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BIOPHYSICS

The mechanism of gap creation by a multifunctional
nuclease during base excision repair

Jungmin Yoo"?3', Donghun Lee’**", Hyeryeon Im"?*, Sangmi Ji"?, Sanghoon Oh**,

Minsang Shin®, Daeho Park'?, Gwangrog Lee'****

During base excision repair, a transient single-stranded DNA (ssDNA) gap is produced at the apurinic/apyrimidinic
(AP) site. Exonuclease lll, capable of performing both AP endonuclease and exonuclease activity, are responsible for
gap creation in bacteria. We used single-molecule fluorescence resonance energy transfer to examine the mecha-
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nism of gap creation. We found an AP site anchor-based mechanism by which the intrinsically distributive enzyme
binds strongly to the AP site and becomes a processive enzyme, rapidly creating a gap and an associated transient
ssDNA loop. The gap size is determined by the rigidity of the ssDNA loop and the duplex stability of the DNA and is
limited to a few nucleotides to maintain genomic stability. When the 3’ end is released from the AP endonuclease,
polymerase | quickly initiates DNA synthesis and fills the gap. Our work provides previously unidentified insights

into how a signal of DNA damage changes the enzymatic functions.

INTRODUCTION

Every day, DNA is damaged by the natural by-products of cellular
metabolism (e.g., oxygen radicals and chemical species) and ioniz-
ing radiation (e.g., ultraviolet, o, B, and y rays) (1). Failing to repair
the damage results in the accumulation of genotoxic intermediates
and cytotoxic mutagens, leading to cell death and cancer in hu-
mans. However, all organisms have evolved sophisticated mecha-
nisms to efficiently repair DNA lesions. Base damage, the most
common DNA lesion, is caused by alkylation, oxidation, deamina-
tion, and depurination/depyrimidination (1). The chemical modi-
fication of DNA bases affects the primary structure of the DNA
duplex. A series of enzymes recognize and process various kinds of
DNA base damage in sequence in a process called base excision
repair (BER).

BER plays a central role in maintaining genomic integrity (2)
and in the epigenetic demethylation of the genome (3). The en-
zymes involved in BER, which are conserved from bacteria to hu-
mans, work in concert to restore damaged bases. First, all damaged
bases are cleaved and converted into apurinic/apyrimidinic (AP)
sites by damage-specific glycosylases. The resulting AP sites are a
prominent feature because of the missing base. They are recognized
and processed by a series of enzymatic reactions that consists of five
key enzymatic steps (4): (i) excision of the damaged base by a glyco-
sylase; (ii) cutting (incision) of the phosphodiester backbone by an
AP endonuclease; (iii) gap creation by an exonuclease; (iv) gap fill-
ing by a polymerase, which restores the excised nucleotides and re-
moves the DNA backbone without nucleobases; and (v) sealing of
the nick by a ligase.
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Upon the removal of the damaged bases by glycosylases, the two
main families of AP endonucleases, exonuclease III (ExolII) and

endonuclease IV, precisely cut the phosphodiester backbone of

DNA. Exolll in Escherichia coli and apurinic/apyrimidinic endonu-
clease I and I (APE1 and APE2) in humans are ExollI family members
and the main AP endonucleases responsible for processing over
80% of base damage (5, 6). ExollI is a multifunctional enzyme that
functions as both an AP endonuclease and an exonuclease (7, 8). In the
absence of AP sites, it degrades the 3’ end of double-stranded DNA
(dsDNA) in the 3'-to-5" direction, releasing 5" mononucleotides
and producing a stretch of single-stranded DNA (ssDNA) on the
opposite strand (9, 10). At AP sites, in contrast, it cuts the phospho-
diester bond on the 5’ side of the site using its endonuclease func-

tion and removes 3’ terminal groups on the hydrolyzable strand of

dsDNA. This action creates a small ssDNA gap from the AP site by
excising the minimal amount of DNA needed for efficient repair.

It remains unknown how both enzymatic activities are coordi-
nated during gap creation and how the gap size is limited to a few
nucleotides for optimal repair. The gap as an essential intermediate
recruits polymerase to prime the next step of DNA synthesis in BER
(11), and the control of gap size is particularly important for the
efficiency of DNA repair: If the gap is too large, then it becomes a
target for ssDNA-specific nucleases; if the gap is too small, then
DNA polymerase cannot bind the DNA to initiate DNA synthesis.
In addition, uncontrolled exonuclease activity would degrade a
notable amount of DNA, jeopardizing genome stability. However,
despite its importance, the mechanism of gap creation remains to
be elucidated.

Information on protein dynamics is essential to relate the
enzyme-substrate interaction to enzyme function (12-14). Further-
more, such information provides an opportunity to unravel the
underlying mechanism that drives catalysis on a relevant time scale.
Despite the available structural information about ExolIlIl and the
biochemical studies on the five steps of BER performed to date, the
molecular basis of gap creation and aspects of spatiotemporal func-
tion control that delicately maintain genome stability has not been
determined owing to the lack of real-time dynamics information.
Recent progress in single-molecule detection has provided un-
precedented resolution for studying the mechanisms of enzymes
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(15-17), the correlation between structural dynamics and function
(18, 19), and the dynamic intermediates of many biological mole-
cules (20, 21).

