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Editorial on the Research Topic
Dynamical Networks of Life/Death Decisions in a Cell: From DNA Repair to Cell Death

Life/death decisions in the cell are controlled by the intricate balance between cell death and
survival signaling pathways. DNA damage induces multifactorial cellular responses: from DNA
repair to cell death. In the last years, there has been emerging evidence indicating regulatory
crosstalk between these cellular networks. It turned out that core components of cell death networks
control DNA repair as well as key regulators of the DNA repair machinery play a major role in
the cell death (Boege et al., 2017; Alemasova and Lavrik, 2019; Muller et al., 2020). The crosstalk
between these networks is rather complex due to several pathways of DNA repair as well as more
than a dozen types of programmed cell death that can be initiated upon DNA damage: apoptosis,
necroptosis, autophagy, ferroptosis and paranathosis (Galluzzi et al., 2018). Getting new insights
into these intricate machineries and their crosstalk is addressed in this collection. This research is
highly important for new directions of development in contemporary biomedicine and paves the
way towards drugs development involving targeting cell death and DNA repair networks.

The major part of the collection features the molecular mechanisms of DNA repair, in particular,
focusing on base excision repair (BER). A comprehensive overview of the BER pathway in the
model organism, Caenorhabditis elegans (C. elegans) is given by Elsakrmy et al. highlighting BER
among other pathways of DNA repair. Another review by Bayken et al. presents state of the art
knowledge on the role of BER in the processing of complex DNA structures, which are triggered by
oxidative stress and anticancer drugs. Uncovering the structural features of histone-DNA crosslinks
and molecular mechanisms of their repair is the subject of the review: by Pachva et al. The latter
knowledge plays a key role in the development of novel targeted approaches associated to the
induction of DNA repair pathways and DNA damage-induced cell death.

Valuable insights into the molecular mechanisms of the BER machinery are provided by the
research articles in this collection. In particular, a detailed analysis of substrate specificity of several
key enzymes of the BER pathway is carried out using in vitro biochemical systems. The comparison
of substrate specificity of human apurinic/apyrimidinic (AP) endonuclease APE1 toward DNA
and RNA substrates has allowed finding out new features of APE1 specificity toward DNA and
RNA of non-canonical structure (Davletgildeeva et al.). The influence of human tyrosyl-DNA
phosphodiesterase 1 (TDP1) and APE1 on the molecular architecture of the AP1 site has been
uncovered by Lebedeva et al. This analysis revealed the role of these two enzymes in the crosslinking
of 8-oxoguanine-DNA glycosylase (OGG1) to the APEL site as well as dissected the interplay of
OGG1, PARP1, and PARP2 at the initial stages of the BER pathway. The activity of PARP1 and
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PARP2 in Arabidopsis thaliana was compared by Taipakova
et al, which allowed unraveling a new type of DNA-
modifying activity. Furthermore, a new type of substrate activity
of tyrosyl-DNA phosphodiesterase 1 (TDP1) was found by
Dyrkheeva et al. Moreover, a comparison of the activity
on DNA substrates of endonuclease VIII-like 1 (NEIL1),
human 8-oxoguanine-DNA glycosylase (OGG1), endonuclease
III (NTH1), prokaryotic formamidopyrimidine-DNA glycosylase
(Fpg), and endonuclease VIII (Nei) has been carried out by
Kuznetsova et al. These studies identify new distinct and
common features of these enzymes, which further underlines the
high complexity of the BER machinery and the importance of its
investigation in different organisms.

New insights into the other DNA repair pathway, nucleotide
excision repair (NER), have been obtained by Petruseva et al.
focusing on uncovering the patterns of XPD-p44 interactions
with bulky DNA damages. The molecular mechanisms of
non-homologous end joining (NHE]) pathway in cancer cells
upon ijonizing radiation (IR) are analyzed by Tumia et al
In particular, it has been demonstrated that IR leads to
downmodulation of NHE]J repair processes by inhibiting the
synthesis of NHE] repair proteins including Ku70, Ku80,
and DNA-PKcs. These findings reveal the molecular basis
of the NHE] repair machinery in cellular responses to
drug/radiation-induced DNA damage and development of anti-
cancer drugs.

Studies of the autophagic pathway, mitochondrial respiration
and cross-talk of autophagy with different forms of cell death
also take a prominent place in this collection. The crosstalk of
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different forms of cell death focusing on the balance between
mitophagy and apoptosis is analyzed by Wohlfromm et al. In
this study, it was uncovered that the intricate balance between
these two pathways might both inhibit and block apoptosis
at the earlier and later time points, respectively. The role of
HDACE6 in Transactive response DNA-binding protein 43 (TDP-
43)-induced neurotoxicity and contribution of autophagy to this
pathway and to the development of amyotrophic lateral sclerosis
(ALS) is analyzed by Lee et al. The effects of mTOR inhibitors,
rapamycin or torinl, on the germination of wheat seeds is
analyzed by Smailov et al. Finally, the role of E3 Ubiquitin Ligase
Hyd activity in the balance between mitosis and cell death during
Drosophila oogenesis, is studied by Dorogova et al.

Taken together, this collection provides new insights into
life/death decisions in the dynamical networks of DNA damage
and cell death, identifies new targets in this network as well as
paves the way toward novel therapeutic applications.
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Translation initiation in protein synthesis regulated by eukaryotic initiation factors (elFs) is
a crucial step in controlling gene expression. elF3a has been shown to regulate protein
synthesis and cellular response to treatments by anticancer agents including cisplatin
by regulating nucleotide excision repair. In this study, we tested the hypothesis that
elF3a regulates the synthesis of proteins important for the repair of double-strand DNA
breaks induced by ionizing radiation (IR). We found that elF3a upregulation sensitized
cellular response to IR while its downregulation caused resistance to IR. elF3a increases
IR-induced DNA damages and decreases non-homologous end joining (NHEJ) activity
by suppressing the synthesis of NHEJ repair proteins. Furthermore, analysis of existing
patient database shows that elF3a expression associates with better overall survival
of breast, gastric, lung, and ovarian cancer patients. These findings together suggest
that elF3a plays an important role in cellular response to DNA-damaging treatments by
regulating the synthesis of DNA repair proteins and, thus, ellF3a likely contributes to the
outcome of cancer patients treated with DNA-damaging strategies including IR.

Keywords: eukaryotic initiation factor 3a (elF3a), DNA repair, radiation, resistance, mRNA translation, protein
synthesis, gamma-H2A histone family member X (y-H2AX)

INTRODUCTION

Eukaryotic initiation factors (eIFs) are a family of proteins that play important roles in mRNA
translation and protein synthesis. Recent growing evidence suggests that eIFs do not just participate
in translation initiation of global mRNAs but may also regulate synthesis of a subset of proteins
(Dong and Zhang, 2006; Dong et al., 2009). These regulatory functions have been thought to
contribute to the potential oncogenic role of elFs (Hershey, 2015). Indeed, many eIFs were found
to have higher expression in human tumors and shown to have oncogenic activity (Yin et al,
2011a). One of these elFs, elF3a, has been found to overexpress in many human cancers including
cancers of the breast (Bachmann et al., 1997), cervix (Dellas et al., 1998), esophagus (Chen and
Burger, 1999), stomach (Chen and Burger, 2004), lung (Pincheira et al., 2001), and bladder (Spilka
et al,, 2014), and it was thought to be a proto-oncogene. Indeed, knocking down eIF3a expression
reversed the malignant phenotype of human cancer cells (Dong et al., 2004) while overexpressing
ectopic elF3a transformed NIH3T3 fibroblast cells (Zhang et al., 2007) in vitro.
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elF3a Regulation of NHEJ Repair of DSBs

Interestingly, eIF3a overexpression resulted in cellular
sensitivity to cisplatin by regulating nucleotide excision repair
(NER) via suppressing the synthesis of NER proteins (Liu et al.,
2011). It has also been shown that eIF3a upregulation increases
cellular sensitivity to anticancer drug doxorubicin, which inhibits
topoisomerase II and causes DNA double-strand breaks (DSBs;
Yin et al., 2011b). Extensive DSBs induced by various exogenous
and endogenous factors are one of the most fatal forms of DNA
damages (Helleday et al., 2007; Reynolds et al., 2012) and are used
for treating human cancers in the form of chemo and radiation
therapy. However, cancer cells with efficient repair of DSBs are
able to survive these treatments that cause DSBs using two major
mechanisms of repair of DSBs, homologous recombination (HR)
and non-homologous end joining (NHE]; Hartlerode and Scully,
2009; Pardo et al.,, 2009). While HR repairs the damages using
undamaged and symmetrical chromosome as a template during
the S or G phase of the cell cycle (Helleday et al., 2007; Branzei
and Foiani, 2008), NHE] repairs DSBs throughout all cell cycle
phases and is the major pathway in repairing ionizing radiation
(IR)-induced DSBs (van Gent et al., 2001; Rothkamm et al., 2003;
Lieber, 2010). The major proteins important in NHE] repair
of DSBs include Ku (Ku70, Ku80) and DNA-PKcs to form the
DNA-PK enzyme (Gottlieb and Jackson, 1993; Yaneva et al,
1997; Mari et al., 2006; Uematsu et al., 2007).

In this study, we tested the hypothesis that eIF3a may regulate
the cellular response to treatments that cause DSBs by regulating
the synthesis of DSB repair proteins. We examined the role of
elF3a in the cellular response to IR because IR is a common
and an important strategy for treating many types of human
cancers (Hoeijmakers, 2001; Kastan and Bartek, 2004; Lobrich
and Jeggo, 2007) and is known to cause DSBs. We found
that eIF3a sensitized the cellular response to IR treatments by
downregulating NHE] repair via inhibiting the synthesis of NHE]
repair proteins including Ku70, Ku80, and DNA-PKcs. These
findings suggest that translational regulation of gene expression
and elF3a play important roles in the cellular response to DNA-
damaging treatments and, thus, may underline the molecular
basis of their functions in cellular response to drug/radiation-
induced DNA damages and in cancer prognosis.

RESULTS

Role of Eukaryotic Initiation Factor 3a in
the Cellular Response to lonizing

Radiation Treatment

To determine the potential role of eIF3a in the cellular response
to IR, we first knocked down elF3a expression using siRNA
in H1299 cells, which have a high level of endogenous elF3a
(Figure 1A) followed by analysis of cellular response to IR
using colony formation assay. As shown in Figures 1B,C, H1299
cells with eIF3a knockdown (H1299/Si) are significantly more
resistant with a 2-fold increase in relative resistance factor
(RRF) than the control H1299 cells transfected with scrambled
control siRNA (H1299/Scr). To confirm this observaiton, we
performed a reverse experiment by using the stable NIH3T3

cells with elF3a overexpression (NIH3T3/elF3a) (Figure 1A) and
tested their response to IR in comparison with the control cells
transfected with the empty vector (NIH3T3/Vec). As shown in
Figures 1B,C, NIH3T3/elF3a cells are remarkably more sensitive
than the control NIH3T3/Vec cells to IR with ~2-fold reduction
in RRF. Thus, elF3a expression may affect cellular sensitivity
to IR treatments.

Effect of Eukaryotic Initiation Factor 3a
on Gamma-H2A Histone Family Member
X Expression Following lonizing
Radiation Treatment

To investigate how elF3a affects the cellular response to IR,
we tested the hypothesis that eIF3a may regulate the repair of
DSBs induced by IR. For this purpose, we first tested the effect
of eIlF3a on gamma-H2A histone family member X (y-H2AX)
expression, a marker for DSB (Kuo and Yang, 2008), following IR
treatment. As shown in Figure 2A, little y-H2AX was detected
in either H1299/Si or the control H1299/Scr cells without IR
treatments. However, the y-H2AX level drastically increased
following IR treatment in these cells at 20 min after IR treatment.
Interestingly, at 6 h after IR, y-H2AX in H1299/Si cells returned
essentially to the basal level while it remained high in the control
H1299/Scr cells. We also performed similar experiments using
NIH3T3/elF3a and the control NIH3T3/Vec cells and found that
elF3a overexpression clearly delayed DNA repair, as indicated by
the delayed disappearance of y-H2AX (Figure 2A), consistent
with the findings using H1299/Si and H1299/Scr cells.

To verify the above findings, we performed
immunofluorescence staining of y-H2AX in the nuclei of
these cells at 2 and 6 h after IR exposure. As shown in Figure 2B,
the high level of punctate staining of y-H2AX in the nuclei of
H1299/Si cells observed at 2 h following IR disappeared at 6 h.
However, the punctate staining in the control H1299/Scr cells
remained high at 6 h following IR. Similarly, NIH3T3/elF3a
cells retained high levels of y-H2AX, whereas the control
NIH3T3/Vec cells lost y-H2AX staining at 6 h following IR.
These observations are consistent with the results shown using
Western blot analysis. Thus, it is possible that eIF3a suppresses
the repair of DSB induced by IR.

Effect of Eukaryotic Initiation Factor 3a
on DNA Damage Induced by lonizing

Radiation

In the above studies, we used y-H2AX as a DNA damage marker
to evaluate DNA damage and repair. To directly evaluate DNA
damage induced by IR in the presence of different levels of eIF3a,
we performed neutral comet assay at 2 and 6 h following IR
treatment. Cells at 20 min following IR were not tested using
this assay because the short time was difficult to control for
the comet assay. As shown in Figure 3A, H1299/Si cells clearly
have significantly lower Olive tail moment than the control
H1299/Scr cells at both 2 and 6 h following IR treatment. It
is noteworthy that the relative Olive tail moment was reduced
at 6 h compared with 2 h following IR in H1299/Si cells while
it remained high in H1299/Scr cells, suggesting that little DSBs
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FIGURE 1 | Effect of eukaryotic initiation factor (elF)3a expression on the cellular response to ionizing radiation (IR). Western blot analyses (A) and colony formation
assay following IR treatment (B) of H1299 cells with transient elF3a knockdown and NIH3T3 cells with stable elF3a overexpression compared with their respective
control cells. Actin was used as a loading control. Panel (C) shows a summary of elF3a effects on cellular sensitivity to IR treatments. Relative resistance factor (RRF)
was derived by dividing the ICsq of the test cells by that of their control cells (0 = 3, **P < 0.01).

were repaired in H1299/Scr cells compared with H1299/Si cells.
Similarly, NIH3T3/elF3a cells had significantly higher Olive tail
moment than its control NIH3T3/Vec cells (Figure 3B) following
IR treatment, and less DSBs were repaired in NIH3T3/elF3a
than in the control NIH3T3/Vec cells as indicated by the
change in the relative Olive tail moment between 2 and 6 h
following IR. Thus, eIF3a likely inhibits the repair of DSBs
induced by IR, and cells with high levels of eIF3a retain higher
levels of DSBs following IR while cells with lower elF3a retain
lower level of DSBs.

Role of Eukaryotic Initiation Factor 3a in
Non-homologous End Joining Repair of
Double-Strand Breaks

To determine if elF3a regulates repairs of DSBs, we next
performed host cell reactivation (HCR) assay of NHE] activity
since NHE] is the main repair pathway of IR-induced DNA
damages and it is independent of cell cycle stages as discused
above. As shown in Figure 3C, H1299/Si cells had a 2-fold
increase in NHE] activity compared with the control H1299/Scr
cells. Consistently, the NHE] activity in NIH3T3/eIF3a cells was
decreased by 40% compared with the control NIH3T3/Vec cells
(Figure 3D). These findings suggest that elF3a may play an
important role in suppressing NHE] repair of DSBs.

Eukaryotic Initiation Factor 3a Regulates
Synthesis of Non-homologous End

Joining Repair Proteins

Because elF3a is known to regulate the synthesis of proteins,
we hypothesized that elF3a may regulate NHE] repair of DSBs
by regulating the synthesis of NHE] repair proteins. To test
this hypothesis, we first performed a Western blot analysis
of major proteins involved in NHE] repair in H1299/Si vs.
H1299/Scr and NIH3T3/elF3a vs. NIH3T3/Vec cells. As shown
in Figures 4A,B, the expression of DNA-PKcs, Ku70, and Ku80

in H1299/Si cells was drastically increased compared with the
control H1299/Scr cells. Consistently, the expression of these
genes in NIH3T3/elF3a cells was dramatically reduced compared
with the control NIH3T3/Vec cells. Interestingly, real-time
reverse transcription (RT)-PCR analyses showed no change in
the mRNA level of these genes, suggesting that the effect of eIF3a
on the expression of DNA-PKcs, Ku70, and Ku80 is likely at the
protein, not mRNA, level.

Next, we performed pulse labeling and cycloheximide chase
experiments to determine the eIF3a effect on the synthesis and
degradation of these DNA repair proteins, respectively. As shown
in Figure 5, elF3a knockdown using siRNA in H1299 cells
(Figure 5A) or eIF3a overexpression in NIH3T3 cells (Figure 5B)
had no effects on the decay of these DNA repair proteins.
However, the synthesis of Ku70, Ku80, and DNA-PKcs was
dramatically increased in H1299/Si (Figure 5A) and reduced in
NIH3T3/elF3a (Figure 5B) cells compared with their respective
control H1299/Scr and NIH3T3/Vec cells. Thus, elF3a likely
inhibits the synthesis of Ku70, Ku80, and DNA-PKcs proteins,
leading to a reduced repair of DSB by the NHE] pathway.

High Eukaryotic Initiation Factor 3a
Expression Benefits Overall Survival of
Cancer Patients

The above studies suggest that patients with tumors that have a
high level of eIF3a may be more sensitive to treatments that cause
DSBs such as radiotherapy and chemotherapy with drugs that
cause DSBs. To test this hypothesis, we performed overall survival
analysis of breast, gastric, lung, and ovarian cancer patients using
information freely available in Kaplan-Meier (KM) plotter. As
shown in Figure 6, breast, gastric, lung, and ovarian cancer
patients with a high eIF3a expression level all had better overall
survival than patients with a low eIF3a level. These findings are
consistent with the eIF3a function in sensitizing cancer cells to
treatment that cause DNA damages.
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FIGURE 2 | Effect of eukaryotic initiation factor (elF)3a on ionizing radiation (IR)-induced gamma-H2A histone family member X (y-H2AX). Western blot (A) and
immunofluorescence staining (B) analyses of y-H2AX in H1299 cells with transient elF3a knockdown and in NIH3T3 cells with stable elF3a overexpression
compared with their respective control cells following IR treatments.
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FIGURE 3 | Role of eukaryotic initiation factor (elF)3a in non-homologous end joining (NHEJ) repair of ionizing radiation (IR)-induced double-strand breaks (DSBS).
(A,B) Comet assay was used to determine elF3a effects on the level of DSBs induced by IR in H1299 cells with transient elF3a knockdown (A) and NIH3T3 cells
with stable elF3a overexpression (B) compared with their respective control cells. The histograms show the summary of quantitative analysis of Olive tail moment in
these cells. (C,D) Host cell reactivation assays using reporter constructs were performed using H1299 cells with elF3a knockdown (C) and NIH3T3 cells with elF3a
stable overexpression (D) compared with their respective control cells (n = 3; **P < 0.01).

DISCUSSION and anticancer drugs frequently occurs, causing failure in the

successful treatment or cure of human cancers. In this study,
Appropriate combinations of radiation with chemotherapeutic  using cell line models, we show that elF3a may play important
drugs and radiation have resulted in remarkable outcome roles in the cellular response to IR with several lines of evidence.
in cancer treatments. However, resistance to both radiation Alteration of eIF3a expression not only changes cellular survival

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 August 2020 | Volume 8 | Article 753


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Tumia et al.

elF3a Regulation of NHEJ Repair of DSBs

A

Scr Si

elF3a « 170 %
, — o
Ku70 - | =
=

Actin M— 2> O
° Vec  elF3 _
T

elF3a - 170 S
PKcs . 450 9
Q

.|

Ku70 " . 70 <zt
Ku80 s 386 né
ACtin s S 4>

FIGURE 4 | Effect of eukaryotic initiation factor (elF)3a on expression of genes encoding proteins important for non-homologous end joining (NHEJ) repair. Western
blot and real-time reverse transcription (RT)-PCR analyses were performed to determine the effect of elF3a on the expression of Ku70, Ku80, and DNA-PKcs genes
in H1299 cells with transient knockdown (A) and NIH3T3 cells with stable elF3a overexpression (B) compared with their respective control cells (n = 3; **P < 0.01).

2.0 scr

s
1.0-|_L |—i |_i |—i
0-0 L] L] L]

5.0 CJvec

« [P eF3a
1.0-|_I |—I I_I ﬂ
0-0 L] Ll 1 3

elF3a PKcs Ku70 Ku80

elF3a PKcs Ku70 Ku80

following IR treatment, it also affects the levels of DSBs as
measured using the comet assay and detecting y-H2AX, an
indicator of DNA damage as well as HCR assay for NHE]
repair activities. Furthermore, eIF3a may regulate the synthesis
of DNA repair proteins, Ku70, Ku80, and DNA-PKcs, important
for the NHE] repair pathway. These findings are consistent
with the observation that lower elF3a expression associates with
poor prognosis of several cancers in this study and as reported
in previous publications (Bachmann et al., 1997; Dellas et al,
1998; Chen and Burger, 1999, 2004; Pincheira et al, 2001;
Spilka et al., 2014).

The difference in y-H2AX protein level between cells with
different eIF3a levels was observed early (20 min) following IR
treatments. Although eIF3a may sensitize cells from IR-induced
DNA damage to reduce the production of y-H2AX, it is more
likely that cells with different eIF3a levels have similar levels of
DSBs induced by IR, but the cells with less eIlF3a can repair
the DSBs much more quickly than the cells with a high eIF3a
level, causing the different levels of y-H2AX in these cells. This
difference in repair activity may be due to the difference in the
basal level of DNA repair proteins between these cells under
different levels of eIF3a regulation. It is noteworthy that DNA-
PKcs, the downstream target of elF3a shown here, has been
suggested to phosphorylate H2AX, leading to the production of
IR-induced y-H2AX (Stiff et al., 2004). In this study, although

elF3a knockdown increased the level of DNA-PKcs protein,
there is no increase in the basal level of y-H2AX. In fact,
y-H2AX decreased in elF3a knockdown cells at 20 min following
IR treatment. While this finding is consistent with less DNA
damage in elF3a knockdown cells presumably due to increased
NHE] repair activity, it is inconsistent with possible DNA-PKcs
phosphorylation of H2AX. However, because half maximum
accumulation of y-H2AX occurs in 1 min following IR (Rogakou
et al., 1998), it is possible that we were unable to detect the
IR-induced y-H2AX increase due to high DNA-PKcs expression
with elF3a knockdown. At 20 min or later after IR when samples
were collected, y-H2AX may have already been reduced due
to rapid reduction in DSBs. Future studies are required to test
this possibility.

Previously, it has been shown that e[F3a regulates the synthesis
of proteins important for NER and cellular response to cisplatin
and that eIF3a may bind to the 5 -untranslated region (5'-UTR)
of mRNAs encoding DNA repair proteins and, thus, inhibiting
translation of these mRNAs to synthesize these proteins (Liu
etal., 2011; Yin et al., 2011b, 2013). Together with these previous
findings, our current results suggest that eIF3a likely plays an
important role in regulating the synthesis of DNA repair proteins
that contributes to cellular response to DNA-damaging drugs
or radiation (Figure 7). In a previous study, we showed that
elF3a knockdown sensitized cancer cells to cisplatin-induced
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FIGURE 5 | Effect of eukaryotic initiation factor (elF)3a on the synthesis and degradation of Ku70, K80, and DNA-PKcs. Pulse labeling in combination with
immunoprecipitation and cycloheximide chasing were performed to determine the synthesis (insets) and degradation, respectively, of Ku70, Ku80, and DNA-PKcs in
H1299 cells with transient elF3a knockdown (A) and NIH3T3 cells with stable elF3a overexpression (B) compared with their respective control cells.

apoptosis (Liu et al., 2011), further supporting the conclusion that
elF3a may contribute to cellular sensitivity to DNA-damaging
treatments by suppressing DNA repair and by increasing DNA
damage-induced apoptosis. We have also found in the previous
study (Liu et al, 2011) that a selected cisplatin-sensitive cell
line expressed a higher level of eIF3a compared with the parent
cell line, suggesting that cancer cells may alter eIF3a expression
to adapt to a DNA-damaging environment by regulating DNA
damage repair protein synthesis.

As discussed above, elF3a may also have oncogenic functions
(Dong et al., 2004; Zhang et al., 2007). This oncogenic function
may relate to the finding that elF3a suppresses DNA repair
via suppressing the synthesis of DNA repair proteins. Reduced
DNA damage repair activity due to elF3a overexpression in
normal cells likely reduces the protection against DNA-damaging
carcinogens, leading to an increased possibility of carcinogenesis
(Figure 7). Further studies are required to test this theory.

The fact that eIF3a does not contribute to cellular response
to non-DNA-damaging drugs such as vinca alkaloid (Yin et al,,
2011b) suggests that elF3a regulation of cellular response to
DNA-damaging treatments may be a specific event. Whether
elF3a also regulates the synthesis of proteins important for other
DNA repair pathways such as HR for repair of DSBs remains
to be determined. Nevertheless, the findings that eIF3a may
suppress the synthesis of DNA repair proteins and contribute
to the increased sensitivity of cancer cells to DNA-damaging

treatments suggest that eIF3a may be developed as a biomarker
for precision medicine prescription. Patients with a high level
of elF3a may benefit from DNA-damaging drug and radiation
treatment, whereas such treatments may not be as much of
a benefit for patients with a low level of elF3a. Indeed, we
observed that patients with a high level of eIF3a expression have
significantly better overall survival than patients with a low eIF3a
level in breast, gastric, lung, and ovarian cancers. Future studies
are also warranted to investigate the possibility to target eIF3a
regulation of DNA repair protein synthesis to sensitize resistance
to DNA-damaging treatments.

In addition to the regulation in the synthesis of DNA repair
proteins, elF3a has also been observed to possibly regulate
the synthesis of p27 and ribonucleotide reductase (Dong and
Zhang, 2003; Dong et al, 2004). The findings that eIF3a
suppresses the synthesis of DNA repair proteins are against
the intuition and belief that eIF3a facilitates translational
initiation as a subunit of eIF3 complex, and it would increase
protein synthesis in general. Because eIF3a is thought to be a
subunit of the eIF3 complex consisting of 13 putative subunits,
elF3a regulation of synthesis of DNA repair proteins may be
indirect due to the effect of its upregulation or knockdown
on the formation of the complex or sub-complexes of other
elF3 subunits. For example, it is noteworthy that eIlF3e was
discovered as int-6, a site of mouse mammary tumor virus
(MMTYV) integration (Asano et al., 1998), suggesting a tumor
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FIGURE 6 | Association of eukaryotic initiation factor (elF)3a expression with overall survival of breast, gastric, lung, and ovarian cancers. Overall survival analyses
were conducted using Kaplan-Meier (KM) plotter with hazard ratio (HR) at 95% confidence intervals and log rank P < 0.05 considered significant.

suppressor function. While the role of elF3e in translational
control is not yet established, the studies in yeast support
a tumor suppressor role in ameliorating oxidative damage
associated with nutritional stress conditions (Udagawa et al,
2008; Nemoto et al., 2010). In mammals, the functional core of
elF3 is defined with elF3a, b, ¢, ¢, f, and h subunits (Masutani
et al, 2007), and elF3a appears to be the docking site for
elF3a:b:i:g sub-complex formation (Zhou et al., 2008; Dong
et al, 2013). In light of these previous findings, it is possible
that eIF3a knockdown or overexpression changes the spectrum
in forming eIF3 sub-complexes including other eIF3 subunits
such as elF3e, which may mediate the regulation of DNA repair
protein synthesis.

As an alternative possibility, e[F3a may have an additional
regulatory non-canonical function not associated with the eIF3

complex or sub-complexes. The fact that elF3a suppresses the
synthesis of some proteins (e.g., DNA repair proteins) while
increasing the synthesis of others (e.g., ribonucleotide reductase)
(Dong et al, 2004) and Chkl (Dong et al., 2020) supports
this concept. How elF3a regulates protein synthesis with its
non-canonical activity remains unknown. However, the previous
finding that elF3a can bind to the 5-UTRs of RPA2 mRNA
(Yin et al., 2013) suggests that eIF3a may bind to these mRNAs
and suppress the translation of these mRNAs. It also remains
to be determined whether this non-canonical activity requires
other eIF3 subunits such as eIF3b or eIF3i. Recently, eIF3i
has also been shown to be able to regulate the synthesis of
cyclooxygenase (COX)2 (Qi et al., 2014), suggesting that other
elF3 subunits may also have non-canonical activity, although
it is not clear if they work together. Clearly, more studies are
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FIGURE 7 | Hypothetical model of eukaryotic initiation factor (elF)3a regulation
of DNA repair protein synthesis relationship with DNA damage resistance and
tumorigenesis. Binding of elF3a to 5'-untranslated regions (5’-UTRs) of
mRNAs encoding DNA damage repair proteins inhibits translation and
synthesis of DNA repair proteins, leading to sensitization of cancer cells to
DNA-damaging treatments and susceptibility of normal cells to
DNA-damaging carcinogens.

needed to investigate further the non-canonical function of eIF3
subunits vs. alteration of eIF3 complex/sub-complex formation
in regulating protein synthesis.

MATERIALS AND METHODS

Materials

Cell culture media and reagents were purchased from BioSources
International (Camarillo, CA), Media Tech (Herndon, CA), or
Cambrex (Walkersville, MD). All electrophoresis reagents and
polyvinylidene difluoride (PVDF) membranes were purchased
from Bio-Rad (Hercules, CA). SYBR Green PCR Master Mix
for real-time PCR, the high-capacity cDNA reverse transcription
kit, and all primers were purchased from Applied Biosystems-
Thermo Fisher (Chicago, IL). Metafectene® pro was purchased
from Biontex (San Diego, CA). All other chemicals and reagents
were of molecular biology grade from Sigma (St. Louis, MO) or
Fisher Scientific (Chicago, IL).

Cell Culture and Survival Assay

Human lung cancer cell line H1299 and NIH3T3 cells were
cultured at 37°C with 5% CO;, in RPMI 1640 and Dulbecco’s
modified Eagles medium (DMEM) medium, respectively,
supplemented with 10% fetal bovine serum, 100 units/ml
penicillin, and 100 pg/ml streptomycin. G418 at 400 pg/ml was
also supplemented in the culture of the stable NIH3T3 cells
overexpressing e[F3a and vector-transfected controls, which were
established in our previous study (Yin et al., 2011b).

Colony formation survival assay was performed following IR
treatments as previously described (Li et al., 2010; Wu et al,,
2016). Briefly, 100 cells/well were seeded in six-well plates and
cultured for 24 h followed by treatments with different doses of
IR and continuous culture for 10-14 days with media changed
every 2-3 days. At the end of the study, cells were washed with
phosphate-buffered saline (PBS), and the colonies were stained
with 0.05% (w/v) crystal violet in PBS containing 20% methanol
for 15 min at room temperature and counted manually.

Western Blot, Immunofluorescence

Staining, and Immunoprecipitation

Western blot analysis and immunofluorescence staining were
performed as previously described (Dong and Zhang, 2003;
Wu et al, 2016). Briefly, for Western blot analysis, equal
amount of proteins from different cells were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), transferred to PVDF membranes, and probed with
antibodies specific to elF3a, y-H2AX, Ku70, Ku80, DNA-
PKcs, and actin control followed by probing with horseradish
peroxidase (HRP)-conjugated secondary antibody and enhanced
chemiluminescence (ECL) reagents. The signals are captured on
X-ray films.

Immunofluorescence staining was performed by culturing
cells on glass coverslips, which were washed twice with cold PBS
and fixed with acetone/methanol mixture (1:1) for 10 min and
blocked in 1% bovine serum albumin (BSA) and 1% normal
horse serum in PBS at 4°C for 30 min. The coverslips were
then probed with the y-H2AX-specific antibody for 30 min
at 4°C followed by incubation with fluorescein isothiocyanate
(FITC)-conjugated secondary antibody at room temperature for
30 min and washed twice with PBS. The cells were counterstained
with 4',6-diamidino-2-phenylindole (DAPI) before viewing on a
confocal microscope.

Immunoprecipitation was performed as previously described
(Dong and Zhang, 2003). Briefly, cell lysates were first mixed
with mouse immunoglobulin G (IgG) and incubated for 2 h
at 4°C followed by addition of 50% protein G-agarose slurry
and incubation for 3 h at 4°C to remove non-specifically bound
proteins by centrifugation. The supernatant was transferred to a
new tube and incubated with 5 g primary antibodies against
Ku70, Ku80, or DNA-PKcs at 4°C for 2 h. Finally, 50 nl
50% protein G-agarose beads was added to the mixtures and
incubated at 4°C overnight. The immunoprecipitated materials
were collected by centrifugation and extensive washing with lysis
buffer followed by separation using SDS-PAGE.

Real-Time Reverse Transcription-PCR

Real-time RT-PCR was performed as described previously (Dong
etal.,, 2004, 2005). Briefly, total RNA was extracted using RNeasy
Mini Kit (Qiagen, Valencia, CA), and real-time RT-PCR was
performed using Power SYBR Green RNA-to-CT 1-Step kit. Data
were normalized to an internal control gene, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). The sequences of
primers for the PCRs were 5-CATGGCAACTCCAGAGCAG
(forward) and GCTCCTTAAACTCATCCACC (reverse)
for Ku70; AGAAGAAGGCCAGCTTTGAG  (forward)
and AGCTGTGACAGAACTTCCAG (reverse) for
Ku80; CCGGACGGACCTACTACGACT  (forward) and
AGAACGACCTGGGCATCCT (reverse) for DNA-PKcs.

Comet Assay

Neutral comet assay was performed as previously described
(Wu et al., 2016). Briefly, cells treated with or without IR
were embedded in low melting agarose on a microscope slide
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followed by lysis at neutral pH and electrophoresis in Tris-
borate-ethylenediaminetetraacetic acid (TBE) buffer for 2 h.
Comets were observed after staining the cells with SYBR
Green I and scoring 120 cells in each sample to measure the
Olive tail moment.

Host Cell Reactivation-Based

Non-homologous End Joining Assay

Host cell reactivation NHE] assay was performed using
pGL3 reporter plasmid with firefly luciferase gene driven by
cytomegalovirus (CMV) promoter as previously described (Wu
etal., 2016). Briefly, pGL3 was first linearized by HindIII digestion
and co-transfected into cells along with the control circular
pRL-TK reporter plasmid encoding Renilla luciferase followed
by determination of both firefly and Renilla luciferase activity.
Expression of firefly luciferase is dependent on the repair of the
plasmid to regenerate the circular plasmid via NHE].

Protein Synthesis and Stability Assays

Pulse labeling using [**S]methionine in combination with
immunoprecipitation and SDS-PAGE analysis was used to
determine the protein synthesis rate as previously described
(Dong and Zhang, 2003; Dong et al, 2004). Briefly, cells
were washed with PBS and methionine-free media before
being subjected to labeling with [3*S]methionine (10 wCi/ml)
in methionine-free media for 2 h. The cells were then
washed with PBS and harvested for cell lysate preparation,
immunoprecipitation, and separation by SDS-PAGE. The signals
for immunoprecipitated proteins labeled by [**S]methionine
were captured by exposing to X-ray films.

The stability of specific proteins was determined using
cycloheximide chasing as previously described (Liu et al., 2006).
Briefly, cells were treated with 10 pg/ml cycloheximide for
different times and harvested for preparation of cell lysates
and Western blot analyses. The quantity of each protein at
each time point of cycloheximide treatment was determined
using the Image] software (NIH, USA) and plotted against
the treatment time.
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A Corrigendum on

elF3a Regulation of NHE] Repair Protein Synthesis and Cellular Response to
Ionizing Radiation

by Tumia, R., Wang, C. J., Dong, T., Ma, S., Beebe, ., Chen, ]., et al. (2020). Front. Cell Dev. Biol.
8:753. doi: 10.3389/fcell.2020.00753

In the original article, there was a mistake in Figure 1A and Figure 3A as published. Wrong
images for the Western blot of H1299 cells in Figure 1A and for the comet assay of the control
un-irradiated H1299 cells in Figure 3A were accidently used for publication. The corrected
Figures 1 and 3 appear below.

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.

Copyright © 2021 Tumia, Wang, Dong, Ma, Beebe, Chen, Dong, Liu and Zhang. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
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FIGURE 1 | Effect of eukaryotic initiation factor (elF)3a expression on the cellular response to ionizing radiation (IR). Western blot analyses (A) and colony formation
assay following IR treatment (B) of H1299 cells with transient elF3a knockdown and NIH3T3 cells with stable elF3a overexpression compared with their respective
control cells. Actin was used as a loading control. Panel (C) shows a summary of elF3a effects on cellular sensitivity to IR treatments. Relative resistance factor (RRF)
was derived by dividing the ICsq of the test cells by that of their control cells (n = 3, **P < 0.01).
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FIGURE 3 | Role of eukaryotic initiation factor (elF)3a in non-homologous end joining (NHEJ) repair of ionizing radiation (IR)-induced double-strand breaks (DSBs).
(A,B) Comet assay was used to determine elF3a effects on the level of DSBs induced by IR in H1299 cells with transient elF3a knockdown (A) and NIH3T3 cells with
stable elF3a overexpression (B) compared with their respective control cells. The histograms show the summary of quantitative analysis of Olive tail moment in these
cells. (C,D) Host cell reactivation assays using reporter constructs were performed using H1299 cells with elF3a knockdown (C) and NIH3T3 cells with elF3a stable
overexpression (D) compared with their respective control cells (n = 3; **P < 0.01).
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Activity of Human
Apurinic/Apyrimidinic Endonuclease
APE1 Toward Damaged DNA and
Native RNA With Non-canonical
Structures

Anastasia T. Davletgildeeva'?t, Alexandra A. Kuznetsova'?, Olga S. Fedorova’™ and
Nikita A. Kuznetsov™

" Institute of Chemical Biology and Fundamental Medicine of the SB RAS, Novosibirsk, Russia, 2 Department of Natural
Sciences, Novosibirsk State University, Novosibirsk, Russia

The primary role of apurinic/apyrimidinic (AP) endonuclease APE1 in human cells is the
cleavage of the sugar phosphate backbone 5" to an AP site in DNA to produce a single-
strand break with a 5’-deoxyribose phosphate and 3’-hydroxyl end groups. APE1 can
also recognize and incise some damaged or modified nucleotides and possesses some
minor activities: 3'-5" exonuclease, 3'-phosphodiesterase, 3'-phosphatase, and RNase
H. A molecular explanation for the discrimination of structurally different substrates by
the single active site of the enzyme remains elusive. Here, we report a mechanism of
target nucleotide recognition by APE1 as revealed by the results of an analysis of the
APE1 process involving damaged DNA and native RNA substrates with non-canonical
structures. The mechanism responsible for substrate specificity proved to be directly
related to the ability of a target nucleotide to get into the active site of APE1 in response
to an enzyme-induced DNA distortion.

Keywords: DNA repair, non-B-DNA, quadruplex, AP endonuclease, nucleotide recognition

INTRODUCTION

Human apurinic/apyrimidinic (AP) endonuclease APE1 is the key enzyme of the base excision
repair pathway, which is responsible for processing AP sites in DNA (Wilson and Barsky, 2001;
Demple and Sung, 2005). In the alternative nucleotide incision repair pathway, APE1 makes an
incision of the phosphodiester bond on the 5 side of a damaged nucleotide, resulting in the
formation of a 3'-OH group and a 5" dangling damaged nucleotide (Ischenko and Saparbaev, 2002;
Gros et al., 2004; Guliaev et al., 2004; Daviet et al., 2007; Christov et al., 2010; Vrouwe et al., 2011;
Proroketal., 2012, 2013). In addition, the APE1 enzyme possesses endoribonuclease (Barzilay et al.,
1995; Berquist et al., 2008; Barnes et al., 2009), 3’-phosphodiesterase, 3’-phosphatase (Chen et al.,
1991), and 3/-5'-exonuclease activities (Chou and Cheng, 2002; Kuznetsova et al., 2018a). Of note,
a comparison of all these DNA lesions and natural DNA and RNA nucleotides makes it clear that
they significantly differ from one another in chemical nature. On the one hand, such a variety of
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substrates indicates that the enzyme is indeed multifunctional; on
the other hand, it raises the question of how APE1, which has a
single active site, can control its substrate specificity and activity.

X-ray crystallographic studies of human APE1 in the free
state (Gorman et al., 1997; Beernink et al., 2001; Manvilla et al.,
2013) and in complex with nicked or abasic DNA (Mol et al.,
2000a,b; Tsutakawa et al., 2013; Freudenthal et al., 2015) have
revealed that this enzyme interacts preferentially with one of the
duplex strands, usually to form hydrogen bonds and electrostatic
contacts between DNA phosphate groups and amino acid side
chains or amide groups of the peptide bonds of the protein. It
has been shown that in a catalytically active complex with APEL,
DNA is bent, and an abasic nucleotide is flipped out of the DNA
double helix into the active site of the enzyme. As illustrated
recently (Whitaker et al., 2018) in an elegant series of high-
resolution APE1-DNA structural snapshots, APE1 removes 3’
nucleotides in the course of the 3'-5'-exonuclease reaction by
placing the 3’ group within the intra-helical DNA cavity via a
non-base-flipping mechanism. This process is facilitated by DNA
structural disturbances caused by the presence of a mismatched
or damaged base or nick formation as well as DNA bending.
Nevertheless, the reality of this mechanism in endonuclease
reactions is questionable due to significant restrictions on the
nucleotide mobility in an unbroken DNA chain.

In our previous study (Kuznetsova et al., 2018b), we
performed pulsed electron-electron double resonance
(PELDOR) spectroscopy and pre-steady-state kinetic analysis
with Forster resonance energy transfer (FRET) detection of
DNA conformational changes during DNA binding and lesion
recognition in model damaged duplex substrates containing
1,N%-ethenoadenosine, a-adenosine, 5,6-dihydrouridine, or
an abasic site. Equilibrium PELDOR and kinetic FRET data
indicated that DNA binding by APEl leads to noticeable
damage-dependent bending of a DNA duplex. These data
revealed that the DNA distortions induced by enzyme binding
and initial-complex formation depend on the nature of the
damaged nucleotide. Molecular dynamics simulations showed
that the damaged nucleotide is everted from the DNA helix
and placed into the enzyme’s binding pocket. Nevertheless, no
damage-specific contacts were detected between a damaged
nucleotide and amino acid residues in the active site of the
enzyme. It was suggested that the capacity of a damaged
nucleotide to be everted from DNA and to be placed into the
enzyme pocket could be the key factor behind the substrate
specificity of APE1. This conclusion is in good agreement with
the ability of APE1 to recognize many structurally unrelated
nucleotides not only in DNA but also in RNA. According to the
proposed model, one can conclude that the endoribonuclease
activity of APE1 is linked with the structural features of
RNA, which can facilitate the eversion of intact nucleotides in
structurally distorted regions, such as a junction of stems and
loops in hairpins, bulges, and bubbles. A plausible extrapolation
of this model of substrate recognition suggests that APE1 can
cleave not only RNA but also DNA in non-canonical B-forms.
Therefore, the main objective of the present study was to obtain
evidence for this supposition and to elucidate the key steps of the
mechanism underlying APE1 interaction with model substrates

that ensure specific recognition of a target nucleotide in DNA
and RNA of non-canonical structures. To this end, we analyzed
the efficacy of cleavage of a set of damaged DNA and native RNA
substrates with non-B-form structures such as G-quadruplexes,
hairpins, bulges, and bubbles that could facilitate the base
eversion from the substrate into the APE1 active site.

MATERIALS AND METHODS

The Enzyme and DNA and RNA
Substrates

The APE1 enzyme was isolated from Escherichia coli Rosetta 2
cells transformed with plasmid pET11a carrying the human APEI
gene (Daviet et al., 2007). Briefly, to purify APE1 expressed as a
recombinant protein, 1 L of culture [in Luria—-Bertani (LB) broth]
of E. coli strain Rosetta II (DE3) (Invitrogen, France) carrying
the pET11a-APE1 construct was grown with 50 wg/ml ampicillin
at 37°C until absorbance at 600 nm (A600) reached 0.6-0.7;
APE1 expression was induced overnight with 0.2 mM isopropyl-
B-d-thiogalactopyranoside. The method for isolation of wild-
type APE1 has been described previously (Kuznetsova et al.,
2014; Miroshnikova et al., 2016a). The protein concentration was
measured by the Bradford method; the stock solution was stored
at —20°C.

The synthesis of the oligonucleotides (Table 1) was carried out
on an ASM-800 DNA/RNA synthesizer (Biosset, Russia) using
standard commercial phosphoramidites and CPG solid supports
from Glen Research (United States). The oligonucleotides
were deprotected according to manufacturer’s protocols and
purified by HPLC. Oligonucleotide homogeneity was checked
by denaturing 20% polyacrylamide gel electrophoresis (PAGE).
Concentrations of oligonucleotides were calculated from their
Ajgp. Oligonucleotide duplexes were prepared by annealing
oligonucleotide strands at a 1:1 molar ratio.

Circular Dichroism (CD) Analysis

These spectra were recorded on a Jasco J-600 spectropolarimeter
(Jasco, Japan), at 25°C in quartz cells with 1 cm path length. The
concentration of DNA in the cell was 10 wM. The experiments
were carried out in a buffer consisting of 50 mM Tris-HCl pH 7.5,
140 mM KCl, 1 mM EDTA, and 5 mM MgCl,. The spectra were
recorded at a bandwidth of 1.0 nm and a resolution of 1.0 nm at
a scan speed of 50 nm/min.

PAGE Experiments

5'-6-carboxyfluorescein ~ (FAM)-labeled  or 32p_labeled
oligonucleotides were subjected to experiments on separation
of cleavage products by PAGE. APE1 endonuclease assays with
G-quadruplex DNA substrates were performed at 25°C in a
reaction buffer consisting of 50 mM Tris-HCI pH 7.5, 5.0 mM
MgCl,, and 140 mM KCl, which is required for quadruplex
structure formation. In case of bulged DNA substrates, the
concentration of KCl was reduced to 50 mM. In case of RNA
substrates, experiments were conducted at 25°C in a reaction
buffer consisting of 50 mM Tris-HCI pH 7.5, 50 mM KCl, and
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TABLE 1 | Oligonucleotide sequences forming non-canonical DNA and RNA substrates.

Folding type Shorthand Sequences
G-quadruplex Q4 5 -FAM-TTAGGGTTAGGGTTAGGGTTAGGGTT-BHQ1 -3’
F14-Q4 5'-FAM-TTAGGGTTAGGGTFAGGGTTAGGGTT-BHQ1 -3’
F14-aPu13-Q4 5'-TTAGGGTTAGGG (aPu) FAGGGTTAGGGTT-3’
F14-aPu15-Q4 5'-TTAGGGTTAGGGTF (aPu) GGGTTAGGGTT-3’
F17-Q4 5'-FAM-TTAGGGTTAGGGTTAGFGTTAGGGTT-BHQ1 -3’
F17-aPu16-Q4 5 -TTAGGGTTAGGGTTA (aPu) FGTTAGGGTT-3’
F17-aPu18-Q4 5/-TTAGGGTTAGGGTTAGF (aPu) TTAGGGTT-3’
rQ4 5/-FAM-r (AGGGUUAGGGUUAGGGUUAGGGU) -3’
Duplex dsF/G 5/ -FAM-GCGCATACGGCATFATCAGGGAAGTGGG-BHQ1-3'/3'-CGCGTATGCCGTAGTAGTCCCTTCACCC-5"
rAUA/UAU 5/-FAM-r (GCGCAUACGGAAUAAAAGGGAAGUGGG) —3'/3'-r (CGCGUAUGCCUUAUUUUCCCUUCACCC) -5’
Bulged structures F/—AA1 5/-FAM-GCGCATACGGCATFATCAGGGAAGTGGG-BHQ1-3'/3'-CGCGTATGCCGTA-TAGTCCCTTCACCC-5’
F/—A2(5') 5'-FAM-GCGCATACGGCATFATCAGGGAAGTGGG-BHQ1-3'/3'-CGCGTATGCCGT-TAGTCCCTTCACCC-5'
F/—A2(3') 5 -FAM-GCGCATACGGCATFATCAGGGAAGTGGG-BHQ1-3'/3'-CGCGTATGCCGTA-AGTCCCTTCACCC-5’
F/—A3 5/-FAM-GCGCATACGGCATFATCAGGGAAGTGGG-BHQ1-3'/3'-CGCGTATGCCGT--AGTCCCTTCACCC-5'
F/—A5 5'-FAM-GCGCATACGGCATFATCAGGGAAGTGGG-BHQ1-3"/3'-CGCGTATGCCG-——-GTCCCTTCACCC-5'
F/ + A3 5/-FAM-GCGCATACGGCAT-F-ATCAGGGAAGTGGG-BHQ1-3//3'~CGCGTATGCCGTAGGGTAGTCCCTTCACCC-5'
F/ + A4 5/-FAM-GCGCATACGGCAT-F-ATCAGGGAAGTGGG-BHQ1-3//3'~CGCGTATGCCGTACGGGTAGTCCCTTCACCC-5'
F/ + A5 5/-FAM-GCGCATACGGCAT-F-ATCAGGGAAGTGGG-BHQ1-3/3'~CGCGTATGCCGTACGGGCTAGTCCCTTCACCC-5’
F/ + A7 5/-FAM-GCGCATACGGCAT--F--ATCAGGGAAGTGGG-BHQ1-3'/3'-CGCGTATGCCGTACCGGGCCTAGTCCCTTCACCC-5’
rAUA/— A1 5/-FAM-r (GCGCAUACGGAAUAAAAGGGAAGUGGG) -3'/3'-r (CGCGUAUGCCUU-UUUUCCCUUCACCC) -5’
rAUA/— A2 5/-FAM-r (GCGCAUACGGAAUAAAAGGGAAGUGGG) -3'/3'-r (CGCGUAUGCCUU-UUUCCCUUCACCC) -5’
rAUA/— A3 5'—~FAM-r (GCGCAUACGGAAUAAAAGGGAAGUGGG) —3'/3'-r (CGCGUAUGCCU--UUUCCCUUCACCC) -5/
Mismatch rAUA/UCU 5/-FAM-r (GCGCAUACGGAAUAAAAGGGAAGUGGG) -3'/3'-r (CGCGUAUGCCUUCUUUUCCCUUCACCC) -5’
Bubbled structures rAUA/CCC 5/-FAM-r (GCGCAUACGGAAUAAAAGGGAAGUGGG) -3'/3'-r (CGCGUAUGCCUCCCUUUCCCUUCACCC) -5’
Hairpin structure rHP 5'-FAM-r (AUAUAACAUCAUUAUAU) -BHQ1-3'

1.0 mM EDTA to prevent 3/-5 exonuclease degradation of
substrates (Kuznetsova et al., 2020). The reaction was initiated
by the addition of APEIl. Aliquots of the reaction mixture
were withdrawn, immediately quenched with a gel-loading dye
containing 7 M urea and 25 mM EDTA, and loaded on a 20%
(w/v) polyacrylamide/7 M urea gel. PAGE (gel concentration,
20%) was performed under denaturing conditions (7 I urea) at
55°C and a voltage of 200-300 V.

Partial hydrolysis of the model RNA substrates by RNase
A was performed using the following procedure. The reaction
mixture (20 pl) composed of a 3.0 I substrate and 3.0 nM RNase
A in a buffer [50 mM Tris-HCl (pH 8.5), 50 mM NaCl, 1 mM
EDTA, 1 mM DTT, and 9% of glycerol] was incubated at 25°C for
5 min. The reaction mixture was then supplemented with 20 pl of
a solution containing 7 M urea and 25 mM EDTA and incubated
at 96°C for 5 min before gel loading.

Formation of the product was analyzed by autoradiography
and quantified by scanning densitometry in the Gel-Pro Analyzer
software, v.4.0 (Media Cybernetics, United States).

Kinetic traces of product accumulation, obtained in the PAGE
analysis, were fitted to the single exponential curve by means of
the Origin software (OriginLab Corp., United States; Eq. 1).

Product accumulation = A x [1 —exp(—kops X )] (1)

where A is the amplitude, kqps (s™') denotes the observed rate
constant, and ¢ represents reaction time.

The dependence of observed rate constants kqps on
concentration of APE1 was fitted to Eq. 2:

kobs = Kpind X ka X [APE1]/(Kping X [APE1] + 1) + k_
()

where Kping is the equilibrium constant of the initial APE1-
substrate complex (M™!) and k, and k_; are the rate constants
(s™1) of the second binding step.

In case of bulged DNA substrates, the initial rate of cleavage
was estimated as the initial slope of the kinetic curve obtained
under steady-state reaction conditions.

Stopped-Flow Fluorescence

Measurements

These measurements with fluorescence detection were carried
out using an SX.18MV stopped-flow spectrometer (Applied
Photophysics Ltd., United Kingdom) equipped with a 150 W
Xe arc lamp and an optical cell with 2 mm path length. The
dead time of the instrument is 1.4 ms. The fluorescence of Trp
was excited at hexy = 290 nm and monitored at hepy > 320 nm
as transmitted by filter WG-320 (Schott, Mainz, Germany). If
2-aminopurine (aPu) was present in an oligonucleotide, hex
of 310 nm was chosen to excite aPu fluorescence, and its
emission was monitored at ey > 370 nm (Corion filter LG-
370). Fluorescence of a FAM residue was excited at hex = 494 nm
and monitored at hey > 515 nm as transmitted by filter
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OG-515 (Schott, Mainz, Germany). Stopped-flow fluorescence
measurements were conducted with catalytically active APE1 at
25°C in a buffer consisting of 50 mM Tris-HCI pH 7.5, 140 mM
KCl, and 5.0 mM MgCl,.

APE1 was placed in one of the instrument’s syringes and
rapidly mixed in the reaction chamber with the DNA substrate
from another syringe. The reported concentrations of reactants
are those in the reaction chamber after the mixing. Typically,
each trace shown in the figures is the average of four or more
fluorescence traces recorded in individual experiments.

The sets of kinetic curves obtained at different concentrations
of the reactants were analyzed in the DynaFit software
(BioKin, Pullman, WA) (Kuzmic, 1996) as described elsewhere
(Kladova et al., 2018b).

Molecular Interaction Assays by

Microscale Thermophoresis (MST)
Substrate-binding constants were determined via the MST
approach on Monolith NT.115 (NanoTemper Technologies,
Germany). The concentration of an oligonucleotide in all
titration experiments was 0.5 WM, and concentrations of APE1
were varied from 0.05 to 30.0 WM. The reaction mixtures were
incubated at 25°C in a buffer consisting of 50 mM Tris-HCl pH
7.5,140 mM KCl, and 5 mM EDTA in case of G-quadruplexes and
in a buffer consisting of 50 mM Tris-HCI pH 7.5, 50 mM KCl, and
5mM EDTA in case of bulged duplexes. The values of the binding
constant were calculated by means of Eq. 3:

MST signal = Fnois + Famp X [APE1]/(1/Kping + [APE1])
(3)

where Fpois is a background signal, Famp is amplitude of an MST
signal change, and Kpj,q is the equilibrium binding constant
(M) for the formation of an enzyme-substrate complex.

In some cases, the signal-to-noise ratio was not sufficient
for precise calculation of the binding constants. Therefore, all
obtained values were used only as an evaluation of the ability of
the enzyme to bind these structures.

RESULTS AND DISCUSSION
Design of Model Substrates

According to our previous findings (Kuznetsova et al., 2018b),
the substrate specificity of APEl to damaged nucleotides in
the duplexes is controlled by the ability of a given damaged
nucleotide to be everted from the DNA double chain in response
to an enzyme-induced DNA distortion. Therefore, in the present
study, several non-B-form DNA and RNA structures were
designed that can affect the nucleotide eversion process (Table 1).
All the DNA and RNA structures used belong to one of several
groups: (1) duplexes, (2) G-quadruplexes, (3) bulge-containing
structures, (4) mismatch and bubble-containing structures, and
(5) hairpins (Figure 1). In the case of DNA substrates, a
stable analog of a natural AP site (F-site), lacking the hydroxyl
group on the Cl’-atom of ribose was utilized as a damaged
nucleotide. RNA substrates contained only native undamaged

nucleotides. A set of undamaged DNA oligonucleotides served
as controls of the endonuclease and 3/-5" exonuclease activities
of APE1 (Table 1). A FAM residue was introduced into the 5
end of oligonucleotides to visualize cleavage products on the
polyacrylamide gel. Some oligonucleotides contained 3’-terminal
black hole quencher (BHQI1) to create a FRET pair with the
FAM residue for the assay of substrate cleavage by the stopped-
flow kinetic method.

