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ABSTRACT

Base excision repair (BER) maintains genomic stabil-
ity through the repair of DNA damage. Within BER,
AP-endonuclease 1 (APE1) is a multifunctional en-
zyme that processes DNA intermediates through its
backbone cleavage activity. To accomplish these re-
pair activities, APE1 must recognize and accommo-
date several diverse DNA substrates. This is hypoth-
esized to occur through a DNA sculpting mechanism
where structural adjustments of the DNA substrate
are imposed by the protein; however, how APE1
uniquely sculpts each substrate within a single rigid
active site remains unclear. Here, we utilize struc-
tural and biochemical approaches to probe the DNA
sculpting mechanism of APE1, specifically by char-
acterizing a protein loop that intercalates the minor
groove of the DNA (termed the intercalating loop).
Pre-steady-state kinetics reveal a tyrosine residue
within the intercalating loop (Y269) that is critical for
AP-endonuclease activity. Using X-ray crystallogra-
phy and molecular dynamics simulations, we deter-
mined the Y269 residue acts to anchor the interca-
lating loop on abasic DNA. Atomic force microscopy
reveals the Y269 residue is required for proper DNA
bending by APE1, providing evidence for the impor-
tance of this mechanism. We conclude that this pre-
viously unappreciated tyrosine residue is key to an-
choring the intercalating loop and stabilizing the DNA
in the APE1 active site.

INTRODUCTION

Base excision repair (BER) is the cell’s primary defense
against oxidative DNA damage. If left unrepaired, oxidative
DNA lesions promote genomic instability, which can lead to
a variety of consequences including cell death and human
disease (1-4). Human apurinic/apyrimidinic (AP) endonu-
clease 1 (APEI) is an essential enzyme in the BER path-
way. In addition to being embryonic lethal upon knockout
(5), the biological significance of APE1 activity is demon-
strated by enhanced sensitivity to DNA damaging agents
upon expression of an inactive variant (6). APEI1 is a multi-
functional DNA nuclease having AP-endonuclease, 3’ phos-
phodiesterase, 3’ to 5’ exonuclease and even RNA cleav-
age activities (2,7-12). The APE1 AP-endonuclease activity
functions to cleave at abasic (AP) sites during BER. Specif-
ically, APE1 cleaves the phosphate backbone 5" of an aba-
sic site, generating 5'-phosphate and 3’-hydroxyl ends for
further processing by DNA polymerase 3. High-resolution
crystal structures have been published detailing the APE1
AP-endonuclease reaction, revealing that an essential part
of the APE]1 cleavage mechanism is the rotation and flipping
of the AP site out of the DNA duplex and into the active
site (13,14). This rotation places the AP site in proper align-
ment with the catalytic residues for nucleophilic attack by
an activated water molecule coordinated by a single metal
ion. The term DNA sculpting is used to describe the bend-
ing and shaping of DNA substrates by repair enzymes, thus
when a complex is formed, changes occur in the DNA struc-
ture as opposed to the protein active site (15,16). APE1 must
sculpt the DNA into the rigid APE1 active site to facilitate
catalysis and flipping of the AP site into the active site is one
example of DNA sculpting (7,13-15,17).

The ability of APEL1 to sculpt its DNA substrates is essen-
tial for obtaining the proper organization of the DNA in the
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Figure 1. Key APEI residues intercalate the DNA. (A) Overview of
APE1:DNA complex with APEI (green, cartoon representation) and the
21-mer DNA (gray, surface representation) highlighting the loops that in-
tercalate the major and minor DNA grooves (shown in red). Dashed box
indicates focused view shown in panel B. (B) A focused view of key APEI
residue side chains (green sticks) intercalating the DNA (transparent gray
surface representation, excluding the THEF, with white carbons in stick rep-
resentation) (PDB ID: SDFF).

active site to allow cleavage. The field has generally hypoth-
esized that this is enabled by two loops that intercalate into
the DNA double helix at the AP site and are thus poised to
mediate DNA sculpting (Figure 1A). This is based largely
on the structural location of M270 and R177 (13). The loop
containing M270 intercalates the minor groove, while the
loop containing R177 opposes M270 in the major groove
(Figure 1B). This ‘double loop” was hypothesized to cap
the active site, stabilize the DNA conformation, and lock
APE1 onto DNA for catalysis (13). Two tandem methionine
residues (M270 and M271) have drawn interest, but when
mutated to alanine, there was very little effect on APEI ac-
tivity (13). This previous work prompted many questions
about the DNA sculpting mechanism of APE1 and the im-
portance of the M270 intercalating loop (hereafter referred
to as the intercalating loop, Figure 2A). To address this, we
studied a previously unexplored residue in the DNA minor
groove intercalating loop, Y269 (Figure 2B). Positioned di-
rectly next to M270, Y269 contacts the DNA backbone as
well as D308, a residue responsible for coordinating the ac-
tive site metal (Figure 2C). In this study, we mutated this
tyrosine residue to an alanine as a means to understand its
function in the active site and catalysis. Here, we report ki-
netic, binding, structural and single-molecule studies prob-
ing the APE1 Y269A variant and its effect on organization