In this study, we used single-molecule fluorescence resonance
energy transfer (smFRET) to address how the dual function of
Exolll is regulated on different substrates and in different buffer
conditions. We found that, in the absence of an AP site (i.e., at aba-
sic sites), ExollI distributively converts dsDNA to ssDNA, whereas
in the presence of an AP site, it specifically cleaves dsDNA at the AP
site and then processively degrades a limited number of nucleotides
(nt). Gap creation relies on both the strong affinity of ExollI to the
AP site, achieved by stacking a tryptophan (Trp*'?) indole ring on
the AP site nucleotide sugar ribose ring, and on the physiological
salt conditions, which determine the rigidity of ssDNA and the
stability of dsDNA.

RESULTS

Exolll folds into a four-layered globular protein that is organized
into a twofold symmetric topology: The two inside layers are com-
posed of six-stranded B sheets, and the two outside layers are
flanked by two parallel sets of o helices (Fig. 1A) (22). ExolII family
members in higher organisms have adopted the catalytic core
domains of the bacterial enzyme within their overall structural frame-
work. ExollI in bacteria and the homolog APE1 in humans are the
main 5" AP endonucleases in their respective BER pathways. From
the Exolll enzyme structure, it was postulated that ExolII binds
DNA using its oy helix (Fig. 1B, blue) to hold the 3’ end of the
undamaged DNA backbone via the DNA major groove (22). It has
been hypothesized that the base stacking between Trp*'? and the
sugar ring at the AP site ensures the specificity of cleavage (22, 23).
The active site is located at the center of the groove between the two
B sheets (Fig. 1B, green). Polar residues within the active site form a
hydrogen bonding network with a number of ordered water mole-
cules, allowing a carboxylate in Asp'*’ to alter its pK, to protonate
the O3’ leaving group, thus facilitating a nucleophilic attack on the
P—03’ bond during the cleavage reaction (22).

To monitor exonuclease activity at the single-molecule level, we
constructed a blunt-ended dsDNA substrate in which the fluores-
cent donor (Cy3) is attached to the 5’ end of the unhydrolyzed
strand, and the acceptor (Cy5) is 20 bp away from the 5" end on the
same strand (Fig. 1C, left). The DNA was immobilized on a polymer-
coated quartz surface via biotin-streptavidin interactions (24).
When a reaction solution containing ExolIl and 10 mM MgCl, was
introduced with a flow channel system (25) to the surface-tethered
DNA molecules, the 3’ strand was degraded by ExolIl, and the
resulting 5’ single strand coiled up (Fig. 1C). In this work, we refer
to this type of experiment as a “multiturnover reaction” because
multiple binding and dissociation events could be performed during
degradation by free proteins capable of rebinding the substrate.

Figure 1D displays a typical individual FRET time trajectory ob-
tained from single DNA molecules degraded by ExolII. The abrupt
increases in fluorescence in the donor due to the protein-induced
enhancement of fluorescence reveal the moment of protein binding
(26-28). We measured the degradation time, marked by the green
region, during which FRET efficiency rises from its minimum to its
maximum (Fig. 1D). Such an increase was not observed in the ab-
sence of Mg*" (fig. S1, A and B) and was attributed to degradation
of the 3" end from the blunt-ended dsDNA as shown in the gel assay
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under the same reaction condition (fig. S1C). The change in the
FRET signal thus reports on the progress of degradation in real
time, as demonstrated in a previous study (13). The peak around
E = 0 came from the donor-only DNA species, comprising mole-
cules with inactive acceptors (Fig. 1E). Although that population
does not report on degradation, it provides a reference for E = 0.
Before the reaction, the histogram peaked at E = 0.19, whereas after
the reaction, it peaked at E = 0.76. To determine whether the
E = 0.76 state originated from the degradation product, we made an
ssDNA construct that mimicked the reaction product (right car-
toon in Fig. 1C) and obtained the same FRET peak at E = 0.76
(Fig. 1F).

To quantify a type of nuclease, the degradation periods of the
blunt-ended DNA were dissected and analyzed as a function of the
concentration of ExollIl ([ExollI]). The degradation periods became
shorter with increasing [ExollII] (fig. S2), and this concentration-
dependent enzymatic reaction was classified as a distributive
manner (I13), where the degradation time becomes longer if the
enzyme tends to dissociate because the degradation reaction halts un-
til the enzyme rebinds to the DNA substrate at low concentrations.

To monitor the activity of AP endonuclease at the AP site, we
extended the original blunt substrate by 5 nt on the 3’ end of the
hydrolyzed strand because ssDNA is resistant to degradation by
Exolll, and a 3’ overhang of 4 nt or longer can prevent the initiation
of exonuclease activity (9). We introduced an AP site between the two
fluorophores (top in Fig. 2A) and named this substrate “AP-DNA.”
In the presence of Mg”*, Exolll cuts the DNA backbone at the AP
site via its AP endonuclease activity and subsequently generates an
ssDNA gap via its exonuclease activity (11, 29, 30), whereas in the
presence of Ca”", it acts as only an AP endonuclease and nicks the
AP site without significant degradation (fig. S3) (31). If Ca®" is
exchanged with Mg®" in the flow cell, the enzyme also resumes
degradation at a nick.