Cleavage of Damaged DNA Substrates

Having a Non-B-Form Structure

Cleavage of an F-Site in the DNA Forming
G-Quadruplexes

The human telomeric G-quadruplex was employed as a model
of a non-canonical DNA structure. Structural features of
G-quadruplexes formed by undamaged oligonucleotides of the
same sequence in both Na* and K™ solutions have been reported
elsewhere (Parkinson et al., 2002; Ambrus et al., 2006; Phan et al.,
2007; Burra et al., 2019; Marzano et al., 2020). CD is usually used
to study G-quadruplex DNA folding (Karsisiotis et al., 2011).
There are three common topologies based on the directionality
of neighboring strands, namely, parallel, antiparallel, and hybrid,
each having a characteristic CD spectrum (Dai et al., 2007; Bugaut
and Alberti, 2015).

Formation of the G-quadruplex structure by the Q4 sequence
containing four TTAGGG telomeric repeats (Table 1) under
the experimental conditions was confirmed by CD spectroscopy
(Supplementary Figure S1A). The CD spectrum of unlabeled
Q4 (Supplementary Figure S1B) reveals the hybrid type of its
folding with a maximum at 295 nm. At the same time, the
FAM-labeled Q4 quadruplex has greater amplitude at 265 nm
in the CD spectra; this finding supports a parallel-type topology
of the quadruplex. As expected, incorporation of an F-site
into the loop region of the quadruplex (F14-Q4) does not
cause significant changes in the CD spectrum. Furthermore,
the CD spectrum of F17-Q4, which contains an F-site in the
G-core region, also is very similar to the spectrum of Q4,
thereby supporting the formation of the quadruplex structure by
damaged oligonucleotides F14-Q4 and F17-Q4.

PAGE analysis of product accumulation during interactions of
APE1 with FAM/BHQ1-labeled F17-Q4 and F14-Q4 uncovered
F-site cleavage in both cases (Figures 2A,B). Moreover, the
interaction of APEl with both damaged quadruplexes and
undamaged Q4 leads to slow 3'-5" exonuclease degradation of
DNA (Figure 2C). These data indicated that APE1 can recognize
and process an F-site both at the core and in the loop of a
G-quadruplex structure with parallel-type topology, and does
it with fivefold different efficiency as estimated by exponential
fitting using Eq. 1 (kgps = 0.0044 4 0.0004 s~! in the loop and
0.021 % 0.003 s~ ! at the core, respectively, Figure 2D). These
data are consistent with and complement the detailed research
(Zhou et al,, 2015), suggesting that APE1 cleaves an F-site in a
Na™-coordinated antiparallel topology (an F-site in the middle
of the core GGG) but not in a K™ -coordinated hybrid topology
(the F-site on the 5 side of the core GGG) of a telomeric
quadruplex. Moreover, in a recent study (Burra et al., 2019), it
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FIGURE 1 | Structures of DNA (A) and RNA (B) substrates: schematic structures of a control DNA duplex (containing an F-site) (A) or a native RNA duplex (B); the
unimolecular human telomeric G-quadruplex (containing an F-site) (A) or a native RNA quadruplex (B); DNA duplexes containing an F-site with bulging of a damaged
(1-5 nucleotides) or undamaged (3-7 nucleotides) strand (A); native RNA with bulged or bubbled structures (1-3 nucleotides) (B); short hairpin RNA structure with a
6-nucleotide stem pair and 5 nucleotides in the loop region (B).

was clearly demonstrated that placement of an F-site at different
positions of the core region of a telomeric quadruplex leads to
a significant change in the native hybrid conformation. It was
found that a damaged quadruplex with a predominant parallel
conformation is preferable for enzymatic digestion (Burra et al.,
2019). Taken together, our results lead to the conclusion that the
efficacy of the F-site cleavage is dependent on the folding topology
of a quadruplex; this topology can be associated with both the
location of the F-site within the core GGG sequence and Na™*/K*
experimental conditions. Moreover, F-site cleavage in the loop
region is less efficient than that of the core sequence.

To rule out that this low cleavage efficiency of damaged
quadruplexes is associated with insufficient complex formation
under the experimental conditions used, an MST assay was

carried out to evaluate the binding constant between APEI
and the quadruplex substrates (Supplementary Figures S2, S3).
Of note, the titration curve for the F14-Q4 substrate recorded
by MST did not allow us to determine Kyp;,q by this method
because of a low signal-to-noise ratio. Nevertheless, MST assay
revealed binding of Q4 and F17-Q4 substrates by APE1 with
very close affinity (0.4 £ 0.2 and 0.5 £ 0.2 pM~! for Q4 and
F17-Q4, respectively).

To further evaluate DNA binding and catalytic steps of
APEI interaction with F17-Q4, the observed rate constants at
different APE1 concentrations were determined (Figure 3A).
The observed rate constant k,s indicated a hyperbolic type
of dependence on the APE1 concentration (Figure 3B), which
corresponds to a two-step kinetic scheme with fast equilibrium
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initial substrate binding and can be fitted to Eq. 2. The
equilibrium constant of the initial enzyme-substrate complex
Kpind Was estimated to be 0.5 £ 0.1 pM~!, indicating good
binding of APEI to the damaged quadruplex at the earliest
stage of interaction. The rate constant of the second step, ks,
was equal to 0.034 + 0.002 s~!, whereas k_, was near zero,

revealing that the slow second step should increase the total
binding constant. It is known that the rate constant of F-site
cleavage in duplex substrates is fast and varies from 0.3 to
55 s 1 (Kanazhevskaya et al.,, 2010, 2012; Timofeyeva et al.,
2011; Miroshnikova et al., 2016a,b), 68 to 97 s~1 (Timofeyeva
et al., 2009), or even 700-850 s~! (Maher and Bloom, 2007;
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Schermerhorn and Delaney, 2013) depending on DNA duplex
sequences, buffering conditions, and methods of cleavage
detection. Therefore, the obtained rate constant of the second
step is at least 10-fold less than the catalytic rate constant,
suggesting that catalytic complex formation in the case of
a quadruplex substrate is the rate-limiting step of the DNA
cleavage (Figure 3B).

Because the recognition of a specific site in the substrate
is accompanied by conformational adjustment of APEl1 and
DNA to optimize specific contacts in the enzyme-substrate
complex, we performed a pre-steady-state kinetic analysis of
conformational changes of APE1 and quadruplexes in the course
of complex formation.

Real-time conformational rearrangements of APE1 and DNA
during their interactions were visualized by stopped-flow kinetic
assays with detection of intrinsic fluorescence from Trp residues
of APEl or fluorescence reporters incorporated into DNA,
e.g., aPu and the FAM/BHQI1 FRET pair. The change in Trp
fluorescence intensity in the reaction of APEl with the DNA
duplex containing an F-site consisted of characteristic phases
(Supplementary Figure S4A) that have been identified earlier
(Timofeyeva et al., 2009) as stages of DNA binding and catalysis.
The decrease in fluorescence intensity in the initial part of
the kinetic curves matches the formation of a catalytically
competent complex. The catalytic stage of the process causes
the formation of products and subsequent dissociation of the
enzyme-product complex, which is accompanied by an increase
in Trp fluorescence intensity at later time points (starting
from approximately 0.1 s, Supplementary Figure S4A). As
evidenced by the kinetic curves (Supplementary Figure S4A),
the interaction of APEl with a damaged or undamaged
quadruplex does not result in any changes in the Trp fluorescence
intensity, thereby strongly supporting the PAGE finding that the
formation of the catalytic complex is slower than the cleavage
reaction. In this case, detection of the catalytic complex by Trp
fluorescence failed due to an insufficient concentration of this
complex in the reaction mixture. On the other hand, these data
can indicate that the type of binding of Q4 structures is different
from the binding of DNA duplexes and therefore that the binding
with quadruplex does not lead to Trp fluorescence quenching.

To analyze the substrate-binding process, a set of damaged
quadruplexes was designed, containing an aPu residue (a
fluorescent base analog) on the 3" or 5’ side of an F-site in both
substrates F14-Q4 and F17-Q4. Analysis of CD spectra revealed
that the incorporation of aPu near the core F17 position (F17-
aPul6-Q4 and F17-aPul8-Q4, Supplementary Figure S1B)
results in preferable formation of a parallel type of quadruplex
in comparison with the native hybrid fold of F14-aPul3-Q4 and
F14-aPul5-Q4 structures, which contain modified nucleotides
in the loop region. An analysis of fluorescence changes of aPu
residues in all DNA substrates in the course of the interaction
with APE1 (Supplementary Figure S4B) indicated that only
F17-aPul6-Q4 was sensitive enough to detect enzyme-substrate
complex formation. On the other hand, FRET detection allowed
recording of the interaction of APE1 with either substrate F14-
Q4 or F17-Q4 (Supplementary Figure S4C). A comparison
of the profiles of fluorescence intensity among the interactions

of APE1 with DNA quadruplexes containing an F-site allows
us to select FAM/BHQI1-labeled F17-Q4 and F17-aPul6-Q4 as
suitable models for further detailed analysis of the reaction with
APEL1 (Figure 4). Indeed, aPu fluorescence intensity is sensitive to
the microenvironment of this residue and enabled registering of
local conformational changes of a DNA substrate near the F-site
(Figure 4A). On the other hand, the FAM/BHQ1-labeled F17-Q4
substrate helped to reveal “global” conformational changes that
cause a change in the distance between the dye and quencher in
the course of DNA substrate binding and cleavage (Figure 4B).

The rate constants of individual reaction steps (Table 2) were
calculated via global fitting of the fluorescence data to Scheme 1,
which contains the initial equilibrium binding step followed by
the second rate-limiting transformation of the enzyme-substrate
complex into the catalytic state in which a fast hydrolysis
reaction takes place. The obtained data meant that different
types of detection yield different values of initial substrate-
binding constants Kping™!, indicating that initial transient
complex ES detected by the different methods represents different
“depths” of the damage recognition process. Nevertheless, all the
methods of detection yielded equal rate constants k; of the slow
second binding step, which leads to catalytic complex formation.
Altogether, these data indicated that the molecular processes
that proceed at the second step of catalytic complex formation
are crucial for damaged nucleotide recognition and therefore
that facilitation of this step will significantly increase enzyme
efficacy. Moreover, this step could be affected by the secondary
structure of DNA.

Cleavage of an F-Site in the Bulged DNA Structures
To facilitate the rate-limiting second binding step of non-B-
form substrates and to evaluate the effect of target nucleotide
eversion in different structures, we designed a set of F-site -
containing DNA duplexes with bulging of a damaged (1-5
nucleotides) or undamaged (3-7 nucleotides) strand (Table 1
and Figure 1B). The activity of APEl was studied by direct
PAGE analysis (Supplementary Figure S5), and the kinetics
of accumulation of an endonucleolytic cleavage product were
investigated (Figures 5A,B). The rate of DNA cleavage was
estimated as the initial slope of the kinetic curve (Figures 5C,D).
It is noteworthy that the bulging of a single F-site (F/—A1)
decreases the initial rate twofold in comparison with the full
double-stranded substrate dsF/G (Figure 5C), suggesting that
the substrate bending induced by the extra-helical position
of the F-site slightly disturbs total interactions between the
DNA-binding site of APE1 and the substrate. The constant of
enzyme-substrate complex formation Kp;,g4 determined by MST
(Supplementary Figure S2B) was also fourfold lower for F/—A1
in comparison with dsF/G. Moreover, an increase in bulging up
to two F/—A2(5’) or three F/— A3 nucleotides does not have an
additional effect on the enzymatic activity (Figure 5C) as well
as substrate binding (Supplementary Figure S2B), keeping it
at ~50% of that of a fully complementary duplex. Therefore,
expulsion of an abasic site from the double helix owing to bulge
formation is not a key step in the process of F-site recognition.
Unexpectedly, the strongest effect on the enzymatic activity
(Figure 5C), but not binding (Supplementary Figure S2B), was
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observed in the case of bulging to two nucleotides [F/—A2(3),
which contains an F-site near the 3’ end of the duplex stem in the
substrate], thus supporting the conclusion that this location of the
damaged nucleotide blocks catalytic-state formation. Analysis of
the literature data revealed that bulged DNA and RNA duplexes
can adopt a variety of conformations depending on the bulge
size (Gohlke et al., 1994; Schreck et al., 2015; Strom et al., 2015).
Consequently, the efficacy of cleavage of bulged damaged DNA
depends both on the ability of a particular structure to eject the
damaged nucleotide and also on the topological arrangement of
the damaged nucleotide in this structure.

As depicted in Supplementary Figure S5G, APEI does not
hydrolyze an F-site in the single-stranded oligonucleotide ssF,
indicating that APE1 cannot form appropriate contacts with the
single-stranded substrate to adjust the damaged nucleotide in
the active site. Accordingly, the loss of activity on the F/—A5
structure means that 5 bulged nucleotides completely mimic a
single strand and do not allow the enzyme to form appropriate

TABLE 2 | The rate and equilibrium constants of the interaction of APE1 with a
damaged quadruplex.

Constants Type of detection

FRET aPu PAGE
Kping™t@ uM=1 0.08 + 0.02 0.003 =+ 0.001 0.5+ 0.1
ko, s 0.03 + 0.01 0.03 + 0.01 0.034 + 0.002

Kbind k2
E+S <—= ES — > E+P

SCHEME 1 | The kinetic mechanism of the interaction of APE1 with a
damaged quadruplex. E, enzyme; S, substrate; ES, enzyme-substrate
complex; P, product.

contacts with the substrate, whereas binding constant Kp;ng
for F/—AS5 has the highest value among the tested substrates
(Supplementary Figure S2B). The bulging of 3-7 nucleotides
in the undamaged strand opposite the F-site (Figure 5D)
decreases enzymatic activity to ~50% in comparison with a
fully complementary duplex regardless of loop size. This effect
most likely is associated with an interaction of the enzyme
predominantly with the damaged strand of the substrate.

Thus, it could be assumed that bulging of 5 nucleotides in the
damaged strand is the critical size of a single-stranded region for
the recognition of an F-site in the DNA and for the formation
of a catalytic complex. By contrast, the loss of the activity in the
case of F/—A2(3') suggests that the position of the F-site in the 2-
nucleotide bulging sequence TF [F/—A2(5)] or FA [F/—A2(3')]
is also crucial for catalytic complex formation. Independence
of DNA cleavage from the loop size in the undamaged strand
confirms the ability of the enzyme to place large nucleotide
moieties outside the active site. These findings also support the
notion that F-site cleavage in the quadruplexes proceeds without
significant distortion of the quadruplex structure, with no more
than 5 single-stranded nucleotides near the F-site and placement
of a large undamaged part of the quadruplex structure outside of
the active site, as demonstrated for a 3- to 7-nucleotide bulge of
the complementary strand in the duplexes.

Cleavage of Native RNA Substrates

Having a Non-B-Form Structure

It has been reported earlier that APE1 has endoribonuclease
activity (Barzilay and Hickson, 1995). As for the cleavage of
undamaged RNA, APE1 preferentially catalyzes hydrolysis of
the phosphodiester bond inside dinucleotides UA, UG, and CA
in bulged sequences or weakly paired RNA regions (Berquist
et al, 2008; Barnes et al, 2009; Kim et al, 2010), in good
agreement with observed selectivity of APE1 toward damaged
DNA substrates. A comparative analysis (Kuznetsova et al., 2020)
of the cleavage efficiency of model RNA substrates containing
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short-hairpin structures, in which the loop size was varied
from 2 to 5 nucleotides, has revealed that the 5-nucleotide-
long hairpin loop is more readily adapted to the substrate-
binding site of the enzyme than shortened versions. Moreover,
the position of the cleavage site in the 5-nucleotide loop also
influenced the hydrolysis efficacy. Recent findings (Antoniali
et al., 2017) revealed that endoribonuclease activity of APE1
could play an important role in RNA metabolism. It was shown
(Antoniali et al., 2017) that APELI is required for the processing
of microRNAs miR-221/miR-222 (Garofalo et al.,, 2011) and
miR-92b (Sun et al., 2019), which are considered to act as
tumor suppressors.

To verify the mechanism of target nucleotide selection
proposed in the present study, a series of native RNA substrates
with a non-B-form structure was tested (Figure 6). To identify
the cleavage site of APEL, all the tested RNA substrates were
treated with RNase A, which selectively cleaves pyrimidine

nucleotides. As illustrated in Figure 6A, a fully complementary
stable RNA duplex, rAUA/UAU, was not cleaved by APE1, and
even the formation of a single mismatch, rAUA/UCU, does
not permit the formation of a catalytic complex with APEI.
Nevertheless, bulging of a single uridine leads to slight product
formation. Of note, an increase of the bulge from 1 to 3
nucleotides was accompanied by a stepwise increase of cleavage
activity up to 15% (Figure 6B). Moreover, the efficacy of cleavage
of a bubbled structure containing three mispaired nucleotides
was also near 15%, again revealing the independence of the
activity from the size of a non-target strand of the substrate.
A short-hairpin structure was cleaved with the highest efficacy
among the tested structures, indicating that a 5-nucleotide loop is
sufficient for effective catalytic complex formation. Furthermore,
it can be assumed that after cleavage in the loop region, the
stability of a short RNA duplex is not sufficient to protect it
from subsequent hydrolysis of all pyrimidine-purine sites in
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FIGURE 6 | The efficiency of cleavage of RNA substrates by APE1. (A) PAGE analysis of the reaction products. Positions of the hydrolyzed nucleotides are pointed
out by arrows. (B) Comparison of the efficacy of cleavage of RNA substrates by APE1. [APE1] = 2 uM, [RNA] = 1 uM, reaction time = 1 h.

this sequence. Summarized hydrolysis of all five possible target
sites leads to 50% cleavage of substrate rHP. It is worth noting
that 3-nucleotide loops in the quadruplex structure rQ4, which
contains a UA context, were very resistant to APE1 action with
summary cleavage efficiency up to 5%. Taken together, it could
be concluded that APE1 more efficiently cleaves RNA which
contains single-stranded regions as a bulge or loop located near
the duplex part, supporting the findings that the biological
significance of the endoribonuclease activity is associated with
processing of RNA in such non-canonical structures.

Considering our findings about the RNA substrates, it can
be concluded that APE1 uses the same molecular mechanism
of recognition of a target nucleotide in RNA substrates as the
mechanism of F-site recognition in damaged DNA substrates.
Moreover, the wide substrate specificity of APE1 toward
an abasic site, some damaged bases [for example, etheno
derivatives of DNA bases (Christov et al., 2010; Prorok et al.,
2012), bulky photoproducts (Vrouwe et al., 2011), benzene-
derived DNA adducts (Guliaev et al,, 2004), a-anomers of
2’-deoxynucleosides (Gros et al., 2004), oxidatively damaged
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pyrimidines (Daviet et al., 2007), or 2’-deoxyuridine (Prorok
etal,, 2013)], and native deoxyribonucleotides (3’-5’ exonuclease
activity) and ribonucleotides (endoribonuclease activity) strongly
supports the conclusion that the active site of APEl does
not form direct specific contacts with a damaged or native
target nucleotide. Consequently, the common mechanism of
target nucleotide recognition by APE1 (Figure 7) includes the
formation of an initial enzyme-substrate complex in which
sequential conformational changes of the substrate in response
to enzyme-induced interactions is strongly needed for the
formation of a catalytically active complex. The molecular
processes that take place in the course of these rearrangements,
such as substrate bending, local melting, target nucleotide
eversion from the substrate and insertion into the enzyme active
site, amino acid insertion, and the formation of a network of
contacts, are important for the target nucleotide recognition and
limit the rate of catalytic complex formation. Moreover, it is
known that the unstructured N-terminal domain of APE1 is
the key part of the enzyme, which is responsible for the redox
function (Evans et al., 2000; Kelley et al., 2011; Bazlekowa-
Karaban et al., 2019), plays an important role in the interaction
with damaged DNA and RNA (Timofeyeva et al., 2009; Fantini
et al., 2010), and also affects the protein—protein interactions
of APE1 with nucleophosmin (Poletto et al., 2013) and other
participants of the BER pathway (Kladova et al., 2018a; Moor
et al., 2020). Therefore, it could be assumed that the N-terminal
domain of APE] also can affect the ability of the enzyme to bind
non-B-form structures and participate in the recognition of the
target nucleotide.

It is reasonable to suggest that facilitation of some of
the molecular events during binding processes, for example,
the eversion of the target nucleotide or the bending of the
substrate, because of the features of the initial structure of

the substrate with non-B-form components, may increase
the rate of substrate cleavage. It should be mentioned that
in addition to the eversion of a target nucleotide from the
substrate structure, its insertion into the active site should
be taken into account too. Of note, literature data available
today about the APEl activity on B-form damaged DNA
duplexes enable a comparison of the efficacy of cleavage among
different damaged DNA duplexes and thereby a comparison
of the rates of the limiting step. The recognition and cleavage
of an F-site in the complementary duplex proceed during
a 1 s period (Supplementary Figure S4A), whereas the
duration of recognition of damaged nucleotides in duplexes—
e.g., 1,N®-ethenoadenosine, a-adenosine, or 5,6-dihydrouridine
(Kuznetsova et al., 2018b) - is longer, up to 1,000 s. Moreover,
native ribonucleotides are processed by the enzyme within hours
(Figure 6). It can be concluded that the nature of a target
nucleotide that is inserted into the active site is also a very
important factor for the formation of a catalytically active state
of the APE1-substrate complex.

The obtained results mean that facilitation of F-site eversion
in bulged structures decreases cleavage efficacy in comparison
with a fully complementary duplex because of a decrease in
the substrate-binding constant. During the eversion of a small
abasic site and its insertion into the active site of the enzyme,
the deoxyribose residue does not engage in any unfavorable
interactions. By contrast, the insertion of any target nucleotide
containing a damaged or native base into the active site of APE1 is
much slower than the insertion of an abasic nucleotide because of
steric hindrance. Indeed, in the case of bulged RNA, the cleavage
efficacy clearly increased with the increasing bulge size, indicating
that promotion of the eversion by the structure leads to skipping
of some unfavorable contacts in the course of target base flipping
out and insertion into the active site.

Non-B-form structures:
bulges, bubbles, hairpins,
G-quadruplexes, etc

FIGURE 7 | The proposed model of target nucleotide recognition by APE1. Structure of APE1-DNA complex from Kuznetsova et al. (2018b).
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CONCLUSION

Thus, a series of damaged DNA substrates and undamaged RNA
substrates of a non-B-form structure was tested to evaluate the
structural aberrations facilitating the process of target nucleotide
recognition by APEl and the formation of a catalytically
competent complex. It was experimentally demonstrated that a
human telomeric G-quadruplex containing an F-site, a native
RNA quadruplex, and DNA duplexes containing an F-site with
bulging of a damaged or undamaged strand as well as a native
RNA having a bulged or bubbled structure and a short-hairpin
RNA structure are processed during catalytic endonucleolytic
cleavage by human AP endonuclease. It is important to note
that in some specially designed DNA structures, a site-specific
cleavage of a single-stranded DNA occurs as well. The mechanism
of target nucleotide recognition is composed of two steps: initial
transient complex formation and its subsequent rate-limiting
transformation into a catalytically competent state. Facilitation of
the eversion of a target nucleotide into the enzyme active site is
mediated by some non-B-form regions in the substrate, which
allows us to increase the formation rate of a catalytic complex,
thereby enhancing the efficacy of the enzymatic catalysis. Thus, it
is shown that the formation of non-canonical B-form structures
by undamaged DNA is the key factor for the processing of a
target nucleotide in the active site of the enzyme. In general, data
obtained in the research on the specificity of AP endonuclease
toward DNA and RNA substrates of various spatial structures
expand our understanding of the molecular principles governing
target nucleotide recognition by APE1.
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The Drosophila hyperplastic disc (hyd) gene is the ortholog of mammalian tumor
suppressor EDD, which is implicated in a wide variety of cellular processes, and its
regulation is impaired in various tumors. It is a member of the highly conserved HECT
family of E3 ubiquitin ligases, which directly attach ubiquitin to targeted substrates. In
early works, it was shown that Drosophila Hyd may be a tumor suppressor because
it is involved in the control of imaginal-disc cell proliferation and growth. In this study,
we demonstrated that Hyd is also important for the regulation of female germ cell
proliferation and that its depletion leads to additional germline cell mitoses. Furthermore,
we revealed a previously unknown Hyd function associated with the maintenance
of germ cells’ viability. A reduction in hyd expression by either mutations or RNA
interference resulted in large-scale germ cell death at different stages of oogenesis.
Thus, the analysis of phenotypes arising from the hyd deficiency points to Hyd'’s role in
the regulation of germline metabolic processes during oogenesis.

Keywords: oogenesis, cell death, E3 ubiquitin ligase, germ cells, Drosophila, hyperplastic disc gene

INTRODUCTION

The Drosophila melanogaster hyperplastic disc gene (hyd) has been classified as a tumor suppressor
gene owing to the overgrowth phenotype of imaginal disc cells in mutant backgrounds (Mansfield
et al., 1994; Shearer et al,, 2015). It is an ortholog of mammalian EDD, which was originally
identified as a progestin-regulated gene in human T47D breast cancer cells (EDD stands for ‘E3
identified by differential display’) (Callaghan et al., 1998; Clancy et al., 2003). Impaired regulation of
EDD contributes to tumorigenesis, and various alterations of the EDD locus (mutations, deletions
and especially amplifications) have been found in a number of common human cancers. The
hyd gene, just as EDD, encodes a large protein (approximately 300 kDa) that is a member of the
highly conserved family of E3 ubiquitin ligases containing the HECT domain, which mediates
specific recognition of substrate proteins and their targeting by ubiquitin (Scheffner et al., 1995;
Metzger et al., 2012). Ubiquitination affects the fate and properties of proteins: from proteasomal
degradation to changes of a functional activity in such processes as DNA repair, transcription,
immunity, autophagy and protein sorting and trafficking (Bhoj and Chen, 2009; Dikic et al., 2009).
Through ubiquitination of a wide variety of substrate proteins, E3 ubiquitin ligases participate in
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the regulation of diverse cellular processes. Dysregulation or
dysfunction of E3 ubiquitin ligases gives rise to abnormalities
in the ubiquitination system and causes serious pathologies,
including neurodegeneration and cancer (Shearer et al., 2015).

E3 ubiquitin ligase Hyd is involved in numerous biological
processes and is necessary at all stages of Drosophila development.
Null-alleles of hyd are lethal at the larval stage, and temperature-
sensitive alleles induce imaginal-disc hyperplasia and adult
gonadal defects leading to sterility (Martin et al., 1977; Mansfield
et al., 1994). A clone analysis has revealed that Hyd negatively
regulates the expression of Hedgehog (Hh) and Decapentaplegic
(Dpp) in the eye and wing discs. Loss of hyd function induces
ectopic expression of both genes, resulting in disc cell overgrowth
(Lee et al., 2002; Wang et al.,, 2014). These data have allowed
researchers to conclude that Hyd is involved in the regulation
of cell proliferation and cell cycle control through Hh signaling.
In spermatogenesis, however, Hyd does not manifest the tumor
suppressor properties; hyd mutants show substantial structural
abnormalities in mitosis and meiosis, without excessive cell
proliferation. On the contrary, testes of the mutant males are
small and contain fewer germ cells as compared to the wild type
(Pertceva et al., 2010). In the present work, we continued the
study on the biological functions of hyd in Drosophila oogenesis.
According to previous works, hyd-mutant females are sterile and
have defects in ovary formation and germ tissue morphology. It
remains unclear what cellular event or process in oogenesis is
primarily affected by the Hyd deficiency.

The Drosophila ovary consists of 15-20 ovarioles, which
represent a chain of progressively developing egg chambers
(EChs). The anterior region of each ovariole is the germarium,
which includes stem cells and early germline cells (GCs)
going through a series of mitotic divisions. In the posterior
of the germarium, 16 daughter GCs are surrounded by a
monolayer of somatic follicle cells creating an ECh. After leaving
the germarium, the ECh moves along the ovariole, gradually
developing into a mature oocyte. According to the size and
morphology of the ECh, oogenesis can be roughly divided
into 14 stages (King, 1957; Spradling, 1993). Developmentally
programmed cell death in the female germline occurs at three
specific stages: in newly formed cysts (region 2 of the germarium),
during mid-oogenesis (stages 7-8), and during late oogenesis
(stages 12-13). Under normal nutritional conditions, cell death
in the germarium and at stages 7-9 (called ‘checkpoints’ of cell
death in oogenesis) takes place in response to developmental
abnormalities and increases dramatically under the influence of
various stressors. The death of nurse cells in late oogenesis occurs
as part of normal development of each egg (Jenkins et al., 2013;
Peterson et al., 2015; Bolobolova et al., 2020).

Here, we present a study of the Hyd function in Drosophila
oogenesis. We showed that a reduction in hyd expression by
mutations or RNA interference yields two main phenotypes
of the germline. The first one is manifested as extra mitotic
divisions that form EChs with 32 or 64 germ cells. Nonetheless,
such an effect was observed only in hyd-mutant flies and at a
low frequency. The second phenotype was large-scale germ cell
death and ECh degradation. This phenotype was strong and
highly penetrant and was observed both in the mutants and

after a hyd knockdown via RNA interference (hyd-RNAi). We
believe that the function of Hyd in oogenesis is not related
to the regulation of cell death directly. Being an E3 ubiquitin
ligase, it is involved in ubiquitination of the protein substrates
responsible for the metabolism and biosynthetic activity of GCs.
A dysfunction of this mechanism probably causes cell death due
to a deficit of resources.

MATERIALS AND METHODS
Fly Stocks

All Drosophila stocks were raised at 25°C on standard cornmeal
medium. We used Bloomington stocks: kni"~! hyd" e'/TM3,
Sb! (3718) and y' w!'l'8; PBac{3HPy + }hyd“®17/TM3, Sb' Ser!
(16256) as a source of mutant alleles, w1118; P{w + mC = PTT-
GA}Pabp2 GFP protein trap strain was used as a germline nuclei
marker: (48-1) kindly provided by A. Debec (Université Pierre et
Marie Curie, France).

We used the following strains for RNA interference: hyd-
RNAi -y 'sc*v!;P{TRiP.HMS00343}attP2 (32352); osk-GAL4 -
w18 Plosk-GAL4:VP16}F/TM3, Sb! (44242); nos-GAL4 - w'18;
P{wT™C = GAL4:VP16-nos.UTR}CG6325MVP! (4937); 7023-
GAL4 - y! w*; P{GawB}109-30/CyO GAL4 (7023); 7024-GAL4 -
y! w*; P{w + mW.hs = GawB}109-39/TM3,Sb! (7024); 36287-
GAL4 36287 w*; P{w™W-1s = GawB}GRI1.

RNA Isolation and Quantitative

Real-Time PCR

Levels of hyd mRNA were assigned using method of qPCR.
Total RNA preparation, reverse transcription (RT) and qPCR
analyses were performed using Trizol (Invitrogen), Superscript
II (Invitrogen), and SYBR green kits (Syntol) following the
manufacturer’s recommendations. The following primers were
used: hyd-specific RT-HYD-Fw-5-ACGCCAGGATTTGGTTTA
CTT and RT-HYD-Rev-5-TTCGCAGTCGGTAGATGGGA,
RpL32-specific RPL32-F-5-TAAGCTGTCGCACAAATGG and
RPL32-R-5-AGGAACTTCTTGAATCCGGTG as a reference
gene (Yang et al., 2013). The mean values + standard deviation
of the transcript abundance of three separate determinations.

Electron and Fluorescence Microscopy

Experimental procedures for electron and fluorescence
microscopy were performed as described earlier (Pertceva
et al., 2010). The primary antibodies were: monoclonal rabbit
anti-VASA antibodies from Santa Cruz Biotechnology (1:300),
rabbit anti-Dcp-1 (Asp216) from Cell Signaling Technology.
The secondary antibodies were goat anti-rabbit conjugated to
AlexaFluor-488 (1:500; Invitrogen #A-11001). TRITC-labeled
phalloidin (Sigma-Aldrich #P1951) was used at 1:100 dilution
to visualize F-actin as described previously (Guild et al,
1997). The LysoTracker assay was performed as described in
Dorogova et al. (2014) (LysoTracker red DND-99 (Invitrogen,
Molecular Probes, Basel, Switzerland). Ovaries were embedded
with ProLong Gold anti-fade reagent with DAPI. Images were
obtained using an Axiolmager Z1 microscope with ApoTome
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attachment (Zeiss), AxioCam MR and AxioVision software
(Zeiss, Germany).

RESULTS

A Decrease in hyd Expression Leads to
Both Ovary Atrophy and Extra Mitoses in
Germline Cysts

To investigate the effect of the Hyd protein on oogenesis, we
selected mutant alleles hydC017 and hydl5, which have been
described previously (Mansfield et al., 1994; Pertceva et al,
2010). The hydl5 mutation, when homozygous, is lethal at
the third instar larval stage, whereas hydC017 homozygotes
are viable but females exhibit a significant decline of fertility
and of egg production. For cytological analysis of the effect of
hyd mutation, viable females carrying hetero-allelic combination
hydC017/hyd15 were used. Wild-type strain—Oregon R and
heterozygous siblings—hyd"> e!/TM3, Sb'and hyd“°V /TM3, Sb*
Ser'were taken as control.

To determine how this hetero-allelic combination affects the
level of hyd expression, we performed a real-time PCR analysis of
adult hydC017/hyd15 ovaries. Our data indicated that iyd mRNA
expression was statistically significantly ~2-fold lower in the
mutants than in the control (wild type; Figure 1). Consequently,
the oogenesis aberrations identified in hydC017/hyd15 flies (as
described below) could be associated with a deficiency in the
hyd gene product.

The hydC017/hydl5 females were found to be sterile and
laid only a single egg, which did not develop. The gonads
in such females mainly contained reduced ovarioles with a
small number of EChs or without them at all (Figures 2A-C).
Depending on the degree of the germ-line atrophy, we have
identified 3 types of ovaries: completely reduced, significantly

mRNA expression level in hyd mutant lines

-
N
o

o »r
8 8

o 9
& 8

relative normalized expression
=
N
o
,

o
8

Wild type

hydC017/hyd15

FIGURE 1 | Comparison of hyd mRNA expression levels between wild-type
and hydC017/hyd15 ovaries as estimated by real-time PCR. The hyd
expression is ~2-fold lower in the mutants than in the wild-type ovaries. The
mean values + standard deviation of the transcript abundance of three
separate determinations.

reduced and partially reduced. Completely reduced ones had
no or a few GCs. Significantly reduced ovaries contained
single GCs in germaria and single EChs in ovarioles. Partially
reduced ovaries contained not only atrophied, but also normal
ovarioles with EChs at different stages of oogenesis. In the
wild type, ovaries with any of these phenotypes were not
found (Figure 2J). Partially reduced ovaries also contained EChs
with an excessive GC number: 2-3-fold higher than normal
(Figures 2C,D and Supplementary Table 1).

Immunostaining of a GC marker, the Vasa protein, showed
that most of the hydC017/hydl5 ovaries were completely
rudimentary (without GCs) or contained stand-alone germline
cysts (Figures 2E-G). Mutant gonads formed normally in
embryos and larvae, but their germline degraded at later stages;
only some GCs gave rise to cysts that produced a normal
ECh. Nevertheless, the formed EChs also degraded during mid-
oogenesis: only 1% of them developed into eggs. Thus, the
hyd mutation affected GC viability at different stages of GC
development, thereby causing the death of both early GCs
(including stem cells) in larval ovaries and germarium and
differentiated GCs in mid-oogenesis.

Besides reduced EChs, a small number of hydC017/hyd15
ovaries also contained multi-nuclear EChs (Figure 2D and
Supplementary Table 1). To determine whether such EChs were
a consequence of excessive cystoblast mitosis, we performed
immunostaining with an antibody to phosphorylated histone
H3. The serine phosphorylation of histone H3 marks the onset
of mitosis; therefore, any cyst in normal germaria contains
no more than eight metaphase groups (Kiger et al., 2000).
The phospho-H3 histone staining revealed that the mutant
germline cysts contained significantly larger than normal of
mitotic chromosomes. In particular, the number of metaphase
groups inside one cyst reached 16 and 32, and the number
of anaphases reached 32 and 64 (Figures 2H,I). As a
result, both germaria and EChs looked abnormally enlarged.
This phenotype was a consequence of additional mitoses in
germline cysts and indicated abnormal cell cycle control when
hyd was mutated.

Germline-Specific Inhibition of hyd
Expression Causes Massive Cell Death

The association of cell death with a decrease in the hyd activity
was confirmed by our data from hyd-RNAI. For this experiment,
we employed the UAS/GAL4 system. To ectopically suppress
the hyd gene expression in different ovary cells, we used the
following tissue-specific drivers: nanos-GAL4 and oskar-GAL4
for GCs and 7023-GAL4, 7024-GAL4 or 36287-GAL4 for somatic
(follicular) cells. UAS hyd-RNAI strains and Oregon R were used
as control.

Implementation of hyd-RNAi in follicular cells did not lead to
any phenotypic changes in the ovaries, oogenesis abnormalities,
or a decrease in fertility. Only a combination of UAS-hyd-
RNAi with a germline-specific driver, nanos-GAL4 or oskar-
GAL4, resulted in massive cell death and ovarian atrophy,
which were similar to the phenotypic manifestation of the hyd
mutations under study.
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FIGURE 2 | Abnormalities of oogenesis and ovary formation in hydC017/hyd15 females. (A) Normal ovarian morphology in wild-type females. (B) A reduced ovary of
a hydC017/hyd15 female without ovarioles and EChs. (C) A hydCO017/hyd15 female ovary with few ovarioles containing multi-nuclear EChs (arrowheads). (D) A
multi-nuclear ECh in a hydCO017/hyd15 ovary. (E-G) Germ cell visualization by anti-Vasa staining in germaria and EChs. (E) Wild-type ovary. (F,G) Germline loss in a
hydCO017/hyd15 female ovary. (H,l) Visualization of mitotic chromosomes in germline cysts using an anti-p-H3 histone antibody. Anaphase chromosomes in the wild
type (H) and an excessive number of anaphase chromosomes in a hydC017/hyd15 germline cyst (I). (J) Phenotypic variability of reduced ovaries in hydC017/hyd15
mutants and quantification of the germ cell numbers in the hydC017/hyd15 ovaries. The number of germ cells per ovary was determined by counting VASA-positive
cells from optical serial sections, 30 ovaries for each phenotype were examined. Data represent mean + s.d., Student’s t-test. For phenotypic analysis, the number

of ovaries viewed—100. DNA: DAPI (blue), anti-Vasa staining: red, p-H3 histone staining: green. Scale bars: 10 wm (A=C), 3 wm (D), 10 wm (E=G), 2 um (H,1)

Early GC Death in Nanos-GAL4/UAS-hyd-RNAi
Ovaries
Nanos-GAL4 is expressed in primordial GCs starting from
embryogenesis. Accordingly, in nanos-GAL4/UAS-hyd-RNAi
females, GC death occurred before the adult stage. In adult
females, almost all the germline turned out to be atrophied, and
the formed ovaries consisted only of somatic cells (Figures 3A,B).
The nanos-GAL4/UAS-hyd-RNAi ovaries formed normally
until third instar larva and at this stage were indistinguishable
from the control under a light microscope. In contrast,
electron microscopy uncovered multiple signs of intracellular
degradation. They included condensation of the nuclear matrix,
nuclear-envelope invaginations, dilation of organelles and an
increased number of various cytoplasm vesicles, including
multi-vesicular and myelin bodies, lysosomes and stand-
alone autophagosomes (Figures 4A,B). Such structural changes

are suggestive of decreased functional activity of the cells.
These processes extended to the entire germline of nanos-
GAL4/UAS-hyd-RNAi ovaries, inducing their atrophy and
somatic gonad formation.

Mid-Oogenesis GC Death in
oskar-GAL4/UAS-hyd-RNAi Females

The oskar-GAL4 driver is activated at stages 3-4 of oogenesis;
accordingly, in oskar-GAL4/UAS-hyd-RNAi females, GC death
occurred in mid-oogenesis (Figure 3C). Before dying, after
stage 4 or 5, EChs failed to grow normally. Even though the
oskar-GAL4/UAS-hyd-RNAi EChs continued developing, their
size was much smaller than that in normal chambers at the
same stage (Figures 3D,E and Supplementary Figure 1). EChs,
growing slowly, accumulated in ovarioles, which consequently
became abnormally long. In normal ovarioles, only 4-6 EChs
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FIGURE 3 | Effects of the hyd RNAi knockdown on ovarian morphology and oogenesis. (A) Wild-type ovaries with normal ovarioles and EChs. (B) Reduced
(somatic) ovaries of nanos-GAL4/UAS-hyd-RNAi females, lacking germ cells. (C) Mid-stage oogenesis arrest and massive ECh degradation in an
oskar-GAL4/UAS-hyd-RNAi ovary. (D,E) Comparison of ovariole and ECh morphology at early oogenesis stages between a wild-type (D) and
oskar-GAL4/UAS-hyd-RNAi ovary (E). (F) Diagram representing a comparison of the number of dying egg chambers between the wild-type and
oskar-GAL4/UAS-hyd-RNAi ovaries during the middle oogenesis. No. of examined ovaries — 50, for each type. (G-H) Cytological detection of lysosomal activity and
effector caspase Dcp-1 in wild type, hydC015/hyd15 and oskar-GAL4/UAS-hyd-RNAi degrading EChs. Dying egg chambers of all types of ovaries demonstrate
similar patterns of LysoTracker and anti-Dcp-1 staining: wild-type (G,H), hydC017/hyd15 (1,J), oskar-GAL4/UAS-hyd-RNAI (K,L). DNA: DAPI (blue), lysosomes:
LysoTracker (red), Dcp-1 staining: Alexa 488 (green), F-actin staining: phalloidin (red). Scale bars: 15 um (A-C), 3 um (D,E), 12 pm (G-L).

of different developmental stages, including late oogenesis, mid-oogenesis arrestand massive death of GCs. As a result, oskar-
are usually observed. In oskar-GAL4/UAS-hyd-RNAi females, GAL4/UAS-hyd-RNAi ovaries contained, instead of vitellogenic
ovaries consisted of 6-9 EChs that slowly developed mainly ~EChs, a mass of degrading material. Only a small proportion,
up to the eighth stage. The delay in development ended with  ~8% of EChs, progressed to stages 9-10 but then died at the
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Wwild ty

FIGURE 4 | Ultrastructural features of germ cell death in hyd-RNAi ovaries. (A-B) Electron micrographs of primordial GCs in wild-type and

nanos-GAL4/UAS-hyd-RNAI ovaries at the third instar larva stage. (A) A wild-type GC with morphology typical of this stage: nuclei with smooth contours, evenly
dispersed chromatin, and distinct nucleoli; the cytoplasm contains round or oval mitochondria, endoplasmic-reticulum cisterns (ER cisterns), Golgi complexes, and
abundant ribosomes. (B) GCs with signs of intracellular degradation: condensation of the nuclear matrix, curvature of the nuclear outline, nuclear envelope dilation
(arrowheads), mitochondrial swelling, ER vacuolization (arrows) and numerous lysosomes. N, nucleus; m, mitochondrion; L, lysosome. Scale bar: 1 wm. (C-F) Signs
of mid-oogenesis cell death in a wild-type, hydC015/hyd15 and oskar-GAL4/UAS-hyd-RNAi ECh. (C) A segment of a mid-oogenesis ECh before cell death. Nurse

chromatin; ne, nuclear envelope. Scale bar: 5 pm.

cell ultrastructure without structural anomalies or signs of degradation. (D-F) Morphology of a dying ECh in a wild-type (D), hydC015/hyd15 (E), and
oskar-GAL4/UAS-hyd-RNAi (F). Nurse cell cytoplasm contains condensed chromatin material, aggregates of nuclear-envelope fragments and clusters of
mitochondria, numerous lysosomes. In the nurse cell area, there are of varying content present in this layer. NC, nurse cell; N, nucleus; m, mitochondrion; chr,

beginning of late oogenesis. Therefore, the hyd-RNAi induced by
the oskar-GAL4 driver caused ECh growth retardation, which led
to their complete degradation (100%).

Mid-stage death is a characteristic feature of Drosophila
oogenesis and allows to save energy and resources eliminating
defective or unnecessary EChs. Dying EChs are easily identified
by abnormal condensation and subsequent fragmentation of

chromatin, which are features of apoptotic cell death (Greenwood
and Gautier, 2005; Sarkissian et al., 2014). In addition to
apoptosis, autophagy is also involved in mid-oogenesis cell
death (Bolobolova et al., 2020). Recent studies have convincingly
shown that ubiquitin proteasomal machinery is important for the
regulation of cell death pathways and that many E3 ubiquitin
ligases take part in this process. To determine how E3 ligase Hyd
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can be associated with mid-oogenesis death, we investigated this
process in more detail by means of the main cytological markers
of apoptosis and autophagy together with electron microscopy.

To detect autophagy, we utilized LysoTracker, an acidophilic
dye that marks lysosomes and autophagosomes. A LysoTracker
signal was detected in all oskar-GAL4/UAS-hyd-RNAi ovarioles,
but its appearance coincided with the beginning of nuclear
condensation, same as in the controls (Figures 3E,G). To verify
the apoptotic events, we used an antibody recognizing effector
caspase Dcp-1: a general apoptosis marker in Drosophila
(Sarkissian et al., 2014). Immuno-fluorescence staining
suggested that anti-Dcp-1 antibodies were incorporated
into degenerating EChs of hyd-RNAIi ovaries, and their pattern
was indistinguishable from that in the control (Figures 3H,I).

We conducted an electron microscopic analysis to clarify the
features of the cell death and to identify a possible pathological
change in the germline before the death. Ultrastructural
analysis of oskar-GAL4/UAS-hyd-RNAi imago ovaries showed
that EChs underwent cell death at stages 7-8/9, as in the
wild type. Moreover, some oocytes in the dying chambers
contained stand-alone vitelline granules, which mean the onset
of vitellogenesis. Before these stages, substantial abnormalities
in GC ultrastructure were not detectable. The ECh degeneration
was accompanied by specific structural transformations similar
to those in the wild type (Giorgi and Deri, 1976). The nurse
cell cytoplasm and nucleus featured increased electron density,
and nuclear chromatin formed condensed masses. With further
degeneration, the nuclear envelope in the nurse cells broke
down, and nuclear material was released into the cytoplasm.
Numerous fragments of nuclear membranes formed aggregates
in the nurse cell cytoplasm with a specific parallel orientation in
tracts. Most mitochondria combined into clusters. The cytoplasm
contained large vacuoles of varying content and electron density
(Figures 4C,D,F). The same cell death manifestations were
observed in the hydC017/hyd15 EChs (Figure 4E). All these
events are characteristic signs of mid-oogenesis cell death, as
described elsewhere (Giorgi and Deri, 1976).

Thus, the RNAi knockdown of the hyd gene did not cause
anomalies in EChs’ ultrastructure before their death. The ECh
degradation occurred at the same stage of oogenesis as in the
wild type, did not differ morphologically and had signs of both
apoptosis and autophagy. This means that the GC death in
oskar-GAL4/UAS-hyd-RNAI ovaries proceeds via the canonical
Drosophila mid-oogenesis pathway.

DISCUSSION

This study showed that Hyd is critical for GCs development
and egg formation in Drosophila. The lack of this protein led
to massive cell death and ECh degradation and, as a minor
manifestation, to GC overproliferation as a consequence of
additional mitoses. The observed effect was germline specific and
independent of a somatic environment.

As an E3 ubiquitin ligase, Hyd is one of the key components of
the ubiquitination system, which is important for the regulation
of activities of proteins, their cellular functions and proteasomal

degradation (Bhoj and Chen, 2009; Shearer et al., 2015) Analysis
of protein-protein interactions by a yeast two-hybrid assay has
allowed to identify more than 50 proteins that can potentially
interact with Hyd in ovaries' (Supplementary Table 1). Hyd
interactors can be both substrates for ubiquitination and proteins
that cooperate with Hyd to form functional complexes. The
variety of these proteins determines the multiple functions of
Hyd in Drosophila oogenesis; therefore, its dysfunction or loss has
dramatic downstream consequences.

Hyd Is Essential for the Maintenance of

Germline Viability

Our findings indicate that Hyd is especially important for GC
survival. Its lack induced the death of both early GCs in the larval
ovaries and differentiated ones in mid-oogenesis.

According to our results, the death of Hyd-deficient GCs in
nanos-GAL4/UAS-hyd-RNAi ovaries begins in late third instar
larvae. The ovaries at this stage contain primordial germ cells
(PGCs) that terminate to divide and specialize in two directions:
several cells interact with a newly formed niche and become
germline stem cells, whereas the remaining cells begin to
differentiate and become cystoblasts (Gancz et al., 2011; Kahney
et al., 2019; Hinnant et al., 2020). Germline differentiation factor
Bam governs both stem cell maintenance and the differentiation
of their progeny: Bam expression is inhibited in stem cells (where
differentiation is prohibited) and activated in cystoblasts (where
differentiation is promoted) (Ji et al., 2017; Mathieu and Huynh,
2017; Kahney et al., 2019). Bam over-expression in late third
instar larva ovaries causes massive GC death and the formation of
completely somatic gonads (Ohlstein and McKearin, 1997; Chen
and McKearin, 2003). We noticed a similar phenotype when Hyd
was either mutated or knocked down.

GC death at this stage of development is also associated with
several intrinsic factors. It has been documented that such an
effect is exerted by a strong mutation or knockout of any of
the following genes: ofe (coding for a nuclear lamina protein)
(Barton etal., 2013), mcm10 (its product acts in DNA replication)
(Reubens et al., 2015), y-tubulin (encodes the main component
of the peri-centriolar material) (Tavosanis and Gonzalez, 2003)
and vasa (its product has a multi-functional role in the germline)
(Styhler et al., 1998). The same is true for over-expression of
Dmp53, a homolog of mammalian p53 (Bakhrat et al., 2010).
Nonetheless, almost all proteins encoded by these genes are
important even before the late third instar stage. Only Ote has
been shown to start functioning at this stage, and Ote is necessary
for the progression of differentiation. In ote mutants, GCs are not
able to differentiate and to die (Barton et al., 2013). On the other
hand, stem cells are not susceptible to Ote loss and persist in adult
ovaries (Barton et al.,, 2013), in contrast to the Hyd deficiency
phenotype. Accordingly, we assume that Bam or components of
Bam signaling are the most likely partners of Hyd at the very
beginning of oogenesis, when the fate of PGCs is determined: to
be stem cells or differentiate.

Massive death of germ cells also occurred in oskar-GAL4/UAS-
hyd-RNAi ovaries through middle oogenesis. EChs containing

'http://www.flybase.org
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Hyd-deficient GCs did not progress through the oogenesis mid-
stage checkpoint and degraded completely in early vitellogenesis.
It is known that this checkpoint is activated in response to
adverse stimuli or physiological and developmental disorders
(Pritchett et al., 2009; Jenkins et al., 2013; Peterson et al., 2015).
GC death at this stage is tightly regulated both positively and
negatively with the help of a genetic network that includes, in
particular, genes responsible for the ubiquitination mechanism.
Dysregulation or loss of function of these genes induces
disturbances in cell death manifestations (Hou et al., 2008;
Bergmann, 2010; Peterson et al., 2015). One of these abnormal
manifestations is associated with cell death enhancement in mid-
oogenesis. In particular, such a phenotype is observed when
the genes encoding inhibitors of apoptosis (members of the
IAP protein family) Bruce and Diap are suppressed (Rodriguez
et al., 2002; Hay and Guo, 2006; Hou et al., 2008). However,
the typical feature of the Hyd-deficient-ovary phenotype is not
only mid-oogenesis arrest and increased cell death but also
the preceding slowdown in ECh development and growth.
Moreover, degrading EChs do not morphologically differ from
the wild type and have signs of autophagy and apoptosis
(these are normal).

These phenotypic features emerge in response to nutrient
starvation or a reduction in insulin/TOR signaling (Drummond-
Barbosa and Spradling, 2001; Barth et al., 2011; Pritchett and
McCall, 2012). The insulin/TOR signaling network is a highly
conserved mechanism responsible for cell and tissue growth.
It acts as a sensor of nutrient availability to promote cell
metabolism, growth and proliferation. In Drosophila oogenesis,
the insulin/TOR axis is critical for GC development and oocyte
maturation. In the presence of some disorders of this mechanism,
EChs’ growth is delayed, and they cannot enter energy-intensive
vitellogenesis and hence degenerate (LaFever et al., 2010; Laws
and Drummond-Barbosa, 2017; Jeong et al., 2019). We believe
that Hyd either interacts with one of insulin/TOR targets or
acts upstream by regulating the factors responsible for the
biosynthesis in growing EChs.

Currently, there are no experimental data supporting
the interaction of Drosophila Hyd with components of the
insulin/TOR signaling network. Nonetheless, lately, it was
reported that Hyd’s human homolog, EDD, is involved in
the regulation of mTOR (TORCI1) via ubiquitination for
proteasomal degradation of its target PP2Ac (TORCl-associated
a4 phosphoprotein). Increased EDD expression in human breast
cancer cells in vitro promotes TORCI signaling, which activates
the synthesis of an anti-apoptotic protein promoting drug
resistance. On the contrary, a knockdown of EDD arrests cancer
cell proliferation decreases their viability and increases apoptosis
(MacDonald et al., 2019).

According to Flybase and DrolD, the Hyd protein interacts
with TOR signaling pathway proteins (Pdkl and RagC) and
with many factors necessary for the synthesis and modification
of proteins and RNA and for Golgi and endoplasmic-reticulum
functioning (Supplementary Table 2). Nonetheless, several
studies should be conducted to determine which potential
substrate interacts with E3 ubiquitin kinase Hyd in vivo to ensure
germ cell survival.

One of Hyd Functions in Oogenesis Is
Associated With the Control of Germ Cell
Divisions

Some studies on the somatic tissue in imaginal discs have shown
that Hyd is a negative regulator of Hh signaling. Hyd-deficient
flies display eye disc overgrowth due to increased Hh activity
(Mansfield et al., 1994; Lee et al., 2002; Hariharan and Bilder,
2006). In oogenesis, Hh participates in the control of germ cell
proliferation through a somatic microenvironment: this protein
is produced by a niche of stem germ cells to balance stem cell
renewal and differentiation (Lu et al., 2015; Huang et al., 2017;
Lai et al., 2017). One would expect that Hyd and Hh also interact
in this context. According to our data, however, Hyd is necessary
to control the number of cystoblast divisions, not stem cells,
and unlike Hh, the Hyd protein can act autonomously in the
germline. Therefore, we believe that the role of Hyd in female GC
divisions is not mediated by Hh signaling either.

