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flaps during the maturation of Okazaki fragments. Here, we review our research primarily applying
single-molecule fluorescence to resolve important mechanistic aspects of human FEN1 enzymatic reac-
tion. The methodology presented in this review is aimed as a guide for tackling other biomolecular enzy-
matic reactions by fluorescence enhancement, quenching, and FRET and their combinations. Using these
methods, we followed in real-time the structures of the substrate and product and 5’ flap cleavage during
catalysis. We illustrate that FEN1 actively bends the substrate to verify its features and continues to mold
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DNA Polymerase & it to induce a protein disorder-to-order transitioning that controls active site assembly. This mechanism
Single-molecule fluorescence suppresses off-target cleavage of non-cognate substrates and promotes their dissociation with an accu-
FRET racy that was underestimated from bulk assays. We determined that product release in FEN1 after the
PIFE 5’ flap release occurs in two steps; a brief binding to the bent nicked-product followed by longer binding
Fluorescence enhancement to the unbent nicked-product before dissociation. Based on our cryo-electron microscopy structure of the
Fluorescence quenching human lagging strand replicase bound to FEN1, we propose how this two-step product release mecha-

nism may regulate the final steps during the maturation of Okazaki fragments.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The rectification of aberrant structures generated during DNA
replication and repair is indispensable for maintaining genomic
integrity. This crucial task is carried out by several families of
structure-specific nucleases among which is the structure-
specific 5’ nuclease family. The members of this family play an
important role in the resolution of diverse range of aberrant DNA
whose only common attribute is single-stranded/double-stranded
(ss/ds) junctions: nicks, gaps, flaps, bubbles and four-way junc-
tions. These toxic structures are highly common pathway interme-
diates in replication, repair, recombination, noncoding RNA
removal and transcription termination in organisms spanning from
bacteria to humans. How 5’ nucleases achieve their catalytic selec-
tivitiy by relying mainly on the contours of their substrates is a
thought-provoking question. Pertinent to this question is the
observation that even minor variations in the substrate entice
extreme catalytic variability. Thus, whereas sequence-based speci-
ficity explains part of the fidelity of DNA replication, key informa-
tion is still missing about the mechanism controlling the precise
accuracy by which the structure-based excision occurs.

5 nucleases are highly conserved endo- and/or exo-nucleases
that hydrolyze phosphodiester bonds situated 5’ end of ss/dsDNA
junctions (Fig. 1A) [1-4]. This unified site of cleavage of diverse
DNA structures is mediated by sharply bending the DNA at the ss/
dsDNA junctions to position the scissile phosphate near the metal
ions of the active site (Fig. 1B). Furthermore, for some family mem-
bers; catalysis has been shown to require changes in the protein con-
formation in order to assemble the active site [5-12] and to position
the scissile phosphate closer to the catalytic metal centers [6,7,10-
12]. Different 5’ nuclease family members are proposed to utilize
superfamily-conserved and unique structural features to interact

FEN1 cleavage reaction

with and interrogate the bent DNA conformer. Better understanding
of the mechanism of 5’ nucleases would require the characterization
of the conformational changes of both DNA and protein and the con-
trol mechanisms for the selection or the induced-fit that lead to an
exquisite catalytic selectivity. Additionally, it is important to under-
stand how the interactions of 5’ nucleases with partner proteins in
various DNA repair pathways recruite the nuclease and influence
its substrate recognition and cleavage.

Here, we present a timely review of the status of the field of sin-
gle molecular investigations of an important 5 nuclease namely
flap endonuclease 1 (FEN1) using single-molecule Forster reso-
nance energy transfer (SMFRET) and fluorescence modulations
methods. Recently, this extensive single-molecule work together
with previous ensemble kinetics and structural investigations elu-
cidated the reaction pathway of FEN1 and the conformational
dynamics of its associated DNA substrates. These key findings are
instrumental for the understanding of the catalysis and regulation
of FEN1 in many DNA transactions. Moreover, we review our
recent cryo electron (Cryo-EM) structure of Pol 5~-DNA-PCNA-FE
N1 complex which has broad implications for lagging strand DNA
synthesis. The present work offers a guideline to the use of
single-molecule techniques to investigate similar molecular sys-
tems that can bend, modify and process DNA.

Besides, the Introduction and Conclusion sections, this review is
organized according to the main checkpoints along the reaction
pathway of FEN1 and the respective underlying experiments as
follows:

1.1. Single molecule fluorescence techniques

Single-molecule fluorescence is becoming increasingly popular
for investigating biomolecular reactions [13-16]. Fluorescence
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Fig. 1. The recognition and cleavage of the cognate substrate by FEN1. (A) Flap equilibration results from the complementarity of the downstream and upstream primers to
the template generating an equilibrating double flap (DF) and single flap (SF). FEN1 recognizes the equilibrating DF substrate and incises the ss-dsDNA substrate one
nucleotide into the junction thus generating a sealable nick. (B) The cap-helical gateway, where the active site and the 3’ flap binding pocket are located, is largely disordered
before FEN1 binding to DNA (1UL1.pdb) [74], and becomes ordered upon DNA binding (5UM9.pdb) [67]. In the substrate complex, the DNA is bent at the junction by ~100°

angle and the 5’ flap is threaded into the cap-helical gateway.
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detection can be performed under ambient conditions of aqueous
media and room temperatures. The popularity of this technique
increased by the improvement of the signal-to-background ratio
due to the advent of photostable synthetic dyes such as Cy3 and
Cy5, which can emit 10°-10° photons before photobleaching [17].
Single-molecule techniques have several advantages including
the revelation of population distributions masked by ensemble
averaging, exploration of hidden heterogeneity and direct observa-
tion of dynamical state changes arising from photophysics and
photochemistry, without the requirement for synchronization [18].

Based on the mode of sample illumination and emission collec-
tion, single-molecule fluorescence detection can be broadly
divided into two main techniques; namely confocal and wide-
field, that have been devised to minimize out-of-focus background
from the surroundings [18]. Confocal microscopy applies pin-holes
in the excitation and emission pathways to restrict the excitation
volume below the diffraction-limit and perform point-by-point
detection of the fluorescence bursts from the individual molecules
diffusing in and out of the detection volume using photodiodes at
high temporal resolution up to sub-millisecond [19,20]. In wide-
field microscopy, total-internal reflection (TIR) circumvents the
background from solution by exciting the molecules at the surface
[21,22]. The temporal resolution is limited to few tens of millisec-
onds, however trajectories from hundreds of surface-immobilized
molecules can be recorded per experiment [23,24]. Recently, tem-
poral resolutions on the order of milliseconds were achieved by
applying stroboscopic excitation [25] and by using fast sSCMOS sen-
sors [26].

One of the widespread fluorescence detection methods in bio-
science is SMFRET, which is a spectroscopic technique for measur-
ing distances at the molecular level in the range of 1-10 nm [27].
SMFRET relies on the dipole-dipole coupling between two fluo-
rophores with spectral overlap resulting in radiationless energy
transfer between the two fluorophores [28]. The efficiency of
energy transfer is directly proportional to the distance between
the two fluorophores and may also be influenced by their orienta-
tion and the surrounding environment [29]. SMFRET is well-suited
for real time recording of biomolecular reactions undergoing struc-
tural changes at the single-molecule level and determining the
rates of the steps of biomolecular reactions [23]. However, SMFRET
requires the choice of an optimized FRET pair, detectable FRET
change, and stable acceptor.

Some fluorophores such as Cy3 and Cy5 are continuously inter-
changing between dim and bright states via cis-trans isomeriza-
tion [30]. The proximity of proteins to such dyes results in
distance-dependent enhancement of the fluorescence of the dye.
The single-molecule method based on the protein-induced fluores-
cence enhancement is termed (SMPIFE) [31]. SMPIFE has the
advantages of relying on a single fluorophore without the need
for protein labeling and of being sensitive to distances within the
range of 0-4 nm [32]. Both SMPIFE and SMFRET were employed
to investigate the catalytic steps of archaeal FEN1 [33], as well as
to detect the motion of helicases on RNA or DNA such as the
translocation activity of human Retinoic acid inducible-gene I
(RIG-I) on dsRNA [34] and DNA binding and translocation of
E. coli Rep [35]. This combination was also used to study the fila-
ment formation dynamics of E. coli RecA on ssDNA [36], the repet-
itive looping of the 5 ssDNA tail of the superfamily 1 bacterial
helicase (PcrA) [37], the interactions between E. coli DNA poly-
merase | and carcinogenic DNA adducts [38] and the dynamics of
the exonuclease proofreading activity in E. coli DNA polymerase
11 [39].