The FRET value of this construct (AP-DNA) was ~0.27 before
the reaction (Fig. 2A, black peak in the middle panel) and ~0.63
after the reaction (Fig. 2A, red peak in the middle panel). We made
a DNA construct that mimicked the reaction product and obtained
the same FRET peak at E = ~0.63 (fig. S4, A and B). In contrast, no
significant degradation was observed for the 3’ end extended con-
trol substrate without an AP site (fig. S4C), suggesting that the
FRET change came from AP site-specific degradation. The consist-
ency between smFRET results and gel assays (Fig. 2, H and I) indi-
cated that smFRET is a sensitive assay for studying the dynamics of
DNA degradation in real time, particularly for the processing of the
gap in AP-DNA, which is a critical intermediate step during BER.

To investigate the effect of AP sites on enzymatic activity, we
compared the degradation of AP-DNA and blunt-ended DNA
under the same conditions (Fig. 2, A and B). At 5 nM [ExollI], the
representative trace (Fig. 2A, bottom) obtained from the AP-DNA
showed a rapid increase in FRET with an average degradation time
of 1.60 + 0.08 s/nt (SEM, n = 84), whereas the trace (Fig. 2B, bot-
tom) obtained from the blunt-ended DNA displayed a much slower
progression, with an average degradation time of 8.06 + 0.55 s/nt
(SEM, n = 70). The approximately fivefold difference (Fig. 2E) indi-
cates that the exonucleolytic activity somehow becomes processive
in the presence of AP sites.

In an attempt to test whether the AP site was indeed the origin of
the processive degradation, we constructed two nicked substrates in
the same configuration but with and without an AP site between the
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Fig. 1. Structure of Exolll and smFRET assay. (A) Twofold symmetric topology of Exolll (PDB entry: 1AKO). (B) Modeled DNA-enzyme complex reconstituted in silico
from Exolll (PDB entry: TAKO) and DNA (PDB entry: 1DE8), showing the active site (green), the binding of the protruding o helix into the DNA major groove (blue), and AP
site-specific binding (red). (C) Experimental schematics before (left) and after (middle) degradation by Exolll and an ssDNA mimicking the degradation product (right).
Exolll converts the dsDNA between the donor (green) and the acceptor (red) to ssDNA, resulting in an increase in FRET efficiency. (D) A representative FRET time trajectory
under 80 nM Exolll and 10 mM Mg?*, showing how the degradation time is measured. The total intensity is the sum of the donor and acceptor intensities (black, top).
Green and red curves represent the donor and acceptor intensities, respectively (middle), and the blue curve represents the calculated FRET efficiency (bottom).
a.u., arbitrary units. (E) smFRET histograms before (black) and after a 2-min reaction (red). (F) smFRET histograms of dsDNA (black) and ssDNA (blue) as degradation products

in the absence of Exolll.

donor and accepter dyes (Fig. 2, C and D). The nicked substrate
without the AP site (termed nicked DNA) exhibited much slower
degradation on the FRET time trace, whereas the nicked substrate
with the AP site (termed nicked AP-DNA) had a rapid increase in
FRET efficiency, reconfirming that ExolIl became more processive
in the presence of the AP site (exemplary traces in Fig. 2, C and D).
The degradation time of the nicked AP-DNA was ~3 times shorter
than that for the nicked DNA at the same [ExolII] of 5 nM (Fig. 2E).
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We conjectured that the enzyme tightly bound the AP site, perform-
ing processive degradation without dissociating from the substrate.