An extra round of cystoblasts’ mitosis, as in hyd mutants,
is also observed during dysregulation of the timely degradation
of mitotic cyclins: cyclins A, B and E (Lilly et al.,, 2000; Wang
and Lin, 2005; Chen et al., 2009). For instance, overexpression
of genes encoding these proteins or a deletion of the CycA or
CycB destruction box gives rise to one, less often two, extra
rounds of mitotic division, resulting in 32- and 64-cell cysts
(Jacobs et al., 1998; Doronkin et al., 2003). The degradation of
cyclins is implemented mainly through ubiquitin-proteasome-
dependent proteolysis; hence, its failures also prevent timely
termination of mitosis (Ji et al., 2017; Chen et al., 2018; Hinnant
et al., 2020). In Drosophila oogenesis, mutations of genes playing
a part in the ubiquitination system induce an ‘extra round
of mitosis’ phenotype, as in a hyd-deficient background. In
particular, such a phenotype is observed after mutations of genes
encoding subunits of the SCF complex (Skp1, Cullins, and F-box
proteins), which is an E3 ubiquitin ligase. In these cases, cyclin
E accumulation, entry into the S phase and doubling of the
cell number are observed (Ohlmeyer and Schiipbach, 2003).
The same phenotype is generated by mutations in the effete
gene (encoding E2 ubiquitin-conjugating enzyme UbcD1) (Lilly
et al., 2000), encore (coding for a protein interacting with the
proteasome and Cyclin E) (Hawkins et al., 1996; Ohlmeyer and
Schiipbach, 2003) or slmb (coding for an E3 ubiquitin ligase)
(Muzzopappa and Wappner, 2005).

Recent research has shown that the stabilization of CycA
expression during mitotic cystoblast divisions is controlled by
Bam, which acts together with deubiquitinase Otu (Ji et al., 2017).
Earlier in this article, we suggested that Hyd may be an antagonist
of Bam signaling in early oogenesis, at the beginning of PGC
differentiation. Perhaps their interplay continues during germline
cyst divisions in the germarium, where Hyd, in contrast of Bam,
is required for downregulation of cyclins and for timely ending of
germ cell mitosis.

It is currently difficult to determine what other factors
may be associated with Hyd in this context. The list of
potential interactors contains several proteins responsible for
cell cycle control (Supplementary Table 2). On the other hand,
their participation in proliferation has not been demonstrated
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experimentally. Therefore, additional original data are needed to
resolve this issue.

In this article, we describe a previously unknown function
of Drosophila Hyd in oogenesis and germ cell development.
We demonstrated that Hyd is essential for timely regulation
of germline cyst mitosis and for the maintenance of germ cell
viability. Because Hyd is an E3 ubiquitin ligase, it contributes
to cellular processes through ubiquitination of its substrate
proteins. In the future, it is necessary to identify these proteins
and determine their germline-specific functions in order to
understand which signaling pathways and mechanisms mediate
Hyd’s involvement in oogenesis control.
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Transactive response DNA-binding protein 43 (TDP-43)-induced neurotoxicity is
currently well recognized as a contributor to the pathology of amyotrophic
lateral sclerosis (ALS), and the deposition of TDP-43 has been linked to other
neurodegenerative diseases, such as frontotemporal lobar degeneration (FTLD)
and Alzheimer’s disease (AD). Recent studies also suggest that TDP-43-induced
neurotoxicity is associated with ubiquitin-proteasome system (UPS) impairment.
Histone deacetylase 6 (HDACSH) is a well-known cytosolic deacetylase enzyme that
suppresses the toxicity of UPS impairment. However, the role of HDAC6 in TDP-43-
induced neurodegeneration is largely unknown. In this study, we found that HDAC6
overexpression decreased the levels of insoluble and cytosolic TDP-43 protein in TDP-
43-overexpressing N2a cells. In addition, TDP-43 overexpression upregulated HDAC6
protein and mRNA levels, and knockdown of Hdacé6 elevated the total protein level of
TDP-43. We further found that HDAC6 modulates TDP-43-induced UPS impairment
via the autophagy-lysosome pathway (ALP). We also showed that TDP-43 promoted
a short lifespan in flies and that the accumulation of ubiquitin aggregates and climbing
defects were significantly rescued by overexpression of HDACG in flies. Taken together,
these findings suggest that HDAC6 overexpression can mitigate neuronal toxicity
caused by TDP-43-induced UPS impairment, which may represent a novel therapeutic
approach for ALS.

Keywords: tar DNA-binding protein 43, histone deacetylase 6, ubiquitin-proteasome system, amyotrophic lateral
sclerosis, autophagy-lysosome pathway

INTRODUCTION

Transactive response DNA-binding protein 43 (TDP-43) is an evolutionarily conserved member of
the heterogeneous nuclear ribonucleoprotein (hnRNP) family, and it is encoded by the TARDBP
gene (Ou et al,, 1995). Previous studies have revealed that TDP-43 regulates RNA metabolic
processes, such as transcription, splicing, translation, and regulating stability of mRNA (Strong
et al., 2007; Buratti and Baralle, 2008). TDP-43 is predominantly localized in the nucleus, but
it can shuttle between the nucleus and the cytoplasm (Barmada et al., 2010). The accumulation
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of misfolded or aggregated protein in affected neurons is a
major pathological feature in most neurodegenerative diseases.
It is already known that cytoplasmic accumulation of TDP-
43 aggregates is one of the major characteristics of TDP-
43 proteinopathy (Kim et al, 2014; Scotter et al, 2015;
Shenouda et al., 2018), and this is a common pathological
feature associated with many neurodegenerative diseases, such
as Alzheimer’s disease (AD), frontotemporal lobar degeneration
(FTLD), and amyotrophic lateral sclerosis (ALS) (Neumann
et al., 2006; Mackenzie et al, 2011; Tremblay et al, 2011).
Many neuropathological mechanisms, such as oxidative stress,
mitochondrial dysfunction, neuroinflammation, and ER stress,
are linked to TDP-43 proteinopathy (Duan et al., 2010; Kim et al.,
2014; Zhao et al., 2015; Wang et al., 2019). In particular, emerging
clinical and experimental evidence suggests that dysfunctions in
protein quality control, including problems with the ubiquitin-
proteasome system (UPS) impairment, are the core pathological
mechanism of TDP-43-mediated neurodegeneration (Scotter
etal., 2014; Lee et al., 2019).

Histone acetyltransferases (HATs) and histone deacetylases
(HDAC:) are two classes of enzymes whose opposing activities
regulate the dynamic levels of acetylation of specific lysine
residues in histones and many other proteins (Yang and Seto,
2007). Histone deacetylase 6 (HDACS6) is a member of the class
IT HDAC family, and it contains a ubiquitin binding domain.
Unlike other HDACs, HDACS6 targets non-histone substrates,
such as a-tubulin, heat shock protein 90 (HSP90), and cortactin,
to modulate widespread biological processes (Zhang et al., 2003,
2007; Kovacs et al., 2005). HDAC6 contains a ubiquitin-binding
domain that binds to ubiquitinated proteins for degradation.
In a previous study, HDAC6 rescued proteasome impairment
in Drosophila (Pandey et al, 2007). Additionally, HDAC6
controls the autophagy-lysosome pathway (ALP). HDACS is not
required for autophagy activation; rather, it leads to fusion of
autophagosomes and lysosomes (Lee et al., 2010). Regarding
interplay between autophagy and the UPS, HDAC6 was recently
found to be a key molecule in many neurodegenerative diseases.
Nevertheless, the functions of HDAC6 in neurodegenerative
diseases are controversial. One study showed that deletion of
HDAC6 postponed disease progression in a SOD16%34 ALS
mouse model (Taes et al., 2013).

In this study, we investigated the potential role of HDAC6
in TDP-43-induced neurotoxicity using mammalian cell models
as well as a Drosophila model of TDP-43 proteinopathy. We
demonstrated that HDAC6 regulates the mislocalization and
aggregation of TDP-43. Moreover, we determined that HDAC6
plays a critical role in the deposition of ubiquitinated aggregates
and neurotoxicity induced by TDP-43 accumulation through
regulation of the ALP pathway in TDP-43 proteinopathy.

MATERIALS AND METHODS

Reagents and Antibodies

The following reagents were purchased from the indicated
providers: dimethyl sulfoxide (DMSO; Sigma, D8418) and
mifepristone (RU-486; Sigma, M8046). The following antibodies

were used for immunoblotting: mouse anti-TurboGFP (Origene,
TA150041), rabbit anti-TDP-43 (Proteintech, 10782-2-AP),
rabbit anti-LC3 (MBL, PMO036), mouse anti-Polyubiquitin
(Enzo Life Science, BML-PW8805), mouse anti-Flag (Cell
Signaling Technology, 2044), rabbit anti-HDAC6 (Santa Cruz
Biotechnology, sc-11420), mouse anti-Lamin A/C (EMD
Millipore, 05-714), HRP-conjugated anti-alpha-tubulin (Cell
Signaling Technology, 9099), HRP-conjugated anti-rabbit 1gG
(Santa Cruz Biotechnology, sc-2004), HRP-conjugated mouse
IgM (Abcam, ab97230), and HRP-conjugated mouse IgG
(Santa Cruz Biotechnology, sc-2005). The following antibodies
were used for immunocytochemistry (ICC): rabbit anti-
cleaved caspase-3 (CC3) antibody (Cell Signaling Technology,
9664) and Alexa 594-conjugated anti-rabbit IgG (Jackson
ImmunoResearch, 111-585-144). The following antibodies
were used for immunohistochemistry: rat anti-ELAV (DSHB,
RAT-ELAV-7), mouse anti-Polyubiquitin (Enzo Life Science,
BML-PW8805), Alexa-488 conjugated rat IgG (Jackson
ImmunoResearch, 112-545-167), and Alexa-594 conjugated
mouse IgM (Jackson ImmunoResearch, 115-587-020).

Cell Lines

The Neuro-2a (N2a) mouse neuroblastoma cell line was
maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, 11995-065) supplemented with 10% heat-inactivated fetal
bovine serum (FBS, Gibco, 16000-044) and 50 pg/ml penicillin-
streptomycin (Gibco, 15140-122).

Transfection

Neuro-2a cells in six-well plates (40 X 10* cells/ml) were
transfected with 4 pg of Gfp (pCMV6-AC-Gfp, Origene
Technologies, PS100010) or human TDP-43 (pCMV6-AC-
TDP-43-Gfp, Origene Technologies, RG210639) vectors using
Lipofectamine 3000 reagent (Invitrogen). Two days after
transfection, the knockdown of target proteins was confirmed by
immunoblot analysis. For siRNA transfection, N2a cells in six-
well plates (40 x 10% cells/ml) were transfected with a control
siRNA (Dharmacon; D-001810-10) or mouse Hdac6 siRNA
(Dharmacon; L-043456-02) using Lipofectamine RNAIMAX
reagent (Invitrogen). Two days after transfection, the knockdown
of target proteins was confirmed by RT-PCR.

Stable Transfection

Neuro-2a cells in six-well plates (40 x 10* cells/ml) were
transfected with 4 pg of human HDAC6 cDNA using
Lipofectamine 3000 reagent (Invitrogen). An empty pCMV6-Flag
vector was used as a negative control. Stable transfectants were
selected in the presence of 800 pg/ml G418 (Gibco, 10131-027).
The expression of transgenes was confirmed by immunoblot
and ICC analysis.

Immunoblot Analysis

Cells were homogenized in Cell Lysis Buffer (Cell Signaling
Technology, 9803) containing protease and phosphatase
inhibitor cocktails. Protein concentrations of the cell lysates were
determined by BCA protein assay (Thermo Fisher Scientific,
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23225). Next, the protein extracts were mixed with 4x Bolt LDS
sample buffer (Invitrogen) and 10x Bolt Sample Reducing Agent
buffer (Invitrogen), and then they were boiled at 95°C for 5 min.
An equal amount of protein from each sample was separated
on Bolt 4-12% Bis-Tris gels (Invitrogen, NW04120BOX) or
NuPAGE 3-8% Tris-Acetate gels (Invitrogen, EA0378BOX),
and then it was transferred to polyvinylidene difluoride (PVDE
Invitrogen, LC2005) membranes. After blocking membranes
with 5% skim milk in TBS with 0.025% Tween 20, blots were
probed with antibodies as indicated and detected with an
ECL prime kit (GE healthcare, RPN2232). Samples from three
independent experiments were used, and the relative expression
levels were determined using a Fusion-FX imaging system
(Viber Lourmat).

Preparation of Soluble and Insoluble Cell

Extracts

Cells were homogenized in RIPA buffer with protease
and phosphatase inhibitor cocktails (Roche, 11836153001,
04906837001). Fractions that were soluble and insoluble in 1%
Triton X-100 were obtained by centrifugation at 100,000 x g
for 30 min at 4°C. Supernatants containing the soluble fractions
were harvested, and the pellets for insoluble fractions were
solubilized in 2% SDS detergent Cell Lysis Buffer (Cell Signaling
Technology, 9803). After sonication, the cell lysates were mixed
with 4x Bolt LDS Sample buffer (Invitrogen, B0007) and 10x
Bolt Sample Reducing Agent buffer (Invitrogen, B0009), and
then they were boiled at 95°C for 5 min.

Nuclear and Cytoplasmic Extraction

Cells were fractionated using NE-PER nuclear and cytosolic
extraction reagents (Thermo Fisher Scientific, 78833). Nuclear
and cytoplasmic fractions were obtained in ice-cold CER I and
CER 1I buffer, respectively, by centrifugation at 16,000 x g for
5 min at 4°C. Supernatants containing the cytoplasmic extract
were harvested, and the pellets were solubilized in ice-cold NER
buffer. After vortexing, the extracts were centrifuged at 16,000 x g
for 10 min at 4°C. Supernatants containing the nuclear extract
were harvested. The extracts were mixed with 4x Bolt LDS
sample buffer and 10x Bolt Sample Reducing Agent buffer, and
then they were boiled at 95°C for 5 min.

Quantitative RT-PCR

RNA was extracted from cells by using a TRIzol plus RNA
Purification Kit (Invitrogen, 12183-555) according to the
manufacturer’s instructions. ¢cDNA synthesis was performed
at 37°C for 120 min from 100 ng of RNA using a High
Capacity cDNA Reverse Transcription kit (Applied Biosystems,
4368814). Quantitative RT-PCR was performed using a one-step
SYBR® PrimeScriptTM RT-PCR kit (Takara Bio Inc., RR420A)
according to the manufacturer’s instructions, which was followed
by detection using an Applied Biosystems 7500 Real-Time PCR
system (Applied Biosystems). 18S rRNA and Gapdh were used
as internal controls. The 2744t method was used to calculate
relative changes in gene expression, which were determined by
real-time PCR experiments (Livak and Schmittgen, 2001).

Immunostaining

For ICC, cells were fixed in 4% paraformaldehyde (PFA) in PBS
(Gibco, 70011-044) for 30 min at room temperature. The cells
were then washed three times with PBS and permeabilized in
PBS-T (0.3% Triton X-100) for 15 min at room temperature.
After blocking with 5% BSA in PBS-T for 1 h, a rabbit anti-CC3
antibody (1:500 dilution) in 1% BSA in PBS-T was incubated with
the cells overnight at 4°C. The cells were then washed three times
with PBS and incubated with a secondary antibody [Alexa-594-
conjugated rabbit IgG (Jackson ImmunoResearch, 111-585-144,
1:500 dilution)] for 1 h at room temperature. Then, samples
were mounted and observed with a fluorescence microscope
(Nikon). Photomicrographs from three randomly chosen fields
were captured, and the number of CC3™ cells was counted among
total GFP™ cells. For immunohistochemistry, adult flies were
dissected in PBS and fixed in 4% PFA in PBS for 30 min at room
temperature. The brains were then washed six times with PBS
and preincubated in PBS-T for 15 min at room temperature.
After blocking with 5% normal goat serum in PBS-T overnight
at 4°C, primary antibodies [rat anti-ELAV (DSHB, RAT-ELAV-7,
1:100 dilution) and mouse anti-Polyubiquitin (Enzo Life Science,
BML-PW8805, 1:500 dilution)] in 5% normal goat serum in PBS-
T were incubated with the tissues for 2 days at 4°C. The brains
were then washed six times with PBS and incubated with an
Alexa-conjugated secondary antibody for 2 days at 4°C. Alexa
488-conjugated rat IgG (Jackson ImmunoResearch, 112-545-167,
1:500 dilution) and Alexa 594-conjugated mouse IgM (Jackson
ImmunoResearch, 115-587-020, 1:500 dilution) were used as
secondary antibodies as indicated. The samples were mounted
and observed with a fluorescence confocal microscope (Leica).
Photomicrographs from three randomly chosen fields were
captured, and the number of polyubiquitin™ cells was counted.

Mitochondrial Activity Assay

To assess neuronal mitochondrial dysfunction, HDAC6-Flag
stable cells were cotransfected with Gfp or TDP-43-Gfp expression
constructs. Two days after transfection, Gfp-transfected live
cells were subjected to FACS. The sorted Gfp-transfected cells
(8 x 10* cells/ml) were seeded into XF24-well culture plates
(Seahorse Bioscience) and then were allowed to acclimate
for 1 day in fresh DMEM. Cells were then washed twice
with XF Base Medium supplemented with 2 mM L-glutamine,
10 mM D-glucose, and 1 mM sodium pyruvate (pH 7.4)
before being incubated at 37°C in a non-CO, incubator for
1 h. Mitochondrial dysfunction was evaluated using a XF Cell
Mito Stress Test Kit (Seahorse Bioscience) according to the
manufacturer’s instructions, which was followed by measurement
using an XF24 Extracellular Flux Analyzer (Seahorse Bioscience).
First, the 24-well utility plate was hydrated, treated with
2 uM oligomycin, 2 uM carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP), 0.5 wM antimycin A/rotenone, and
then calibrated by the analyzer. The basal oxygen consumption
rate (OCR), ATP production, maximum reserve, and respiratory
capacity were calculated as previously described (Dranka
et al, 2011), with averages calculated from five wells per
condition in each individual experiment. The OCR was

Frontiers in Cell and Developmental Biology | www.frontiersin.org

November 2020 | Volume 8 | Article 581942


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lee et al.

Role of HDACS6 in TDP-43 Proteinopathy

normalized to the total protein concentration (OD). After
the seahorse analysis, the plate was centrifuged at 280 x g
for 5 min. The media were aspirated, and the cells were
washed twice with PBS. Then, cells were lyzed in RIPA buffer.
Protein concentrations of cell lysates were determined using a
BCA assay kit.

Fly Strains

Drosophila stocks were maintained on standard cornmeal agar
media at 24°C unless otherwise noted. UAS-TDP-43 and UAS-
ATXN2-32Q were described previously (Kim et al., 2014). UAS-
HDACES6 has been described previously (Pandey et al., 2007). All
other stocks were from The Bloomington Stock Center.

Climbing and Lifespan Assays

Adult males (0-1 day old) were separated and transferred into
experimental vials containing fly media or paper mixed with or
without RU-486 (in ethanol, 40 pg/ml) at a density of 25 flies per
vial (n > 100). The number of dead flies was scored daily, and
flies were transferred to fresh media or paper every other day.
Adult locomotor function was assessed by a previously described
method (Feany and Bender, 2000; Lee et al., 2019), and there were
125 flies per genotype for each time point in all experiments.

Statistical Analyses

Data were analyzed by Student’s ¢-test (Vassar Stats'), one-way
ANOVA, or two-way ANOVA test depending on comparison
variables, and post hoc analysis was performed as indicated
(GraphPad Prism Software). Differences were considered
significant when p < 0.05 and are indicated as follows: *p < 0.05;
**p < 0.005; ***p < 0.001; and n.s., not significant.

RESULTS

HDACG6 Regulates the Aggregation and

Mislocalization of TDP-43
To investigate the interaction between TDP-43 and HDACS6, we
generated a stable N2a cell line expressing Flag-tagged HDCAG.
The expression of HDAC6 was examined by western blotting
(Figure 1A). Furthermore, to determine the effects of HDAC6
on TDP-43 aggregation, we separated cell extracts into insoluble
and soluble fractions. Strikingly, HDAC6-overexpressing cells
showed significantly decreased TDP-43 levels in both insoluble
and soluble fractions (Figure 1B). Next, we transfected control
Gfp or Gfp-tagged TDP-43 into N2a cells that stably expressed
either Flag or HDAC6. We found that HDAC6 overexpression
clearly reduced total TDP-43-GFP protein levels compared to
those of the control (Figure 1C). Moreover, we also observed that
HDACS6 overexpression also significantly decreases the protein
level of disease-associated TDP-43 mutant (TDP-4331K_GFp)
(Supplementary Figure S1).

The pathological features of TDP-43 proteinopathies
are the cytoplasmic mislocalization of TDP-43 and the
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formation of insoluble TDP-43 aggregates. Indeed, cytoplasmic
mislocalization of TDP-43 is a marker of TDP-43-induced
toxicity (Kim et al, 2014; Scotter et al., 2015; Shenouda
et al, 2018). Thus, to investigate whether HDAC6 regulates
the mislocalization of TDP-43, we performed subcellular
fractionation to measure the TDP-43 protein levels in both the
cytoplasm and nucleus. The protein levels of both cytoplasmic
and nuclear TDP-43 were significantly decreased in HDAC6-
overexpressing cells (Figure 1D). These results indicate
that HDAC6 overexpression mitigates the aggregation and
cytoplasmic mislocalization of TDP-43.

A previous study showed that TDP-43 directly binds to
HDAC6 mRNA and acts as a regulator of HDAC6 expression
(Fiesel et al., 2010; Kim et al., 2010). In line with this evidence,
we also observed that TDP-43-overexpressing cells upregulated
the expression of HDAC6 mRNA (Figure 2A) compared to their
levels in GFP-expressing cells. Flag-tagged HDAC6 expression
did not affect the transcription level of HDAC6 (Supplementary
Figure S2). To further confirm that knockdown of Hdac6
contributes to TDP-43 protein levels and mislocalization, we
downregulated the expression of Hdac6 by RNAi-mediated gene
knockdown. Knockdown of Hdac6 significantly increased the
protein levels of TDP-43 in both insoluble and soluble fractions
(Figure 2B). The mRNA level of HDAC6 was also markedly
decreased by Hdac6 siRNA transfection in N2a cells (Figure 2C).
To determine whether HDAC6 modulates TDP-43 pathology
induced by TDP-43 overexpression, we measured the levels of
TDP-43 protein by immunoblotting after inhibiting Hdac6 in
N2a cells expressing TDP-43. As expected, the levels of TDP-
43 protein were significantly increased by Hdac6 inhibition in
TDP-43-overexpressing cells (Figure 2D). We also confirmed
these results using a different Hdac6 siRNA (Supplementary
Figure S3). To investigate whether the deacetylase activity of
HDACE6 is necessary for HDAC6 mediated TDP-43 regulation, we
used tubacin as a specific inhibitor of HDAC6 (Lu et al., 2017).
Tubacin treatment did not affect the level of TDP-43 protein in
TDP-43-overexpressing neuronal cells. The HDAC6 mRNA level
was also not altered in Tubacin-treated cells (Supplementary
Figure S4). Taken together, these results suggest that the non-
enzymatic function of HDAC6 is implicated in the regulation of
TDP-43 pathology.

HDACG6 Modulates TD-43-Induced UPS
Impairment via the Autophagy-Lysosome
Pathway

Previous studies demonstrated that HDAC6 modulates the
binding affinity of polyubiquitinated proteins, thereby
regulating their autophagic degradation (Kawaguchi et al,
2003; Pandey et al., 2007). HDAC6 mediates the sequestration
of polyubiquitinated proteins into the autophagosome (Pandey
et al,, 2007). To determine the effects of HDAC6 on TDP-
43-induced UPS impairment, we examined the levels of
polyubiquitinated proteins in HDAC6-coexpressing cells and
compared them to the levels in cells expressing TDP-43 alone.
Consistent with previous findings (Bendotti et al., 2012), TDP-43
overexpression markedly increased the level of polyubiquitinated
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FIGURE 1 | Overexpression of HDAC6 suppresses the aggregation and mislocalization of TDP-43. (A,B) Stable Flag- or HDAC6-Flag-expressing cell lines were
analyzed by immunoblotting. (A) Cell lysates were prepared, and samples were immunoblotted with an anti-Flag or HDAC6 antibody. (B) Protein levels of soluble and
insoluble TDP-43 in HDACB-Flag-expressing cells. Flag- or HDACB-Flag-expressing cells were fractionated to generate a supernatant (the soluble fraction) and a
pellet (the insoluble fraction) using lysis buffer containing 1% Triton X-100. Both soluble and insoluble TDP-43 protein levels were significantly decreased by
HDACS6-Flag expression. Data are presented as the mean + SD of three independent experiments. **p < 0.005 and ***p < 0.001 (Student’s t-test). (C,D) Stable
Flag- or HDACB-Flag-expressing cells were transiently transfected with a plasmid containing either Gfp or TDP-43-Gfp for 2 days. (C) Immunoblot analysis of an
anti-TDP-43 or HDAC6 antibody. HDAC6 overexpression markedly decreased the level of TDP-43. Data are presented as the mean + SD of three independent
experiments. **p < 0.005 and ***p < 0.001 (one-way ANOVA with Tukey’s multiple comparison test). (D) Protein levels of nuclear and cytoplasmic TDP-43 or
HDAC6. HDACS6 overexpression significantly reduced the protein levels of cytoplasmic and nuclear TDP-43 in TDP-43-GFP-expressing cells. Bar graph of the
expression levels of cytoplasmic and nuclear TDP-43 normalized to that of tubulin or Lamin A/C. Data are presented as the mean + SD of three independent
experiments. “*p < 0.001 (one-way ANOVA with Tukey’s multiple comparison test).

proteins in insoluble fractions. HDAC6 overexpression
effectively decreased the insoluble polyubiquitinated protein
levels induced by TDP-43 overexpression, whereas this level
was mildly decreased in soluble fractions (Figure 3A). We
also confirmed these results using MG132 as an inhibitor
for the proteasome. Consistently, MG132 treatment also
increased insoluble or soluble polyubiquitinated protein
levels, and HDAC6 overexpression significantly suppressed
MG132-induced accumulation of ubiquitinated proteins in
N2a cells (Supplementary Figure S5). Moreover, HDAC6
overexpression decreased the endogenous TDP-43 protein in
soluble and insoluble fraction (Supplementary Figure S6).
Furthermore, knockdown of Hdac6 increased the level of
insoluble polyubiquitinated proteins in TDP-43-induced
UPS impairment (Figure 3B). Moreover, Hdac6 inhibition
did not affect the level of soluble ubiquitinated proteins
following TDP-43-induced UPS impairment (Figure 3B). We
also showed that Hdac6 knockdown clearly increased the
endogenous TDP-43 protein in soluble and insoluble fraction
(Supplementary Figure S7). Our data suggest that HDAC6
modulates TDP-43-induced UPS impairment in N2a cells.

We next investigated how HDAC6 regulates TDP-43-induced
UPS impairment by monitoring the levels of LC3-1/II by western
blotting. Interestingly, LC3-1/II levels in TDP-43-overexpressing
cells were markedly increased compared to those of control
cells. It is already known that the ALP is activated as a

compensatory mechanism upon UPS impairment (Wang and
Wang, 2015). HDAC6 expression in the TDP-43-expressing
cells caused a further increase in LC3-I/II levels (Figure 3C).
Moreover, knockdown of Hdac6 completely abolished the levels
of LC3-I/II in TDP-43-expressing cells, as opposed to what was
observed in GFP-expressing cells (Figure 3D). We also confirmed
TDP-43 protein levels in HDAC6 overexpressing or knock-down
cells (Supplementary Figure S8). These results suggest that
HDAC6 mediates TDP-43-induced UPS impairment via ALP.
To further support this hypothesis, we used Bafilomycin Al
(Baf) as a specific inhibitor of autophagic degradation. We found
that HDAC6 overexpression does not affect the level of TDP-43
protein under the condition of ALP inhibition (Supplementary
Figure S9). These results indicate that HDAC6 overexpression
mitigates TDP-43 induced toxicity via the ALP.

HDACG6 Attenuates TDP-43-Induced
Mitochondrial Dysfunction and

Neurotoxicity

Recent studies have suggested that mitochondrial damage and
dysfunction are pathological features of many neurodegenerative
diseases, such as ALS, AD, and Parkinson’s disease (PD) (Shi
et al, 2010; Gautier et al., 2014; Birnbaum et al., 2018).
The TDP-43-induced mitochondrial defects could be a key
characteristic of TDP-43 pathology. Therefore, to investigate
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FIGURE 2 | Knockdown of Hdac6 enhances the TDP-43 pathology in N2a cells. (A) N2a cells were transiently transfected with a plasmid containing either Gfp or
TDP43-Gfp and were visualized after 2 days. (A) RT-PCR for HDAC6 mRNA expression in GFP- or TDP-43-GFP-expressing cells. The quantification of HDAC6
mRNA transcript levels is presented as the mean + SEM from three independent real-time RT-PCR experiments. 78S rRNA was used for normalization. *p < 0.05
(Student’s t-test). (B,C) N2a cells were transfected with control siRNA (100 nM) or Hdac6-specific SIRNA (50 or 100 nM) for 2 days. (B) Protein levels of soluble and
insoluble TDP-43 in Hdac6 knockdown cells. GFP- or TDP-43-GFP-expressing cells were fractionated into the supernatant (the soluble fraction) and the pellet (the
insoluble fraction) using lysis buffer containing 1% Triton X-100. Both soluble and insoluble TDP-43 protein levels were significantly increased by TDP-43-GFP
expression. Data are presented as the mean + SD of three independent experiments. ***o < 0.001 (Student’s t-test). (C) Transfection with an Hdac6 siRNA
efficiently downregulated the mRNA level of HDACG6 in N2a cells. Data are presented as the mean + SD of three independent experiments. Gapdh was used for
normalization. ***p < 0.001 (Student’s t-test). (D) Control or Hdac6 knockdown cells were transiently transfected with a plasmid containing either Gfp or TDP-43-Gfp
and were then grown for 2 days. Immunoblot analysis of an anti-TDP-43 antibody. Hdac6 knockdown markedly increased the level of TDP-43. Data are presented
as the mean + SD of three independent experiments. *p < 0.005 (one-way ANOVA with Tukey’s multiple comparison test).

TDP-43+GFP/Tubulin

whether HDAC6 is implicated in mitochondrial dysfunction
caused by TDP-43 expression, we monitored the cellular OCR
in real time as a measure of mitochondrial respiration and
glycolysis using a Seahorse XF24 Extracellular Flux Analyzer.
Sequential injections of oligomycin, FCCP, antimycin A, and
rotenone measure basal respiration, ATP production, maximal
respiration, and spare respiratory capacity. Notably, we found
that basal respiration, ATP production, maximal respiration, and
spare respiratory capacity parameters were markedly decreased
by TDP-43-expressing cells compared to GFP-expressing cells.
The reductions in basal respiration, ATP production, and
maximal respiration parameters induced by TDP-43 were greatly
ameliorated by HDAC6 overexpression, but spare respiratory
capacity was not altered (Figures 4A,B). We next investigated
whether HDAC6 regulates TDP-43-induced neurotoxicity, and
we measured the levels of CC3 by immunostaining. CC3 is a

standard marker for apoptotic cell death (Bressenot et al., 2009).
As expected, the CC3-positive cells were greatly increased in
the N2a cells expressing TDP-43 compared with the positive
cells in the controls. Importantly, TDP-43-induced cell death
was more strongly suppressed in HDAC6-expressing cells than
it was in Flag-expressing cells (Figure 4C). These findings
reveal the possibility that HDAC6 attenuates TDP-43-induced
neurotoxicity and UPS impairment via ALP.

Overexpression of HDAC6 Ameliorates
UPS Impairment and Behavioral Deficits
in the Drosophila Model of TDP-43

Proteinopathy
Given the strong in vitro evidence that HDAC6 regulates TDP-
43-induced UPS impairment and toxicity in N2a cells, we next
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FIGURE 3 | HDAC6 mitigates TDP-43-induced UPS impairment via the autophagy-lysosome pathway. (A,C) Stable Flag- or HDAC6-Flag-expressing cells were
transiently transfected with a plasmid containing either Gfp or TDP-43-Gfp and were then grown for 2 days. (A) Soluble and insoluble polyubiquitinated protein levels
were significantly increased by TDP-43-GFP expression. HDAC6 overexpression significantly reduced TDP-43-induced polyubiquitinated protein levels. Cells were
fractionated into the supernatant (the soluble fraction) and the pellet (the insoluble fraction) using lysis buffer containing 1% Triton X-100. Data are presented as the
mean =+ SD of three independent experiments. *p < 0.05 (one-way ANOVA with Tukey’s multiple comparison test). (C) Immunoblot analysis of an anti-LC3 antibody.
HDACS6 overexpression markedly increased the level of TDP-43 in TDP-43-GFP-expressing cells. Data are presented as the mean + SD of three independent
experiments. “o < 0.05, n.s., not significant (one-way ANOVA with Tukey’s multiple comparison test). (B,D) Control or Hdac6 knockdown cells were transiently
transfected with a plasmid containing either Gfp or TDP-43-Gfp and were then grown for 2 days. (B) Soluble and insoluble polyubiquitinated protein levels were
significantly increased by TDP-43-GFP expression. Hdac6 knockdown significantly increased TDP-43-induced polyubiquitinated protein levels. Cells were
fractionated into the supernatant (the soluble fraction) and the pellet (the insoluble fraction) using lysis buffer containing 1% Triton X-100. Data are presented as the
mean £ SD of three independent experiments. ““p < 0.005, n.s., not significant (one-way ANOVA with Tukey’s multiple comparison test). (D) Immunoblot analysis of
an anti-LC3 antibody. Hdac6 knockdown markedly decreased the level of LC3 in TDP-43-GFP-expressing cells. Data are presented as the mean + SD of three
independent experiments. “p < 0.05, *p < 0.005, n.s., not significant (one-way ANOVA with Tukey’s multiple comparison test).

examined whether overexpressing HDAC6 could suppress TDP-
43-induced toxicity in vivo using a Drosophila model of TDP-43
proteinopathy that expresses human TDP-43 and ATXN2-32Q
(Elden et al., 2010; Kim et al., 2014). To test the effect of
HDACG6 overexpression on TDP-43/ATXN2 toxicity, we next
investigated whether HDAC6 contributes to the restoration of
neuronal defects induced by TDP-43/ATXN2 expression in flies.
Previously, we showed that flies expressing TDP-43/ATXN2
showed a markedly reduced climbing ability compared to
controls (Lee et al., 2019). This climbing deficit and shortened
life span were significantly rescued by overexpression of human
HDAC6 (Figures 5A,B). These results indicate that TDP-
43/ATXN2-induced neuronal toxicity can be suppressed by
HDACS6 expression. Furthermore, we also found that HDAC6
expression decreased polyubiquitinated aggregates in brain
tissues of TDP-43/ATXN2-expressing flies (Figure 5C). Taken
together, we concluded that overexpression of HDAC6 attenuates
UPS impairment in TDP-43/ATXN?2 flies, which is similar to
what was found in the cell-based TDP-43 proteinopathy model.
Our data suggest that HDAC6 overexpression ameliorates UPS
impairment and behavioral deficits in a Drosophila model of
TDP-43 proteinopathy.

DISCUSSION

Understanding HDAC6 function in TDP-43 proteinopathy
is crucial for the development of effective treatments for
ALS. In this study, we identified HDAC6 as a modulator of
cytoplasmic mislocalization and aggregation of TDP-43 in N2a
cells. We also found that TDP-43 overexpression increased
HDAC6 protein levels. Previously, we revealed that TDP-43-
overexpression in neuronal cells dramatically increases the co-
localization of polyubiquitinated aggregates and p62 proteins
(Lee et al, 2019). Moreover, level of 20S beta5 subunit
incorporated into proteasome complex was markedly decreased
in TDP-43-expressing cells (Lee et al, 2019). Furthermore,
we observed that HDAC6 overexpression mitigates TDP-
43-induced UPS impairment via ALP. Importantly, HDAC6
overexpression represses the accumulation of ubiquitinated
aggregates in cell models and Drosophila models of TDP-
43 proteinopathy. Polyubiquitinated proteins can be degraded
by ALP under conditions of UPS dysfunction (Korolchuk
et al., 2010). Previous studies reported that HDAC6 is a
cytoplasmic microtubule-associated deacetylase that mediates the
degradation of polyubiquitinated proteins in an ALP-dependent
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FIGURE 4 | HDACS attenuates TDP-43-induced mitochondrial dysfunction and neurotoxicity in N2a cells. (A,B) Stable Flag- or HDAC6-Flag-expressing cells were
transfected with either Gfp or TDP-43-Gfp expression constructs, grown for 2 days, and then analyzed. (A) Mitochondrial dysfunction analysis of Gfp-transfected
sorted cells to detect the basal OCR, ATP production, maximum reserve, and respiratory capacity by a Seahorse XF Analyzer. The OCR was normalized to the total
protein concentration. (B) Quantification of the basal respiration, ATP production, maximum respiration, and spare respiratory capacity is shown as a percentage of
the basal values. Data are presented as the mean + SEM. *p < 0.05, *p < 0.005, ***p < 0.001, and n.s., not significant (two-way ANOVA with Tukey’s multiple
comparison test). (C) Stable Flag- or HDACB-Flag-expressing cells were transfected with either Gfp or TDP-43-Gfp vector were stained for cleaved caspase-3 (CC3;
red) or DAPI (nuclei; blue). Arrowheads indicate the colocalization of CC3 with TDP-43-GFP-positive cells. Data are presented as the mean + SD of three
independent experiments. **p < 0.001 (one-way ANOVA with Tukey’s multiple comparison test). Scale bars, 50 wm.

manner (Pandey et al., 2007; Lee et al., 2010). HDAC6 suppresses
the toxicity of UPS impairment in Drosophila models in an
autophagy-dependent manner (Pandey et al., 2007). Moreover,
ALP induction enhances the TDP-43 turnover rate and reduces
TDP-43-induced neurotoxicity (Wang et al., 2012; Cheng et al,,
2015; Leibiger et al., 2018; Nguyen et al., 2018). These results
present the possibility that HDAC6 plays an important role in
TDP-43 proteinopathy.

Autophagy is a common, major pathway for protein
degradation via autophagosome-lysosome fusion in many
neurodegenerative diseases. Several studies have shown that
HDACS6 plays an important role in autophagosome-lysosome
fusion during autophagy. Notably, deletion of HDAC6 resulted
in autophagosome maturation failure in an in vitro model,
resulting in enhanced neurodegeneration (Lee et al., 2010).
HDACS6 binds to ubiquitinated proteins via its BUZ domain in
an association similar to that of p62/SQSTM1, and the binding
occurs under conditions of proteasome impairment (Bjorkoy
et al., 2006; Liu et al., 2016). Moreover, HDACG6 interacts
with dynein motor protein for transport to aggresomes, a
process that is required for autophagic degradation of aggregated
proteins (Kawaguchi et al., 2003). To investigate whether HDAC6
regulates autophagic degradation of insoluble ubiquitinated

proteins, we examined the levels of polyubiquitinated proteins
in insoluble fractions of HDAC6- and TDP-43-coexpressing
cells. Intriguingly, overexpression of HDAC6 reduces the
accumulation of insoluble polyubiquitinated proteins under
conditions of UPS impairment. We also found that HDAC6
overexpression significantly increased the LC3-I/II levels induced
by TDP-43 overexpression in N2a cells. Furthermore, we showed
that neurospecific expression of HDAC6 decreased the amount
of polyubiquitinated aggregates in TDP-43/ATXN2-expressing
flies in vivo. These results also suggest that HDAC6 facilitates
the autophagic degradation of insoluble ubiquitinated proteins in
TDP-43 proteinopathy.

Mitochondrial dysfunction is a key pathological feature of
ALS pathology. Although TDP-43 accumulation in neurons
causes abnormalities in mitochondrial morphology, dynamics,
and function in in vivo and in vitro models (Shan et al.,
2010; Xu et al, 2010; Lu et al, 2012; Khalil et al., 2017;
Davis et al, 2018), the physiological role of TDP-43 in
maintaining mitochondrial function is still unclear. In this
study, we observed that HDAC6 attenuates TDP-43-induced
mitochondrial dysfunction in N2a cells. TDP-43-induced
neurotoxicity is currently a well-known contributor to the
pathology of ALS and other neurodegenerative diseases.
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FIGURE 5 | HDACS6 overexpression mitigates neuronal toxicity and ubiquitin aggregates in a fly model of TDP-43 proteinopathies. (A,B) Climbing ability and
shortened lifespan of TDP-43/ATXN2 or TDP-43/ATXN2+HDACES flies at the indicated time-points. The TDP-43/ATXN2-induced motility deficit was significantly
rescued by overexpression of HDAC6. Quantification of the percentage of flies that climbed and survived. Data are presented as the mean 4+ SEM of four
independent experiments. *o < 0.05, and **p < 0.001 (Student’s t-test). (C) The brains of TDP-43/ATXN2 or TDP-43/ATXN2+HDACS flies were immunostained for
polyubiquitin (red) and Elav (green). Overexpression of HDACS significantly reduced the accumulation of ubiquitinated inclusions in the brains of
TDP-43/ATXN2+HDACE flies. Elav is a marker of most differentiated neuronal cells in the central and peripheral nervous systems of Drosophila. The quantification of
the number of polyubiquitin-positive inclusions per brain is shown (right). Arrowheads indicate polyubiquitin-positive inclusions. Data are presented as the mean

+ SEM of four independent experiments. *p < 0.001 (one-way ANOVA with Bonferroni multiple comparison test). Scale bars, 50 pm. Genotypes: Control is
elavGS/+, TDP-43/ATXN2 is UAS-ATXN2-32Q/+, elavGS,UAS-TDP-43/+, TDP-43/ATXN2+HDACSH is UAS-ATXN2-32Q/UAS-HDACE; elavGS,UAS-TDP-43/+.
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Cytoplasmic aggregates of TDP-43 have been linked to
ALS, FTLD, and AD (Scotter et al., 2015; James et al., 2016;
Meriggioli and Kordower, 2016). We showed that TDP-43-
induced apoptotic cell death was significantly reduced when
TDP-43 was coexpressed with HDAC6. Furthermore, TDP-
43-induced neurotoxicity is greatly attenuated by autophagy
stimulators in rat cortical neurons (Barmada et al., 2014).
Therefore, we concluded that HDAC6 overexpression
suppresses TDP-43-induced mitochondrial defects and
neurotoxicity via ALP.

CONCLUSION

In summary, we demonstrated the following: (1) HDAC6
overexpression decreased the insoluble TDP-43 protein levels in
N2a cells; (2) HDACS regulates the cytoplasmic mislocalization
and aggregation of TDP-43 in N2a cells; (3) HDAC6 mediates
TDP-43-induced UPS impairment via ALP; (4) HDAC6
modulates TDP-43-induced mitochondrial dysfunction and
neurotoxicity; and (5) HDAC6 overexpression ameliorates
UPS impairment and behavioral deficits in a Drosophila
TDP-43 model. We identified that HDAC6 modulates TDP-
43-induced UPS impairment and neurotoxicity via ALP by
analyzing TDP-43 overexpression models. Therefore, our

results suggest that targeting HDAC6 may represent a novel
therapeutic intervention for neurodegenerative diseases with
TDP-43 proteinopathy.
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Germination is a process of seed sprouting that facilitates embryo growth. The
breakdown of reserved starch in the endosperm into simple sugars is essential for
seed germination and subsequent seedling growth. At the early stage of germination,
gibberellic acid (GA) activates transcription factor GAMYB to promote de novo synthesis
of isoforms of a-amylase in the aleurone layer and scutellar epithelium of the embryo.
Here, we demonstrate that wheat germination is regulated by plant target of rapamycin
(TOR) signaling. TOR is a central component of the essential-nutrient-dependent
pathway controlling cell growth in all eukaryotes. It is known that rapamycin, a highly
specific allosteric inhibitor of TOR, is effective in yeast and animal cells but ineffective
in most of higher plants likely owing to structural differences in ubiquitous rapamycin
receptor FKBP12. The action of rapamycin on wheat growth has not been studied. Our
data show that rapamycin inhibits germination of wheat seeds and of their isolated
embryos in a dose-dependent manner. The involvement of Triticum aestivum TOR
(TaTOR) in wheat germination was consistent with the suppression of wheat embryo
growth by specific inhibitors of the TOR kinase: pp242 or torin1. Rapamycin or torini
interfered with GA function in germination because of a potent inhibitory effect on
a-amylase and GAMYB gene expression. The TOR inhibitors selectively targeted the
GA-dependent gene expression, whereas expression of the abscisic acid-dependent
ABI5 gene was not affected by either rapamycin or torin1. To determine whether
the TaTOR kinase activation takes place during wheat germination, we examined
phosphorylation of a ribosomal protein, T. aestivum S6 kinase 1 (TaS6K1; a substrate of
TOR). The phosphorylation of serine 467 (S467) in a hydrophobic motif on TaS6K1 was
induced in a process of germination triggered by GA. Moreover, the germination-induced
phosphorylation of TaS6K1 on S467 was dependent on TaTOR and was inhibited by
rapamycin or torin1. Besides, a gibberellin biosynthesis inhibitor (paclobutrazol; PBZ)
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blocked not only a-amylase gene expression but also TaS6K1 phosphorylation
in wheat embryos. Thus, a hormonal action of GA turns on the synthesis
of a-amylase in wheat germination via activation of the TaTOR-S6K1
signaling pathway.

Keywords: target of rapamycin pathway, gibberellic acid, abscisic acid, «-amylase, ribosomal protein S6 kinase 1,
rapamycin, torin1, wheat seed

HIGHLIGHTS Target of rapamycin (TOR) is a central regulator of cell

- Rapamycin or ATP-competitive TOR inhibitors effectively
inhibit germination of wheat whole seeds and isolated embryos
dose-dependently.

- TOR-S6K1 signaling is important for regulation of GA-
induced mobilization of starch and for seedling growth.

INTRODUCTION

The breakdown of reserved starch in the endosperm into
simple sugars is an essential step for seed germination and
subsequent seedling growth. At the early stage of germination,
gibberellic acid (GA) activates the myb-like transcription factor
(GAMYB) that promotes de novo synthesis of a-amylase
in the aleurone layer and embryo. a-Amylase expression in
the embryo is localized to the scutellar epithelium (Kaneko
et al., 2002). Furthermore, GA stimulates de novo synthesis of
proteases and peptidases and ~50% of total protein synthesis
during germination (Bak-Jensen et al., 2007). Among hydrolases,
abundant a-amylases play a central role in the metabolizing
of starch that determines the rate of germination and seedling
growth. Abscisic acid (ABA) represses most effects of GA
including o-amylase expression in aleurone and embryonic
tissues (Gomez-Cadenas et al, 2001). GA induces a-amylase
expression in rice (Gomi et al, 2004) and barley (Fu et al,
2002) aleurone cells through proteasome-dependent degradation
of DELLA proteins (SLR1, slender rice-1 in rice and SLN,
slender 1 in barley) mediated by receptor GID1. Furthermore,
it has been shown that prior to the establishment of the GID1-
DELLA and GA perception system, the effect of GA on a-
amylase mRNA expression is preceded by increases in cytosolic
free Ca?T concentration and changes in cytosolic pH and
in the concentrations of calmodulin and cyclic GMP (Bethke
et al, 1997). Experiments with an agonist and inhibitor of
heterotrimeric G proteins point to their involvement in the
oat aleurone response to GA (Jones et al, 1998). Recently,
it was reported that reactive oxygen species perform a key
function in the regulation of a-amylase production in barley
aleurone cells (Aoki et al, 2014). Nonetheless, how GA
regulates o-amylase synthesis in wheat germination remains
poorly characterized.

Abbreviations: ABA, abscisic acid; FKBP12, FK506-binding protein 12 kDa;
GA, gibberellic acid; GAMYB, GA-induced myb-like transcription factor; mTOR,
mammalian TOR; PBZ, paclobutrazol; TaABIS5, Triticum aestivum ABA response
element-binding factor; TaS6K1, Triticum aestivum ribosomal protein S6 kinase 1;
TOR, target of rapamycin.

proliferation and growth in eukaryotic cells. TOR integrates
signals from multitude inputs such as growth factors, stress,
nutrients, and energy to regulate protein synthesis, energy
metabolism, cell cycle progression, and autophagy (Saxton and
Sabatini, 2017). In animals and yeast, TOR is present in at
least two structurally and functionally distinct multiprotein
complexes: TORC1 and TORC2 (Loewith and Hall, 2011;
Laplante and Sabatini, 2012). TORC2 does not exist in plants
(Shi et al., 2018). The core components of mammalian TORC1
are mammalian TOR (mTOR), RAPTOR (regulatory-associated
protein of mTOR), and mLST8 (mammalian lethal with SEC13
protein 8). The stability of interactions among mTOR, RAPTOR,
and mLSTS8 is sensitive to nutrient and energy levels (Saxton and
Sabatini, 2017). The best-characterized effector of TORCI1 is a
translational regulator (a 40S ribosomal protein) called S6 kinase
1 (S6K1) (Pearce et al., 2010). It regulates translation initiation
by phosphorylating the S6 protein of the 40S ribosomal subunit
and by stimulating eIF-4A helicase activity (Holz et al., 2005).
Some studies indicate that animal S6K participates in regulation
of fundamental cellular processes, including transcription,
translation, protein and lipid synthesis, cell growth, cell size
determination, and cell metabolism (Saxton and Sabatini, 2017).
In contrast to animal S6Ks, there are a few studies characterizing
plant S6Ks despite the importance of their function. A key role of
S6K in chromosome stability and regulation of cell proliferation
was shown in Arabidopsis (Henriques et al., 2010; Schepetilnikov
et al,, 2011). In addition, Arabidopsis S6K1 activation by TOR
is important for reinitiating the translation of an mRNA
that contains upstream open reading frames in 5'-untranslated
regions (Schepetilnikov et al., 2013). The TOR-RAPTOR2-S6K1
complex is critical for the modulation of thylakoid membrane
lipid biosynthesis and homeostasis in rice (Sun et al., 2016).
Elucidation of TOR signaling has been advanced by studies on
the mechanism of action of rapamycin. Rapamycin is a bacterially
produced macrolide that inhibits TOR and has a variety of
clinical applications such as antifungal, immunosuppressant,
and anticancer treatments. In mammalian systems, most of
the known mTOR substrates were discovered and validated
using rapamycin as a pharmacological probe (Thoreen et al,
2009). Rapamycin forms a complex with its intracellular receptor
FK506-binding protein 12 kDa (FKBP12), and the complex binds
to a specific region of TOR (defined as the FKBP12-rapamycin
binding domain; FRB) and thereby inhibits the kinase activity of
TOR. Although rapamycin is a highly specific allosteric inhibitor
of mTOR, it is only a partial inhibitor of this enzyme. Rapamycin
targets mMTORCI but not mMTORC2 (Sarbassov et al., 2004, 2006).
Torinl is a synthetic mTOR inhibitor that blocks ATP binding
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to mTOR and thus inactivates both mTORC1 and mTORC2.
Torinl and rapamycin each inhibits overall protein synthesis,
induces autophagosome formation, and thus mimics the effects
of starvation (Thoreen et al., 2009; Zhao et al., 2015). Despite the
connections of mMTORCI to translational machinery, the effects of
rapamycin on mammalian cell growth and proliferation are much
less dramatic than the effects on yeast growth and proliferation
and are highly dependent on the cell type (Barbet et al., 1996;
Thoreen et al., 2009).

Plant TOR may be poorly sensitive to rapamycin as a result
of mutations in the Arabidopsis thaliana FKBP12 protein that
prevent the assembly of inhibitory complex TOR-rapamycin-
FKBP12 (Ren et al,, 2011, 2012). On the other hand, some
studies have shown that tomato (Xiong et al, 2016) and
A. thaliana seedlings are sensitive to micromolar doses of
rapamycin (Xiong and Sheen, 2012; Xiong et al.,, 2013). The
phosphorylation of S6K1 threonine 449 (T449) was shown
to be inhibited when 100 nM torinl was added for a 30-
min incubation to transfected protoplasts transiently expressing
A. thaliana S6K1 (AtS6K1) tagged with FLAG (Xionget al.,, 2013).
In a yeast reconstitution model, it was shown that rice S6Ks
restore ribosomal-protein S6’s phosphorylation in a rapamycin-
sensitive manner in yeast cells lacking Ypk3, an ortholog of
mammalian S6Ks (Yaguchi and Kozaki, 2018). Furthermore,
transcriptome analysis of rice cells revealed that rapamycin
treatment significantly suppress expression of 120 genes encoding
histones, chromatin modulators, ribosomal proteins, and protein
synthesis machineries (De Vleesschauwer et al.,, 2018). These
observations suggest that plant TOR plays an important part in
the regulation of transcriptional and translational processes just
as in other eukaryotes.

A loss-of-function mutation of Raptorlb leads to a substantial
delay in Arabidopsis seed germination; delayed germination and
seedling growth in Raptorlb-null seeds are partially restored by
an exogenous supply of GA (Salem et al,, 2018). In the present
study, we examined the effects of mTOR inhibitors (rapamycin
or torinl) on the germination of wheat seeds and on a-amylase
gene expression in the wheat embryos.

MATERIALS AND METHODS
Wheat Growth Conditions

The wheat (Triticum aestivum, variety Kazakhstanskaya 19) seeds
were sterilized in 2% (v/v) NaOCI for 20 min and washed
twice with sterile water, once with 0.01 M HCI, and thoroughly
with sterile distilled water. The surface-sterilized seeds were
germinated under long-daylight conditions at room temperature
on filter paper soaked with sterile water supplemented with 1 uM
GA and with or without various concentrations of rapamycin
or torinl (0.5, 1.0, 5.0, or 10.0 wM). Primary roots, shoots,
and seedlings were photographed, and shoot length and fresh
weight of seedlings were measured at 4 days after germination
(DAG). In addition, the embryos isolated from 1-DAG seeds were
transferred to the 0.5x MS medium in Petri dishes with 1 uM
GA or 10 pM ABA and different inhibitors (rapamycin, torinl,
or pp242) for 4-day incubation, unless specified otherwise.

Wheat Embryo Incubation Conditions
Embryos were dissected from 1-DAG seeds by means of a
scalpel. Only intact embryos with no starch or aleurone tissue
adhering to the scutellar tissue were studied. Twenty embryos
were incubated in each well of six-well plastic plates in 2 ml
of 10 mM CaCl, with 2.5 pg/ml of chloramphenicol. Embryos
were incubated up to 24 h at room temperature in the dark with
constant shaking at 125 rpm. GA and ABA were purchased from
Sigma-Aldrich (Germany). GA was applied at 1 pM and ABA
at 10 pM. Assays were carried out in the presence or absence of
various concentrations of rapamycin (LC Laboratories, Woburn,
MA, United States) or torinl (Cayman Chemical Company,
Ann Arbor, MI, United States) or 100 wM PBZ (Sigma-
Aldrich, Germany). Rapamycin and torinl were dissolved in
DMSO and stored at —20°C according to the manufacturer’s
instructions. The rapamycin solution was preheated to 37°C prior
to its application.

RNA Isolation and cDNA Synthesis

The T. aestivum cDNA encoding putative ribosomal protein
S6 kinases (tas6kl) was identified by its homology to rice
S6K1 (GenBank accession No. AK451448.1). TaS6K1 cDNA
was prepared by reverse-transcription polymerase chain
reaction (RT-PCR) with gene-specific primers (Table 1). Total
RNA was isolated from young leaves of T. aestivum variety
Kazakhstanskaya 19 by the TRIzol method. The yield and
purity of RNA were determined spectrophotometrically, and
the quality of RNA was evaluated by electrophoresis in a 1%
formaldehyde agarose gel. First-strand cDNA was synthesized
by reverse transcription from 5 g of total RNA as a template
under the following conditions: 200 U of RevertAid M-MuLV
reverse transcriptase (Thermo Scientific, Lithuania), 0.5 jLg of the
oligo-dT,g primer, and 1 pM dNTPs in a final volume of 20 pl.
An aliquot of the first-strand cDNA served as a template in the
PCR for the synthesis of second-strand cDNA, and subsequent
amplification of double-stranded cDNA was performed with
designed gene-specific primers. The amplicons were separated by
electrophoresis in a 1% agarose gel, and the product of expected
size was extracted from the gel using the Silica Bead DNA Gel

TABLE 1 | Primers employed in this study.