The foundation for the effect of proteins on isomerization and
consequently dye fluorescence was primarily based on either steric
hindrance [40] or contacts to specific residues of the protein with
the dye with minimal role of the DNA-dye structure [41]. However,
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the fluorescence properties of DNA-coupled cyanine dyes can be
influenced by several other variables including DNA sequence,
position of the dye and DNA structure [42,43]. In a recent study,
we presented a new single-molecule technique based on protein-
induced fluorescence quenching, which we refered to by SMPIFQ
[44]. It is note-worthy to mention that none of the known fluores-
cence quenching mechanisms [45-47] can explain the PIFQ effect.
The initial fluorescence state of the DNA-Dye complex can be influ-
enced by several molecular interactions such as steric hindrance
imposed by the DNA structure on the dye, electrostatic, hydropho-
bic, m-m stacking and hydrogen bonding [48,49]. Using a compre-
hensive library of oligomers with various sequences, fluorophore
positions and types, we illustrated that the DNA-dye structure dic-
tates the initial state and fluorescence lifetime of the DNA-coupled
Cyanine-dyes which in turn set the course for the fluorophore to
experience either enhancement or quenching by protein interac-
tions that disrupt the initial DNA-Dye structure. The relationship
between the initial and final fluorescence states can provide a sys-
tematic experimental layout to obtain either PIFQ or PIFE as
desired, which circumvents the present arbitrary nature for design
and control in PIFE experiments [44].

1.2. FENT1 role in the maturation of Okazaki fragments

FEN1 plays a fundamental role in the maturation of Okazaki
fragments. Synthesis of an Okazaki fragment is initiated by the
addition of 8-12 nt RNA primer by the primase subunit of DNA
polymerase alpha (Pol o) that is then extended by the Pol a-
polymerase subunit into a 30-35 nucleotide RNA-DNA primer
[50-52]. During the maturation of Okazaki fragments in lagging
strand synthesis, short ssSDNA or ssRNA 5’ flaps are generated by
the limited strand displacement activity of the lagging strand repli-
case DNA polymerase delta (Pol §) into the 5’ end of the previous
Okazaki fragment [53,54]. FEN1 recognizes and cleaves these flaps
in joint with Pol § by the coordination of proliferating cell nuclear
antigen (PCNA) sliding clamp [55-59]. FEN1 hydrolyzes the phos-
phodiester bond one nucleotide into the 5’ end of ss/ds-DNA junc-
tions (Fig. 1A) in order to generate a nick that can be subsequently
ligated by DNA Ligase 1 (LIG1) [2,60-62]. It is estimated that dur-
ing the cell cycle of mammalian cells nearly 50 million Okazaki
fragments need to be processed in order to generate contiguous
lagging strands [63]. Moreover, studies showed correlation
between FEN1 levels and tumor aggressiveness in cancerous cells
in human [64] leading to the investigation of FEN1 as a potential
therapeutic target in cancer [65,66].

The substrate and product complexes of FEN1 provided detailed
understanding of how FEN1 uses superfamily conserved and
unique structural features to interact and recognize its substrate
[6,67,68]. The 5’ flap substrate is formed of three strands, where
the annealing of the 5’-flap and the 3’-flap strands to the template
strand constitutes the down and upstream dsDNA regions, respec-
tively (Fig. 1A). The main structural/functional features of FEN1
include the helical gateway topped by the helical cap for the selec-
tion of ss-5'-flap substrates, the hydrophobic wedge between the
3’ flap binding site and the cap-helical gateway, and the helix-
2turn-helix (H2TH) motif that interacts with the downstream
DNA (Fig. 1B). The binding sites for dsDNA on either side of the
active site are spaced one helical turn apart thus imposing signifi-
cant bending (~100°) at the junction nick [6,67]. DNA bending pro-
vides a scaffold that allows FEN1 to interact and recognize the
various features of the junctions - fully paired nick junction, one
nucleotide 3’ flap and 5’ flap - and discriminates against continu-
ous dsDNA since FEN1 can’t bend dsDNA sharply. The 5’ nucleases
conserved helical gateway in FEN1 has a unique helical cap that
forms a narrow tunnel through which only ss-5'-flap with free
end can thread [6,69-72] (Fig. 1B). The 5 flap threading is required
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Fig. 2. DNA bending by FEN1 in the presence of Ca?* for non-equilibrating (NonEQ) and equilibrating (EQ) DF substrates. (A) Flap-labeling scheme, the donor is positioned at
the 5 flap end and the acceptor is at the upstream of the nick. FEN1 bends the DNA thus increases the distance between the donor and acceptor and consequently decreases
FRET (lower panel). (B) Internal labeling-scheme, the donor and acceptor are at the downstream and upstream of the nick, respectively. Upon DNA bending by FEN1, the
distance between the two fluorophores decreases resulting in the increase of FRET (lower panel). The substrates used in A and B are NonEQ DF, where FEN1 forms a stable
bent DNA complex. (C) Representative time trace of FEN1 bending EQ DF shows the formation of less stable bent DNA complex. The dwell times Tpending and Tunpending Of the
bent and unbent states are marked by purple and blue, respectively. (D) The histograms of the dwell times in the unbent and bent states were fitted to single-exponential
decay functions to generate Kyending (1/Tunbending) aNd Kunbending (1/Tbending)» respectively. The association rate constant (Kon-pending) is calculated from the slope of the linear fit
0f Kpending versus FEN1 concentration. The dissociation rate constant (Ko unbending) is the intercept of the y-axis of the linear fit to Kunbending: Ka = Koff-unbending/Kon-bending. The
error bars of Kpending and Kunpending represent the standard error of the exponential fit. The errors of the association and dissociation constants are the standard errors of the
linear fit. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

to guide the scissile phosphate into the active site. In the absence
of DNA, the 3’ flap binding pocket and the cap-helical gateway that
include catalytically-indispensable residues are largely disordered
[67,68]. However, on 3’ flap binding the cap-helical gateway and
the 3’ flap binding pocket undergo a disorder-to-order transition
thus proposing DNA-induced ordering of the cap-helical gateway
as a mechanism that couples 3’ flap recognition and positioning
of the nick junction and the 5’ flap with assembly of the active site
and licensing of cleavage [6,73,74] (Fig. 1B).

Several single-molecule fluorescence studies from our group
have been a cornerstone in connecting the pieces of information
from static X-ray crystal structures and bulk methods to provide
an unprecedented level of detail to the kinetics and mechanism
of FEN1 reaction [44,72,75]. Recently, we solved the first structure
of the human Pol 3-DNA-PCNA-FEN1 complex thus revealing var-
ious mechanistic aspects of the maturation of Okazaki fragments
[76]. Collectively, these studies unraveled the underlying kinetic
schemes for DNA bending, protein disorder-to-order transition,
active-site assembly, and 5’ flap incision. In this review, we discuss
the application of complementary single-molecule fluorescence
techniques: PIFE, PIFQ and FRET to investigate an entire biomolec-
ular reaction from the instance of encountering the substrate by
the enzyme until the final step of product release exemplified by
FEN1 on the ss-dsDNA junction substrate. In addition, we present
the interactions between individual components of the Pol 5-DN
A-PCNA-FEN1 complex obtained by Cryo-EM microscopy. The
methodology presented in this review is aimed as a guide for tack-
ling other biomolecular enzymatic by PIFE, PIFQ and FRET and their
combinations.