Abasic
site

Figure 2. APE1 DNA intercalating loop. (A) Overview of high-resolution
APE1:DNA complex with APE] and 21-mer DNA showing the DNA
bend (red dashed line) and DNA intercalating loop (black arrow). (B) A fo-
cused view of the APE1 AP-endonuclease product structure active site with
intercalating loop (green, cartoon representation). Key protein side chains
are indicated (green sticks). (C) Surface representation of APE1 (green)
bound to DNA (gray) highlighting the position of the Y269 residue side
chain (green sticks) (PDB ID: 5SDFF).

of the APEI active site. This work demonstrates that this
tyrosine is critical for APE1 DNA sculpting, thus providing
molecular insight into how APE1 achieves substrate speci-
ficity and selection during BER.

MATERIALS AND METHODS
DNA sequences

To generate the 21-mer used for crystallization of the
APE]1 product complex, the following DNA sequences were
used: nondamaged strand, 5'-GGA-TCC-GTC-GGG-C
GC-ATC-AGC-3'; damaged strand, 5-GCT-GAT-GCG
-CXC-GAC-GGA-TCC-3', where the underlined X repre-
sents abasic analog, tetrahydrofuran (THF). Substrate com-
plex crystallization utilized a phosphorothioate-containing
21-mer (indicated by /) to prevent cleavage, as described



previously (18), with the following sequences: nondam-
aged strand, 5-GGA-TCC-GTC-GGA-CGC-ATC-AGC
-3’; damaged strand, 5'-GCT-GAT-GCG-T/XC-GAC-G
GA-TCC-3'. To generate the 30-mer used for kinetic and
binding experiments, the following sequences were used:
nondamaged strand, 5-ATG-CGG-ATC-CGT-CGA-G
CG-CAT-CAG-CGA-ACG-3/, damaged strand with a 5
fluorescein label (indicated by asterisk), 5'-*CGT-TCG-C
TG-ATG-CGC-XCG-ACG-GAT-CCG-CAT-3. All se-
quences were purchased from IDT, resuspended, and their
concentrations determined by absorbance at 260 nm. DNA
substrates were prepared by annealing the correct pair of
oligonucleotides (above). The annealing reactions were per-
formed by incubating a solution of damaged and non-
damaged complimentary oligonucleotides in 1:1 ratio using
a PCR thermocycler set to heat to 95°C for 5 min and cool
at 1°C min~! to 4°C.

Protein expression and purification

Human APE1 Y269A was generated using full length or
truncated (lacking N-terminal 42 amino acids) wild-type
APE] as a template by QuikChange I1 site-directed mutage-
nesis protocol and kit (Agilent). The Y269A mutation was
confirmed via sequencing and then overexpressed in BL21-
CodonPlus (DE3)-RP Escherichia coli and purified as pre-
viously described (17).

Crystallization and structure determination

For crystallization, annealed 21-mer abasic DNA was
mixed with APEL1 at a final concentration of 0.56 mM DNA
and 10-12 mg/ml APEL, and subsequently incubated for
30 min. APEI protein used for crystallography contains a
truncation of the N-terminal 42 amino acids and the C138A
mutation to aid in crystallization (19). APE1:DNA crys-
tals were grown via sitting drop vapor diffusion using 2 pl
protein/DNA mix combined with 2 pl reservoir solution
(100 mM Bis Tris Propane, pH 6.5, 200 mM Sodium Fluo-
ride, and 18-28% polyethylene glycol (PEG) 3350). Crystals
were soaked in a cryosolution containing 20% ethylene gly-
col and 80% reservoir solution (with the addition of 50 mM
MnCl, for product complexes) before being flash frozen and
subjected to X-ray diffraction. The APEI:DNA product
structure was collected at 100 K on a Rigaku MicroMax-
007 HF rotating anode diffractometer system at a wave-
length of 1.54 A. This system utilizes a Dectris Pilatus3R
200K-A detector and HKL3000R software was used for
processing and scaling the data after collection (20). The
APE1:DNA substrate structure was collected on the 4.2.2
synchrotron beamline at the Advanced Light Source of the
Ernest Orlando Lawrence Berkeley National Laboratory, at
a wavelength of 1.00 A and then indexed and scaled using
XDS (21,22). Initial models were determined using molec-
ular replacement in PHENIX with a modified version of a
previously determined APE1:DNA complex structure (Pro-
tein Data Bank accession number SDFF) searching for 2
APE1:DNA complexes in the asymmetric unit. Refinement
and model building were done with PHENIX and Coot, re-
spectively, and figures were made using PyMol (Schrédinger
LLC) (23,24).
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Endonuclease activity assay

