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ABSTRACT

Bacterial exonuclease III (ExoIII) is a multifunctional
enzyme that uses a single active site to perform
two conspicuous activities: (i) apurinic/apyrimidinic
(AP)-endonuclease and (ii) 3′→5′ exonuclease activ-
ities. The AP endonuclease activity results in AP site
incision, while the exonuclease activity results in the
continuous excision of 3′ terminal nucleobases to
generate a partial duplex for recruiting the down-
stream DNA polymerase during the base excision
repair process (BER). The key determinants of func-
tional selection between the two activities are poorly
understood. Here, we use a series of mutational anal-
yses and single-molecule imaging to unravel the piv-
otal rules governing these endo- and exonuclease
activities at the single amino acid level. An aromatic
residue, either W212 or F213, recognizes AP sites
to allow for the AP endonuclease activity, and the
F213 residue also participates in the stabilization
of the melted state of the 3′ terminal nucleobases,
leading to the catalytically competent state that ac-
tivates the 3′→5′ exonuclease activity. During ex-
onucleolytic cleavage, the DNA substrate must be
maintained as a B-form helix through a series of
phosphate-stabilizing residues (R90, Y109, K121 and
N153). Our work decouples the AP endonuclease and
exonuclease activities of ExoIII and provides insights
into how this multifunctional enzyme controls each
function at the amino acid level.
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INTRODUCTION

Most endonucleases and exonucleases have evolved as
separate enzymes, but some enzymes showing both ac-
tivities have evolved. For example, human APE1 (1–
3) and APE2 (4,5) have functionally evolved into an
apurinic/apyrimidinic (AP) endonuclease and exonuclease,
respectively, but Escherichia coli ExoIII (6) and its bacte-
rial homolog (7–9) are multifunctional nucleases that per-
form both AP site-specific endonuclease and 3′→5′ exonu-
clease activities. The multifunctionality of ExoIII occurs at
a single active site that specifically recognizes the AP site or
3′ terminal base and then activates endo- and exonuclease
activities, depending on the nature of the recognized site.
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During base excision repair (BER) in bacteria, the AP en-
donuclease performs AP site incision, while the exonuclease
continuously excises the 3′ terminal nucleobases and gener-
ates a partial duplex to recruit the downstream DNA poly-
merase for the next step of DNA synthesis (10).

Typically, endonucleases are classified as sequence-
specific or nonsequence-specific nucleases (11), while ex-
onucleases are categorized as 3′→5′ or 5′→3′′ exonucleases
(12–14), or as processive or distributive nucleases (15–17).
The main difference between endo- and exonuclease activi-
ties is (i) whether the site to be cut is located outside or inside
the DNA substrate and (ii) the ability to cut continuously
while translocating along the polymeric axis of the DNA
substrate (with so-called enzymatic directionality) (18). The
directional movement thus relies on whether the newly gen-
erated site acts as the next recognition site to be cut along
the polarity of the DNA axis during a series of hydrolysis
processes.

Unlike multifunctional enzymes with separate active sites
(19–21) (e.g. RecBCD, reverse transcriptase (RT) and DNA
polymerase, etc.), the multiple activities of ExoIII rely on
a single active site located in one domain (6). An inter-
esting consideration is how multifunctional ExoIII selec-
tively performs the different activities of an AP endonucle-
ase and 3′→5′ exonuclease with one active site in a con-
trollable manner. However, the enzymatic coupling between
the two activities involved in functional regulation is poorly
understood. Decoupling the molecular mechanisms of the
endo- and exonuclease activities in a single active site could
open up opportunities to engineer biological enzymatic ac-
tivity and to develop drugs that target ExoIII in pathogenic
bacteria (22). In addition, the human homolog APE1 has
been proposed as an early biomarker (23–25) and a promis-
ing therapeutic target (26–28) for cancer since its expres-
sion level is directly associated with cancer (29–31). Al-
though many studies (6,32,33) have been conducted in an
effort to understand the multifunctional activity of wild-
type ExoIII, the fundamental understanding of the differ-
ence between the AP endonuclease and exonuclease activ-
ities of ExoIII remains unknown. Due to the structural
and functional similarities of ExoIII to human APE1 and
other AP endonucleases (32,34), understanding the mecha-
nism of action of ExoIII may provide insight into the gen-
eral mechanism of action for both AP endonucleases and
exonucleases.

To elucidate the selective determinants for endo- and ex-
onuclease activity, we employed single-molecule imaging
and a series of mutational analyses. We found the regu-
latory mechanism of the endo- and exonuclease activities
at a single amino acid level. The aromatic residues near
the scissile bond not only function in the recognition of
AP sites but also facilitate the formation of a catalytically
competent state via the 3′ terminal melting of the sub-
strate. The recognition of AP sites is essential for endonu-
clease activity, but melting of the 3′ terminus while main-
taining an intact B-form helix is a prerequisite for exonu-
clease activity. Our work deciphers the functional coupling
between AP endonuclease and exonuclease activities and
provides insights into how the key residues of multifunc-
tional enzymes dictate each function at the amino acid
level.

