA hybrid and a single-stranded DNA. These structures
often occur when nascent mRNA re-hybridizes to its template
DNA strand, thus displacing the non-complementary strand of
single-stranded DNA [12,13]. In this way, R-loops form naturally
during transcription and act as regulators of gene expression, but
their unplanned or persistent formation can be a risk to genome
stability [14]. Once formed, R-loops are particularly stable, as
RNA/DNA interactions are thermodynamically more stable than
DNA/DNA interactions [15]. Additionally, the 20 OH group of ribose
confers stability to abasic sites in RNA (ribo-AP) compared to
deoxyribose in DNA (deoxy-AP) [16]. Data suggests that R-loops
facilitate the formation of RNA abasic sites which, given the stabil-
ity of R-loops and RNA abasic sites, may affect how long a particu-
lar R-loop persists, and thus influence the expression of the
transcript and its downstream substrates [11,17–19]. To repair
RNA abasic sites in R-loops, APE1 is recruited to cleave the RNA
abasic site which facilitates resolution of the R-loop [11]. If these
R-loops are not resolved they can block transcription of the DNA
and promote replication fork collapse [12,20].

Despite the importance of understanding how abasic ribonu-
cleotides are processed, the molecular basis for rAP site recognition
and cleavage by APE1 remains unknown. Here, we study how rAP
sites are processed by APE1 using a combination of kinetic, struc-
tural, and computational approaches. Our results highlight the
effect of the ribonucleotide 2 OH in altering APE1 cleavage activity.
We find that the sugar pucker of the rAP substrate influences its
position in the active site and contributes to a decrease in cleavage
activity compared to the deoxy-AP site. Together, these results fur-
ther our understanding of how damaged ribonucleotides are pro-
cessed and repaired in the genome.
2. Materials and methods

2.1. DNA sequences

All oligonucleotide sequences were purchased from and puri-
fied by IDT, before being resuspended and annealed. Annealing
reactions were performed by mixing the oligonucleotides in a 1:1
ratio, heating the mixture to 95 �C for 5 minutes, and then allowing
the reaction to cool at a rate of 1 �C min�1 to 4 �C. To generate the
21-mer DNA for crystallization of the APE1 product complex, the
following DNA sequences were used: nondamaged strand, 50-GG
A-TCC-GTC-GAG-CGC-ATC-AGC-30, damaged strand, 50-GCT-GAT-

GCG-CXC-GAC-GGA-TCC-30, where the underlined X represents a
rAP analog, tetrahydrofuran with an additional 20 OH. For substrate
complex crystallization a phosphorothioate modification (indi-
cated by /) was included to prevent cleavage. Substrate complex
crystallization utilized a 21-mer with the following sequences:
nondamaged strand, 50-GGA-TCC-GTC-GAG-CGC-ATC-AGC-30;

damaged strand, 50-GCT-GAT-GCG-C/XC-GAC-GGA-TCC-30. To gen-
erate the 30-mer used for kinetic and binding experiments, the
following sequences were used: nondamaged strand, 50-ATG-CG
G-ATC-CGT-CGA-GCG-CAT-CAG-CGA-ACG-30, damaged strand
with a 50 fluorescein label (indicated by asterisk), 50-*CGT-TCG-

CTG-ATG-CGC-XCG-ACG-GAT-CCG-CAT-30.
2.2. Protein expression and purification

Human wild type and truncated APE1 C138A were expressed
and purified as previously described [21]. Briefly, using a pET sys-
tem, the APE1 gene was overexpressed in BL21-CodonPlus (DE3)-
RP Escherichia coli and cells were lysed by sonication. APE1 protein
was purified from the cell lysate using heparin, cation exchange,
and gel filtration resins on an ATKA-Pure FPLC. Purity was
3294
confirmed by SDS-PAGE analysis and concentration determined
by absorbance at 280 nm.

2.3. Crystallization and structure determination

APE1 protein used for crystallography contains a truncation of
the N-terminal 42 amino acids and the C138A mutation to aid in
crystallization (referred to as DAPE1) [22]. DAPE1 is regularly used
for structural determination due to the unstructured nature of the
N-terminal region which prevents its crystallization [23]. Here, we
are focused on structural effects in the active site (APE1 has been
shown to use the same active site for processing rAP, as its canon-
ical deoxy-endonuclease function [6]), which does not include por-
tions of the N-terminal domain. For structural studies, annealed
DNA was mixed with DAPE1 to a final concentration of 0.56 mM
DNA and 10–12 mg ml�1 (0.28–0.34 mM) DAPE1 protein, and then
incubated for 30 min at room temperature. The DAPE1:DNA com-
plex crystals were generated via vapor diffusion. The reservoir
solution for product complex crystal formation was 200 mM
MgCl2, 100 mM Sodium Citrate (pH 5), and 10–15% PEG 20,000.
The reservoir solution for substrate complex crystal formation
was 50 mM tri-Sodium Citrate (pH 4), 100 mM NaCl, and 10%
PEG 6,000. For X-ray diffraction, DAPE1:DNA crystals were trans-
ferred to a cryosolution containing reservoir solution with the
addition of 25% ethylene glycol. The MnCl2 soaks were performed
in the same manner with the addition of 50 mM MnCl2 to the
cryosolution. The crystals were flash frozen and data was collected
at 100 K on a Rigaku MicroMax-007 HF rotating anode diffractome-
ter equipped with a Dectris Pilatus3R 200 K-A detector system at a
wavelength of 1.54 Å. This allowed for anomalous data detection
after phasing by molecular replacement with high redundancy.
Data were processed and scaled with the HKL3000R software pack-
age. Initial models were determined by molecular replacement
with a previously determined DAPE1:DNA complex (PDB 5DFF)
as a reference. Refinement was carried out with PHENIX, model
building with Coot, and figures were prepared with PyMOL
(Schrödinger LLC) [24,25].