For kinetic characterization, pre-steady-state experiments
were carried out using a rapid quench flow system (KinTek
RQF-3). Reactions were initiated by rapidly mixing APE1
enzyme and annealed 30-mer DNA substrate solutions in
reaction buffer (50 mM HEPES, pH 7.5, 100 mM KClI, 5
mM MgCl, and 0.1 mg/ml bovine serum albumin (BSA)) at
37°C. DNA used for this assay contained a centrally located
abasic site and 5 fluorescein label (6-FAM) to monitor the
conversion of substrate to product via fluorescence imaging.
For multiple turnover experiments, final concentrations of
30 nM APEI and 100 nM DNA were used. Single turnover
conditions utilized final concentrations of 500 nM APEl
and 50 nM DNA. Reactions were subsequently quenched
with 200 mM ethylenediaminetetraacetic acid (EDTA) at a
range of time points from 0.002 to 1 s. Quenched reactions
were mixed in 1:1 ratio with loading dye (100 mM EDTA,
80% deionized formamide, 0.25 mg/ml bromophenol blue
and 0.25 mg/ml xylene cyanol), incubated at 95°C for 6 min
and then separated on 15% denaturing polyacrylamide gel
electrophoresis gels. Substrate and product bands were vi-
sualized using a GE Typhoon FLA 9500 imager in fluo-
rescence mode and quantified using ImageJ software (25).
Data were plotted and fit using Kaleidagraph (26). Multi-
ple turnover kinetics generate biphasic time courses (Figure
3A) that give a rapid burst of product corresponding to the
rate of cleavage (kops), followed by a linear increase in the
amount of product corresponding to the steady-state rate
that describes the product release step (kss). To quantita-
tively determine these values, time courses were fit to equa-
tion: Product = A(1—e¥,ps!) + Vist, where A represents the
amplitude of the rising exponential and ks is the first or-
der rate constant. The steady-state rate constant (k) is the
steady-state velocity (vg)/A, where A represents the frac-
tion of actively bound enzyme. For single turnover exper-
iments, only a burst phase is observed and, therefore, they
are fit to equation: Product = A(1—e¥,'). Each time point
in the curves represents an average of at least three indepen-
dent experiments =+ the error determined using standard de-
viation of the mean.

Electrophoretic mobility shift assay (EMSA)

Samples were prepared to a volume of 10 pl by mixing 2
nM DNA (containing an abasic site analog, tetrahydrofu-
ran, THF) with varying amount of full length wild-type or
mutant APE1 (as indicated in figure legends) in a buffer
containing 50 mM Tris (pH 8), 1 mM EDTA (pH 8), 0.2
mg/ml BSA, 1 mM DTT and 5% v/v sucrose for pur-
poses of gel loading. Samples equilibrated for 30 min on
ice before loading onto a 10% native 59:1 polyacrylamide
gel. Native gels were run with electrophoresis buffer of
0.2x TBE and on ice for 1.5 h at a constant voltage of
120V and subsequently visualized using a GE Typhoon
FLA 9500 imager in fluorescence mode. This allowed visu-
alization of the DNA via the 5 fluorescein label and the
amount of DNA in each band to be quantified using Im-
agel (25). Data were plotted and fit in Kaleidagraph using
Equation (1):

(A1 4+ Bt + Kp.app) — \/(AT + Bt + KD.app)z —4(ArBr)

AB = (1)

2
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where At and Bt represent the total concentration of APE1
and DNA, respectively, and AB is the concentration of
APEL:DNA complex used to determine apparent affinity
(Kp.app)- Each data point represents an average of at least
three independent experiments + the error determined us-
ing standard deviation of the mean.

Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed for
wild-type and the Y269A mutant in complex with DNA un-
der explicit solvent (water) conditions. Model preparation
and simulations were performed using the AMBER v16
suite of programs for biomolecular simulations (27). AM-
BER’s ff14SB (28) force-fields were used for the simulations.
MD simulations were performed using NVIDIA graphical
processing units (GPUs) and AMBER’s pmemd. cuda simu-
lation engine using our lab protocols published previously
(29,30).

A total of two separate simulations were performed (for
wild-type APE1 and mutant Y269A) based on the X-ray
crystal structures determined in this study. Hydrogen atoms
were added by AMBER’s tleap program. After processing
the coordinates of the protein and substrate, all systems
were neutralized by addition of counter-ions and the re-
sulting system was solvated in a rectangular box of SPC/E
water, with a 10 A minimum distance between the protein
and the edge of the periodic box. The prepared systems were
equilibrated using a protocol described previously (31). The
equilibrated systems were then used to run 1.0 ws of produc-
tion MD under constant energy conditions (NVE ensem-
ble). The use of NVE ensemble is preferred as it offers better
computational stability and performance (32). The produc-
tion simulations were performed at a temperature of 300 K.
As NVE ensemble was used for production runs, these val-
ues correspond to initial temperature at start of simulations.
Temperature adjusting thermostat was not used in simula-
tions; over the course of 1.0 ws simulations the temperature
fluctuated around 300 K with RMS fluctuations between 2
and 4 K, which is typical for well equilibrated systems. A to-
tal of 1000 conformational snapshots (stored every 1000 ps)
were collected for each system and were used for analysis.