MATERIALS AND METHODS

Protein purification

The E. coli. ExoIII gene (wild-type) was cloned into the pB3
vector (6× His tag – TEV – ExoIII gene) by the ligation-
independent cloning (LIC) method (35) using SmaI and T4
DNA polymerase and subsequently confirmed by sequenc-
ing. All ExoIII mutants were obtained by site-directed mu-
tagenesis, and DpnI was used to remove the parent plas-
mid from the reaction products. After transformation of the
vector into BL21-Star (DE3) E. coli (Thermo Fisher Sci-
entific), cells were incubated in 1 L LB media (100 �g/ml
ampicillin) in a 37◦C shaking incubator until the OD600
reached 0.6. The culture was incubated for 14∼16 hours in
a 16◦C shaking incubator after protein induction with a fi-
nal concentration of 1 mM IPTG. Cells were harvested by
centrifugation at 5000 × g for 15 min and resuspended in
50 mL buffer (20 mM Tris–HCl pH 7.5, 250 mM NaCl).
Cells were lysed via sonication by repeating 10 s pulse-on
and 20 s pulse-off 20 times (total time, 10 min). The cell
lysate was centrifuged at 35 000 × g for 30 min to remove
insoluble substances. ExoIII was purified using nickel affin-
ity chromatography (His-Trap FF, GE Healthcare). After
dialysis in buffer (20 mM Tris–HCl pH 7.5, 250 mM NaCl,
10 mM �-mercaptoethanol), it was concentrated with Cen-
trifugal Filter Devices (Amicon Ultra-15 Centrifugal Fil-
ter), aliquoted with 50% glycerol, and stored at –80◦C until
use.

Cy3 and Cy5 labeling and annealing

All DNA oligonucleotides were purchased from Inte-
grated DNA Technologies (IDT). Amine-modified oligonu-
cleotides were labeled with Cy3-NHS (GE Healthcare)
or Cy5-NHS (GE Healthcare) with 5’ termini-C6 or Int
Amino Modifier C6 dT. The labeled single-stranded DNA
(ssDNA) was annealed with its complementary strand in 10
mM Tris–HCl (pH 8.0) with 50 mM NaCl by heating for 3
min at 95◦C and cooling slowly to room temperature. Se-
quence and modification information of the DNA oligos is
shown in the supplemental information.

Protein labeling

The 6× glycine N-terminus of ExoIII constructs (D151N,
D151N/W212A, D151N/F213A) was obtained through
TEV protease cleavage. The labeling reaction was per-
formed in 1× Sortase buffer (50 mM Tris–HCl (pH 7.5),
150 mM NaCl) for 30 min at room temperature with 6x
glycine N-terminus of ExoIII constructs, Ca2+-independent
sortase, and the Cy3-LPETGG probe (purchased from
ANYGEN) at a ratio of 1:2:10. Unreacted free Cy3-
LPETGG was removed twice using Micro Bio-Spin™ P-30
Gel Columns in Tris Buffer (RNase-free) (Bio-Rad). To in-
crease the purity, his tag-sortase was removed by passing
it through nickel-NTA resin, and Cy3-labeled ExoIII was
obtained from the flow-through. Purified Cy3-labeled Ex-
oIII was visualized by 12% SDS-PAGE (ChemiDoc XRS+,
Bio-Rad), and the protein concentration and labeling ef-
ficiency were measured with a Nanodrop (Thermo Fisher
Scientific).
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Single-molecule FRET setup and data acquisition

Single-molecule fluorescence resonance energy transfer
(smFRET) assays were performed using a prism-type to-
tal internal reflection fluorescence (TIRF) setup equipped
with an inverted fluorescence microscope (Olympus IX 71)
as described previously (36,37). The quartz slides and glass
coverslips were coated with polyethylene glycol (biotiny-
lated PEG:mPEG with 1:400 ratio) to prevent nonspecific
interactions of DNA and protein with the surface. Flu-
orescently labeled DNA was immobilized on the PEG-
coated surface via the interaction between biotin and neu-
travidin (Thermo Fisher Scientific). Emission fluorescence
signals were separated by a dichroic mirror (630 nm cut-
off) and projected onto the EMCCD camera (iXon Ul-
tra 897, Andor). The fluorescence intensities of the donor
(Cy3) and acceptor (Cy5) were extracted from the EM-
CCD camera and amplified by an EM gain function.
The Cy3 and Cy5 spots were selected by Gaussian fit-
ting and signal criteria above the average background
signal.

The intensities of Cy3 and Cy5 were extracted from the
recorded video file by a mapping algorithm compiled in
IDL software. The FRET efficiency (EFRET) was calculated
by the equation: EFRET = (IA – �*ID)/(IA + ID), where
�, ID and IA are the leakage correction and the donor
(Cy3) and acceptor (Cy5) intensities after correction of their
background intensity, respectively. smFRET experiments
were performed in an imaging buffer containing 50 mM
Tris–HCl, pH 7.5, 1 mM MgCl2, 10 mM NaCl, 100 �l/ml
BSA, 1 mM DTT and 1 mg/ml Trolox (Sigma-Aldrich) and
an oxygen-scavenging system of 1 mg/ml glucose oxidase
(Sigma-Aldrich), 0.04% mg/ml catalase (Sigma-Aldrich),
and 0.4% (w/v) D-glucose (Sigma-Aldrich). A 532 nm laser
(Compass 315M, Coherent) was used to create TIRF illu-
mination after exciting the Cy3 fluorophore, and the flu-
orescence intensities of Cy3 and Cy5 were simultaneously
collected using a water immersion objective (UPlanApo
60×, Olympus). smFRET imaging was recorded with a 100
ms frame-integration time and processed by IDL software.
All the data were analyzed using MATLAB and plotted in
Origin.