Primers DNA sequence (5'-3') Amplicon
length (bp)

TaS6K_Fw TATCGAATTCACATGGTTTCCTCTGAG 1,475

TaS6K_Rev ATCACCCGGGGGATCCTTAGCCTAGAG

Amy1-3a_Fw ATGTGGCCCTTCCCTTCCGA 409

Amy1-3a_rev TGGATGTCCCTCATCCTCACTTTTACA

TaGamyB_Fw GGTGGACTACGTGAAGAAGC 369

TaGamyB_Rev GATTTTCGCCGCAGTTGAAATCGC

TaABI5 _Fw TGACGCTGGAGCAGTTTCTT 332

TaABI5_Rev TCGCCCATGCAGTTCATCAT

a-Tubilin_Fw ATCTCCAACTCCACCAGTGTCG 219

a-Tubilin_Rev TCATCGCCCTCATCACCGTC

RHT_Smal_Fw ATTATCCCGGGATGAAGCGGGAGTACCA 1,895

RHT_Hindll_Rev ~ TATTCAAGCTTTCACGGCCCGGCCAGG
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Extraction Kit (Thermo Scientific, Lithuania). The fragment
was cloned into the pBluescript IT SK (+) vector at EcoRI and
BamHI restriction sites by means of the Rapid DNA Ligation
Kit (Thermo Scientific, Lithuania), and the ligation product was
transfected into competent Escherichia coli DH5a cells. Colonies
of E. coli carrying the plasmid with an insert were screened out
by complementation of the lacZ gene, and the plasmid DNAs
were isolated with the GeneJET Plasmid Miniprep Kit (Thermo
Scientific, Lithuania). The presence of the insert in the isolated
plasmids was confirmed by PCR with gene-specific primers, and
its sequence was confirmed by sequencing in both directions
with forward and reverse M13 primers.

Primers used for RT-PCR (PCR) are listed in Table 1. RT-
PCR amplification of a 409 bp fragment of a-amylase cDNA was
performed using Amyl-3a_Fw and Amyl-3a_Rev as a forward
and reverse primer, respectively. RT-PCR amplification of the
369-bp fragment representing cDNA of GAMYB was performed
with TaGamyB_Fw and TaGamyB_Rev as a forward and reverse
primer, respectively. RT-PCR amplification of T. aestivumn ABA
response element-binding factor (TaABI5) cDNA (332 bp) was
performed with TaABI5_Fw and TaABI5_Rev as a forward
and reverse primer, respectively. All amplifications were carried
out with Taq DNA polymerase (Promega, Madison, WI 53711,
United States). The resulting PCR products were resolved by
electrophoresis in a 2% agarose gel and visualized by ethidium
bromide staining.

Expression and Purification of

6xHis-Tagged TaS6K1

The cDNA encoding TaS6K1 was subcloned into the pET28c
vector at EcoRI and NotI sites resulting in expression plasmid
pET28c-TaS6K1, which carries an N-terminal 6xHis-tag
sequence. The wheat recombinant TaS6K1 (rTaS6K1) protein
was expressed in (and purified from) the E. coli Rosetta (DE3)
strain. Briefly, E. coli cells were electroporated with pET28c-
TaS6K1, the resultant kanamycin-resistant transformants were
grown to optical density at 600 nm of 0.6 at 37°C, and protein
expression was then induced by 0.1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) overnight at 30°C. Due to high
expression in the Rosetta strain, it was possible to purify rTaS6K1
to homogeneity via only two chromatographic steps. All the
purification procedures were carried out at 4°C. The bacteria
were harvested by centrifugation, and the cell pellets were lysed
using a French press at 18,000 psi in a buffer consisting of 20 mM
HEPES-KOH (pH 7.6), 50 mM KCl, and a Complete Protease
Inhibitor Cocktail (Roche Diagnostics, Switzerland). The lysates
were cleared by centrifugation at 40,000 x g for 30 min at 4°C,
and the buffer in the resulting supernatant was adjusted to
500 mM NaCl and 20 mM imidazole. The protein sample was
loaded onto a HiTrap Chelating HP column (GE Healthcare)
charged with Ni?*. The eluted fractions containing rTaS6K1 were
pooled and loaded onto a 1-ml HiTrap-Heparin column (GE
Healthcare). The bound proteins were eluted in a 50-600 mM
KCl gradient. The purified protein samples were stored at —20°C
in 50% glycerol. The homogeneity of the protein preparations
was verified by SDS-PAGE (Supplementary Figure S1A).

Preparation of an Anti-TaS6K1 Antibody

The anti-TaS6K1 polyclonal antibody was raised against the full-
length 6xHis-tagged rTaS6K1 protein. Approximately 0.5 mg
of the purified rTaS6K1 was mixed with an equal volume of
Freund’s complete adjuvant (F5881, Sigma-Aldrich, Canada) and
injected at five spots on the back of each rabbit. Three additional
injections were made at 2-week intervals. 1 week after the
last injection, blood was collected, and ammonium sulfate was
added to 3 ml of the obtained rabbit antiserum to achieve 50%
saturation. The precipitate was collected by centrifugation, and
the pellet was dissolved in purified water and dialyzed against
10 mM potassium phosphate buffer (pH 7.0). The obtained
immunoglobulin fraction was loaded on a column with protein
A agarose beads equilibrated with the abovementioned buffer.
After a wash with the same buffer, antibodies were eluted with
100 mM glycine buffer (pH 3.0). The IgG-containing fractions
were pooled, and pH was adjusted to 7.0 with 1.0 M Tris
base. The resulting suspension was kept at 4°C. This antibody
was evaluated in an optimized Western blot assay, and the
obtained signal was very strong even when the antibody was
diluted 1:20,000.

Antiserum Titer Determination by an
ELISA

The titers of antisera were determined by an indirect ELISA.
Each well of a 96-well ELISA plate (Corning Inc., United States)
was coated with 1 pg of rTaS6K1 dissolved in 100 pl of 50 mM
carbonate-bicarbonate buffer (pH 9.6) via overnight incubation
at 4°C. After three washes with phosphate-buffered saline (PBS)
Tween buffer (PBST; 0.05% of Tween 20 in PBS, pH 7.4),
the wells were blocked with 100 pl of 3% BSA in PBST for
1 h at 37°C and then washed again twice with PBST. After
blocking, 100 wl of serially diluted anti-TaS6K1 serum (1:1,000
to 1:128,000) was added into the antigen-coated wells. The plate
was covered with an adhesive plastic and incubated for 2 h at
room temperature and then washed four times with PBST. At
the next step, a 1:30,000-diluted alkaline phosphatase-conjugated
goat anti-rabbit IgG antibody (Sigma, Canada) was added at
100 pl/well and incubated for 1 h at 37°C. After a wash, 100 1 of
a freshly prepared p-nitrophenyl phosphate (substrate) solution
was added into each well, and the plate was incubated at room
temperature in a dark place. Finally, absorbance was measured at
405 nm (A495) on a Multiskan FC plate reader (Thermo Scientific,
Waltham, MA, United States). The antibody titer is defined as
the highest dilution of antiserum at which the ratio of A4s (A40s
of post-immunization serum/A49s of preimmunization serum)
is >2:1. All samples were tested in triplicate, with each plate
containing control wells with positive serum samples and control
wells with negative reference serum.

Plant Protein Extraction and Western
Blotting

Wheat embryos were ground in liquid nitrogen and then
resuspended in lysis buffer A consisting of 50 mM Tris-HCI,
50 mM sodium B-glycerophosphate (pH 7.6), 25 mM EDTA,
25mM EGTA, 50 mM NaF, 5 mM Na3 VOy, 10% of glycerol, 1% of
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Triton X-100, 1 mM phenylmethylsulfonyl fluoride, and EDTA-
free protease inhibitors (Roche Applied Science). The cell debris
was pelleted, and the protein concentration was determined using
the Bradford Protein Assay Kit (Bio-Rad, France). Total protein
samples (25 pg) from each extract were fractionated by SDS-
PAGE in a 10% gel and then electroblotted onto a polyvinylidene
difluoride (PVDF) membrane (Pierce) by means of a Bio-Rad
Mini-Trans-blot Cell. After that, the membrane was gently
shaken in a blocking solution consisting of 5% milk and 0.1%
Tween 20 in 1x TBS [Tris-buffered saline: 50 mM Tris-HCI (pH
7.5) and 20 mM NaCl] for 1 h at room temperature. After removal
of the blocking solution, the membrane was incubated in 10 ml
of a 20,000-fold dilution of either the anti-a-amylase polyclonal
antibody or anti-TaS6K1 polyclonal antibody overnight at 4°C.
The membrane was washed five times in 10 ml of wash buffer
(1x TBS with 0.1% of Tween 20) for 5 min each time. Next,
the membrane was incubated in 10 ml of a secondary antibody
(1:30,000 dilution in the blocking solution with 0.1% of Tween
20) for 1 h at room temperature. Then, the membrane was washed
five times in 10 ml of wash buffer, for 5 min each time. The
working substrate solution was prepared by mixing an equal
volume of a peroxide solution and luminal/enhancer solution
and was used at 0.1 ml/(cm? of the blot area). The membrane
was incubated in the working solution for 2 min in darkness,
and Kodak X-Omat was exposed to the film. The polyclonal
antibody to wheat a-amylase was kindly provided by Dr. A.
Khakimzhanov (Aitkhozhin Institute of Molecular Biology and
Biochemistry, Kazakhstan).

For analyses of phosphorylation of TaS6K1 in cell-free
extracts, the embryos were dissected from 1-DAG seeds pre-
treated with 100 wM PBZ for 20 h and then were incubated
with 10 mM CaCl, and 1 puM GA in the absence or presence
of 10 pM rapamycin. The wheat embryos were ground in
liquid nitrogen and then resuspended in lysis buffer B consisting
of 50 mM Tris-HCl (pH 7.6), 150 mM NaCl, an EDTA-
free phosphatase inhibitor cocktail, I mM phenylmethylsulfonyl
fluoride, 10 pg/ml of leupeptin, and 1 pg/ml of aprotinin.
Samples of cell lysates containing 10 g of protein were separated
by SDS-PAGE in a 10% gel and transferred to a 0.2-um PVDF
membrane (Pierce). Membranes were blocked with 5% BSA for
2 h in TBS with 0.02% of Tween 20 and probed overnight
with an anti-phospho-p70 S6 kinase (T389) antibody (1:1,000;
Cell Signaling Technology, Danvers, MA, United States) and
the anti-TaS6K1 antibody (1:20,000), followed by 1 h incubation
with secondary antibodies coupled to peroxidase (1:10,000 and
1:30,000, respectively).

Zymogram Analysis of «-Amylase

Non-denaturing polyacrylamide gel electrophoresis (native
PAGE) was performed according to the standard method
(Laemmli, 1970) to obtain a zymogram of o-amylase. Wheat
embryos were ground in liquid nitrogen and then resuspended in
10 mM CaCl,. The samples were mixed with 50% saccharose and
loaded onto a polyacrylamide gel (4 and 10% polyacrylamide for
the stacking and resolving gels, respectively). Electrophoresis was
carried out at 100 V and 4°C. After that, the gel was incubated
in 10 mM CaCl, for 30 min at room temperature. Then, the

gel was incubated in a 1% (w/v) starch solution at 30°C and
shaken for 60 min. After the gel was washed with distilled water,
it was stained with the Lugol solution (1.3% I, and 3% KI). The
bands of a-amylase activity appeared as bright bands on a dark
background and were photographed.

Immunoprecipitation of TaS6K1

Wheat embryos were ground in liquid nitrogen and then
resuspended in lysis buffer A. After centrifugation at 13,000 x g
for 10 min, 4 pg of the anti-TaS6K1 polyclonal antibody
was added to the cleared supernatant and incubated with
rotation for 6 h. Then, 20 pl of a 50% slurry of protein
G-Sepharose was added, and the incubation was continued for
4 h. Captured immunoprecipitates were washed three times
with lysis buffer. Samples were resolved by SDS-PAGE, and
proteins were transferred to a PVDF membrane and visualized by
immunoblotting with either the anti-TaS6K1 polyclonal antibody
or phospho-AtS6K antibody (p-T449; Abcam, Cambridge,
United Kingdom). A goat anti-rabbit IgG (Abcam, Cambridge,
United Kingdom) or mouse anti-rabbit IgG (Conformation
Specific; Cell Signaling Technology, Danvers, MA, United States)
antibody, respectively, was used to detect the primary antibodies.

Statistical Analysis

Data were analyzed for statistical significance by the application
of complete randomized design with three replicates. The
two-tailed ¢ test, assuming equal variances, was conducted to
determine whether the differences were statistically significant.
Data with a value of P < 0.05 were deemed significant.

RESULTS

Effects of Rapamycin or Another mTOR
Kinase Inhibitor on the Growth of Wheat
Whole Seeds and of Isolated Wheat
Embryos

In initial experiments, we assessed the effects of rapamycin on
the germination capacity of intact wheat seeds. Germination of
wheat seeds was tested in the presence of various concentrations
of rapamycin. The effects of rapamycin on seed growth were
observed after 2 and 4 days (Figure 1A). Rapamycin at 0.1-
1.0 WM caused a relatively weak inhibition of the germination
of caryopses. Significant retardation of radicle emergence was
observed in the presence of 5 or 10 pM rapamycin following
2 days of treatment. Although the rapamycin-treated seeds were
able to germinate after 4 days, we observed potent retardation of
seedling growth by 10 wM rapamycin leading to a substantial
reduction in fresh weight of seedlings and in root and shoot
length (P < 0.01). Figures 2A,B shows that rapamycin at 10 pM
caused a reduction in the length of shoots by 49.17%, length
of roots by 67.47%, and fresh weight of seedlings by 64% when
compared with the control (DMSO-treated) seeds.

In yeasts and animals, rapamycin has been used extensively
to dissect the TOR pathway because of the ability to specifically
inhibit TOR activity (Thoreen et al., 2009). Nonetheless, in

Frontiers in Cell and Developmental Biology | www.frontiersin.org

November 2020 | Volume 8 | Article 606685


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Smailov et al.

Role of TOR Signaling in Wheat Germination

>

Rapamycin (pM)
0.5 1.0

0 0.1

2 days

4 days

S  GA(1uMm)
5 GA (1uM) -y e—
- £S5 35S oS
+Rap g ,g.%N&%gg'
05 1.0 50 yM < = E=wgE

FIGURE 1 | Rapamycin and ATP-competitive target of rapamycin (TOR)
inhibitors exert inhibitory effects on the growth of wheat whole seeds and of
isolated wheat embryos. (A) The phenotype of seedlings after 2 and 4 days of
germination in the presence of rapamycin. The surface-sterilized seeds were
germinated under long-daylight conditions at room temperature on filter paper
soaked with sterile water supplemented with rapamycin at different
concentrations for 2 and 4 days. (B) Effects of rapamycin and
ATP-competitive TOR inhibitors on isolated wheat embryos. The embryos
were incubated on a 0.5x MS medium with 10 uM ABA or 1 pM GA alone
and in combination with rapamycin, torin1, or pp242 for 4 days.

comparison with yeast or mammalian cells growth inhibition of
wheat seeds requires much higher concentrations of rapamycin
(Vezina et al, 1975; Kuo et al., 1992). Recently, new mTOR
kinase inhibitors were developed that are more effective than
rapamycin in cancer therapy (Zhang et al, 2011). The new
TOR kinase inhibitors are ATP-competitive compounds targeting
the ATP-binding pocket within the mTOR kinase domain
(Zhou et al., 2010). The mTOR kinase inhibitors have been
successfully applied to inhibit TOR signaling in plants (Montane
and Menand, 2013; Dong et al., 2015; Xiong and Sheen, 2015;
Xiong et al, 2016). We found that the suppressive effect of
torinl on wheat germination was more potent compared to the
effects of rapamycin, namely, the torinl-treated wheat seedlings
contained a smaller cotyledon with a significant concentration-
dependent reduction in seedling growth. A substantial decrease
in shoot (91%) and root length (86.76%) compared to the
control was observed after 5 WM torinl treatment. At the 1 uM
concentration, its inhibitory effect decreased to 41.64 and 24%,

respectively, and only a weak effect of torinl was detectable at
0.5 wM indicating only a 9.1 and 5% decrease, respectively. The
strong inhibitory impact of torinl at 5 wM was consistent with
a dramatic 95% decrease in fresh weight of seedlings, which was
only 56.7% at 1 pM torinl (Figures 2C,D).

The germination of isolated wheat embryos also indicated
sensitivity to the mTOR inhibitors. To investigate the sensitivity
of embryo growth to rapamycin, the isolated embryos were
transferred to the 0.5x MS medium with 10 uM ABA or 1 uM
GA alone and in combination with rapamycin, torinl, or pp242
(Figure 1B). Naturally occurring growth inhibitor ABA was very
effective at repressing embryo growth judging by the growth
of untreated control embryos. We found that rapamycin at
0.5 wM inhibited embryo growth even after 4 days of incubation,
meaning its more potent impact on isolated wheat embryos.
The inhibitory influence of rapamycin on embryo growth was
more pronounced at its higher concentrations (5 and 10 wM).
Besides, the embryo growth was significantly inhibited by mTOR
kinase inhibitor torinl or pp242 (Figure 1B). In the absence of
GA, mTOR kinase inhibitors also strongly inhibited the embryo
growth (Supplementary Figure S2).

Taken together, these results strongly indicated that the
growth of wheat seeds is dependent on T. aestivum TOR
(TaTOR) signaling.

Rapamycin and Torin1 Each Inhibits the
Expression of GA-Induced «-Amylase
and GAMYB Genes but Not the
ABA-Induced TaABI5 Gene

The analysis of wheat embryo extracts uncovered a significant
increase in a-amylase levels in embryos treated with 1 uM
GAj; for 24 h compared with the extract obtained from the
untreated (control) embryos. The addition of 10 pM ABA
to the incubation medium abrogated a-amylase production
(Figure 3A). A dose-dependent effect of rapamycin on the
GA-induced a-amylase production meant that rapamycin was
effective at concentrations between 1 and 10 M. Rapamycin at
the 1 or 5 WM concentration had a weak effect on a-amylase
production, whereas 10 WM rapamycin completely blocked
the GA-induced a-amylase synthesis. We also examined the
influence of torinl. As shown in Figure 3A, the incubation
of embryos with torinl prevented the GA-induced a-amylase
accumulation in the concentration range from 1 to 10 WM.

The observation that the mTOR inhibitors were sufficient
to block GA-induced a-amylase production in wheat embryos
suggested that the TOR kinase activity is required for GA
signaling. To determine whether TOR kinase activation is
required for a-amylase mRNA accumulation, wheat embryos
were incubated with 1 pM GA, 10 pM ABA, 1 uM
GA + rapamycin (1-10 pM), or 1 pM GA + torinl (1-
10 pM) for 24 h, and relative levels of a-amylase gene expression
were examined by RT-PCR. We found that GA induced a
high level of a-amylase mRNA accumulation compared with
untreated embryos (Figure 3B). The influence of rapamycin and
of torinl on a-amylase mRNA accumulation was concentration
dependent. Their dose-response pattern was almost identical
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to that noted for the a-amylase protein production in wheat
embryos, as presented in Figure 3A. The expression profile
of the a-tubulin gene was not altered by rapamycin or torinl
treatment. Therefore, the expression data are consistent with
the above observations where rapamycin or torinl inhibited the
GA-induced a-amylase production, suggesting that the mTOR
inhibitors suppress the induction of a-amylase gene expression
and prevent the a-amylase enzyme synthesis (Figure 3A).

The major a-amylases in wheat (7. aestivum) are the high- and
low-isoelectric point (pI) a-amylases encoded by two multigene
families (a-Amy-1 and a-Amy-2 genes) located on chromosomes
6 and 7, respectively. Interestingly, the a-amylase isoenzymes in
wheat cultivars differ in their pI but not in molecular weight
(~43 kDa) (Cheng et al., 2014). During wheat seed germination,
high-pI a-amylase is produced at a higher concentration than
low-pI a-amylase (Amy2) (Ju et al., 2019). In our study, the
effect of GA was accompanied by the appearance of strong
distinct bands corresponding to high-pl a-amylase on the
electropherogram. Rapamycin and ATP-competitive inhibitors of
TOR kinase abrogated this effect of GA (Figure 3C).

Because we observed a decrease in a-amylase gene expression
and o-amylase activity after the inhibition of TOR, we tested
whether the GA-induced GAMYB mRNA accumulation is
sensitive to rapamycin or torinl. In cereals, GA regulates
a-amylase synthesis in the aleurone and scutellar epithelium
via induction of transcription factor GAMYB, which binds
to a highly conserved GA-responsive element (GARE) in the
promoters of a-amylase genes (Gubler et al, 1995; Washio,
2003). To assess the impact of TOR signaling on the GA-
dependent GAMYB expression, we measured levels of GAMYB

and a-amylase mRNAs in wheat embryos incubated with
or without GA and an mTOR inhibitor. As depicted in
Supplementary Figure S3, the levels of GAMYB and a-amylase
mRNAs were induced dramatically by GA following 24 h
of incubation. ABA caused an opposite effect by reducing
the levels of GAMYB and o-amylase mRNAs that were
associated with the induction of TaABI5 mRNA expression.
Although the rapamycin or torinl treatment led to a substantial
reduction of a-amylase and GAMYB mRNAs levels in GA-
treated wheat embryos, neither mTOR inhibitor abolished ABA-
dependent expression of TaABI5. This finding showed that the
mTOR inhibitors selectively targeted the GA-dependent gene
expression without turning on the ABA-dependent suppression
of wheat embryo growth.

Taken together, these data suggested that the activation of
TOR signaling takes place in the wheat scutellar epithelium and
switches on critical steps of germination by inducing GAMYB
and a-amylase synthesis.

GA-Dependent Phosphorylation TaS6K Is
Sensitive to Inhibitors of the TOR Kinase
and GA Biosynthesis Inhibitor
Paclobutrazol

A well-validated substrate of the mTOR kinase is a p70
ribosomal protein: S6K1. The phosphorylation state of this
protein represents the TORCI activity in animal and plant cells
(Mahfouz et al., 2006; Meyuhas and Dreazen, 2009; Fenton and
Gout, 2011; Xiong and Sheen, 2015). Using a tBLASTn search,
we identified a T. aestivum cDNA encoding putative wheat S6K1
by searching for an AtS6K1 ortholog within the wheat genome.
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FIGURE 3 | Gibberellic acid (GA)-induced expression of the a-amylase gene is
attenuated in the presence of TOR kinase inhibitors.

(A) Concentration-dependent influence of rapamycin or torin1 on GA-induced
production of a-amylase. The wheat embryos dissected from 1-DAG seeds
were incubated for 24 h in the presence 10 mM CaCl, (control) with or
without 10 M abscisic acid (ABA), or 1 pM GA, or 1 uM GA with different
concentrations of rapamycin or torin1. The embryos were then lysed and
subjected to immunoblotting. Rap, rapamycin. (B) Concentration-dependent
effects of rapamycin and torin1 on GA-induced accumulation of a-amylase
mRNA. The wheat embryos were incubated as described in panel (A).

A 409-bp fragment of a-amylase cDNA was amplified by RT-PCR with
gene-specific primers. a-Tubulin expression served as an internal loading
control. (C) Detection of a-amylase activity by staining. The wheat embryos
were incubated for 24 h in the presence of 1 uM GA and 10 mM CaCl, with
or without rapamycin, torin1, or pp242. The embryos were then lysed and
subjected to staining for the activity of a-amylases following partition in a
polyacrylamide gel electrophoresis (native PAGE).

An alignment of the TaS6K1 protein sequence revealed a high
similarity to human S6K1 (47% sequence identity, GenBank
accession No. NP_001258989.1), AtS6K (63% sequence identity,
GenBank accession No. NC_003074.8), and Oryza sativa S6K1
(89% sequence identity, GenBank accession No. ABF95793.1;
Supplementary Figure S4).

The wheat S6K protein sequence consists of 481 amino acid
residues with a predicted molecular mass of 53.6 kDa. N- and
C-terminal sequences are least conserved between TaS6K1 and
animal S6K1 proteins in contrast to their highly conserved kinase
domains. Analysis of the kinase domain structure of TaS6K1
revealed an activation loop (T-loop) motif, turn motif (TM),

and hydrophobic motif (HM) with their phosphorylation sites
conserved in all S6 kinases belonging to the AGC kinase family
(Figure 4). In T. aestivum, sites T-loop serine 309 (S309), TM
S451, and HM serine 467 (S467) correspond to sites threonine
229 (T229), S371, and T389 in human S6K1 (Magnuson et al.,
2012; Figures 4A,B). TaS6K1 resembles AtS6K and also lacks
the TOR signaling (TOS) motif within its N terminus and the
autoinhibitory loop at the C terminus.

Next, to determine the possible involvement of TaS6K1 in
the GA signaling pathway, we prepared a cDNA encoding
TaS6K1 from the wheat young leaves by RT-PCR. Sequencing
results indicated that the CDS sequence of TaS6K1 is identical
to the NCBI version of TaS6K1 (GenBank accession No.
AK451448.1). To study the TaS6K1 protein, we developed a
specific antibody. To this end, the 6xHis-tagged form of the
rTaS6K1 protein was expressed in E. coli strain Rosetta (DE3)
and purified by affinity chromatography. The purified rTaS6K1
protein was injected into rabbits to produce the antibody.
Coomassie-stained gels revealed that the purified rTaSeK1
protein represented the main protein band and did not contain
other contaminating proteins that migrated slightly below a
70-kDa protein marker (Supplementary Figure S1A). In an
immunoblotting analysis, the affinity-purified polyclonal anti-
TaS6K1 antibody detected a single protein band corresponding
to a purified 6xHis-tagged rTaS6K1 protein (Supplementary
Figure S1B) but not another 6xHis-tagged recombinant protein,
T. aestivum ApelL (TaApell) (Joldybayeva et al., 2014;
Supplementary Figure S1B). The ELISA results indicated that
the purified polyclonal antibody has high sensitivity to TaS6K1
(Supplementary Figure S5).

The site of TORCl-mediated phosphorylation in S6K1
is conserved between yeast and humans. In wheat, the
hydrophobic-motif S467 site corresponds to the T389 site in the
human S6K1 protein and to the T449 site in the Arabidopsis
S6K1 protein (Figures 4A,B). The phosphorylation of S6K1 on
T389 or T449 represents TORC1 activity in animal or Arabidopsis
cells, respectively. Therefore, we analyzed the TORC1-dependent
phosphorylation of TaS6K1 in wheat embryos after initial
enrichment of the TaS6K1 protein by immunoprecipitation
with the specific affinity-purified antibody. The immunopurified
TaS6K1 protein from cell extracts of wheat embryos treated with
GA alone, GA + rapamycin (10 M), or GA + torinl (10 wM)
for 24 h was analyzed by immunoblotting with the phospho-
specific S6K1 antibody recognizing the phosphorylated HM site
on A. thaliana S6K1 (Cao et al., 2019). As shown in Figure 5A,
TaS6K1 phosphorylation was clearly detectable in the cell extracts
of wheat embryos exposed to GA. Rapamycin reduced the
phosphorylation of TaS6K1 on S467 at the concentrations
preventing the GA-induced a-amylase synthesis.

Our study suggests that the GA-dependent TOR activity
initiates germination through induction of a-amylase expression
in wheat embryos. To test whether the TOR activity is dependent
on de novo GA biosynthesis, we incubated wheat embryos with
100 pM PBZ known as a potent inhibitor of GA biosynthesis
(Takahashi et al., 1991). As shown in Figure 5B, the presence
of 1 uM GA substantially increased the a-amylase level in the
embryos when compared with control embryos. The inhibition
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FIGURE 4 | The protein kinase sequence analysis of Triticum aestivum ribosomal protein S6 kinase 1 (TaS6K1) and its alignment with the orthologs. (A) Comparison
of human S6K1 (hS6K1), A. thaliana SBK1 (AtS6K1), and T. aestivum S6K1 (TaS6K1). hSBK1 contains a TOS-motif, catalytic domain, and autoinhibitory domain,
whereas TaS6K1 and AtS6K1 have a putative catalytic domain. Possible phosphorylation sites in TaS6K1 were predicted based on the comparison with
phosphorylation sites of hNS6K1. Conserved and important serine (S) and threonine (T) residues are marked with arrows. (B) Sequence alignment of the T-loop, turn
motif (TM), and hydrophobic motif (HM) of hS6K1, AtS6K1, TaS6K1, and Saccharomyces cerevisiae Ypk3.

of GA synthesis completely blocked the a-amylase production,
suggesting that the inhibitor was effective in repressing the
synthesis of gibberellins. The addition of GA reversed the PBZ
effect by restoring the o-amylase production. The expression
level of TaS6K1 in the GA-treated wheat embryos was similar to
that in the control or PBZ-treated embryos (Figure 5B). High
phosphorylation of TaS6K1 was detected in GA-treated wheat
embryos but not in PBZ-treated embryos (Figure 5B).

The phospho-specific antibody recognizing the T389 site on
S6K1 was also effective at monitoring the phosphorylation of
TaS6K1 in cell-free extracts of the wheat embryos treated with
GA (Figure 5C). In the presence of GA, the phosphorylation of
TaS6K1 increased following 3 h of incubation. The addition of
rapamycin along with GA resulted in a significant decrease in the
TaS6K1 phosphorylation.

DISCUSSION

Our study reveals a role of TOR signaling in wheat embryo
growth. This conclusion is based on our finding that mTOR
inhibitors were effective in suppressing wheat germination.

The inhibitory impact of rapamycin on wheat germination in
isolated embryos was more pronounced compared with its effect
in whole seeds. The dose response implies that the rapamycin
concentration was 10-fold higher in intact seeds than in isolated
embryos. This finding suggests that the drug permeability is
hindered substantially in intact seeds, and the isolated wheat

embryo is more accessible to the treatment with rapamycin. Of
note, in our study, a significant reduction in wheat seed growth
was observed at 10 wM rapamycin. This concentration range is at
least 100 times the concentration that inhibits yeast proliferation
(Heitman et al., 1991) or that reduces the size and proliferation
of mouse embryonic fibroblasts (Wicker et al., 1990; Sarbassov
et al., 2006; Thoreen and Sabatini, 2009). It is likely that a
high concentration of rapamycin is required because of poor
penetration of rapamycin through the thick hemicellulosic wall
of plant cells. Indeed, this notion is supported by the observation
that rapamycin at 100 nM is effective at inhibiting an endogenous
TOR protein kinase activity as revealed by phosphorylation of
the T449 site of AtS6K1 and the T455 site of AtS6K2 in an
isolated protoplast (Xiong and Sheen, 2012). Besides, rapamycin
causes only weak growth inhibition of most higher plant species
including Arabidopsis, Nicotiana tabacum, Brassica napus, cotton,
and potato (Menand et al., 2002; Mahfouz et al., 2006; Sormani
et al., 2007; Ren et al., 2012; Montane and Menand, 2013; Deng
et al.,, 2016, 2017; Song et al.,, 2017). The insensitivity or low
sensitivity to rapamycin can be attributed to a limited ability of
plant FKBP12 proteins to form an inhibitory ternary complex
with rapamycin owing to a lack of the critical amino acids
mediating the interaction with rapamycin (Choi et al.,, 1996;
Xu et al., 1998; Sormani et al., 2007). On the other hand, it
has been reported that the growth of Zea mays and tomato
[variety Solanum lycopersicum (SI)] is sensitive to rapamycin
(Agredano-Moreno et al., 2007; Xiong et al., 2016). A functional
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and TaS6K1 immunoprecipitates were analyzed by immunoblotting for the indicated proteins or TaS6K phosphorylation. (C) Time course analyses of
phosphorylation of TaS6K1 in wheat embryo cell-free extracts. Embryos were pre-treated with 100 wuM PBZ for 20 h and were incubated with 1 WM GA and 10 mM
CaCly in the absence or presence of 10 WM rapamycin for the indicated periods. After the incubation time was over, the embryos were lysed and analyzed for
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study indicates that heterologous expression of tomato FKBP12
in Arabidopsis restores sensitivity to rapamycin (Xiong et al,
2016). It can be assumed that the rapamycin sensitivity in plants
is species dependent, and more detailed studies are needed to
determine why plants show different responses to the drug. Our
study expands the list of rapamycin-sensitive plants by showing
that rapamycin-dependent TaTOR signaling is launched during
wheat seed germination.

Recent studies indicate that ATP-competitive inhibitors
of the TOR kinase, including TORIN2, AZD-8055, WYE-
132, and KU-63794, are more potent than rapamycin in
inhibiting plant growth (Montane and Menand, 2013), and
this phenomenon is linked to direct inhibition of the mTOR
kinase activity. In our study, torinl was ~10-fold more effective
than rapamycin at inhibiting the growth of the wheat seeds
and of their isolated embryos. Indeed, torinl exerted strong
inhibition of root and shoot growth at 1 pM and caused
a growth reduction in a concentration-dependent manner
(Figures 2C,D). Altogether, the data indicate that rapamycin

and torinl most likely inhibit wheat seed growth by targeting
the TaTOR protein.

The Arabidopsis genome contains one TOR gene (AtTOR)
(Menand et al., 2002), two RAPTOR genes (Anderson et al., 2005;
Deprost et al., 2005; Mahfouz et al., 2006; Rexin et al., 2015;
Salem et al., 2018), and two LST8 genes (Moreau et al., 2012).
A loss-of-function mutation in Raptorlb leads to a significant
delay in Arabidopsis seed germination (Salem et al., 2018). GA
plays a crucial part in the regulation of early seed germination and
breaking of dormancy (Weitbrecht et al., 2011). The breakdown
of stored starch in the endosperm to support early seedling
growth is an essential step for seed germination and subsequent
seedling growth. At the early stage of germination, GA activates
transcription factor GAMYB, which promotes de novo synthesis
of a-amylases and an array of other hydrolases in the aleurone
layer and embryo (Bethke et al., 1997). We hypothesized that
the GA-dependent synthesis of a-amylase and consequent seed
germination are mediated by the triggering of the TaTOR
signaling pathway. We found that rapamycin specifically blocked

Frontiers in Cell and Developmental Biology | www.frontiersin.org

November 2020 | Volume 8 | Article 606685


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Smailov et al.

Role of TOR Signaling in Wheat Germination

GA-induced o-amylase gene expression in wheat embryos. In
this experiment, the effective range of rapamycin was between
1 to 10 wM for inhibition, and complete inhibition was reached
in a 10 M range (Figure 3). Torinl was more effective than
rapamycin and inhibited a-amylase gene expression at 1 WM.
The dose-dependent effects of rapamycin and torinl on the GA-
induced a-amylase gene expression are consistent with those seen
in the germination experiment.

It is noteworthy that the TOR inhibitors selectively targeted
the GA-dependent gene expression without affecting ABA-
dependent TaABI5 gene expression. The finding that the mTOR
inhibitors suppressed GA-regulated transcription factor GAMYB
(implicated in the induction of a-amylase genes) indicates
that TOR signaling performs a function upstream of the

GA-dependent transcription of GAMYB gene. These results point
out that TOR signaling plays an important role in the GA-
inducible expression of a-amylase.

A key substrate and mediator of the TOR protein kinase
is S6K1, which is evolutionarily conserved between plants and
humans (Fenton and Gout, 2011; Xiong and Sheen, 2012, 2014).
To investigate the involvement of S6K1 (a key substrate and
mediator of the TOR protein kinase) in GA signaling, we isolated
the cDNA gene of TaS6K1, an uncharacterized substrate of TOR
in wheat. Sequence homology indicates that tas6kI is the human
P70 s6k gene ortholog, and its product is likely to be a direct
target of the TOR kinase activity in wheat plants (Figure 4A,B).
Western blotting with the antibody generated against TaS6K1
revealed that TaS6K1 was present in the control wheat embryos,
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and its expression was not induced by GA. By contrast, we
detected increased TaS6K1 phosphorylation only in the presence
of GA. Moreover, the TOR-dependent phosphorylation of a
hydrophobic motif of TaS6K1 was sensitive to rapamycin and
torinl (Figure 5A).

The data presented here mean that GA switches on
wheat germination processes by activating TaTOR signaling.
Nonetheless, considering the antagonistic functions of ABA and
GA, one could assume that the inhibition of the TOR kinase
activity suppresses a GA response by decreasing the synthesis of
ABA not by interfering with GA signaling.

Indeed, ABA, which induces polysome disassembly, inhibits
cytokinin-induced phosphorylation of the 40S ribosomal S6
protein (Yakovleva and Kulaeva, 1987). More recently, it was
demonstrated that the inhibition of TOR complex activity causes
a significant decrease in ABA concentration and in the expression
of genes ZEP, NCED3, and AAO3 involved in ABA biosynthesis,
in contrast to ABA-catabolic genes CYP707A2 and CYP707A3
(Kravchenko et al., 2015).

One way to examine the role of endogenous GA is to
use an inhibitor of GA biosynthesis: PBZ. The latter inhibits
GA biosynthesis by blocking cytochrome P450-dependent
monooxygenases, thereby inhibiting oxidation of ent-kaurene
into ent-kaurenoic acid (Rademacher, 2000).

In our study, gibberellin biosynthesis inhibitor PBZ blocked
not only the a-amylase gene expression but also phosphorylation
of TaS6K1 in wheat embryos. Exogenously applied GA reversed
the PBZ effect by restoring the a-amylase production and
phosphorylation of TaS6K1 (Figure 5B). Of note, in the
presence of GA, the phosphorylation of TaS6K1 increased
following 3 h of incubation (Figure 5C) and persisted
over the course of 24 h (Figures 5A,B) in the PBZ-pre-
treated embryos.

Thus, the data on gibberellin biosynthesis inhibitor support
our theoretical model suggesting that GA regulates TOR-S6K1
signaling by launching the TaTOR kinase activity.

Dry seeds are heterotrophic; hence, germination depends
on the energy accumulated in storage materials until the
seedling reaches the autotrophic state. However, for starch in the
endosperm to be converted to sugars, the embryonic scutellum
and aleurone cell must synthesize secretory proteins such as
a-amylase (Figure 6). In cereals, the a-amylase synthesis first
initiated in the scutellum of embryos and followed by the
aleurone layer (Subbarao et al., 1998). Synthesis of a-amylase
requires a large pool of available amino acids, which is
likely to come from the protein storage vacuoles (Bethke
et al, 1997). From our results, we propose that, in wheat
embryo scutella cells, the effect of GA directly or indirectly
can mediate TOR activation, triggering phosphorylation of
TaS6K1 at the TOR-specific hydrophobic motif residue S467,
which promotes the induction of synthesis of a-amylase and
therefore the initiation of germination and subsequent seedling
growth (Figure 6).

How GA can activate TaTOR signaling is an attractive
puzzle to pursue. Activation of mTORC1 in animal cells

by amino acids depends on the small GTPase RagA/B or
RagC/D or small GTPase Rheb by growth factor signaling
(Shen et al.,, 2017). In plant A. thaliana, auxin can activate TOR
via Rho-like small GTPase 2 (ROP2) (Schepetilnikov et al.,
2017). Of note, two putative Rho GTPase genes were found
to be upregulated 17- to 40-fold in response to GA in barley
(Chen and An, 2006). It will be interesting to determine
whether high expression of GA-dependent Rho GTPases is
sufficient to trigger TaTOR kinase activity. Most likely, a
biochemical characterization of the TaTOR complex will be a
most informative study in identifying a GA-dependent regulatory
component of Ta-TOR complex that has been critical in
identifying a role of the Rag GTPases in a nutrient-dependent
regulation of mMTORCI.

CONCLUSION

In conclusion, the presented data indicate that GA-dependent
activation of TOR-S6KI1 signaling turns on active synthesis of
a-amylase required for wheat embryo growth.
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Proteins from the poly(ADP-ribose) polymerase (PARP) family, such as PARP1 and
PARP2, use NADT as a substrate to catalyze the synthesis of polymeric chains
consisting of ADP-ribose units covalently attached to an acceptor molecule. PARP1
and PARP2 are viewed as DNA damage sensors that, upon binding to strand breaks,
poly(ADP-ribosyl)ate themselves and nuclear acceptor proteins. The flowering plant
Arabidopsis thaliana contains three genes encoding homologs of mammalian PARPs:
atPARP1, atPARP2, and atPARP3. Both atPARP1 and atPARP2 contain poly(ADP-
ribosyl)ating activity; however, it is unknown whether they could covalently modify DNA
by ADP-ribosylating the strand break termini. Here, we report that similar to their
mammalian counterparts, the plant atPARP1 and atPARP2 proteins ADP-ribosylate 5'-
terminal phosphate residues in duplex DNA oligonucleotides and plasmid containing
at least two closely spaced DNA strand breaks. AtPARP1 preferentially catalyzes
covalent attachment of ADP-ribose units to the ends of recessed DNA duplexes
containing 5'-phosphate, whereas atPARP2 preferentially ADP-ribosylates the nicked
and gapped DNA duplexes containing the terminal 5-phosphate. Similar to their
mammalian counterparts, the plant PARP-catalyzed DNA ADP-ribosylation is particularly
sensitive to the distance that separates two strand breaks in the same DNA molecule,
1.5and 1 or 2 turns of helix for atPARP1 and atPARP2, respectively. PAR glycohydrolase
(PARQG) restored native DNA structure by hydrolyzing the PAR-DNA adducts generated
by atPARPs. Biochemical and mass spectrometry analyses of the PAR-DNA adducts
showed that atPARPs utilize phosphorylated DNA termini as an alternative to protein
acceptor residues to catalyze PAR chain synthesis via phosphodiester bond formation
between C1’ of ADP-ribose and a phosphate residue of the terminal nucleotide in
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DNA fragment. Taken together, these data establish the presence of a new type of
DNA-maodifying activity in Arabidopsis PARPs, suggesting a possible role of DNA ADP-
ribosylation in DNA damage signaling and repair of terrestrial plants.

Keywords: plant DNA repair, Arabidopsis thaliana, DNA strand break, nicotinamide adenine dinucleotide (NAD) +,
poly(ADP-ribose) polymerase (PARP), ADP-ribosylation

INTRODUCTION

Land plants are under constant exposition to a variety of
abiotic stresses including UV radiation, droughts, temperature
variation, salinity, and other environmental extremes that
can extensively damage cellular DNA. In addition to that,
plants experience endogenous oxidative stress because of
reactive oxygen species (ROS) generated during respiration
in mitochondria, photorespiration in chloroplasts, and various
biotic stresses. Oxidative damage to DNA caused by ROS
is believed to be a major source of genome instability and
aging (Cadet and Wagner, 2013). Importantly, direct attack of
ROS on DNA abstracts hydrogen from deoxyribose carbons
leading to single- and double-strand DNA breaks (SSBs and
DSBs, respectively) (Balasubramanian et al., 1998). In addition,
DNA strand breaks can be generated indirectly during DNA
excision repair of modified bases, replication fork collapse,
and topoisomerase action (Pommier et al., 2010). If left
undetected and unrepaired, DNA strand breaks have detrimental
consequences, such as gross chromosomal rearrangements,
persistent genome instability, and cell death. The poly(ADP-
ribose) polymerase (PARP) superfamily of proteins, also referred
to as the diphtheria toxin-like ADP-ribosyltransferase (ARTD)
family, is widespread in eukaryotes and has been identified by
homology search in all six major eukaryotic supergroups (Perina
et al,, 2014). The well-characterized PARP enzymes, mammalian
PARP1 and PARP2, catalyze the synthesis of long chains of
ADP-ribose (PAR) covalently attached to acceptor proteins using
nicotinamide adenine dinucleotide (NADV) as a substrate (Kim
etal., 2005; Schreiber et al., 2006; Hottiger et al., 2010). It is agreed
that PARP1, PARP2, and PARP3 are sensors of DNA damage
that are activated by binding to DNA strand discontinuities.
After activation of the catalytic domain, PARPs poly/mono-
ADP-ribosylate (PARylate/MARylate) themselves and different
nuclear proteins, these in turn regulate the functions of ADP-
ribosylated proteins. The ADP-ribose polymer synthesized by
PARPs has a complex branched structure, which confers a
negative charge and thus stimulates electrostatic repulsion of
PARylated proteins from DNA (Tanaka et al, 1984; Satoh
et al, 1994). It should be stressed that the PARP-catalyzed
covalent protein posttranslational modification is a reversible
process since PAR is rapidly degraded by poly(ADP-ribose)
glycohydrolase (PARG) which specifically hydrolyze the ribose-
ribose bonds in the polymer. Hence, the activation of PARP-
catalyzed auto-ADP-ribosylation and modification of nuclear
proteins such as histones is one of the common cellular responses
to DNA damage (De Murcia and Menissier De Murcia, 1994).
From the past, molecular characterization of DNA repair
mechanisms has been mainly focused on bacterial, yeast,

and animal cells (Friedberg et al, 2006), with much less
attention paid to the mechanisms that maintain the genome
stability in plants. The genome of Arabidopsis thaliana,
a widely used model plant of the dicot group, contains
three genes encoding homologs of mammalian poly(ADP-
ribose) polymerases (PARPs): atPARP1, atPARP2, and atPARP3.
Previously, it was shown that plant PARP1 and PARP2
contain poly(ADP-ribosyl)-transferase activity (Chen et al., 1994;
Lepiniec et al., 1995; Babiychuk et al., 1998). Sequence analysis
revealed that atPARPI has a very similar domain architecture
to that of human PARP1 (Babiychuk et al., 1998), and it
consists of five domains of known functions: three N-terminal
zinc finger domains implicated in DNA damage detection, the
BRCA1 C-terminus (BRCT) domain for automodification, the
WGR domain with the conserved Trp-Gly-Arg (WGR) motif for
DNA binding, and the highly conserved catalytic (CAT) domain
consisting of two subdomains, ADP-ribosyltransferase catalytic
subdomain (ART) and helical subdomain (HD) which is an
autoinhibitory domain that blocks productive NAD(+) binding
regulating PARP catalytic activity (Eustermann et al., 2015)
(Figure 1). The atPARP2 protein contains highly conserved ART
subdomain and is structurally most similar to human PARP2
(Figure 1). AtPARP2 has no zinc fingers and BRCT domains like
human PARPI, but contains two N-terminal SAF/Acinus/PIAS
motif (SAP) domains that confer DNA-binding activity (Aravind
and Koonin, 2000; Lamb et al., 2012). Expression of atPARP2
in yeast revealed poly(ADP-ribosyl)ating activity generating
mainly short polymers with the size of 10-15 residues; however,
longer polymers up to 40 ADP-ribosyl units were also observed
(Babiychuk et al., 1998). AtPARP1 and atPARP2 contain a typical
histidine-tyrosine-glutamic acid H-Y-E catalytic triad in their
conserved ART subdomains, whereas atPARP3 and orthologous
plant proteins have an alternative cysteine-valine-glutamic acid
(Ce53-Ves7-E7g2 and Cn-VN-En, respectively) triad in their
catalytic domain (Citarelli et al., 2010; Stolarek et al., 2015).
Noteworthy, a recent study demonstrated that atPARP3 lost
NAD(+)-binding capability and poly(ADP-ribose) polymerase
activity and may play different biological roles from those of
atPARP1 and atPARP2 enzymes in plants (Gu et al., 2019).

The atPARP1 and atPARP2 proteins have nuclear localization
and ADP-ribosylate themselves (automodification) and acceptor
proteins in the presence of nicked DNA in vitro and in vivo
(Babiychuk et al., 1998; Doucet-Chabeaud et al., 2001; Feng
et al., 2015; Liu et al., 2017; Chen et al., 2018). The treatment
of Arabidopsis with ionizing radiation, zeocin, and DNA cross-
linking agent such as cisplatin activates the expression of
atPARP1 and atPARP2, but not that of atPARP3 (Doucet-
Chabeaud et al., 2001; Boltz et al., 2014; Yuan et al., 2014).
In agreement with these observations, Arabidopsis parpl and
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parp2 single mutant plants exhibit enhanced sensitivity to the
alkylating agent methyl methane sulfonate (MMS) and the
radiomimetic agent bleomycin (Jia et al, 2013; Boltz et al,
2014; Zhang et al.,, 2015; Klemm et al., 2017). Interestingly, the
Arabidopsis parp2 single mutants exhibited a stronger decrease
in poly(ADP-ribosyl)ation and were more sensitive to bleomycin
and mitomycin, as compared with parpl single ones (Boltz
et al., 2014; Song et al., 2015). Nevertheless, both atPARPs
participate in the responses to DNA damage since Arabidopsis
parpl parp2 double mutants showed increased sensitivity to
genotoxic stress, as compared with single parp mutants (Jia et al.,
2013; Song et al., 2015; Zhang et al., 2015). Additionally, atPARP1
mRNA was induced in parp2 mutants, and conversely, atPARP2
mRNA was induced in parpl mutants (Boltz et al, 2014).
Interestingly, atPARP1 and atPARP2 proteins similar to their
human counterparts can interact with each other (Song et al.,
2015; Liu et al., 2017). Surprisingly, A. thaliana parp1 parp2 parp3

triple mutants did not exhibit higher sensitivity to DNA damage,
as compared with double parpl parp2 mutant, suggesting that
atPARP3 plays a minor role in DNA damage response and repair
in seedlings (Zhang et al., 2015). Nevertheless, mutation in barley
PARP3 homolog (HvPARP3) resulted in an altered root growth
in response to bleomycin (Stolarek et al., 2015). In contrast to
studies on animal models, the plant Arabidopsis mutant lines for
PARP genes including double and a triple mutant parpl parp2
parp3 did not exhibit significant phenotypic abnormalities under
normal non-stressed growth conditions (Song et al., 2015; Zhang
et al,, 2015; Rissel et al., 2017). Nevertheless, plant PARP activity
controls cell cycle progression and redox status, suggesting
a regulatory function of atPARPs in plant development. In
agreement with this, the seed germination is altered in parpl,
parp2, and parp3 single mutant plants. Under normal non-
stressed conditions, parp3 mutant plants germinated faster
than the wild type, whereas parpl and parp2 showed reduced
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germination rates (Pham et al., 2015). Noteworthy, the double
parpl parp2 mutant of Arabidopsis showed more rapid primary
and lateral root growth, suggesting that plant PARPs inhibit
mitosis and promote cell differentiation (Liu et al., 2017). Based
on these observations, it was proposed that PARPs influence plant
development only under specific conditions the nature of which
requires further investigations (Rissel and Peiter, 2019).

The fact that protein ADP-ribosylation has been increased
in the Arabidopsis parp triple mutant suggests the presence
of supplementary PARP-like enzymes in plants. Indeed, in
addition to the canonical PARP proteins, higher plants have a
plant-specific family of proteins containing PARP-like domains,
called the SRO (Similar to RCD One) proteins. The SRO
family possesses a central catalytic PARP domain with an
unusual catalytic triad motif (L-H-N) which is flanked by an
N-terminal WWE domain [poly(ADP-ribose) binding domain]
and a C-terminal RST domain (RCDI-SRO-TAF4—plant-
specific protein-protein interaction domain) (Ahlfors et al,
2004; Jaspers et al.,, 2010). In Arabidopsis, the family includes
the proteins Radical-induced Cell Deathl (RCD1) and its five
homologs SRO1-SRO5 (Belles-Boix et al., 2000; Jaspers et al.,
2010). Bioinformatics and biochemical data suggest that the SRO
proteins do not have PARP activity; however, mutant analyses
have shown that these proteins play a significant role in stress
response (Ahlfors et al., 2004; Jaspers et al., 2009; Teotia and
Lamb, 2009; Teotia and Lamb, 2011).

At variance to mammals, plants possess two genes atPARG1
(At2g31870) and atPARG2 (At2g31865) encoding for the
poly(ADP-ribose) glycohydrolase (Zhang et al., 2015). Under the
same conditions, atPARG1 plays an essential role and atPARG2 a
minor one. Interestingly, the atPARG1 deficiency results in more
DNA damage and enhanced cell death in plants after bleomycin
treatment, than the lack of AtPARPs, possibly due to a high
toxicity of free poly(ADP-ribose) polymer (Zhang et al., 2015).

Recent studies have demonstrated a new phenomenon of
postreplicative DNA ADP-ribosylation of strand break termini in
synthetic duplex DNA oligonucleotides; this reaction is catalyzed
by mammalian PARP1, PARP2, and PARP3 (Talhaoui et al,
2016; Munnur and Ahel, 2017; Belousova et al., 2018; Zarkovic
et al., 2018). PARP1 and PARP2 catalyze the covalent addition
of ADP-ribose units to 5'- and 3’-terminal phosphates and to
2’-OH termini of modified nucleotides at DNA strand breaks,
producing covalent PAR-DNA adducts (Talhaoui et al.,, 2016).
PARP1 preferentially ADP-ribosylates DNA strand break termini
containing terminal phosphates or 2'-OH group in gapped,
recessed DNA duplexes, whereas PARP2 preferentially acts on 5'-
terminal phosphates at DSB termini of nicked DNA (Talhaoui
et al., 2016; Zarkovic et al.,, 2018). Also, PARP3 can effectively
generate mono-(ADP-ribosyl)ated DNA (MAR-DNA) in which
ADP-ribose moiety is covalently linked to 5'-terminal phosphate
residues at DSB and SSB in DNA substrate (Munnur and
Ahel, 2017; Belousova et al., 2018), thus sharing its substrate
specificity with PARP2.

Here, we examined the interactions of plant PARP proteins
with various DNA substrates using in vitro approaches. Our
results reveal that both purified Arabidopsis atPARP1 and
atPARP2 proteins can covalently modify DNA oligonucleotide

duplexes by the addition of multiple poly(ADP-ribose) units to 3’
and 5 extremities of DNA strand breaks. The atPARP-catalyzed
covalent DNA ADP-ribosylation is reversible since PARG can
efficiently remove the PAR polymer from DNA and restore initial
DNA structure. The mechanistic characteristics and possible
functional role of the new activity of plant atPARPs are discussed.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and

Reagents

Cell culture media were from Invitrogen (Life Technologies
SAS, Saint Aubin, France). The Escherichia coli Rosetta
2(DE3) cells, used for the recombinant protein expression,
were from Novagen-EMD4 Biosciences (Merck Chemicals,
Nottingham, United Kingdom). Restriction enzymes, T4 DNA
ligase, RPROTKSOL-RO: recombinant PCR grade Proteinase
K were from Roche (Basel, Swiss), deoxyribonuclease I from
bovine pancreas (DNAse I) was from ThermoFisher Scientific
(Lithuania), and calf-intestinal alkaline phosphatase (CIP) was
from New England Biolabs France (Evry, France). Snake venom
phosphodiesterase 1 from Crotalus adamanteus (SVPDE1) was
from Worthington (Biochemical Corporation). The purified
human Nudix (nucleoside diphosphate-linked moiety X)-type
motif 16 (NUDT16) protein was prepared as described (Palazzo
et al, 2015). Bovine PARG was from Trevigen (Gaithersburg,
United States). Bleomycin was from Sanofi- Aventis (France).

Oligonucleotides

Sequences of the oligonucleotides and their duplexes used in
the present work are shown in Supplementary Table S1. All
oligonucleotides were purchased from Eurogentec (Seraing,
Belgium) including modified oligonucleotides. Prior to
enzymatic assays, the oligonucleotides were labeled either
at the 5 end using T4 polynucleotide kinase (New England
Biolabs-OZYME, France) in the presence of [y-32P]ATP (3,000
Cimmol™!) (PerkinElmer) or at the 3’ end by means of terminal
deoxynucleotidyl transferase (New England Biolabs) in the
presence of [a-32P]-3/-dATP (cordycepin 5 -triphosphate, 5,000
Ci mmol™!; PerkinElmer) according to the manufacturer’s
protocol. Cold ATP at 1 mM was added to phosphorylate the
remaining non-labeled oligonucleotides. After the reactions,
radioactively labeled oligonucleotides were desalted on a
Sephadex G-25 column equilibrated with water and then
annealed with a corresponding complementary strand for
3 min at 65°C in the buffer containing 20 mM HEPES-KOH
(pH 7.6) and 50 mM KCl. In addition, the radioactive labeling
of DNA and proteins was performed using [adenylate-32P]
NAD™T (800 Ci mmol~') (PerkinElmer) in the presence of
atPARPs, oligonucleotides, and 1 mM cold NAD™. To prepare a
5'-[32P]labeled linearized nicked plasmid DNA substrate, 50 uM
pML2 plasmid (same as pBluescript but contains insertion of
a unique Pmll site) was linearized with 30 U of Pmil for 1 h at
37°C in 1 x CutSmart buffer (New England Biolabs, France),
then nicked with 15 U of Nb.Bsml for 1 h at 65°C. The 3P label
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was introduced by reannealing of the linearized pML2 with 5'-
[**P]-labeled  ExoA  d(GTGGTTGTAAAACCTCAGCCAG)
oligonucleotide  corresponding to the 22-nt fragment
spanning the region between the 5 end of DSB and
Nb.Bsml-induced nick. The nicked, gapped, or recessed
DNA duplexes ExoAeRexTMck/gap/rec  composed of RexT
d(GGAATTCCCCGCGCCAAATTTCTCTAAGTCTCCGCGCC
AC), ExoA d(GTGGCGCGGAGACTTAGAGAA), and either
5P-Ex019 d(pATTTGGCGCGGGGAATTCC) or 5P-Exol8,
d(pTTTGGCGCGGGGAATTCC), where 5P is a 5'-terminal
phosphate (Supplementary Table S1), were mostly used to
quantify PARylation of DNA ends by atPARPs.