2.4. Pre-steady-state kinetics

Activity measurements were carried out using a rapid quench-
flow (Kintek RQF-3). This equipment allows for APE1 protein and
substrate DNA to be mixed and rapidly quenched at specific time
intervals. As the APE1 N-terminal domain has been referenced in
APE1 activity on RNA, we used full length wild type APE1 in our
kinetics studies [26]. The fluorescein-containing rAP DNA sub-
strates were used to measure APE1 incision activity at 37� C. Reac-
tions were carried out in reaction buffer containing 50 mM HEPES
(pH 7.5), 100 mM KCl, 5 mM MgCl2, and 0.1 mg/ml BSA, and
quenched at a range of timepoints between 0.1 and 10 seconds
with 200 mM EDTA. In multiple turnover experiments, the final
concentration of APE1 protein and DNA was 30 nM and 100 nM,
respectively, to allow for multiple cleavage reactions. For the single
turnover reactions, the DNA was limiting (50 nM) to APE1 protein
(500 nM). The quenched reactions were then diluted 1:1 with load-
ing dye (100 mM EDTA, 80% deionized formamide, 0.25 mg/ml bro-
mophenol blue, and 0.25 mg/ml xylene cyanol), incubated at 95�
for 6 min, and then run on a 22% denaturing polyacrylamide gel
to separate substrate and product DNA. A Typhoon imager was
then used to image the gel, followed by quantification with ImageJ
and curve fitting with KaleidaGraph. The biphasic curves (multiple
turnover) were fit with the equation: product = A(1 � e�k

obs
t ) + vsst,

where A is the amplitude of the rising exponential (represents the
fraction of actively bound enzyme) and kobs is the first order rate
constant. The steady-state rate constant (kss) is the steady-state
velocity (vss)/A. Single turnover data was fit to equation:
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product = A(1 � e�k
obs
t ). Each time point in the curves represents an

average of at least three independent experiments ± the error deter-
mined using standard deviation of the mean.

2.5. Electrophoretic mobility shift assay (EMSA)

This assay probed the binding interaction of APE1 and a DNA
substrate that contained a centrally located rAP site analog
(oligonucleotides listed above). Samples were prepared by mixing
2 nM DNA with a varying amount of full length wild-type APE1 (0–
20 nM) in buffer containing 50 mM Tris (pH 8), 1 mM EDTA (pH 8),
0.2 mg/ml BSA, and 1 mM DTT. Additionally, 5% v/v sucrose was
added to each sample for purposes of gel loading. Samples were
equilibrated on ice for 30 min, loaded into a 10% native 59:1 acry-
lamide:bisacrylamide gel. Native gels were run for 90 min on ice at
a constant voltage of 120 V, and then imaged with a Typhoon ima-
ger in fluorescence mode. DNA bands were quantified using Ima-
geJ, and curve fitting was done in Kaleidagraph using Eq. (1):

AB ¼
AT þ BT þ KD;app
� ��

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AT þ BT þ KD;app
� �2 � 4 ATBTð Þ

q

2

where AT and BT represent the total concentration of APE1 and DNA,
respectively, and AB is the concentration of APE1:DNA complex to
determine apparent affinity (KD,app). Each data point represents an
average of at least three independent experiments ± the error deter-
mined using standard deviation of the mean.

2.6. Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed using
the coordinates from the X-ray crystallography structures of wild
type APE1 in complex with various DNA. A total of 3 separate sim-
ulations were performed with APE1 bound to deoxy-AP product,
ribo-AP product, and ribo-AP substrate DNA. Model preparation
and simulations were performed using the AMBER v16 suite of
programs for biomolecular simulations [27]. AMBER’s ff14SB [28]
force-fields were used for the simulations, and the charges for
the abasic nucleotides were generated based on the procedure
described in the AMBER manual. The missing hydrogen atoms
were added by AMBER’s tleap program. After processing the coor-
dinates of the protein and substrate, all systems were neutralized
by addition of counter-ions and the resulting system were solvated
in a rectangular box of SPC/E water, with a 10 Å minimum distance
between the protein and the edge of the periodic box. The prepared
systems were equilibrated using a protocol described previously
[29].