Binding and dissociation assays with smFRET

smFRET experiments were conducted in a flow chamber
(38). Three catalytically inactive mutants of ExoIII, D151N
(WF), D151N/W212A (AF) and D151N/F213A (WA),
were used to examine the binding effect of the aromatic
residues at 212 and 213. Cy3-labeled ExoIII mutants (1 nM)
were injected into Cy5-labeled DNA substrates (∼20 pM)
immobilized on the flow chamber at room temperature. All
the binding events were obtained with a 100 ms frame-
integration time in the imaging buffer. Using MATLAB
software, the binding time (on time) and the time taken
until binding (off time) in FRET time traces were mea-
sured. The mean time (� ) was calculated from histograms
of on time and off time by fitting with single-exponential
decay. The dissociation constant (Kd) was calculated by
Kd = τoff × [protein concentration]

τon
.

Gel-based degradation assays

Assessment of AP-DNA degradation by AP endo- and exonu-
clease activity. DNA substrates (50 nM) and ExoIII mu-
tants (10 nM) were mixed in 30 �l (Figure 2B, D and E) and
100 �l (Figure 6B) of reaction buffer (50 mM Tris–HCl, pH
7.5, 75 mM NaCl, 10 mM MgCl2, 1 mM DTT). The degra-
dation reaction was carried out at room temperature for var-
ious reaction times (0–10 min) and was stopped by adding
1-fold formamide and heating at 95◦C. The reaction prod-
ucts were separated through a 20% denaturing PAGE gel (7
M urea) and imaged using a fluorescence imager (Chemi-
Doc XRS+, Bio-Rad).

Blunt-ended DNA degradation assay by exonuclease activity.
DNA substrates and ExoIII mutants were mixed to 50 and
100 nM, respectively, in 30 �l (Figure 3B and C) and 100 �l
(Figure 6C) of reaction buffer (50 mM Tris–HCl, pH 7.5, 10
mM NaCl, 10 mM MgCl2, 1 mM DTT). The degradation
reaction was carried out at room temperature for 0–10 min
and was stopped by adding 1-fold formamide and heating
at 95◦C. The reaction products were separated with a 20%
denaturing PAGE gel (7 M urea) and imaged using a fluo-
rescence imager (ChemiDoc XRS+, Bio-Rad).

Overhang DNA degradation assay. For Figure 4A, DNA
substrates (50 nM) and wild-type ExoIII (0.5 nM) were
mixed in 100 �l of reaction buffer (50 mM Tris–HCl, pH
7.5, 10 mM NaCl, 10 mM MgCl2, 1 mM DTT). The degra-
dation reaction was carried out at room temperature for 0–
10 min and was stopped by adding 1-fold formamide and
heating at 95◦C. The reaction products were separated with
a 20% denaturing PAGE gel (7 M urea) and imaged using a
fluorescence imager (ChemiDoc XRS+, Bio-Rad).

In silico reconstitution of a ExoIII–DNA complex

Sequence alignment of ExoIII and APE1 was performed by
the VMD program (39) as previously reported (10). Briefly,
the 71 conserved residues between ExoIII and APE1 were
spatially superimposed, and other residues were aligned
based on those conserved residues. We investigated the
potential interaction between ExoIII and DNA cocrystal-
lized with APE1 (1) by superimposing the crystal struc-
tures of ExoIII (PDB code: 1AKO) and the APE1-DNA
complex (PDB code: 1DE8 and 5WN5 for Figures 1A and
6A, respectively). Since the overall secondary structures of
ExoIII and APE1 were well matched, ExoIII was loaded
onto the DNA substrate by swapping APE1 with ExoIII
via structural overlap at the conserved residues. ExoIII–
DNA complexes were visualized by UCSF ChimeraX
(40,41).

Multiple sequence alignment

The APE1 family (H. sapiens, B. taurus, M. musculus,
D. melanogaster, C. elegans, A. thaliana, S. pneumoniae,
N. meningitidis, M. tuberculosis, B. subtilis, P. aeruginosa
and E. coli) and protein sequence information of APE2
family (H. sapiens, R. norvegicus, M. musculus, D. rerio,
B. taurus, S. cerevisiae and S. pombe) protein sequence
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Figure 1. Structure of ExoIII and schematic of the AP endonuclease and 3′-to-5′ exonuclease functions of the enzymes. (A) Top: Modeled structure of a
DNA–enzyme complex reconstituted in silico using ExoIII (PDB entry: 1AKO) (6) and DNA (PDB entry: 1DE8) (1), displaying the recognition of an AP
site at which the W212 and F213 aromatic residues stack on the ribose ring. Bottom: Conservation and superimposition of the two aromatic residues at
the active site in E. coli ExoIII and human APE1. (B) AP endonuclease and exonuclease functions: ExoIII specifically cuts the AP site on dsDNA and then
continues to degrade downstream nucleotides (nt) from the AP site in the 3′-to-5′ direction.

information was obtained from NCBI (https://www.ncbi.
nlm.nih.gov/). Multiple sequence alignment was performed
with Expresso (a multiple sequence alignment server), an
alignment method through structural information and T-
Coffee multiple sequence alignment software (http://tcoffee.
crg.cat/) available online.

RESULTS

Recognition of the AP site by two aromatic residues and the
multiple functions of ExoIII

ExoIII is folded into a four-layered structure in which the
two inner layers consist of six-stranded �-sheets and the two
outer layers are made of two sets of three and four �-helices,
respectively (6). The results of a structural study indicated
that ExoIII binds to DNA by contacting the �M helix with
the major groove on the 3′ side of the substrate. The active
site is located at the bottom of the valley between the two
�-sheets. The polar residues of the active site coordinate a
series of ordered water molecules via a hydrogen bond net-
work, permitting a carboxylate in Asp151 to alter its pKa
for protonation of the O3′ leaving group, thus triggering a
nucleophilic attack on the P-O3′ bond for cleavage (6). The
single point mutation D151N of ExoIII makes the enzyme
catalytically inactive (10). The catalytic core domain of Ex-
oIII is evolutionarily adopted to higher organisms as the
structural framework of AP endonucleases. For example,
the human homolog APE1 serves as the main 5′ AP endonu-
clease in the BER pathway.