2. Monitoring DNA bending and 5’ flap cleavage
2.1. Substrate labeling and experimental conditions

The double flap (DF) substrate discussed throughout this review
has 6 nucleotide 5 flap and a single nucleotide 3’ flap and is
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denoted as DF-6,1. The DF-6,1 substrate is classified according to
the complementarity of the 3’ flap to the template into “equili-
brated” (EQ DF-6,1), where the 3’ flap is complementary to the
template (Fig. 1A), and “non-equilibrated” (NonEQ DF-6,1) with
no complementarity. For the detection of the conformational
changes by SMFRET, we select either flap- or internal-labeling
scheme for these substrates. The respective labeling scheme will
be denoted as a subscript after the name of the substrate. Both sub-
strates have a biotin moiety for the immobilization via biotin/neu-
travidin linkage onto the surface of a functionalized glass coverslip.
The imaging is performed on a custom-built objective-based TIRF
setup |77] in buffer containing either CaCl, or MgCl, for DNA bend-
ing only or bending and 5’ flap cleavage, respectively [75].

In the flap-labeling scheme (NonEQ DF-6,1g,p), the donor (Cy3)
is attached via phosphoramidite linkage to the 5’ end of the 5’ flap
and the acceptor (Alexa Fluor 647) is linked to a base upstream of
the nick junction in the template strand (Fig. 2A) [71]. This scheme
reports on DNA bending and 5’ flap threading in the presence of
Ca?*. In the presence of Mg?*, it will additionally report on 5’ flap
release indicated by the disappearance of the donor signal upon
cleavage. However, the flap-labeling scheme does not provide
any further information about FEN1 interaction with the nicked
DNA product. The FRET efficiency time traces show that the sub-
strate prior to FEN1 binding is in a single high FRET conformer.
DNA bending and 5’ flap threading are manifested by the increase
in distance between the 5’ flap and the upstream duplex leading to
decrease in FRET efficiency (Fig. 2A, lower panel). The anti-
correlated intensity fluctuations of the donor and acceptor emis-
sion signals in the SMFRET traces arise from the distance-
dependent energy transfer from donor to acceptor. In the presence
of Ca?*, FEN1 forms a stable complex with the bent DNA
conformer.

In the internal-labeling scheme (NonEQ DF-6,1 yternal), both the
donor (Cy3 replacing a base) and the acceptor (Alexa Fluor 647)
linked to a base are in the template strand and positioned at the
downstream and upstream of the nick, respectively (Fig. 2B). The
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internal-labeling scheme reports on DNA bending in the presence
of Ca®". It can also monitor the steps subsequent to 5’ flap release
such as the binding to the nicked duplex product in the presence of
Mg?*. In this scheme, DNA bending results in the increase of FRET
due to the decrease in distance between the donor and acceptor
(Fig. 2B, lower panel). The FRET efficiency time traces also show
that the substrate prior to FEN1 binding is in a single conformation
and forms a stable bent substrate complex with FEN1.

2.2. FEN1 actively bends the DNA with near diffusion-limited kinetics

Using SMFRET, we show that the substrate alone exists as a sin-
gle FRET conformer and that FEN1 recognizes and actively bends
the substrate into the distorted bent conformation (Fig. 2A and
2B) [72]. There is an ongoing debate of whether upon DNA damage
recognition, the conformational distortion occurs via protein cap-
turing of a particular conformer (conformational selection) or pro-
tein active molding of DNA into a distorted conformation.
Throughout our experiments, we only observed a single conformer
for the DF substrate. Also, we did not detect any other conformer
even by increasing the temporal resolution to sub-millisecond by
applying confocal microscopy on freely-diffusing substrate. Apply-
ing burst variance anaylsis (BVA) and photon-by-photon hidden
Markov modeling (H*MM) methods, we only observed a single
conformer [78]. On the other hand, we tried slowing down confor-
mational changes in DNA by increasing divalent ion concentration
and obtained the same outcome. Our molecular dynamics (MD)
simulations showed that the most energetically favorable con-
former of DF-6,1 is the extended form (~165°). A steep energy bar-
rier of ~ 14 kcal/mole is required to break the base stacking in the
extended conformer and bend the DNA [72]. There is a possibility
that conformational transitions in DNA may exist at the nano or
picosecond regime, which is far beyond the realm of the currently
available temporal resolution for single-molecule detection.

Active DNA distortion has been also reported in other structure-
specific DNA repair enzymes. Both BVA and photon-by-photon
(H2MM) methods [78], and free MD simulations showed that the
nick substrate behaves similarly to flap substrates and is actively
bent by another member of the 5 nucleases super-family, the
human mismatch repair exonuclease 1 (EXO1) [72]. The human
xeroderma pigmentosum group G (XPG) protein which is essential
for efficient processing of unpaired (bubble) regions in nucleotide
excision repair [79,80], unstacks, and sculpts duplex DNA of bubble
substrates into strongly bent structures [81]. In addition, human
apurinic/apyrimidinic endonuclease 1 (APE1) which is critical for
repairing oxidative DNA lesions in the base excision repair path-
way [82,83], performs DNA sculpting mechanism and protein-
imposed structural adjustments of the DNA substrate to recognize
and accommodate several diverse DNA substrates into its active
site [84].

Other structure-specific DNA repair enzymes exploit conforma-
tional dynamics in their substrate recognition mechanisms.
Human Holliday junction 5’ flap endonuclease (GEN1), a member
of the 5 nucleases super-family, was shown to capture one of
the interchanging Holliday junction (HJ) conformers followed by
active distortion and resolution of the HJ [85]. Similar mechanism
was reported for other H]J resolvases, where conformational selec-
tion still continued during the initial enzyme binding [86]. DNA
binding proteins such as Rad4/XPC in human exploits the confor-
mational dynamics of their substrates for DNA mismatch recogni-
tion and binding [87]. The E. coli DNA polymerase I (Pol I)
recognizes and binds to the gapped DNA substrate and polymerizes
across the gap [88]. It was reported that gapped DNA substrate
undergoes rapid interconversions between stacked and unstacked
states, where the unstacked conformations exhibit increased fray-
ing of 1-2 nt around the gap and adopt a more bent structure. The

4460

Computational and Structural Biotechnology Journal 19 (2021) 4456-4471

weaker base stacking in gapped structures increases the impor-
tance of backbone electrostatic repulsion and shielding from
cations resulting in an average increase in bending around the
gap. Thus, the bending of gapped structures could be interpreted
by either the increased flexibility of unstacked structures or the
transient unstacking events, or a combination of both [78]. This
finding led to the proposal of a two-step mechanism for
substrate-recognition by structure-specific DNA binding enzymes
as Pol I, where the substrate is bound in an initial conformational
selection step detecting the increased flexibility of the DNA fol-
lowed by an ‘on-protein’ conformational search, in both the protein
and DNA [89].

However, addressing the relevance of conformational sampling
versus active distortion requires consideration of the higher order
chromatin structure and the functioning of these nucleases within
the context of other components in the biological reaction. For
example, the recent structure of Pol & bound to DNA and its proces-
sivity clamp PCNA showed that Pol & interacts with the 5’ ssDNA
template exiting the active site and bends it by 90° [76]. Further-
more, FEN1 binds PCNA right across the template strand [76] sug-
gesting that it might be actively picking up a bent DNA from Pol .

Interestingly, the time traces show transitioning in the equili-
brated junction (EQ DF-6,1jyeema) in contrast to the non-
equilibrated junction (Fig. 2C) [72], indicating the reduced stability
of the bent conformer suggesting the dissociation of the 3’ flap
from the 3’ flap-binding pocket and the 3’ flap pairing to the tem-
plate strand before FEN1 can rebind to it. Nonetheless, both sub-
strates are cleaved with equal activities as discussed below. The
transitioning in the case of equilibrated junction allowed us to cal-
culate the DNA bending association (Kon-pendging) and dissociation
(Koff-unbending) Tate constants (Fig. 2D) [72]. The results show that
FEN1 bends the DNA with near diffusion limited kinetics.