MD simulations were performed using NVIDIA graphical pro-
cessing units (GPUs) and AMBER’s pmemd.cuda simulation engine
using our lab protocols published previously [30,31]. The equili-
brated systems were then used to run 1.0 ls of production MD
under constant energy conditions (NVE ensemble). The use of
NVE ensemble is preferred as it offers better computational stabil-
ity and performance [32]. The production simulations were per-
formed at a temperature of 300 K. As NVE ensemble was used for
production runs, these values correspond to initial temperature
at start of simulations. Temperature adjusting thermostat was
not used in simulations; over the course of 1.0 ls simulations
the temperature fluctuated around 300 K with RMS fluctuations
between 2 and 4 K, which is typical for well equilibrated systems.
A total of 10,000 conformational snapshots (stored every 100 ps)
collected for each system was used for analysis. Analysis was per-
formed using ptraj program included with AMBER. For extraction
of the pucker angle, Eq. (2) was used [33]:
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tan P ¼ v4 þ v1ð Þ � v3 þ v0ð Þ
2v2 sin 36

� þ sin 72
�� �

where P represents the pseudorotation angle (�), v represents sugar
torsion angles (�) with v0 = C40-O40-C10–C20, v1 = O40-C10–C20–C30,
v2 = C10–C20–C30-C40, v3 = C20–C30-C40-O40, v4 = C30-C40-O40-C10. In
cases where v2 is negative, 180� is added to the calculated P value.

2.7. Product formation assay

The relative cleavage activity of wild type APE1 on a rAP sub-
strate was determined by qualitatively determining the amount
of product formation for reactions with a fluorescein-containing
rAP DNA substrate (same DNA substrate as used for kinetics).
The reactions were carried out at 37 �C with 50 nM DNA substrate
and 500 nM full length wild type APE1 in reaction buffer contain-
ing 50 mM HEPES (pH 7.5), 100 mM KCl, 0.1 mg/ml BSA, and either
5 mM MgCl2 or 100 mM EDTA. Using a rapid quench-flow (Kintek
RQF-3), reactions were initiated by mixing DNA and APE1, followed
by rapid quenching (with 200 mM EDTA) at a range of timepoints
between 0.01 and 100 seconds. Quenched reactions were then
diluted 1:1 with loading dye (100 mM EDTA, 80% deionized for-
mamide, 0.25 mg/ml bromophenol blue, and 0.25 mg/ml xylene
cyanol) and incubated at 95� for 6 min. Substrate and product
DNA were separated on a 22% denaturing polyacrylamide gel and
visualized (via the 50-FAM label) using a Typhoon imager in fluo-
rescence mode. All reactions were done in triplicate to ensure
reproducibility and scientific rigor.
3. Results

3.1. Kinetic characterization of APE1 activity on abasic ribonucleotides

To quantitatively analyze APE1 cleavage activity on an abasic
ribonucleotide substrate, we employed pre-steady-state kinetics
with a DNA oligonucleotide substrate containing a centrally
located abasic ribonucleotide analog. Reactions contained an
excess of DNA substrate which allowed for multiple turnovers of
the cleavage reaction, generating a biphasic time course of product
formation (Fig. 1A). This kinetic behavior shows that the first round
of conversion of substrate to product occurs rapidly, but that some
step following the chemical step is limiting the rate at which APE1
can dissociate from product and catalyze subsequent rounds of
cleavage. This rate limiting step post-catalysis is presumably pro-
duct release [34]. Thus, by fitting the data, the initial burst phase
corresponds to the first enzymatic turnover and the rate of DNA
cleavage (kobs), which is followed by a rate-limiting steady-state
phase, presumably corresponding to the rate of product release
(kss). The kobs and kss for WT APE1 with a rAP substrate are
2.3 ± 0.3 and 0.30 ± 0.03 sec-1, respectively (Fig. 1A). Additionally,
since limiting the reaction to a single turnover can often provide a
better estimation of kobs, we also preformed experiments under
single turnover conditions which contained an excess of APE1.
Consistent with the multiple turnover measurements, the single
turnover kobs is 2.6 ± 0.17 sec-1 (Fig. 1B). Importantly, this repre-
sents a substantial decrease in catalytic activity compared to the
APE1 activity on a deoxy-AP site. Specifically, as the kobs for APE1
on a deoxy-AP site has been reported to be > 200 s�1 (multiple
turnover) and > 850 s�1 (single turnover), there is an > 85-fold
and > 325-fold decrease in the observed burst rate, which for
APE1 specifically describes the rate of phosphodiester bond cleav-
age (Fig. 1C)[34]. The kss values, which represent the steady-state
rate-limiting step of the reaction, are more comparable, with only



Fig. 1. Pre-steady-state kinetic and binding characterization of wild-type APE1 with rAP substrate. (A) Multiple turnover and (B) single turnover kinetic time courses of
product formation for the reaction with line of best fit (black line) and kinetic parameters. The time points are the mean and standard error of three independent experiments
with error bars shown. Where error bars are not seen, they are present, but smaller than the data point. (C) Kinetic and binding parameters for wild-type APE1, with fold
change comparing the deoxy- and ribo-AP site values. Previously published data represented by *[34] #[35]
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an 8-fold decrease in rate on a rAP site compared to a deoxy-AP
site. This data suggests the reduction in activity for APE1 process-
ing rAP substrates occurs predominantly at the catalysis step.

