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Biological activity of Arabidopsis flap @
endonuclease 1 (FEN1) is modulated
by nuclear factors that inhibit its aggregation

Arkadiusz Borek!, Piotr Bonarek?, Ewa Kowalska', Agnieszka Katarzyna Banas' and Wojciech Strzatka'

Abstract
Flap endonuclease 1 (FENT) is part of a group of nuclear enzymes involved in eukaryotic DNA replication and
repair. In our studies, using both biochemical and biophysical approaches, we demonstrated that Arabidopsis
thaliana FEN1 (AtFENT) is unstable and prone to aggregation. To understand the reasons for AtFEN1 aggregation,
we first analyzed the effects of heparin sodium and sodium chloride on its aggregation. We found that both
heparin sodium and sodium chloride modulated the aggregation of this enzyme; however, achieving the same
level of aggregation inhibition required using a sodium chloride concentration five orders of magnitude higher
than that of heparin. Subsequently, to identify potential nuclear factors that may modulate the biological activity
of AtFENT1 in vivo, we used DNA. Our experiments showed that negatively charged double-stranded DNA (dsDNA),
similarly to the double-flap DNA (dfDNA) substrate of AtFENT1, inhibited AtFENT aggregation. This inhibitory effect
was much less pronounced when single-stranded DNA (ssDNA) was used. Moreover, dfDNA prevented the loss
of biological activity of AtFENT. Finally, we revealed that AtFEN1 aggregation was also blocked by Arabidopsis
proliferating cell nuclear antigen 1 (PCNAT1), a natural interacting protein of AtFEN1. However, this effect was
observed only when the putative PCNA-interacting protein (PIP)-box sequence was present in AtFENT.
Highlights

- FENT1 is an unstable protein prone to aggregation.

- lonic interactions modulate the stability of FEN1.

+ Nuclear factors, including double-stranded DNA, help to modulate the biological activity of FENT.
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Background
Flap endonuclease 1 (FEN1) is an enzyme that belongs to
the Rad2 family of structure-specific nucleases [1]. It is
primarily known for its essential role in DNA replication,
including Okazaki fragment maturation (for a review,
see Ma et al., 2022 [2]), resolution of trinucleotide repeat
sequence-derived secondary structures [3], and rescue
of stalled DNA replication forks [4]. Additionally, FEN1
is implicated in other major DNA metabolic pathways,
including the maintenance of telomere stability, apoptotic
fragmentation of DNA [5], homologous recombination
[6], microhomology-mediated alternative end joining [7],
and long-patch base excision repair [8]. The knockout of
the gene encoding FENT1 is lethal in mammals and plants
but not in yeast [9, 10]. Biochemical studies have revealed
that human and yeast FEN1 enzymes exhibit three types
of enzymatic activities: flap endonuclease (FEN), gap
endonuclease (GEN), and exonuclease (EXO) [11, 12].
However, no exonuclease activity has been detected in
Arabidopsis FEN1, indicating different protein properties
compared to its human and yeast homologs [13]. FEN1
is composed of a nuclease core domain and a lysine-rich
C-terminal tail. The C-terminus is involved in nonspe-
cific DNA binding [14] and protein—protein interactions
[15]. Predictions made by the AlphaFold algorithm indi-
cate that, at least in the absence of a DNA substrate, the
C-terminus of eukaryotic FEN1 remains unstructured.
FEN1 interacts with proliferating cell nuclear antigen
(PCNA) through its PCNA-interacting protein-box
(PIP-box) motif. Studies of proteins from various organ-
isms indicate that this motif is partly conserved among
animal, yeast, and plant proteins interacting with PCNA.
The canonical sequence of this motif follows the pattern:
Q-x-x-(h)-x-x-(a)-(a), where “h” represents amino acids
with moderately hydrophobic side chains (L, I, M), and
“a” represents strongly hydrophobic residues with an aro-
matic side chain (Y, F) [16]. Binding with PCNA stimu-
lates the FEN activity of the FEN1 enzyme. Mutational
analyses have shown that the formation of FEN1/PCNA
complexes and the effectiveness of PCNA-dependent
stimulation of FEN1 activity depend on the presence of a
correctly structured PIP-box sequence in the FEN1 pro-
tein [17]. Among the functional units involved in DNA
replication and repair is the FEN1/PCNA/DNA complex.
Biophysical studies have revealed that upon FEN1 bind-
ing, the DNA substrate bends [18]. To better understand
the details of the reaction performed by FEN1, the three-
dimensional structures of human FEN1/PCNA [19] and
FEN1/DNA substrate complexes [20] have been deter-
mined. Moreover, high-resolution structure of the com-
plex of DNA with two human proteins, FEN1 and PCNA
has been obtained [21].