Structural and biochemical studies (6,32,42) found that
Trp212 at the active site is important for recognizing the
AP site due to the aromatic stacking interaction between
Trp212 and the sugar ring at the AP site shown in the in
silico model (10) in Figure 1A. The model was constructed
by using the MultiSeq function of VMD (39) and visual-
ized by UCSF ChimeraX (40,41). A similar aromatic stack-

ing interaction was also demonstrated in the sugar stack-
ing of functional RNAs (43). Through site-specific recogni-
tion, ExoIII first cleaves the AP site of the DNA substrates
and then subsequently degrades the 3′ strand of double-
stranded DNA (dsDNA) via exonuclease activity in the
3′-to-5′ direction (Figure 1B). Interestingly, two consecu-
tive aromatic residues, Trp212 and Phe213, are well con-
served across all three kingdoms of life, namely, bacteria,
archaea and eukaryotes (Supplementary Figure S1). W212
is located close to the AP site, whereas F213 is located one
amino acid apart from the AP site. In contrast, only the 213
aromatic residue is conserved in APE2 in eukaryotes, which
mainly exhibits exonuclease activity (Supplementary Figure
S1). We thus examined the different functions of the two
aromatic residues by making enzyme constructs with eight
different combinations for the positions, 212 and 213 using
Trp and Phe residues (i.e. WF, WW, FF and FW ExoIII pos-
sess two consecutive 212 and 213 aromatic rings; WA and
FA ExoIII possess only the 212 aromatic residue; and AF
and AW ExoIII possess only the 213 aromatic residue.).

One of the two aromatic residues, W212 or F213, is required
for AP endonuclease activity

To initiate the AP site-specific cleavage reaction, we con-
structed a partial duplex substrate with 4 nt ssDNA over-
hangs at both 3′ ends (top in Figure 2A) since 3′ ssDNA
overhangs longer than 4 nt are known to prevent the initi-
ation of exonuclease activity (44). The DNA substrate has
an AP site in the middle of the duplex, and a fluorescent
dye (Cy5) is attached to the 5′ end of the hydrolyzed strand.
This substrate was named AP-DNA. Upon the addition of
ExoIII to the AP-DNA in the presence of Mg2+, the reac-
tion begins with the cleavage of dsDNA at the AP site by
AP endonuclease and continues to degrade the hydrolyzed
strand from the 3′ end in the 3′-to-5′ direction by exonucle-
ase activity (Figure 2A).

https://www.ncbi.nlm.nih.gov/
http://tcoffee.crg.cat/
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Figure 2. The two consecutive aromatic residues (W212 and F213) in ExoIII participate in the recognition process of the AP site, and at least one of the
two is required for AP endonuclease activity. (A) Schematic of the DNA substrate (named AP-DNA) used to detect the AP endonuclease and exonuclease
activities by an electrophoresis degradation assay. (B) Four sets of two aromatic residues at positions 212 and 213 (e.g. WF, WW, FF and FW ExoIII), were
used to investigate the effect of each aromatic residue pair on the AP endonuclease and exonuclease activities. Product 1 and product 2 are the products of
AP endonuclease and exonuclease, respectively. (C) Degradation kinetics of product 1 and product 2 by the four variants used in B. (D, E) The constructs
with only the second aromatic ring (named AF and AW ExoIII) robustly showed both activities, but the constructs with only the 212 aromatic ring (named
WA and FA ExoIII) exhibited notable AP endonuclease activity but not exonuclease activity. (F) Degradation kinetics of product 1 and product 2 by the
six variants used in D and E. For experimental conditions, 5 nM (C and F) and 10 nM (B, D and E) proteins were used in the presence of 10 mM MgCl2.

Although a previous study showed that the F213W mu-
tant (i.e. WW ExoIII in B. subtilis of Supplementary Figure
S1) retains its AP endonuclease activity (45), other combi-
nation mutants have not been investigated. Therefore, we
tested four constructs with different combinations of the
two aromatic residues at the 212 and 213 positions in the
vicinity of the active site (i.e. WF, WW, FF and FW Ex-
oIII). All of their reactions resulted in cleavage at the AP
site (product 1 in Figures 2B, left of C and Supplementary
Figure S2) and a series of subsequent digestions due to ex-
onuclease activity (product 2 in Figures 2B, right of C and
Supplementary Figure S2). The results suggested that the
type of aromatic rings at both positions was not critical for
the two activities if two aromatic rings were present. To fur-
ther differentiate the effect of each position, either W212
or F213 was mutated to an alanine residue. Strikingly, both
AF and AW ExoIII (i.e. the constructs with only the 213
aromatic ring) showed robust AP endo- and exonuclease ac-
tivities (Figures 2D, F and Supplementary Figure S2). WA
and FA ExoIII (i.e. the constructs with only the 212 aro-
matic ring) exhibited notable AP endonuclease activity but
significantly reduced exonuclease activity (i.e. ∼82.5% and
∼100% reduction in product 2 for WA and FA ExoIII, re-
spectively, compared to the wild-type ExoIII) (Figures 2E,
F and Supplementary Figure S2). The relative AP endonu-
clease activity with AP-DNA was as follows: wild-type Ex-
oIII, the constructs with only the 213 aromatic ring, and the
constructs with only the 212 aromatic ring (i.e. WF, AF and
WA ExoIII in Supplementary Figure S3).