To assess the degradation rates of different types of DNA sub-
strates, the inverse of characteristic times (t;) was plotted as a func-
tion of [Exolll] after the 2-min reaction (Fig. 2F and fig. S5). The
substrate with the AP site was degraded much faster than other sub-
strates. ExolII has been reported to have a strong salt dependence
(31). To test whether the difference in degradation rates resulted
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Fig. 2. In the presence of Mg?*, Exolll processively degrades DNA substrates containing an AP site, whereas it performs distributive degradation on dsDNA
substrates lacking an AP site (fig. S2). (A to D) Schematics of different substrates (top), smFRET histograms [middle, before (black) and after (red) reaction], and a rep-
resentative FRET time trajectory (bottom) for different substrates. Exolll (5 nM) and Mg?* (10 mM) were added for the degradation reaction. (E) Average degradation time
per nucleotide for various DNA substrates with SEM. Degradation times were determined during which FRET increases from the minimum to the maximum values.
(F) Fraction degraded versus Exolll concentration and single-exponential growth fits (fig. S5) for the three different substrates (AP-DNA, nicked DNA, and blunt-ended
DNA), demonstrating Exolll's strong affinity for the AP site. The tau (1;) is a characteristic time (fig. S5). (G) Fraction degraded versus NaCl concentration for the three different
substrates (AP-DNA, nicked AP-DNA, and nicked DNA), showing a strong Exolll affinity for the AP site even at high NaCl concentrations. (H) A gel-based degradation assay
for blunt-ended DNA used for the single-molecule experiments in Fig. 1 and this figure. (I) In the presence of Mg?", the enzyme nicks by its endonuclease activity and
subsequently degrades downstream of the DNA substrate by its exonuclease activity (lanes 2 to 5). Product 1 is a fragment produced by AP endonucleolytic cleavage at
the AP site, whereas product 2 is the final product by exonucleolytic degradation after cleavage at the AP site. In the presence of Ca?* (lane 6), the enzyme cleaves at the
AP site without significant further degradation.
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from differences in the binding affinity for different substrates, the
degradation activity was challenged by increasing NaCl to high-salt
conditions in a wide range from 0 to 100 mM NaCl. The DNA sub-
strates with an AP site (i.e., AP-DNA and nicked AP-DNA) showed
robust degradation regardless of salt concentration, whereas nicked
DNA lacking the AP site displayed a strong salt-dependent inhibition
of degradation, with the lowest activity at 100 mM NaCl (Fig. 2G).
Overall, our findings demonstrate that the enzyme efficiently
digests AP-containing substrates even at higher [NaCl] but less effi-
ciently digests AP-lacking nicked DNA in a distributive manner,
confirming that ExollII binds tightly to the AP site (Fig. 2G). Both
the faster degradation (Fig. 2, A to F) and the robust affinity
(Fig. 2G) in the presence of AP sites imply that strong AP site rec-
ognition allows the enzyme to processively degrade a series of
nucleotides without dissociation. The subtle difference in degrada-
tion activity between AP-DNA and nicked AP-DNA may indicate
that the enzyme recognizes the backbone-intact AP site more readily
than the backbone-nicked AP site (compare blue and red in Fig. 2G,
which can be explained by the difference in affinities of Fig. 4F).
To investigate the role of protein association with the AP site, we
performed a “single-turnover reaction,” in which the DNA sub-
strate was incubated with ExolII (~20 nM) in the absence of Mg2+
for ~2 min, allowing the enzyme to bind, and the reaction was initi-
ated by introducing a flow of 10 mM Mg** without ExolII. The flow
also flushed out free proteins in solution; thus, only prebound
ExollI contributes to the reaction, allowing us to estimate how many
nucleotides of DNA are degraded per single binding event (i.e., pro-
cessivity). AP-DNA and nicked AP-DNA had significant degrada-
tion peaks at E = 0.53, suggesting that the enzyme firmly binds the
AP site and processively degrades AP-containing substrates even in
the Mg”* flow (left panels in Fig. 3A and fig. $6). In contrast, nicked
DNA and blunt-ended DNA without AP sites were not significantly
degraded by the single-turnover reaction (right panels in Fig. 3A
and fig. $6), since the Mg”" flow removed the free proteins dissoci-
ating from the substrate by the distributive mode of action. This
eventually terminated the reaction before complete degradation,
clearly indicating that the enzyme performs distributive degrada-
tion in the absence of AP sites. These data from the AP site confirm
that the enzyme is strongly constrained to the AP site during degra-
dation by its tight binding and processively degrades the substrate.
Next, we carried out 2-min single-turnover reactions in various
NaCl concentrations ranging from 0 to 100 mM to measure the pro-
cessivity of how many nucleotides in AP-DNA could be degraded by
ExollIlI (Fig. 3B). Degradation trends changed at approximately
10 mM NaCl. Below that threshold, the exonuclease activity in-
creased with [NaCl], but above the threshold, it decreased (Fig. 3,
B and D), in contrast to the typical tendency of salt titration in
which exonuclease activity gradually decreases with increasing salt
concentrations because of unfavorable protein binding and high
duplex stability (31-33). The different final FRET values indicated
that the gap size generated depends on the salt concentration. To
determine the gap size as a function of salt concentration, we con-
structed a calibration curve by measuring the FRET efficiency of
different gap sizes, from 0 to 10 nt, in various NaCl concentrations
(Fig. 3C) and found that the gap size varies from ~5 to 9 nt at con-
centrations below 10 mM NaCl but decreases to ~3 nt at 100 mM
NaCl (Fig. 3D).
We examined whether the increase in FRET after the reaction
resulted from bending of the DNA, rather than a processive and
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sequential degradation, because a higher FRET could occur if the
two dyes on the DNA substrate are brought closer by DNA bending
upon protein binding, as reported in human Exol (34) and FEN1
(35). Thus, we measured the relative distance between ExollIl and
its substrate by labeling the protein at the N terminus with a donor
(Cy3) by sortase (Fig. 4A and fig. S7) (36) and the AP-DNA sub-
strate ~10 nt away from the AP site with an acceptor (Cy5) (Fig. 4B).
After the Cy3-labeled mutant (D151N) was added to the Cy5-labeled
AP-DNA, the binding and dissociation events of the fluorescently
labeled protein were monitored without cleavage (Fig. 4C), display-
ing a FRET peak at E = ~0.36 (Fig. 4D). This distinct peak suggested
that ExollI specifically recognizes the AP site of the DNA substrate.