2.3. FEN1 always cleaves the 5' flap after DNA bending

Replacing Ca?* with the catalytically active Mg?* in the flap
labeling scheme allows for monitoring the reaction up to 5’ flap
release (Fig. 3A) [72]. The Cy3 donor is generally stable for several
minutes under our experimental conditions. In order to confirm
that the loss of donor particles is due to 5’ flap cleavage and not
due to donor photobleaching, we quantified the donor loss in the
presence of Mg?* in comparison to Ca®*. We found that in the case
of Mg?*, the donor loss was much higher than that in Ca®* and coin-
cided with the entry of FEN1 into the flow cell. Also, the donor loss
in presence of Mg?* unlike Ca®* was preceded by DNA bending con-
firmed by clear anti-correlation between the donor and acceptor
intensities [72]. The FRET time trace of NonEQ DF-6,1p,, shows
short DNA bending (E ~ 0.48) dwell time, as indicated by the
anti-correlated donor and acceptor intensities, prior to the incision
concluded by a single-step loss of signal from both donor and
acceptor due to the 5’ flap release (Fig. 3B) [72]. The change in flu-
orescence upon FEN1 binding is significantly distinguishable from
noise and can be reliably assigned to either FRET or PIFQ, as
described below [44]. Notably, every DNA bending event results
in a successful cleavage reaction producing 5’ flap ssDNA and
nicked dsDNA as observed also in EQ DF-6,1,;, (Fig. 3C) [72]. The
probability density plot of the distributions of the dwell time
before cleavage (Tpending-riap) ©f NonEQ and EQ DF-6,1 showed that
both substrates are cleaved with similar kinetics (Fig. 3D & 3E)
[72]; this is consistent with findings from bulk cleavage assays
[75,90,91]. Hence, the 5’ flap release is instantaneous [55,72,91],
the single turnover rate for catalysis (ksyo) can be determined from
the inverse of the average dwell time prior to cleavage (ksto=1/
AVE Tpending-Fiap)- This Ksto includes DNA bending, protein ordering
for active site assembly, chemistry and 5’ flap release. The ksro
obtained from SMFRET cleavage was slightly slower than that from
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Fig. 3. FEN1 cleaves cognate substrate on the first encounter. (A) Schematic depicting DNA bending followed by the incision of the 5’ flap by FEN1 in the single-molecule
experiment. (B) Representative time trace (upper panel) shows DNA bending and loss of donor upon the first encounter of FEN1 with NonEQ DF-6,1,p. The zoomed-in view
(lower panel) emphasizes the dwell time of the bent state before cleavage (Tpending-riap)- (C) Representative time trace of the cleavage of EQ DF-6,1f,;, from the first instance of
bending. (D) The NonEQ DF-6,11,p dwell times (Tpending-riap) Of N events are fitted to a gamma distribution. The average dwell time (AVg Tpending-riap) iS used to determine the
single turnover catalytic constant ksyo as 1/AVE Thending-riap- (E) The dwell time distribution of EQ DF-6,1g,p. The uncertainties in AVg Tpending-riap cOrrespond to the standard

error of the mean.

bulk assays due to the lower reaction temperature in the single-
molecule assays [72]. Both the diffusion-limited association rate
and the 5’ flap incision from the first bending event demonstrate
that FEN1 cleavage for the cognate substrate proceeds with
diffusion-limited kinetics [72]. This is consistent with the reported
diffusion-limited cleavage kinetics from bulk cleavage assays
[55,91].

3. Defining features in the enzymatic reaction of FEN1
3.1. 5 flap threading occurs after DNA bending

The timing of the 5’ flap threading relative to DNA bending has
been under intensive investigation biochemically [55,69,70,92-94]
and structurally [6,67,68,73,74]. We pinned down the timing of 5’
flap threading through a series of SMPIFQ and SMFRET experi-
ments. The hybridization of the 5’ flap oligo labeled at the 5 end
with Cy3 via phosphoramidite linkage (pCy3) with the template
and upstream primers results in fluorescence enhancement [44].
The binding of FEN1 to the substrate quenches the fluorescence
of pCy3 back to the level of the 5’ flap oligo prior to hybridization.
Therefore, the PIFQ effect is preceded by nucleic-acid induced flu-
orescence enhancement while FEN1 binding modulates the fluo-
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rescence of pCy3 in the DF substrate. Therefore, in the presence
of Mg?*, SMPIFQ would detect the quenching of pCy3 fluorescence
followed by 5’ flap release (Fig. 4A) [44]|. The SMPIFQ cleavage
experiment was performed on non-equilibrating DF-6,1 labeled
with pCy3 dye at the 5’ flap, termed NonEQ DF-6,1prq [44]. The
time trace showed quenching of pCy3 fluorescence upon FEN1
binding followed by complete loss upon the incision of the 5 flap
similar to the change observed in SMFRET (Fig. 4B) [44]. The aver-
age dwell time (Tquenching) in SMPIFQ was ~ 40 ms shorter when
compared to that from SMFRET and its distribution exhibited a
single-exponential decay indicating a single rate-limiting step in
contrast to the rise and decay in the case of SMFRET (Fig. 4C cf.
3D) [44]. Also, it is worth-mentioning that the start points of FRET
and PIFQ are distinguishable in the SMFRET experiment by follow-
ing the change in FRET and the total fluorescence intensity of both
the donor and acceptor, respectively (Fig. 4D) [44]. Two discrete
features in the total fluorescence can be observed after the onset
of the low FRET state in the FRET time trace (shaded-gray); the first
is a constant total fluorescence intensity and the second is a drop in
the total intensity resulting from donor quenching (shaded-blue)
just before cleavage (Fig. 4D). The incidence of FRET change before
PIFQ supports our conclusion that PIFQ reports on a step involving
5’ flap threading after DNA bending. This can be explained by the
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Fig. 4. 5 Flap threading occurs after DNA bending. (A) Schematic of the principle behind SMPIFQ experiment. Fluorescence enhancement by annealing the 5’ flap oligo
labeled at 5" end with Cy3 via phosphoramidite linkage (pCy3). The substrate is termed DF-6,1pjrq. Fluorescence quenching upon FEN1 binding to the substrate is followed by
5’ flap release. (B) Representative time trace (top panel) showing the quenching of fluorescence of pCy3 followed by loss of signal upon interaction with FEN1. The zoom-in-
view (lower panel) shows the dwell time of PIFQ before signal loss, termed (Tquenching)- (C) The probability distribution of Tguenching is fitted to a single-exponential decay. The
average dwell time (AVg Tguenching) is the mean of the distribution. The uncertainty corresponds to the standard error of the mean. (D) Representative time trace shows both
FRET (shaded-gray) and PIFQ (shaded-blue) demonstrated by the total fluorescence intensity (blue) during SMFRET cleavage, where pCy3 quenching before donor loss due to
PIFQ results in the decrease of the total intensity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

difference in the beginning of change between SMFRET and
SMPIFQ, where in SMFRET the change starts on DNA bending and
continues through the 5’ flap threading while in SMPIFQ, FEN1
induces the quenching of Cy3 fluorescence once the flap has been
fully threaded and positioned into the active site. Our results sug-
gest that FEN1 bends the DNA and requires an extra 40 ms before
threading the 5’ flap. This result demonstrates that SMPIFQ can
provide important mechanistic information on the 5’ flap thread-
ing in relation to DNA bending during cleavage thus complement-
ing SMFRET.

Interestingly, the conformation and/or positioning of the bent
DNA differ before and after the threading of 5’ flap. FRET of the
bent DF-30,1ihternar Under conditions where 5’ flap threading is
blocked was slightly, but consistently, different from that when
the 5’ flap is threaded. This suggests that the substrate might not
be fully distorted and/or properly positioned before 5’ flap thread-
ing. Also, the blocking of the 5’ flap threading markedly increases
the dissociation rate constant of the bent DNA conformer
(Koff-unbending = 50 = 0.02 s 1) [72]. These findings are consistent
with the crystal structures of pre- and post-threaded FEN1:DNA
complexes which showed that despite FEN1 inducing sharp DNA
bending, the downstream DNA was far from the active site in the
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pre-threaded structure representing the FEN1-DNA complex
before 5’ flap binding compared to that of the threaded structure,
where the 5’ flap is threaded through the cap-helical gateway [68].