The regulation of the activity and stability of pro-
teins involved in DNA replication and repair, including
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FENI, is crucial for proper cellular function. This regula-
tion involves various processes, such as protein folding,
interactions with other proteins (e.g., the FEN1/PCNA
complex), and posttranslational modifications. While
studying AtFEN1, we found that this protein is unstable
and prone to aggregation. Although aggregation can be
a physiological process, it may also involve misfolded or
unstable proteins, potentially disrupting their function.
Using turbidity and fluorescence polarization assays, we
demonstrated a relationship between AtFEN1 aggrega-
tion and its biological activity.

Materials and methods

Proteins, oligonucleotides, and DNA Preparation
Cytochrome ¢ was purchased from Sigma-Aldrich. The
following oligonucleotides were purchased from Eurofins
(Austria) and dissolved in sterile water (concentration
100 pM): ssDNA (5'-TTTTTTTTTTTTTTTCCCCCC
CCCCCCCCC-3'), ssDNAcomp (5'-GGGGGGGGGGG
GGGGAAAAAAAAAAAAAAA-3), D (5-ACTCTGC
CTCAAGACGGTTCAGTCCGACAT-3'), U (5'-ATGA
GGCAGAGT-3'), UF (5-ATGTCGGACTGAACCGTC
C-3'), A (5-GATGACGAGCAGTCCTAACTGGAAAT
CTAGCTCTGTCAACACCAACAGAGCTAGATTTCC
C-3’), and B (5'-Phospho T[Atto495]TTTTTTTTTAGT
TAGGACTGCTCGTCATC-3’) dsDNA was prepared by
annealing the ssDNA and ssDNAcomp oligonucleotides.
The double-flap DNA (dfDNA) substrate was assembled
by annealing the U, D, and UF oligonucleotides. The
Atto495 dfDNA substrate used for FEN activity analysis
was prepared by annealing the A and B oligonucleotides.
A 10 uM solution of ssDNA, dsDNA, or DNA substrates,
prepared in annealing buffer (20 mM Tris-HCI, pH 7.8,
supplemented with 25 mM NacCl), was heated to 95 °C
for 3 min and then cooled to 20 °C at a rate of 1 °C/min
using T100 thermal cycler (Bio-Rad, Singapore).

Cloning and vectors

The open reading frame (ORF) of Arabidopsis FEN1
(NCBI accession number NM_001161268) was amplified
using Phusion High-Fidelity DNA Polymerase (Thermo
Fisher Scientific, Lithuania) with the primers AtFEN-
1IFWG (5-GGGGACAAGTTTGTACAAAAAAGCAG
GCTCCATGGGTATTAAGGGTTTAACGAAGC-3)
and AtFENIRWG (5-GGGGACCACTTTGTACAAG
AAAGCTGGGTCCTTCTTCTTCCTTCCACCAGC
TCC-3'), along with Arabidopsis cDNA. Following an
initial denaturation step at 95 °C for 5 min, 30 cycles of
amplification were performed, consisting of denaturation
at 95 °C for 30 s, annealing at 50 °C for 30 s, and DNA
synthesis at 72 °C for 2 min, followed by a final incuba-
tion at 72 °C for 5 min in a T100 thermal cycler (Bio-Rad,
Singapore). The resulting PCR product was purified and
cloned into the pPDONR221 vector using a Gateway BP



Borek et al. BMC Plant Biology (2025) 25:648

reaction (Thermo Fisher Scientific), followed by sequenc-
ing. The pDONR221 vector carrying the cDNA sequence
encoding the AtFEN1 PIP-box mutant was purchased
from GenScript. The ORFs of AtFEN1 and AtFEN1 PIP-
box were transferred into the expression vector pDEST17
using a Gateway LR reaction (Life Technologies). The
construction of the pET15bAtPCNA1 vector was previ-
ously described [22].