To estimate the FRET progression during the degradation pro-
cess, we measured a FRET change using a series of DNA substrates
that mimic the DNA degradation intermediates that could be gen-
erated as the degradation progresses. This measurement resulted in
a gradual increase in FRET as the gap size increased owing to a
decrease in the distance between the two dyes of the DNA and the
protein (Fig. 4E). The gradual degradation of the AP-DNA might
alter the affinity of Exolll to degradation intermediates since the
distance between the AP site being recognized and the 3’ end being
degraded increases as the degradation proceeds. We thus calculated
the Ky values of various DNA substrates with and without the AP
site, including their degradation intermediates based on binding
and dissociation times (28, 37), and found that the affinity was high
at the AP site. The Ky value of AP-DNA was ~50 times higher than
that of no-AP-DNA (nicked DNA, blue bar at 0G in Fig. 4F), with
Kg values of ~7 and ~350 nM, respectively (Fig. 4F). Upon the cre-
ation of a nick at the AP site, the affinity (K4) decreased more than
sevenfold from 7 to 52 nM at the 1-nt gap and became stabilized at
approximately 9 nM for gap sizes larger than 4 nt (Fig. 4F). The af-
finity values (e.g., for AP-DNA, nicked AP-DNA, and nicked DNA)
were in good agreement with the results of our bulk gel binding as-
says (fig. S8) and similar to those of human homolog APE1 (38).

We hypothesized that the high affinity at the AP site allowed the
enzyme to remain bound at the AP site and to processively degrade
the AP-DNA. To directly test this hypothesis using wild-type (WT)
but Cy3-labeled Exolll, we monitored the degradation reaction by
FRET between Cy3-labeled WT Exolll and Cy5-labeled AP-DNA
in the presence of Mg®* during gap creation. The FRET evolution of
time traces (Fig. 5A) did not show any disappearance of the Cy3
signal until the FRET reached the maximum value and was con-
sistent with the degradation mimic tendency with parabolic FRET
growth (Fig. 4E), indicating that gradual exonucleolytic degrada-
tion took place while FRET increased. If the Cy3-labeled WT ExolII
were not processive and dissociated quickly, we would have ob-
served dissociation events as abrupt disappearance of the Cy3 signal
before FRET reached the maximum value. The final FRET, degra-
dation, and binding times were ~0.74, ~0.88s, and ~3.37s, respec-
tively (Fig. 5, B to D). This strongly suggested that the gap creation
is processive in the presence of AP sites. In addition, the following
facts also suggested that there is no significant bending: (i) The
FRET value of the nicked AP-DNA itself without the addition of the
protein is the same as the value of the AP-DNA after the AP endo-
nuclease cleavage by Ca* (fig. S9), and (ii) a series of control exper-
iments, including a high-salt dissociation assay (fig. S10) and a
hybridization assay (figs. S11 and S12), confirmed that the FRET
increase truly resulted from gap creation via sequential degrada-
tion, not from the bending of AP-DNA.
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Fig. 3. Exolll processively degrades the downstream DNA from the AP site without dissociating, and its degree of degradation strongly depends on salt concen-
tration. (A) Single-turnover degradation reactions, in which no degradation is caused by free proteins rebinding from the solution, using various substrates. During the
reaction, free proteins were not present, only bound proteins contributed to the reaction, and the reaction stopped if the bound proteins dissociated from the DNA. This
reaction allows us to measure how many nucleotides the enzyme degrades per binding (fig. S6). (B) Single-turnover degradation reactions at various NaCl concentrations.
Experiments were performed in the presence of 20 nM Exolll unless otherwise mentioned. (C) Calibration curve of FRET efficiency and gap size measured at various salt
concentrations with 10 mM Mg“. (D) FRET values were determined by fitting degradation FRET peaks at various NaCl concentrations, as presented in (B), and the gap size

was interpolated from the FRET versus gap size curve of (C).

Gap processing might be influenced by the presence of poly-
merase I (pol I) during BER, but it is unknown how the two en-
zymes are temporally coordinated. To monitor gap processing by
ExollI and gap filling by pol I consecutively, we performed experi-
ments in which equal amounts of ExoIIl and pol I (1 nM each) were
injected into a solution of AP-DNA in a buffer containing Mg** and
deoxynucleoside triphosphates (ANTPs). More than ~52% (1 = 145) of
all traces displayed a unique pattern: an increase in FRET followed

Yoo etal., Sci. Adv. 2021; 7 : eabg0076 14 July 2021

by a decrease in FRET and a sharp increase in fluorescence between
them (Fig. 6A, arrow). We attributed the FRET increase to degrada-
tion by ExollI (orange region), the fluorescence jump to the binding
of pol I (violet region), and the FRET decrease to the polymeriza-
tion activity of pol I (green region).