RMSFI0 calculations. Root mean square fluctuations
(RMSF) were computed based on the conformational snap-
shots collected during the MD simulations. To identify
global motions on slower time-scales from MD, for each of
the three systems, the fluctuations associated with the first
(slowest) 10 quasi-harmonic modes (RMSFy) were also
computed and aggregated. It is well known that the slow-
est 10 modes contribute to the majority of the fluctuations
in proteins (>80%) and the use of RMSF), instead of all
modes (RMSF), removes the faster stochastic motions of
the protein, allowing focus on intrinsic dynamics of pro-
teins (33). Both of these calculations were performed using
AMBER’s ptraj analysis program. All trajectory conforma-
tions were first aligned to a common structure, to remove
any translation and overall molecular rotation during the
simulations.

Protein-substrate  interactions. The energy for the
APEL:DNA interactions (E4p.;-pn4) Were calculated

as a sum of electrostatic (E,;) and van der Waals (Eyqy) en-
ergy between atom pairs, based on an approach developed
in previous publications (34,35). All APE1 and DNA atom
pairs were included in the calculations and the resulting
interaction energies were summed up per residue pair. The
energies were calculated for 1000 snapshots, every 1000
ps, sampled during the full 1.0 ws simulation and were
averaged over these 1000 snapshots.

Atomic force microscopy

The psTHF538 DNA substrate used for AFM, contain-
ing a single abasic site analog (THF) at position 375 (30%
from end of the DNA) with a phosphorothioate linkage
to residue 374 to prevent cleavage, was prepared as de-
scribed previously (36,37). Briefly, a 37-mer oligonucleotide
with the THF lesion modification was annealed/ligated into
gapped pSCWOI plasmid. The 538-bp fragment was cut out
of the plasmid by restriction digest and purified by gel ex-
traction, followed by DNA clean up (Zymo Research) and
phenol-chloroform extraction. Samples for AFM imaging
were prepared as described previously (36). Purified full-
length APE1 (WT or Y269A; 500 nM) was incubated with
the 538-bp DNA substrate (100 nM) in binding buffer of
50 mM Hepes (pH 7.5), 150 mM NaCl, 10 mM MgCl, and
1.4 mM DTT. Samples were incubated at room tempera-
ture for 25 min and then diluted by 1:25 in AFM deposi-
tion buffer of 25 mM Hepes (pH 7.5), 25 mM NaOAc and
10 mM Mg(OAc),. Samples were then transferred to freshly
cleaved mica, rinsed with filtered water, dried with nitrogen
gas and imaged on a MultiModeV microscope (Bruker Cor-
poration) in ScanAsyst PeakForce Tapping (Bruker) mode
in air, at a scan rate of 0.977 Hz (38). Probes had a triangular
tip with a nominal radius of 2 nm on a silicon nitride can-
tilever (SCANASYST-AIR, Bruker). Images were collected
at a scan size of 1 wm x 1 pwm and a resolution of 512 x 512
pixels. Data analysis, including binding position and bend
angle measurement, was done using ImageJ and measure-
ments were then binned and fit to a Gaussian distribution
using Prism.

RESULTS
Kinetic and binding characterization of APE1 Y269A

To probe the role of the Y269 residue in the APE1 catalytic
mechanism, we determined the activity of the APE1 Y269A
mutant using pre-steady-state measurements of AP-site in-
cision. In these kinetic experiments, the reactions contained
an excess of substrate DNA to allow multiple turnovers of
the cleavage reaction. As previously observed, the APEI re-
action resulted in a biphasic time course with an initial burst
phase followed by a subsequent steady-state phase of prod-
uct formation (Figure 3A) (14,17,39,40). For the Y269A
mutant, the observed rate constant (kops) of the burst phase
is 14.9 + 1.4 s~!. This represents a substantial decrease
in AP-endonuclease activity compared to wild-type APE],
with at least a 13-fold decrease in the observed burst rate
(Figure 3C) (39). This burst rate corresponds to the chem-
istry step, which for APE1 specifically defines the rate of
phosphodiester backbone cleavage at the AP site. However,
the Y269A mutant produced a steady-state rate similar to
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Figure 3. Pre-steady-state kinetic and binding characterization of APE1 Y269A. (A) Multiple turnover and (B) single turnover kinetic time courses of
product formation for the Y269A APE1 AP-endonuclease 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 and Y269A APEI, with fold change comparing the mutant and wild-type values. *represents