Protein production and purification

Expression vectors encoding the appropriate ORFs were
transformed into Escherichia coli BL21 (DE3) Codon-
Plus-pRIL strain cells for recombinant protein produc-
tion. The bacteria were grown at 37 °C in LB medium
supplemented with ampicillin (100 mg/L) and chlor-
amphenicol (25 mg/L). When the optical density of the
bacterial culture at 600 nm (ODg,) reached 0.6, protein
production was induced using 1 mM IPTG for AtPCNA1
or 0.3 mM IPTG for AtFEN1 and AtFEN1 PIP-box.
The bacteria were then grown with vigorous shaking at
37 °C for 4 h (AtPCNA1) or at 14 °C for 16 h (AtFEN1
and AtFEN1 PIP-box). Next, the cells were harvested
by centrifugation (5 min, 8,000xg, 4 °C). AtPCNA1 was
purified following a previously described protocol [22,
23]. Bacterial cells producing AtFEN1 or AtFEN1 PIP-
box were resuspended in buffer A (50 mM MOPS, 1 M
NaCl, 20 mM imidazole, pH 7.5). The cells were lysed by
sonication for 7 min (5-s pulses with 15-s pauses) using
an Omni-Ruptor 4000 sonicator (OMNI International
Inc., USA). The lysate was centrifuged (20 min, 30,000xg,
4 °C), and the soluble protein extract was loaded onto
Ni-NTA Sepharose (GE Healthcare, Sweden). The pro-
tein was washed with buffer A and eluted in buffer B (50
mM MOPS, 1 M NaCl, 300 mM imidazole, pH 7.5). After
elution, the protein was dialyzed into buffer C (50 mM
MOPS, 1 M NaCl, pH 7.5), frozen in liquid nitrogen, and
stored at — 80 °C until use.

Turbidity assay

Protein turbidity was measured using a Shimadzu UV-
2101PC (Japan) spectrophotometer by recording the
absorption at 400 nm (or 500 nm when cytochrome ¢
was used) of the reaction mixture, which was stirred in a
Hellma Semi-Micro Cuvette 119.004-QS. Turbidity rates
(aggregation rates) were calculated from the initial linear
portions of the kinetic traces based on time-dependent
absorption recorded at 400-500 nm. The reaction mix-
ture had a total volume of 0.75 mL and consisted of 50
mM MOPS (pH 7.5) supplemented with NaCl (ranging
from 0.01 to 1 M). For each sample, 3—-5 measurements
were recorded. The concentrations of AtFENI, other
proteins, and substances in the reaction mixture were as

described in the figure legends.
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Protein unfolding assays

Thermal stability, monitored by differential scanning
fluorimetry (DSF), was performed using a Prometheus
NT.48 (NanoTemper Technologies, Germany) with a
sample volume of approximately 10 pL per capillary.
Thermal stability, monitored by the circular dichroism
(CD) signal at 220 nm, was measured using a JASCO
J-710 (Japan) spectropolarimeter with a 1 mm path-
length quartz cuvette and a sample volume of approxi-
mately 350 pL. Measurements were conducted at a
protein concentration of 10 uM in 50 mM sodium phos-
phate buffer, pH 7.5, supplemented with 100, 300, or
1,000 mM NaF. Scans were performed in triplicate over
a temperature range of 15-80 °C, with a heating rate of
1 °C/min. Thermal transition temperatures (7)) were
defined as the mean of the maximum values of the first
derivative of the signals in the transition region.

AtFEN1 activity assay based on fluorescence polarization
The FEN activity of AtFEN1 was analyzed with the help
of Tecan Infinite 200 PRO (Austria) spectrophotometer
using a fluorescence polarization (FP) DNA cleavage
assay [24] with minor modifications. The total reaction
volume was 20 uL and consisted of 30 nM AtFENTI and
30 nM Atto495 dfDNA substrate dissolved in activity
buffer (20 mM Tris-HCI, pH 7.4, 10 mM KCl, 10 mM
MgCl,, 0.01% (v/v) Tween 20, 5% (v/v) glycerol, 0.1 mg/
mL BSA, and 1 mM DTT). The enzymatic reaction was
performed at 25 °C. Changes in the FP signal were mea-
sured for AtFEN1 samples preincubated with or without
the DNA substrate over 378 min. For each sample, 3-5
measurements were recorded. The background activ-
ity, determined by monitoring fluorescence polarization
changes in the Atto495 dfDNA substrate over 378 min,
was negligible (Supplementary Fig. 1, Supplementary
Table 1).