Plant Material, Cell-Free Extracts, and

Genomic DNA Extraction

The A. thaliana wild-type (WT) Col-0 strain and mutant lines,
harboring T-DNA insertions in the atPARP genes, were obtained
from the Arabidopsis Biological Resource Center'. For all plants,
seeds were sown on 1/2 Murashige-Skoog (MS) agar plates
containing 1% sucrose and 1% agar, stratified for 48 h at 4°C and
grown under long day conditions at 22°C under 16 h light/8 h
dark cycles. They were collected at 18 days and transplanted to
soil for seed harvest. The A. thaliana wild-type Col-0 strain and
mutant line seeds were stratified and then grown for 14 days
on MS agar plate. Two-week-old Arabidopsis seedlings were
treated with 50 jugeml ™! bleomycin (MS plates with plants were
covered with 5 ml PBS containing the drug) and plants were
collected after 24 h.

Cell-Free Extract Preparation

Extracts were prepared from 100 mg fresh untreated or treated
with bleomycin 14-day-old seedlings (whole plant) in extraction
buffer (20 mM HEPES-KOH, pH 7.6, 50 mM KCI, 5 mM MgCl,,
1 mM DTT, 10% glycerol, 0.1% NP-40 and protease inhibitor
cocktail at 1:100).

Genomic DNA Preparation

The plant genomic DNA (gDNA) was extracted from 100 mg
fresh untreated or treated with bleomycin 14-day-old seedlings
(whole plant) in liquid nitrogen using the CTAB method.
Extracted gDNA were purified further by RNase A and proteinase
K treatments, followed by phenol/chloroform extraction and
ethanol precipitation of DNA.

RNA Analysis and cDNA Synthesis

Total RNA was extracted from 100 mg of fresh leaf tissues
of A. thaliana in liquid nitrogen using the TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. Intact,
high-quality RNA samples were confirmed by the presence of
two bright 28S and 18S rRNA bands in ethidium bromide-
stained agarose gels visualized under UV light. Five micrograms
of DNA-free total RNA was converted into single-stranded
DNA using a mix of oligo-dTy primers and the First Strand
cDNA Synthesis Kit (Thermo Scientific). PCR was performed

Uhttp://www.arabidopsis.org

TABLE 1 | List of PCR primers used for cloning and site-directed mutagenesis.

atPARP1Ndel _F CAGCCATATGGCAAGCCCTCATAAGC

atPARP1BamHI_R
atPARP2Ndel_F
atPARP2BamHI_R
atPARP1_E960K_F
atPARP1_E960K_R
atPARP1_E960Q_F
atPARP1_E960Q_R
atPARP2_EG14K_F
atPARP2_EG14K_R

AGGCGGATCCTTAGCGTTTGTGTTTAAAGC
CAGCCATATGGCAAACAAGCTGAAGG
AGGCGGATCCTTAATGTTTGTAGTTG
CGAACTGATGTATAACAAATATATTGTATATGATAC
GTATCATATACAATATATTTGTTATACATCAGTTCG
CGAACTGATGTATAACCAATATATTGTATATGATAC
GTATCATATACAATATATTGGTTATACATCAGTTCG
GCATGCTGCTGTATAACAAATATATTGTTTATAAC
GTTATAAACAATATATTTGTTATACAGCAGCATGC

using 2 pl of a 20-fold dilution of cDNA, 15 pmol of each
primer, and 1 U of Taq polymerase in a 25-pl reaction
volume. To generate the cDNA for full-length atPARP1
(corresponds to the gene At2g31320) and atPARP2 (corresponds
to the gene At4g02390), the coding sequences were PCR-
amplified using primers atPARP1Ndel_F/atPARP1BamHI_R for
atPARP1 and atPARP2Ndel_F/atPARP2BamHI_R for atPARP2
(Table 1). The PCR fragments of atPARP1 and atPARP2 were
cloned into the pBluescriptll SK(+4) vector at Ndel/BamHI
restriction sites, respectively, using the Rapid DNA ligation
kit (Thermo Scientific). Colonies of transformed E. coli DH5a
cells carrying plasmids with an insert were screened by lacZ
complementation, and the plasmid DNA was isolated with the
GeneJET Plasmid Miniprep kit (Thermo Scientific). The DNA
inserts were sequenced in both directions with M13 forward and
reverse primers.

Expression and Purification of atPARP1

and atPARP2 Proteins

The ¢cDNA fragments encoding atPARP1 and atPARP2 were
subcloned into the Ndel and BamHI restriction sites of
the pET28c vector. The resulting plasmids pET28c-atPARP1
and pET28c-atPARP2 can express the recombinant proteins
containing an N-terminal His-tag in an E. coli (DE3) strain.
The following mutants atPARP1E90K| atPARP1F%0Q and
atPARP2FO14K were constructed using the QuikChange site-
directed mutagenesis kit (Stratagene) and the oligonucleotide
primers are shown in Table 1. The WT and mutant atPARP
proteins were purified from E. coli Rosetta 2 (DE3) strain
(Merck). Briefly, the transformed E. coli cells were grown to
ODggo ~ 0.6 at 37°C in LB medium and then induced by
incubating with 50 pM isopropyl p-D-1-thiogalactopyranoside
overnight at 25°C. Owing to strong expression in the Rosetta
strain, it was possible to purify the atPARP1 and atPARP2
proteins to near homogeneity using only two chromatographic
steps. All purification procedures were carried out at 4°C.
Bacteria were harvested by centrifugation, and cell pellets
were lysed using a French press at 18,000 psi in a buffer
containing 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM
EDTA, 5% glycerol, 1 mM DTT, and 0.5% NP-40 supplemented
with Complete Protease Inhibitor Cocktail (Roche Diagnostics,
Switzerland). The lysates were cleared by centrifugation at
40,000 x g for 60 min at 4°C, and the resulting supernatant

Frontiers in Cell and Developmental Biology | www.frontiersin.org

November 2020 | Volume 8 | Article 606596


http://www.arabidopsis.org
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Taipakova et al.

Plant Poly(ADP-Ribose) Polymerases Modify DNA

was adjusted to 500 mM NaCl and 20 mM imidazole and loaded
onto a HiTrap Chelating HP column (GE Healthcare) charged
with Ni2*. The eluted fractions containing the recombinant
proteins were pooled and loaded onto a 1-ml HiTrap-Heparin
column (GE Healthcare). The bound proteins were eluted
in a 50-1,500-mM NaCl gradient. The homogeneity of the
purified proteins were assessed by using the SDS-PAGE method
(Supplementary Figure S1). The purified protein samples were
stored at -20°C in 50% glycerol.

Preparation of Anti-atPARP2 Antibodies

and Western Blotting

The anti-atPARP2 polyclonal antibodies were raised against
the full-length recombinant His-tagged Arabidopsis atPARP2
protein. Approximately 1 mg of the purified recombinant
atPARP2 protein was mixed with Freund’s complete adjuvant and
injected into rabbits. Three additional injections were made at
2-week intervals. One week after the last injection, the blood
was collected and the immune serum was affinity purified using
protein A agarose fast flow resin (Sigma). The purified rabbit anti-
atPARP?2 polyclonal antibodies were used as primary antibodies,
and the horseradish peroxidase-conjugated goat anti-rabbit IgG
was used as a secondary antibody. Plant cell-free extracts (~12 pug
of protein) were separated in a 10% SDS-polyacrylamide gel
and then electroblotted onto a polyvinyl difluoride membrane
(Pierce) using a Bio-Rad Mini-transblot cell according to the
manufacturer’s instructions. After the transfer of proteins, the
membrane was gently shaken in blocking solution containing 5%
milk and 0.1% Tween-20 in 1 x TBS (Tris-buffered saline: 50 mM
Tris-HCl pH 7.5, 20 mM NaCl) for 1 h at room temperature. After
removing the blocking solution, the membrane was incubated in
10 ml of the affinity-purified anti-atPARP2 antibodies (1:30,000
dilution in the blocking solution with 0.1% Tween-20) overnight
at 4°C. The membrane was washed five times in 10 ml of the wash
buffer (1 x TBS supplemented with 0.1% Tween-20), for 5 min
each time. After washing, the membrane was incubated with the
secondary antibody (1:60,000 dilution in the blocking solution
with 0.1% Tween-20) in 10 ml for 1 h at room temperature.
Then the membrane washed five times in 10 ml of the wash
buffer, for 5 min each time. The working substrate solution was
prepared by mixing an equal volume of peroxide solution and
luminal/enhancer solution and used at 0.1 ml cm~2 per blot area.
The membrane was incubated in the working solution for 2 min
in the dark and exposed to Kodak X-Omat film.

Activity Assay for Poly(ADP-Ribose)

Polymerase

The standard DNA PARylation assay (10 pl) was performed
by incubating 20 nM [*2P]-labeled oligonucleotide, 250 nM
atPARP1 or atPARP2, and 1 mM NADT, in ADPR buffer [20 mM
HEPES-KOH pH 7.6, 50 mM KCI, 5 mM MgCl,, 1 mM DTT,
and pLgeml™! bovine serum albumin (BSA)], for 30 min at 37°C,
unless otherwise stated. After the reaction, the samples were
incubated in the presence of 50 jLgeml™~! proteinase K and 0.15%
SDS for 30 min at 50°C followed by incubation for 3 min at
95°C. The samples were desalted on a Sephadex G-25 column

(Amersham Biosciences) equilibrated in 7.5 M urea, and then the
products were analyzed by electrophoresis in the denaturing 20%
(w/v) polyacrylamide gel (PAGE, 7 M urea, 0.5 x TBE, 42°C).
A wet gel was wrapped in a plastic drape, then exposed to a
Storage Fuji FLA-3000 Phosphor Screen, which was then scanned
using Typhoon FLA 9500, and digital images were obtained and
quantified using FUJI Image Gauge V3.12 software.

Hydrolysis of the ADP-Ribosylated DNA
Adducts by PARG and DNA-Modifying

Enzymes

The hydrolysis of PAR-DNA and MAR-DNA adducts with
PARG was performed after denaturing of the atPARP proteins by
heating a sample for 20 min at 80°C, then 50 pgepl~! PARG was
added to the reaction mixtures, and samples were incubated for
30 min at 37°C. The reaction products were analyzed as described
above. The dephosphorylation assay with CIP was performed
using 10 U of the enzyme in the CIP buffer (provided by New
England Biolabs) for 1 h at 37°C. The hydrolysis of the PAR-
DNA polymers by SVPDE1 was performed in two steps: first,
incubation of 20 nM DNA substrate with 250 nM atPARP2 and
1 mM NADT in the PARP buffer (see above) for 30 min at 37°C,
and then the second step was incubation with 100 mU SVPDEI
in the reaction mixture supplemented with 10 mM MgCl, and
75 mM Tris-HCI pH 8.9, for 1 h at 37°C. In addition, the SVPDE1
reaction products were treated with 10 U CIP in the CIP buffer for
40 min at 37°C, unless otherwise stated. The reaction products
were analyzed as described above. Hydrolysis of the PAR-DNA
polymer by the Nudix hydrolase was performed using 2-20 pM
NUDT16 in the DNA PARylation assay buffer supplemented with
10 mM MgCl, for 18 h at 30°C, unless otherwise stated.

Identification of the ADP-Ribosylated
DNA Adducts by Matrix-Assisted Laser
Desorption lonization Time-of-Flight

Mass Spectrometry

Mass spectrometry measurements were performed as described
previously (Talhaoui et al., 2016). Briefly, 5 pM of cold
non-radioactive 5'-phosphorylated 30-mer nicked duplex
oligonucleotide [referred to here as plOeRT-ANIk or S18
and composed of a 30-mer (RT-A) template strand and two
5’-phosphorylated complementary strands: 10-mer (pl0) and
20-mer (pT19)] (Supplementary Table S1) was incubated with
2.5 pM atPARP2 in the presence of 1 mM NAD™ at 37°C
for 1 h. After incubation, the reaction was stopped by heating
the samples for 20 min at 80°C. Then, the reaction products
were precipitated with 2% lithium perchlorate in acetone,
desalted, and used for the matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry
(MS) measurements. MALDI-TOF mass spectra were obtained
in the negative mode on a Microflex mass spectrometer (Bruker,
Wissembourg, France), equipped with a 337-nm nitrogen laser
and pulsed delay source extraction. The matrix was prepared
by dissolving 3-hydroxypicolinic acid in 10 mM ammonium
citrate buffer and a small amount of Dowex-50W 50 x 8-200
cation exchange resin (Sigma). The matrix (1 pl) was added
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to the sample (1 pl) on the target plate and allowed to dry.
The spectra were calibrated using reference oligonucleotides
of known masses.

Analysis of the Efficiency of
atPARP2-Catalyzed Auto- and DNA

ADP-Ribosylation

The efficiency of atPARP2-catalyzed auto- and DNA ADP-
ribosylation was measured using a cold ExoAeRexTNk duplex
phosphorylated at the 5 end of the nick and with or without a
phosphate at the 5 DSB terminus. The assay was performed in
the ADPR buffer without BSA. One micromolar atPARP2 was
incubated in the presence of 10 WM oligonucleotide duplex and
1 wM [adenylate->*P]NAD™ for 30 min at 37°C. The reactions
were terminated by the addition of the stop solution (7.5 M
urea, 0.33% SDS, 10 mM EDTA, and 0.25% bromophenol blue)
at 1:1 (v/v) and heating at 95°C for 10 s, after which the
products of the reactions were analyzed on denaturing PAGE as
described above.

Analysis of Plant Genomic DNA for the

Presence of PAR-DNA Adducts

Isolation of gDNA was described above in the Plant Material,
Cell-Free Extracts, and Genomic DNA Extraction section. To
examine the presence of ADP-ribosylated DNA adducts in
plant, 1,000 ng of gDNA extracted from the control and
treated 14-day-old seedlings (whole plant) were dot blotted
on a Hybond N nylon membrane (GE Healthcare). DNA
and PAR were fixed to the membrane by heating at 80°C
for 2 h and then analyzed with the mouse monoclonal anti-
poly(ADP-ribose) antibody 10H (1:2,000, Enzo Life Sciences
Inc., United States) and the rabbit monoclonal anti-pan-
ADP-ribose binding reagent MABE1016 (1:2,000, Millipore,
United States). Immunodetection of poly(ADP-ribose) on the
blot strips has been performed by using the ECL method,
followed by a scan with Amersham® Imager 600 instrument
(GE Healthcare) and by short exposure to blue-light-sensitive
autoradiography film.

RESULTS

Plant atPARP1 and atPARP2 Modify DNA
Oligonucleotide Duplexes in the
Presence of NAD*

In our previous work, we have demonstrated that in vitro
mammalian PARP1 and PARP2 proteins can poly(ADP-
ribosyl)ate duplex oligonucleotides containing multiple closely
spaced DNA strand breaks and phosphorylated termini.
A. thaliana atPARP1 and atPARP2 proteins share homology with
mammalian PARP1 and PARP2 proteins, respectively, suggesting
that the plant proteins might also exhibit DNA modification
activities. To verify this, we examined the biochemical activities
of the purified atPARP1 and atPARP2 proteins using DNA
substrates containing more than two strand breaks to mimic
clustered DNA damage and repair intermediates: ExoAeRexTNik

(referred to as S13) and ExoAeRexT#P (referred to as S10), which
are 40-mer oligonucleotide duplexes containing a nick and one-
nucleotide gap, respectively, composed of a 40-mer (RexT, also
referred to as S1) template strand and two complementary
strands: 21-mer (ExoA) and phosphorylated 18-mer (5'pEx018)
or 19-mer (5pExol9) strands (Supplementary Table S1). In
addition, we prepared ExoAeRexT™ (referred to as S3, S5,
and S6) and Exo020eRexT™° (referred to as S4), which are
recessed duplexes with a 5 single-stranded tail, composed
of RexT and ExoA or Ex020, respectively. In ExoAeRexT"
duplex, either ExoA or RexT was [*’P]-labeled at the 5 end,
and in Exo20eRexT", Ex020 was [>2P]-labeled at the 3’ end.
The 5'-[3?P] labeled oligonucleotide duplexes were incubated
with the atPARP proteins in the presence of 1 mM NAD™; the
reactions were stopped by adding 0.15% SDS and 50 jLgeml ™!
proteinase K and incubating for 30 min at 55°C. After this, the
samples were desalted and then heat treated (5 min at 95°C)
in a gel loading buffer, and the products were separated by
electrophoresis on a denaturing polyacrylamide gel. Analysis
of the reaction products revealed that 3-60% of the [3?P]-
labeled oligonucleotides are converted to slowly migrating DNA
products which run on the gel above the non-modified 21-mer
fragment (Figure 2A, lanes 2, 4, 6, 8, 10, and 12), suggesting that
the PAR polymer synthesized by atPARPs generated a complex
with DNA. Importantly, these slowly migrating PAR-DNA
products were resistant to proteinase K, SDS, and heat treatment
pointing to a possible covalent nature of the atPARP-induced
DNA modifications. Noteworthy, atPARP2 modifies DNA
more efficiently as compared with atPARP1 (Figures 2A,B).
Particularly, atPARP1 generated mainly high-molecular-weight
(HMW) PAR-DNA products, which were unable to enter the
gel (Figure 2A, lanes 2, 4, and 6), whereas atPARP2 produced,
in addition to HMW, low-molecular-weight (LMW) PAR-DNA
products which were able to enter the gel and migrated as
a ladder of distinct DNA fragments above the free 21-mer
fragment (lanes 8, 10, and 12). As shown in Figure 2B, the
relative efficiency levels of the atPARP1- and atPARP2-catalyzed
formation of PAR-DNA products were strongly dependent on
DNA duplex structures. AtPARP1 preferentially modifies the
recessed duplex ExoAeRexT™ (S5) (20% of HMW PAR-DNA
products) and to a lesser extent the gapped and nicked DNA
duplexes (3 and 10% of HMW PAR-DNA products, respectively),
whereas atPARP2 prefers gapped and nicked duplexes (30 and
60% of LMW and HMW PAR-DNA products, respectively) as
compared with a recessed DNA (14% of PAR-DNA products).
It should be noted that atPARP1, but not atPARP2, induces
limited non-specific 3’ —5' exonuclease degradation of the
21-mer fragment (Figure 2A, lanes 2, 4, and 6), suggesting a
non-specific DNA exonuclease contamination in recombinant
atPARP1 preparation. Furthermore, the incubation of atPARP1
with ExoAeRexTNik (S13) and, to a much lesser extent, with
ExoAeRexT#P (S10) produces a discrete band migrating at the
position of the 40-mer fragment (lanes 4 and 6), suggesting the
presence of a DNA ligase activity in the purified plant protein.
These observations suggest that the recombinant atPARP1
protein, despite extensive purifications, is contaminated by the
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FIGURE 2 | AtPARP-catalyzed formation of radioactively labeled
high-molecular-weight (HMW) DNA products. (A) Denaturing PAGE analysis of
atPARP1- and atPARP2-generated HMW products after incubation with
5/-[32P]-labeled 40-mer nicked, gapped, and recessed DNA duplexes. Arrows
indicate the 21-mer free oligonucleotide, HMW and LMW PAR-DNA products.
Asterisk indicates a nonspecific ligation product generated by
NAD*-dependent E. coli DNA ligase A. “Exo” indicates exonuclease
degradation products of 21-mer fragment. For details, see section “Materials
and Methods.” (B) Graphic representation of the formation of HMW and LMW
products by atPARPs when acting upon gapped, nicked, and recessed DNA
duplexes. Each bar represents atPARP activity as mean + SD from three
independent experiments.

host NAD"-dependent E. coli DNA ligase A and non-specific
DNA exonucleases.

Next, we examined time, NAD™, and protein concentration
dependence of the PAR-DNA product formation by the atPARP
proteins. For this, we incubated atPARP1 and atPARP2 with their
preferred substrates 5'-[32P]-labeled ExoAeRexT™ (S5) and
ExoAeRexTNik (S13), respectively, under varying concentrations

of NAD" and protein. For atPARP1, the PAR-DNA products
were not formed in the absence or at very low concentrations
of NAD" (0-10 wM) and protein (5-50 nM) (Figures 3A,B),
but the level of DNA modification steadily increased at higher
concentrations of NAD™ (from 25 wM to 1 mM) and protein
(100-250 nM) (Figures 3A,B and Supplementary Figure S2).
Noteworthy, the DNA PARylation activity of atPARP1 quickly
reached the plateau level after only 1 min incubation and
increased very little following 30 min incubation (Figure 3C).
Similarly for atPARP2, the DNA PARylation was very low or
absent at low concentrations of NAD' (0-25 uM) (Figure 3A)
and protein (5-10 nM) (Figure 3B), but the activity steadily
increased at higher concentrations of NAD" (0.1-1 mM) and
protein (25-250 nM) (Figure 3 and Supplementary Figure S2).
Noteworthy, when the protein concentration was below 250 nM,
atPARP2 was not able to generate the HMW PAR-DNA
products, but only LMW products (Supplementary Figure S2).
It should be noted that atPARP2, but not atPARP1, generated
LMW PAR-DNA products that migrate as a ladder of distinct
DNA fragments above the 21-mer free oligonucleotide which
becomes a smear at the distance of 1/3 from the start of
the gel (Supplementary Figure S2). The appearance of the
DNA ladder implies distributive synthesis of PAR polymer
by atPARP2, whereas the formation of HMW PAR-DNA
fragments by both atPARP enzymes suggests a high processivity
of the synthesis of PAR polymer by plant PARP enzymes
(Supplementary Figure S2). Taken together, these results
suggest that the plant PARPs, similar to their mammalian
counterparts, can synthesize long PAR polymers covalently
attached to DNA.

Characterization of the DNA Substrate
Specificity of atPARP-Catalyzed
PARylation

Next, we assessed in more detail the influence of the different
DNA structures [nick, gap, recessed duplexes and single-
stranded (ss) DNA] and nature of DNA termini on the atPARP-
catalyzed formation of PAR-DNA adducts. For this purpose,
we incubated [*?P]-labeled DNA oligonucleotides of various
configurations and terminus structures in the presence of
atPARPs and NAD™. After incubation, the reaction products
were analyzed on the denaturing PAGE and the formation of the
PAR-DNA adducts was quantified (Figure 4A). Quantification
of the results shown in Figure 4B revealed that (i) overall,
atPARP2 was more active as compared with atPARPI on the
majority of DNA substrates tested; (ii) atPARP1 was more
active on the recessed DNA duplex (*’pExol5eRex12T™ or
S7) which contains the 15-mer fragment, as compared with
32pExoAeRexT™ duplex (S5) with longer 21-mer strand; and
(iii) the substrate preference of atPARP2 was opposite to that of
atPARPI, since atPARP2 was active on the latter DNA substrate
(32pEX0AoRexTrec or S5), but lost its activity on the former one
(**pExo15eRex12T™ or S7). Interestingly, the presence of two
5/'-terminal phosphates in ExoAeRexT"k/82 duplexes (S10 and
S13) was necessary for a more efficient DNA PARylation, whereas
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FIGURE 3 | Dependence of the atPARP-catalyzed PAR-DNA formation on
reaction conditions; 250 nM atPARP1 and atPARP2 incubated with 20 nM
DNA duplex for 30 min at 37°C. (A) atPARP1- and atPARP2-catalyzed DNA
PARylation in the presence of varying concentrations of NAD* (1-1,000 pM).
(B) The dependence of DNA PARylation on atPARP protein concentrations
(0-250 nM). (C) Time dependence of DNA PARylation by atPARPs (0-30 min).
For details, see section “Materials and Methods.”

the presence of the 3'-terminal phosphate and cordycepin (3'-
dAMP) in S12 and S4, respectively, strongly inhibited DNA
modification (Figure 4). Taken together, these results suggest
that the substrate specificities of plant atPARP1 and atPARP2

proteins resemble to their mammalian counterparts PARP1 and
PARP2, respectively.

Construction and Characterization of
Catalytic Site atPARP1E960K,E960Q 59

atPARP2E¢14K Mutants

The catalytic domain of PARPI, also referred to as ADP-
ribosyltransferase (ART) domain, is highly conserved in all
PARP family members and shares structural similarity with
the plant ADP-ribosylating enzymes. Active mammalian PARPs
share a conserved histidine-tyrosine-glutamic acid (H-Y-E)
triad (PARP signature) in their catalytic domains (Hassa
and Hottiger, 2008). This evolutionary conserved “H-Y-E”
triad is essential for the positioning of NAD™ during ADP-
ribosylation: in PARPI, H862 and Y896 participate in the
binding of NAD™, while E988 is critical for catalysis and
substrate positioning. Y896 stacks with the nicotinamide ring
(Steffen et al., 2013), H862 binds to the 2'-OH of NAD™T
adenine-ribose, and E988 makes a hydrogen bond with the
2’-OH of the nicotinamide-ribose and polarizes the NAD™
molecule for nucleophilic attack (Ruf et al., 1998). Alignment
of amino acid sequences of ART domains of PARPs revealed
a significant homology between human and plant enzymes:
PARP1 shared 49.6 and 45.6% homology with atPARP1 and
atPARP2, respectively. Noteworthy, human and plant PARPs
shared conserved catalytic triad H-Y-E: the catalytic triad of
human PARP1 H862-Y896-E988 corresponds to that of atPARP1
consisting of H833-Y867-E960 and atPARP2 consisting of H486-
Y520-E614 residues.

To ensure that the observed DNA repair activities of
recombinant atPARPs are not due to trace contamination
by either bacterial host proteins or other unknown factors,
we have constructed site-directed mutants of atPARP1 and
atPARP2 and then purified them using the same scheme as
for the wild-type proteins. The highly conserved catalytic E960
in atPARP1 and E614 in atPARP2 were replaced by either
lysine (K) or glutamine (Q) resulting in single substitution
mutants: atPARP1E90K| atPARP1F%0Q) and atPARP2EOI4K,
It should be noted that in the human PARP1 protein,
the corresponding mutations E988Q and E988K strongly
reduce > 40-fold the enzyme activity and convert PARPI
into a mono-ADP-ribosyl-transferase (Marsischky et al., 1995;
Rolli et al., 1997). The purified atPARP1F9K, atPARP1E990Q
and atPARP2FO1K  mutant proteins were incubated with
the 5/-32P-labeled Exol5eRex12TRe (S7) and pl0eRT-ANick
(S18) duplexes, respectively, to measure the DNA ADP-
ribosylation activity. The results revealed that the atPARP1E%60K
mutant protein completely lost DNA ADP-ribosylation activities
(Figure 5A, lanes 8-11), whereas, as expected, the atPARP1E960Q
mutant exhibited robust DNA MARylation activity (lanes
12-14). Noteworthy, at higher protein concentration, the
atPARP1F%90Q mutant was able to synthesize short ADP-
ribose oligomers, but rather in a distributive manner (lane
15). In control reactions, human PARP1 and WT atPARP1
synthesized mainly HMW PAR-DNA products (Figure 5A,
lanes 1 and 6-7, respectively). The atPARP2ESMK mutant
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FIGURE 4 | Effect of the DNA structure and nature of termini on the atPARP1- and atPARP2-catalyzed formation of PAR-DNA adducts; 250 nM atPARP proteins
were incubated with 20 nM [*2P]-labeled oligonucleotide in the presence of 1 mM NAD* for 30 min at 37°C. The products of the reaction were separated using
denaturing PAGE and the relative amounts of the PAR-DNA products were measured. (A) Denaturing gel showing the influence of terminal DNA phosphate residues
on atPARP2-catalyzed DNA PARylation. (B) Graphic representation of the effects of various DNA structures on atPARP1- and atPARP2-catalyzed DNA PARylation.
The data on PARP-catalyzed formation of PAR-DNA products are presented as mean + SD from three independent experiments. For details, see section “Materials
and Methods.”

at low protein concentration did not show detectable DNA
PARylation activity (Figure 5B, lanes 7-8), but exhibited a
very weak DNA mono-ADP-ribosylation (MARylation) activity
at higher protein concentration (lanes 9-10). In control
reactions, human PARP2 and WT atPARP2 showed efficient

DNA PARylation activity (Figure 5B, lane 2 and lanes
3-6, respectively). Altogether, these results indicate that the
highly conserved E960 of atPARP1 and E614 of atPARP2
are essential for DNA PARylation activities of plant enzymes
and that the preparations of plant proteins used in this
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FIGURE 5 | Denaturing PAGE analysis of the PAR-DNA adducts generated by atPARP mutants; 25-500 nM atPARP1 variants and human PARP1 were incubated
with 20 nM 5'-[*2P]-labeled Exo15eRex12TR¢¢ duplex (S7) and 1 mM NAD+ at 37°C for 30 min. On the other hand, 10-100 nM atPARP2 variants and human
PARP2 were incubated with 20 nM 5'-[32P]-labeled 10RT pT19RTeRT-AN duplex (S18) and 1 mM NAD* at 37°C for 30 min. (A) Analysis of the PAR-DNA
products generated by atPARP1-WT and atPARP1-E960K and atPARP1-E960Q mutants. (B) Analysis of the PAR-DNA products generated by atPARP2-WT and
atPARP2-E614K mutant. Arrows indicate HMW and LMW PAR-DNA products and free oligonucleotides. For more details, see section “Materials and Methods.”

study are not contaminated by some unknown bacterial ADP-
ribose transferases.

Analysis of the Structure and
Composition of PAR-DNA Adducts

The mammalian PARPs use DNA strand break termini
containing either the terminal phosphate residues or the 3'-
terminal cordycepin moiety with 2" hydroxyl group as acceptor
residues for ADP-ribose chain synthesis. To verify whether
plant PARPs employ the same mechanisms to modify DNA, we
incubated 5'-[32P]-labeled DNA duplexes with atPARPs and then
treated the reaction products with various enzymes including
(i) PAR glycohydrolase (PARG) that hydrolyzes ribose-ribose
O-glycosidic (1”7 —2’) bonds in PAR polymers to produce
monomeric ADP-ribose (Figure 6A); (ii) CIP that removes
phosphate groups from the 5 and 3’ ends of DNA strand
breaks; (iii) snake venom phosphodiesterase 1 (SVPDE1), which
digests DNA in the 3’ —5' direction producing dNMPs and
cleaves pyrophosphate bonds in a PAR polymer to generate
the 2’-(5”-phosphoribosyl)-5'-adenosine monophosphate (pRib-
AMP) compound as an end product (Figure 6A); (iv)
deoxyribonuclease I from bovine pancreas (DNAse I) that

non-specifically cleaves ssDNA and dsDNA to produce di, tri,
and oligomer DNA fragments; and (v) proteinase K, a highly
efficient non-specific serine protease that can efficiently digest
majority of proteins.

Incubation of the 5-[32P]-labeled ExoAeRexTNick (§13)
duplex with atPARP2 resulted in the formation of LMW and
HMW PAR-DNA complexes (Figure 6B, lanes 4 and 9). As
expected, the treatment of PAR-DNA complexes with PARG
resulted in complete disappearance of the ADP-ribosylated
DNA and restoration of the original 21-mer fragment (lane
6), indicating that PARG can completely remove ADP-ribose
moieties attached to DNA. However, these PAR-DNA complexes
were resistant to proteinase K, SDS, and heat treatment (lane
10), suggesting that the PAR polymer is not attached to the
atPARP2 protein. Indeed, the DNAse I treatment of PAR-DNA
complexes resulted in a faster mobility of LMW and HMW
products (Figure 6C, lane 10), indicating that PAR polymers
are linked to the labeled 21-mer fragment. Noteworthy, CIP
dephosphorylates free 5'-[**P]-labeled ExoAeRexTN'k duplex
(Figure 6B, lane 2 and Figure 6C, lane 3), but not the [32P]-
labeled LMW and HMW PAR-DNA adducts generated by
atPARP2 (Figure 6B, lane 5 and Figure 6C, lane 6), indicating
that the 5'-terminal P of PARylated oligonucleotides is not
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FIGURE 6 | Analysis of the products of enzymatic digestion of the PAR-DNA adducts. PAR-DNA products were generated by incubation of 20 nM 5’-[32P]-ExoA
pExo19eRexTNk oligonucleotide duplex (S13) with 250 nM atPARP2 in the presence of 1 mM NAD for 30 min at 37°C. After reactions, the samples were heated
for 20 min at 80°C and then incubated in the presence of either 50 pgejl~" PARG (in ADPR buffer), or 50 pgeml~ " proteinase K, or 0.1 U SVPDET (in SVPDE1
buffer) or 10 U CIP (in CIP buffer) for 60 or 30 min at 37°C, respectively. (A) Graphical representation of the formation of poly(ADP-ribose) polymer and enzyme
cleavage sites. (B) Denaturing PAGE analysis of the products of PARG- and proteinase-catalyzed digestion of the 5'-[32P]-labeled PAR-DNA products.
(C) Denaturing PAGE analysis of the products of SVPDE-, CIP-, and DNase-catalyzed digestion of the 5'-[32P]-labeled PAR-DNA products. Arrows indicate HMW
and LMW PAR-DNA products and the 21-mer free oligonucleotide. Asterisk indicates a non-specific ligation product produced by E. coli NAD*-dependent DNA
ligase A.

accessible to the phosphatase. Moreover, the efficient shielding
of 5'-[*2P] groups from CIP, by the short ADP-ribose oligomers
attached to ExoA oligonucleotide in LMW PAR-DNA products
(Figure 6B, lane 5 and Figure 6C, lane 6), suggests that these
DNA 5'-phosphates are protected via covalent phosphodiester
bond between 5P and C1’ of ADP-ribose.

Under the reaction conditions used, SVPDE1 degrades the
free 5'-[*2P]-labeled ExoAeRexTNk duplex in the 3’ —5'
direction, resulting in the appearance of a fast migrating
ladder with bands below the 21-mer fragment (Figure 6C,
lane 2). Incubation of the PARylated ExoAeRexTNK duplex
with SVPDE] resulted in a disappearance of LMW and HMW

PAR-DNA complexes (lane 5), indicating that the enzyme
degrades PAR by cleaving the pyrophosphate bonds within
a polymer chain. The SVPDE1-catalyzed hydrolysis of [*2P]-
labeled PAR-DNA products converted the LMW and HMW
complexes back to a free DNA fragment, which migrates
somewhat similar to a free 21-mer (lane 5). We propose
that this SVPDE1-generated 21-mer fragment still contains the
phosphoribosyl moiety left after the hydrolysis of the last ADP-
ribose monomer linked to the terminal DNA phosphate residue
at the 5" end of ExoA. In agreement with this, the combined
treatment of 5'-[>2P]-labeled PAR-DNA products with SVPDE1
and CIP resulted in the appearance of a band (lane 7) that
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migrated more slowly than free 21-mer 5'-[*2P]-labeled ExoA
(lane 1). This result strongly suggests the presence of a protecting
ribose moiety at the 5" end of the ADP-ribosylated ExoA that
remains after the removal of PAR and phosphate residue by
SVPDEI and CIP, respectively.

Next, we examined the structure and composition of
PAR-DNA adducts generated by atPARP1. For this, the 5'-
[32P]-labeled PARylated Exol5eRex12TRee (S7) oligonucleotide
duplexes were incubated with PARG, CIP, DNAse I, and
PRK. As expected, PARG treatment of PARylated DNA, but
not that of PRK, completely restored the native structure
of the 15-mer oligonucleotide (Supplementary Figure S3).
PARylated Exol5eRex12TR¢ duplexes, contrary to free
oligonucleotides, were resistant to CIP and DNAse I treatments
(Supplementary Figure S3). These results indicate that
both atPARPs ADP-ribosylate DNA oligonucleotides in a
similar manner by generating structurally similar PAR-
DNA adducts. Thus, we can conclude that plant PARPs,
similar to their mammalian counterparts, catalyze covalent
attachment of an ADP-ribose unit to DNA termini via a
phosphodiester bond between DNA terminal phosphate residue
and C1’ of ADP-ribose.

Nucleoside Diphosphate-Linked Moiety
X Hydrolase Cleaves the PAR-DNA
Complexes to Generate the
Phosphoribosylated DNA Adducts

Previously, it was demonstrated that nucleoside diphosphate-
linked moiety X (Nudix) hydrolases can act on a free ADP-
ribose residue (and on a PAR polymer attached to a protein)
by hydrolyzing the pyrophosphate bonds (Mildvan et al., 2005).
In addition, Nudix hydrolases can cleave a long PAR polymer
attached to DNA (Palazzo et al., 2015; Talhaoui et al., 2016;
Belousova et al., 2018); here, this property was exploited to
further characterize DNA ADP-ribosylation catalyzed by plant
PARPs. For this, the 5'-[*?P]-labeled ExoAeRexTNik (S13)
and Exol5eRex12TR¢¢ (S7) duplexes were ADP-ribosylated by
atPARP1 and atPARP2, respectively, and the resulting PAR-DNA
complexes were incubated with an excess amount of the human
Nudix hydrolase, NUDT16, and the products of reaction were
analyzed by denaturing PAGE.

Incubation of the 5-[32P]-labeled free oligonucleotide
duplexes with an excess amount of NUDT16 resulted only
in slight degradation of the 21-mer oligonucleotide, whereas
the shorter 15-mer oligonucleotide degraded more strongly
(Figure 7, lanes 2 and 9, respectively), suggesting that the
human Nudix hydrolase contains a weak non-specific nucleolytic
cleavage activity. NUDT16 completely degraded the PAR-DNA
adducts and generated distinct DNA fragments that migrated
similar to free 21-mer and 15-mer oligonucleotides (lanes 5 and
12). The mechanism of action of NUDT16 on PAR suggests that
a phosphoribosyl (pRib) moiety attached to the 5'-terminal [**P]
residue at DNA termini (21-*p-Rib-p and 15-*p-Rib-p, where
the asterisk denotes a radioactive 32P residue) should remain
after NUDT16-catalyzed hydrolysis of pyrophosphate bonds of
the ADP-ribose unit was covalently linked to DNA. As expected,

the treatment of NUDT16-derived DNA oligonucleotides with
CIP resulted in the appearance of the distinct 5'-monoribosylated
21- and 15-mer DNA fragments (lanes 7 and 14, respectively),
which migrated more slowly than free 21- and 15-mer DNA
oligonucleotides (lanes 1 and 8, respectively) and the 5'-mono-
phosphoribosylated 21- and 15-mer NUTD16 products (lanes
5 and 12, respectively). These results suggest that NUTD16
generated the 21-*p-Rib-p and 15-*p-Rib-p fragments by
hydrolysis of the PARylated 21- and 15-mer oligonucleotides,
respectively. After that, CIP dephosphorylated NUTDI16
products to generate monoribosylated 21-*p-Rib and 15-*p-Rib
fragments which still contain 3P residue. Noteworthy, CIP did
not remove the 5'-[32P] residue in PARylated DNA fragments,
even after hydrolysis of the PAR polymer by NUDT16 (lanes
5-12), indicating that the remaining ribose sugar moiety protects
5'P in the 5'-[*?P]-ExoA(Ex015)-p*-Rib oligonucleotide. These
results further confirms that the plant PARPs catalyze covalent
attachment of an ADP-ribose unit to DNA via a phosphodiester
bond between DNA 5P and C1” of ADP-ribose.

Identification of the ADP-Ribose-DNA
Adducts by Matrix-Assisted Laser
Desorption lonization Time-of-Flight

Mass Spectrometry

In the above data, a putative molecular mechanism of
Arabidopsis atPARP-catalyzed DNA PARylation is revealed
from the migration pattern of end-labeled DNA fragments in
a denaturing PAGE (Figures 6, 7). To further substantiate
the mechanism of action of atPARP enzymes on duplex
oligonucleotides, we characterized the nature of PAR-DNA
adducts by MALDI-TOF MS analysis of the PARylated DNA
products. For this purpose, we selected atPARP2 as the most
efficient enzyme and constructed cold non-radioactive 30-mer
nicked duplex oligonucleotide (referred to here as p10eRT- ANk
or S18), composed of a 30-mer (RT-A) template strand and two
5’-phosphorylated complementary strands: 10-mer (p10) and
19-mer (p19), as DNA substrate (Supplementary Table S1). It
should be noted that, when acting upon p10eRT-ANIK, atPARP2
generates mainly LMW PAR-DNA products, which migrate as
DNA ladders in the denaturing gel, indicating the presence of
short ADP-ribose oligomers (1-20 units) linked to the 10-mer
fragment (Supplementary Figure S4). Furthermore, short, low-
molecular-weight oligonucleotides (such as 10-mer in pl0eRT-
ANK) have in general higher probability of detection by MALDI-
TOF MS as compared with their long, high-molecular-weight
oligonucleotide analogs (such as 21-mer in ExoAeRexTN, or
S13) (Nordhoff et al., 1996); thus, the employment of p10eRT-
ANIK allowed us to significantly increase the sensitivity of
mass spectrometry.

MALDI-TOF analysis of the mock-treated pl10eRT-ANick
duplex showed the presence of two major peaks at [M-
H]™ = 3,105.6 Da and [M-H]™ = 5,949.5 Da corresponding
to the phosphorylated 10-mer and 19-mer oligonucleotides,
as well as a minor peak corresponding to 30-mer RT-A
oligonucleotide (Figure 8A). Analysis of the mass spectra of the
atPARP2 ADP-ribosylated p10eRT-AN duplex oligonucleotide
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The 20-nM 5'-[32P]-labeled ExoA pExo19eRexTNCk duplex (S13) was incubated with 250 nM atPARP2 and 1 mM NAD™, and the 20-nM 5'-[32P]-labeled
Exo15eRex12TRe¢ duplex (S7) was incubated with 250 nM atPARP1 and 1 mM NAD* at 37°C for 30 min. After incubation with atPARPs, the samples were heated
for 20 min at 80°C and the resulting [*2P]-labeled HMW products were further incubated with 20 WM NUDIX16. Arrows indicate phosphoribosylated (Rib-p),
ribosylated (Rib), and native [*2P]-labeled 21-mer and 25-mer oligonucleotides, “*p” stands for a labeled phosphate residue. Asterisk indicates a nonspecific ligation
product produced by E. coli NAD*-dependent DNA ligase A. For more details, see section “Materials and Methods.”
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revealed two monocharged peaks at [M-H]™ = 3,647.9 and
4,189.5 Da corresponding to the 5'-phosphorylated 10-mers
that contain one and two ADP-ribose residues, respectively
(calculated mass, 3,647 and 4,187 Da) (Figure 8B). These
results indicate that atPARP2 catalyzes covalent attachment
of ADP-ribose residues to the 5'-phosphorylated 10-mer
(p10) oligonucleotide. In conclusion, these data are in good
agreement with those obtained through the analysis of the
PAR-DNA products on denaturing PAGE (Figures 6, 7) and
unambiguously confirm the formation of the covalent PAR-DNA
adducts by plant PARPs.

The Switch of atPARP2 Substrate
Specificity Depends on the Presence of
Terminal Phosphates and DNA Duplex

Configuration
Depending on the specific configurations of multiple closely
spaced DNA strand breaks, mammalian PARP1-3 can switch

their substrate specificity from protein to DNA only ADP-
ribosylation (Zarkovic et al, 2018; Matta et al, 2020). In
order to assess the relative efficiency of atPARP2-catalyzed
auto- (protein) versus DNA ADP-ribosylation activities, we
used non-radioactive (cold), non-phosphorylated, nicked
40-mer ExoAeRexTNk duplex as a cofactor and cold
phosphorylated pExoAeRexTNc  duplex (S13) as a DNA
substrate. It should be noted that the pExoAeRexTN'k duplex
containing 5-phosphorylated 21-mer fragment is prone to
covalent ADP-ribosylation by human and plant PARPs at the
5/-terminal phosphate residue, whereas the ExoAeRexTNick
duplex containing non-phosphorylated 21-mer fragment is
not a substrate for ADP-ribosylation by PARPs. Importantly,
both DNA duplexes can activate auto-ADP-ribosylation of
mammalian and plant PARPs. To avoid the formation of
long PAR polymers, we incubated 10-fold the molar excess
of DNA duplexes (10 pwM) over atPARP2 (1 puM) in the
presence of limited amount of radioactively labeled [adenylate-
2PINADT (1 pM). We expected that under this particular
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FIGURE 8 | MALDI-TOF MS analysis of the mono- and poly-ADP-ribosylated oligonucleotides generated by atPARP2. Five micromolars of the cold
5’-phosphorylated non-radioactive p10eRT-ANCK duplex (S18) was ADP-ribosylated in the presence of 2.5 M of atPARP2 and 1 mM NAD+ at 37°C for 1 h.
(A) MALDI-TOF spectrum of the control mock-treated cold 5'-phosphorylated RTN duplex. (B) MALDI-TOF spectrum of the unpurified atPARP2 reaction products
supplemented with the purified 10-mer p-10-RT-poly-ADP-ribose fragment as a size marker. For more details, see section “Materials and Methods.”

reaction conditions, atPARP2 and other PARPs would favor
the MARylation, rather than PARylation, of proteins and
DNA. Human PARP3 was used as a control, because when
acting upon pExoAeRexTNik duplex, this enzyme switches
its substrate specificity from auto- to only DNA MARylation
(Zarkovic et al.,, 2018). However, if PARP3 acts upon the non-
phosphorylated ExoAeRexTNk duplex as DNA cofactor, it
switches to auto-MARylation.

As shown in Figure 9, human PARP3 incubated with cold
pExoAeRexTNIk  duplex (S13) and [adenylate-*2P]NAD*
generated MARylated 21-mer pExoA fragment (lane
7), which migrated slower than the 21-mer size marker
(lane 13), whereas no DNA MARylation occurred when
PARP3 was incubated with the non-phosphorylated 40-mer
nicked duplex (lane 12). On the other hand, incubation of

atPARP2 with cold phosphorylated pExoAeRexTNik and
radioactive NAD™ resulted in the generation of a major
band at the top of the gel, smears, and a minor band
migrating similar to MARylated 21-mer pExoA fragment
(lane 3). Formation of the major band at the top of the
gel suggests auto-ADP-ribosylation of atPARP2, whereas
the appearance of the smearing and modified 21-mer
pExoA fragment suggests PARylation and MARylation of
DNA, respectively. In agreement with these, treatment of
the atPARP2 reaction products by proteinase K resulted
in the disappearance of a major band and a dramatic
decrease in smearing, but not the minor band (lane 4). As
expected, DNAse I and PARG treatments resulted in the
complete disappearance of the minor MARylated 21-mer
pExoA fragment, but not the major band (lanes5and 6).
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FIGURE 9 | Comparison of the relative efficiency of atPARP2-catalyzed auto-
and DNA ADP-ribosylation; 1 M atPARP2 and 50 nM human PARP3 were
incubated with 10 WM cold oligonucleotide duplexes in the presence of 1 uM
[adenylate-32P]-NAD for 30 min at 37°C. The reaction products were
analyzed by denaturing PAGE. Arrows indicate PAR-DNA, mono-ADPr-p21
mer products and free 21-mer oligonucleotide. For more details, see section
“Materials and Methods.”

These results suggest that atPARP2 when acting upon
phosphorylated nicked duplex can partially switch its substrate
specificity from protein to DNA, but keeps its preference for
auto-ADP-ribosylation.

Incubation of atPARP2 with cold non-phosphorylated
ExoAeRexTNik duplex and radioactive NAD' resulted in
the generation of a major band at the top of the gel and
some smearing, and no discrete bands migrating between
21-mer pExoA fragment and the top of the gel were
observed (Figure 9, lane 8). Proteinase K treatment, but
not that of DNAse I and PARG, resulted in the complete
loss of a major band, suggesting auto-ADP-ribosylation
of atPARP2 (lane 9 versus lanes 10-11). Noteworthy, the
PARG treatment resulted in a significant decrease of the top
band and smearing, suggesting the presence of PARylated
atPARP2 protein and free PAR polymer (lane 11). Taken
together, these results strongly suggest that DNA fragments
containing multiple closely spaced phosphorylated strand
break termini are prone to covalent modifications by
plant PARP proteins.
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PAR-*p22

<22mer

FIGURE 10 | AtPARP2 poly-ADP-ribosylates linear plasmid 2.3 kb DNA
fragment; 1 nM 5'-[*2P]-labeled linearized nicked pML2 plasmid DNA was
incubated with 2.5-40 nM atPARP2 under the standard reaction conditions.
After incubation, the reaction products analyzed by denaturing PAGE. Arrows
indicate HMW and LMW PAR-DNA products and free oligonucleotides. For
more details, see section “Materials and Methods.”

Previously, it has been demonstrated that mammalian
PARPs can ADP-ribosylate with high efficiency long plasmid
DNA fragments containing an SSB in close proximity to
DSB termini (Zarkovic et al, 2018). To examine whether
atPARP2 could ADP-ribosylate high-molecular-weight DNA
fragments, we constructed a linear 2,934-bp plasmid-based
DNA fragment containing a single nick 22 nt away from
the 5'-[32P]-labeled blunt-ended DSB (Figure 10). The 40-nM
atPARP2 protein exhibited robust ADP-ribosylation of the 5'-
phosphorylated 22-mer fragment which positioned between
nick and DSB end (lane 6), suggesting that the DNA ADP-
ribosylation activity of Arabidopsis PARPs is not limited to
short oligonucleotide duplexes, but extends to high-molecular-
weight DNA structures. Taken together, these data showed that
plant PARPs have broad DNA substrate specificities similar
to that of mammalian counterparts, although atPARP2 has
more efficient DNA ADP-ribosylation activity as compared with
that of atPARP1.
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FIGURE 11 | Detection of ADP-ribosylation in plant cells. (A) Western blot
analysis of protein ADP-ribosylation in WT and mutant plant extracts.
Wild-type Col-0 and AP endonuclease-deficient ARP~/~ mutant seeds were
grown on MS agar medium. Two-week-old Arabidopsis plants were
transferred to 10 ugeml=—" of bleomycin for 18 h. Total proteins were
extracted from whole plants, separated by SDS-PAGE, and analyzed by
immunoblotting using anti-PAR and anti-atPARP2 antibodies. Arrows indicate
PARylated proteins and atPARP2 protein. (B) Detection of PAR-DNA adducts
in gDNA extracted from 14-day-old seedlings grown under either normal
conditions or genotoxic stress. Different quantities of gDNA in TE buffer

(10 mM Tris-Cl pH 8.0, 1 mM EDTA) were spotted onto a nylon membrane,
followed by mouse monoclonal anti-poly(ADP-ribose) antibody 10H dot
blotting. For more details, see section “Materials and Methods.”

Search for PAR-DNA Adducts in Plant
Genomic DNA After a Genotoxic

Treatment

To measure ADP-ribosylation in vivo, cell-free extracts and
cellular DNA from Arabidopsis were analyzed by immunoblotting
using the homemade polyclonal rabbit antibodies against
atPARP2 and commercial anti-PAR monoclonal antibody. The
Arabidopsis PARPs were activated by plant exposure to bleomycin
(10 wgeml™!). To measure protein ADP-ribosylation, soluble
cell-free extracts form A. thaliana WT and arp~/~ (AP
endonuclease-deficient) mutant were separated on SDS-PAGE
gel, and then Western blotted using anti-PAR and anti-
atPARP2 antibodies (Figure 11A). Anti-PAR antibody detected
a weak PARylation activity in non-treated WT plants, which
strongly increased after exposure of the plants to bleomycin
(lanes 1 and 2, respectively), suggesting that DNA strand
breaks induced by bleomycin activate PARP-catalyzed ADP-
ribosylation. Noteworthy, the level of PARylation in non-treated
arp~/~ mutant plants (lane 3) was significantly higher as
compared with WT (lane 1), suggesting the accumulation of
unrepaired DNA strand breaks in the absence of major plant
AP endonuclease and activation of the DNA damage signaling
pathway. As expected, the exposure to bleomycin of the arp™/~
mutant leads to a significantly higher level of PARylation (lane
4) as compared with both control non-treated arp~/~ plants
(lane 3) and even treated WT plants (lane 2), suggesting that
ARP participates in the repair of bleomycin-induced DNA strand
breaks. Western blot using anti-atPARP2 antibodies showed
bleomycin-induced overexpression of the atPARP2 protein in
WT and arp~/~ mutant plants (lanes 8 and 10) as compared with
non-treated controls (lanes 7 and 9). Again, the overexpression
of atPARP2 in response to DNA damage was significantly higher
in arp~/~ mutant plants as compared with WT ones (lane 10
versus 8). Overall, these results suggest that in the response
to DNA damage, plants activate protein ADP-ribosylation and
overexpress the atPARP2 protein.

To examine a putative DNA ADP-ribosylation activity in
living cells, gDNA were isolated from WT and atPARP-
deficient plants treated or not with bleomycin and examined
for the presence of PAR. The gDNA were repeatedly purified,
including extensive RNAse A and proteinase K treatments
followed by phenol/chloroform extraction, and then analyzed
by the dot blotting technique using the mouse anti-PAR
monoclonal antibody and the rabbit monoclonal anti-pan-ADP-
ribose binding reagent (MABE1016). Immunodot blot analysis
of 0.9 and 0.6 pg of the gDNA isolated from control non-
treated WT, atPARP1~/~, atPARP2~/~, and double mutant
atPARP1=/~ atPARP2~/~ revealed the presence of PAR in
all samples (Figure 11B and Supplementary Figure S5). The
gDNA purified from bleomycin-treated plants showed increased
presence of PAR, as compared with non-treated controls.
Nevertheless, the presence of gDNA-associated PAR in control
non-treated WT and atPARPs~/~ mutant plant suggest two
possibilities: (i) contamination of the purified gDNA with
PARylated peptides that are tightly bound or cross-linked to
DNA and highly resistant to proteinase K treatments or with
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free ADP-ribose oligomers which may exist in non-covalent
intertwined complexes with gDNA and (ii) cross-reactivity or
non-specific recognition of some DNA structures present in plant
gDNA by monoclonal anti-PAR antibodies. Taken together, these
results demonstrate that the PAR-specific antibodies, although
good to detect PARylated proteins, have very limited use to
detect covalent PAR-DNA adducts because they are not able
to specifically recognize DNA nucleotide linked to ADP-ribose.
Thus, new types of antibodies are required to detect ADP-
ribosylated DNA in living cells that can recognize both ADP-
ribose and DNA nucleotide with high specificity.