previously published data (39)

wild-type of 2.4 £ 0.2 57! (39). This indicates that while the
Y269A mutant has a decreased rate of cleavage, the muta-
tion does not affect the rate of enzyme turnover (i.e. product
release). Because limiting the reaction to a single turnover
can often provide a better estimation of ks, Which is the
rate of cleavage, we also preformed experiments under sin-
gle turnover conditions which contained an excess of APE1
enzyme (Figure 3B). Consistent with the multiple turnover
data, the single turnover kqps for the Y269A mutant was de-
termined to be 14.2 & 1.4 s~!. Importantly, relative to wild-
type APEL, the Y269A mutant has a reduced rate of cleav-
age by at least 60-fold (Figure 3C) (39).

One way that catalytic efficiency can be altered is through
changes in binding affinity, therefore we further probed this
mutant APE1 enzyme by determining its ability to bind
the abasic DNA substrate. To this end, we utilized an elec-
trophoretic mobility shift assay (EMSA) to identify com-
plex formation between APE1 and abasic DNA, thus al-
lowing for the determination of an apparent Kp by vary-
ing the concentration of APE1 while maintaining a DNA
concentration of 2 nM (41). For this assay, we utilized full-
length wild-type or Y269A APEI enzyme and 6-FAM la-
beled abasic DNA combined in the presence of EDTA to

prevent catalysis. Our results indicate that both wild-type
and Y269A APE]I exhibit a high affinity for the abasic sub-
strate, with the Y269A mutant enzyme binding with less
than a 2-fold weaker affinity compared to wild-type APE1
(Figure 3C and Supplementary Figure S1). While this 2-
fold reduction is an approximation via EMSA analysis,
these two affinity values are likely very similar. This sug-
gests that the measured reduced catalytic activity cannot be
solely accounted for by a simple reduction in DNA binding
affinity.

Structural characterization of APE1 Y269A

To gain structural insight into the Y269A mutant protein,
we collected X-ray crystallographic data of APE1 Y269A
complexed with a 21-mer double-stranded DNA oligo con-
taining a centrally located AP site analog (THF). We were
able to obtain both product complex (bound to incised AP-
DNA) and substrate complex (bound to intact AP-DNA)
crystals that diffracted to a resolution of 2.20 and 2.77 A,
respectively (Table 1). The resulting structures each con-
tained two APE1:DNA complexes in the asymmetric unit,
and crystallized in the P2,22; space group. To generate the
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Figure 4. High-resolution structures of the Y269A APE1 mutant. (A) A focused view of the Y269A mutant product complex active site. The site of cleavage
is indicated by the red arrow. The THF and 5’-Cy are shown in stick format (white carbons). Active site waters and Mn2* are shown as blue and purple
spheres, respectively. Key residues (yellow sticks) and distances (A) are indicted. (B) Overlay of Y269A mutant (yellow) with previous structure for WT
APEI (green, PDB ID: SDFF). DNA intercalating loops in their respective product complex structures are shown in cartoon representation. The DNA in
white corresponds to wild-type APE1 (PDB ID: SDFF). Key protein side chains are shown as sticks. (C) A focused view of the Y269A mutant substrate
complex active site. Key protein side chains (yellow sticks) are indicted. The THF and 5’-Thy are shown in stick format (white carbons). (D) An overlay
of the Y269A product complex (yellow) shown in cartoon representation with the previously determined WT APE1:DNA product complex (green, PDB

ID: SDFF) showing the variation in DNA bending.

product complex crystal, a substrate complex crystal was
soaked in 50 mM MnCl, prior to structure determination.
Importantly, this approach relies on cleavage by APEI to
generate the product complex thus indicating that the sub-
strate structure represents a catalytically competent com-
plex.

We obtained the APE1 Y269A product complex in the
presence of MnCl, This structure revealed an active site
very similar to that of previously reported WT APE1 prod-
uct structures (Figure 4A) (13,14,42). The abasic site is
flipped out of the double helix and into the active site bind-
ing pocket where it is in position for cleavage of the phos-
phate backbone 5 to the abasic site. A single Mn?" is co-
ordinated by E96 and three ordered water molecules, which
additionally coordinate D70 and D308, as seen previously.
The Mn”" ion is also within hydrogen bonding distance of
the 5’-phosphate and 3’-hydroxyl ends that are generated by
the cleavage reaction. The 5 phosphate is coordinated to
the active site residues N212, D210, Y171, H309 and N174
(Figure 4A). Importantly, the intercalating loop containing
the Y269A mutation, remains in the same intercalating po-
sition in the minor groove of DNA as observed for the wild-
type enzyme (Figure 4B). The neighboring residue M270 is
positioned into the minor groove opposite the intercalating
R 177 in the major groove.