To confirm our interpretation, we divided the experiment into
two reactions. Exolll was first preincubated with DNA in a buffer
without Mg®* for 2 min; then, pol I and Mg®" in the absence of
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dNTPs were added to trigger degradation but not to permit gap fill-
ing. This step allowed ExollI to process the gap and pol I to load
onto DNA when the gap became large enough. In the second reac-
tion, proteins in solution were flushed out by a buffer containing
Mg*" and ANTPs. Thus, pol I would initiate gap filling only if it had
preloaded during the previous degradation reaction. The first re-
action involved robust gap processing, as evidenced by increased
FRET efficiency even in the presence of pol I (Fig. 6B). In contrast,
the second reaction revealed a dNTP-dependent FRET efficiency
decrease, which was consistent with our interpretation (Fig. 6C).
To characterize this coordinated action, we measured the dwell
times of the FRET increase and decrease as a function of dANTP con-
centration. The degradation rate obtained from the FRET increase
was ~11.8 nt/s, whereas the polymerization rate obtained from the
FRET decrease varied and fit Michaelis-Menten kinetics with a K,

Yoo etal., Sci. Adv. 2021; 7 : eabg0076 14 July 2021

value of ~531 nM and a maximum velocity of ~12.5 nt/s, which was
consistent with previous data (Fig. 6D) (39). The histogram ob-
tained from the degradation (~443 molecules) revealed a FRET
peak shift from ~0.36 to ~0.54, corresponding to an average gap of
~5 nt, based on the calibration curve (Fig. 3C). The FRET value was
very similar to that measured using Exolll alone (E = 0.53). This
suggests that when Exolll first releases the 3’ end, pol I quickly
binds and synthesizes DNA from it. To confirm this, equal amounts
of ExolII and pol I in a buffer containing Mg>* and dNTPs were
mixed with a 10-nt 5" overhang duplex (mimicking the 3’ side at the
primer-template junction for polymerization). In this DNA con-
struct, both enzymes competed for binding. The histogram of FRET
shifted from a peak at ~0.46 before the reaction to a peak at ~0.22
after the reaction (fig. S13), suggesting that pol I has a higher bind-
ing affinity than ExollI to the 3’ end of the gap away from the AP
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creation. (B) Histogram obtained from the final FRET values. (C) Histogram of total
degradation times. (D) Histogram of binding times.

site and initiates DNA synthesis for repair. During gap creation, the
high affinity of ExollI to the AP site serves as the “intrinsic counting”
mechanism that precisely counts and controls the size of the gap
during BER.

DISCUSSION

The crystal structure of Exolll [Protein Data Bank (PDB): 1AKO]
and the cocrystal structure of human-homolog APE1 with AP site-
containing DNA (PDB: 1DE8S) are currently available (22, 40). The
crystal structures and a biochemical study (23) suggested that both
AP endonucleases specifically recognize the AP site. To understand
this molecular mechanism, we reconstituted the DNA-enzyme com-
plex in silico. The 71 conserved residues between ExollIl (22) and
APE1 (40) were spatially superimposed on each other, and the other
residues were aligned with respect to them using the VMD program
(fig. S14). This in silico reconstitution elucidated how the enzyme
achieves its strong affinity. First, a tryptophan (Trp*'%) indole ring
from Exolll stacks on the nucleotide sugar ring at the AP site
through a hydrophobic interaction (red ring group in Fig. 7A), pro-
viding strong affinity at the AP site (Figs. 2, F and G, and 4F). Sec-
ond, the oy helix (blue in Fig. 7A) clutches the 3’ side of the
undamaged DNA backbone via the major groove (22).

Yoo etal., Sci. Adv. 2021; 7 : eabg0076 14 July 2021

The reconstituted structure further revealed how the enzyme
cleaves (endonuclease function) and digests (exonuclease function)
the downstream DNA through a series of hydrolysis reactions (Fig. 7,
B and C). First, the metal ions near Glu** coordinate the phosphate
group and polarize the P—O3’ bond, which induces a kink at the
P—03’ bond (Fig. 7B, red circle). This overall effect, along with the
ring-stacking interaction at the AP site and the electrostatic inter-
action at the charged surface, achieves a transition state that allows
the cleavage reaction (22). Second, the catalytic triad-like Asp-His-
H,O bridge acts as a proton acceptor and donor, thus initiating a
single metal ion-aided nucleophilic attack on the P—O3’ bond at
Glu* in the active site (Fig. 7B, green) (22). Last, two charged resi-
dues (Lys'' and Asn'> in Fig. 7C) along the downstream attract
phosphates for successive cleavage reactions. This attraction-based
model is analogous to the mechanism proposed for a processive A
exonuclease (41).

By combining our observations of tight binding to the AP site
(Fig. 4F), processive degradation without dissociation (Figs. 3A and
5A), structural reconstitution of AP site recognition, and the attraction-
based model for exonuclease activity (Fig. 7, A and B), we pro-
pose the following mechanism. ExolIl, belonging to the type II
family of AP endonucleases, specifically cuts 5’ to the AP site and
then consecutively digests DNA in the 3’-to-5" direction using its
exonucleolytic activity while anchored at the AP site (Fig. 7D).
During degradation, the AP site (Fig. 7D, pink oval) functions as a
binding hotspot. The strong affinity to the AP site allows the en-
zyme to tightly bind the substrate and processively digest the
damaged strand downstream without dissociation. However, the
physical constraint at the AP site limits how far the enzyme can
degrade and determine the gap size. The enzyme digests until its
exonucleolytic pulling and the rigidity of ssDNA or electrostatic
interaction between the protein and its substrate are balanced. During
degradation, there is an intermediate ssDNA loop, created by the
enzyme pulling in the other strand while anchored at the AP site
(Fig. 7D, top right), a process that is reminiscent of the prime loop
observed in the T7 replisome (42, 43). Mutagenesis studies by
electrophoretic mobility shift assay confirmed that mutations at the
aromatic rings (i.e., W212A, W212S, and W212A/F213A) signifi-
cantly reduced enzymatic binding affinity to the AP-DNA (fig. S15).