The F213 aromatic residue plays an important role in exonu-
clease activity

To evaluate exonuclease activity on only one side of both 3′
ends, we used a unilateral blunt-ended substrate, in which
the hydrolysable strand was labeled with Cy5 at the 5′ end
and the complementary strand was extended by 5 nt ssDNA
from the 3′ end opposite to Cy5 to prevent the initiation of

exonuclease activity (Figure 3A). This DNA substrate was
named blunt-ended DNA. The constructs with two rings
(i.e. WF, WW, FF and FW ExoIII) all showed 3′→5′ exonu-
clease activity (Figure 3B), but with different degrees of ac-
tivity (Figures 3B, D, Supplementary Figures S4A and C).
In contrast, the constructs with only the 213 ring (i.e. AF
and AW ExoIII) showed exonuclease activity, but the con-
structs with only the 212 ring (i.e. WA and FA ExoIII)
did not exhibit notable exonuclease activity on the blunt-
ended DNA (Figures 3C, Supplementary Figures S4B and
D). The time course assay of degradation revealed that the
constructs with only the 213 ring (i.e. AF and AW ExoIII)
possess much stronger exonuclease activity than wild-type
ExoIII (Figures 3E, F–I, and Supplementary Figure S4C).
In addition, alanine mutations at positions 212 and 213
(i.e. AA ExoIII) completely abolished AP endonuclease ac-
tivity (the last two lanes in Figure 2E) and exonuclease ac-
tivity (last lane in Figures 3C and Supplementary Figure
S4D). The spurious band (fifth lane) in Figure 3C turned
out to be due to weak degradation of the blunt-ended DNA
by 100 nM WA ExoIII (Supplementary Figure S4B). We
also found that the WA ExoIII has weak exonucleolytic ac-
tivity at a high enzyme concentration of 100 nM (Figures
3C and Supplementary Figure S4B) but not at 50 nM (Sup-
plementary Figure S4D). Overall, the constructs with only
the 213 ring (AF and AW ExoIII) possessed both AP endo-
and exonuclease activities (Figures 2D and 3C), whereas the
constructs with only the 212 ring (WA and FA ExoIII) pos-
sessed only AP endonuclease activity (Figures 2E and 3C),
indicating that the 213 aromatic residue is essential for ex-
onuclease activity.

The melting of the 3′ terminal base pair must occur prior to
cleavage

Next, we evaluated whether the melting of the 3′ terminal
nucleotides occurs before or after cleavage during exonucle-
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Figure 3. The second aromatic residue (F213) is indispensable for exonuclease activity. (A) Schematic of the DNA substrate (named blunt-ended DNA)
with a 5 nt ssDNA extension from the 3′ end opposite to Cy5 for the gel electrophoresis degradation assay. (B) The constructs with the four combinations of
aromatic residues at positions 212 and 213 (i.e. WF, WW, FF and FW ExoIII) were used to investigate the effect of each aromatic residue set on exonuclease
activity. (C) The constructs with only the second aromatic ring (AF and AW ExoIII) showed both AP endonuclease and exonuclease activities, but the
constructs with only the 212 aromatic ring (WA and FA ExoIII) exhibited only AP endonuclease activity, without any notable exonuclease activity. (D, E)
Degradation kinetics of blunt-ended DNA by the ExoIII variants as in B (D) and as in C (E). (F–I) Single-molecule degradation assay using blunt-ended
DNA and the wild-type WF, AF or AW ExoIII variants. (F) Schematics of the smFRET assay for measuring blunt-end DNA degradation by ExoIII
variants (WF AF and AW). Cy3 was labeled at the 5′ end of the nondegraded strand, and Cy5 is placed 20 bp away from Cy3. (G) smFRET histograms
before (gray) and after a 3-min reaction (blue). (H) A representative FRET time trajectory with 40 nM ExoIII variants (wild-type, AF and AW) and 10 mM
MgCl2. The yellow boxes show how the degradation time was measured. Green and red curves represent the donor and acceptor intensities, respectively,
and the blue curve represents the calculated FRET efficiency. (I) Degradation times with ExoIII variants (wild-type, AF and AW): wild-type, 58.8 ± 3.30
s; AF, 26.2 ± 1.52 s; AW, 29.3 ± 1.63 s (mean ± SEM). 10 mM Mg2+ and 50 nM ExoIII variants were used for degradation gel assay. 10 mM Mg2+ and
40 nM ExoIII variants were used for smFRET assay. For experimental conditions, 100 nM (B and C), 50 nM (D and E) and 40 nM (F–I) proteins were
used in the presence of 10 mM MgCl2.

olytic degradation. Gel-based degradation assays were per-
formed on partial duplexes at concentrations as low as 0.5
nM ExoIII (wild-type) to slow down degradation and dis-
criminate differences in degradation rates (Figures 4A and
Supplementary Figure S5). To further evaluate the above
process, three partial duplexes were created with 0, 1 and
2 mismatches (M) at the 3′ end of the ssDNA–dsDNA
(ss–ds) junction (Figure 4A, named 5′OPD, 5′OPD-1M
and 5′OPD-2M, respectively). The results showed that the
degradation of 5′OPD-1M was faster than those of 5′OPD
and 5′OPD-2M (Figure 4A), suggesting that 5′OPD-1M,
which underwent a premelting step prior to cleavage, is fa-
vorable for degradation. Taken together, the results show
that the melting of the 3′ terminal base pair must occur prior
to exonucleolytic cleavage, suggesting that the premelted 3′
end is not only a catalytically competent state but also an in-
termediate state before cleavage in the reaction coordinate.