To obtain substrate structures of APE1, active site mu-
tations are often used to prevent catalysis (43). Here, in
order to focus on the Y269A mutation and avoid making
these additional mutations, a modified DNA oligo with a
phosphorothioate backbone modification was used to pre-
vent the cleavage reaction from occurring. Specifically, this
modification places a sulfur substitution for a non-bridging
oxygen 5’ to the abasic site which reduces the incision rate
(14,18,44). The phosphorothioate substrate exists in two
isomers, S, and R,,. In the crystal structure, we observed
both isomers in the active site with equal occupancy. The
APEI Y269A substrate structure revealed that the abasic
site backbone oxygens are coordinated by N174, Y171 and
H309 (Figure 4C). These contacts are seen in both substrate
and product complexes. Residues N212 and D210 are in po-
sition to coordinate the nucleophilic water, which is not rep-
resented in the model due to resolution limitations (Figure
4C). Overall, both substrate and product Y269A structures
are similar to wild-type APE1, although there is notable po-
sitional variation in the DNA including a slight change in
bend angle (Figure 4D). This variation, high B-factors, as
well as the difficulty in obtaining Y269A crystals, lead us to
suspect that there are dynamics that are being overlooked
by analyzing the crystal snapshot alone and we thus pur-
sued computational MD simulations.



Table 1. Data collection and refinement statistics of APE1:DNA co-
complexes

Y269A
product (AP-DNA)

Y269A
substrate (AP-DNA)

Data collection

Space group P212121 P212121
Cell dimensions

a, b, c(A) 45.38,150.23,156.45 45.66,148.32,153.24

o, B,y () | 90.00,90.00,90.00 90.00,90.00,90.00
Resolution (A) 50.00-2.20 48.29-2.77
Rieas (%) 0.073 (0.440) 0.261 (2.670)
I/ol 20.6 (2.3) 7.4 (0.8)
ccl)2 (0.792) (0.395)
Completeness (%) 99.5(96.9) 100.0 (100.0)
Redundancy 5.9(3.5) 6.8 (6.8)
Refinement
Resolution (A) 43.58-2.20 48.29-2.77
No. reflections 91210 27 446
Ryork/ Riee 18.55/22.73 21.85/27.30
No. atoms

Protein 4379 4382

DNA 1669 1669

Water 363 39
B-factors (Az)

Protein 28.73 46.81

DNA 62.14 75.36

Water 33.86 40.54
R.m.s deviations

Bond length (A) 0.008 0.017

Bond angles (°) 1.018 1.432
PDB ID 6W41 6W4T

Each structure was obtained from a single crystal. Values in parentheses
are for highest-resolution shell.

Molecular dynamics simulations

Microsecond (1 ps) time-scale MD simulations provided
insights into the change in dynamics of the entire APE1
protein introduced by the single Y269A mutation. As de-
picted in Figure SA, wild-type APE1 is mostly rigid with
only slight dynamics. However, the introduction of the mu-
tation Y269A significantly alters the dynamical behavior of
APEL. Interestingly, wild-type and Y269A have very similar
dynamics, except three regions (residues 175-200, 208-250
and 250-285) that show significant increase in dynamics. All
three of these regions are loops involved in interacting with
the DNA (Supplementary Figure S2). This includes the in-
tercalating loop, as well as the R177 loop that opposes in the
major groove. The increased dynamics in the region com-
posed of residues 208-250 may be due to interactions with
the DNA backbone. Overall, the MD simulations indicate
that the Y269A mutation changes the dynamical behavior
of APEI including the intercalating loop (site of the Y269A
mutation). This highlights the important role the interca-
lating loop, and the Y269 residue, play in stabilizing the
APEIL:DNA complex.

Computer simulations also reveal that the intercalating
loop in the Y269A mutant quickly disengages from the du-
plex, while the wild-type appears to remain intrahelical (see
Supplementary Movies S1 and S2). To quantify this move-
ment, the fraction of conformations where the loop is inter-
calating into the helix was determined based on a distance
cut-off. After structural considerations, a distance shorter
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than 11.0 A between the backbone nitrogen of M270 and
the Watson—Crick face (atom N1) of base G10 on chain V
was considered as an ‘in’ helix conformation. As depicted in
Figure 5B, for the wild-type, the intercalating loop remained
intrahelical for most of the conformations during the simu-
lation (93.0% conformations ‘in’ helix), while for the Y269A
simulation the intercalating loop was outside the helix for
the vast majority of conformations (11.8% ‘in” helix). Note
that in Figure 5B, the Y269A loop starts in an intrahelical
position (as shown in crystal structure), but quickly disen-
gaged from the helix.

