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Abstract: Nucleotide excision repair (NER) is the most universal repair pathway, which removes a
wide range of DNA helix-distorting lesions caused by chemical or physical agents. The final steps of
this repair process are gap-filling repair synthesis and subsequent ligation. XPA is the central NER
scaffolding protein factor and can be involved in post-incision NER stages. Replication machinery is
loaded after the first incision of the damaged strand that is performed by the XPF–ERCC1 nuclease
forming a damaged 5′-flap processed by the XPG endonuclease. Flap endonuclease I (FEN1) is a
critical component of replication machinery and is absolutely indispensable for the maturation of
newly synthesized strands. FEN1 also contributes to the long-patch pathway of base excision repair.
Here, we use a set of DNA substrates containing a fluorescently labeled 5′-flap and different size gap
to analyze possible repair factor–replication factor interactions. Ternary XPA–FEN1–DNA complexes
with each tested DNA are detected. Furthermore, we demonstrate XPA–FEN1 complex formation in
the absence of DNA due to protein–protein interaction. Functional assays reveal that XPA moderately
inhibits FEN1 catalytic activity. Using fluorescently labeled XPA, formation of ternary RPA–XPA–
FEN1 complex, where XPA accommodates FEN1 and RPA contacts simultaneously, can be proposed.
We discuss possible functional roles of the XPA–FEN1 interaction in NER related DNA resynthesis
and/or other DNA metabolic processes where XPA can be involved in the complex with FEN1.

Keywords: DNA repair; DNA replication; nucleotide excision repair; FEN1; XPA

1. Introduction

For more than a decade, a growing pool of data has suggested that all DNA metabolic
pathways interact with each other to form a network for maintaining genome protection.
In particular, in nucleotide excision repair (NER), resynthesis stage is created by replication
machinery that is loaded on DNA after the first incision of the damaged strand [1,2]. This
incision is performed by the XPF–ERCC1 nuclease on the 5′ side of the damage site with the
formation of a free 3′-OH group [3]. The damaged flap is incised by the XPG after partial gap
filling. Possible replication machinery compositions are “DNA polymerase δ/PCNA/RFC1-
RFC-p66”, “DNA polymerase ε/CTF18/RFC”, or “DNA polymerase κ/ubiquitinated
PCNA/XRCC1” [1,2,4]. A protein set composition depends on ubiquitination status of
PCNA. One of PCNA’s protein partners is flap endonuclease 1 (FEN1). Structures of PCNA–
FEN1 complexes as well as ternary complexes with other proteins and DNA were solved
using X-ray and cryo-electron microscopy [5–8].

FEN1 is a highly conserved structure-specific nuclease that catalyzes a specific incision
to remove 5′-flaps in duplex DNA substrates [9,10]. These kinds of DNA structures can arise
in replication and repair processes of pro- and eukaryotes when a replication- or repair-
associated polymerase displaces a downstream DNA segment into a 5′-flap structure.
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FEN1 is able to recognize and cleave DNA at the base of a 5′-flap, thereby effectively
creating a nick that is sealed by DNA ligase 1. Similarly, in long-patch base excision repair
(BER), if DNA polymerase β cannot remove the 5′-deoxyribose moiety for some reason,
a DNA segment approximately 2–20 nucleotides in length is synthetized, displacing the
downstream DNA into a 5′-flap, which is subsequently processed by FEN1 and DNA ligase
1 [11,12]. Thus, FEN1 is a critical component of replication machinery and is absolutely
indispensable for newly synthesized strand maturation.

Besides its role in DNA replication and BER, FEN1 participates in other cellular
pathways. Recent studies showed that FEN1 can be involved in R-loop resolution [13,14].
R-loops occur naturally during gene transcription when a nascent RNA strand hybridizes
back to its DNA template [15]. It has been reported that FEN1 is recruited to R-loops in
normal human fibroblasts [13,14]. Moreover, recent findings suggest that FEN1 can cleave
a noncoding single-stranded DNA (ssDNA) strand of an R-loop to induce double-strand
DNA (dsDNA) breaks in coordination with topoisomerase I and nucleases XPF–ERCC1
and XPG [16].

XPA is the central NER scaffolding protein factor that interacts with almost all NER
participants and organizes the correct NER repair complex [17–19]. In the absence of
XPA’s scaffolding function, no repair process occurs. We have shown previously that XPA
can remain in the NER complex after the first incision via a protein–protein interaction
with RPA, which is bound to the undamaged strand [20]. Thereafter, RPA recruits clamp
loader RFC [21,22], and XPA possibly promotes the positioning of the PCNA clamp [23–25].
XPA and RPA also interact tightly inside the NER repair bubble [26,27], and together
they regulate the correct orientation and the activation of NER nucleases XPG and XPF–
ERCC1 [28–35].