To account for any differences in APE1 DNA binding that may be
contributing to the observed differences in the kinetics between
rAP and deoxy-AP DNA substates, we probed the ability of WT
APE1 to bind to the rAP DNA substrate. To this end, we utilized
electrophoretic mobility shift assays (EMSA) to determine the
apparent binding affinity (KD, app) for APE1: rAP complex forma-
tion. In this assay, the concentration of WT APE1 was varied in
the presence of rAP DNA substrate and 1 mM EDTA to inhibit catal-
ysis. This assay revealed that APE1 binds both deoxy and ribo aba-
sic substrates with similar high affinities, producing KD,app values
of 3.0 ± 0.2 and 2.9 ± 0.2 nM, respectively (Fig. 1C, Supplementary
Fig. 1)[35]. Together, this data highlights that APE1 efficiently
engages the ribo abasic substrate and can turn it over, albeit at a
reduced rate of cleavage.

3.2. Structural characterization of APE1 bound to a rAP site

To gain structural insight into the endoribonuclease activity of
APE1, we collected X-ray crystallographic data of APE1 in complex
with a 21-mer double-stranded DNA oligo containing a centrally
located ribo abasic site analog. APE1 protein used for crystallogra-
phy contains a truncation of the N-terminal 42 amino acids and the
C138A mutation to aid in crystallization. We obtained crystals of
both the substrate form (APE1 bound to an uncleaved rAP site)
and product form (APE1 bound to a 50 nicked rAP site), which dif-
fracted to 2.05 and 2.10 Å, respectively (Supplementary Table 1). In
the presence of MgCl2 APE1 readily crystallizes in the product
form. However, in order to obtain substrate complex crystals, pub-
lished APE1 structures utilize modifications (active site mutations
or DNA modifications) to prevent catalysis. Here, a phosphoroth-
ioate backbone modification, where a sulfur is substituted for
one of the non-bridging oxygens 50 of the abasic site, was used in
order to prevent catalysis and obtain substrate complex crystals
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[36,37]. We compare our APE:rAP substrate structure to the previ-
ously published APE1:deoxy-AP substrate structure (PDB 5DFI),
which was also obtained with a DNA substrate containing the
phosphorothioate modification.

The resulting APE1:rAP substrate complex reveals a ribo abasic
site that is flipped out of the double-helix and into the APE1 active
site, as seen previously for deoxy substrates [23,38,39]. The bridg-
ing backbone oxygen, situated 50 to the abasic site, is near N174,
while the non-bridging oxygen and sulfur are coordinated by
Y171 and H309. An ordered water molecule is coordinated by the
rAP site phosphate group, as well as the oxygen atoms of residues
N212 and D210 (Fig. 2A). Interestingly, the 20 OH of the ribose
sugar is accommodated in the APE1 active site with no major
clashes. The nearest protein contacts to the 20 OH are A230 (back-
bone oxygen at 2.9 Å and side chain carbon at 3.9 Å) and W280
(side chain at 4.0 Å) (Supplemental Fig. 2A).

An overlay of the rAP substrate structure with the APE1 deoxy-
AP substrate complex (PDB 5DFI), reveals notable changes in the
conformational position of the sugar ring, specifically in the sugar
pucker (Fig. 2B, see also Fig. 5A). Sugar pucker is defined by the
non-planarity of the atoms that make up the five-membered sugar
ring [33]. While deoxyribose nucleosides primarily adopt a C20-
endo form, the C30-endo pucker places the hydroxyl substituents
at the 20 and 30 positions further apart, and thus, is favored by
ribonucleosides [40]. To determine if sugar puckers play a role in
rAP cleavage by APE1, we determined the sugar pucker (pseudoro-
tational angle, P) of the AP site for the deoxy and ribo AP:APE1
structures. This analysis revealed that the deoxy-AP substrate
(PDB 5DFI) adopts a C20-endo conformation (P = 173�), while the
rAP is C30-endo (P = 19�). In the rAP substrate structure, the altered
sugar pucker of the rAP results in distortion of the phosphodiester
backbone on both sides of the rAP site (Fig. 2B). Importantly, when
comparing the deoxy-AP and ribo-AP substrate structures, the
phosphate 50 to the rAP is shifted by ~ 1.9 Å and rotated away from
the nucleophilic water, and thus, is not ideally oriented for cleav-
age (Fig. 2B). In both structures, the nucleophilic water is posi-