DISCUSSION

In the present work, by using in vitro approaches, we
demonstrated that plant A. thaliana poly(ADP-ribose)
polymerases atPARP1 and atPARP2, similar to their mammalian
counterparts, ADP-ribosylate  DNA strand break termini
harboring terminal phosphate residues. Particularly, atPARPI,
like human PARPI, preferentially PARylates recessed DNA
duplex and exhibits the following order of preference:
Rec > Nick > Gap duplexes. On the other hand, atPARP2,
like mammalian PARP2, PARylates Nick and Gap duplexes
more efficiently than recessed duplex and displays the following
order of preference: Nick > Gap > Rec duplexes (Figure 2).
Kinetics of DNA PARylation and optimal concentrations
of NAD' and enzymes were determined (Figure 3 and
Supplementary Figure S2). We further substantiated the DNA
substrate requirements for the efficient ADP-ribosylation of
DNA strand breaks by plant PARPs (Figure 4). Noteworthy,
contrary to mammalian enzymes, atPARP2 exhibited higher
DNA PARylation activity, than atPARP1, on the majority of DNA
substrates tested. Nevertheless, the atPARP1, but not atPARP2,
was able to PARylate recessed DNA duplex containing short
15-mer oligonucleotide with 5'-terminal phosphate, suggesting
that these plant enzymes have non-overlapping DNA substrate
specificities. It should be stressed that the plant PARPs were
particularly sensitive to the distance that separate DSB and SSB
(presented in the form of nick, gap, or ssDNA tail) in a DNA
duplex. For example, atPARP1 exhibited preference for DNA
substrates containing two strand breaks separated by 1.5 turns of
helix, whereas atPARP2 preferred the distance of 1 or 2 turns of
helix (Figure 4). Thus, the presence of multiple closely spaced
DNA strand breaks, their comparative positioning, and the
nature of 5 and 3’ termini in the DNA substrate are essential for
the atPARP-catalyzed DNA ADP-ribosylation. Overall, except
higher activity of atPARP2, the substrate specificities of plant
atPARPI1 and atPARP2 proteins were very similar to that of their
mammalian counterparts PARP1 and PARP2, respectively.

The plant atPARPs share structural similarity with other PARP
family members and contain a highly conserved catalytic triad
“H-Y-E” in their ART domains. In this study, single substitution
mutants—atPARP1F90K, atPARP1F90Q, and atPARP2F6!4K —in
which a highly conserved glutamic acid residue in the catalytic
triad was replaced by lysine or glutamine, were characterized
for DNA ADP-ribosylation activity. As expected, all plant
mutant atPARPs, similar to the corresponding mammalian

mutants, have greatly reduced DNA PARylation activities
(Figure 5). Nevertheless, atPARP1E900Q and  atPARP2E6I4K
mutants exhibited from robust to very weak DNA MARylation
activity, respectively. Thus, these results demonstrate that
highly conserved glutamic acid residue in the catalytic triad
of plant atPARPs is required for DNA PARylation activities
and that the preparations of recombinant PARP proteins
are not contaminated by some uncharacterized host ADP-
ribose transferases.

Biochemical analysis of the structure and composition of
PAR-DNA adducts generated by plant PARPs, using the
following enzymes: PARG, CIP, SVPDE1, DNAse I and PRK,
revealed that similar to their mammalian counterparts, atPARPs
utilize the 5-terminal DNA phosphates as acceptor residue
to covalently attach the ADP-ribose unit to synthesize the
PAR polymer (Figure 6 and Supplementary Figure S3).
We further substantiated the molecular mechanism of the
plant atPARP-catalyzed DNA ADP-ribosylation by identifying
the products of PAR-DNA degradation with human Nudix
hydrolase, NUDT16. NUDT16 cleaves the PAR polymer attached
to [32P]-labeled oligonucleotide duplex and generates ribosylated
DNA fragment, in which the terminal phosphate residue
is protected from dephosphorylation by CIP (Figure 7).
These results indicate that atPARPs transfer ADP-ribose
unit to terminal DNA phosphate residue at the strand
break termini to generate a phosphodiester bond between
DNA 5P and C1’ of ADP-ribose. The putative molecular
structure of ADP-ribose-p-DNA adduct was further confirmed
by MALDI-TOF MS analysis of the ADP-ribosylated DNA
fragments (Figure 8 and Supplementary Figure S4). The
mass spectra of the atPARP2 ADP-ribosylated p10eRT-ANIK
duplex oligonucleotide (S18) showed the presence of two
new peaks corresponding to the 5-phosphorylated 10-mers
containing one and two ADP-ribose residues (Figure 8B).
Thus, the mass spectrometry data and biochemical analysis
demonstrate that the structure of the covalent PAR-DNA adducts
generated by plant atPARPs is the same as that synthesized by
mammalian PARP enzymes.

Depending on the structure of DNA, mammalian PARPs
can switch their mode of action from auto-ADP-ribosylation
to DNA ADP-ribosylation (Zarkovic et al., 2018; Matta et al.,
2020). Here, we demonstrate that plant atPARP2 can acquire
additional substrate specificity when acting on 5’'-phosphorylated
nicked DNA duplex (Figure 9). Contrary to human PARP3,
atPARP2 did not completely switch from auto- to DNA ADP-
ribosylation when acting on its preferred DNA substrate, but
continue to act on both substrates: protein and DNA, with
the preference for the former one. Under the experimental
conditions used, the non-phosphorylated nicked DNA duplex
activates atPARP2-catalyzed auto-ADP-ribosylation to a similar
extent as the phosphorylated one. It is possible that a certain
configuration of the phosphorylated strand break termini in a
DNA substrate, not examined in this work, would enable more
pronounced switch from auto- to DNA ADP-ribosylation in plant
atPARP2. Importantly, similar to mammalian PARPs, the DNA
ADP-ribosylation activity of plant atPARP2 is not limited to short
duplex oligonucleotides, but is also efficient toward strand breaks
within high-molecular-weight linear plasmid DNA (Figure 10),
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suggesting that in plants, covalent modification of DNA may
occur in chromosomal context.

We attempt to examine a possible biological role of
atPARP-dependent DNA ADP-ribosylation by immunoblotting
of the purified genomic DNA from plants to detect PAR-
DNA adducts. The results revealed that two commercial
monoclonal anti-PAR antibodies recognize gDNA isolated from
both control non-treated and bleomycin-treated plants and
also wild-type and PARP-deficient plants (Figure 11 and
Supplementary Figure S5), suggesting that the approach used
in the present study lacks sufficient specificity to detect PAR-
DNA adducts in gDNA. New more advanced tools are required to
reliably distinguish the ADP-ribosylated DNA products from the
ADP-ribosylated proteins and free PAR polymers in living cells.

Overall, the plant atPARP1 and atPARP2 contain less
efficient DNA ADP-ribosylation activity as compared with their
mammalian homologs PARP1 and PARP2. In addition, contrary
to mammalian PARPs, atPARP2 is a major poly(ADP-ribose)
polymerase in Arabidopsis and has higher activity than atPARP1.
AtPARP-catalyzed DNA ADP-ribosylation strongly depends on
the presence of closely spaced multiple DNA strand breaks,
which are located within either 1.5 or 1.0 and 2.0 turns of
helix. In summary, the finding that plant poly(ADP-ribose)
polymerases can covalently modify the termini of DNA strand
breaks by covalent attachment of PAR chains in vitro suggests that
this property is universally conserved among eukaryotic PARPs
and that in plants cellular DNA may undergo postreplicative
modification in response to DNA damage.
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Human telomeres as well as more than 40% of human genes near the promoter
regions have been found to contain the sequence that may form a G-quadruplex
structure. Other non-canonical DNA structures comprising bulges, hairpins, or bubbles
may have a functionally important role during transcription, replication, or recombination.
The guanine-rich regions of DNA are hotspots of oxidation that forms 7,8-dihydro-
8-oxoguanine, thymine glycol, and abasic sites: the lesions that are handled by the
base excision repair pathway. Nonetheless, the features of DNA repair processes in
non-canonical DNA structures are still poorly understood. Therefore, in this work, a
comparative analysis of the efficiency of the removal of a damaged nucleotide from
various G-quadruplexes and bulged structures was performed using endonuclease VIII-
like 1 (NEIL1), human 8-oxoguanine-DNA glycosylase (OGG1), endonuclease IIl (NTH1),
and prokaryotic formamidopyrimidine-DNA glycosylase (Fpg), and endonuclease VI
(Nei). All the tested enzymes were able to cleave damage-containing bulged DNA
structures, indicating their important role in the repair process when single-stranded
DNA and intermediate non-B-form structures such as bubbles and bulges are formed.
Nevertheless, our results suggest that the ability to cleave damaged quadruplexes is an
intrinsic feature of members of the H2tH structural family, suggesting that these enzymes
can participate in the modulation of processes controlled by the formation of quadruplex
structures in genomic DNA.

Keywords: base excision repair, DNA glycosylase, G-quadruplex, DNA bulge, pre-steady-state kinetics,
fluorescence

INTRODUCTION

Exogenous and endogenous agents such as very reactive cell metabolites, external environmental
compounds, and ionizing or UV irradiation constantly damage cellular DNA. The main sources of
endogenous damage to DNA are reactive oxygen species (ROS). The latter give rise to various DNA
base lesions, including thymine glycol (Tg), 7,8-dihydro-8-oxoguanine (8-oxoguanine, 0xoG), 4,6-
diamino-5-formamidopyrimidine (Fapy-A), and 2,6-diamino-4-hydroxy-5-formamidopyrimidine
(Fapy-G; Wallace, 2002; Evans et al., 2004). Damages to DNA bases can be mutagenic and when
unrepaired may result in blockage of DNA polymerases, base mispairing, and finally genomic
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instability (Wallace, 2002). The bulk of this endogenous burden
is managed by base excision DNA repair (BER). The latter
involves a few DNA N-glycosylases specific to the removal of a
large spectrum of alkylated, oxidized, or deaminated bases, and
sometimes normal mispaired bases; this process generates abasic
(apurinic/apyrimidinic; AP) sites in DNA (Friedman and Stivers,
2010; Svilar et al., 2011).

Aside from the canonical duplex structure, DNA can populate
a large variety of states, from four-stranded arrangements
to single-stranded conformations. Guanine-rich nucleic acid
molecules can fold into non-B form RNA or DNA structures
called G-quadruplexes. These are secondary structures formed
by four strands of certain G-rich sequences of nucleic acids.
They are a consequence of stacking of multiple stable “G-
quartets,” i.e., planar arrangements of four guanines held together
by Hoogsteen hydrogen bonds and additionally stabilized by
monovalent cations (usually Nat or K*; Sen and Gilbert, 1988,
1990). G-quadruplex topologies can be categorized into several
types, such as parallel, antiparallel, and hybrid (Wang and Patel,
1993; Parkinson et al., 2002; Ambrus et al., 2006; Phan et al,,
2006, 2007; Dai et al., 2007). Typically, the syn/anti-glycosidic
conformation of guanines is regarded as a major factor for
the folding of the G-quadruplex structure. There is specific
nomenclature for G4 folds in the repeat sequence of the telomere,
where the parallel fold is termed the propeller, and the antiparallel
fold coordinately bound to potassium ions is termed the hybrid
and can have two conformations (Xu, 2011). In the parallel folds,
loops are double-strand reversals, and in antiparallel folds, loops
are edgewise, diagonal, and/or double-strand reversals.

The structure and function of G-quadruplexes have aroused
much interest. Recently, they were implicated in some human
genetic neurodegenerative diseases (Haeusler et al., 2014; Brcic
and Plavec, 2015). G-quadruplexes are thought to be also
crucial for DNA replication (Besnard et al, 2012; Valton
et al., 2014), telomere maintenance (Paeschke et al., 2005,
2008; Xu, 2011), genome rearrangements (Ribeyre et al., 2009;
Lemmens et al., 2015), the DNA damage response (Rodriguez
et al.,, 2012; Lopez et al.,, 2017), chromatin structure (Hinsel-
Hertsch et al., 2016; Mao et al., 2018), RNA processing (Kwok
et al., 2016), and transcriptional (Fernando et al., 2009; David
et al., 2016), or translational regulation (Kumari et al., 2007;
Kwok et al, 2015). Human telomeres consist of a 100-
200 bp 3’ single-stranded overhang with 5-TTAGGG-3’ repeats
(McElligott and Wellinger, 1997).

It should be mentioned that the most important oxidative
damaged bases in the 5-TTAGGG-3’ context are Tg and oxoG:
the major oxidation products of DNA thymine and guanine,
respectively. It is known that Tg is an effective block for DNA
polymerases and consequently a lesion lethal to the cell, whereas
0x0G is a premutagenic lesion causing a mispairing with adenine
(Wallace, 2002; Fleming and Burrows, 2017).

It has been shown previously that guanine-to-8-oxoguanine
(Vorlickova et al., 2012b) or guanine-to-adenine (Tomasko et al.,
2009) substitutions and guanine abasic lesions (Skolékovi et al.,
2010) in the telomeric quadruplex support a noticeable tendency:
it is not the lesion type but the position of the modification that
determines the impact on the stability and conformation of the

quadruplex. It has been found that most sensitive sites are located
in the middle tetrad. Owing to the preference of 0xoG for the
syn conformation, distinct responses have been registered when
guanines were replaced with various glycosidic conformations.
OxoG accommodation at sites that were originally in an anti
or syn conformation in a unsubstituted telomeric G-quadruplex
requires, respectively, a slight structural rearrangement or a large
conformational shift (Bielskutel et al., 2019). Nonetheless, the
resulting structures still conform to a hybrid-type topology and
are stable at physiological temperatures.

Despite the important functions that G-quadruplexes perform
in gene transcription and telomere biology, the features of
initiation of base excision processes by DNA glycosylases
in non-canonical structures, including quadruplexes, are still
poorly understood. In humans, 11 DNA glycosylases have been
identified that specialize in the recognition and removal of
various damaged bases. A comparison of the known structures
of DNA glycosylases has uncovered six structural families having
common structural domains: HhH-GPD, H2tH, UDG, AAG,
ALK, and T4 Endo V (Brooks et al., 2013).

There are a few biochemical works (Zhou et al., 2013,
2015; Makasheva et al., 2020) showing how DNA glycosylases
of two structural families H2tH (NEIL1, NEIL2, and mNeil3)
and HhH-GPD (OGG1 and NTHI1) remove oxidized lesions
from a telomeric quadruplex or DNA bubble structures. It
was shown that only mNeil3 exerts an excision activity on Tg
in a quadruplex DNA. Nonetheless, guanidinohydantoin, and
spiroiminodihydantoin, which are further oxidation products
of oxoG, in quadruplex DNA, are good substrates for both
mNeil3 and NEIL1 (Zhou et al., 2013). It was revealed that
none of the glycosylases has an activity toward quadruplex
DNA containing 0xoG. Of note, a recently published (Brazda
et al, 2018) detailed analysis of amino acid composition of
all the known human G-quadruplex-binding proteins revealed
a conserved RG-rich domain as a common feature of human
G-quadruplex-binding proteins. Unexpectedly, this motif was
identified in human enzymes NEIL1-NEIL3, which belong to the
H2tH structural family.

To further evaluate the ability of DNA glycosylases that belong
to different structural families to hydrolyze the N-glycosidic
bond of damaged bases in G-quadruplexes and bulged structures,
in this work, we performed a comparative analysis of the
efficiency of damage removal by human DNA glycosylases
NEILI, OGG1, and NTHI. As a control, two prokaryotic
enzymes from the H2tH structural family were examined:
formamidopyrimidine-DNA glycosylase (Fpg) and endonuclease
VIII (Nei), which are responsible for the removal of oxoG
and Tg, respectively. Direct registration of product formation
by polyacrylamide gel electrophoresis (PAGE) helped us to
estimate the effectiveness of enzymatic hydrolysis of damaged
G-quadruplexes under the same experimental conditions. The
recognition of a specific site in the substrate is accompanied by a
conformational adjustment (of the enzyme and DNA) optimizing
specific contacts in the enzyme-substrate complex; therefore, we
performed a kinetic pre-steady-state analysis of conformational
changes in enzymes and damaged quadruplexes during their
interaction. Conformational real-time rearrangements of DNA
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during the interaction with DNA glycosylases were visualized by
detection of fluorescence reporters incorporated into DNA, e.g.,
the FAM/BHQ1 Forster resonance energy transfer (FRET) pair or
a 2-aminopurine (aPu) residue on the 3’ or 5’ side of Tg or oxoG.
aPu fluorescence intensity is sensitive to the microenvironment of
this residue and enabled registering local conformational changes
of a DNA substrate near the damaged nucleotide. On the other
hand, the FAM/BHQI-labeled damaged quadruplexes help to
reveal “global” conformational changes that cause a change in
the distance between the quencher and dye in the course of DNA
substrate binding and cleavage.

MATERIALS AND METHODS

Oligodeoxyribonucleotides

Sequences of the Oligodeoxyribonucleotides (ODNs) used in this
study are listed in Table 1. The ODNs were synthesized by the
standard phosphoramidite method on an ASM-700 synthesizer
(BIOSSET, Novosibirsk, Russia) from phosphoramidites
purchased from Glen Research (Sterling, VA, United States).
Synthetic oligonucleotides were unloaded from the solid
support with ammonium hydroxide, according to manufacturer
protocols. Deprotected oligonucleotides were purified by
high-performance liquid chromatography. Concentrations of
the ODNs were calculated from their absorbance at 260 nm.
ODN duplexes were prepared by annealing modified and
complementary strands at a 1:1 molar ratio.

Circular Dichroism Analysis

G-quadruplex folding was characterized by Circular dichroism
(CD) spectroscopy using a JASCO spectrometer. The
G-quadruplex samples were annealed at a 10 LM concentration
in a buffer (50 mM Tris-HCI pH 7.5, 140 or 50 mM KCl, 1 mM
EDTA) via heating of the samples at 90°C for 5 min followed
by slow cooling down to room temperature. For each annealed
G-quadruplex, CD analysis of each sample was performed by
averaging of 16 CD scans at 25°C. Representative spectra of
quadruplexes are shown in figures.

Enzyme Purification
The human OGG1 protein was purified as described previously
(Kuznetsov et al., 2014). The purification of full-length human
endonuclease VIII-like NEIL1 was performed as reported before
(Katafuchi et al., 2004). Formamidopyrimidine-DNA glycosylase
(Fpg) and endonuclease VIII (Nei) from Escherichia coli were
purified in their native form without tags or other modifications
according to (Kuznetsova et al., 2019) and (Kladova et al,
2019), respectively.

Wild-type human endonuclease III NTH1 was isolated from
E. coli Rosetta 2 cells transformed with plasmid pET28c-NTHI1.
Cells of E. coli Rosetta 2 were grown in the Luria-Bertani (LB)
medium (1 L) containing 50 pg/mL kanamycin at 37°C to an
optical density of 0.6-0.7 at 600 nm. After that, the temperature
was lowered to 20°C, and transcription was induced by the
addition of isopropyl-p-D-thiogalactopyranoside to 0.2 mM.
Next, the cells were incubated for 16 h and then centrifuged

(10,000 x g, 10 min). A cell suspension was prepared in 30 mL
of buffer I (20 mM HEPES-NaOH pH 7.8) containing 40 mM
NaCl and a protease inhibitor cocktail (Complete, Germany).
The cells were lysed by means of a Thermo French Pressure
Cell Press. All the subsequent procedures were conducted at
4°C. The cell lysate was centrifuged (40,000 x g, 40 min),
and NaCl in the supernatant was adjusted to 200 mM; then
the supernatant loaded onto column I (Q-Sepharose Fast Flow,
Amersham Biosciences, Sweden) with subsequent washing with
buffer I (20 mM HEPES-NaOH pH 7.8) containing 200 mM
NaCl. Fractions containing the protein were collected and loaded
onto column II (HiTrap-Chelating™, Amersham Biosciences,
Sweden) in buffer II (20 mM HEPES-NaOH pH 7.8, 500 mM
NaCl, and 20 mM imidazole). Chromatography was performed
in buffer IT with a linear gradient of imidazole 20— 500 mM. The
solution’s absorbance was detected at a wavelength of 280 nm.
The protein purity was determined by gel electrophoresis.
Fractions containing the NTH1 protein were dialyzed against
a buffer (20 mM HEPES-NaOH pH 7.5, 1 mM EDOA, 1 mM
dithiothreitol, 250 mM NaCl, and 50% of glycerol) and stored
at -20°C.

Concentrations of all the enzymes were determined via the
absorbance at 280 nm and an appropriate extinction coefficient.
The activity of various proteins was tested by means of their
classic substrates and was checked just before use.

Microscale Thermophoresis

Measurements

These measurements were carried out using Monolith
NT.115 (NanoTemper Technologies). Monolith™ NT.115
Standard Treated Capillaries were used. Each point on the
fluorescence titration curves was obtained by measurement
of the fluorescence intensity of separate solutions (10 pl)
containing an oligonucleotide ligand (0.5 pM) and an enzyme at
the required concentration in binding buffer (50 mM Tris-HCl
pH 7.5, 50 mM KCl, 1 mM EDTA, 1 mM DTT, and 7% of
glycerol). The mixtures were incubated at 25°C for 10 min. All
titration experiments were repeated at least twice.

Assays of Glycosylase Activity by PAGE

Single-turnover enzyme assays were performed in reaction buffer
composed of 50 mM Tris-HCl pH 7.5, 50, or 140 mM KCl,
1.0 mM EDTA, 1.0 mM dithiothreitol, and 7% of glycerol (v/v).
The reaction solution contained 2.0 pM enzyme and 1.0 pM
DNA substrate. The reactions with damaged quadruplexes and
duplexes were carried out at 25°C for 1 h or 5 min, respectively,
and quenched by a gel-loading dye containing 7 M urea and
50 mM EDTA. Then, the reaction solutions were loaded on a 20%
(w/v) polyacrylamide gel containing 7 M urea. The reactions with
bulged substrates were carried out at 25°C for 5 min (Fpg and
Nei) or 30 min (OGG1, NEILI, and NTH1). The electrophoresis
was run in 1 x TBE at 50 V/cm and 55°C. The gel was visualized
using an E-Box CX.5 TS gel documentation system (Vilber
Lourman, France). All the experiments were repeated at least
twice. The degree of cleavage was calculated as the ratio of the
peak area of the cleavage product to the sum of the peak areas of
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TABLE 1 | Sequences of the ODNs, and structure of the modified residue?.

Name Sequence Description

Q4 5 -TTAGGGTTAGGGTTAGGGTTAGGGTT-3' Control undamaged G-quadruplex

Q4-Tg 5 -FAM-TTAGGGTTAGGGT(Tg)AGGGTTAGGGTT-BHQ1-3 G-quadruplex with Tg at 14th position (loop region)

Q4-aPu-Tg 5-TTAGGGTTAGGG(@Pu)(Tg)AGGGTTAGGGTT-3 G-quadruplex with Tg at 14th position and aPu located on

Q4-Tg-aPu 5 -TTAGGGTTAGGGT(Tg)(@Pu)GGGTTAGGGTT-3 3’ or & side of damage

Q4-oxoG 5-FAM-TTAGGGTTAGGGTTAG(ox0G)GTTAGGGTT-BHQ1-3' G-quadruplex with oxoG at 17th position (in middle of GGG)

Q4-aPu-oxoG 5-TTAGGGTTAGGGTTA(aPu)(oxoG)GTTAGGGTT-3' G-quadruplex with oxoG at 17th position and aPu located

Q4-ox0G-aPu 5 -TTAGGGTTAGGGTTAG(0x0G)(@Pu) TTAGGGTT-3 on 3 or 5’ side of damage

Type | Tg/A 5-FAM-  GCTCA(Tg)GTACAGAGCTG-3' Control duplex with Tg; FAM and BHQ1 are located on one
3'-BHQ1-CGAGT A CATGTCTCGAC-& side of duplex

Type Il Tg/A 5-FAM-GCTCA(Tg)GTACAGAGCTG-3' Control duplex with Tg; FAM and BHQ1 are located on

3'- CGAGT A CATGTCTCGAC-BHQ1-5

5'-FAM-  GCTCA(ox0G)GTACAGAGCTG-3'
3'-BHQ1-CGAGT C CATGTCTCGAC-5
5'-FAM-GCTCA(ox0G)GTACAGAGCTG-3
3'- CGAGT C CATGTCTCGAC-BHQ1-5

C/G 5'-GCTCACGTACAGAGCTG-3'
3'-CGAGTGCATGTCTCGAC-FAM-&'

Type | oxoG/C

Type Il oxoG/C

F/G 5'-GCTCA(F) GTACAGAGCTG-3'
3'-CGAGT G CATGTCTCGAC-FAM-&'

X/G 5'-FAM-GCGCATACGGCATXATCAGGGAAGTGGG-BHQ1-3"
3'- CGCGTATGCCGTAGTAGTCCCTTCACCC-5

X/-A1 5'-FAM-GCGCATACGGCATXATCAGGGAAGTGGG-BHQ1-3"
3- CGCGTATGCCGTA-TAGTCCCTTCACCC-5'

X/-A2(5') 5'-FAM-GCGCATACGGCATXATCAGGGAAGTGGG-BHQ1-3
3'- CGCGTATGCCGT-TAGTCCCTTCACCC-5'

X/-A2(3) 5'-FAM-GCGCATACGGCATXATCAGGGAAGTGGG-BHQ1-3"
3'- CGCGTATGCCGTA-AGTCCCTTCACCC-5

X/-A3 5'-FAM-GCGCATACGGCATXATCAGGGAAGTGGG-BHQ1-3"
3'- CGCGTATGCCGT—AGTCCCTTCACCC-5

X/-A5 5'-FAM-GCGCATACGGCATXATCAGGGAAGTGGG-BHQ1-3
3'- CGCGTATGCCG—-GTCCCTTCACCC-5

X/+A3 5'-FAM-GCGCATACGGCAT-X-ATCAGGGAAGTGGG-BHQ1-3
3'- CGCGTATGCCGTAGGGTAGTCCCTTCACCC-5

X/+A4(5) 5'-FAM-GCGCATACGGCAT-X-ATCAGGGAAGTGGG-BHQ1-3
3'- CGCGTATGCCGTAGGGCTAGTCCCTTCACCC-5

X/+A4(3) 5'-FAM-GCGCATACGGCAT-X-ATCAGGGAAGTGGG-BHQ1-3
3'- CGCGTATGCCGTACGGGTAGTCCCTTCACCC-5

X/+A5 5'-FAM-GCGCATACGGCAT-X-ATCAGGGAAGTGGG-BHQ1-3
3'- CGCGTATGCCGTACGGGCTAGTCCCTTCACCC-5

X/+A7 5'-FAM-GCGCATACGGCAT —X—ATCAGGGAAGTGGG-BHQ1-3

3- CGCGTATGCCGTACCGGGCCTAGTCCCTTCACCC-5

o 9 it
N NH HN)EOH
o=( | )\ OH
N NANHZ o N
- e O
o o

) 0

H H

oxoG Tg

opposite sides of duplex

Control duplex with oxoG; FAM and BHQ1 are located on
one side of duplex

Control duplex with oxoG; FAM and BHQ1 are located on
opposite sides of duplex

Control duplex without damage

Control duplex containing tetrahydrofuran (F) residue
resembling abasic site, uncleavable by DNA glycosylases

Duplexes, X = oxoG or Tg

Bulge in damaged strand, X = oxoG or Tg

Bulge in undamaged strand, X = oxoG or Tg

(NfN
|
NN

o O

o
§
aPu

4aPu is fluorescent base 2-aminopurine, BHQ1 is black hole quencher, FAM is 6-carboxyfluorescein, oxoG is 8-oxoguanine, and Tg is thymine glycol.
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the product and the initial substrate. Error in the evaluation of
the degree of cleavage did not exceed 20% usually.

Stopped-Flow Experiments

We employed a SX20 stopped-flow spectrometer (Applied
Photophysics Ltd., United Kingdom) equipped with a 150 W Xe
arc lamp and an optical cell with 2 mm path length. The dead time
of the instrument is 1.4 ms. The fluorescence of aPu was excited
at Ay = 310 nm and monitored at A, > 370 nm as transmitted
by filter WG-370 (Schott, Mainz, Germany). Fluorescence of a 6-
carboxyfluorescein (FAM) residue was excited at Aoy = 494 nm
and monitored at A,y > 515 nm as transmitted by filter OG-515
(Schott, Mainz, Germany). All experiments were carried out at
25°C in a buffer consisting of 50 mM Tris-HCI pH 7.5, 50, or
140 mM KCl, 1 mM EDTA, 1 mM DDT, and 7% of glycerol (v/v).
The concentration of the enzyme in the reaction chamber after
mixing in all experiments was 2.0 LM, and concentrations of a
substrate were 1.0 WM. Typically, each trace shown is the average
of four or more individual experiments; reported rate constants
represent the mean (with standard deviation) of such datasets.

RESULTS AND DISCUSSION

Structural Analysis of Quadruplexes
Containing oxoG and Tg by CD

Spectroscopy

Structural features of undamaged telomeric G-quadruplexes are
well known (Parkinson et al., 2002; Ambrus et al., 2006; Phan
et al., 2007; Burra et al.,, 2019). There are three conformational
topologies, namely, a parallel, antiparallel, and hybrid fold. To
obtain structural insights, we analyzed the ODNs under study
by CD spectroscopy, under several buffering conditions. The
ODNs were folded in a buffer containing 140 mM KCl, in
which undamaged Q4 folds into a hybrid quadruplex structure
(Figure 1A; Ambrus et al., 2006). Because high salt concentration
can disrupt ionic enzyme-DNA contacts, we also utilized a buffer
with 50 mM KCl, which is typically used for DNA glycosylase
assays (Tchou et al, 1994; Jiang et al., 1997; Radicella et al,
1997; Hazra et al., 2002). Additionally, incorporation of Tg
or oxoG as the damaged nucleotide in the loop region or at
the core, respectively, can destabilize the quadruplex structure
(Figure 1B). Moreover, the use of an aPu residue as a fluorescent
reporter also leads to a loss of two hydrogen bonds in the
G-tetrad.

The CD spectrum of undamaged quadruplex Q4 in the buffer
containing 140 mM KCI contains two pronounced maxima
at 290 and 265 nm, supporting the hybrid-fold conformation
(Figure 2A). Moreover, the CD spectrum profile of undamaged
Q4 in the buffer with 50 mM KCI was very similar (data not
shown), indicating that the changes of KCI concentration do
not affect the G-quadruplex folding topology. Obtained CD
spectra at both salt concentrations confirmed the hybrid-type
structure, which appeared to be a stabler and thus predominant
conformation of undamaged Q4 (Ambrus et al., 2006; Vorlickova
etal., 2012a).

It should be noted, that all quadruplexes containing Tg and
aPu nucleotides in the loop region (Figure 1A, Q4-Tg, Q4-aPu-
Tg, and Q4-Tg-aPu, respectively) yielded CD spectra similar to
those of control undamaged Q4 (Figure 2A), indicating that these
modifications of the loop region did not lead to a change of the
hybrid-type folding.

In contrast, the ODN with oxoG in the middle position of
GGG (Q4-0x0G) as well as ODNs additionally containing an
aPu nucleotide on the 3’ or 5 side of 0xoG showed a drastic
change in the CD spectra as compared with the native hybrid
fold of undamaged Q4 (Figure 2B). Placement of the damage
in the center of the GGG sequence gave a maximum peak at
263 nm and a minimum at 245 nm, which are typical of parallel
G-quadruplex structures assumed by telomeric sequences under
molecular-crowding conditions (Heddi and Phan, 2011). These
data suggest that the oxoG modification of Q4 structure leads
to obvious prevalence of a parallel conformation in the case of
ox0G-containing substrates (Vorlickovd et al., 2005).

Cleavage of Quadruplexes Containing
oxoG and Tg

The model random non-telomeric 17-nt duplexes containing
specific damage, oxoG or Tg, were used to estimate the
reference level of the glycosylase activity. As presented in
Figure 3A, the cleavage of damaged nucleotides, 0xoG or Tg, was
performed by a specific DNA glycosylase. Nei, Fpg, and NEIL1
led to the formation of the reaction product corresponding
to B,3-elimination, whereas OGG1 and NTH1 generated the
product corresponding only to p-elimination.

To measure the activity of DNA glycosylases toward
quadruplex structures, Q4-0xoG, and Q4-Tg (Figure 3B) were
used. The reaction mixture containing 2.0 uM enzyme and
1.0 uM DNA substrate was incubated at 25°C for 5 min or 1 h
for duplex or quadruplex structures, respectively. The interaction
of Fpg with Q4-0x0G led to the cleavage of the substrate at
the oxoG position with ~60% cleavage extent (Figure 3C). It
should be noted that the interaction of OGG1 with Q4-0xoG
did not cause substrate cleavage at all. The interaction of Nei
with Q4-Tg resulted in the formation of both cleavage products
corresponding to fB-elimination and B,8-elimination reactions
with summarized efficiency of ~25%. Nonetheless, the cleavage
of Q4-Tg by NTH1 and NEIL1 was much less efficient and did
not exceed 10% (Figure 3C).

Binding of Quadruplexes Containing
oxoG and Tg

Because low efficiency of cleavage of damaged quadruplexes
can be associated with insufficient complex formation under
the experimental conditions, we performed the Microscale
thermophoresis (MST) assay to evaluate the binding constant
corresponding to the interaction between DNA glycosylases
and the quadruplex substrates. The MST technique allows
to quickly measure the strength of the interaction between
two molecules in solution by detecting a variation in the
fluorescence signal of a fluorescently labeled DNA in a free
state and in the complex with an enzyme. Therefore, the low
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FIGURE 1 | (A) The hybrid type of quadruplex folding. (B) Chemical structures of guanine (G), 2-aminopurine (aPu), and 8-oxoguanine (0xoG) in a G-quartet context.
Positions 14 and 17, highlighted in red, were chosen to incorporate damaged nucleotide Tg and oxoG, respectively; positions 13, 15, 16, and 18, highlighted in
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FIGURE 2 | The CD spectra of the G-quadruplex containing Tg (A) or oxoG (B). Concentration of G-quadruplexes was 10 pM. CD spectra were recorded at 25°C
in the following buffer: 50 mM Tris—HCI pH 7.5, 140 mM KCI, 1 mM EDTA. Representative spectra of quadruplexes are given.
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efficiency of cleavage of quadruplex substrates during 1 h reaction
time (Figure 3B) enabled us to carry out MST experiments
without an influence of the DNA cleavage reaction. In the
titration experiments (Figure 4), four types of DNA were
tested: the control native duplex without damage (C/G), the
control duplex containing an F-site (an uncleavable-by-DNA-
glycosylases analog of an AP-site, F/G), the control G-quadruplex

without damage (Q4), and G-quadruplexes with Tg or oxoG
(Q4-Tg or Q4-0x0G). In some cases, the ratio of the signal to
noise in the MST assay was not sufficient for precise calculation
of dissociation constants K;. Therefore, all the obtained values
were used only as estimates of the ability of enzymes to
bind these structures. The obtained data are summarized in
Table 2.
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A comparison of dissociation constants K; revealed good
binding of DNA glycosylases to all the tested ODNs. Moreover,
the values of constants were slightly dependent on both the
structure of DNA and the presence of the lesion. These
data indicate that the formation of even a non-specific
complex between a DNA glycosylase and damaged DNA
yielded sufficient changes of the signal in the MST assay.
Nevertheless, the formation of such “primary” complexes was
not enough to achieve a catalytic competent state with damaged
quadruplexes. Indeed, similar DNA binding by different DNA
glycosylases led to significantly different efficiency of cleavage
of quadruplexes. Therefore, to further elucidate the features of
DNA glycosylase interaction with Q4-DNA substrates, stopped-
flow fluorescence measurements of real-time conformational
transitions in substrates were conducted.

Conformational Rearrangements in the
Course of Interaction of OGG1 or Fpg
With oxoG-Substrates Forming
Quadruplexes

It has been previously shown by pre-steady-state analyses that
the recognition of a damaged nucleotide in a duplex substrate

is accompanied by a conformational adjustment of the damaged
DNA; this process optimizes specific contacts in the enzyme-
substrate complex in the case of either Fpg (Kuznetsov et al.,
2007b, 2011, 2012) or OGG1 (Kuznetsov et al., 2007a, 2014;
Kuznetsova et al., 2014; Lukina et al., 2017). The results of
the kinetic analysis clearly indicated that Fpg and OGGI1 can
control substrate specificity via a multi-stage mechanism of
recognition of a specific site, accompanied by conformational
changes both in the DNA substrate and in the enzyme. The
kinetic scheme of 0xoG recognition includes a primary non-
specific encounter, initial destabilization of the DNA around the
damaged nucleotide, emergence of a kink in the DNA, eversion of
the 0xoG base from the duplex into the active site of the enzyme,
filling of the consequent void in the DNA duplex, and finally,
fine tuning of the enzyme and DNA resulting in a catalytically
active conformation.

The kinetic pre-steady-state analysis of conformational
changes of oxoG-containing quadruplexes in the course of
interaction with OGG1 or Fpg was performed. Real-time
conformational rearrangements of quadruplexes during the
interactions with the enzymes were visualized via the detection
of fluorescence of fluorescence reporters incorporated into DNA,
e.g., the FAM/BHQI1 FRET pair or the aPu residue placed on
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FIGURE 4 | Titration curves characterizing the interaction of Fpg (A), OGG1 (B), Nei (C), NEIL1 (D), and NTH1 (E) with a native duplex without damage (C/G), a
duplex containing an F-site (F/G), an undamaged G-quadruplex (Q4), and G-quadruplexes with Tg or oxoG (Q4-Tg or Q4-oxoG). Concentration of DNA was 0.5 uM.
Titration was performed in the following buffer: 50 mM Tris-HCI pH 7.5, 50 mM KCI, 1 mM EDTA, 1 mM DTT, and 7% of glycerol.

the 3’ or 5’ side of oxoG. The FRET-labeled duplex substrates
containing an 0xoG lesion served as the control of substrate-
binding and cleavage processes. For this purpose, two types of
FRET-labeled duplexes were designed: type I duplex substrates
(Figure 5A) contained FAM and BHQI at the 5" ends of the

ODN:s; type II DNA substrates (Figure 5B) contained FAM at
the 5’ end and BHQ1 at the 3’ end of the duplex-forming ODNs.
The interaction of an enzyme with a model oxoG-containing
DNA duplex (Figures 6A,B) led to DNA bending in the enzyme-
substrate complex and thereby was accompanied by a decline
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TABLE 2 | The values of the dissociation constant Ky (j1M) measured by MST.

Enzyme Type of DNA

C/G F/G Q4 Q4-0xo0G Q4-Tg
Fpg 1.6+£1.1 19+07 1.0+£03 12+04 -
OGG1 1.4+05 2.8+0.7 0.7+0.2 1.2+03 -
Nei 3.1+07 0.5 + 0.06 09+0.2 - 0.8+0.2
NEIL1 17 +£15 4.4+09 3.4+05 - 9.1+3.0
NTH1 0.7+0.4 0.3+0.2 25+0.8 - 1.3+£03

in the FRET signal owing to shrinkage of the distance between
FAM and quenching BHQI placed at the 5” ends of the duplex-
forming oligonucleotides (type I duplex). The emergence of the
increase in the FRET signal at the end of kinetic traces for both
types of duplex denotes the catalytic reaction and product release
resulting in the growth of the distance between FAM and BHQI.
Moreover, expectedly, the type II DNA substrate containing
FRET labels at the same end of the DNA duplex showed a greater
change in the amplitude of the FRET signal.

The interaction of Fpg with type II 0oxoG/C led to strong
growth of FAM fluorescence up to second 100 (Figure 6A),
whereas the interaction of Fpg with type I oxoG/C duplex
caused a FAM fluorescence decrease up to second 5 and then
a FAM fluorescence increase up to second 100. The same FAM
fluorescence changes were observed for the interaction of OGG1
with either type of 0xoG/C duplex (Figure 6B). Therefore, the
analysis of kinetic curves obtained for DNA duplexes allowed to
clearly associate the changes of the FRET signal with different
steps of the interaction of the enzymes with the substrate.

The interaction of Fpg with Q4-0x0G led to a fast initial
decrease in FAM fluorescence with a subsequent increase up to
millisecond 100 and a decrease up to second 2, indicating that the
quadruplex-binding process is consistent with more complicated
molecular events than the binding of duplex substrates. The slow
two-phase increase in the FRET signal in the time range > 2 s
denotes slow cleavage of the quadruplex and dissociation of the
product (Figure 6A). On the other hand, the interaction of OGG1
with Q4-0xoG had no effect on FAM fluorescence (Figure 6B),
suggesting that the binding of OGG1 to the quadruplex does not
cause any changes in the distance between FAM and BHQ1.

Additionally, we used oxoG-containing duplexes and
quadruplexes with aPu located on the 3’ or 5’ side of a damaged
nucleotide (Figures 6C,D). The intensity of emission by aPu is
strongly affected by its environment; for instance, it is quenched
partially when aPu is stacked (Rachofsky et al., 2001). Detection
of aPu fluorescence intensity in the course of the interaction of
each enzyme with a duplex substrate revealed an increase of the
intensity in the initial portion of the kinetic trace. According to
previous reports on Fpg and OGGI1 (Kuznetsov et al., 2007a,b;
Kuznetsova et al., 2014), in this time interval, the 0xoG residue
flips out of the double helix, thereby leaving a void in the DNA
helix. The subsequent introduction of amino acid residues of the
active site into this void caused a subsequent decrease in aPu
fluorescence intensity. The catalytic steps and dissociation of
the enzyme-product complex caused the second increase in aPu

fluorescence intensity owing to the transfer of this aPu to a more
hydrophilic environment.

The interaction of Fpg with Q4-aPu-0xoG or Q4-oxo0G-aPu
did not lead to significant changes of fluorescence intensity in
the initial portion of the kinetic curve. Nevertheless, at the end
of the kinetic curve, an increase in aPu fluorescence intensity
was observed (Figure 6C), pointing to a shift of aPu into
more hydrophilic surroundings, possibly owing to destabilization
of the quadruplex structure after the cleavage by the enzyme.
These data suggest that oxoG eversion and catalytic-complex
formation in the case of a quadruplex substrate is the rate-
limiting step of DNA cleavage by Fpg. In this case, detection of the
catalytic complex via aPu fluorescence failed due to an insufficient
concentration of this complex in the reaction mixture. The
interaction of OGGI1 with Q4-0xoG-aPu had no effect on aPu
fluorescence intensity (Figure 6D), supporting the notion that
the enzyme cannot form appropriate contacts with the substrate
and induce eversion of the oxoG base. Nevertheless, in the course
of the interaction of OGG1 with Q4-aPu-0x0G, an increase in
aPu fluorescence intensity was recorded, which suggests that the
enzyme induces conformational changes in the quadruplex, and
there are attempts of local melting and eversion of the damaged
nucleotide into the enzyme active site.

Therefore, our findings imply that OGG1 cannot recognize the
0x0G base located in the core of a quadruplex structure, whereas
Fpg manages to form specific contacts with 0xoG and to catalyze
base removal and DNA cleavage.

Kinetic Analysis of Interactions of Nei,
NEIL1, or NTH1 With Each Tg-Containing

Substrate Forming a Quadruplex

The same set of experiments was conducted with substrates
containing Tg as a damaged nucleotide in the loop part of a
quadruplex substrate. Two types of FRET-labeled Tg/A duplexes
were used to assign the changes in the FRET signal to substrate-
binding and catalysis steps. As depicted in Figure 7A, the
interaction of Nei with type I Tg/A led to an increase in FAM
fluorescence up to time point 300 s, whereas the interaction
of Nei with type II Tg/A resulted in a fast FAM fluorescence
decrease up to time point 0.1 s owing to the duplex bending
and then to an increase of FAM fluorescence in the course
of substrate cleavage. The same FAM fluorescence behavior
was observed for the interaction of NEIL1 with either type of
Tg/A duplex (Figure 7B). Of note, the interaction of NTHI1

Frontiers in Cell and Developmental Biology | www.frontiersin.org

November 2020 | Volume 8 | Article 595687


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Kuznetsova et al.

Activity of DNA Glycosylases on Non-B-Form DNA

A STAGE I

DNA glycosylase

DNA bending

Damage eversion

Catalytic complex formation
—_—
5-FAM @ -

@ BHQI-5' o N

B DNA glycosylase
{ . B
X
5'-FAM @ “
3-BHQ1@ o8

in the FRET signal.

Distance-dependent
FRET signal decrease

=%
§

Distance-independent
FRET signal changes

FIGURE 5 | Interaction of DNA glycosylases with a type | (A) or type Il (B) FRET-labeled substrate. Stage 1: the formation of an enzyme-substrate complex,
accompanied by DNA duplex bending and damaged-nucleotide eversion; stage 2: elimination of the damaged base and cleavage of the AP-site, thus leading to the
release of a short oligonucleotide fragment and an increase in the distance between FAM (fluorophore) and BHQ1 (quencher) accompanied by a significant increase

STAGE 1

S{J) DNA glycosylase

5'-FAM @—o—o—o—o—0—0-

Pttt s

-0—0—0—0—0—0
e — = — — — — —@BIQI-F

FRET signal increase

8"’01.5,

shr) DNA glycosylase
5'-FAM @—o—0—0—0—0—0-

o

S

.

Catalysis
Product dissociation

000090

3'-BHQ1 @

FRET signal increase

with these substrates caused a decrease in FAM fluorescence
followed by an increase even in the case of the type I duplex
substrate (Figure 7C).

The interaction of Nei or NEIL1 with Q4-Tg led to a
decrease of FAM fluorescence in the initial part of kinetic curves
(300 ms and 7 s for Nei and NEILI, respectively), revealing the
formation of an enzyme-substrate complex in which FAM/BHQI
residues became closer to each other. The subsequent increase
in the FRET signal indicates slow cleavage of the G-quadruplex
(Figures 7A,B). The interaction of NTH1 with Q4-Tg led to
an initial decrease phase of FAM fluorescence up to second
100, suggesting that the rate of substrate binding and damage
recognition by NTHI1 is much slower than that of Nei and
NEIL1 (Figure 7C).

The interaction of Nei, NEIL1, or NTH1 with Q4-aPu-Tg or
Q4-Tg-aPu did not cause significant changes in aPu fluorescence
for all the enzymes (Figure 7D) regardless of the ability to be
cleaved by these enzymes. These data uncovered low sensitivity
of aPu fluorescence—when this residue is located in the single-
stranded loop region of the quadruplex—to the processes of
substrate binding and DNA cleavage.

Cleavage of oxoG and Tg in the Bulged
DNA Structures

To further elucidate the mechanism of damaged nucleotide
recognition in non-B-form DNA structures by DNA
glycosylases, we designed a set of oxoG- and Tg-
containing DNA duplexes with bulging of a damaged
or undamaged strand having a bulge size of 1 to 5
or 3 to 7 nucleotides, respectively, (Figure 8). We
analyzed by PAGE the efficacy of cleavage of a set of
damaged DNA substrates that could facilitate DNA

bending and the base eversion from the substrate into an
enzyme’s active site.

The findings indicated that Fpg recognizes and removes
0x0G from the oxoG/G pair with slightly lower efficiency as
compared with the 0xoG/C pair (Figure 9A, PAGE 0x0G/C
data are not shown). It is known that Fpg (Kuznetsov et al,
2007b) has opposite base specificity toward the oxoG/C pair as
compared to 0xoG/G, 0xoG/T, and oxoG/A. It is noteworthy
that the bulging of a single oxoG nucleotide (0x0G/-Al)
or two nucleotides [0x0G/-A2(5’)] also slightly decreased the
efficiency of DNA cleavage in comparison with the 0xoG/C
substrate. On the other hand, the strongest effect on the Fpg
activity (Figure 9A) was observed in the case of bulging of 2
nucleotides in 0x0G/-A2(3’), which contains an 0xoG near the
3" end of the duplex stem in the substrate, or 5 nucleotides
(0x0G/-A5), which mimic single-stranded DNA. The bulge in
the undamaged strand opposite 0xoG reduced oxoG cleavage
efficacy by approximately twofold regardless of the bulge size,
suggesting that Fpg can place large nucleotide moieties outside
the active site.

Of note, cleavage efficiency of OGG1 toward bulged DNA
structures had features similar to those observed for Fpg
(Figure 9B, PAGE 0x0G/C data are not shown). Moreover, the
two types of OGGL activities, the cleavage of the N-glycosidic
linkage and P-elimination, had similar profiles, indicating
that recognition of oxoG limits the enzymatic activity. It
was found that in the case of OGGI, just as the worst
substrates—which contained the bulge of 2 [ox0G/-A2(3’)] or
5 nucleotides (0x0G/-A5)—the mismatched 0xoG/G duplex
was also a very poor substrate in comparison with oxoG/C.
The strong preferential excision of oxoG from the oxoG/C
pair in comparison with the oxoG/G pair is associated with
stabilization of the cytosine base by many hydrogen bonds
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with Arg-154, Asn-149, and Arg-204 and van der Waals
bonding to Tyr-203 (Bruner et al, 2000). The common
mechanism of the damaged-nucleotide recognition by OGG1
was analyzed in detail elsewhere (Kuznetsova et al., 2014)
and includes the formation of an initial transient enzyme-
substrate complex in which sequential conformational changes
of the enzyme and substrate are strongly needed for the
formation of a catalytically active complex. The molecular
processes that take place during these rearrangements include
substrate bending, local melting of the duplex, damaged-
nucleotide eversion from the substrate and insertion into the
enzyme active site, amino acid residue insertion, and the
formation of a network of contacts. There was high activity
of OGGI1 toward DNA substrates containing a bulge in the
undamaged strand, just as in some cases of a bulge in a
damaged strand [0x0G/-A1, 0x0G/-A2(5’), and oxoG/-A3]. This
observation suggests that facilitation of some of these processes
(for example, the eversion of the damaged nucleotide or the

bending of the substrate) may contribute the catalytic-complex
formation because of the features of the initial structure of the
duplex with the bulge.

A comparison of the efficiency of cleavage of Tg-containing
duplexes by Nei (Figure 9C) and most clearly by NEILI
(Figure 9D) uncovered a slight dependence on the location
of the Tg nucleotide and on the size of the bulge. Indeed,
in the case of Nei, the bulging in the undamaged or
damaged strand decreased the enzymatic activity to ~50% in
comparison with a Tg/G duplex only in the cases of maximal
bulge size (Tg/+A7 and Tg/— A5, respectively). At the same
time, NEIL1 can efficiently cleave DNA regardless of the
structure of the substrate. By contrast, NTH1 (Figure 9E),
which belongs to the HhH structural family, manifested a
significant decrease in cleavage efficiency toward structures
with a 2-5-nucleotide bulge in the damaged strand but
was mostly active toward structures with the bulge in the
undamaged strand.
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CONCLUSION

One of the most important problems in studies on DNA
glycosylases is elucidation of the enzymatic mechanisms that
ensure precise recognition of a damaged base and its effective
removal from DNA. Many DNA glycosylases have been
structurally characterized to understand how damaged DNA
bases are found and detected among numerous unmodified
bases (Brooks et al, 2013). To solve this problem, we have
performed pre-steady-state kinetic analyses of conformational
changes in DNA glycosylases and in DNA substrates during their
interactions (Kuznetsov and Fedorova, 2016, 2020).

DNA glycosylases of different structural families form
completely different contacts in the substrate-binding site and in
the active pocket, and different amino acid residues participate in
specific recognition of the damaged nucleotide and in catalysis.
Nonetheless, almost all DNA glycosylases have common features
of interaction with substrates. Structural studies show that all
DNA glycosylases bend the DNA molecule and flip out the
damaged nucleotide from the DNA duplex. Moreover, as a rule,
the damaged nucleotide is placed in the pocket of the active site,
in which it is finally verified via formation of specific contacts
with a damaged base, and some amino acid residues of the
enzymes are inserted into the DNA void formed after base
eversion. The sequence of these stages leads to the formation
of the catalytic complex, in which the damaged nucleotide is
optimally located in the active site of the enzyme for interactions
with catalytic amino acid residues.

Our data indicate that the capacity for catalytic-complex
formation with a non-B-form substrate depends on the structural
family of the tested DNA glycosylases. Indeed, all these DNA
glycosylases were able to form a complex with quadruplex
DNA as revealed by MST, but pre-steady-state fluorescent
analysis showed that OGG1 cannot form appropriate contacts
with a quadruplex to induce oxoG eversion. Another enzyme
of the same HhH structural family, NTHI1, also has a barely
noticeable activity toward a quadruplex containing Tg. On the
other hand, all members of the H2tH structural family, i.e.,
Fpg, Nei, and NEILI, can recognize a known cognate damaged
nucleotide whether it is located in the loop or at the core of the
quadruplex. From our findings about the bulged substrates, it
can be concluded that DNA glycosylases OGG1 and NTH1 of
the HhH structural family have much lower efficiency toward
DNA substrates containing a bulge in the damaged strand.
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Exogenous and endogenous damage to the DNA is inevitable. Several DNA repair
pathways including base excision, nucleotide excision, mismatch, homologous and
non-homologous recombinations are conserved across all organisms to faithfully
maintain the integrity of the genome. The base excision repair (BER) pathway functions
to repair single-base DNA lesions and during the process creates the premutagenic
apurinic/apyrimidinic (AP) sites. In this review, we discuss the components of the
BER pathway in the nematode Caenorhabditis elegans and delineate the different
phenotypes caused by the deletion or the knockdown of the respective DNA repair
gene, as well as the implications. To date, two DNA glycosylases have been identified in
C. elegans, the monofunctional uracil DNA glycosylase-1 (UNG-1) and the bifunctional
endonuclease llI-1 (NTH-1) with associated AP lyase activity. In addition, the animal
possesses two AP endonucleases belonging to the exonuclease-3 and endonuclease
IV families and in C. elegans these enzymes are called EXO-3 and APN-1, respectively.
In mammalian cells, the DNA polymerase, Pol beta, that is required to reinsert the
correct bases for DNA repair synthesis is not found in the genome of C. elegans and
the evidence indicates that this role could be substituted by DNA polymerase theta
(POLQ), which is known to perform a function in the microhomology-mediated end-
joining pathway in human cells. The phenotypes observed by the C. elegans mutant
strains of the BER pathway raised many challenging questions including the possibility
that the DNA glycosylases may have broader functional roles, as discuss in this review.

Keywords: C. elegans, base excision repair pathway, DNA glycosylases and AP endonucleases, germ cells,
survival, phenotypes, DNA damaging agents

INTRODUCTION

Damage to the DNA is an inevitable process occurring persistently within a living cell. Various
exogenous and endogenous insults induce oxidation, deamination, alkylation, depurination, and
other premutagenic changes on the DNA bases that threaten the integrity of the genome. Oxidative
base damage alone is estimated to be 10,000 per human cell per day (Lindahl and Barnes, 2000).
Several DNA repair mechanisms such as the base excision repair (BER), nucleotide excision repair
(NER), mismatch excision repair, and recombinational DNA repair have evolved to function
faithfully to evade the toxic and mutagenic consequences of various DNA lesions. The BER
pathway primarily repairs endogenously generated DNA lesions and it is. initiated by a DNA
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glycosylase recognizing the damaged base (Figure 1; Krokan and
Bjoras, 2013). Although most DNA glycosylases are substrate-
specific, some display redundancy and broad substrate specificity
(Katafuchi et al., 2004). For instance, of the eleven BER DNA
glycosylases conserved in humans, four are able to recognize
uracil bases in the DNA, which can arise through cytosine
deamination or as a result of misincorporation by a DNA
polymerase (Whitaker et al., 2017). Once an aberrant base is
recognized by a monofunctional DNA glycosylase, the enzyme
cleaves the N-glycosidic bond between the base and the
deoxyribose sugar. This creates an apurinic/apyrimidinic (AP) or
also refer to as an abasic site. These non-instructional AP sites
are premutagenic as they can lead to the misincorporation of the
incorrect base by DNA polymerases, and thus must be removed
by an AP endonuclease. The AP endonuclease cleaves the DNA
backbone 5 to the AP site, leaving behind a 3’-hydroxyl and
a 5'-deoxyribophosphate (dRP) residue. The gap created by the
removal of the damaged base is filled by the single insertion of
the correct nucleotide through the action of a DNA polymerase.
The same DNA polymerase has a deoxyribophosphodiesterase
activity that removes the 5'-dRP, enabling DNA ligase to enter
and seal the nick to complete the pathway that is referred to as
“Short Patch” BER. In mammalian cells, the ligation step requires
the formation of a complex that includes DNA ligase I or III
and the scaffolding protein X-ray Repair Cross-Complementing
protein 1 (XRCC1) (Tomkinson et al., 2001).