Therefore, we hypothesize that FEN1 can reach an NER intermediate together with
replication machinery during its recruitment by RPA and/or XPA. This hypothesis is
supported by a study where FEN1 was found on an immobilized NER substrate [36]. In
the present work, to further understand interplay between DNA replication and repair
and reveal new possible ways within the interactome of these processes, we analyzed
interactions between XPA, RPA, and FEN1 in the presence of DNA substrates imitating
intermediates of the late stages of NER. We examined FEN1’s ability to cleave DNAs
bearing a bulky lesion inside a 31 nt 5′-flap in combination with a 3, 10, or 26 nt gap. As
expected, FEN1 effectively bonded to the DNAs and catalyzed flap incision. We detected
formation of the XPA–FEN1–DNA ternary complex with each tested DNA. Moreover, we
registered the XPA–FEN1 complex in the absence of DNA. Functional assays revealed
that XPA slightly inhibits FEN1 catalytic activity at a high XPA concentration. Data on
RPA–XPA–FEN1 complex formation where XPA accommodates FEN1 and RPA contacts
simultaneously were obtained. Finally, we discuss functional roles of these complexes in
the NER-related DNA resynthesis and other DNA processing pathways.

2. Materials and Methods
2.1. Reagents and Oligonucleotides

[γ-32P]ATP (3000 Ci/mmol) was synthesized in the Laboratory of Biotechnology (In-
stitute of Chemical Biology and Fundamental Medicine, Novosibirsk, Russia). Phage T4
polynucleotide kinase was purchased from Biosan (Novosibirsk, Russia), BSA from Sigma,
and stained molecular weight markers from Bio-Rad (Hercules, CA, USA). Reagents for elec-
trophoresis and buffer components were acquired from either Sigma (Burlington, MA,
USA) or Russian vendors (extra pure grade). All oligonucleotides were obtained commer-
cially. Oligonucleotide Fg bearing a fluorescein dUMP derivative (5-{3-[6-(carboxyamido-
fluoresceinyl)amidocapromoyl]allyl}-dUMP) (Flu-dUMP) was custom-synthesized by Nanotech-
C (Russia). The DNA structures are presented in Table 1; the sequences of the oligonu-
cleotides are given in Supplementary Materials (Table S1).
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Table 1. Structures of Model DNA Used in the Study.

DNA
Designation

Oligo
Composition Schematic View Gap Size

F-gap3
60
Fg
40
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2.2. Protein Purification

Plasmid pET28-FSH (w_t.FE) bearing cDNA of human FEN1 was kindly provided by
Dr. R. Prasad (National Institute of Environmental Health Sciences, NC, USA). Recombi-
nant human FEN1 was produced in an Escherichia coli system and purified essentially as
described in [37] with some modifications. Briefly, E. coli strain BL21(DE3) transformed
with plasmid pET28-FSH was grown at 30 ◦C, and synthesis of FEN-1 was induced with
IPTG at a final concentration of 0.5 mM for 4 h at 25 ◦C. The cells were collected by centrifu-
gation and lysed. DNA was fragmented by sonication followed by removal of cell debris.
Recombinant human FEN1 (hFEN1) that contains a His-tag at the C-terminus was purified
via several chromatographic steps: Ni-NTA agarose, SP-Sepharose, and heparin Sepharose
chromatography. The obtained hFEN1 sample was >95% pure according to analysis by
SDS polyacrylamide gel electrophoresis [38] and Coomassie staining. The purified enzyme
was stored in a buffer (40 mM sodium phosphate buffer pH 7.8, 50% glycerol, 0.1 M NaCl,
0.1% of NP-40, 1 mM EDTA, and 5 mM DTT) at −20 ◦C.

Recombinant hXPA bearing an N-terminal His-tag was overexpressed in E. coli strain
BL21(DE3)LysS, using the pETI5b-XPA recombinant plasmid kindly provided by Dr. O.
Schärer (SUNY Stony Brook, NY, USA). The hXPA purification protocol was based on pre-
viously published procedures [39,40] with a modification of the order of chromatographic
columns. The first column was Talon (Clontech, Mountain View, CA, USA) (instead of
Ni-NTA), then a hydroxyapatite column (Bio-Rad), and finally a Superdex 75 gel filtration
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column (GE Healthcare, Chicago, IL, USA). The purified protein was aliquoted and stored
at −70 ◦C.

Recombinant hRPA was purified from E. coli as described in [41]. The plasmid contain-
ing the cDNA of hRPA was a kind gift from Dr. M.S. Wold (Department of Biochemistry,
Carver College of Medicine, University of Iowa, Iowa City, IA, USA).

2.3. Fluorescent Labeling of XPA

For XPA labeling, we used the method described previously [20,42] with modifications
of protein separation from the reagents. The 5(6)-carboxyfluorescein N-hydroxysuccinimide
ester (NHS ester) was dissolved in dimethyl sulfoxide to a final concentration of 20 mM. The
reaction mixture (50 µL) contained 10 µL of 20 mM NHS ester and 10 µL of 15 µM XPA in
buffer A (50 mM Tris-HCl pH 7.5, 100 mM KCl, 1 mM dithiothreitol). The reaction mixture
was incubated overnight at 4 ◦C, and then conjugates were separated from the reagents
by gel permeation chromatography on a Sephadex G-25 Superfine (GE Healthcare). The
chromatography liquid phase consisted of buffer A. All collected fractions were analyzed
by electrophoresis according to Laemmli [38] with subsequent fluorescence quantification
using a gel documentation system (Amersham Imager 600, GE Healthcare) and Coomassie
staining to quantify the efficiency of XPA labeling. The concentration and stoichiometry of
fluorescein (FAM)–XPA conjugates (Flu–XPA) were determined on a POLARstar OPTIMA
multifunctional microplate reader (BMG LABTECH GmbH, Ortenberg, Germany). The
Flu-XPA concentration in the sample was used as total protein concentration.