3.2. 3’ flap-induced protein ordering after DNA bending

The binding of the 3’ flap in the equilibrated DF substrate was
proposed to drive protein ordering in the cap-helical gateway
and the 3’ flap binding pocket [6,73,74]. Although DNA bending
by FEN1 occurs at diffusion-limited rate, the conformational
changes associated with the positioning of the 5’ flap scissile phos-
phodiester bond into the active site of FEN1 are essential and rate-
limiting for the 5’ flap cleavage [91]. In vivo, the native equilibrated
junction may exist either as a single 5’ flap which requires active
modeling by FEN1 into a double 5'- and 3'-flap or as a DF with a
readily accessible 3’ flap for FEN1 to bind. In order to study the
effect of the 3’ flap on DNA bending, we made a single flap sub-
strate termed SF-6,0 by removing the single unpaired 3’ flap in
NonEQ DF-6,1. This substrate showed 34 fold decrease in FEN1
cleavage activity [55].

The next query was whether the equilibrated junction exists as
a SF or DF. Using an internal-labeling scheme, we found the FRET
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Fig. 5. 3’ Flap-induced protein ordering after DNA bending. (A) FEN1 acti

vely generates one nt 3’ flap thus inducing protein ordering. Comparison of the FRET states of

internal-labeled substrates represented as percentages. Both EQ DF-6,1 ernal and SF-6,01¢ernal have similar FRET which is less than that of NonEQ DF-6,1 suggesting that EQ
DF exists as SF. The position of the nick relative to the donor and acceptor is shifted by one base pair compared to that in NonEQ DF-6,1n¢erna Since EQ DF-6,1xternar SUbstrate

exists in a SF form. The bent conformers in EQ DF-6,1nernai and SF-6,0jntern

a1 exhibit the same FRET as that in NonEQ DF-6,1,¢emar indicating that the nick junction position

must have shifted by one base pair in EQ DF-6,1 ernal and SF-6,01n¢ernal- Consequently, FEN1 can actively create a 3’ flap at the nick junction. (B,C,D) Cleavage accuracy of FEN1
upon encountering non-cognate substrates. SMFRET traces of the cleavage of FEN1 to SF-6,0pap, FENT on DF-7,1mismatch(int)-Flap (@ Substrate that has one nucleotide gap
instead of nick junction) and FEN1 on DF-6,2p,p (a substrate with 6 nt 5’ flap and 2 nt 3’ flap), respectively, showing multiple abortive DNA bending cycles before a successful
cleavage event. (E) Bar chart of ksyo for the three non-cognate substrates in B-D.

states of EQ DF-6,1cernal and SF-6,0inernal to be similar (E ~

and less than that of NonEQ DF-6,1iytema (E ~ 0.34) (Fi

[72]. This suggests that EQ DF exists as a SF with slightly less
extended geometry than that of dsDNA (E ~ 0.23). MD simulations
also showed that EQ SF did not equilibrate to a DF [72]. However,
FEN1 was reported to cleave both EQ and NonEQ DF substrates
with equal activity [90] (Fig. 3D and 3E). This led us to the propo-
sition that FEN1 actively generates a 3’ flap at the nick junction of
the cognate EQ DF substrate. Therefore, we investigated the forma-
tion of the 3’ flap in EQ DF and SF junctions by measuring the FRET
states of various nick-junction positions in NonEQ DF-6,1, EQ DF-
6,1 and SF-6,0 substrates and also in presence of FEN1 [72].

The position of the nick relative to the donor and acceptor is
shifted by one base pair compared to that in NonEQ DF-6,1,ternal
as EQ DF-6,1nternal Substrate exists in a SF form (Fig. 5A). The bent
conformers in EQ DF-6,1,ternal and SF-6,0internal €Xhibit the same
FRET (E ~ 0.54) as that in NonEQ DF-6,1,ternal indicating that the
nick junction must have shifted by one base pair in EQ DF-6,1,¢ernal
and SF-6,0internar Upon the formation of 3’ flap by FEN1. Conse-
quently, FEN1 can actively create a 3’ flap in the non-cognate SF-

6,0 substrate. This mechanism would explain the 1 nt shift
cleavage site in SF versus DF substrates [55,95].

0.27)
g. 5A)

The blocking of the 5 flap threading via biotin/neutravidin
impaired DNA bending to some extent and decreased the binding
stability to a level comparable to that of SF-6,0. Thus, the ability
of the 5 flap to thread into the cap-helical gateway is required
for the 3’ flap-induced protein ordering to form the stably and
properly bent DNA conformer necessary for catalysis [69-72].
Therefore, we deduce that FEN1 verifies the structural features of
its cognate substrate by active DNA bending, 5' flap threading
and protein ordering through active formation of the 3’ flap. Draw-
backs in any of these steps promote the dissociation of FEN1 from
the non-cognate substrates through the decrease in the binding
stability [72]. It is likely that the binding and selection of FEN1-
substrate is a multistep process which starts by initial weakly
bound bent DNA and progresses towards tight recognition inter-
mediates [72,91]. The majority of interactions in the initial phase
may take place far from the active site and progress towards the
engagement with the cleavage site in the DNA, thus enabling speci-
fic contacts between the active site and the scissile bond that
license catalysis and reduce the conformational entropy. A similar
mechanism was elegantly demonstrated by the time-resolved
trapping of the reaction intermediates of human EXO1 thus reveal-
ing a sequence of successive interlocking conformational changes

of the
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which guide the substrate into a metal-mediated inline-hydrolysis
mechanism that catalyzes the cleavage [11].

3.3. Cleavage accuracy and missed-cleavage opportunities

SMFRET cleavage assays provide a direct measurement of the
accuracy of FEN1 since they can unambiguously differentiate
between DNA bending events that lead to catalysis versus those
that don’t. Furthermore, by accessing the lifetime of the bent con-
former without cleavage and ksro of the cleavage events, key infor-
mation on the mechanism of assembly of catalytically competent
active site can be provided. Traces of single-molecule cleavage
showed that non-cognate SF-6,0,, underwent multiple cycles of
DNA bending and unbending before a successful DNA bending
event led to 5 flap cleavage by chance (Fig. 5B) [72]. Although,
Kon-bending for SF-6,0 remained diffusion-limited similar to that of
EQ DF-6,1, Kkof-unbending increased significantly to23.3 £3.8 s,
which is 7-fold faster than ksro. Therefore, the bent conformer in
SF-6,0 is destabilized to rates which are limiting for catalysis thus
reducing the probability of assembling catalytically competent
active sites [72]. We next cleaved two non-cognate substrates
where Kogunbending 1S NOt rate-limiting for catalysis; a substrate that
has one nucleotide gap instead of nick junction (DF-7,1 nismatch(1nt)-Flap)
(Fig. 5C) and DF with 6 nt 5’ flap and 2 nt 3’ flap (DF-6,2g4p) (Fig. 5D)
[72]. Both substrates exhibited Kogynpending that was ~ 13-15 fold
slower than that of SF-6,0 and ~ 3-4 fold longer than ksyo of the cog-
nate substrate. Although, the lifetimes of the bent states were long
enough to support catalysis in both non-cognate substrates (DF-
7,1 mismatch(1nt)-Flap aNd DF-6,2,p), cleavage was not successful as evi-
dent from the multiple transitions. These transitions demonstrate that
FEN1 bends both cognate and non-cognate substrates but selectively
stabilizes the bent DNA intermediate and promotes assembly of
catalytically-competent active site in the cognate substrates, while it
destabilizes the bent DNA intermediate and reduces the probability
of assembly of catalytically-competent active sites in non-cognate
substrates.

The inability to detect abortive intermediary bent states in bulk
assays leads to undermining of FEN1 accuracy and verification of
the features of its cognate substrate in order to inhibit off-target
cleavage. Also, bulk assays do not take into account the prior
unsuccessful attempts in the cleavage of the non-cognate substrate
resulting into lower estimation of the ksyo rate compared to the
actual cleavage rate of the scissile phosphate bond. Finally, our
results suggest a much higher accuracy of FEN1 inside the cell
since it is less likely to access the same non-cognate substrate with
high frequency.