To understand the difference in the degradation of 5′OPD
variants with and without mismatches by ExoIII, we used
a smFRET technique (Figure 4B). In single molecule as-
says, a catalytic D151N mutant (10) was used to prevent
DNA cleavage during the measurements (Supplementary
Figure S6). In a control experiment, it was confirmed that
the D151N ExoIII has a similar binding affinity to that of
the wild-type ExoIII by EMSA (Supplementary Figure S7).
The three partial duplexes were labeled 6 nt inside the du-
plex on the nonhydrolyzed complementary strand with a
FRET acceptor, Cy5 (named Cy5-labeled 5′OPD variants),

and ExoIII was labeled with a FRET donor, Cy3 (named
Cy3-labeled ExoIII), at the N-terminus via site-specific la-
beling by sortase (46). The FRET-time trajectories obtained
from the partial duplexes with 0, 1 and 2 mismatches at the
3′-end of the ss–ds junction (Figure 4C) showed different
binding and dissociation kinetics (Figure 4C) and FRET
values (Figure 4D). Histograms (Figure 4E) were prepared
using binding (toff) and dissociation (ton) times measured
from FRET-time trajectories and were fitted to single ex-
ponential decay (y = e −t/� ) to obtain characteristic decay
times of τ off and τ on. Kd then was calculated as in Supple-
mentary Figure S8E (47). The comparison of binding affini-
ties (dissociation constant, Kd) in the presence of 1 mM
MgCl2 for the 5′OPD variants revealed that ExoIII binds
more tightly to 5′OPD-1M than to 5′OPD and 5′OPD-
2M by 2.6-fold and 138-fold, respectively (Figure 4F). This
affinity tendency is also remained even at a higher MgCl2
concentration of 10 mM (Supplementary Figure S8). Over-
all, the 3′ single terminal melting at the ss–ds junction pro-
vides higher affinity for ExoIII to firmly cleave the 3′ termi-
nal bases.

The sequence selectivity of ExoIII has been reported for
dsDNA with a 5′ ssDNA overhang (48) and for the blunt-
ended DNA (49), but the mechanism of the melting capabil-
ity by ExoIII is not well understood. We tested whether the
removal of the 3′-terminal nucleotide requires induced melt-
ing of the 3′-terminal pair. We compared the rates of DNA
degradation by 3′-terminal stability using 3′OPDs with C:G
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Figure 4. The melting of 3′ terminal nucleotides prior to cleavage is a catalytically competent state and essential intermediate required for the exonucleolytic
degradation catalyzed by ExoIII. (A) The degradation of 5′OPD-1M is faster than that of 5′OPD and 5′OPD-2M, suggesting that melting of the 3′ terminal
base pair must occur prior to cleavage. (B) Experimental schematic before (left) and after (right) binding to the Cy5-labeled DNA substrate by Cy3-labeled
ExoIII. (C) Representative FRET-time trajectories showing the binding events of ExoIII to three DNA substrates: 5′OPD (top), 5′OPD-1M (middle) and
5′OPD-2M (bottom) in the presence of 1 mM MgCl2 (also see 10 mM MgCl2 in Supplementary Figure S8). (D, E) Histograms of FRET (97 170 and 298
traces were used to build FRET histograms of 5′OPD, 5′OPD-1M and 5′OPD-2M, respectively) (D) and binding and dissociation times (E) for 5′OPD
(left), 5′OPD-1M (middle) and 5′OPD-2M (right). (F) Binding affinity (dissociation constant, Kd). Kd was calculated as Kd = koff/kon, where koff and
kon are obtained from single-exponential decay fitting on the distributions of binding and dissociation times. For experimental conditions, 1 nM Cy3-
labeled ExoIII(D151N) in the presence of 1 mM MgCl2 was used with the time-resolution of 100 ms for smFRET assays (B–F). Due to weaker affinity in
the presence of 10 mM MgCl2, different concentrations of Cy3-labeled D151N ExoIII (5 nM protein for 5′OPD and 5′OPD-1M and 20 nM protein for
5′OPD-2M) were used with the time-resolution of 50 ms for smFRET assays (see Supplementary Figure S8).

or C:I at the 3′ terminal pair of the ss–ds junction (Supple-
mentary Figure S9A). If the induced melting is required, the
weaker pair (i.e. C:I) should be degraded faster. The stabil-
ity dependence in the degradation kinetics (Supplementary
Figure S9B) suggested that the 3′ terminal melting is indeed
required for the removal of 3′-terminal nucleotides. Based
on the crystal structure, highly conserved Y215 near the 3′
terminal pair at the ss–ds junction was a good candidate

to serve as a wedge that can be used to unstack the 3′ ter-
minal nucleotide (Supplementary Figure S10A). We tested
the exonucleolytic activity of the Y215A mutant (Supple-
mentary Figure S10A) for AP-DNA (Supplementary Fig-
ure S10B) and blunt-ended DNA (Supplementary Figure
S10D). Consequently, the Y215A mutation reduced the ex-
onucleolytic activity for AP-DNA but completely abolished
it for blunt-ended DNA (see product 2 for AP-DNA in
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Supplementary Figure S10B-C and final product for blunt-
ended DNA in Supplementary Figure S10D, E). This data
suggests that Y215 is to some extent involved in the unstack-
ing of the 3′-terminal nucleotide.