We attribute the difference in rates to whether the degradation
reaction is processive or distributive, but one could argue that the
enzyme is more catalytically efficient because of the presence of an
AP site so dissociation and reassociation may not be the cause.
Although the AP site processing time was too short to accurately
measure the difference in cleavage rate, the following data suggested
that the difference in rate presumably originated from the differ-
ence in binding and dissociation. The difference in Kq between
DNA substrates with and without an AP site was ~50 times (Fig. 4F),
and FRET time trajectories obtained from Cy3-labeled WT Exolll
and Cy5-labeled AP-DNA directly showed processive degradation
without detectable marked pauses and without disappearance of the
fluorescent signal (Fig. 5). In addition, traditional experiments
(44, 45) with a DNA trap for enzymatic processivity revealed that
Exolll performs processive degradation on the AP-DNA but per-
forms distributive degradation on the blunt-ended DNA in the
presence of a DNA trap (fig. S16).

The tendency of the biphasic degradation shown in Fig. 3D
could be explained by our proposed mechanism. Under low-salt
conditions, the negative-charge repulsion of phosphate groups in
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the ssDNA loop provides resistance during degradation, but under
high-salt conditions, the duplex is stabilized (46). Thus, degrada-
tion becomes favorable because the resulting intermediate loop be-
comes flexible (47, 48), whereas degradation is more demanding
under high-salt conditions because the dsDNA is more stable (49).

Yoo etal., Sci. Adv. 2021; 7 : eabg0076 14 July 2021

A similar decreasing trend in exonuclease activity was reported as a
function of salt concentration (12). If Exolll degraded the DNA
strand without anchoring at 5’ to the AP site (Fig. 7D, bottom
right), this behavior would not be observed under low-salt condi-
tions. For this reason, the gap size is biphasically influenced by salt
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hydrolyzable strand for a successive cleavage reaction. (D) Exolll tightly anchors itself to the AP site, cleaves 5’ to the AP site, and processively digests DNA in the 3"-to-5
direction without dissociating. The physical constraint of being at the AP site limits the gap size. (E) Model of BER. (a) Exolll binds to the AP site via the tryptophan (Trpm)
indole ring. (b) The exonuclease anchors itself at the AP site, cleaves at the AP site, and processively digests the downstream DNA, yielding an intermediate ssDNA loop
during degradation. The physical constraint of the enzyme to bind at the AP site limits the size of the gap created, and the ssDNA loop may confer resistance against
enzyme activity. (c and d) Upon the first release of the 3" end from Exolll, pol | and Exolll compete to occupy the 3' end, but pol | eventually wins because of the nature of
Exolll's distributive exonuclease activity. Thus, Exolll achieves processive degradation from the AP site, whereas it performs distributive degradation at the 3’ side of the

gap. (e) Pol [ fills the gap upon loading the 3" end and removes the AP site through its 5' dRP lyase activity. (f) DNA ligase seals the nick.

concentration, which affects not only the rigidity of the loop but
also the duplex stability of DNA. In the low-salt condition, the loop
is the main gap-controlling factor, acting as a resisting modulator,
but in the high-salt condition, the duplex stability becomes the key
determinant.

The mechanism of gap creation relies on binding affinity. The 5’
side of the gap is a strong binding site for ExolII because of the AP
site, whereas the 3’ side is a target for both ExollII and pol I (Fig. 7E-c).
However, pol I can outcompete ExolII (fig. S13). On the basis of the
data, we propose a comprehensive model. ExolII binds and creates
a nick at the AP site using an AP-specific endonuclease (Fig. 7E-a);
at the 5’ side, ExollI processively degrades the downstream DNA in
the 3’-to-5' direction while tightly anchored to the AP site (Fig. 7E-b).
Both ExollIl and pol I compete for the 3" end, which is liberated
from the physically constrained ExolII (Fig. 7E-c). Pol I ultimately
wins in binding to the 3" end liberated away from the AP site due to
the nature of ExoIIT’s distributive degradation activity on the 3’ end

Yoo etal., Sci. Adv. 2021; 7 : eabg0076 14 July 2021

distant from the AP site (Fig. 7E-d and fig. S13). Pol I synthesizes
DNA from the 3’ end of the gap (Fig. 7E-e), removes the AP site
using its 5'-dRP lyase activity, and ligases the nick (Fig. 7E-f).
Exposure of ssDNA leads to damage or breaks from a myriad of
chemical and enzymatic attacks. The significance of protecting
ssDNA from damage can be emphasized by the evolutionary
conservation of single-stranded binding protein (SSB) across all
species. SSB generally protects the ssDNA produced during replica-
tion and DNA repair processes. However, SSB cannot securely bind
and protect DNA shorter than 35 nt because of its intrinsic required
binding length (24) and the ssDNA gap cannot be therefore protected
by SSB. For this reason, quick processing and restriction of the gap
size are very important for genomic stability during BER. To effi-
ciently orchestrate the process, evolution must optimize the anchor-
based molecular mechanism that controls thermodynamics and
kinetics to catalyze the whole process in a timely manner. Because
of the built-in mechanism, the gap size is strictly regulated to be
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long enough to recruit DNA polymerase during BER but short enough
to protect its single-stranded portion against ssDNA-specific nucleases.