Regardless of whether the lifetime of the bent conformer is lim-
iting or not, the ks rates of FEN1 for the tested non-cognate sub-
strates (Fig. 5E) [72] were similar and comparable to that of the
cognate substrate. These results support that FEN1 likely has
intrinsic mechanisms that block the probable formation of catalyt-
ically competent active sites with non-cognate substrates to inhibit
off-target incision. This supports a scenario where the 3’ flap-
induced protein ordering could act once per DNA bending event,
thus locking the DNA into either catalytically-competent to be
incised or -incompetent conformations that lead to DNA release
from the bent conformation. Interestingly, a recent NMR spec-
troscopy study suggested that FEN1-DNA complex shows evidence
of millisecond timescale motions in the arch region that may be
required for DNA to enter the active site. Therefore, FEN1 local con-
formational flexibility which spans a range of dynamic timescales
is crucial to reach the catalytically relevant ensemble [96]. It is pos-
sible that the initial binding of non-cognate substrates is posi-
tioned in a way that traps those substrates in a state that can’t
promote subsequent interactions. This in turn will markedly
reduce the probability of the protein conformational sampling to
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form catalytically competent protein-DNA interactions. In this sce-
nario, FEN1 needs multiple DNA binding/bending trials until
stochastically one DNA bending attempt positions the substrate
in a state that can promote subsequent interactions.

There are major short-flap and minor long-flap pathways for
processing OF. In the short-flap pathway, the flap length is
restricted by the limited strand activity of Pol & and the active
hand-off mechanism between Pol & and FEN1 (nick translation),
where FEN1 cleaves the short flap (1-6 nt) and generates a nick
sealable by LIG 1 [54,97]. However, long flaps were also shown
to exist both in vitro and in vivo [92,98,99]. In this minor pathway,
the long-flap strand is bound by replication protein A (RPA), where
Dna2 helicase/nuclease is recruited to the site while cleavage by
FEN1 becomes inhibited [100,101]. Dna2 displaces RPA [102] and
progressively cleaves the flap to the point where Dna2 dissociates
due to its lower affinity for the short flap [92] or FEN1 displaces
Dna2 [103,104], and the substrate becomes accessible again for
FENT1. Interestingly, we showed that the miscleavage after DNA
bending can also occur in the cognate substrate under the specific
condition of increasing the 5’ flap length; ksto however remains
similar to that in DF-6,1 [75]. The miscleavage will result in the
binding of RPA to the long 5’ flap and the inhibition of FEN1 cleav-
age activity [75]. We propose that miscleavage upon increasing the
5’ flap length is one of the mechanisms that may trigger the
requirement of the long flap processing pathway to reduce the 5’
flap length and displace RPA before FEN1 can access and cleave
the 5’ flap. This newly identified mechanism can only be resolved
by following cleavage at the single-molecule level. We also inves-
tigated the behavior of FEN1 on short and long RNA flaps in EQ DF
substrates. In this case, FEN1 showed ~ 3-fold and ~ 10-fold reduc-
tion in the stability of the bent complexes with the short and long
RNA flaps, respectively, in comparison to the corresponding DNA
substrates [75]. However, single-molecule cleavage assays exhib-
ited slightly faster cleavage kinetics with RNA-flap substrates com-
pared to the counterpart DNA substrates which is constituent with
a previous study [105]. In conclusion, we found that although FEN1
exhibits reduced stability on RNA-flap substrates, its catalytic effi-
ciency is not limited significantly by the higher dissociation rate
[75].

4. Monitoring the kinetics of product release
4.1. Cleavage of the internal-labeled substrate

The catalytic constant (k.,) from steady state measurement is
significantly slower than the ksyo determined by the SMFRET cleav-
age of DF-6,1,p [55,90,91]. It has been shown by bulk cleavage
kinetics that, following cleavage, the 5’ flap release is fast, whereas
the nicked-duplex release limits the k., [55,91]. However, the ksro
rate 6.5 + 1.2 s~ from EQ DF-6,1g,, cleavage only reports on DNA
bending, protein ordering for active site assembly, chemistry and 5’
flap release but not the nicked duplex release. Therefore, we per-
formed the SMFRET cleavage of DF-6,1yernal @S @ complementary
assay to monitor steps subsequent to 5’ flap release. This assay
detects the time spent by EQ DF-6,1 yternar SuUbstrate (E ~ 0.3) upon
FEN1 bending at high FRET (E ~ 0.52) before 5’ flap release and
FRET falls to (E ~ 0.25) (Fig. 6A) [75]; a state that we assign to
the unbent nicked-product. This assumption is supported by the
observation that the mean FRET of histograms of DF-6,1,¢ernal SUb-
strate is ~ 0.05 higher than the corresponding nicked dsDNA. More
importantly, the FEN1 concentration (250 nM) at which the cleav-
age reaction was performed is ~ 50-fold higher than Ky pending Of
DF-6,1internat (4.8 nM) but well below Ky pendging Of the nicked-
product which was determined to be 580 + 130 nM [75]. As FEN1
bends and cleaves the 5’ flap with diffusion-limited kinetics [72],
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Fig. 6. Release kinetics of the nicked-product. (A) Schematic of the single-molecule cleavage experiment of EQ DF-6,1xternal. The zoom-in view of a representative cleavage
trace shows three-states as fitted by vbFRET (0.3, 0.52 and 0.25) corresponding to the three DNA conformers, unbent EQ DF-6,1interna;, bent EQ DF-6,11¢ernar and unbent
nicked-product, respectively. The dwell times of the bent state (Tpending-iternat) is fitted to a gamma distribution. The average Tyending-internal is reported with the standard error
of the mean. (B) The cleavage of nonEQ DF-6,1,termal Was performed at 40 mM KCl concentration to promote FEN1 rebinding to the nicked-product. Representative trace
shows the cleavage of NonEQ DF-6,1 ernal and the three DNA conformers in A. The FRET state and the schematic of substrate/product conformer in each step are illustrated.
After cleavage, FEN1 rebinds/bends the nicked-product as demonstrated by the rapid transitions between 0.25 (unbent product) and 0.52 (bent product). The dwell time
distributions of FEN1 binding to the bent product (Tpending-interna) (red) and unbent product (Tproduct-unbent) (blue) were fitted to gamma functions. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

this FEN1 concentration ensures a high fraction of cleavage within
a single turnover without rebinding and bending of the nicked-
product after its release. Therefore, in the unlikely event that
DNA bending is not followed by 5’ flap cleavage, the FRET should
change from 0.3 (unbent substrate) to 0.52 (bent substrate) and
back to 0.3 (unbent substrate), whereas in the case of DNA bending
followed by 5’ flap cleavage, the FRET should change from 0.3 (un-
bent substrate) to 0.52 (bent substrate) and back to 0.25 (unbent
nicked product) [75].

4.2. Promoting FEN1 rebinding to the nicked product

The dwell time of the EQ DF-6,1jyema in the bent state
AVE Thending-internat 270 270 ms (Fig. 6A) is ~ 100 ms longer than
the time required for cleaving the 5’ flap (Fig. 3E). This established
that FEN1 remains bound to the bent DNA conformer for an
extended time after 5 flap release. However, the corresponding
ksro 3.7 s7! from AVE Tpending-internat (Fig. 6A) still does not agree
with the much slower ke, 1.4 £ 0.1 s~! from bulk assays. Therefore,
we considered the possibility that FEN1 remains bound to the
unbent nicked-product for some time before dissociating into solu-
tion [55,91]. First, we measured FEN1 binding to the nicked-
product substrate with internal-label under equilibrium conditions
at 40 and 100 mM KCl concentrations (Kg-pending 62 +9 nM and
580 + 130 nM), respectively [75]. Second, in order to test this
hypothesis, we performed the same cleavage experiment under
conditions that favor FEN1 rebinding to the nicked-product by
lowering KCI salt concentration from 100 to 40 mM (Fig. 6B)
[75]. Lower salt concentration increases the affinity of FEN1 for
the nicked-product of DF-6,1 without affecting the ksyo of the reac-
tion, i.e. AVE Thending-riap 1S 155 + 30 ms at 100 mM KCl compared to
180 + 40 ms at 40 mM KCl for the EQ DF-6,1g,, substrate [75]. The
cleavage experiment is performed under continuous flow, where
acquitision starts before and continues after FEN1 is introduced
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into the flow cell. The onset time of the bending event (t ~ 17 s)
(Fig. 6B) marks the entry of FEN1 into the flow cell and encounter-
ing the substrate at near-diffusion limited kinetics. The expectation
was that if FEN1 is still bound for some time to the unbent nicked-
product after 5’ flap release, there will be a lag phase at low FRET (E
~ 0.25), which reflects the duration at which FEN1 remains in this
complex before it dissociates and another FEN1 rapidly binds and
bends the released nicked-product to achieve high FRET (E ~ 0.52).