Atomic force microscopy

X-ray crystallography structures of APEI report the DNA
bent at about 35° to be accommodated into the active site
for catalysis (13,14). Although this is what is captured via
crystallography, the biologically relevant and catalytically
competent bend angle in solution remains unknown. To in-
vestigate this, we used atomic force microscopy (AFM) to
obtain a single molecule view of APEI1 interactions with
abasic DNA (45). To this end, either wild-type or Y269A
APE]1 was incubated with a 538-bp DNA substrate contain-
ing a single abasic site analog (THF) positioned 30% from
one end of the molecule. After imaging with PeakForce Tap-
ping AFM, we first measured the position of each bound
APEL1 as a percentage of the total DNA contour length.
Consistent with APE1 scanning ability, this analysis shows
a broad distribution of APE1 binding position along the
length of the abasic DNA substrate (Supplementary Fig-
ure S3). For both proteins, some binding to DNA ends and
other non-specific sites was observed. However, the Gaus-
sian distribution of internally bound wild-type and Y269A
APE!1 was centered at 30.1 and 32.3%, respectively (Supple-
mentary Figure S3). In both cases, this closely corresponds
to the location of the abasic site, suggesting that both wild-
type and Y269A mutant APE1 have specificity for the aba-
sic site lesion.

To gain further insight into the role of Y269 in DNA
sculpting, we next used AFM to measure the DNA bend
angles at sites of bound APEI, following a similar proce-
dure to that used previously (46). As the MD simulations
suggest, the interaction of APEI with an abasic site causes
a range of conformations with differing bend angles. Over-
all, there was a significant difference in the DNA bend angle
distributions at sites of bound wild-type APE1 compared to
Y269A APEI1 (Figure 6A). With the Y269A mutant, there
is an increase in the frequency of smaller bend angles (par-
ticularly 0-20°, Figure 6A red) and a decrease in sharper
angles (80-120°, Figure 6A blue and purple). This suggests
that without the Y269 residue anchoring the intercalating
loop, APELl is unable to bend the DNA as sharply causing a
decrease in the observed catalysis (Figure 3C). DNA bend-
ing was observed at both specific (abasic) and non-specific
sites. When wild-type APEI was specifically bound to an
abasic site, the DNA was bent 41.7 + 30.8° (Figure 6B),
while DNA with specifically bound Y269A APE1 was only
bent 30.8 + 26.1° (Figure 6C). In this case, the abasic site
may facilitate some DNA bending even in the presence of
the mutant. While the flexibility of the lesion may be con-
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Figure 5. Difference in microsecond time-scale dynamics for the wild-type and Y269A APEI. (A) The dynamics were characterized using MD simulations
and aggregating top 10 quasi-harmonic modes (RMSF10). Quantitative comparison indicates that three regions show increase in dynamics (residues 175-
200, 208-250 and 250-285) for the mutant Y269A. The areas of increased dynamics include R177 and Y269/Y269A (indicated by gray dashed lines). (B)
Behavior of the intercalating loop was estimated based on the distance between M270 N (backbone nitrogen) and chain V base G10 atom N1 (WC face). A
distance <11.0 A is considered as ‘in’ helix conformation. For wild-type 930 out of 1000 (93.0%) conformations were below this cut-off, while for Y269A

only 118 (11.8%) conformations met this criterion.

tributing, the decrease in bend angle seen with the Y269A
mutant is consistent with the general observation that the
DNA is less bent without the Y269 anchor residue.

In addition to the observed reduction in bend angle at
the abasic site, a similar trend was seen for non-specifically
bound APEI. Interestingly, the DNA bend angle does not
appear to be dependent on APE1 binding position for the
wild-type protein, as a similar distribution of angles was ob-
served for wild-type APE1 bound specifically at the aba-
sic site and non-specifically along the rest of the DNA
substrate (Figure 6B). The Y269A mutant, however, ap-
pears to almost completely lose its ability to bend the DNA
at non-damaged sites (Figure 6C). Together, this AFM
analysis highlights the importance of DNA sculpting at
the abasic site in the APE1 mechanism and suggests that
the Y269 residue anchors the intercalating loop to allow
for proper orientation of the DNA in the APEI active
site.