2.4. Preparation of 5′-32P-Labeled Oligonucleotides

The radioactive label was attached to the 5′-end of oligonucleotides using phage T4
polynucleotide kinase as described before [43]. The labeled oligonucleotides were purified
on MicroSpinTM G-25 columns (GE Healthcare) or by electrophoresis under denaturing
conditions followed by passive elution with 3 M LiClO4 and acetone precipitation. The
concentration of the 5′-32P-labeled oligonucleotides was determined by electrophoresis
under denaturing conditions using aliquots from the initial reaction mixture and from the
purified oligonucleotide sample.

2.5. Preparation of DNA Structures

DNA structures were prepared via annealing of each fluorescent and/or 5′-32P-labeled
oligonucleotide with a complementary one according to desired composition of a DNA
oligonucleotide (see Table 1) [20]. The oligonucleotides were incubated for 5 min at 95 ◦C
and cooled slowly to room temperature. The degree of hybridization was monitored by
electrophoresis in a 10% polyacrylamide gel (acrylamide/bis-acrylamide = 40:1) at 4 ◦C in
TBE buffer (89 mM Tris, 89 mM H3BO3, 2 mM EDTA, pH 8.3). All DNA structures were
obtained with a high yield and were stable under these conditions.

2.6. Endonuclease Assay

FEN1 nuclease activity is highly sensitive to salt concentration (see Figure S1), and
therefore KCl concentration in all reaction mixtures was adjusted to 100 mM. For this
purpose, we mixed reactions with 50 mM KCl and then added protein dilution buffer
(buffer A with 0.6 mg/mL BSA) in an amount required to obtain final concentration
100 mM KCl taking into account salt from protein aliquots. Thus, reaction mixtures
(20 µL) composed of buffer A, at least 0.6 mg/mL BSA (BSA amount increased due to
added volume of protein dilution buffer), 5 mM MgCl2, 10 nM DNA, and 10 nM FEN1
were equilibrated for 5 min on ice and then were incubated at 37 ◦C for the periods
indicated in figure legends (2, 5, 7, 10, 15, or 30 min). In the case of experiments on an XPA
influence, reaction mixtures containing 8 nM FEN1 and 10, 40, 100, or 300 nM XPA were
also equilibrated for 5 min on ice and then were incubated at 37 ◦C for 7 min. The reactions
were terminated with 8 µL of hot formamide (95 ◦C), and the mixtures were heated to 95 ◦C
until volume decreased via evaporation to 10 µL. Then, the reaction mixtures were loaded
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onto denaturing 10% polyacrylamide gel (acrylamide/bis-acrylamide = 19:1, 8 M urea),
and separated by electrophoresis in TBE buffer. The cleavage products were detected in the
FAM mode on a Typhoon FLA 9500 (GE Healthcare) and quantified using Quantity One
software (v. 4.6.7., Bio-Rad).

2.7. Electrophoretic Mobility Shift Assay (EMSA)

Reaction mixtures (10 µL) consisting of buffer A, 0.6 mg/mL BSA, 10 nM DNA, 0.1 nM
pUC19 plasmid (as a competitor DNA), 5 mM MgCl2 (only for XPA-binding experiments),
5 mM CaCl2 (where indicated), and proteins at the indicated concentrations were incubated
for 20 min at 37 ◦C. Experiments with Flu-XPA were performed without DNA in buffer A
with 0.6 mg/mL BSA. Then, 2 µL of loading buffer (20% of glycerol, 0.015% of bromophe-
nol blue in buffer A with 0.6 mg/mL BSA) at 37 ◦C was added, and the samples were
immediately put on ice. Next, the samples were loaded onto a 5% native polyacrylamide
gel (7% for Flu-XPA-containing samples; acrylamide/bis-acrylamide = 60:1) and separated
by electrophoresis in TBE at 4 ◦C with a voltage decrease of 10–12 V/cm. In the case of
fluorescein-containing DNA or Flu-XPA, gels were scanned between glass plates in the
FAM mode on the Typhoon FLA 9500 (GE Healthcare). The gels with 5′-32P-labeled DNA
were dried, and a phosphor screen was exposed to them overnight. Electrophoretic bands
were quantified using the Typhoon FLA 9500 (GE Healthcare) and Quantity One software.