Processing of the damaged base can be initiated by a
bifunctional, instead of a monofunctional DNA glycosylase.
In addition to the N-glycosylic activity, bifunctional DNA
glycosylases such as endonuclease III (NTH) are capable of
also cleaving the DNA backbone 3’ to the AP site in a -
elimination reaction. This creates a 5'-phosphate group and
a 3/-blocking group such as the 3'-a, p-unsaturated aldehyde
residue created by NTHI. This 3'-blocking group must be
removed to allow the insertion of the new nucleotide. The 3'-
blocking group is removed by the 3’-phosphodiesterase activity
that is endowed by AP endonucleases, thereby generating a 3'-
hydroxyl group to enable nucleotide insertion and ligation by
DNA polymerase and DNA ligase, respectively. It is believed
that when the BER pathway is initiated by a bifunctional DNA
glycosylase to remove oxidatively damaged bases, the “Long
Patch” BER serves as an alternative repair process (Klungland
and Lindahl, 1997). In the Long Patch BER a stretch of several
nucleotides, often 2-15, is inserted and at the same time the
5-end is displaced by the newly synthesized complementary
strand. The displaced strand forms what is known as a 5'-flap,
which is then removed by a Flap structure specific endonuclease
FEN-1, a specialized nuclease that removes the 5'-overhanging
flap, thus preparing the nick to be sealed by a DNA ligase.
Apparently, directing the cell machinery toward Long Patch
BER depends on several factors such as existence of cluster base
damage, the abundance of certain replication factors including
the proliferating cell nuclear antigen, as well as the interaction
with downstream enzymes such as polymerase p or the flap
endonuclease (Klungland and Lindahl, 1997).

Base excision repair plays an essential role in maintaining
the integrity of the genome and proper functioning of cells.

Defects in BER are linked to the development of several diseases
[reviewed in Wallace et al. (2012) and Wallace (2014)]. For
instance, mutations in polymerase f are found in nearly 30%
of human cancers (Starcevic et al., 2004), whereas mutations in
UNG-1 have been linked to colorectal cancer and glioblastoma
(Moon etal.,, 1998; Broderick et al., 2006) and recently, mutations
in XRCC-1 have been linked to the development of hepatocellular
carcinoma (Mattar et al., 2018). Moreover, mutations in BER have
been linked to neurodegenerative diseases such as Alzheimer’s
and Parkinson’s diseases (Kwiatkowski et al., 2016; Sanders et al.,
2017), as well as the established contribution of a deteriorating
BER system to the process of aging (Vijg and Suh, 2013). Thus,
it is of essence that researchers delineate the components of the
BER pathway and its interaction with genomic lesions and other
cellular components.

The redundancy of DNA glycosylases, as well as the
essentiality of downstream enzymes in early life stages have
made it challenging to create nullizygous animal models that
are viable and to demonstrate a clear phenotype. Caenorhabditis
elegans is a powerful animal model for studying base excision
repair for several reasons. While it has a short life span,
high number of progenies and convenient for growth in the
laboratory, it possesses fewer BER enzymes exhibiting minimal
redundancy to explore the specific phenotypic effects of single
BER gene. In addition, many viable nullizygous knockout and
knockdown of C. elegans BER genes are available or can be
created to study this pathway. In this review, we aim to discuss
the components of BER and the resulting mutant phenotypes
in C. elegans. We will highlight the gaps in understanding
the BER system in C. elegans and to tackle the longstanding
question as to why this organism has only two DNA glycosylases,
while several of these enzymes can be found in bacteria, yeast
and human cells.

FIRST EVIDENCE OF BER IN C. elegans

The use of C. elegans as a model for studying DNA repair
first captured the attention of scientists in the late 1990s -
early 2000’s when C. elegans was shown to resist irradiation-
induced DNA damage (Chin and Villeneuve, 2001). Later, the
existence of a BER pathway in C. elegans was first reported
when two AP endonuclease genes apn-1 and exo-3 were isolated
from C. elegans and the predicted amino acid sequences were
shown to share nearly 40% identity with the functionally
established counterparts from Saccharomyces cerevisiae, Apnl
and Apn2, and Escherichia coli, Nfo (endonuclease IV) and
Xth (exonuclease III), respectively (Masson et al., 1996; Shatilla
et al,, 2005b). Subsequent studies defined that APN-1 and EXO-
3 from C. elegans were indeed AP endonucleases (Shatilla et al.,
20052; Yang et al, 2012). As further discoveries came along
that include the identification of two DNA glycosylases, UNG-
1 and NTH-1, C. elegans formed a unique model for the study
of BER as it became clear from rigorous homology searches and
biochemical analyses that this organism possesses fewer enzymes
as compared to the human complements of BER enzymes. This
made C. elegans a simpler model to study the much more complex
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system in humans. In addition, identifying phenotype of DNA-
repair deficient worms, forms a plausible solution to uncover
corresponding phenotype in humans, which is often masked by
the overlapping activity of the different enzymes constituting
the BER pathway. Figure 1 summarizes the BER pathway in
C. elegans.

DNA GLYCOSYLASES IN C. elegans

The first DNA glycosylase to be discovered was a uracil DNA
glycosylase of E. coli in the laboratory of Tomas Lindahl in 1974,

setting the stage to show that a DNA glycosylase initiates the BER
pathway by recognizing the uracil base as a lesion in the DNA
(Friedberg and Lindahl, 2004). This seminal work was followed
by many discoveries establishing that DNA glycosylases are well
defined across several organisms (Denver et al., 2003; Wallace,
2014). The C. elegans uracil DNA glycosylase was initially
described in early 2000s using an in vitro BER repair assay,
which monitored the removal of an installed uracil opposite
guanine (U-G) in a 42-mer double stranded oligonucleotide
substrate (Shatilla and Ramotar, 2002). Several years later, the
ung-1 and nth-1 genes encoding Uracil DNA Glycosylase UNG-1
and Endonuclease III NTH-1, respectively, were identified and
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characterized in C. elegans (Nakamura et al,, 2008; Morinaga
et al, 2009). Despite several attempts, including extensive
homology searches and most importantly enzymatic assays
designed to remove specific DNA lesions such as 8-oxoGuanine,
no other DNA glycosylases have been found in C. elegans besides
UNG-1 and NTH-1 (Denver et al., 2003; Papaluca et al., 2018).
It seems puzzling that this multicellular organism conserved only
two DNA glycosylases when the unicellular E. coli, the budding
yeast S. cerevisiae and human cells have conserved eight, five
and eleven DNA glycosylases, respectively (Denver et al., 2003;
Wallace, 2014). Assuming that there are indeed only two DNA
glycosylases in C. elegans, this raises an important question of
the substrate specificity and the multifunctionality of CeUNG-
1 and CeNTH-1, as compared to other organisms and making
C. elegans an interesting model for the study of BER pathway.

The Enzymatic Activities of C. elegans
UNG-1 and NTH-1

Uracil in DNA arises in vivo through the incorporation of
dUTP opposite adenine by DNA polymerases during DNA
replication and via spontaneous deamination of cytosine to give
rise to a U-G mispair that leads to a C-T transition mutation
(Tye et al., 1978; Friedberg and Lindahl, 2004). In humans,
four enzymes are capable of recognizing mispaired uracil bases
and initiate its excision repair. These enzymes are Uracil
DNA glycosylase (UNG), single-strand-selective monofunctional
uracil glycosylase 1 (SMUG-1), thymine DNA glycosylase (TDG),
and methyl CpG binding domain protein 4 (MBD4). UNG
removes uracil from both double and single stranded DNA, as
well as possesses the ability to process other substrates such as
5-fluorouracil (5-FU) and cytosine oxidation products including
alloxane, isodialuric acid, and 5/, 6'-dihydrouracil (Dizdaroglu
et al., 1996; Fischer et al., 2007). SMUG-1, not only excises U,
but it is also capable of processing other uracil derivatives such
as 5-hydroxyuracil (5-hU) and 5-hydroxymethyl uracil (5-hmU),
which can arise as a result of oxidation of thymine. TDG, on the
other hand, removes T, U, and 5-hmU when mispaired with G
in double stranded DNA. Similarly, the glycosylase domain of
MBD4 functions to remove T, U, and 5-hmU opposite a G, but
mainly in CpG-rich regions of the DNA.

The genome of C. elegans, however, encodes only a
homologous sequence to the human uracil DNA glycosylase with
58.2% similarity (Nakamura et al., 2008); none of the other three
enzymes (SMUG-1, TDG, and MBD4) appear to be encoded by
the organism (Denver et al., 2003; Nakamura et al., 2008). In 2008,
using BLAST search Nakamura et al. (2008) were able to identify
the sequence of CeUNG-1, consistent with the initial observation
made in 2000 for the presence of UNG-1 in C. elegans. The
authors reported that UNG-1 is a homolog of the E. coli ung gene
product, with 49% shared identity. C. elegans ung-1 is located
on chromosome III, containing three exons, and its product
is ~ 32 kDa in size (Nakamura et al., 2008). Similar to DNA
glycosylases present in E. coli and mammalian cells, the structure
of CeUNG-1 contains two active sites A and B, where the former
is present between residues 116 and 137 and the latter is present
between residues 247 and 253 (Pearl, 2000; Denver et al., 2003;

Nakamura et al., 2008). Cloning of C. elegans ung-1 into E. coli
strain BL21 enabled the purification of UNG-1. The glycosylase
demonstrated efficient removal of U-A and U-G mismatches
from dsDNA, although with a stronger affinity toward the U-G
mismatched base pairs (Nakamura et al., 2008). This is confirmed
in another study, where UNG-1 demonstrated two-fold increase
in processing of U-G lesions (Skjeldam et al., 2010). CeUNG-
1 can also remove uracil from ssDNA (Nakamura et al., 2008;
Skjeldam et al., 2010). Inhibition of CeUNG-1 by the lactobacillus
uracil glycosylase inhibitor Ugi strongly supported that UNG-
1 belongs to the UNG family 1 group (Karran et al, 1981;
Nakamura et al., 2008; Skjeldam et al., 2010).

Recently, it has been reported that UNG-1 may possess the
ability to process the oxidized base lesion 5-hmU. This is based
on phenotypic analysis of C. elegans ung-1 mutant showing
decreased survival upon exposure to the nucleoside form of 5-
hmU (Papaluca et al., 2018). We propose that C. elegans UNG-1,
unlike Ung from other organisms, may have evolved to acquire a
broader substrate specificity and thus could act as the dominant
DNA glycosylase in vivo to remove various modified forms of
uracil such as the 5-hmU lesion. Because C. elegans lacks the
related human SMUG1 DNA glycosylase, which has been shown
to remove 5-hmU (Boorstein et al., 2001), supports the notion
that UNG-1 may have a role in 5hmU removal. C. elegans UNG-
1 shares a modest 12.6% identity with SMUGL (Zauri et al., 2015).
A closer examination of the identity revealed that C. elegans
UNG-1 shares five amino acid residues Ser58, Pro218, Gly226,
Glu233, and Leu234 that are unique to human SMUGI residues
Ser48, Pro166, Gly174, Glu181 and Leul82 and which are absent
in human UNGI (Papaluca et al., 2018). Whether these five
amino acid residues are involved in conferring upon C. elegans
UNG-1 the ability to recognize and process 5-hmU in a manner
similar to human SMUG1 will need to be investigated.

The second DNA glycosylase found to initiate BER pathway
in C. elegans is NTH-1. NTH-1 belong to the helix-hairpin-helix
(HhH) superfamily of DNA glycosylases (Endonuclease III, Nth)
that are conserved in almost all forms of life (Denver et al.,
2003). Members of the NTH-1 family share enzymatic activities
that recognize and remove oxidatively damaged pyrimidine bases
such as thymine glycol (Tg), 5-formyluracil (5-foU), and 5-hmU
in DNA. Unlike the monofunctional UNG-1, NTH-1 is a dual
function enzyme that has an AP lyase in addition to its DNA
glycosylase activity. Following removal of the oxidized damage
pyrimidine base, the resulting AP site left by NTH-1 can be
cleaved by its AP lyase activity. NTH-1 cuts the DNA backbone
3’- to the AP site in a f-elimination reaction, and generates a
3’-a, B-unsaturated aldehyde group that is removed by the 3'-
diesterase activity of either APN-1 or EXO-3 to create a 3’-OH
allowing for nucleotide insertion by DNA polymerase (Figure 1;
Mazumder et al., 1991; Shatilla et al., 2005a; Yang et al., 2012).

It is noteworthy that although the major domain is well
conserved amongst the family of Nth proteins, the sequences
of amino acid in the N-terminal region are different between
CeNTH-1 and E. coli Nth-1 (Morinaga et al., 2009). This is
reminiscent of the long N-terminal found in C. elegans APN-
1, but not E. coli Nfo (see below). Interestingly, expressing only
the portion of C. elegans nth-1 sequence reported in phylogenetic
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studies as the NTH-1 ortholog in E. coli produced a protein
that is unable to perform NTH-1-like activities (Morinaga et al.,
2009). However, modification of the nth-1 sequence by inclusion
of the 117 bp corresponding to the missing N-terminal restored
the DNA glycosylase activity (Morinaga et al., 2009). This full
length CeNTH-1 shared 67.4% similarity to the human NTH-
1, and catalyzed the removal of oxidized pyrimidine bases,
particularly thymine glycol (Tg), 5-formyl uracil (5-foU), 5-hmU,
and to a weaker extent, 8-oxoguanine (8-oxoG) (Morinaga et al,,
2009). In vivo measurement of DNA repair revealed that NTH-
1 is capable of restoring nuclear DNA integrity within 24 h
of exposure to the oxidizing agent H,O, that creates various
oxidized bases such as thymine glycol (Hunter et al., 2012). Repair
in mitochondrial genome is also seen, although less efficiently
(Hunter et al., 2012). The most compelling evidence that NTH-
1 functions as a DNA glycosylase in vivo came from a study
whereby the C. elegans nth-1 gene was expressed in the E. coli
double mutant strain deficient for both Nth and Nei; the two
DNA glycosylases known to repair oxidized pyrimidine bases in
the bacterium. Expression of the C. elegans nth-1 gene in the
E. coli nth;nei double mutant strain rescued it from the genotoxic
effects of H,O,, consistent with a direct role for NTH-1 in the
repair of oxidative DNA lesions (Morinaga et al., 2009).

Phenotype of ung-1 and nth-1 Deficient

C. elegans

The phenotypic and physiologic consequences of C. elegans
ung-1 knockdown were assessed in several reports (Figure 2;
Nakamura et al., 2008; Skjeldam et al., 2010; Papaluca et al., 2018).
Despite deletion of the ung-1 gene, the resulting mutant strain
demonstrated a normal egg-laying rate and larval development,
in addition to a normal life span compared to N2 strain
(Nakamura et al,, 2008). Interestingly, the C. elegans ung-
I mutant was no more sensitive than the wild type (WT)
upon exposure to sodium hydrogen sulfite (NaHSO3); a DNA
damaging agent that induces cytosine base deamination and
creates U-G lesion (Burgers and Klein, 1986; Nakamura et al.,
2008; Miyaji et al., 2018). These findings are unique to C. elegans
as S. cerevisiae and E. coli cells lacking Ung activity showed high
sensitivity to NaHSO3 (Simmons and Friedberg, 1979; Burgers
and Klein, 1986). One possibility for the lack of sensitivity of the
C. elegans ung-1 mutant toward NaHSO3 could be due to efficient
bypass of the U-G lesion, which may not occur in E. coli or yeast
ungl mutants. As such, we postulate that the deficiency of UNG-1
may lead to the recruitment of a translesion polymerase to bypass
the U-G lesion, thereby avoiding toxic AP sites and single strand
breaks that would be ordinarily created by the presence of UNG-1
and the subsequent processing by an AP endonuclease.

Recently, UNG-1 was implicated to process the thymine
oxidation product 5-hmU (Papaluca et al., 2018). This was
detected through in vivo survival analysis where ung-1 mutant
worms were shown to be sensitive to the genotoxic effects of 5-
hmU, but not the nth-I mutant strain, indicating that UNG-1
could be the main DNA glycosylase to process 5-hmU bases in
the nematode genome. This observation is also consistent with a
previous finding that the germ cells of ung-1 mutants might be

sensitive to ionizing radiation underscoring the role of UNG-1 in
repairing oxidized DNA lesions induced by this agent (Skjeldam
et al., 2010). If indeed the above observations are correct, then
it would be the first time a substrate other than uracil has been
postulated for UNG-1 in C. elegans.

In C. elegans, germ cell apoptosis is a natural and very sensitive
response to excessive endogenous or exogenous DNA damage,
as opposed to monitoring progeny survival. Different genotoxic
agents induce apoptosis through different pathways (Figure 3).
For example, ionizing radiation provokes oxidative DNA damage
in a CEP-1 dependent apoptotic pathway in wild type C. elegans
(Hoffman et al, 2014). CEP-1, the C. elegans ortholog of the
mammalian proapoptotic transcription factor p53, is required to
induce CED-1 that forms a ring around apoptotic cells and is
easily visualized as CED-1:GFP (Hoffman et al., 2014; Papaluca
etal., 2018). In contrast, the oxidant paraquat (Methyl Viologen)
induces germline apoptosis through a different mechanism that
involves the p38 MAPK-dependent pathway (Salinas et al., 2006).
Congruent to these reports, Skjeldam et al. (2010) observed that
CEP-1-dependent apoptotic pathway is not induced by paraquat
treatment in the wild-type, nor in the ung-I1 deficient worms.
Furthermore, the authors showed that CEP-1 induced germ
cell apoptosis increased in ung-1 deficient nematode compared
with the wild-type N2 after exposure to ionizing radiation and
thus established a role for UNG-1 in DNA repair following
exposure to ionizing radiation (Skjeldam et al., 2010). Upon
exposure to paraquat, cell death increased in the wild-type
worms, but not in the ung-1 deficient worms. This unexpected
finding is due to alteration in transcriptional regulation where
it has been observed that the p38 MAPK pathway and other
response pathways to oxidative stress have been suppressed
in the ung-1 deficient nematode thereby impairing apoptosis
(Skjeldam et al., 2010).

Studies for identification of phenotypic changes in nth-1
deficient C. elegans were also conducted. As indicated in Figure 2,
nth-1 mutants show normal life span, embryonic viability, and
brood size (Morinaga et al., 2009; Hunter et al., 2012; Kassahun
et al., 2018). These phenotypes were not affected by exposure
to HyO, or paraquat (Morinaga et al., 2009). Similar to the
wild type strain N2, nth-1 deficient strain also exhibits effective
repair of its nuclear and mitochondrial DNA (mtDNA) upon
exposure to H,O, (Hunter et al., 2012; Volkova et al., 2020).
However, these nth-1 knockout strains compared to wild type do
undergo chronic oxidative stress and mitochondrial dysfunction,
as reflected by elevated steady state levels of ROS (Kassahun
et al., 2018). This is congruent with an observed transcriptional
upregulation of cellular proteins involved in activation of SKN-1
(Fensgard et al., 2010; Kassahun et al., 2018) a transcription factor
that mediates transcriptional responses to oxidative stress (Kahn
et al., 2008). Downregulation of insulin/IGF-1 (IIS) pathway is
also seen in nth-1 mutants (Fensgard et al., 2010). Apparently,
suppression of the IIS pathway is shown to induce longevity in
C. elegans (Rusyn et al., 2007). These alterations could represent
a defense mechanism against oxidative DNA damage and explain
the normal lifespan seen in NTH-1 deficient strain.

It is interesting to note that both UNG-1 and NTH-1
deficient mutants show a similar morphology of impaired CEP-1
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independent apoptotic response to oxidative damage, although
NTH-1 is the main DNA glycosylase involved in oxidative
damage repair in BER pathway (Skjeldam et al., 2010; Kassahun
et al, 2018). This has been explained by the identification
of compensatory transcriptional changes that attenuate p38-
MAPK-stress activated pathways, and not due to loss of DNA
repair from the deleted DNA glycosylase (Fensgard et al., 20105
Skjeldam et al., 2010; Kassahun et al., 2018).

AP ENDONUCLEASES IN C. elegans

Following the initiation of base excision repair by a
monofunctional DNA glycosylase to generate an AP site or
by a bifunctional DNA glycosylase that subsequently creates
3’-blocking group, an AP endonuclease is recruited to process the
secondary lesion to produce a 3'-hydroxyl group for DNA repair
synthesis. AP endonuclease enzymes are multifunctional proteins
that are conserved in all organisms (Li and Wilson, 2014). In
addition to their endonuclease function to cleave AP sites, AP
endonucleases possess 3'-diesterase activity, 3'-5'-exonuclease
activity, as well as 5'-DNA incision activity that contributes to
nucleotide incision repair (Hosfield et al., 1999; Daley et al,
2010; Redrejo-Rodriguez et al., 2016). The AP endonucleases
belong to one of two families, the exonuclease III family (Exo III)
or the endonuclease IV (Endo IV) family. While both families
are metal-dependent, a distinct feature of Endo IV enzymes is
the presence of tightly bound Zn*2 ions to perform cleavage
of the phosphodiester bond, while EXO III enzymes require the

addition of Mg™2 ions to exert its functions (Hosfield et al., 1999;
Daley et al., 2010; Redrejo-Rodriguez et al., 2016).

It is important to highlight that in human cells two AP
endonucleases have been identified, APE1 and APE2. APE-1 is
the major AP endonuclease as it is responsible for about 95% of
DNA repair activity (Demple et al., 1991; Li and Wilson, 2014).
APE-1, sometimes referred to as redox effector factor-1 (Ref-
1), is capable of performing other cellular functions related to
redox regulation of ubiquitous and tissue specific transcription
factors (Kelley et al., 2012). In humans, inappropriate APE1
expression or function are associated with several cancerous and
neurodegenerative diseases (Xanthoudakis et al., 1996; Whitaker
et al., 2017). This renders APEl an attractive target for the
diagnosis and treatment of cancer as well as other diseases (Park
et al.,, 2014; Ayyildiz et al., 2020). Dual deletion of the APEI
alleles in mice causes early embryonic lethality that led to a
set of challenging experiments to study the enzyme-phenotype
correlations. Because of the conserved enzymatic functions as
well as the viability of apn-1 or exo-3 null mutants, attracted the
interest of many scientists to use C. elegans as a suitable animal
model for the study of AP endonuclease enzymes in BER and to
deduce possible impact on health and disease.

Structural and Functional Analysis of
C. elegans EXO-3 and APN-1

The first report of an AP endonuclease existing in C. elegans
was published in 1996 (Masson et al., 1996). The gene identified
through ¢cDNA library screening encoded a 30 kDa protein with
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278 amino acids that shared homology with E. coli Endo IV
and was called CeAPN-1. Expression of CeAPN-1 in E. coli
mutants deficient in AP endonuclease activities to test for
cross-species complementation failed to produce a functional
protein, as the protein was degraded (Masson et al., 1996).
However, it was confirmed that an active AP endonuclease
activity was present in crude extracts of C. elegans, but the
activity could not be attributed exclusively to the identified
CeAPN-1 (Masson et al., 1996). Further investigations revealed
that embryonic extract derived from C. elegans contained an
AP endonuclease activity with high similarity to that displayed
by the E. coli exonuclease III (Xth), particularly in its resultant
nicked product and in addition to its Mg*2-dependence (Shatilla
and Ramotar, 2002). This finding raised the possibility there
must be at least two AP endonuclease genes in C. elegans,
Ceapn-1, and Ceexo-3. Indeed, a C. elegans exonuclease-3 (EXO-
3) was later identified by using cross-species complementation
analysis whereby a mutant S. cerevisiae strain YW?778, lacking
three genes including APNI and APN2 encoding the two
AP endonucleases, was exploited to isolate the C. elegans AP
endonuclease genes (Shatilla et al., 2005a,b). The YW778 mutant

strain is sensitive to DNA damaging agents such as MMS
that induces formation of AP sites (Vance and Wilson, 2001).
Expression of C. elegans APN-1 or EXO-3 successfully rescued
the yeast DNA repair capabilities and recovered its resistance to
MMS (Shatilla et al., 2005b).

Exonuclease-3 of C. elegans shares 44% and 64% homology
with E. coli Xth (exo III) and human APEI, respectively (Shatilla
et al., 2005b). In vitro DNA repair assays demonstrate that
EXO-3 is a strong AP endonuclease that cleaves AP sites to
produce a 3’-OH and 5-dRp ends in the presence of very
low Mg+2 concentration (Shatilla et al.,, 2005b). Addition of
5 mM EDTA, a metal chelating agent, completely abolishes
the enzymatic endonuclease activity. EXO-3 also possesses a
3’-diesterase activity capable of excising 3’-a, B-unsaturated
aldehyde residues on DNA oligonucleotides that are generated
by the action of NTH-1 AP lyase on AP sites. However, it
seems this enzymatic activity has a more stringent requirement
for Mgt? ions and requires a minimum of 1 mM MgCl,
to be added to the in vitro reaction mixture for the 3'-
diesterase activity to be evident (Shatilla et al., 2005a). Despite
its name, C. elegans EXO-3 does not display a 3'-5'-exonuclease

Frontiers in Cell and Developmental Biology | www.frontiersin.org m

December 2020 | Volume 8 | Article 598860


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Elsakrmy et al.

C. elegans Base Excision Repair

activity. This is contrary to human APEl or Xth of E. coli,
however, the 3'-5'-exonuclease activity is harbored by the
C. elegans APN-1 instead, in a manner similar to the yeast
Apnl (Vance and Wilson, 2001). In vitro assays also failed
to detect any activity of a direct 5-DNA incision toward
oxidized bases such as 5,6-dihydroxyuridine, suggesting that
C. elegans EXO-3 is not directly involved in nucleotide incision
repair pathway as human APE1 (Shatilla et al., 2005a; Li and
Wilson, 2014). In contrast, C. elegans APN-1, and not EXO-3,
appears to share more functions with human APE1 (see below)
(Yang et al., 2012).

Structural analysis of EXO-3 revealed that substitution of the
amino acid His at 279 with Ala or replacing Asp at 190 with
Ala completely diminishes the DNA repair capability of EXO-
3, and these variants can no longer rescue the AP endonuclease
deficient yeast YW778 strain from the genotoxic effects of MMS
or agents that create DNA single strand breaks with blocked 3'-
ends (Shatilla et al., 2005a). Indeed, in vitro experiments with
H279A and DI190A variants confirm loss of EXO-3 function.
Nevertheless, substitution of Glu68 with Ala results in a variant
(E68A) that performs AP endonuclease and 3'-diesterase activity
in vitro in the presence of additional Mg?*, but these activities
are lost in vivo, possibly due to an impaired process beyond
the AP endonuclease step (Shatilla et al., 2005a). Interestingly,
band-shift experiment revealed that purified native EXO-3 does
not stay bound to the AP site substrate in either the absence or
the presence of embryonic extract derived from C. elegans. In
contrast, the purified EXO-3 variant E68A retards the mobility
of the AP site substrate only in the presence of the extract.
Since purified E68A alone has no effect on the mobility of the
AP site substrate, it is assumed that dissociation of the variant
from the substrate is a slow process thereby trapping a protein
from the extract (Shatilla et al., 2005a). The identity of this
protein is under investigation and it is likely a component of
the BER pathway.

The second AP endonuclease functioning in the BER pathway
in C. elegans is APN-1. Although the apn-1 gene was identified in
1996, the encoded APN-1 protein was only characterized many
years later, even after EXO-3, as explained below (Yang et al.,
2012). RNA interference studies indicated that knock down of
APN-1 caused the animal to lose its resistance to DNA damage
induced by MMS (Zakaria et al., 2010). This suggests a unique
function for APN-1 that is not substituted by EXO-3 even though
both enzymes have the ability to process MMS-induced AP sites
(Shatilla and Ramotar, 2002). This prompted the isolation and
characterization of APN-1 even though this brought along many
new challenges (Yang et al., 2012).

The apn-1 gene, which is located on chromosome 2 encodes
a 396 amino acid-long APN-1 polypeptide (UniProt database)
(APN-1, 2020). The APN-1 amino acid sequence from 119
to 396 shared 63% homology with both S. cerevisiae Apnl
and E. coli Nfo (Shatilla et al., 2005b). The N-terminal amino
acid stretch (1-63) of the protein is not directly related to
the nuclease activities of the protein, however, this segment
is essential for APN-1 localization into the nucleus (Wang
et al., 2014). This was evident from an APN-1 variant (1-63A)
that retained cytoplasmic distribution compared to the nuclear

localization of the full-length APN-1 when tested in a yeast
system (Wang et al., 2014). Isolation of the apn-1 gene from a
C. elegans library designed for yeast two-hybrid screening did
not contain the full-length APN-1, and instead carried only a
portion of APN-1 from amino acid 119 to 396 (Shatilla et al.,
2005b; Wang et al., 2014). Expression of this truncated APN-1
(119-396), which included the region essential for endonuclease
activity, to test for cross specie complementation in the yeast
AP endonuclease deficient strain YW778 showed no ability to
rescue this yeast YW778 mutant strain from MMS-induced AP
sites, and thus this strain remained very sensitivity to MMS.
Interestingly, the inclusion of a nuclear localization signal to
the APN-1 (119-396) caused its localization to the nucleus and
which restored full MMS resistance to the YW778 strain to the
level of the wild type yeast strain YW465 (Yang et al., 2012;
Wang et al,, 2014). This approach has allowed the purification
and characterization of APN-1, and like yeast Apnl and E. coli
endo IV, the CeAPN-1 required no additional metal ions for
enzymatic activities. Similar to other endo IV family members,
APN-1 of C. elegans performs four DNA repair functions with the
following enzymatic activities, AP endonuclease, 3'-diesterase,
NIR and 3'-5'-exonuclease (Yang et al., 2012). It is noteworthy
that the diesterase activity of APN-1 requires relatively higher
protein concentrations to be evident, suggesting that APN-1
preferentially cleaves abasic sites to generate a 3’-OH at higher
rates than cleaving 3'-blocking groups generated by AP lyases
(Yang et al., 2012; Wang et al., 2014). As stated earlier, APN-1
incorporated the 3’/-5'-exonuclease activity, which is lacking in
the EXO-3 enzyme suggesting that APN-1 could have a broader
function in C. elegans (Yang et al., 2012; Wang et al,, 2014). Tt
is worth noting that CeAPN-1 possesses all the same activity
of human APEl, except the ability to serve as a redox factor
whereby APE1 has a key cysteine C65 that can reduce a number
of transcription factors such as p53 (Nassour et al., 2016). While
APEL is essential in mammalian cells, deletion of either apn-
1 or exo-3 or both genes in C. elegans do not cause lethality,
raising the possibility of the importance of the redox function of
APEL. So far, no homolog of CeAPN-1 (endo IV member) has
been found in human cells, although a second APE1 like enzyme,
APE2, with limited function has been isolated and partially
characterized (Hadi et al., 2002; Guikema et al., 2007; Burkovics
et al., 2009).

Site-directed mutagenesis allowed for the creation of two
APN-1 variants, the E261G and the E215G (Yang et al.,, 2012).
Based on the ribbon structure of APN-1 alone and in contact
with damaged DNA, it appears that glutamate at position 261
is located within the metal binding pocket and comes in direct
contact with the DNA strand, while the glutamate residue at
215 is not directly involved in metal binding (Yang et al,
2012). Although neither substitutions affected the expressed
protein size or structure, the variant E215G, and not E261G,
was capable of preventing spontaneous DNA mutations as well
as rescuing the mutant YW778 strain from bleomycin-induced
lesions, suggesting that Glu215 does not play a role in DNA repair
(Yang et al., 2012). It appears that replacing the glutamic acid
residue at position 261 with a glycine reduced the size of the ion-
binding pocket as indicated by the provisional structure of the
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protein, thus blocking the metal from making contact with the
DNA (Yang et al., 2012).

Phenotypic Changes of EXO3 and APN-1

Mutant Strains

Caenorhabditis elegans knockout and knockdown for the APN-1
and EXO-3 AP endonucleases do not lead to inviable phenotypes.
The exo-3 mutant strains often demonstrate a more severe
phenotype compared to apn-1 mutants (Figure 2; Schlotterer
et al, 2010; Zakaria et al., 2010; Kato et al., 2015; Miyaji
et al, 2018). RNA interference (RNAi) studies indicate that
exo-3 knockdown does not terminate growth completely, rather
it results in developmental delay by an average of 6 h from
the wild type strain; a delay that is aggravated by exposure to
toxic agents such as MMS and NaHSO3 (Miyaji et al., 2018).
Deletion of apn-1 in addition to exo-3 did not alter the observed
phenotype as exo-3;apn-1 double mutants were reported to
demonstrate developmental delay as well (Miyaji et al., 2018).
In addition, exo-3 deletion reduced C. elegans motility (head
and overall body), and induces abnormal vulval organogenesis
(Schlotterer et al., 2010; Miyaji et al., 2018). Furthermore, exo-
3 knockdown compromises longevity and reduces life span by
an average of 3.1 days, compared to wild type (Schlotterer et al.,
2010). Knockout studies conducted later supported this finding,
although a wider mean difference of 5.4 days was reported (Kato
etal., 2015). This is also accompanied by about 30% reduction of
self-brood size than N2 worms (Kato et al., 2015). These impaired
phenotypes indicate that exo-3 is vital to the development of
C. elegans.

On a cellular level, exo-3 mutants (RNAi) display 2-fold
increase in ROS generation, particularly colocalized with the
neuronal system, as well as a 3-fold increase in mtDNA
deletions, which is thought to contribute to aging (Harman,
1972; Schlotterer et al, 2010). These effects are thought to
be mediated through cep-I-dependent mechanism. It appears
that wild type C. elegans strain with suppressed cep-1 (RNAi)
expression, as well as cep-1 knockout strain (VC172) show
elevated EXO-3 levels (Schlotterer et al., 2010). A similar finding
is observed in human cells where p53, the human cep-1 ortholog,
is believed to downregulate the human exo-3 ortholog APE1
through inhibition of S1 and S1-mediated APE1 transcription
(Zaky et al., 2008). However, it is noteworthy that the observed
exo-3 upregulation induced by cep-1 inhibition may not grant
the animal additional resistance to oxidative damage. An RNAi
cep-1 knockout (GK138) strain was shown to be as sensitive as
wild type strains to oxidative DNA damage upon placement in
a hyperbaric O, chamber (Arum and Johnson, 2007). Although
exo-3 expression levels were not assessed in this particular study
nonetheless, the GK138 mutant strain showed an increase in
life span that is similar to that observed in wild type cep-1
RNAi-treated animals created by Schlotterer et al. (2010) which
had shown a confirmed increase in exo-3 levels. Interestingly,
knockdown of cep-1 expression in exo-3 (RNAi) wild type strains
rescued the phenotype with a preserved neuronal function,
normalized ROS levels, as well as increased animal motility
compared to exo-3 (RNAI) treated worms alone (Schlotterer et al.,

2010). We reasoned that cep-I1 inhibition probably elicits an
antioxidant response in the exo-3 mutant. This can be discerned
from the inability to detect changes in oxidative DNA damage
levels in cep-1 mutant NC172 or GK138 strains, as well as a failure
to detect a significant change in ROS levels in cep-1 silenced
(RNAi) N2 worms (Arum and Johnson, 2007; Schlotterer et al.,
2010). It is likely that EXO-3 may execute other functions that
are not DNA repair-related, as in the case of the human APE1
that is involved also in transcription regulation besides a role in
BER (Tell et al., 2009).

As in the case of exo-3 mutants, several distinct phenotypes are
observed in apn-1 knockout and knockdown models. C. elegans
strains mutated for apn-1 showed up to 5-fold increase in
mutation rates as discerned by a gfp-lacZ reporter, which has
an insertion that sets lacZ out of frame and when mutated
brings lacZ in frame (Zakaria et al., 2010). Under normal growth
conditions, these apn-1 mutants show no reduction in life span
despite the increase burden of mutations (Zakaria et al., 2010;
Miyaji et al., 2018). However, upon exposure to DNA damaging
agents such as MMS and tert-butylhydroperoxide (t-BH), the
apn-1 mutants displayed a reduction in life span by 3-4 days
(Zakaria et al., 2010). In contrast, exposure of the apn-1 mutant
to UVC radiation did not decrease its lifespan compared to the
wild type, implying that APN-1 is not essential for mitigating the
genotoxicity of ultraviolet radiation as it is for MMS and ¢t-BH
(Zakaria et al., 2010). Diminishing APN-1 activity in C. elegans
is also accompanied by an impaired progeny development.
Compared to wild type, apn-1 mutants (RNAi) show a striking
difference of 30% lower egg-hatching rate at 24 h of incubation.
The difference in egg-hatching rate is significantly minimized to
10% at 36 h and beyond, indicating an impaired developmental
rate in apn-1 strains compared to wild type (Zakaria et al., 2010).
It appears that apn-1 deletion impacts progeny development
at the very early stages of embryogenesis, likely due to the
accumulation of lethal mutations in the germ cells.

The first cell to give rise to C. elegans is PO cell which divides
into an AB cell and a P1 cell (Brauchle et al., 2003). While AB
cell is not affected by DNA damage occurring during this stage,
the P1 cell division decreased in response to a DNA damage-
activated checkpoint signaling pathway (Brauchle et al., 2003).
Time-lapse microscopy revealed that apn-1 knockdown strains
exhibited a delayed P1 cell cycle division by about 39 s (P
value < 0.003) compared to wild type strains (Zakaria et al.,
2010). This delay was specific to P1 cells as no difference in
AB cell cycle length was noted between wild type and apn-I
mutated cells (Zakaria et al., 2010). Nevertheless, impairment
of progeny development in apn-1 mutants was not necessarily
associated with altered progeny production; apn-I mutants laid
eggs in a similar pattern to that of wild type, as evident in an
unaffected self-brood size (Zakaria et al., 2010; Kato et al., 2015).
Lastly, APN-1 appears to contribute significantly to the animal
lethality resulting from knockdown of the dut-1 gene encoding
the deoxyuridine 5'-triphosphate nucleotidohydrolase (DUT-1).
DUT-1 converts dUTP into dUMP, which is the precursor for
the synthesis of dTTP, and in the absence of DUT-1 there is an
increased in dUTP levels that can be used efficiently by DNA
polymerase for incorporation opposite adenine in the genome.
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DUT-1 inhibition increased uracil incorporation in the DNA and
following removal by UNG-1 resulted in an increased level of
toxic AP sites that diminished C. elegans survival (Dengg et al.,
2006). Downregulation of apn-1 (RNAi) in the dut-1 mutant
partially resolved the imposed lethality as evident by nearly 7% of
broods reaching adulthood, in contrast to exo-3 mutants where
only 0.2% successfully reached adult stages (Zakaria et al., 2010).
One interpretation of these findings is that UNG-1 removal
of uracil is followed by recruitment of APN-1, and not EXO-
3, to process the AP sites to create an accumulation of toxic
single strand DNA breaks that could further lead to double
strand breaks (Zakaria et al., 2010). Under this condition, the
downregulation of apn-I may not be efficient to suppress the
cleavage of the AP sites left by UNG-1. Alternatively, we cannot
exclude the possibility that the AP sites left by UNG-1 action are
rapidly cleaved via competition by the AP lyase activity of NTH-
1 to create toxic DNA single strand breaks with 3’-blocked ends
(Papaluca et al., 2018). As such, it would be important to test
whether knockdown of nth-1 will completely rescue the lethality
caused by dut-1 mutation in C. elegans. In the case of E. coli or
yeast, the dutl or DUTI gene, respectively, is essential and an
allele of dutl-1 with compromised activity in yeast is lethal in
the absence of APN1 (Guillet et al., 2006). It is possible that the
lethality of the dutl-1; apnl double mutant may be the result of
AP lyases, such as Ntgl and Ntg2, acting on the accumulated
AP sites to generate toxic single strand breaks with 3’-blocked
ends. In both model systems, C. elegans and yeast, it seems that
processing of dutl-mediated AP sites by AP lyases may lead to
lethality due to accumulation of toxic DNA single strand breaks.

AP Endonucleases During Life Span of

C. elegans

The life cycle of C. elegans constitutes several stages that can
be described as embryogenesis, four larval stages L1-L4, and
two adult stages: the young adult, and the gravid adult stage
(Altun and Hall, 2009). Articulating findings scattered across
several reports of AP endonuclease expression helps draw a
general notion of the roles APN-1 and EXO-3 execute throughout
C. elegans lifespan. In situ hybridization of exo-3 and apn-1
mRNA identifies that both genes are expressed in the gonads of
male and hermaphrodite worms, and that AP sites are efficiently
repaired in the gonads of C. elegans (Kato et al., 2015). In contrast
to apn-1, deletion of exo-3 is accompanied by reduced self-brood
size in an nth-1 dependent manner (~30% less than the N2 strain)
in addition to a delayed initiation of egg-laying, suggesting that
exo-3 plays a vital role in the progeny development or gonad
maturation phase by processing endogenous lesions that must
be processed by NTH-1 and channel to EXO-3 (Kato et al.,
2015). During embryogenesis, APN-1 is needed to overcome
a DNA damage checkpoint and aid cell cycle progression of
the P1 blastomere (Zakaria et al,, 2010). Following hatching,
expression levels of both APN-1 and EXO-3, as indicated by
mRNA transcripts, remains the same throughout the egg and
larval stages. Interestingly, at 60 h, corresponding to young adult
stage, apn-1 expression is increased to 2.3 times its levels at
0 h (ie., egg stage), while to a more extensive level exo-3 levels

increased by 13-fold its levels at the egg stage (Miyaji et al., 2018).
Moreover, expression remains at such levels with subsequent
progression into the gravid adult stage at 72 h (Miyaji et al,
2018). Upon aging, exo-3 expression started to decline to reach
a level of 45% reduction at 6 days of age, compared to day 1,
and remain at such level for the remainder of the nematode life
span (Schlotterer et al., 2010). As expected, the declining exo-3
levels by day 6 correlated with increased mtDNA deletions by
day 5. Taken together, there is an essential need for functional AP
endonucleases in all of the C. elegans life stages, particularly, at
adult stages. Moreover, it appears that EXO-3 plays a vital role in
the animal development, as evident by a more severe phenotype
in exo-3 mutants compared to apn-1 (Schlotterer et al., 2010;
Zakaria et al., 2010; Kato et al., 2015; Miyaji et al., 2018).

DNA POLYMERASE AND LIGASE IN
C. elegans

Polymerase Q and Polymerase H

Despite clear evidence of a full BER pathway in C. elegans, a
homologous sequence for polymerase B (POLB), the X-family
DNA polymerase primarily active in base excision repair in
human cells was not found (Loeb and Monnat, 2008). Computer-
based sequence analysis successfully located 11 putative DNA
polymerase sequences, but this approach failed to identify a
conserved sequence for POLB or any other X family members
(Asagoshi et al, 2012). Furthermore, DNA polymerase assay
failed to detect POLB-like activity in the cellular extracts of the
nematode (Asagoshi et al., 2012). Notably, several studies suggest
that a DNA polymerase theta [or polymerase Q (POLQ) or a
polymerase eta polymerase H (POLH)] is involved in DNA repair
in C. elegans. Both POLQ and POLH belong to the A-family
of DNA polymerases and are considered translesion synthesis
(TLS) polymerases (also known as bypass polymerases) (Loeb and
Monnat, 2008). TLS polymerases catalyze insertion of nucleotides
opposite damage site and are error-prone when synthesizing
DNA in the absence of a template strand, as in non-homologous
end joining (NHE]) (Loeb and Monnat, 2008). Indeed, POLQ is
an essential component of alternative NHE] in mammalian cells
(Mateos-Gomez et al., 2015). Likewise, experiments on C. elegans
identified that alt-NHE] was shown to be completely dependent
on POLQ, particularly in the germline and is considered the
main source of insertion/deletion mutations and thus essential
for genetic diversification in C. elegans (Roerink et al., 2014;
van Schendel et al., 2015). Nonetheless, endeavors to explore
a potential role for POLQ in BER pathway led Asagoshi et al.
(2012) to identify the presence of a POLQ-like activity in the
cellular extracts of C. elegans contributing to gap-filling synthesis.
Knockout experiments confirmed the involvement of POLQ-1 in
the pathway (Asagoshi et al., 2012). More recently, it has been
shown that the knockdown of polg-1 sensitized the animals upon
exposure to 5hmU, suggesting a role for POLQ-1 in processing
this oxidative DNA lesion via the BER pathway (Papaluca et al.,
2018). So far, it would appear that processing, for example, of the
oxidized base lesion 5hmU would require the sequential actions
of UNG-1, APN-1, and POLQ-1 (Papaluca et al., 2018).
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Two additional DNA polymerases, POLH and POLK of
C. elegans are also implicated in DNA repair (Ohkumo et al,
2006; Akagi et al., 2009; Roerink et al., 2012). Both C. elegans
POLH and POLK are unique as they do not share homologous
recombination repair functions with their human orthologs
(Roerink et al., 2012). polh and polk mutant strains are sensitive to
MMS, while the double mutants are even more sensitive to MMS.
Since MMS exerts DNA damage through alkylating guanine and
adenine bases, which can be repaired by BER, it remains possible
that both of these polymerases could participate in the BER
pathway in C. elegans (Lundin et al., 2005; Roerink et al., 2012).

It remains unclear which of the two possible DNA ligases,
LIG-1, and LIG-4, are involved in mending the final step of
the BER pathway and which protein would serve the function
of coordinating the single strand break repair, if no potential
XRCCL scaffold protein exists in C. elegans to orchestrate the
recruitments of the various DNA repair proteins in the pathway
(Wilson et al., 2017).

Poly(ADP-ribose)polymerases

Poly(ADP-ribose) polymerases are a group of conserved enzymes
involved in apoptotic pathways, post translational modifications,
and chromatin remodeling (Hassa and Hottiger, 2008). Notably,
PARPs play a role in DNA repair and were proven to be involved
in base excision repair (Trucco et al., 1998; Beneke et al., 20005
Le Page et al., 2003). Two homologs sequences were identified
in C. elegans, namely pme-1 and pme-2 (also known as parp-
I and parp-2) (Gagnon et al., 2002). C. elegans pme-1 encodes
a 108 kDa PARP with an N-terminal that contains two Zn™?
finger motifs, and a catalytic C-terminal with the canonical
PARP motif (Gagnon et al., 2002). PME-1 shares 31% amino
acid identity and 78% PARP motif similarity to its human
ortholog (Gagnon et al., 2002). PME-2, with a 24% amino acid
similarity, is also an active PARP, albeit its shorter primary
structure that shared fewer motifs compared to human PARP-2
(Gagnon et al., 2002). Enzymatic inhibition of PME-1 and PME-
2 in C. elegans was associated with a reduced progeny survival
rate after exposure to ionizing radiation, likely due to impaired
DNA repair response (Dequen et al., 2005). Knockout worms
also demonstrate increased sensitivity to cisplatin treatment
reflected in reduced brood size and viability (Crone et al., 2015).
Interestingly, BER and transcription-coupled NER were recently
shown to be involved in protecting against cisplatin-induced
cytotoxicity (Slyskova et al., 2018). Furthermore, pme-1 and pme-
2 mutants do not experience reduced viability upon exposure
to high doses of Manganese (Mn*2) (Neumann et al., 2020).
This is interesting given that Mn ™2 exposure was correlated with
an impaired poly(ADP-ribosyl)ation-mediated DNA damage
response, which is thought to enhance sensitivity to genotoxic
drugs (Bornhorst et al., 2010, 2013).

Poly(ADP) ribose polymers are subsequently degraded
by poly(ADP-ribose) glycohydrolase (PARG) (St-Laurent and
Desnoyers, 2011). C. elegans genome encodes two PARGs: pme-
3 and pme-4, which share 18% and 22% overall identity, and 42%
and 40% PARG motif similarity to human PARG, respectively (St-
Laurent et al., 2007). Knockdown (RNAi) of both genes results
in enhanced sensitivity to ionizing radiation (St-Laurent et al.,

2007), which can be suppressed by an impaired TLS pathway
via mutational deactivation of POLQ (Bae et al., 2020). Despite
the presence of these enzymes in C. elegans, there is no direct
evidence to link the PARPs and PARGs to the BER pathway.

MUTATIONAL SIGNATURES IN
C. elegans

Recently, C. elegans has been acquiring increasing attention
as an animal model for the study of mutational signatures
(Meier et al., 2014, 2020a; Volkova et al.,, 2020). Particularly
due to the conservation of key DNA repair pathways, as well
as the affordability and feasibility of sequencing successive
generations of this short-lived nematode. Genome sequencing
of 17 DNA repair deficient mutants indicated that on average,
a single mutation per generation is observed not only in wild
type, but also in DNA repair defective mutants (Meier et al.,
2014; Volkova et al, 2020). With such low mutation rate,
animals need to be propagated for at least 20-40 generations
to allow rigorous comparison and statistical analysis (Meier
et al., 2020a). Generally, base substitutions are the most frequent
DNA mutations encountered in WT and mutant strains (Meier
et al, 2014). It is interesting that except for MMR mutants, the
mutation rates of C. elegans DNA repair mutants do not exceed
2 to 5-fold that of baseline (Volkova et al., 2020). BER impaired
exo-3 and ung-1, but not apn-1, pme-1, or pme-2 mutants show
a significant increase in base substitution per generation as
compared to the WT strain (Meier et al., 2020b). As expected,
ung-1 mutants experience less T > Cand T > G mutations (Meier
et al., 2014). However, no significant difference in structural
variants or insertion/deletion mutations was reported for BER
mutants (Meier et al., 2020b). Overall, the maintenance of
genomic integrity is surprisingly robust despite knockout of the
various DNA repair pathways, accentuating the redundancy of
DNA repair mechanisms in C. elegans (Volkova et al., 2020).

BER ENZYMES IN RELATION TO OTHER
DNA REPAIR PATHWAYS

Besides the BER pathway, C. elegans also conserved the additional
major DNA repair pathways including nucleotide excision,
mismatch, non-homologous and homologous recombination
pathways. As in the BER pathway, not all the components of
the various DNA repair pathways have been found in C. elegans
when compared to the proteins found in the human DNA repair
pathways (Wilson et al., 2017). It is not clear whether C. elegans
lacks these components, and which are fulfilled by the roles of
other unrelated proteins. However, this would require a more
in-depth discussion that is not within the scope of this review.

It is noteworthy that C. elegans has the ability to recruit
components from one DNA repair pathway to execute a function
in another pathway. For example, the enzymes of the BER
pathway do not necessarily work in isolation, they can show
redundancy and overlap with other pathways. In this section,
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we provide a brief overview of some of the links to other DNA
repair pathways.

Link to MMR

Depletion of apn-1 (RNAi) in exo-3 mutant TM4374 strain
resulted in increased sensitivity to 5-FU, suggesting that APN-1
is involved in the process that removes 5-FU (SenGupta et al,,
2013). Further analysis indicated that 5-FU induced toxicity
was not UNG-1 dependent, but EXO-3 and APN-1 dependent,
suggesting that an alternative pathway is acting upstream of the
AP endonucleases role in nicking of the DNA (SenGupta et al.,
2013). Indeed, epistasis analysis indicates that APN-1 and EXO-
3 function in cooperation with other Mismatch repair (MMR)
pathway enzymes leading to 5-FU induced toxicity. It appears
that EXO-3 is required for DNA nicking and subsequent MMR
activation, whereas APN-1 induces DNA damage checkpoint
activation to allow the repair process (SenGupta et al., 2013).

Link to NER

As discussed earlier, deletion of nth-1 does not change the life
span of C. elegans. On the other hand, if the nucleotide excision
repair (NER) gene xpa-1 is lost, the life span is shortened
(Fensgard et al., 2010). The double mutations in the nth -1 and
xpa-1 genes are expected to further shorten the life span, however,
it was reported that the loss of NTH-1 activity restores the life
span of short-lived xpa-1 mutant to the same level as the wild-
type worms (Fensgard et al., 2010). Furthermore, the authors
have found that depletion of both NTH-1 and XPA-1 induced an
oxidative stress response, as well as changes in global expression
profiles that involved the upregulation of genes responding to
endogenous stress and downregulation of IIS (Fensgard et al.,
2010). It is possible that NTH-1 may serve to recognize certain
DNA damage that it cannot repair and forming transcription
blocking lesion, which may then recruit XPA (Fensgard et al.,
2010). Alternatively, NTH-1 may produce toxic single strand
breaks requiring XPA-1 function via the NER pathway.

PERSPECTIVES

We initially believed that C. elegans would provide a simpler
system to study the BER pathway in multicellular organisms,
but the findings to date led us to suggest that this model is
more complex and raises a number of questions that need
to be resolved. The complexity lies in the fact that deleting,
for example, the nth-1 gene triggers a complex regulation of
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genes to combat oxidative stress thereby dampening any severe
phenotypes that might be caused as a consequence of NTH-
1 deficiency. Establishing this link might be important to find
ways to activate similar systems in human cells to bypass NTH1
defects. Of note, CeNTH-1 has an extended N-terminal that is
crucial for the DNA glycosylase activity, although it remains
unclear what is the exact function of this region of the enzyme.
One tenable possibility is that the N-terminal of NTH-1 might
serve to scan the genome and recognize damaged bases to activate
the DNA glycosylase activity.

Besides the above challenges, several additional aspects remain
unresolved regarding the BER system in C. elegans, for example
(i) it is unclear whether a second uracil DNA glycosylase
exists in C. elegans as raised by earlier reports While extracts
derived from UNG-1 deficient strain suggest the existence of a
second uracil DNA glycosylase activity in C. elegans, its genome
does not appear to encode another homolog, (ii) there is no
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DNA lesions. It would be interesting to determine whether
the ung-1;nth-1;apn-I;exo-3 quadruple deletion mutant would
survive, or other DNA repair pathways would be exploited to
repair the accumulated oxidative DNA lesions.
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The nucleosome is a stretch of DNA wrapped around a histone octamer. Electrostatic
interactions and hydrogen bonds between histones and DNA are vital for the stable
organization of nucleosome core particles, and for the folding of chromatin into more
compact structures, which regulate gene expression via controlled access to DNA. As
a drawback of tight association, under genotoxic stress, DNA can accidentally cross-
link to histone in a covalent manner, generating a highly toxic DNA-histone cross-link
(DHC). DHC is a bulky lesion that can impede DNA transcription, replication, and
repair, often with lethal consequences. The chemotherapeutic agent cisplatin, as well
as ionizing and ultraviolet irradiations and endogenously occurring reactive aldehydes,
generate DHCs by forming either stable or transient covalent bonds between DNA and
side-chain amino groups of histone lysine residues. The mechanisms of DHC repair
start to unravel, and certain common principles of DNA-protein cross-link (DPC) repair
mechanisms that participate in the removal of cross-linked histones from DNA have
been described. In general, DPC is removed via a two-step repair mechanism. First,
cross-linked proteins are degraded by specific DPC proteases or by the proteasome,
relieving steric hindrance. Second, the remaining DNA-peptide cross-links are eliminated
in various DNA repair pathways. Delineating the molecular mechanisms of DHC repair
would help target specific DNA repair proteins for therapeutic intervention to combat
tumor resistance to chemotherapy and radiotherapy.