At 40 mM KCI concentration, the increase in AVg Tpending-nternal
570 = 115 ms (Fig. 6B) compared to AVE Thending-Fiap 180 + 40 ms of
the EQ DF-6,1 indicates that the dwell time of bent product
(Tproduct-ben:) Was extended by 390+ 120 ms. Interestingly, we
observed an elongated phase with unbent nicked-product
(Tproduct-unbent) at E ~ 0.25 for a duration of 2100 + 420 ms before
FEN1 dissociation followed by re-binding/bending of the product
and attaining high FRET bent state (E ~ 0.52) (Fig. 6B).

These results can be interpreted such that product release by
FEN1 after the 5’ flap release occurs in two steps: first, Avg
Tproduct-bent Wherein FENT1 briefly holds the product in bent state
for 390 = 120 ms. Second, AVE Tproduct-unben: Wherein FEN1 remains
bound to the unbent product for 2100 + 420 ms before dissociating
into solution. Therefore, the actual AVg Tyejeqse Can be the sum of
these two dwell times, which yields a Kjejeqse Of 0.40 +0.07 s~ ! for
the nicked-product. The resulting k. of 0.37 £0.06s' (1/(Avg
Thending-Flap + AVE Trelease)) 1S iN agreement with the rates determined
by our bulk assays [75] and previous reports [55,90]. Collectively,
these results suggest that the release of the nicked DNA product,
mainly from an unbent state, is the rate-limiting step for FEN1
reaction.

4.3. Monitoring of total FEN1 reaction by PIFE

However, the previous SMFRET experiment based on product
rebinding did not provide a direct evidence that FEN1 remained
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Fig. 7. Direct measurement of total FEN1
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reaction by PIFE. (A) Singly-labeled nonEQ DF-6,1pg: substrate with Cy3 positioned at the downstream duplex. Bulk time-resolved

fluorescence lifetime measurements are depicted for the substrate (black) and in presence of 1 uM FEN1 showing 35% fluorescence enhancement (red). (B) Representative
trace of SMPIFE cleavage experiment with nonEQ DF-6,1pg illustrating the respective substrate/product conformer. The enhanced-fluorescence state dwell time (Tpjgg)
distribution is fitted to gamma function. The means and standard errors of the means are reported. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 8. Kinetic timeline of FEN1 enzymatic reaction. FEN1 binds and bends DF substrate at diffusion-limited kinetics. ksro starts from DNA bending, whereas Kreading initiates
from 5’ flap threading till the 5’ flap incision and instantaneous release. FEN1 inhibits off-target cleavage of non-cognate substrates. The release of nicked-product occurs in
two steps. FEN1 can rebind/rebend the nicked product at diffusion-limited kinetics, although at a slower on-rate than the substrate. The product release rates (Kproduct-ben¢) and
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bound to the unbent nicked-product during the lag phase. Thus, we
applied PIFE by introducing a singly-labeled substrate where Cy3 is
at position 10 in the downstream dsDNA of nonEQ DF-6,1. This dye
location induced 35% enhancement upon protein binding through
PIFE without relying on conformational changes (Fig. 7A) [75].
The SMPIFE experiments were performed under standard SMFRET
cleavage conditions (250 nM FEN1, 100 mM KCl). In SMPIFE, the
dwell time of the enhanced-fluorescence state (tpr) comprises
the duration that FEN1 spends binding to the substrate, cleaving
the 5 flap, and any subsequent binding to the nicked-product
(Fig. 7B) [75]. Based on the kinetics from SMFRET, if FEN1 released
the product from a bent state immediately after cleavage, Tpz
should be relatively short, whereas a longer 7p;z would imply that
FEN1 remained bound to the product after a productive binding/-
cleavage event.

Fitting the dwell time distribution of 7p: for cleavage events
with gamma function (Fig. 7B) resulted in a lengthy Avg tp; of
2210 + 500 ms, which translates into a rate of 0.45 = 0.10 s~ L. This
rate is in good agreement with k., observed in bulk assays as well
as ke from SMFRET experiments at lower salt [75]. Collectively,
both SMFRET and SMPIFE experiments show FEN1 product release
mechanism to have two steps, a fast unbending step and a rela-
tively slow product release step from the unbent state. These
experiments illustrate the power of single-molecule fluorescence
assays in resolving intermediary steps inaccessible to bulk assays.

5. Kinetic timeline of FEN1 catalytic reaction at the single-
molecule level

The kinetic parameters obtained from SMFRET on flap- and
internal-labeled substrates as well as SMPIFE and SMPIFQ experi-

ments enabled us to construct a comprehensive reaction mecha-
nism of FEN1 on its substrate at the single-molecule level

A B

PIP-2
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(Fig. 8). To recapitulate, FEN1 binds and actively bends its cognate
substrate by diffusion-limited kinetics, threads the 5’ flap, molds/
binds the 3’ flap thus inducing protein ordering and assembly of
the active site, resulting in incision and prompt release of the 5’
flap. However, for the non-cognate substrates, FEN1 inhibits off-
target incision by blocking or reducing the probability of formation
of catalytically competent active site resulting in repetitive abor-
tive bending events and dissociation of FEN1 from the bent state.
The slow release of nicked-product occurs in two-steps indicating
the relatively high affinity and stability of the FEN1-nicked-
product complex. The product release rates (Kproduct-benr) and
(Kproduct-unbent) are determined for nonEQ DF-6,1internar at 40 mM
KCl in presence of Mg?*. FEN1 can rebind/rebend the nicked
product at diffusion-limited kinetics, however at a slower on-rate
than the substrate. There is no significant change in kon-pending Of
the substrate at lower KCl concentration. Likewise, ksyo is similar
for both EQ DF-6,1,, and nonEQ DF-6,1,, and is independent of
KCI concentration. The ko, and k. rates of the substrate and
product are determined in presence of Ca®*. These findings demon-
strate the merit of applying complementary single-molecule
fluorescence techniques augmented with various labeling schemes
to elucidate the details of an entire enzymatic reaction as
exemplified by FEN1.

6. Potential roles of the two-step product release based on Pol
3-DNA-PCNA-FEN1 structure

The synthesis process of Okazaki fragments is initiated by Pol o
that lacks proofreading activity [50]. Pol & is a heterotetrameric
protein complex composed of the catalytic subunit (p125) and
three regulatory subunits (p50 or B-subunit, p66 and p12) required
for the optimal activity of the holoenzyme [106]. The limited
strand displacement activity of Pol & during the invasion of the 5’

Fig. 9. Potential roles of the two-step product release. (A) Cryo-EM structure of Pol -DNA-PCNA-FEN1 complex. (B) Proposed toolbelt model for Pol & and FEN1 bound to
PCNA processing an Okazaki fragment. (C) Potential interactions between FEN1 and Pol & synthesizing an Okazaki fragment. FEN1 cap-helical gateway and the loop spanning
residues 45-59 that includes the the 3’ flap binding pocket, shown as gold ribbons, are disordered in the Cryo-EM structure shown in A and may become ordered upon
interaction with Pol § after strand displacement during the invasion of the 5’ end of the previous Okazaki fragment. (D) Overlay of the three Cryo-EM models of different Pol §-
DNA-PCNA conformers with increasing tilting of PCNA relative to the polymerase. (E) Model of Pol -DNA-PCNA-FEN1 complex with PCNA corresponding to the conformer
with highest tilting (Conf 3 shown in D). Tilting of PCNA results in the increased exposure of the vacant PIP-box site (PIP-3), marked by a purple ribbon corresponding to the
p21 peptide bound to PCNA (PDB ID: 1AXC) [112]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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end of the previous unmatured Okazaki fragment helps in remov-
ing the Pol a-synthesized primer. The incorporation rate for each
nucleotide successively decreases to 10-20% of that of the preced-
ing nucleotide. Therefore, nascent flap acts as a progressive molec-
ular brake on Pol & [97]. The maturation of Okazaki fragments
occurs by the joint action of Pol & and FEN1, coordinated by the
PCNA sliding clamp, where FEN1 cleaves the ssDNA 5’ flaps pro-
ducing ligatable nicks. The iterative strand displacement and cleav-
age by Pol § and FEN1 completely remove the RNA primer in a
process termed nick translation [107,108]. The Pol 3-DNA-PCN
A-FEN1 complex sustains an efficient and processive nick transla-
tion during which the 1 nt flap is the main FEN1’s substrate.