2.8. Far-Western Blotting Assay (Dot Blot Protein–Protein Binding Assay)

The increased amounts (1, 3, or 5 µL) of proteins (XPA 1.4 µM, RPA 5 µM, FEN1 5 µM,
and BSA 5 µM) were dotted on a dry nitrocellulose membrane. For each target experimental
membrane, a membrane of an antibody cross-reactivity control was set up. The membranes
were then blocked in blocking buffer (5% milk in TBST) for 90 min at 4 ◦C and washed
3 times with TBS for 5 min each. After that, target membrane was incubated with 0.3 µM
XPA in a buffer (50 mM Tris-HCl 7.5, 100 mM NaCl, 1 mM DTT, and 0.6 g/L BSA) and
washed in the same way. Both membranes’ were incubated with a primary antibody (anti-
XPA, mouse Ab-1, 5A2, Calbiochem, San Diego, CA, USA) in TBS overnight at 4 ◦C and
subsequently washed in the same manner. Then, the membranes were incubated (for 1 h at
4 ◦C) with a secondary antibody conjugated with horseradish peroxidase and also washed
3 times with TBS for 5 min each. Visual detection was carried out using the Pico Plus
Reagent Kit (Thermo Scientific, Waltham, MA, USA) and the gel documentation system
(Amersham Imager 600, GE Healthcare).

2.9. Statistical Analysis

In all experiments, amounts of a substrate and product were quantified, and the
percentage of substrate cleavage was determined as the product/(substrate + product)
ratio. This method allowed for correcting data for any loading error among lanes. Moreover,
data from the experiments on the XPA and RPA influence were normalized to the percentage
of FEN1 cleavage product without a second protein. All assays were performed at least
in triplicate, and representative gels are shown. The data were quantified in Quantity
One software and analyzed in Microsoft Excel. EMSA and cleavage data are displayed as
means ± SD. The p-values were determined at nearly 50% of product or complex formation
using an unpaired two-tailed t-test.

3. Results
3.1. FEN1 Is Able to Cleave Flap Substrates Containing a Bulky Lesion in Combination with a Gap
of Different Sizes at Nearly Physiological Salt Conditions

The FEN1 crystal structure [44] reveals that the interaction with a duplex part of a
DNA substrate is mediated by K+ ions and facilitates a scissile bond’s positioning in the
active site. Indeed, K+ ions are the most abundant cations in the intracellular fluid [45] with
a physiological concentration of 140–150 mM [46]. On the other hand, low-salt conditions
(50 mM and less) are commonly used for FEN1 nuclease assays (e.g., [47]). Accordingly, we
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started our experiments by investigating the contribution of salt concentration to FEN1’s
binding affinity and cleavage efficiency (Figure S1A). As expected, these experiments
showed that FEN1 catalytic activity is much lower at K+ concentrations of 100–120 mM
compared to 20 and 50 mM. The binding affinity decreasing was substantial only between
salt concentrations 20 and 50 mM (Figure S1B). DNA binding by FEN1 at K+ concentrations
higher than 50 mM is nearly equal, but catalytic efficiency was different. According to
an existing model of FEN1 catalytic reaction, FEN1 binds primarily to duplex bases of
the flap, bends the substrate with the 5′ single-stranded flap being directed under the
cap domain, while two base pairs unpairing promotes correct positioning of the scissile
bond [44]. Our results indicated that stages after initial duplex binding are strongly K+-
sensitive, possibly because this ion stabilizes duplex structure and prevents its bending and
base pairs unpairing. All subsequent experiments were performed with reaction mixtures
normalized to 100 mM K+. This concentration was chosen from the standpoint of a balance
between convenient FEN1 catalytic activity detection and physiological K+ concentration.

Previous studies have demonstrated that FEN1 can cleave long flap substrates con-
taining a single cis-diamminedichloroplatinum (CDDP) adduct or a branched flap without
additional modifications [48]. By contrast, two CDDP adducts within the flap or CDDP-
adducted branched flaps inhibit FEN1 activity [48], similarly to a flap substrate blocked by
streptavidin [49]. Basically, any flap modification that leads to the flap’s inability to be bent
by FEN1 results in cleavage inhibition. In our study, DNA structures contain fluorescein on
a flexible linker (Table 1); hence, we assumed that this lesion does not dramatically change
flap structure’s flexibility. Indeed, fluorescein substitution inside the flap does not affect
FEN1 cleavage efficiency and binding affinity (Figure S2). These results motivate us to
use DNAs bearing fluorescein substitution inside a 5′-flap as a bulky lesion and a reporter
group simultaneously.

Further, we examined FEN1 ability to catalyze flap cleavage regardless of gap size: 3,
10, or 26 nt or Y-shaped structure (Figure 1).

Cleavage efficiency unexpectedly increased with increasing gap size: F-gap3 = F-gap10
< F-gap26 < Y-shape. This is surprising because according to FEN1’s optimal substrate
requirements, the substrate should contain a short 5′-flap with a one-nucleotide 3′-flap
without a gap (this substrate mimics a replication intermediate) [50,51]; the F-gap3 structure
is the best match for this model. At the same time, FEN1’s binding affinity order for these
DNA structures is F-gap26 = Y-shape < F-gap3 = F-gap10 (Figures 1C and S3). Thus, dsDNA
containing two-way junctions (with 5′ and 3′ single-strand extensions) is the key structural
element for FEN1’s ability to bind DNA. This observation is in agreement with existing
biochemical data [49] and FEN1 crystal structure [44].