Results

Aggregation of Arabidopsis FEN1 is modulated by
electrostatic interactions

Our results show that in the presence of 300 mM NaCl,
AtFEN1 (10 uM) was prone to aggregation. Reducing the
NaCl concentration from 300 to 10 mM led to significant
precipitation of AtFEN1, indicating a strong correlation
between AtFEN1 aggregation and electrostatic interac-
tions. This relationship was further confirmed by assess-
ing AtFEN1 aggregation at varying NaCl concentrations.
While AtFEN1 aggregated rapidly in the presence of 10
mM NaCl (Fig. 1A), the aggregation rate decreased as
the NaCl concentration increased. In the range of 0.6 to
1 M NaCl, AtFENI1 aggregation was practically undetect-
able. A similar effect was observed when NaF was used
instead of NaCl (Supplementary Fig. 2). Since manipula-
tion of the ionic strength of the buffer allowed for easy
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Fig. 1 Effect of buffer ionic strength on the aggregation and thermal stability of AtFENT. (A) Aggregation of 4 uM AtFEN1 in the presence of increasing
NaCl concentrations (0.01 to 1 M) at room temperature, monitored by a turbidity assay at 400 nm. The results represent the mean of three independent
experiments, with error bars indicating standard deviation. (B) Dependence of AtFENT thermal stability on buffer ionic strength, measured using dif-
ferential scanning fluorimetry (DSF) (solid lines) and circular dichroism (CD) spectroscopy (dashed lines). A 10 uM protein sample dissolved in buffer was
supplemented with 0.1 M (black), 0.3 M (red), or 1 M (blue) NaF. Thermal denaturation profiles were recorded at 330 and 350 nm for DSF and at 220 nm
for CD. The figure presents representative data from one of three independent experiments, with averaged profiles shown

Table 1 Thermal transition temperatures (7,,) of AtFENT in
solutions with different concentrations of NaF, measured by CD
and DSF methods (Fig. 1). Measurement errors were below + 1 °C

[NaF] (M) cD nanoDFS
0.1 39°C 34°C
03 45°C 40 °C
1 52°C 47 °C

modulation of AtFEN1 aggregation at room temperature,
we next used CD spectroscopy and DSF to analyze the
thermal stability of AtFEN1 at three different NaF con-
centrations (Fig. 1B). In these experiments, NaF was cho-
sen over NaCl because chloride ions in aqueous solutions
exhibit high absorbance below 200 nm. The thermal tran-
sition temperature (7m) values obtained are summarized
in Table 1. The systematic difference between the T val-
ues determined by the two methods indicates the pres-
ence of intermediate states of AtFEN1. Regardless of the
method used, the lowest phase transition temperature
was observed for AtFEN1 in buffer supplemented with
0.1 M NaF, while in the presence of 1 M NaF, this tem-
perature increased by approximately 13 °C.

In the next step, we aimed to evaluate the effect of
heparin, which can bind many proteins, including those
that bind DNA, as it mimics the polyanionic structure of
nucleic acids. For this purpose, we used sodium heparin.
We found that AtFEN1 (5 uM) aggregation was com-
pletely inhibited in the presence of sodium heparin at
concentrations equal to or greater than 4 uM (i.e., above
0.04 mg/mL) (Fig. 2A). To determine whether, similar to

our observations with ions, heparin inhibition of AtFEN1
aggregation also increased the thermal stability of this
protein, we used the DSF technique. We confirmed the
positive effect of sodium heparin on the thermal stabil-
ity of AtFEN1. While the phase transition temperature
of AtFEN1 in buffer containing 0.1 M NaF (control) was
approximately 35 °C, it increased to 46 °C following the
addition of heparin (10 pM, 0.1 mg/mL) (Fig. 2B).