To date, many aspects of how a series of steps in BER are coordi-
nated during BER have not been well understood because of the
lack of dynamic information. Our study has provided new insights
into the fundamental mechanism of ExollII with respect to its endo-
nuclease and exonuclease activities and its coordination with pol I
during gap creation, which primes BER. We also demonstrate the
enzymatic conversion, in which ExollI transforms its intrinsic dis-
tributive activity to de novo processive activity in response to DNA
damage (i.e., the AP site) to limit the gap size to maintain genomic
stability. ExolII at the AP site pulls DNA for degradation, which is
reminiscent of the reeling mechanism of PcrA helicase, which sits
on a junction and pulls in the downstream DNA to remove single-
stranded binding proteins such as RecA and SSB (50).

MATERIALS AND METHODS

Protein and DNA preparation

WT Exolll was purchased from New England Biolabs (NEB) (cata-
log #M0206S), and all mutants and fluorescently labeled WT ExolII
were purified (Supplementary Materials). DNA pol I was purchased
from New England Biolabs (catalog #M0209S). All DNA oligonu-
cleotides, including the AP site-containing strand, were purchased
from Integrated DNA Technologies. Biotin was conjugated to the
3" end of 5’ nonhydrolyzed strands. Each Cy3 and Cy5 (NHS-ester
from GE Healthcare) were incorporated into two oligos of DNA
strands via an internal modification (dT with a C6 amino linker).
The oligos were annealed with the complementary strand and ligated
in a duplex form by T4 DNA ligase (NEB: catalog #M0202S). Se-
quences of DNA and positions of biotin and fluorescent dyes are
provided in the Supplementary Materials.

Single-molecule experiments

DNA constructs were immobilized on polyethylene glycol (PEG;
Laysan Bio Inc.)-functionalized quartz surface to minimize non-
specific protein binding onto the surface. Immobilization was held
by neutravidin (Pierce) and biotin interaction at the ends of DNA
and biotin-modified PEG on the surface. Approximately 10 to 50 pM
concentrations of DNA constructs were injected into the imaging
chamber to achieve an appropriate density for single-molecule im-
aging. An oxygen scavenger system with catalase, glucose oxidase,
and p-glucose was used to prevent rapid photobleaching of fluores-
cent dyes. The reaction buffer contained 50 mM tris-HCI (pH 7.5),
10 mM MgCl,, bovine serum albumin (50 pg/ml), 1 mM dithioth-
reitol, Trolox (1 mg/ml) (Sigma-Aldrich), and the oxygen scaveng-
ing system of glucose oxidase (1 mg/ml) (Sigma-Aldrich) and 0.4%
(w/v) p-glucose (Sigma-Aldrich). A flow channel was constructed
by assembling a coverslip onto a microscope slide using double-sided
tape and sealing the edge of the slide with epoxy. A 1-ml syringe was
connected to the outlet hole on the flow chamber through tubing,
and a pipette tip reservoir containing a reaction solution was built
on the inlet hole. When the syringe was pulled, the solution was
delivered into the chamber at a rate of ~10 ul/s. The multiturnover
reaction was started by introducing a buffer containing ExoIIl and
Mg”" into DNA substrates tethered on the surface of an imaging
chamber at room temperature. In contrast, the single-turnover re-
action, where DNA substrates were preincubated with ExoIII for
~2 min in the absence of Mg**, was started by flowing in Mg** buffer.

Yoo etal., Sci. Adv. 2021; 7 : eabg0076 14 July 2021

Data acquisition

A prism-type total internal reflection fluorescence microscope was
used to acquire fluorescence emission signals from Cy3 and Cy5 by
a water immersion objective lens (UPlanApo 60x, Olympus). The
laser scattering was rejected through a 550-nm long-pass filter. The
fluorescence emission light was further separated into donor and
acceptor signals with a 630- or 635-nm dichroic mirror (Chroma)
and projected onto a back-illuminated electron-multiplying charge-
coupled device (Andor) with a time resolution of 30 to 100 ms.
Fluorescence signals of the donor and acceptor were amplified by a
gain before camera readout. Thus, both recorded fluorescence in-
tensities of Cy3 and Cy5 are in an arbitrary unit (a.u.), proportional
to their photon counts. FRET efficiency is determined by the ratio
of intensities, Intensityacceptor/ (Intensitydonor + Intensityacceptor) after
correcting for cross-talk between the donor and acceptor channels.
All data were analyzed by MATLAB codes and plotted in Origin.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/29/eabg0076/DC1

View/request a protocol for this paper from Bio-protocol.
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