DNA structure without an upstream template strand (5′ext) was bound by FEN1 with
lower affinity and was not digested (Figures 1 and S3). Consequently, the presence of
both template strand parts forming a flap basis was indispensable for the formation of
a cleavage-competent complex. The structural features of DNA substrates containing a
single-stranded flap exposed from the template and duplex sharp bending with dsDNA
segments on both sides of the flap provided FEN1 substrate specificity [44]. Nevertheless,
there are discrepancies among reports about FEN1’s ability to cleave 5′-extentions (can
cleave, [52], and cannot cleave, [53]) and Y-shape structures (can cleave, [52], and cannot
cleave, [53]).

Mg2+-dependent conformational changes in DNA are indispensable for the formation
of a final catalytically active complex [47,54]. Assuming that the complex of a DNA
substrate with FEN1-Ca2+ better adopts the catalytically viable conformation as compared
to the one without a divalent metal, we also performed DNA-binding experiments in a
Ca2+-containing buffer (Figure S3B). Under these conditions, FEN1 bound to DNAs with
higher affinity (Figure S3D) but retained the same specificity (Figure S3E). Notably, the
nuclease activity of FEN1 is functional only in the presence of Mg2+ and Mn2+ ions and is
not supported by Ca2+ [53]. Moreover, Ca2+ ions inhibited the reaction even when Mg2+
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and Mn2+ ions were present (Figure S4). In vivo, FEN1 avoids inhibition by calcium owing
to low intracellular concentration of Ca2+: 0.1 µM [55].
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Figure 1. FEN1 cleaves DNAs containing a damaged flap and gap. FEN1 can cleave a flap bearing a
fluorescein-substituted dUMP analog in combination with a gap (A,B). The gap size does not affect
FEN1’s binding affinity (C), but the presence of both template strand parts forming the flap basis
is indispensable for the correct FEN1–DNA interaction. Gels for (C) panel are presented at Figure
S2B. The ssDNA was an oligonucleotide Fg (see Table S1) used for the 5′-flap structure generation.
p-values marked as p on the plots (A,B); ns means not sufficient. Reaction mixtures (20 µL) contained
FEN1 (10 nM), a DNA substrate (10 nM), 5 mM Mg2+ (for nuclease experiments), 50 mM Tris-HCl pH
7.5, 1 mM dithiothreitol, at least 0.6 mg/mL BSA, and 100 mM KCl, and the reactions were performed
as described in the Section 2—Materials and Methods Section. Substrate and cleavage product sizes
are indicated. Schematic representation of the DNA substrates is depicted above the figure. Raw data
can be viewed in Supplementary Materials.

3.2. FEN1 Interacts with XPA in DNA-Independent Manner

Next, we tested whether XPA and/or RPA interacts with FEN1 during DNA binding.
Using all the DNA structures, by EMSA, we registered a band with lower mobility as
compared to the FEN1–DNA or XPA–DNA complex; this band was assumed to be the
XPA–FEN1–DNA ternary complex (Figures 2A and S5A, in Ca2+ presence). Note, the
FEN1–XPA–DNA complex was formed equally with damaged and undamaged flap struc-
tures (Figure S5B) and XPA does not discriminate damage inside flap (Figure S5C). The
lower-mobility band was also observed with bubbled DNA (Figure S5D). Two possible
scenarios for the ternary complex formation could be proposed: either both proteins bind
to the same DNA molecule independently, or some protein–protein interactions take place
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inside the complex (each protein binds to the DNA and interacts with the other protein
simultaneously; one protein binds to the DNA and the second protein enters the complex
via protein–protein interactions). To examine whether XPA and FEN1 contact directly,
we performed a far-Western blotting assay (Figure 2B). Various amounts of proteins were
applied to a nitrocellulose membrane, which was incubated ether with 0.3 µM XPA (right
panel) or with the buffer without XPA (left panel) followed by treatment with anti-XPA
antibody (see Materials and Methods, Section 2.8). XPA and BSA were used as positive
and negative controls, respectively. These experiments confirmed XPA–FEN1 complex
formation in the absence of DNA.
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Figure 2. XPA–FEN1 interaction. An XPA–FEN1–DNA complex observed for DNAs with the different
gap sizes (A). Schematic representation of the DNA substrates is given above the figure. XPA and
FEN1 interact directly in the absence of DNA (B). For details, see Section 2. αXPA: an anti-XPA
antibody. Raw data can be viewed in Supplementary Materials.