DNA and PCNA modulate biological activity of Arabidopsis
FEN1
To date, our in vitro studies have shown that AtFEN1
is an unstable protein prone to aggregation in a low-
ionic-strength buffer (Fig. 1). Moreover, this process can
be modulated by molecules carrying negative charges
(Fig. 2A). Based on this information, we hypothesized
that such molecules present in the cell nucleus may func-
tion as natural antiaggregation factors for AtFEN1. On
this basis, we proposed that DNA and PCNA could act
as natural modulators of AtFEN1’s biological activity. To
test this hypothesis, we first analyzed AtFEN1 aggrega-
tion in the presence of 20 mM NaCl and different DNA
molecules, including single-stranded DNA (ssDNA),
double-stranded DNA (dsDNA), and double-flap (df)
DNA, the substrate of AtFEN1 (Fig. 3A). While dsDNA
and dfDNA effectively blocked AtFEN1 aggregation,
ssDNA was largely ineffective.

The aim of our next experiment was to determine
whether the enzymatic activity of AtFEN1 depends on
its aggregation. For this purpose, AtFEN1 was placed in
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Fig. 2 Impact of heparin sodium salt on the aggregation and thermal stability of AtFENT. (A) Aggregation of 4 uM AtFEN1 in the presence of increasing
concentrations of heparin sodium salt (0 to 0.1 mg/mL), monitored using a turbidity assay at 400 nm. The results represent the mean of three indepen-
dent experiments, with error bars indicating standard deviation. (B) Effect of heparin sodium salt on the thermal stability of AtFEN1, measured using DSF.
A 10 uM protein sample, either without (black) or with (green) 0.1 mg/mL heparin sodium salt, was heated from 20 °C to 55 °C. The thermal denaturation
profile was recorded at 330 and 350 nm. Averaged profiles are shown. The figure presents representative data from one of three independent experiments

a low-ionic-strength buffer (10 mM KCI) lacking diva-
lent ions required for its activity. Two sets of samples
were then prepared (Supplementary Fig. 3). The first
set contained dfDNA labeled with the fluorescent dye
Atto495. dfDNA serves as a substrate for AtFEN1 and,
according to our results, inhibits AtFEN1 aggregation.
In these samples, the enzymatic reaction was initiated by
the addition of magnesium chloride. In the second set,
after preincubating AtFEN1 with magnesium chloride,
the enzymatic reaction was triggered by the addition of
the substrate, Atto495 dfDNA. The presence of Atto495
dfDNA during preincubation had a significant effect on
the enzymatic activity of AtFENI1 (Fig. 3B). While activity
remained constant throughout the preincubation period
with Atto495 dfDNA, a steady decrease was observed in
samples preincubated with magnesium chloride. After
378 min of preincubation without the substrate, AtFEN1
activity was only 20% of that observed in samples prein-
cubated with Atto495 dfDNA.

Lastly, we evaluated whether Arabidopsis PCNA1
protein  could modulate AtFEN1 aggregation.
AtPCNAI1:AtFEN1 molar ratios of 1.5 or greater effec-
tively prevented AtFENI1 aggregation (Fig. 3C). The
interaction between PCNA and FEN1 is mediated by the
PCNA-interacting protein (PIP)-box sequence present in
FEN1 [17]. We therefore investigated whether the pres-
ence of the putative PIP-box in AtFENI1 affects its aggre-
gation inhibition by PCNA. To do this, we produced and
purified version of AtFEN1 in which selected amino acid
residues (Supplementary Fig. 4) of the putative PIP-box
sequence were mutated to alanine. These mutant should
have an impaired interaction with PCNA [17]. We found

that, under the conditions tested, AtPCNA1 effectively
inhibited the aggregation of wild-type AtFEN1 but not
the AtFEN1 PIP-box mutant. The AtFEN1 mutant with
the impaired PIP-box sequence remained prone to aggre-
gation even at the highest concentration of AtPCNA1
(i.e., an AtPCNA1:AtFENI equal to 3 molar ratio). To
rule out the possibility that AtPCNA1-dependent inhibi-
tion of AtFEN1 aggregation was simply a crowding effect,
we tested whether the addition of bovine cytochrome c
influenced AtFEN1 aggregation (Fig. 3D). We observed
slightly reduced aggregation of AtFEN1 in the presence of
high concentrations of cytochrome ¢ (10 pM). This effect
may be due, in part, to the dipolar nature of cytochrome
¢, which, at the low ionic strength used in the experiment,
can nonspecifically bind to both positively and negatively
charged regions of AtFEN1. Our results clearly show that
the inhibition of AtFEN1 aggregation is specifically asso-
ciated with its interaction with AtPCNAL.