Using Cryo-EM microscopy, we reported the first structure for
human Pol 5-DNA-PCNA-FEN1 complex (Fig. 9A), hence revealing
various mechanistic details of the maturation of Okazaki fragments
[76]. Pol & has three PCNA-interacting (PIP-box) motifs located on
the p125, p66 and p12 subunits that can individually interact with
PCNA [109,110]. Pol & is bound to one of the three PCNA monomers
through the C-terminal domain (CTD) of the p125 subunit. The cat-
alytic core of Pol 8, composed of N-terminal, palm, thumb and
exonuclease domains, is situated on top of PCNA in an open config-
uration, while the regulatory subunits extend sideways (Fig. 9A).
This arrangement permits PCNA to thread and stabilize the DNA
exiting the catalytic cleft and to recruit FEN1 to one of the two
unoccupied monomer in a toolbelt fashion. FEN1 preferentially
binds the more exposed PIP-box on PCNA (Fig. 9A). The third PIP-
box on PCNA is sterically hidden [76], suggesting that LIG1 would
be recruited from solution and this requires movement of Pol § out
of the way or its dissociation. This mechanism is consistent with
the distributive action of LIG1 during maturation of Okazaki frag-
ments [97]. It was also reported that acute depletion of LIG1 in
yeast permits nick translation to progress up to the dyad of the
pre-assembled nucleosome, and the Okazaki fragment termini
are enriched around known transcription factor binding sites
[111]. Therefore, nucleosomes and DNA binding factors may trig-
ger the stalling of Pol & and its dissociation from PCNA and/or
DNA to allow LIG1 to bind and seal the nick of a mature Okazaki
fragment [76].

Our Pol 3-DNA-PCNA-FEN1 complex structure showed the
mutual positions of Pol §, DNA, and PCNA to be analogous to those
of the processive Pol & holoenzyme and that FEN1 occupies the
space between the N-terminal and palm domains of the p125 sub-
unit (Fig. 9A). The resolution of FENT1 is lower than the rest of the
complex, which is compatible with FEN being flexibly tethered to
PCNA. FENT1 is situated across the template strand (Fig. 9A) and
properly oriented to bind the downstream duplex DNA when Pol
& encounters the previously synthesized Okazaki fragment
(Fig. 9B) [76]. Remarkably, the template strand was already at
90° bent angle similar to that required for FEN1 activity [6,72].
Therefore, Pol 5 may handoff a bent nick junction to FEN1 and
aid in positioning the 5’ flap to thread into the cap-helical gateway
(Fig. 9B). Notably, a pre-bent junction is not required for FEN1
activity since FEN1 can actively bend the nick junction in
diffusion-limited kinetics [72,75]. Nick translation takes place at
10-fold faster rates than the release of nicked-product by FEN1
[75,91,97]. Therefore, Pol § and FEN1 must be actively handing
off their products during nick translation. This is also suggested
by our structure, which shows the proximity of FEN1 to the tem-
plate strand and the potential interaction between FEN1, particu-
larly the cap-helical gateway and loops that include the 3’ flap
binding pocket, and Pol & that may facilitate their products handoff
during nick translation (Fig. 9C) [76].

It remains unclear how LIG1 would access the hidden third PIP-
box during the nick-translation reaction. PCNA can adopt a tilting
conformer which may expose the third PIP-box (Fig. 9D) [76]. It
is also possible that during the nick translation reaction that Pol
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3 is tethered flexibly to PCNA when the DF is bound to FEN1. The
tilting of PCNA and the flexible tethering of Pol 6 may provide a
window of opportunity for LIG1 to access the hidden third PIP-
box (Fig. 9E) [76]. However, it remains unclear how Pol 3-PCNA-
FEN1 would signal the binding of LIG1. As mentioned before, the
nicked-product release by FEN1 occurs in two steps, where FEN1
binds briefly to the bent conformer followed by a lengthy binding
to the extended conformer [75]. We propose that the bent con-
former is more compatible with Pol § binding, while the extended
conformer sequesters the nick till Pol § moves out of the way and
LIG1 is recruited from solution. In this mechanism, LIG1 needs to
bind PCNA before Pol & rebinds the FEN1-bent nick product. We
anticipate that LIG1 binding will sterically exclude Pol § and break
the continuity of its communication with FEN1 during the nick
translation reaction.

7. Conclusion and future outlook

DNA replication and repair inside cells are built around an intri-
cate set of molecular machineries that carry out these vital pro-
cesses with the utmost performance and highest fidelity. FEN1 is
at the heart of the process of the maturation of Okazaki fragments
culminating into the synthesis of contiguous lagging strands. The
roles of FEN1, Pol & and PCNA sliding clamp are orchestrated by
dynamic interactions within this protein complex, which may also
have direct implications on the way LIG1 seals the nicks on the lag-
ging strand. In this review, we presented our research work using
single-molecule fluorescence to unveil the mechanistic aspects of
FEN1 enzymatic reaction and our Cryo-EM structure of the recon-
stituted DNA-Pol 3-PCNA-FEN1 complex for maturation of Oka-
zaki fragments.

Collectively, our work demonstrates the merit of using comple-
mentary single-molecule fluorescence techniques to elucidate the
details of an entire enzymatic reaction as exemplified by FENT.
Also, we illustrate the remarkable selectivity of FEN1 for its cog-
nate substrate through the verification of its key features, while
promoting the dissociation of the non-cognate substrates to inhibit
off-target incision by blocking or reducing the probable formation
of catalytically competent active sites. We propose that different
members of the 5 nucleases family share similar DNA-bending-
induced disorder-to-order transitioning but differ in the mecha-
nisms that couple this transitioning with active site assembly.

Establishing a variety of fluorescence assays to monitor FEN1
along the path of substrate recognition, cleavage and product
release will provide foundation for studying its interactions with
PCNA, Pol §, and LIG1 during the maturation of Okazaki fragments.
By systematically adding PCNA, Pol §, or LIG1 and tailoring the
individual or combination of FRET, PIFE, and PIFQ assays to selec-
tively visualize specific intermediary structures, it will be possible
to follow the transfer of the flap substrate and nick product
between FEN1 and Pol § or the nick product between FEN1 and
LIG1 in absence or presence of Pol 8. The tight integration of find-
ings from SM assays with Cryo-EM structures and other structural
techniques of intermediary steps during the maturation of Okazaki
fragments will allow us to build reliable molecular movies of lag-
ging strand DNA synthesis and maturation of Okazaki fragments.

In a wider perspective of the field, genetic and biochemical
studies continue to unveil the roles that FEN1 plays in many
DNA transactions including processing intermediates of Okazaki
fragment maturation, long-patch base excision repair, telomere
maintenance, and stalled replication fork rescue. The ongoing
efforts for understanding the functional and mechanistic proper-
ties of FEN1 and other 5’ nucleases within the context of DNA repli-
cation and repair inside the cell may culminate in identifying
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potential therapeutic targets for human cancers, neuromuscular
and neurodegenerative diseases.

In summary, performing enzymology while monitoring the con-
formation of the substrate at the single-molecule level is a chal-
lenging endeavor. This review showed how investment in the
development of variety of assays using various fluorescence mod-
ulations methods (FRET, PIFE and PIFQ) were necessary to follow
binding and distortion of the substrate and product along the path
of catalysis. Investment in understanding and controling PIFE and
PIFQ on demand [44] and their combination with FRET will be a
key development to realize the full potential of single-molecule
imaging in enzymology. Finally, devising and interpreting experi-
ments aimed towards the achievement of comprehensive mecha-
nistic understanding will benefit from their application to
systems that are well-characterized biochemically and
structurally.
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