Previously, RPA was shown to compete with FEN1 for the binding to a long flap 1 [37].
In our study, we examine FEN1 and RPA binding to flap and/or gap ssDNA platforms in
one DNA molecule (Figure S6). Regardless of numbers and locations of binding platforms
(an ssDNA platform inside the gap and flap itself), RPA competed with FEN1 for binding
and displaced it from DNA at increasing RPA concentrations. Of note, RPA prefers a
gap platform to bind [20], and this binding position also inhibits DNA cleavage by FEN1,
especially in the case of the F-gap26 structure (Figure S6B).
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3.3. RPA–XPA–FEN1 Complex Formation

Under conditions of simultaneous XPA, FEN1, and RPA presence in the reaction
mixture, a putative XPA–FEN1–RPA–DNA complex was detectable (Figure 3A). This
complex does not correspond to these proteins’ ternary complexes, which allows for us to
propose that it is quaternary with some degree of confidence. We took into consideration
that this complex may be organized by XPA because we failed to detect any RPA contact
with FEN1.
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Figure 3. XPA interacts with both RPA and FEN1. XPA is able to recruit FEN1 and RPA to DNA
simultaneously to arrange an XPA–FEN1–RPA–DNA complex (A). Fluorescently labeled XPA can
arrange the Flu-XPA–FEN1–RPA complex (B). Free Flu-XPA disappearance is more pronounced
under conditions of simultaneous presence of FEN1, XPA, and RPA in the reaction mixture (this
lane is designated by blue triangle) compared to the lane containing just Flu-XPA+FEN1 (green
triangle). The XPA is able to bind two RPA molecules simultaneously (C). Representation of putative
XPA–FEN1–RPA–DNA, XPA–FEN1–RPA, and XPA–RPA2 complexes are depicted. (D) EC50 values
for complexes of Flu-XPA are shown. For details, please see Section 2. Raw data can be viewed in
Supplementary Materials.
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To further analyze the possibility of XPA–FEN1–RPA complex formation, we used a
fluorescently labeled XPA protein (Flu-XPA). Flu-XPA molecules entered a native gel in the
absence of DNA (Figure 3B). In the presence of RPA, an additional band was observed cor-
responding to a Flu-XPA–RPA complex with 1:1 stoichiometry. Unfortunately, subsequent
Flu-XPA–RPA complex titration with increasing concentrations of FEN1 did not result in
XPA–FEN1–RPA complex formation. Instead, the titration resulted in disappearance of
Flu-XPA and Flu-XPA–RPA complexes and accumulation of some complexes in the loading
wells. Titration of Flu-XPA by FEN1 also yielded bands at the top of the gel. We suggest
that complexes with FEN1 cannot enter the gel due to their insolubility under the EMSA
conditions (pI value of FEN1 8.8 is near pH value in the electrophoretic buffer at 4 ◦C).

We examined the disappearance of free Flu-XPA and found that it was more pro-
nounced in the lane containing Flu-XPA, RPA, and 200 nM FEN1 compared to the lane with
Flu-XPA and 200 nM FEN1 only. Thus, the XPA–FEN1 interaction becomes more effective
in RPA presence. Notably, the band corresponding to the XPA–FEN1–RPA–DNA complex
was also clearly detectable.

Overall, we assumed the existence of an XPA–FEN1–RPA complex where XPA accom-
modates FEN1 and RPA contacts simultaneously. RPA can stabilize this complex, and the
XPA–RPA stabilization is in agreement with XPA’s scaffolding function inside NER.

To further clarify the XPA ability to interact with two other protein molecules si-
multaneously, we performed Flu-XPA titration with RPA (Figure 3C). These experiments
revealed that one XPA molecule is able to interact with two RPA molecules simultaneously.
At equimolar amounts of Flu-XPA and RPA, a bimolecular Flu-XPA–RPA complex was
detected. Subsequent titration led to Flu-XPA–RPA2 complex formation at a high RPA ex-
cess. Half-maximal effective concentration (EC50) for the binding of the first RPA molecule
was roughly three times lower compared with EC50 for the second RPA molecule to join
(Figure 3D). Taking into account that each RPA-binding motif on XPA is occupied by a
single separate RPA molecule, we propose that EC50 for the second RPA molecule reflects
an interaction of XPA’s DNA-binding domain (XPA-DBD) with RPA70AB [27]. Physical
interaction between the N terminus of XPA (XPA-N) and RPA32C is stronger than the
XPA-DBD–RPA70AB contact and is important for the initial association. On the other hand,
subsequent XPA-DBD association with RPA70AB is needed for structural organization
of the NER complex. The binding of the first RPA molecule may involve simultaneous
contacts of XPA-N with RPA32C and XPA-DBD with RPA70AB. In the case of FEN1 joining
the Flu-XPA–RPA complex, EC50 was approximately four times lower compared to the
bimolecular association between FEN1 and Flu-XPA. These data are also consistent with a
stronger XPA–FEN1 interaction in the presence of RPA.

3.4. XPA Moderately Inhibits FEN1 Catalytic Activity

Following the idea that the XPA–FEN1 interaction may exist at the resynthesis stage
of NER, we tested whether XPA affects FEN1 nuclease activity on gap- and flap-containing
DNAs. We use conditions where FEN1 digested approximately half of a substrate for
subsequent XPA titration experiments (Figure 4). Of note, only a twofold decrease in the
yield of the reaction product was observed at a large XPA molar excess (more than tenfold
over FEN1). The inhibitory effect was greater with DNA containing long gaps (Figure 4B).
The number or size of the reaction products did not change, and therefore FEN1 specificity
remained the same. We propose that the observed inhibitory effect is explained by XPA
competing both with DNA for FEN1 binding and with FEN1 for DNA binding.