Fig. 2. High-resolution structures of APE1: rAP substrate complex. (A) Focused view
of the APE1 substrate complex active site. The DNA, including the rAP, are shown in
stick format (green carbons). Active site waters are shown as blue spheres, with key
residues (white sticks) and distances (Å) indicated. (B) Overlay of rAP (green) with
previous structure for WT APE1 with deoxy-AP (grey, PDB 5DFI). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 3. High-resolution structures of APE1: rAP product complex. (A) A focused view
of the APE1 product complex active site. The rAP and flanking DNA are shown in
stick format (green carbons). Metal binding pocket residues (white sticks) are
indicated. (B) Overlay of rAP (green) with previous structure for WT APE1 with
deoxy-AP (grey, PDB 5DFF). Key residues (shown as sticks) and distances (Å) are
indicated. Mg2+ corresponds to the deoxy-AP structure and is represented by a red
sphere. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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tioned in the same location, but the shift observed for the rAP
structure places the nucleophilic water further away from the
phosphate backbone at 3.4 Å compared to 2.8 Å in the deoxy struc-
ture (Fig. 2B).

To generate product complex crystals, we rely on APE1 cleavage
of the phosphodiester backbone to create a nick 50 of the rAP site.
In the resulting structure, we again see that the rAP site adopts the
C30-endo pucker (P = 16�), compared to the deoxy-AP site (PDB
5DFF) in C20-endo (P = 185�). Similar to observations of the sub-
strate structures, the rAP DNA backbone (Fig. 3, green) is shifted
compared to the corresponding structure with deoxy-AP DNA
(Fig. 3, grey), presumably due to the restrained sugar pucker of
the rAP site. However, in the case of the product structure, there
is also an accompanying 2.8 Å shift of the 50 phosphate into the
metal binding pocket (Fig. 3A and B). This reveals that the rAP is
in the position normally occupied by a Mg2+. In the deoxy-AP pro-
duct structure, the phosphate group is coordinated by active site
residues N174, N212, D210, Y171 (Fig. 3B, grey). Interestingly, with
the shift of the rAP phosphate backbone relative to the active site
residues, these interactions are broken in the rAP product struc-
ture. Instead, the phosphate group oxygens are in position to inter-
act with the residues that compose the metal binding pocket (E96,
D70, D308) (Fig. 3B, green) [23,39]. Importantly, with the phos-
phate in this pocket, it cannot simultaneously contain the catalytic
metal, therefore there is no metal bound in this structure. The
absence of metal in the binding pocket is an interesting finding
as, in addition to the 200 mM MgCl2 in the crystal conditions,
APE1 regularly purifies with Mg2+. Therefore, in APE1 product
structures, this pocket is often occupied by Mg2+, suggesting that
here the rAP is actually displacing the Mg2+ out or preventing it
from efficiently binding to the metal binding pocket.
3297
This highlights the conflict between the rAP and binding of the cat-
alytic metal. Together, these structures suggest that the reduced
activity of the rAP substrate compared to a deoxy-AP substrate is
likely due to the constrained sugar pucker of the rAP site, hindering
ideal organization of the active site for catalysis.

3.3. Metal dependent cleavage of rAP by APE1

The observation that, in the rAP product structure, the catalytic
metal and the phosphate group cannot simultaneously occupy the
metal binding pocket (Fig. 3), led us to question the requirement of
a catalytic metal during cleavage of a rAP site. Additionally, there
are reports that APE1 has a metal independent cleavage activity
on certain ribonucleotide substrates, as it is able to cleave c-myc
RNA in the absence of any divalent metal ions [41,42]. To test this,
we utilized a product formation assay in the presence of 100 mM
EDTA to chelate any contaminating metal. Our results show that
with EDTA present, no product was generated over time, thus con-
firming that cleavage of an embedded abasic ribonucleotide by
APE1 is a metal dependent activity (Supplemental Fig. 3).

To further probe the role of the catalytic metal, we solved addi-
tional rAP:APE1 complex structures in the presence of MnCl2.
Using this approach, we were able to obtain both substrate and
product crystals with Mn2+ bound within the APE1 active site,



N.M. Hoitsma, T.H. Click, P.K. Agarwal et al. Computational and Structural Biotechnology Journal 19 (2021) 3293–3302
which diffracted to 2.57 and 2.00 Å, respectively (Supplementary
Table 1). One advantage of using Mn2+ in crystallography is that
its position in the structure can be validated by identifying its
anomalous signal. Similar to the deoxy-AP substrate structure
(PDB 5DFI), in the rAP substrate structure the Mn2+ is coordinated
directly by E96 , D70 , three water molecules, and D308 through a
water-mediated interaction (Fig. 4A). An overlay of the two rAP
structures reveals that in the Mn2+ bound rAP substrate active site,
there is an accompanying 1.8 Å shift in the substrate backbone,
which orients the phosphate group and non-bridging oxygens
toward the nucleophilic water. This places the phosphate backbone
in a position similar to the deoxy-AP site and poised for cleavage
(Fig. 4B). This data suggests that a divalent metal is not only
required for catalysis, but also assists in facilitating proper orienta-
tion of the DNA substrate in the APE1 active site for cleavage.