Discussion

FENT1 is a protein of fundamental importance for higher
eukaryotes, including plants [13]. A significant number of
studies have focused on human and yeast FEN1, address-
ing, among other topics, its role in DNA replication
and the repair of DNA lesions [5]. Despite the growing
body of data on FENI, the factors that can modulate its
aggregation, thermal stability, and, consequently, its bio-
logical activity have yet to be thoroughly investigated or
discussed. Therefore, the aim of our study was to fill this
gap. For our model protein, we used Arabidopsis FEN1.
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Fig. 3 Impact of DNA and PCNA on the aggregation of AtFENT. (A) Aggregation of 4 uM AtFENT was analyzed in the presence of increasing concentra-
tions of DNA (0 to 8 uM, DNA/AtFENT ratio from 0 to 2) and monitored using a turbidity assay at 400 nm. Black dots, red squares, and green diamonds
represent the AtFENT substrate (dfDNA), dsDNA, ssDNA, respectively. (B) Influence of preincubation of Atto495 dfDNA substrate with AtFENT on the
enzymatic activity of the protein. AtFENT activity was measured as changes in fluorescence polarization of the Atto495 dfDNA substrate in samples
preincubated with or without the Atto495 dfDNA substrate for 378 min. Black dots and red rectangles represent AtFEN1T samples preincubated with or
without the Atto495 dfDNA substrate, respectively. (C) Influence of at PCNAT on the aggregation of at FENT and the AtFENT PIP-box mutant. Aggrega-
tion of 2 uM AtFENT/AtFENT PIP-box mutant was analyzed in the presence of increasing concentrations of AtPCNAT (0 to 6 uM) and monitored using a
turbidity assay at 400 nm. Black dots and red rectangles represent AtFEN1T and the AtFEN1 PIP-box mutant, respectively. (D) Impact of cytochrome ¢ on
the aggregation of AtFENT1. Since cytochrome ¢ absorbs light at 400 nm, detection was performed at 500 nm, where cytochrome ¢ does not absorb light.
The results represent the mean of three independent experiments, with error bars indicating standard deviation

lonic interactions modulate the aggregation of AtFEN1

The results of our experiments indicate that the aggre-
gation of AtFEN1 is caused by electrostatic interactions
between its molecules. Ionic interactions between the
positively charged fragments (e.g., the C-terminal tail and
a fragment of its active site, Fig. 4) and negatively charged

fragments (marked in red in Fig. 4) of AtFEN1, which
occur under low ionic strength conditions, result in the
aggregation of this protein (Fig. 5A). The more than
100,000-fold difference between the effective concentra-
tions of NaCl (600 mM) and sodium heparin (4 uM) that
inhibit AtFEN1 aggregation to a similar extent is likely
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Fig. 4 Visualization of the surface charge distribution of AtFEN1, generated using the APBS tools 2.1 plugin for PyMOL [29]. The structure of AtFENT was
predicted using AlphaFold. Positively charged fragments are shown in blue, while negatively charged fragments are shown in red. The molecule on the
right side of the figure represents the same structure as on the left, rotated by 180°

due to differences in the molecular structures of these
compounds. Heparin is a highly anionic polysaccha-
ride, consisting of a mixture of linear chains made up of
varying numbers of repeating disaccharide units, which
include negatively charged sulfonated glucosamine and
iduronic acid [25]. The polyanionic properties of hepa-
rin have previously been employed in chromatography
for the purification of DNA-binding proteins, including
FENT1 [20].