F213 stabilizes the melted state of the 3′ end of the hy-
drolysable strand

The aromatic residues at the two positions, 212 and 213,
are important for the recognition of AP sites (Figure 2), but
their effect on exonuclease activity is unknown. In particu-
lar, the removal of the 213 aromatic residue, entirely abol-
ishes exonuclease activity (last three lanes in Figure 3C). In
addition, close examination of the in silico structure (Fig-
ure 1A) suggested that F213 could interact to stabilize the
3′ terminal nucleotides opened by the melting or fraying. We
thus hypothesized that F213, which is in the vicinity of the
ss-ds junction, might be involved in the stabilization of the
melted 3′ terminal nucleotides during exonuclease activity.
If this hypothesis is true, the binding affinity of AF ExoIII
to 5′OPD-1M would be higher than that of other mutants
to 5′OPD-1M.

To test this hypothesis, we measured the binding affin-
ity of the constructs with only the 212 ring (WA/D151N
ExoIII) and only the 213 ring (AF/D151N ExoIII) to
5′OPD-1M by a single-molecule binding assay. The fluo-
rescent labeling scheme for measurements was the same as
that in Figure 4B. Representative smFRET trajectories of
AF/D151N ExoIII and WA/D151N ExoIII showed that
the time bound to 5′OPD-1M was longer than that bound
to 5′OPD (Figure 5A and B). Consistently, the difference in
Kd between 5′OPD-1M and 5′OPD at the 3′ end of the ss-ds
junction was ∼7-fold for AF ExoIII (Figures 5C and Sup-
plementary Figure S11) and ∼3.1-fold for WA ExoIII (Fig-
ures 5D and Supplementary Figure S11). The affinity of the
AF ExoIII to intact 5′OPD was ∼8.7 times stronger than
that of the WA construct (Figure 5E), whereas it was ∼2.5
times higher than that of the WF construct (wild-type). In
contrast, the affinity of the AF ExoIII for 5′ OPD-1M, rep-
resenting a catalytically competent intermediate state, was
∼20 times higher than that of the WA ExoIII (Figures 5E
and Supplementary Figure S11), whereas it was ∼7 times
stronger than that of the WF ExoIII (wild-type). The higher
affinity of AF ExoIII suggests that indeed, the 3′ end is sta-
bilized by the F213 aromatic residue, upon thermal melt-
ing of the 3′ end. In contrast, the AA mutant showed a Kd
value of ∼1.3 �M with 5′OPD-1M, which was more than
∼3 orders of magnitude lower than the AF mutant with a
Kd value of ∼0.58 nM (green in Figure 5E and Supplemen-
tary Figure S12).

For the 3′ end to remain melted prior to cleavage, the
DNA substrate is further stabilized via phosphate-interacting
residues

The fact that the 2 nt premelted 5′OPD-2M was poorly de-
graded by ExoIII compared to 5′OPD-1M and 5′OPD (Fig-
ure 4A) indicates that the second phosphate after the 3′ ter-
minal base should remain at the positions of the B-form
helix of the duplex. An in silico model of ExoIII (Figure
6A) suggested that a series of amino acid residues (i.e. R90,

Y109, K121 and N153) could interact with and stabilize the
first and second phosphates during the melting process of
the 3′ terminal bases. The four protein residues were thus
mutated to alanine, and the effect of these mutations on AP
endonuclease and exonuclease activity was tested.

All four ExoIII mutants exhibited AP endonuclease ac-
tivity against AP-DNA (Figure 6B and Supplementary Fig-
ure S13) but did not show exonuclease activity against
blunt-ended DNA (Figure 6B, C and Supplementary Figure
S13). Overall, the data suggested that the melting of the 3′
terminal nucleotides should precede cleavage, while the po-
sition of the second phosphate or the positions of both the
first and second phosphates remain within the B-form he-
lix of the duplex. The fact that all the phosphate-stabilizing
residues (i.e. R90, Y109, K121 and N153) were indispens-
able for exonuclease activity indicated that the 1 nt melting
of the 3′ end is a key intermediate leading to the catalytically
competent state for cleavage.

The mechanistic model of multifunctional ExoIII with AP
endo- and exonuclease activity

At least one of two aromatic residues (W212 or F213) is
needed for AP endonuclease activity. In the absence of both
aromatic residues, ExoIII cannot cleave AP sites as an AP
endonuclease and cannot degrade the 3′ strands of dsDNA
as an exonuclease (last lanes in Figures 2E and 3C). How-
ever, when the 212 aromatic residue alone (i.e. WA and FA)
is present, ExoIII acts as an AP endonuclease but not as
an exonuclease (Figures 2E, F, 3C, E, and Supplementary
Figure S4), whereas when the F213 aromatic residue alone
(i.e. AW and AF) is present, ExoIII functions as both an AP
endonuclease and an exonuclease (Figures 2D, F, 3C and E).

In our model (Figure 7), the first and second aromatic
residues at positions 212 and 213 participate in the recogni-
tion of AP sites (left of Figure 7A), whereas the aromatic
residue at 213 participates in not only the recognition of
the AP site for AP endonuclease activity but also the sta-
bilization of the 3′ terminal melting at the ss–ds junction
for exonuclease activity (Figure 7B). For exonuclease activ-
ity, melting of the 3′ end is a prerequisite as a catalytically
competent intermediate state that facilitates exonucleolytic
cleavage (Figure 7B). The melted state of the 3′ end by ther-
mal or induced fraying should be stabilized by the F213
aromatic residue regardless of the presence of the first aro-
matic residue (W212), and the B-form helix of the partial
duplex except the 3′ terminal should be stabilized by a se-
ries of phosphate-stabilizing residues (R90, Y109, K121 and
N153) for exonuclease activity (right of Figure 7A).