In the rAP product structure, Mn2+ sits in the metal binding
pocket, overlaying with the Mg2+ of the deoxy-AP structure, and
coordinated by E96, D70, D308 (Fig. 4C). Since both the Mn2+ metal
ion and the 50 phosphate cannot simultaneously occupy this
pocket, the phosphate group of the rAP has shifted out of the
pocket in the Mn2+ bound structure, where it now overlays with
the position of 50 phosphate in the deoxy-AP structure (Fig. 4C).
This shift, compared to the non-metal bound structure, places
the phosphate group in position to be coordinated by the same
residues as the deoxy product (N174, N212, D210, Y171, H309)
Fig. 4. Metal-bound rAP structures. (A) A focused view of the APE1 substrate complex a
Active site waters and Mn2+ are shown as blue and purple spheres, respectively. Key re
(green) with previous structure for WT APE1 with deoxy-AP substrate (grey, PDB 5DFI), a
PDB 5DFF) metal-bound product structures. (D) Key residues (shown as sticks) and dist
legend, the reader is referred to the web version of this article.)
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(Fig. 4D). In addition to this main conformation, a second confor-
mation was identified in the Mn2+ bound rAP product structure
at only 25% occupancy (Supplemental Fig. 4). In the second confor-
mation, the rAP phosphate is shifted into the metal binding pocket,
as seen in the non-metal bound product structure (Fig. 3), again
highlighting the conflict that exists between the metal and the
phosphate group. The existence of two alternate conformations
of the nicked rAP site in this structure resulted in globular density
that prevented accurate determination of the sugar pucker.
Together, this data suggests that the APE1 catalytic metal helps
to organize the APE1 active site during cleavage of an abasic
ribonucleotide embedded in DNA. While few differences were seen
when comparing the rAP metal-bound structures to deoxy-AP, this
provides important insight into the fact that abasic ribonucleotides
can be accommodated into the active site of APE1, which is essen-
tial for the RNA processing functions reported for APE1.

3.4. MD simulations of APE1 bound to a rAP

To investigate the dynamics of the rAP substrate, we utilized
MD simulations and further analyzed the conformation of the
rAP sugar pucker. As implied by the pseudorotational wheel
(Fig. 5A), sugar puckers are free to interconvert, and such rapid
conversion has been observed in solution [40]. However, the rela-
tive populations of major sugar puckers are dependent on the
ctive site. The DNA, including the rAP, are shown in stick format (purple carbons).
sidues (white sticks) and distances (Å) are indicated. (B) Overlay of rAP substrate
nd Mn2+ bound rAP substrate (purple). (C) Overlay of rAP (purple) and deoxy (grey,
ances (Å) are indicated. (For interpretation of the references to color in this figure



Fig. 5. Sugar pucker analysis. (A) Pseudorotation wheel, adopted from Altona and Sundaralingam [33], each point on the circle represents a specific value of pseudorotation
(P) as calculated with Eq. (2), and corresponding sugar pucker. General trends observed for MD data are super imposed on the wheel in the corresponding color from the key.
(B) Abasic site of the deoxy-AP (PDB 5DFF, blue), rAP substrate (orange), and rAP product (green) crystal structures, highlighting position of C30 and C20 atoms and sugar
pucker. (C) MD simulation probability of the pseudorotation angle for each of the abasic sites. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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attached substituent groups, which in this case includes the phos-
phate backbone and the 20 OH (for the rAP) [33]. As observed in the
crystal structure analysis, different sugar puckers were adopted by
the deoxy and ribo-AP sites (Fig. 5B). Here, microsecond (1 ls)
time-scale MD simulations were generated for both the substrate
and product rAP structures, as well as the deoxy-AP product struc-
ture (PDB 5DFF, [39]). The MD data was then analyzed to deter-
mine the pseudorotational angle of the AP site throughout the
simulation. In general, northern angles (-90 to + 90�), specifically
near C30-endo (-10 to + 40�), are associated with RNA, while south-
ern angles (+90 to + 270�), specifically near C20-endo (+140
to + 185�) are associated with B-DNA [40]. While it has been
demonstrated that abasic sugars display a broadly distributed
pseudorotational angle, that analysis was done in the absence of
bound protein [43]. Here, we analyzed the sugar pucker dynamics
of the abasic residues in the context of the APE1 active site. As seen
previously for abasic sugars [43], our results reveal that both deoxy
and ribo-AP sites display broadly distributed sugar puckers, but
also highlight a clear distinction between the two. While the
deoxy-AP site primarily occupies the C20-endo and southern con-
formations, the rAP site in the substrate structure primarily occu-
pies C30-endo and northern conformations (Fig. 5C). Importantly,
this is consistent with what was seen in our sugar pucker analysis
of the X-ray crystal structures (Fig. 5B).