The average molecular weight of this polyanionic
structure, which mimics nucleic acids such as DNA was
10 kDa. Therefore, the sodium heparin molecule con-
tains significantly more negatively charged groups (on
average, about 50 negatively charged groups per heparin
molecule) and accompanying positively charged sodium
ions than the NaCl molecule. Hence, the concentration of
these negative residues in 4 uM heparin is approximately
three orders of magnitude lower than the concentration
of chloride anions in 1 M NaCl. The fact that five orders
of magnitude fewer heparin molecules are required than
NaCl to effectively protect AtFEN1 from aggregation
indicates that the role of heparin extends beyond simply
electrostatically screening interactions between AtFEN1

molecules; electrostatic interactions between heparin
and AtFENT1 also play a role.

Electrostatic interactions not only modulate the aggre-
gation degree of the AtFEN1 protein but also influence
its thermal stability. Similar T values are observed with
the addition of 1 M NaF or 10 uM heparin. The increased
thermal stability of AtFEN1 is therefore not solely due to
the rise in ionic strength but is likely also affected by a
shift in the equilibrium between two conformations of
AtFEN1 in its native state—one with lower thermal sta-
bility and a greater tendency to aggregate, and the other
with higher thermal stability but a reduced tendency
to aggregate (Figs. 1 and 2). By increasing the salt con-
centration or adding heparin, the equilibrium is shifted
towards the more stable conformation of AtFEN1, result-
ing in reduced aggregation and an increase in its Tm.

Potential nuclear modulators of AtFEN1 biological activity

The observed in vitro aggregation of AtFEN1 under con-
ditions of low ionic strength led us to question whether
any molecules present in the cell nucleus could affect
this process. Given that FEN1 is a structurally specific
nuclease [26], we examined how the presence of ssDNA,
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Fig. 5 Schematic summary of conditions affecting AtFEN1 aggregation. (A) At low ionic strength, AtFENT exhibits a tendency to aggregate. (B) A high
NaCl concentration inhibits aggregation of this endonuclease by shielding electrostatic interactions between protein molecules. (C) Binding of dsDNA
(yellow) to AtFENT masks the strong positive charge of the protein’s active site, preventing aggregation. (D) Binding of AtFENT molecules to the AtPCNA1

ring (orange) prevents aggregation of the enzyme

dsDNA, and substrate dfDNA influences AtFEN1 aggre-
gation (Fig. 3A). The binding of ssDNA and dsDNA to
human FEN1 has been previously confirmed [27, 28].
Our results showed that only dsDNA and dfDNA, but
not ssDNA, effectively blocked AtFEN1 aggregation.
This is consistent with previous reports indicating that
FEN1 binds ssDNA much more weakly than dsDNA and
dfDNA [27, 28]. In the buffer containing KClI, the affin-
ity of FEN1 for the tested DNA was observed in the
following order: FEN1-ssDNA <FEN1-dsDNA <FEN1-
dfDNA. This suggests that the lower total negative charge
of ssDNA compared to dsDNA accounts for both its

weaker affinity for FEN1 and its less effective inhibition
of AtFENI aggregation. It cannot be excluded that the
differences in the efficiency of ssDNA and dsDNA inhi-
bition may also result from differences in their three-
dimensional structures.

The observed in vitro inhibition of AtFEN1 aggrega-
tion by AtPCNAIL, dsDNA, and the substrate dfDNA
(Fig. 3) suggests that similar roles may be played in vivo
by selected proteins present in the cell nucleus as well as
DNA itself. The lack of changes in the activity of AtFEN1
preincubated with the substrate dfDNA at room tem-
perature (Fig. 3B), along with the dependence of AtFEN1
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aggregation on the presence of the putative PIP-box
motif that ensures interaction with PCNA, although not
providing final confirmation, supports this hypothesis.
Regardless of the mechanisms preventing intramolecu-
lar interactions of AtFENT1, their effect is the inhibition of
aggregation of this protein.

Conclusion

Our results clearly show that Arabidopsis FEN1 is an
unstable protein prone to aggregation. Similar properties
have been observed for human and yeast FEN1 (unpub-
lished data). Our results indicate that molecules present
in the cell nucleus, such as DNA and proteins interact-
ing with FEN1, can modulate its aggregation and biologi-
cal activity. However, the question remains: Is AtFEN1
unstable in the plant cell nucleus? The answer to this
question will only be achievable once new techniques
are developed to verify in vivo the experimental data
obtained in vitro.
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