DISCUSSION

Here, we aimed to identify which residues of ExoIII, which
has one active site, control the multifunctional AP endonu-
clease and 3′→5′ exonuclease enzymatic activities of this en-
zyme. Given the cleavage ability of this enzyme, the key to
controlling the multifunctional activity at the amino acid
level is (i) the presence of two residues W212 and F213 at
the AP site to allow redundancy in the case of the mu-
tation of one of the two residues and (ii) stable retention
of the 3′ melted state as a catalytically competent state by
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Figure 5. The aromatic residue F213 in the vicinity of the ssDNA–dsDNA junction is involved in the stabilization of the melted 3′ terminal nucleotides
during exonuclease activity. (A, B) Representative FRET-time trajectories for AF ExoIII (A) and WA ExoIII (B). (C, D) Comparison of Kd of 5′OPD and
5′OPD-1M for AF ExoIII (C) and WA ExoIII (D). (E) Comparison of Kd of WF, AF, WA and AA ExoIII on 5′OPD (left) and 5′OPD-1M (right). The
higher affinity of AF ExoIII suggested that the 3′ end is stabilized by the second aromatic residue, F213, upon the melting of the 3′ end. Experimental
conditions were the same as in Figure 4.

Figure 6. DNA-binding residues (R90, Y109, K121, N153) interact with and stabilize the second phosphate to keep the DNA duplex in a B-form helix
while maintaining the melting of the 3′ terminal bases. (A) In silico model of ExoIII showing phosphate-interacting residues (green). (B, C) Assessment of
AP-DNA (B) and blunt-ended DNA (C) degradation by four single amino acid mutants of ExoIII with the electrophoresis degradation assay. The mutation
of one of the four residues to alanine, which stabilizes the first and second phosphates along the DNA backbone near the B-form DNA helix, abolishes
exonuclease activity but not AP endonuclease activity, indicating that the 3′ end melted state is a key intermediate leading to the catalytically competent state
for exonucleolytic cleavage. (D, E) Degradation kinetics of AP-DNA (D) and blunt-ended DNA (E) by the ExoIII variants. For experimental conditions,
10 nM (B) and 100 nM proteins (C) were used in the presence of 10 mM MgCl2.
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Figure 7. Model of multifunctional ExoIII with AP endonuclease and 3′-to-5′ exonuclease activity. (A) For AP endonuclease activity (left), at least one
of two aromatic residues (W212 or F123) is needed. For exonuclease activity (right), melting of the 3′ end is a prerequisite as a catalytically competent
intermediate state that facilitates exonucleolytic cleavage. The melted state of the 3′ end by thermal or induced fraying should be stabilized by the first and
second aromatic residues (W212 and F213), and the B-form helix of the partial duplex, while the 3′ terminal should be stabilized by a series of phosphate-
stabilizing residues (R90, Y109, K121 and N153) for exonuclease activity. (B) When only the 212 aromatic residue (W212) is present, as in WA ExoIII,
only AP endonuclease activity occurs, whereas when only the second aromatic residue (F213) is present, as in AF ExoIII, both AP endonuclease and
exonuclease activities occur, suggesting that F213 is essential for exonuclease activity.

F213, providing additional time for ExoIII to cleave the 3′
end. The fact that the two aromatic residues were very well
conserved among species, as shown in the protein sequence
analysis (Supplementary Figure S1), showed that they are
evolutionarily important for AP endo- and exonuclease ac-
tivities. In short, the F213 (second aromatic residue) not
only serve as a ’spare-tire’ of endo-activity (Figure 2D) when
the W212 (first aromatic residue) is mutated to nonaro-
matic residues (see successive aromatic residues in purple
in Supplementary Figure S1) but also plays a key role in
exo-activity (third and fourth lanes in Figure 3C).

By understanding the mechanism of multifunctionality
within a single active site, we can provide opportunities to
engineer biological enzymatic activity. We successfully en-
gineered the multiple functions of ExoIII either to result
in AP endonuclease activity alone or to improve exonucle-
ase activity. First, to induce AP endonuclease activity alone,
similar to human APE1, one of the key residues for exonu-
clease activity (i.e. F213, R90, Y109, K121 and N153) was
mutated to prevent the stabilization of the exonucleolytic
melted state of the 3′ end. As a result, all of the mutants
showed robust AP endonuclease activity but not exonucle-
ase activity. Second, by removing the 212 aromatic residue
at position 212, the AF and AW mutants became more effi-
cient exonucleases than wild-type ExoIII (Figure 3D), sug-

gesting that the mutants with only the second aromatic ring
may stabilize the 3′ melted terminal bases better than wild-
type ExoIII.

In conclusion, we elucidated the mechanism of ExoIII
and decoupled its multifunctional activity at single amino
acid resolution. We found that, regardless of the type, at
least one of the two aromatic residues, W212 or F213, is
essential for AP endonuclease activity, whereas the second
residue, F213, participates in the stabilization of the melted
state of the 3′ end to form a catalytically competent state
for exonuclease activity. We also found that maintaining
the second phosphate positions in the B-form helix along
with the melted 3′ end is also important to provide enough
time for ExoIII to cleave the 3′ end of the hydrolysable
strand.
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transcriptase complexed with an inhibitor. Science, 256, 1783–1790.
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