Biomolecules 2024, 14, 814 11 of 17Biomolecules 2024, 14, x FOR PEER REVIEW 12 of 18 
 

 
Figure 4. XPA inhibits FEN1 activity on all DNA substrates. The endonuclease activity of FEN1 
was assessed on DNAs with different gap sizes in the presence of different amounts of XPA (A). 
Schematic representation of the DNA substrates is given above the figure. A twofold decrease in 
reaction products was observed in the presence of a large XPA molar excess (B). Results of the XPA 
influence were normalized to the percentage of FEN1 cleavage product without XPA. Reaction 
mixtures (20 µL) contained FEN1 (8 nM), a DNA substrate (10 nM), an indicated amount of XPA, 5 
mM Mg2+, 50 mM Tris-HCl 7.5, 1 mM dithiothreitol, at least 0.6 mg/mL BSA, and 100 mM KCl, and 
the reactions were performed as described in Section 2. Raw data can be viewed in Supplementary 
Materials. 

At the same time, RPA’s inhibitory effect could be interpreted as simple displace-
ment by the DNA-binding protein. Under conditions of simultaneous presence of RPA 
and XPA in the reaction mixture, the inhibition profile matched the one for RPA alone 
(Figure S7). 

4. Discussion 
XPA is one of the smallest proteins of the NER machine, but it is very important for 

the process functioning. Mutations in the XPA gene lead to the most severe forms of xe-
roderma pigmentosum [17,56]. For a long time, the only function of XPA was considered 
to be participation in the NER process, and initially it was assigned the role of a dam-
age-recognizing factor [57,58]. As data accumulated, this hypothesis was replaced by the 
assumption that XPA acts as a hinge that ensures interaction between other participants 
in the process [59]. In addition to the proteins of the NER complex, XPA has been found 
to interact with the cell cycle control proteins (reviewed in [19]), as well as with the rep-
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Figure 4. XPA inhibits FEN1 activity on all DNA substrates. The endonuclease activity of FEN1 was
assessed on DNAs with different gap sizes in the presence of different amounts of XPA (A). Schematic
representation of the DNA substrates is given above the figure. A twofold decrease in reaction
products was observed in the presence of a large XPA molar excess (B). Results of the XPA influence
were normalized to the percentage of FEN1 cleavage product without XPA. Reaction mixtures (20 µL)
contained FEN1 (8 nM), a DNA substrate (10 nM), an indicated amount of XPA, 5 mM Mg2+, 50 mM
Tris-HCl 7.5, 1 mM dithiothreitol, at least 0.6 mg/mL BSA, and 100 mM KCl, and the reactions were
performed as described in Section 2. Raw data can be viewed in Supplementary Materials.

At the same time, RPA’s inhibitory effect could be interpreted as simple displacement
by the DNA-binding protein. Under conditions of simultaneous presence of RPA and XPA
in the reaction mixture, the inhibition profile matched the one for RPA alone (Figure S7).

4. Discussion

XPA is one of the smallest proteins of the NER machine, but it is very important
for the process functioning. Mutations in the XPA gene lead to the most severe forms of
xeroderma pigmentosum [17,56]. For a long time, the only function of XPA was considered
to be participation in the NER process, and initially it was assigned the role of a damage-
recognizing factor [57,58]. As data accumulated, this hypothesis was replaced by the
assumption that XPA acts as a hinge that ensures interaction between other participants in
the process [59]. In addition to the proteins of the NER complex, XPA has been found to
interact with the cell cycle control proteins (reviewed in [19]), as well as with the replication
factor PCNA [23–25]. Thus, XPA can be considered not only as the NER factor, but also as a
component of the replication machinery and probably other cellular processes.

Here, we demonstrated an interaction of XPA with FEN1 both in the presence and
absence of DNA (Figure 2). FEN1 activity is important for several DNA metabolic pro-
cesses [10,60,61]. The structure-specific mechanism of flap cleavage allows for FEN1 to
cleave a 5′-flap on a variety of DNA replication and repair intermediates. During replica-
tion, FEN1 processes intermediates of Okazaki fragment 5′-flaps thereby generating nicked
DNA products that can be ligated for Okazaki fragment maturation. FEN1 also operates
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in long-patch BER, sequence duplication prevention, trinucleotide repeat expansion lim-
iting [13,62–65], and during telomere maintenance [66–69]. The involvement of FEN1 in
so many distinct cellular pathways is regulated by different protein partners that dictate
FEN1’s cellular location, its recruitment into protein ensembles, and its structure tuning by
post-translational modifications and affect its nuclease activity [60].

Structural organization of the XPA–FEN1–DNA complex is not obvious. We propose
the spatial organization of the complex on the model DNA used in this study from the
standpoint that both proteins are bound to DNA (Figure S8). FEN1 binds to the flap basis,
forming contacts with the duplex part and the template ssDNA part inside the gap. Thus,
XPA is forced to bind to the opposite ss-ds DNA junction with a 3′-ssDNA gap extension.
Note that XPA binds specifically to the ss-ds DNA junction with a 5′-extension where XPA
can stabilize the interaction by intercalation of a Trp residue between unpaired bases of the
single-stranded extension [70,71].