For additional insight, MD simulations were also completed
with the free DNA (in the absence of the APE1 protein) for each
of the abasic substrates (Supplemental Fig. 5). Similarly to observa-
tions in the APE1 active site, MD simulations show that both deoxy
and ribo abasic sites adopt a widely distributed range of sugar
puckers in free DNA. Our results show that both the ribo-AP
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substrate and product in free DNA adopt northern sugar puckers,
while deoxy-AP adopts a southern pucker. While these puckers
are not constrained to only C30-endo and C20-endo conformations,
they are generally consistent with values that are fluctuating
around the expected sugar puckers. Interestingly, we see that the
free deoxy-AP DNA shows a surprisingly similar distribution as
seen for the ribo-AP product DNA in the APE1 active site. Without
the constraint of the DNA backbone being connected (since the
product has a nicked backbone due to APE1 cleavage), the ribo-
AP product is likely to be influenced by the APE1 active site more
than its preferred sugar pucker. While this observed range of sugar
puckers (about + 100�- +150�) may suggest rapid interconversion
between the C20-endo and C30-endo pucker, it may also suggest
that the APE1 active site is influencing the ribo-AP product into a
more DNA-like position. Together, this data suggests that after
cleavage occurs, the sugar pucker of the rAP site is less constrained,
and the backbone has the freedom to be more dynamic in the APE1
active site.

4. Discussion

This study utilizes kinetic, structural, and computational meth-
ods to probe how APE1 processes rAP sites. Data presented here
reveals that APE1 binds abasic ribonucleotides embedded in DNA
with high affinity and cleaves with a moderately reduced activity
compared to canonical deoxy-abasic site cleavage. Further struc-
tural analysis showed, as seen for ribonucleotides, that rAP sites
in the APE1 active site prefer to adopt a C30-endo sugar pucker. This
C30-endo sugar pucker is accommodated in the APE1 active site,
but is not in ideal conformation for catalysis (i.e., cleavage by
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APE1). In this way, data suggests that the ribose sugar pucker influ-
ences its position in the active site and contributes to a decrease in
cleavage activity compared to the deoxy-AP site. We showed that a
divalent catalytic metal is not only required for this APE1 activity,
but its presence helps to organize the active site for catalysis. In
metal-bound structures, we observed that binding of the metal
ion ‘‘pushes” the rAP into the proper orientation, highlighting the
conflict that exists between the rAP site and the binding of the cat-
alytic metal. Additionally, MD simulations further explored the
dynamics of this mechanism, highlighting changes in the sugar
pucker during APE1 cleavage.

4.1. APE1 nuclease activities

Human APE1 is an essential enzyme and multifunctional nucle-
ase with AP-endonuclease, 30 phosphodiesterase, 30 to 50 exonucle-
ase, and RNA cleavage activities [6,44–49]. The data reported here
allows for comparison of APE1 activity on rAP sites to its other
known activities. We found that, as seen for other APE1 activities,
APE1 has a fast rate of cleavage (kobs) and is then limited by a slow,
presumably, product release step (kss). Compared to canonical
APE1 AP-endonuclease activity (with a deoxy abasic site), APE1
rAP activity has a reduced rate of cleavage by > 325-fold [34]. Fur-
thermore, the steady-state turnover rate is less effected by the rAP,
with only an 8-fold decrease. This is consistent with data published
by Malfatti et al. [6], which reported that APE1 processes deoxy
and ribo-AP with a similar efficiency using a steady-state kinetic
analysis. Importantly, because our kinetics were performed under
the pre-steady-state kinetic regime, we were able to differentiate
the burst phase allowing determination of the rate for the chem-
istry step (kobs). This data reveals that APE1 cleaves rAP sites less
efficiently than deoxy-AP sites, as is demonstrated by the reduc-
tion in the kobs values. While these data show that rAP activity is
slower than the exceedingly fast AP-endonuclease activity, the
rAP kinetic rates are within the range of other known APE1 activ-
ities, as well as other DNA repair enzymes [21,44,50–54]. For
example, rAP cleavage occurs at a similar rate to APE1 exonuclease
activity, with only a 2.5-fold difference in catalytic rate between
the two activities [21]. Additionally, a recent publication studied
APE1 activity on an R-loop substrate consisting of an RNA-DNA
hybrid with a single rAP site in the RNA strand. This RNA-DNA
duplex substrate displayed a 32-fold decrease in catalysis (kobs)
compared to our substrate with a single rAP site embedded in
double-stranded DNA [11]. In the case of an RNA-DNA duplex,
most of the APE1 footprint (nucleotides which are in contact or
close proximity to the APE1 enzyme in the APE1-DNA complex)
will consist of ribonucleotides, not just a single rAP to be accom-
modated in the active site. Additionally, having all RNA in the aba-
sic strand would cause shifts from the B-form nucleic acid
structure. Therefore, in addition to the change in position we
observed for the ribo-AP in the APE1 active site, having a full strand
of RNA bound to DNA is one explanation for the further reduction
in kinetic activity for the RNA-DNA duplex substrate [11].