DISCUSSION

This study utilized single turnover kinetics, crystallogra-
phy, MD simulations and AFM to reveal that the aromatic
residue Y269 in the DNA intercalating loop is essential
for efficient DNA sculpting and subsequent catalysis. The
APE1 DNA intercalating loop contains two tandem me-
thionines (M270 and M271) that have previously drawn the
attention of researchers in the field due to their proxim-
ity to the abasic site in APE1:AP-DNA complexes, as well
as their intrahelical structural position (13,14,17,47) (Fig-
ure 1B). It was initially hypothesized that these methion-
ine residues promote the flipping of the abasic site into the
APEL1 active site for catalysis. However, when this hypoth-
esis was tested by mutagenesis, both mutants had similar
steady-state catalytic rates as wild-type APE1 (13). This re-
sult suggests that the methionine residues are not playing
a major role in DNA sculpting as previously hypothesized.
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Figure 6. Single molecule analysis of DNA bend angle at APE1 binding sites. (A) Analysis of DNA bend angle at all internal WT and Y269A binding
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Additionally, pre-steady-state kinetics of the APE1 exonu-
clease activity showed M270A had only a slight (<3-fold)
effect on both the chemistry (ko) and product release (k)
kinetic rates (17). This study included a comparison of the
APE1 AP-endonuclease and exonuclease structures which
highlighted the position of the DNA intercalating loop at
the DNA bend site. In this position, the DNA intercalating
loop can mediate the differential DNA sculpting required to
accommodate both substrates. The data presented here sug-
gests that the positioning and mechanistic function of the
intercalating loop is conferred not through M270/M271,
but through the Y269 residue. Despite interest in the inter-
calating loop, Y269 has largely gone uncharacterized due
to its position adjacent to but not directly in the active site.
We found that the single Y269A mutation decreased APE1
activity by >60-fold. In addition, this mutation results in in-
creased loop dynamics and a loss of APE1-mediated DNA
bending. Thus, we conclude that in the absence of this key
tyrosine residue anchoring the intercalating loop in the ac-
tive site, APELI is less effective at stabilizing the DNA in the
active site for catalysis.

BER involves the coordination of several enzymes that
work together to protect the cell from unstable and cyto-
toxic repair intermediates. During BER, glycosylases are
the first enzyme to identify and remove DNA base dam-
age, generating the abasic substrate for APE1. One pro-
posed model asserts that BER is coordinated around dis-
tortions in the DNA substrates (48). The idea that DNA
intermediates are sequentially bent and passed by APE1 to
polymerase B is supported by the fact that these enzymes
bend the DNA to an increasingly sharper angle, as seen
via crystallography (13,48,49). In other words, DNA bend-
ing by one enzyme may promote the binding of the next.
Additionally, the concept of DNA intercalating loops in-

volved in DNA sculpting has been reported in other BER
enzymes. Like the AP-endonuclease activity of APEL, gly-
cosylases require the DNA lesion to be flipped out of the
helix and into the active site. Many DNA glycosylases use
a ‘wedge residue’ on a DNA intercalating loop to scan for
their target damaged bases (50,51). This wedge residue is re-
quired for DNA sculpting similar to the Y269 residue that
was identified for APE1. APEI also scans DNA for dam-
age, displaying rapid rates of diffusion along DNA of ~1
bp/2-5 s (52,53). While the precise APE1 search mecha-
nism remains unclear, the data presented here suggests that
the Y269 residue could play a role in the DNA scanning of
APE]1 by allowing the intercalating loop to interrogate the
flexibility of potential DNA substrates.

There are many types of nucleases in the cell, but DNA
repair nucleases are unique because of their lack of sequence
dependence. Unlike restriction nucleases, recognition must
be accomplished using the DNA structure, not sequence
specificity (54-57). These ‘structure-specific’ nucleases have
been shown to sculpt the DNA to control their recognition
and provide specificity to their damaged substrates (15).
Similar to glycosylases, a theme among repair nucleases is
the use of amino acid wedges to help sculpt the DNA sub-
strate in the active site. These wedges are hydrophobic and
often include an aromatic residue that stacks against the
DNA, often against the strand complementary to the stand
incision (15). Several nucleases have been reported to uti-
lize these wedges such as UVDE (58), Vsr (59), Nfi (60,61),
FENI1 (62), Exol (63) and Mrel1 (64). For example, FEN1
uses a hydrophobic wedge to interrupt the linear structure
of the DNA and force a 90° bend (15,62). In this study, we
have identified a similar phenomenon in APE1, where it uti-
lizes the intercalating loop with aromatic residue Y269 as
an anchor for DNA sculpting. Importantly, sequence align-



7354 Nucleic Acids Research, 2020, Vol. 48, No. 13

ments have shown that this residue is conserved in Apel-like
proteins in different organisms (47,65). This highlights that
the importance of the Y269 anchor residue is not limited to
one enzyme, but is likely a mechanism present in many AP-
endonucleases. Of note, the significance of this anchoring
residue may be even more evident in the context of a com-
plex cellular environment, including nucleosomes. To this
point, APE1 activity is reduced in less-accessible regions
of nucleosome substrates compared to accessible regions
and naked DNA (66). Combined with our results, this sup-
ports a hypothesis in which APE1-mediated dynamic DNA
bending is crucial for catalysis, particularly in the context of
DNA wrapped around a nucleosome, as APE1 may be un-
able to appropriately bend the DNA into its active site for
catalysis. Moreover, this also indicates that APE] may use
Y269, and the intercalating loop, as a mechanism of lesion
recognition and/or substrate specificity.
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