One of the main partners of XPA in the NER process is RPA. The XPA–RPA complex
as well as a ternary complex with DNA were shown earlier [72,73], and XPA interaction
with RPA is indispensable for NER reaction [26,27]. XPA interacts with two of three
RPA subunits: RPA70 by the globular core XPA domain and RPA32. It was recently
demonstrated that the interaction with RPA32 subunit may be important for the initial step
of NER complex formation, whereas the interaction with RPA70 is needed for structural
shaping of the complex [27]. It is reported that an XPA dimer can form a complex with one
RPA molecule [74]. Does each XPA molecule come into contact with each RPA molecule in
this complex type or only with a single one? Our experiments revealed a reverse situation:
one XPA molecule is able to interact with two RPA molecules simultaneously (Figure 3C).
Because this complex was registered during the titration of FAM–XPA with RPA, we suggest
that both RPA molecules interact with one XPA molecule through subunit RPA70 of one of
the RPAs and subunit RPA32 of the other one. We also cannot rule out the possibility that in
the XPA–RPA2 complex, two RPA molecules interact with each other. Interactions between
RPA molecules were recently described [75]. In the case of the XPA–FEN1–RPA complex,
XPA may interact with RPA70 subunit via globular domain and with FEN1 via N-terminus.
Overall, these data illustrate XPA’s function as linchpin protein, which accommodates two
(or more) proteins simultaneously within protein ensemble. Furthermore, our findings
indicate that the RPA–XPA interaction may stabilize contacts of XPA (and possibly RPA)
with other proteins, so serving as a platform to arrange multi-protein complexes.

Notably, RPA also organizes the XPA–RPA–XPG complex [28]. Although XPG and
XPA are present together in several protein complexes at different NER stages, they do
not interact directly [28]. XPA’s location close to the PCNA recruitment point allows for
proposing that XPA recruits PCNA into the NER complex. Thereafter, FEN1 could arrive
as a PCNA partner [36], and subsequently, the XPA–FEN1–RPA complex can be formed.
Based on XPA and FEN1 physical and functional interactions as well as ternary XPA–FEN1–
RPA complex formation, a putative model of XPA interaction with protein partners in the
post-incision complexes of the NER process can be supposed (Figure 5).

The scaffolding function of XPA is absolutely indispensable for both NER sub-pathways:
global genome NER and transcription-coupled NER (TC-NER). The TC-NER rapidly elim-
inates transcription-blocking lesions from actively transcribed DNA strands [56,76,77].
Transcription stalling at a site of a lesion can give rise to R-loops too [15,78]. Thus, protein
factors of TC-NER machinery can be easily recruited to the R-loop site. A recent paper
showed that FEN1 can participate in R-loop resolution [13,16]. Structure-specific NER
endonuclease XPF–ERCC1 is also involved in R-loop cleavage [16]. Because XPA interacts
with both proteins, it is possible to assume that XPA can be involved in the R-loop resolving
complex in the same way as it functions in the NER complex [79].
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sub-pathways: global genome NER and transcription-coupled NER (TC-NER). The 
TC-NER rapidly eliminates transcription-blocking lesions from actively transcribed DNA 
strands [56,76,77]. Transcription stalling at a site of a lesion can give rise to R-loops too 
[15,78]. Thus, protein factors of TC-NER machinery can be easily recruited to the R-loop 
site. A recent paper showed that FEN1 can participate in R-loop resolution [13,16]. 
Structure-specific NER endonuclease XPF–ERCC1 is also involved in R-loop cleavage 
[16]. Because XPA interacts with both proteins, it is possible to assume that XPA can be 
involved in the R-loop resolving complex in the same way as it functions in the NER 
complex [79].  

Altogether, our current results are consistent with an idea of XPA involvement in 
processes where FEN1 is functionally active. Further experiments in this field may vali-
date this assumption. 
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Figure 5. Putative model of XPA involvement in the post-incision NER stages. The first incision
by XPF-ERCC1 allows for the recruitment of the resynthesis factors. FEN1 joins the NER complex
together with replication machine. The repair synthesis can be initiated and proceed halfway through
the gap in the absence of the second XPG incision [1]. XPA can remain in the NER complex via a
protein–protein interaction with RPA [20]. Following second excision by XPG, the lesion-containing
oligonucleotide is released with TFIIH bound to it. The ongoing Polδ synthesis could originate a
“nick translation” and FEN1 works in association with the Polδ and Ligase I to limit this process and
allow for ligation [7,36]. We suggest that the XPA–FEN1–RPA complex can be formed at these stages.
Our DNA structures could model both intermediates containing a 5′-flap: before XPG incision and
after strand displacement.

Altogether, our current results are consistent with an idea of XPA involvement in
processes where FEN1 is functionally active. Further experiments in this field may validate
this assumption.
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