4.2. The APE1 active site readily accommodates rAP sites

The recognition of AP-DNA by APE1 is thought to be mediated
by the unique structural flexibility of the target DNA substrate
which allows APE1 to have an active role in DNA sculpting the
AP-DNA in the active site [21,23,35,39,55]. Here, we discovered
that sugar conformation, specifically sugar pucker, impacts APE1
activity by effecting the flexibility of the substrate and, thus, the
DNA sculpting by APE1. One distinction between DNA and RNA is
that deoxyribose nucleotides are primarily found in the C20-endo
form, while ribonucleotides favor a C30-endo pucker to place the
hydroxyl substituents at the 20 and 30 positions further apart
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[40]. Here, we studied the sugar pucker of a ribo-AP analog,
tetrahydrofuran with an additional 20 OH. Due to the chemical
instability of the natural abasic site, they are historically difficult
to study. As such, studying the sugar pucker of natural abasic sites
has been reported to be challenging [56] and we believe our THF
analog data provides insight into dynamics of the natural abasic
site. We determined that in the APE1 active site there is balance
between APE1 DNA sculpting and the preferred rAP site C30-endo
sugar pucker. Our structures reveal that the C30-endo conformation
of the rAP site is well accommodated within the APE1 active site.
When a 20 OH is modeled onto a C20-endo abasic site, the 20 OH
clashes with side chain W280 (Supplemental Fig. 2B). Furthermore,
with a shift into the preferred C30-endo conformation, the rAP is
accommodated in the active site without clashing with any protein
residues (Supplemental Fig. 2C). While the C30-endo sugar pucker
avoids clashes in the active site, the added constraints hinder the
ability of APE1 to sculpt the DNA into its ideal orientation in the
active site. This likely contributes to the observed decrease in cat-
alytic rate for the rAP substrate compared to deoxy-AP. These
results highlight that APE1 did not evolve to have an amino acid
preventing ribonucleotides from binding properly, such as a steric
gate, as seen in many other enzymes and speaks to the biological
importance of APE1 having activities on ribonucleotide substrates.
In addition to cleaving genomic abasic ribonucleotides and R-loops,
APE1 has also been reported to be involved in RNA metabolic and
RNA-decay processes [41,57–60]. In all these functions, APE1
would have to accommodate ribonucleotides (which favor the
C30-endo sugar pucker) in its active site, and properly organize
the active site for catalysis. Our data is consistent with the ability
of APE1 to readily accommodate rAPs in all these contexts.

4.3. Biological implications for rAP processing

During replication of the human genome, replicative poly-
merases, Pol e and Pol d, are tasked with differentiating between
deoxyribonucleotides and ribonucleotides to insert into the geno-
mic DNA sequence. In part due to the great excess of cellular
ribonucleotides over deoxyribonucleotides, polymerases will mis-
takenly incorporate ribonucleotides into the DNA sequence during
replication [4]. Based on the ribonucleotide incorporation propen-
sities for Pol e and Pol d, it is predicated that up to three million
ribonucleotides may be incorporated during replication of the
human genome [2–4]. Due to this prevalence, there is a repair
pathway tasked with the removal of rNMPs, known as ribonu-
cleotide excision repair (RER) pathway, which is initiated by RNase
H2 cleavage [61,62]. That said, with so many ribonucleotides incor-
porated into the genome that are susceptible to oxidative damage,
it is likely there are also damaged rNMPs within the genome. For
example, ribonucleotide abasic sites could be generated by either
spontaneous hydrolysis of the RNA N-glycosidic bond or by glyco-
sylase cleavage of oxidized rNMPs [11,63]. While the RNA glyco-
sidic bond is stronger and, thus, less susceptible to spontaneous
hydrolysis than DNA, even a small fraction of incorporated ribonu-
cleotides becoming abasic could pose a threat to genomic stability
if not repaired by APE1 [6]. In addition, RNA abasic sites are formed
early in RNA synthesis, as they were detected in nascent RNA and
coupled to R-loops, which form during transcription [11]. Based on
the known stability of R-loops and rAP sites, it is likely that these
R-loops with rAP sites are very stable and could influence the
expression of that transcript. In addition to transcriptional regula-
tion, RNA abasic sites may exist as an RNA repair intermediate,
removing misincorporated or damaged ribonucleotides, but also
may have a regulatory function through altering the RNA shape,
stability, and protein interactions [11]. In all of these scenarios
APE1 plays a key role in processing rAP sites to protect genomic
stability.
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In addition to APE1 initially processing rAP sites, we must also
consider the importance of downstream processing. In base exci-
sion repair, after APE1 activity, the DNA is further processed by
the lyase and then polymerase activity of polymerase b. Currently,
it is unknown if the lyase activity of polymerase b is active on a
ribonucleotide substrate. Additionally, the handoff between APE1
and polymerase b is of interest in the field, as the DNA is thought
to be channeled from one enzyme to the next to protect the repair
intermediates. Here, we report that APE1 has a slow turnover step,
which may allow APE1 to remain bound to the rAP nicked product
for handoff to the next processing enzyme. Our structural insights
highlighting the importance of sugar pucker will likely affect both
downstream processing and substrate channeling of APE10s
ribonucleotide substrates. Additional studies will be needed to fur-
ther understand these complex mechanisms.
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