Keywords: DNA-histone cross-link, nucleosome core particle, chromatin, genome instability, spartan protease,
proteasome, DNA repair

INTRODUCTION

Cellular DNA is constantly altered by endogenous and exogenous factors, resulting in tens of
thousands of lesions in a human cell every day (Lindahl, 1993). This damage may be classified into
two types according to size: non-bulky DNA and bulky DNA. Non-bulky DNA lesions include base
mismatches, abasic sites, and small base modifications, which in general are repaired by mismatch
repair (MMR), base excision repair (BER), nucleotide incision repair (NIR), direct reversal
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repair (DRR), and translesion DNA synthesis (TLS) (Gros et al,,
2004; Fortini and Dogliotti, 2007; Sharma et al., 2013; Yi and
He, 2013; Ignatov et al, 2017). Bulky DNA lesions include,
among other types of damage: double-strand breaks, DNA-
protein cross-links (DPCs), and intra- and inter-strand DNA
cross-links. The structural complexity of certain bulky DNA
lesions requires the use of several DNA repair pathways acting
in a coordinated manner, including homologous recombination
(HR), non-homologous DNA end-joining (NHE]), nucleotide
excision repair (NER), TLS and BER; Fanconi anemia (FA)
signaling system and complex proteolytic machinery (Ishchenko
et al., 2006; Ho and Schérer, 2010; Duxin et al., 2014; Tretyakova
et al, 2015; Martin et al,, 2017). Non-bulky DNA lesions
cause limited and local DNA perturbations, whereas bulky ones
induce significant distortions in the overall DNA helix structure
(Ide et al., 2011). DNA-protein cross-links (DPCs) are formed
when a protein covalently binds to DNA (Tretyakova et al.,
2015). They are difficult to repair because of their super-bulky
character compared with known voluminous, helix-distorting
DNA lesions, such as UV-induced pyrimidine dimers. These
super-bulky adducts can be generated by exposure of cells to
endogenous and exogenous cross-linking agents (Stingele et al.,
2017; Zhang et al., 2020). The presence of protein covalently
attached to DNA strongly interferes with DNA replication,
transcription, repair, and chromatin remodeling (Kuo et al,
2007; Klages-Mundt and Li, 2017; Yudkina et al., 2018; Ji et al,,
2019). DPCs may be classified into five types, according to the
nature of the covalent link in the DNA-protein complex and
the presence of DNA strand breaks (Ide et al., 2015, 2018;
Nakano et al., 2017). Type 1, the most common type of DPC,
is formed when proteins covalently link to a nitrogenous base
in undisrupted DNA. Type 2-4 cross-links occur when DNA-
cleaving enzymes are trapped in a covalent intermediate with a
DNA strand (Ide et al., 2015, 2018; Nakano et al., 2017). Type
2 is formed when bi-functional DNA glycosylases and repair
enzymes containing f-lyase activity such as DNA polymerase
and Parpl irreversibly bind to a cleaved apurinic/apyrimidinic
(AP) site (Ide et al., 2015, 2018; Nakano et al., 2017). Type 3 is
generated during abortive DNA strand cleavage by topoisomerase
1 (Topl) and formation of a covalent tyrosinyl-phosphodiester
bond between the protein and the 3’'-terminal DNA phosphate
moiety of SSB (Ide et al., 2015, 2018; Nakano et al., 2017). The
abortive action of topoisomerase 2 (Top2) generates type 4 DPC,
in which tyrosine is linked to the 5'-terminal phosphates of
double-strand breaks (DSB) (Ide et al., 2015, 2018; Nakano et al.,
2017). Recently, a new type of DPC emerged after the discovery
of HMCES, a 5-hydroxymethylcytosine (5ShmC) binding protein
which can recognize abasic sites in single stranded DNA (ssDNA)
and form a covalent ssDNA-HMCES crosslink to prevent error-
prone translesion synthesis past the lesion (Mohni et al., 2019).
Because of the differences in structure and composition between
these five groups, each type of DPC is processed by a distinct
repair mechanism. It seems difficult to remove super-bulky Type
1 DPC in the canonical linear DNA excision repair pathways
because the presence of a protein molecule blocks access to
DNA. Nevertheless, recent studies have revealed that nucleotide
excision repair (NER) and homologous recombination (HR) can

remove certain types of DPCs in a nuclease-dependent manner
(Zhang et al., 2020). However, it is still not clear whether these
repair pathways could deal with other types of DPC. Stingele
et al. (2017) have proposed that each constituent of DPC:
DNA, protein, and the covalent linkage between them might
be processed by three different repair mechanisms. A recent
paper by Kithbacher and Duxin (2020) provides comprehensive
review on the formation and repair of DPCs. In this review,
we summarize the current knowledge regarding the repair
mechanisms involved in removal of DHCs induced by various
genotoxic agents. Covalent cross-linking to DNA occurs more
often with DNA binding proteins, such as histones, transcription
factors, and DNA metabolizing enzymes including repair factors
and topoisomerases (Klages-Mundt and Li, 2017). In the cell
nucleus, histones are assembled into an octamer forming the
nucleosome core with 147 bp of DNA wrapped around and
tightly bound to it (Luger et al., 1997, 2012). This basic chromatin
structure makes histones primary targets of DNA cross-linking
agents, leading to the formation of DNA-histone cross-links
(DHC) (Solomon and Varshavsky, 1985). Currently, the repair
mechanisms counteracting DHCs generated by various factors
only started to unravel.

DNA-HISTONE CROSS-LINKS (DHCs)

Nucleosomal DNA is packaged into compact units referred as
chromosomes, in which core nucleosome particles are connected
by stretches of linker DNA up to 80 bp length. A nucleosome
core particle (NCP) is composed of two copies each of histones
H2A, H2B, H3, and H4. The molecular weight of individual
histones range from 11 to 22 KDa, whereas the molecular
weight of histone octamer in NCP is 210 KDa (Eickbush and
Moudrianakis, 1978; Luger et al., 1997). The stability of the
nucleosome is based on various protein-protein interactions,
and numerous non-covalent electrostatic and hydrogen bonds
between histones and the DNA duplex (Luger et al, 1997,
2012; Davey et al., 2002; Rohs et al, 2009). The primary
structure of chromatin can be depicted as a beads-on-a-string
organization of individual nucleosomes, which can be further
folded into compact secondary and tertiary structures, with the
help of histone variants present in certain nucleosomes and
post-translational modifications (PTMs) situated in disordered
histone tails (Woodcock and Dimitrov, 2001; Luger et al,
2012). The folding of chromatin into primary, secondary, and
tertiary structures is crucial for regulating the accessibility of
DNA to complex multi-protein machinery involved in DNA
replication, transcription, and repair. Non-covalent interactions
between DNA and histones enable chromatin dynamics to
switch between the closed and open conformations. DHCs
impair chromatin flexibility, which may subsequently affect
long-distance interactions in chromatin that would indirectly
disturb DNA replication, transcription, and repair within a
topologically associating domain (TAD) (Hinz et al., 2010; Todd
and Lippard, 2010; Tretyakova et al., 2015; Hauer and Gasser,
2017; Nakano et al,, 2017). DHCs belong to type 1, a non-
enzymatic form of DPC, in which a protein is covalently attached
to an undisrupted DNA (Ide et al., 2011). Several comprehensive
studies describing the mechanisms of formation of DHCs have
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been published recently (Ming et al., 2017; Shang et al., 2019;
Yang and Greenberg, 2019), nevertheless, it is not known whether
specific repair mechanisms for the removal of DHCs exist. In this
review, we focus mainly on the repair pathways of DHCs and
briefly describe their formation.

Formation of DHCs

A water-soluble covalent complex of DNA and histones (H2A
and H2B) was first identified in a UV cross-linking assay (Smith,
19665 Sperling and Sperling, 1978). With this finding, it became
evident that UV irradiation can induce DHCs in addition to
well-known pyrimidine dimers. It was then discovered that
exogenous and endogenous aldehydes could also form DHCs
in cells (Lam et al., 1985; Kuykendall and Bogdanffy, 1992).
More than 10% of amino acid residues in histones are lysines,
whereas, aldehydes preferentially react with e-amino groups
of lysine side-chains with the formation of a Schiff base,
which further reacts with exocyclic amino groups of guanine,
adenine, and cytosine DNA bases, creating methylene linkage.
Many cross-linking agents, such as chromate, metal ions, and
cisplatin (cis-diaminedichloroplatinum-II), also induce DHCs
in cells (Zhitkovich and Costa, 1992). Platinum compounds
not only cause DNA-DNA cross-links but also covalently link
DNA-protein complexes. In the case of histones (Figure 1A),
these compounds cross-link e-amino-groups of lysines and N’
atoms of guanosines (Tretyakova et al, 2015; Ming et al,
2017). Cross-links between DNA and methionine residues were
also observed in an X-ray structure of nucleosomes treated
with platinum compounds (Wu et al, 2008). Exposure of
purified nucleosome to bi-functional alkylating agents (e.g.,
nitrogen mustards) also cross-links histones to guanosines in
DNA (Shang et al, 2019); however, these types of cross-
links in cells are much less abundant than DNA cross-
links with cysteines and histidines of non-histone proteins
(Loeber et al., 2009).

Histones can also directly react with 5-formylcytosine, a
naturally occurring modified DNA base, and 8-oxoguanine, a
major oxidative DNA damage product. Lysine amino groups
react with 5-formylcytosine (Figure 1B), with the formation of
a reversible Schiff base (Li et al., 2017; Raiber et al., 2018). The
reaction of lysine side-chains with 8-oxoguanosine produced a
stable protein cross-linked spiroiminodihydantoin (Sp) adduct
(Xu et al., 2008).

Finally, the majority of DHCs are produced by a reaction
between histone lysines and an aldehyde form of the 2'-
deoxyribose at apurinic/apyrimidinic (AP) sites (Figure 1C)
that are either directly formed upon damage or generated
during excision of damaged bases in the base excision repair
pathway (Solomon and Varshavsky, 1985; Sczepanski et al., 2010).
The resulting Schiff base often undergoes strand-breaking £3-
elimination, followed by a reversal of a histone-DNA cross-link.
Since histone emerges unaltered from the reaction, the whole
process is sometimes referred to as histone-catalyzed strand
cleavage at AP sites (Ren et al,, 2019). It should be noted that
histone PTMs and the chromatin state could have a significant
impact on DHC formation at abasic sites and with DNA bases
(Sczepanski et al., 2010; Bowman and Poirier, 2015).

Mechanisms of Repair of DHC

Although DPCs, especially DHCs, often occur in cells and
present a constant threat to genome stability, it is presumed
that, except for tyrosyl-DNA phosphodiesterases, there is no
specialized DNA repair pathway dedicated to meet these super-
bulky challenges. Instead, the cell employs several distinct
DNA repair and protein degradation mechanisms to target
cross-linked DNA and protein/histone components in a given
DPC/DHC. The covalently bound protein could be detected
and degraded to a small peptide by cell proteolytic machinery,
such as the specialized proteases SPRTN/Wssl, Ddil, and
GCNAL, or by proteasome, an ATP-dependent multi-subunit
protease complex, whereas the damaged DNA component is
detected and repaired in the NER, BER, HR, NHE], and
FA pathways.

Proteasome-Dependent Proteolysis of
Histones Cross-Linked to DNA

Proteasome-mediated proteolysis is the major pathway for the
degradation of damaged proteins in a cell. A 26S proteasome
consists of a cylindrical 20S core particle and one or two 19S
regulatory particles (Ciechanover, 1998; Lecker et al, 2006).
Although 20S core can bind to different regulatory particles,
only the 19S particle confers the ability to degrade ubiquitylated
proteins (Coux et al., 1996; Adams, 2004; Stadtmueller and
Hill, 2011). Considering the vital role of the proteasome in
the degradation of damaged protein, proteasome and ubiquitin
involvement in the proteolysis of DHCs or DPCs remains
a topic of debate. Inhibition of proteasome in Xenopus egg
extracts did not stabilize the DPCs (Nakano et al., 2007; Duxin
et al, 2014). However, many studies of the repair of DPCs
in mammalian cells suggest proteasome participation (Adams,
2004; Baker et al.,, 2007; Zecevic et al.,, 2010; Larsen et al.,
2019). Proteasome involvement in DHC removal surfaced for
the first time in the research of Quievryn and Zhitkovich
(2000), who discovered that proteasome inhibitors prevent
the removal of DHCs and sensitize human cells to lower
levels of formaldehyde. A study in Xenopus egg extracts
found that DPCs are ubiquitylated by TRAIP E3 ubiquitin
ligase and are subsequently degraded by the proteasome
(Duxin et al, 2014; Larsen et al., 2019). However, an
earlier study clearly demonstrated that DPCs are not marked
with polyubiquitin chains, but are nevertheless subjected to
proteasomal degradation by a mechanism that is not well
understood (Nakano et al., 2009). The 26S proteasome can
degrade purified non-ubiquitylated histones (Kisselev et al.,
2006), raising the possibility of proteasomal degradation of
non-ubiquitylated damaged histones in cells. A couple of
studies have demonstrated that during replication stress induced
by genotoxic agents, histones are hyperacetylated, and then
specifically degraded in a ubiquitin-independent manner by a
complex of 20S proteasome with PA200 proteasome activator,
a distinct regulatory particle (Qian et al., 2013; Mandemaker
et al, 2018). Although these studies have demonstrated that
the ubiquitin-independent degradation of acetylated histones
alleviates replication stress, the additional function of PA200-20S
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proteasome in DHC repair cannot be excluded. Moreover, PA200
was detected in nuclear speckles, and its role in DNA repair
has been proposed (Ustrell et al., 2002). Thus, more detailed
understanding of the role of proteasome in DHC repair requires
further investigation.

The 20S proteasome is a hollow, barrel-shaped particle
composed of 28 non-identical subunits arranged into four
stacked rings. The active sites are sequestered inside an internal
cavity separated from regulatory 19S and PA200 complexes by
a gated channel. This 13A channel is too narrow for a folded

protein to enter (Lowe et al., 1995; Groll et al, 1997). For
complete degradation of a DNA-cross-linked protein, the cross-
linked DNA nucleotide itself would have to enter the proteolytic
chamber, pulling a DNA strand inside. However, the DNA
component of a DPC might be too bulky to enter the channel.
Therefore, proteasome can remove only part of a cross-linked
protein, converting DHC into a smaller DNA-peptide cross-link.
Alternatively, traditional proteases, in which an active site is
located in a cleft on the enzyme surface, could be involved in
excision of the bulk of the non-cross-linked polypeptide chain,
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which can then be degraded by any of these proteases and
by the proteasome.

METALLOPROTEASE-BASED
PROTEOLYSIS OF HISTONES
CROSS-LINKED TO DNA

Wssl (weak suppressor of smt3) is a DNA-dependent
metalloprotease, whose role in DPC removal was unraveled
in a study in which treatment of yeast cells lacking Wssl
and TDP1 with formaldehyde resulted in a synthetic sickness
(Stingele et al., 2014). It was also demonstrated that SUMOylation
of both enzymatic and non-enzymatic DPCs by DNA-bound
SUMO ligases targets them to Wss1 (Psakhye and Jentsch, 2012;
Jentsch and Psakhye, 2013; Stingele et al., 2014; Balakirev et al,,
2015). Search for an ortholog of Wssl in higher eukaryotes
revealed another metalloprotease, Dvcl/Spartan, of the SprT
protease family, whose function was initially thought to be a
removal of Poln from chromatin during translesion DNA repair
synthesis. (Davis et al., 2012; Mosbech et al., 2012). Spartan/Dvcl
has a similar domain organization and shares a common
evolutionary origin with Wssl. Like Wss1, Dvcl/Spartan also
repairs DPCs in Xenopus egg extracts (Duxin et al, 2014;
Stingele et al.,, 2014, 2015). A detailed study of DPC removal
by Spartan/Dvcl in Xenopus levis revealed stepwise proteolysis
of DPC during DNA replication (Larsen et al., 2019). During
replication, on both the leading and lagging strands, CMG
helicase bypasses the DPC lesion, followed by the stalling of
DNA polymerase (Duxin et al., 2014; Larsen et al., 2019; Sparks
etal., 2019). Replicative DNA polymerase stalled at DPC triggers
the recruitment of Spartan protease (Figure 2A), which then
degrades the DPC protein component (Larsen et al, 2019;
Reinking et al., 2020). However, in the case of DHCs, CMG
helicase bypass would depend on the complexity of nucleosomal
damage. If the crosslink involves just a single histone within
NCP, then CMG helicase can bypass the DHC due to small
size of protein residue. If multiple histones within NCP are
cross-linked, then the large nucleosome-size DHC should stall
CMG helicase, triggering the ubiquitination of crosslinked
histones by TRAIP E3 ubiquitin ligase and their subsequent
degradation by 26S proteasome (Nakano et al., 2013; Larsen
et al., 2019; Sparks et al,, 2019). In contrast to Wssl, targeting
of DPCs by Spartan/Dvcl does not require SUMOylation of
DPC (Duxin et al., 2014; Larsen et al., 2019). Several studies
have demonstrated that proteasome and Spartan might work
in concert to attain efficient DPC proteolysis. For proteolysis
of DPC by proteasome, the active site topology in the 20S core
particle makes it arduous for efficient proteolysis, leaving a larger
peptide adduct, which could be further degraded by Spartan
(Larsen et al., 2019; Sparks et al., 2019). The above observations
support a hypothesis proposed by the Walter laboratory (Larsen
et al., 2019) that initial proteolysis of DPC by proteasome may
help reduce the size of a DPC for the CMG helicase bypass.
This stepwise process applies for most type 1 DPCs when
histones cross-linked to DNA are initially degraded either by
26S proteasome or PA200-20S proteasome, and in a second

step by Spartan (Figure 2A). Validation of this hypothetical
order of steps in proteolysis of DHC by the proteasome and
Spartan requires more research. However, a recent study proved
that Wssl is actively involved in histone proteolysis in a NCP
during replication stress (Maddi et al., 2020). Although this
study showed that Wss1 removes histones non-covalently bound
to DNA, it is very likely that this protease can also remove
histones covalently cross-linked to DNA. Initially, it was thought
that Spartan/Dvcl could only execute DPC proteolysis in a
replication-dependent manner, but later it was demonstrated
that Spartan/Dvcl could act on a single-stranded DNA to
degrade DPC independently of replisome (Larsen et al., 2019).
A couple of other studies have also demonstrated that in fly
embryos Spartan is recruited to chromatin before replication and
that its absence greatly sensitized the arrested, non-replicating
L1 worm larvae to formaldehyde (Delabaere et al., 2014; Stingele
et al., 2016; Reinking et al., 2020). This evidence clearly defines
a role for Spartan in the replication-independent repair of
DPCs, which may be required for chromatin-based transactions
associated with transcription. More data are required to confirm
the existence of transcription-coupled DPC repair in cells.

Germ cell nuclear acidic peptidase (GCNA), also known as
germ cell nuclear antigen or acidic repeat containing (ACRC),
is a metalloprotease that contains an SprT domain, such as
Spartan/Dvcl (Carmell et al., 2016; Dokshin et al., 2020). It
has recently been demonstrated in Caenorhabditis elegans that
GCNA/ACRC, with its C-terminal Spartan (SprT)-domain, can
also be involved in the removal of formaldehyde-induced DPCs
in exposed cells (Borgermann et al., 2019). Recently, another
study of Drosophila embryos clearly established that the loss
of GCNA resulted in the accumulation of DPCs that included
histones, confirming the role of GCNA in the removal of
DHCs (Bhargava et al., 2020). Like Wssl, it was proved that
SUMOylation of DPC triggers the recruitment of GCNA/ACRC
protease, but in a replication-independent manner (Borgermann
et al., 2019). Noteworthy, the chromatin-associated proteins
were highly SUMOylated (Borgermann et al., 2019) (Figure 2B),
suggesting that formaldehyde induces DHCs, which are then
SUMOylated to recruit GCNA/ACRC SprT protease. However,
the detailed mechanism of GCNA/ACRC-mediated repair of
DHC requires further investigation.

Ddi1 PROTEASE-BASED PROTEOLYSIS
OF HISTONES CROSS-LINKED TO DNA

It was recently shown that a novel protease, Ddil (DNA-damage
inducible-1), is involved in DPC repair (Serbyn et al., 2020). Ddil
is an aspartic protease. Its protease domain is structurally similar
to that of retroviral aspartic proteases (Krylov and Koonin, 2001;
Sirkis et al., 2006). Ddil is involved in response to hydroxyurea
(HU)-induced replication stress by facilitating the removal of
replication termination factor RTF2, restarting stalled replication
forks (Kottemann et al., 2018). In addition, it is well documented
that Saccharomyces cerevisiae Ddil contains a ubiquitin-like
(UBL)-ubiquitin associated (UBA) domain, which enables the
protein to act as a shuttle delivering ubiquitylated proteins to the
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proteasome (Dantuma et al., 2009). However, a genetic screen
using the tdplwss] mutant defective in the processing of DNA-
Topl covalent cross-link (Toplcc), revealed that Ddil could
rescue mutant cells treated with Toplcc trapping and other
genotoxic agents (Serbyn et al., 2020). Retention of Flp-Nick-
Induced DPC in Ddil-depleted cells confirmed a direct role of

Ddil in DPC repair, due to proteolysis catalyzed by its retroviral-
like protease domain (Krylov and Koonin, 2001; Serbyn et al.,
2020). Previous evidence supports the idea that the proteolytic
function of Ddil in DNA repair is replisome-dependent (Clarke
etal,, 2001; Kottemann et al., 2018) (Figure 2A). However, Ddil-
dependent proteolysis of stalled RNA polymerase II (Pol II)
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on chromatin suggests an additional function of this protease
(Serbyn et al., 2020). Interestingly, it has been demonstrated
that Ddil-mediated proteolysis of DPCs can be a proteasome-
independent compensatory mechanism in the case of Wssl
dysfunction (Serbyn et al., 2020). Yeast Ddil, and the human
ortholog DDI2, are more dependent on poly-ubiquitination as
compared to proteasome; these proteases cannot cleave non-
ubiquitylated proteins and prefer substrates bearing extra-long
ubiquitin chains (Sivé et al., 2016; Dirac-Svejstrup et al., 2020;
Yip et al., 2020). Serbyn et al. (2020) found that depletion of
Ddil makes cells hypersensitive to formaldehyde, suggesting
that DHC can be a major substrate of aspartyl protease-
catalyzed proteolysis. However, the extension of this function of
yeast Ddil to its human DDI2 ortholog remains unclear, since
certain structural domains of Ddil and human DDI2 are not
evolutionarily conserved (Sivd et al., 2016; Trempe et al., 2016). In
conclusion, the respective roles of Ddil and DDI2 in the removal
of DHCs in higher eukaryotes remain to be investigated.

DNA REPAIR PATHWAYS IN DHC
REMOVAL

As mentioned earlier, protein components (histones) of DHC are
mainly targeted by specific proteases; however, partial proteolysis
of cross-linked histones will still leave a small peptide covalently
attached to DNA, requiring the coupling of proteases with
classical DNA repair pathways to ensure complete removal of
DHC and restoration of the primary DNA structure. In absence
of studies on the DHC specific repair mechanisms, in this review
we tried to infer the knowledge available on specific type 1 DPC
repair mechanisms that are applicable to DHCs.

Nucleotide Excision Repair

Several biochemical and genetic studies showed that NER-
deficient cells are sensitive to formaldehyde, suggesting direct
involvement of NER in DHC removal (Nishioka, 1973; Takahashi
et al.,, 1985). However, other studies have revealed that NER
defective cells are not sensitive to 5-aza-2’-deoxycytidine (5-
azadC)-based treatment, which induces cross-linking of DNA
cytosine residues to DNA methyltransferase 1 (Dnmtl). This
implies that NER can excise DPCs with smaller proteins (<8-
12 kDa) induced by formaldehyde, but does not excise DPCs
that contain proteins of larger size (>15 kDa), induced by 5-
azaC (Bhagwat and Roberts, 1987; Lal et al., 1988; Nakano et al.,
2007). This size limitation for excision of DPCs by bacterial
NER may be attributed to the strong dependence of UvrB
loading efliciency on DPC size, which subsequently influences
the overall incision efficiency of the UvrABC nuclease complex.
Thus, bacterial NER machinery can make bracketed incisions
on DNA strands containing DPC with a small peptide, but
not with a large one (Minko et al., 2002, 2005; Nakano et al.,
2007). Histones are relatively small proteins ranging in size from
11 to 16 kDa; it was therefore proposed that DHCs could be
removed in the NER pathway without preceding proteolysis
step. Based on these observations, one may also propose that
DHCs/DPCs induced by AP sites in DNA might be removed

by NER (Torres-Ramos et al., 2000; Sczepanski et al., 2010).
However, the role of NER in repair of AP sites induced DHCs
remains to be established. A few studies have demonstrated that
NER is implicated in DPC repair in mammalian cells (Fornace,
1982; Baker et al., 2007). Each histone is very small in size; they
are assembled into a large NCP, which may sterically inhibit the
loading of XPC/Rad23B and XPA/RPA complexes onto the DHC
site (Ide et al., 2011). When the XPA/RPA complex fails to bind
to the damage site, TFIIH cannot access and open up the DNA
duplex around DHC to discriminate between intact and damaged
DNA strands. All these render subsequent cleavage of this strand
by XPG and XPF-ERCCI nucleases unfeasible. Thus, proteolysis
of DNA-cross-linked NCP might be required for efficient removal
of a histone trapped on DNA by the NER machinery (Nakano
et al.,, 2009). A study using mammalian cells has demonstrated
that XPF/ERCCI nuclease requires pre-processing of the cross-
linked protein adduct by the proteasome and proteases before
its removal (Nakano et al., 2009; Zhang et al., 2011; Stingele
et al., 2017). In uvrA cells, plasmid cross-linked to the partially
digested histone HI (peptide sizes: 4.5 kDa and 1.8-3.5 kDa)
was more efficiently repaired than a DPC containing a full-
length histone (22 kDa) (Nakano et al., 2007) (Figure 2A). It is
also worth noting that chromatin remodeling at a DNA damage
site is required to provide access to NER machinery (Dinant
et al., 2012). Covalent cross-linking of histones will impede this
process, strongly suggesting that shrinkage of the bulky protein
component must precede repair of the DNA component by
the NER pathway. Further studies are required to understand
the involvement of specific repair pathway(s) that precede and
succeed NER and the sequence of steps involved in the removal
of DPC/DHC (involving NER).

Homologous Recombination

The role of homologous recombination in DPC repair has been
addressed in bacterial genetic studies, where it was found that
Escherichia coli recA and recB mutants defective for homologous
recombination (HR) are sensitized to formaldehyde and 5-
azadC-induced DPCs (Nishioka, 1973; Takahashi et al., 1985).
Further studies revealed that the role of HR in DPC repair is
highly conserved in mammalian cells, and that clipping of DPC
by the conventional MRN complex leads to strong resistance to
DPC-inducing agents (Connelly et al., 2003; Neale et al., 2005;
Ridpath et al,, 2007; de Graaf et al., 2009; Orta et al., 2013). MRN,
a heterotrimeric protein complex, is a DNA nuclease involved in
the resection of a double-strand break (DSB) that initiates the HR
pathway (Neale et al., 2005; Rothenberg et al., 2009). Increased
sister chromatid exchange rates and accumulation of DSBs and
RAD?51 foci near DPC in formaldehyde-treated mammalian cells
further support involvement of HR pathway in DPC removal
(Shaham et al., 1997). However, the molecular mechanism of HR-
mediated DPC removal is still poorly understood. The repair of
DPCin E. coli is dependent on the RecBCD nuclease that initiates
the HR pathway (Bidnenko et al., 2002; Nakano et al., 2007).
DSB adjacent to DPC and stalled replisome could be generated
by re-replication of incomplete nascent DNA strands, with the
subsequent collapse of the replication fork. They can also be
generated by RecG helicase-mediated fork reversal, leading to
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the formation of a Holliday junction, which is then processed
by RecBCD nuclease to generate DSB (McGlynn and Lloyd,
2001; Michel et al., 2004; Payne et al., 2006; Nakano et al., 2007,
2009). Certain studies suggest that replisome stalling at DPC
does not lead to fork collapse, because template switching via
fork reversal may allow DNA synthesis (Nakano et al., 2007;
Stingele et al., 2015; Klages-Mundt and Li, 2017). In addition,
other studies showed that DSB formation is not observed during
the replication-dependent repair of DPCs in Xenopus egg extracts
and hamster cells treated with DPC-inducing agents (Speit et al.,
2000; Duxin et al., 2014). Thus, studies regarding the induction
of DSBs near DPC have provided conflicting results, necessitating
further studies of the mechanisms of HR-mediated DPCs repair.
Differences in the sensitivity of E. coli recA and uvrA mutants,
deficient for HR and NER respectively, to large DPCs inducing
5-azadC, revealed that unlike NER, HR could repair large DPCs
(Santi et al., 1984; Bhagwat and Roberts, 1987; Ide et al., 2011;
Zhang et al., 2020). Since histones are small proteins (11-16 kDa),
their size should not be an obstacle to DHC repair in the HR-
pathway. However, HR may not directly repair the DHC lesion in
the chromatin context until access is provided to DNA damage-
sensing factors. Thus, pre-processing of NCP containing a DHC
or a repair pathway that precedes HR must be required to repair
DHC by HR. Further research is needed to validate this model.

Fanconi Anemia Pathway

The Fanconi anemia (FA) pathway is involved in the repair of
inter-strand DNA cross-links (ICLs) and plays a pivotal role
in cellular defense against reactive aldehydes (Ridpath et al.,
2007; Rosado et al., 2011; Kottemann and Smogorzewska, 2013;
Ceccaldi et al, 2016). However, the role of the FA pathway
in DPCs repair is currently under debate (Duxin and Walter,
2015). A study conducted by Orta et al. (2013) suggests that
Fanconi anemia-dependent HR is required for DPC removal in
cells treated with 5-azadC. In addition, several studies have shown
that cells depleted in FANC2, FANCQ/XPF, and FANCG proteins
are sensitive to DPC-inducing agents, such as acetaldehyde,
formaldehyde, and 5-azadC (Ridpath et al., 2007; Mechilli et al.,
2008; Lorenti Garcia et al., 2009; Langevin et al., 2011; Rosado
et al,, 2011; Orta et al.,, 2013). The majority of DPCs induced
by reactive aldehydes are DHCs (Solomon and Varshavsky,
1985). These results are in stark contrast to an in vitro study
by Duxin et al. (2014), who demonstrated that depletion of
FANCI-FANCD?2 from Xenopus egg extracts inhibited ICL repair,
but not DPC repair or TLS-mediated bypass. In agreement
with latter observations, studies using C. elegans and mouse
embryonic fibroblasts showed that depletion of FANCD2 did not
affect the cells’ sensitivity to formaldehyde (Stingele et al., 2016).
Despite these conflicting reports, the potential role of FA pathway
components in the removal of DHCs should not be overlooked.
A conserved FANCM-MHF DNA remodeling complex that
recognizes a DNA lesion at the stalled replication fork, contains
histone-binding sites (Yan et al., 2010). Therefore, it is possible
that the FANCM-MHF complex, which recruits downstream
Fanconi proteins to excise DHC, could readily recognize DNA
cross-linked histones. Future studies are necessary to confirm
and delineate the role of the FA pathway in DHC removal, and

to determine whether the FA pathway requires pre-processing of
DHC/DPC for their removal.

Base Excision Repair

DNA glycosylase-initiated base excision repair (BER) is a major
pathway for removing small non-bulky base lesions resulting
from deamination, oxidation, and alkylation which do not
significantly distort the DNA helix (Krokan and Bjords, 2013).
However, the DNA glycosylases NEIL1 and NEIL3 can also
resolve psoralen-induced bulky ICLs in three- and four-stranded
DNA structures (Couvé-Privat et al., 2007; Couvé et al., 2009;
Martin et al., 2017). NEILI, a bi-functional DNA glycosylase,
can also repair Sp-amine adduct-containing DN-protein cross-
links (McKibbin et al, 2013). Furthermore, another study
demonstrated that a DPC generated as repair intermediate of
PARPI, could be processed by BER machinery (Prasad et al,
2019). Thus, the role of BER may not be limited to small non-
bulky DNA lesions.

Interestingly, it has been found that an oxidized AP site
formed by a reactive oxygen species (ROS) can trap DNA
polymerase B (Polf) to form a stable DNA- Polf cross-link
(PolB-DPC) (DeMott et al., 2002). It was later found that DNA
glycosylase-generated AP sites can also trap several DNA repair
proteins, such as PARP1, Ku proteins, DNA polymerase ) (Pol)),
and other factors (Prasad et al., 2019; Quiniones et al., 2020). Thus,
under certain circumstances, instead of repairing the lesion, BER
can act as a source of a DPC lesion.

It is unknown whether impairment of BER machinery affects
cells’ sensitivity to various DPC inducing agents. Also, it is not
clear whether BER, like NER, has a size limit for processing of
DPCs. As mentioned earlier, histones in a NCP can cross-link to
abasic sites. In fact, the AP site generated by a DNA glycosylase
may trap histones to form a covalent DHC. A Schiff base at an
AP site can lead to DNA strand scission, thus contributing to
major nucleosomal DNA damage. Although detailed information
on the role of BER in formation of DHC is available, at present,
little is known about the role of DNA glycosylases and AP
endonucleases in the repair of this chromatin damage. Past
evidence suggests that NEIL1 DNA glycosylase has a flexible
active site that can accommodate bulky modifications of DNA
bases and efficiently remove them (Couvé et al., 2009; McKibbin
et al., 2013). Thus, it is predicted that NEIL1, and possibly
NEIL3, may play a role in the processing of DHC, but that
remains to be confirmed. Also, several studies suggest that BER
coupled to proteolysis could participate in the efficient removal of
DPC/DHC (Hauer et al., 2017; Prasad et al., 2019; Quifiones et al.,
2020). Hence, further studies are required to gather information
on the role of BER proteins in DHC removal.

Translesion Synthesis

When a DNA replication fork stalls at unrepaired DNA
damage, the cell can circumvent the obstacle through tolerance
pathways, such as an HR-mediated template switch mechanism
and translesion DNA synthesis (TLS). TLS is a lesion bypass
mechanism that tolerates DNA damage and allows for DNA
replication to proceed through unrepaired bulky nucleobase
adducts (Woodgate, 1999; Friedberg et al., 2005; Lehmann et al.,
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2007; Sale, 2013). DPCs are super-bulky lesions that can stall
replication forks and lead to their collapse. These lesions require
a collaborative network of several cellular repair systems to
remove them. However, removal of DPC in a stalled replication
fork could provoke fork collapse and generation of DSB, with
detrimental consequences to a cell, depending on the DNA
repair mechanism used. On the other hand, the TLS pathway
initiated by specific DNA polymerases replicates over and past
the lesion in the damaged DNA template, thus providing a form
of DNA damage tolerance, which avoids fork collapse and DSB.
Therefore, TLS can play an important role in the management
of DPCs in cells. Indeed, several studies have reported that
specialized TLS DNA polymerases can bypass DPCs (Duxin
et al, 2014; Wickramaratne et al, 2016; Pande et al,, 2017;
Larsen et al., 2019). Nevertheless, these studies demonstrated
that large non-processed DPCs require the degradation of large
protein adducts to smaller peptides cross-linked to DNA to allow
bypass by TLS DNA polymerases. Thus, partial proteolysis of
DPCs is necessary for efficient TLS bypass (Figure 2A). Larsen
et al. (2019) study in Xenopus egg extracts clearly established
that DPC proteolysis by Spartan/Dvcl ensures efficient bypass
by TLS-specific DNA polymerases REV1-Polt. Although TLS
DNA polymerases help bypass the DPC lesion, the extension
of DNA past the lesion by the same DNA polymerases is
error-prone and can lead to mutagenesis. Hence, DNA repair
pathways, such as mismatch repair (MMR) and NER, could be
coupled with TLS to prevent DPC-induced mutations. A study
by Wickramaratne et al. (2016) demonstrated that partially
digested DHC (histones H4 and H2A) can be bypassed by
human TLS DNA polymerases n and k. However, the authors
did not investigate proteolysis of DHCs and the specific proteases
involved in their digestion and of the DNA repair pathways that
follow TLS. Thus, understanding the role of TLS and associated
repair systems in counteracting the genotoxic effects of DHCs
requires further investigation.

THE INTERPLAY OF DHC REPAIR
PATHWAYS

Due to the heterogeneity and super-bulky size of DHCs, several
distinct DNA repair pathways may work in concert to remove
them. Although cells lack DHC-specific damage sensors, these
lesions can be detected and processed by well-known classic
DNA repair pathways with the help of various proteases. When
a replication fork is stalled at a DHC, the cross-linked histone
could be digested by Spartan/Dvcl protease and proteasome.
Proteolysis of DHC by Spartan and proteasome could be backed
up with Ddil protease in yeast, or with DDI2 in higher
eukaryotes. After proteolysis, the remnant peptide could be
bypassed by TLS DNA polymerases to avoid replication fork
collapse (Figure 2A). Previous evidence also suggested that
partial proteolysis of a DPC/DHC coupled with TLS could
be a way to repair these complex DNA lesions (Duxin et al.,
2014). However, to avoid TLS induced mutations, proteolysis of
DPC/DHC could be coupled to NER and HR. Data from several
studies support the idea that the combination of proteolysis

and NER could be a convenient error-free mechanism for
cells to remove the majority of DPCs. Nonetheless, proteolytic
degradation of the protein component may also be coupled
with BER during removal of DHC/DPC if NER cannot remove
the remnant adduct after proteolysis. Considering that most
histone cross-links are formed at abasic sites, the BER pathway
may have a specific role in removal of AP site-induced DPCs.
This leads us to hypothesize that for the efficient removal of
AP site-induced DHCs, proteolysis coupled with BER could
be one of the most preferred in cells under genotoxic stress
conditions that promote DNA base loss (McKibbin et al,
2013; Prasad et al.,, 2019; Quinones et al., 2020). One could
speculate that HR proceeds after proteolysis. However, Stingele
et al. (2014) have demonstrated that HR and proteolysis are
two distinct means of resolving DPCs during the S phase
of the cell cyclee When there is a DNA strand incision
next to a DPC, or when the DPC load is high, the FA-
dependent HR or MRN complex-dependent HR, respectively,
may take over the protease-mediated repair. Certain aldehyde-
induced DPCs require a DNA strand incision near the lesion,
which is further processed by FA-dependent HR. Since reactive
aldehydes preferentially induce DHCs, it is proposed that
FA-dependent HR (ICL-like repair) may serve as a back-up
mechanism when proteolysis coupled TLS/NER/BER is inactive
or dysfunctional.

Replication-independent repair of DHCs may involve the
26S proteasome-mediated degradation of DHC, followed by
removal of the remnant peptide by the global genome or
transcription-coupled (TC) NER (Quievryn and Zhitkovich,
2000; de Graaf et al, 2009) (Figure 2A). Considering
that Spartan/Dvcl protease can play a role outside DNA
replication, it may mediate DHC proteolysis that blocks
transcription, and the remnants are then removed in the
TC-NER sub-pathway. In germ and certain quiescent
cells, the GCNAI1/ACRC protease may be involved in
degradation of DHCs, whereas remnants of the proteolysis
could be removed by NER (Figure 2B). In the absence of
NER, replication-independent proteolysis by proteasome
26S/Spartan/GCNA1 may be coupled with BER to remove
DHCs. These hypothetical models of the interplay of
different repair pathways in DHC removal require further
studies to test them.

CONCLUDING REMARKS

DNA-protein cross-links occur frequently and are the most bulky
DNA lesions in living cells. Among various DPCs, DHCs occupy
a special place, because histones, the most abundant DNA-
binding proteins, constitute the nucleosome, a basic structural
unit of chromatin. Therefore, we propose to classify DNA-
histone covalent complexes as a special DHC group of DPCs.
Histones cross-link either to DNA bases, mostly guanines and 5-
formylcytosines, or to the AP site sugar (Ren et al,, 2019). With
more than 10,000 abasic sites generated every day in a cell far
exceeding the number of oxidized bases (Lindahl, 1993), this
lesion is the most abundant type of endogenous DNA damage.
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Indeed, around 10% of AP sites catalyze the formation of DPCs,
among which the majority are likely to be DHCs (Ren et al.,
2019). Therefore, it seems that hundreds, and perhaps even
thousands of histone cross-links to abasic sites in DNA are
formed every day in a cell. Even greater production of DHCs
is expected in cells exposed to certain genotoxic stress, leading
to significant biological consequences, such as sensitization of
cancer cell to chemotherapeutic agents. It is difficult to delineate
a single repair pathway for various types of DHCs. Similar to
DPCs, the repair of super-bulky DHC lesions requires two steps:
partial proteolysis of histone and repair of remaining cross-linked
peptide via DNA excision. Cells utilize several proteases and DNA
repair pathways for these purposes. Assuming that active BER can
generate an excess number of AP sites as repair intermediates of
DNA glycosylases, this repair pathway might be one of the major
factors in the formation of DHCs in cells. A recent discovery of
the role of DNA glycosylases of the Nei-family in repair of bulky
ICLs suggests that the BER pathway may participate in removal
of AP site-induced DHCs (Couvé-Privat et al., 2007; Semlow
et al., 2016; Martin et al., 2017). In eukaryotic cells, chromatin
dynamics plays an essential role in DHC removal by various DNA
repair pathways. For example, it is well documented that partial
and transient nucleosomal DNA unwrapping is indispensable
for DNA repair and for transcription initiation. Indeed, several
studies have indicated that on average, DNA unwrapping events
occur several times per second (Li and Widom, 2004). DHCs
should strongly interfere with natural nucleosome unwrapping,
and hence with DNA lesion detection, signaling, and repair.
Moreover, several laboratories have detected inter-nucleosomal
cross-links, including DHCs mediated by histone tail domains.
These structures should further impede accessibility of DNA
lesions for the DNA repair machinery (Banerjee et al., 2018;
Yang and Greenberg, 2019). This implies that PTMs of histone
tails via lysine acetylation and methylation, and recruitment
of chromatin remodeling complexes, may also influence DHC
formation and repair (Yang et al., 2019). Blocking chromatin
remodeling and DNA repair pathways involved in DHC removal
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Human Tyrosyl-DNA
Phosphodiesterase 1 Possesses
Transphosphooligonucleotidation
Activity With Primary Alcohols

Nadezhda Dyrkheeva't, Rashid Anarbaev’2?t, Natalia Lebedeva't, Maxim Kuprushkin’,
Alexandra Kuznetsova’, Nikita Kuznetsov', Nadejda Rechkunova’ and Olga Lavrik"2*

" Institute of Chemical Biology and Fundamental Medicine, Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, Russia, ? Department of Natural Sciences, Novosibirsk State University, Novosibirsk, Russia

Human tyrosyl-DNA phosphodiesterase 1 (TDP1) belongs to the phospholipase D
superfamily, whose members contain paired catalytic histidine and lysine residues within
two conserved motifs and hydrolyze phosphodiester bonds. TDP1 is a DNA repair
enzyme that processes 3" DNA end blocking lesions and a wide range of synthetic
DNA adducts as a substrate. TDP1 hydrolyzes DNA-adducts via two coordinated Sy2
nucleophilic attacks mediated by the action of two histidine residues and leads to the
formation of the covalent intermediate. Hydrolysis of this intermediate is proposed to
be carried out by a water molecule that is activated by the His493 residue acting as
a general base. It was known that phospholipase D enzymes are able to catalyze not
only hydrolysis but also a transphosphatidylation reaction in the presence of primary
alcohols in which they transfer the substrate to the alcohol instead of water. Here, we
first demonstrated that TDP1 is able to undergo a “transphosphooligonucleotidation”
reaction, transferring the substrate residue to the alcohol, thus inducing the formation
of covalent DNA adducts with different primary alcohol residues. Such adducts can
be accumulated in the conditions of high concentration of alcohol. We demonstrated
that glycerol residue was efficiently cleaved from the 3’-end by TDP1 but not by its
mutant form associated with the disease spinocerebellar ataxia with axonal neuropathy.
Therefore, the second reaction step can be carried out not only by a water molecule
but also by the other small nucleophilic molecules, e.g., glycerol and ethanol. Thus, in
some cases, TDP1 can be regarded not only as a repair enzyme but also as a source of
DNA damage especially in the case of mutation. Such damages can make a negative
contribution to the stability of cell vitality.

Keywords: tyrosyl-DNA phosphodiesterase 1, 3’-phosphoglycolate, glycerol, alcohol, ethanol, spinocerebellar
ataxia with axonal neuropathy type 1, DNA damage, DNA repair

INTRODUCTION

Tyrosyl-DNA phosphodiesterase 1 (TDP1) is an enzyme of the phospholipase D (PLD) superfamily
(Interthal et al., 2001). Phospholipases hydrolyze phospholipids into fatty acids and other lipophilic
substances. There are four major classes of phospholipases (A, B, C, and D) segregated by the
catalyzed reaction type. PLD superfamily enzymes possess phosphodiesterase activity. Hydrolysis
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of the abundant membrane phospholipid phosphatidylcholine
with generation of choline and phosphatidic acid is the most
commonly studied reaction of PLD enzymes. It is known that the
PLD superfamily plays a central role in a variety of functions in
prokaryotes, viruses, yeasts, fungi, plants, and eukaryotic species.
Phosphatidic acid generated by PLD participates in vesicular
trafficking, exocytosis, autophagy, and regulation of cellular
metabolism, cytoskeletal reorganization, and tumorigenesis. PLD
is a regulator of membrane remodeling, intercellular signaling,
protein trafficking, and metabolic pathways; it may play a role
in multiple sclerosis, cardiovascular, neurodegenerative, and
infectious diseases, and in cell motility and migration, a critical
step in the spread of cancer (Peng and Frohman, 2012; Bruntz
et al., 2014; Frohman, 2015).

Historically, bacterial virulence factors that demonstrated
the release of a choline were named PLDs for the function.
Then, it was found that PLD enzymes can hydrolyze not only
phosphatidylcholine but also other glycerophospholipids. In
addition to hydrolyzing phospholipids, PLDs are able to catalyze
a transphosphatidylation reaction in the presence of primary
alcohols in which the phosphatidyl group from the hydrolysis of
phosphatidylcholine is transferred to the alcohol instead of water,
thus conducting headgroup exchange on phosphatidic acid at the
terminal phosphodiester bond (Selvy et al., 2011).

PLD family members include not only phospholipases but
also nucleases (Koonin, 1996; Ponting and Kerr, 1996) that
contain HKD motifs (HxKxxxxD, where x is any amino acid)
and hydrolyze phosphodiester bonds via a similar reaction
mechanism (Koonin, 1996; Ponting and Kerr, 1996; Interthal
et al.,, 2001; Selvy et al., 2011; Bruntz et al., 2014). TDP1 was
the first eukaryotic PLD for which the crystal structure was
obtained in 2002 by Davies et al. (2002b). TDP1 enzymatic
activity was first found in yeast Saccharomyces cerevisiae as
repairing the covalently linked adducts of DNA topoisomerase
I (TOP1) by catalyzing the hydrolysis of the phosphodiester
bond between the tyrosine residue of TOP1 peptide and the
3’ phosphate of DNA. The result DNA product has a break
with 3’ phosphate and 5 hydroxyl groups (Yang et al., 1996;
Pouliot et al., 1999). TDP1 possesses a unique HKD motif that
differs from other PLD superfamily members, and its orthologs
represent a distinct class within the PLD superfamily. TDP1
catalytic center contains two histidine residues His493 and
His263 (Interthal et al., 2001). The His493Arg mutation in
Tdp1 gene causes spinocerebellar ataxia with axonal neuropathy
type 1 (SCANI1) by affecting neuronal cells (Takashima et al.,
2002). TDP1 activity is not limited by the removal of cellular
TOP1 adducts. TDP1 was shown to catalyze 3 phosphoglycolate
removal from a single-stranded oligonucleotide and a single
strand overhangs of DNA double-strand breaks (Inamdar et al.,
2002; Raymond et al., 2005). TDP1 is now regarded as a
general 3’ DNA end-processing enzyme that acts within the
single-strand break repair complex to remove adducts and to
prepare the DNA ends bearing 3’ phosphate group for further
processing by DNA repair enzymes (Rass et al.,, 2007). TDP1
also possesses a DNA and RNA 3'-nucleosidase activity that
removes from the 3’-end of the substrate a single nucleoside,
as well as nucleoside analogs terminating DNA synthesis and

widely used as antiviral and anticancer agents and a variety
of synthetic DNA adducts for example with molecules, such
as biotin and various fluorophores (Dexheimer et al., 2008;
Murai et al, 2012; Huang et al., 2013; Dyrkheeva et al., 2018;
Brettrager and van Waardenburg, 2019). TDP1 can also process
other 3" DNA end blocking lesions as a substrate: 3" abasic sites
(tetrahydrofuran and o,B-unsaturated aldehyde) and different
bulky substituents (Hawkins et al., 2009; Interthal et al., 2005a;
Zhou et al., 2005). TDP1 can reverse not only 3'-TOP1-DNA
cross-linked bonds but also it is able to release different DNA-
protein cross-links. It was found that both human and yeast
TDP1 proteins have the ability to process 5 -phosphotyrosyl
and 5'-phosphotyrosyl-linked peptide substrates, thus indicating
that they can hydrolyze covalently linked adducts of DNA with
TOP2 (Nitiss et al., 2006; Murai et al, 2012; Zhang et al,
2020). It also works on the other large adducts including
protein fragments (peptides) as a result of failed Schiff base
linked proteins, such as proteolytically processed poly(ADP-
ribose) polymerase 1 (PARP1)-DNA adducts. These different
protein-DNA adducts can be stabilized by chemotherapeutic
compounds, e.g., camptothecins, etoposide, and local DNA
perturbations introduced by irradiation and endogenous reactive
oxygen species (Brettrager and van Waardenburg, 2019).

We have previously shown that human TDP1 can also cleave
an apurinic/apyrimidinic (AP) site and its synthetic analogs
located inside DNA strand with the formation of 3’ phosphate
termini. This observation allows suggesting a novel pathway
of AP site repair independent of AP endonuclease 1 (APE1)
(Lebedeva et al., 2011, 2012, 2013; Kuznetsov et al., 2017). In
contrast to APE1, TDP1 more effectively hydrolyzes AP sites in
single-stranded DNA than in DNA duplex (Lebedeva et al., 2012).
This suggests that TDP1 may be involved in the repair of AP sites
in single-stranded genomic DNA regions that occur in all the
major processes of DNA metabolism: replication, transcription,
recombination, and repair.

We revealed that no cleavage product was detected for natural
AP site in the case of SCAN1 (Lebedeva et al., 2012), whereas
non-nucleotide insertions mimicking the AP site were cleaved
by this mutant, although with lower efficiency than by wild-
type (WT) TDP1 (Lebedeva et al., 2015; Kuznetsov et al., 2017).
Moreover, we found that in the reaction catalyzed by SCANI, two
bands were observed on the gel when DNA with synthetic AP site
mimetics was used as the substrate. One band corresponded to
TDP1 cleavage product, whereas the second one migrated slower
in the gel. As TDP1 belongs to the PLD family, we suggested
that it can catalyze an equivalent “transferring” reaction in
the presence of primary alcohols. Here, we analyze the second
reaction product and reveal evidently that it corresponds to DNA
fragment with 3’ phosphoglycerol residue. It can be generated
because glycerol acts as a nucleophile on the second step of the
reaction. Thus, we first demonstrated that TDP1, the same as
other PLD enzymes, is able to undergo a reaction transferring
the substrate residue to the alcohol instead of water. Also, we
could see this second product on the gel with other alcohols
including ethanol. This product is generated by SCAN1 and WT
TDP1 in the presence of high alcohol concentration. Therefore,
the second reaction step can be carried out not only by a water
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molecule but also by the other small nucleophilic molecules, e.g.,
glycerol and ethanol.

RESULTS

Tyrosyl-DNA Phosphodiesterase 1 Wild
Type and His493Arg Tyrosyl-DNA
Phosphodiesterase 1 Mutant (SCAN1)
Activity on Hairpin Substrate Containing

Non-nucleotide Insertion

A fluorophore quencher-coupled DNA-biosensor with high
sensitivity and specificity for real-time measurement of TDP1
cleavage activity was designed previously in our laboratory
(Lebedeva et al, 2015). This biosensor is a short hairpin
oligonucleotide with a 1,12-dodecanediol loop, a 5 -fluorescein
5(6)-amide (FAM) fluorophore, and a 3/-BHQ1 (black hole
quencher 1) quencher. Specific phosphodiesterase activity of
TDP1 is able to remove the quencher from the 3’-end (Lebedeva
et al, 2015; Kuznetsov et al., 2017; Komarova et al, 2018;
Mamontova et al., 2020). The biosensor contained tetramethyl
phosphoryl guanidine (Tmg) group between the 3'-end of
DNA and the quencher (Figure 1A, uncleavable Tmg group
is designated as p*). This Tmg group is resistant to 3'-
phosphodiesterase cleavage. We use it to ensure that the
BHQ1l-group is not cleaved from the 3'-terminus by the
phosphodiesterase activity of TDP1. We used in this work similar
hairpin oligonucleotide structures containing different non-
nucleotide insertions (X) at the center of the 5'-FAM-GGAAGA-
X-TCTTCC-p*-BHQ-3' chain (Table 1 and Figure 1A; upper
oligonucleotide structure). In the previous studies, we found
(Lebedeva et al., 2015; Kuznetsov et al., 2017) that TDP1
hydrolyzed phosphodiester bond at the center of the chain
5" to dodecanediol non-nucleotide insertion. We investigated
the TDP1 activity on this substrate by real-time fluorescence
intensity measurement and by analysis of the reaction products
in polyacrylamide gel with 7 M urea (PAAG). Previously, we have
already observed in the gel a weak amount of the second band
(Lebedeva et al., 2015; Kuznetsov et al., 2017) in the reaction with
hairpin substrate catalyzed by SCANI1. Here, when we analyzed
the reaction products of hairpin substrate hydrolysis catalyzed by
TDP1 mutant SCAN1 in PAAG, we found two product bands
on the gel picture with different mobilities (Figure 1B; P1 and
P2). We revealed that the intensity of the second upper product
band (P2) decreases in the time course and finally disappears after
30 min (Figure 1B).

We assumed that the band P2 could correspond to the
oligonucleotide that appears as a result of TDP1 cleavage 3’
to the non-nucleotide insertion (Figure 1A, bold arrow). We
supposed that this band eventually disappears, since TDP1
and SCANI first hydrolyze the phosphodiesterase bond to
the 3’ side and then from the 5 side of the insert. To test
this hypothesis, we synthesized a set of oligonucleotides with
different non-nucleotide insertions, including two decandiol
residues (Figure 1A). In Figure 1A, the bold arrows indicate the
prospective positions of oligonucleotide hydrolysis with TDP1

A

5’-FAM- GGAAGA-X-TCTTCC-p*-BHQ

5’-FAM- GGAAGA-X-p-X-TCTTCC-p*-BHQ

5’-FAM- GGAAGA-X-p*-X-TCTTCC-p*-BHQ

P2 —
P1 =

- -
. &0

Time 10 __————""3('

FIGURE 1 | Tyrosyl-DNA phosphodiesterase 1 (TDP1) mutant [spinocerebellar
ataxia with axonal neuropathy type 1 (SCAN1)] activity on hairpin substrate
containing non-nucleotide insertion. (A) Oligonucleotide substrates. BHQ1,
Black Hole Quencher 1; FAM, 5(6)-carboxyfluorescein label; non-nucleotide
insertions (X); p*, 1,3-dimethyl-2-(phosphorylimino)imidazolidine group (Dmi)
group. (B) Electrophoretic analyses of SCAN1 (100 nM) reaction products with
fligonucleotide substrate containing non-nucleotide insertion (100 nM) (first
substrate in panel A). Enzyme and substrate were incubated in the reaction
buffer (50 mM Tris-HCI, pH 8.0, 50 mM NaCl, 7 mM B-mercaptoethanol) for
time indicated at 37°C. The reaction products were separated by 20%
polyacrylamide gel electrophoresis under denaturing conditions.

and SCANI, giving presumably the second upper product in
the picture. The thin fine arrows indicate the hydrolysis position
corresponding to the usual lower reaction product (P1). For the
entire set of oligonucleotides, the lower products should have
identical mobility in the gel, and the mobility of the upper
products, presumably, should be different. However, when the
products of the reaction were separated in PAAG, we found
that the mobility of the second upper product is also the
same for oligonucleotides of different structures (Supplementary
Figure S1, P2). That is why in the next step, we tried to identify
the product of the upper band (P2).

Identification of the Upper Band
Reaction Product by Matrix-Assisted
Laser Desorption/lonization-Mass

Spectrometry

We obtained a product corresponding to the upper
product band (P2) in an amount required to analyze the
composition of the product by mass spectrometry (MS). The
oligonucleotide product was purified by gel electrophoresis
and chromatography and analyzed by matrix-assisted laser
desorption/ionization (MALDI)-MS. The resulting spectrum
is shown in Supplementary Figure S2. The spectrum was
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analyzed, and the main peak of the spectrum corresponded to
the lower oligonucleotide product with an “additive” with a
molecular weight of 92 g/mol. Such a molecular weight did not
correspond to the products that we expected (Figure 1A) but
corresponded to the glycerol present in the reaction mixture.
Thus, we assumed that the second upper product (P2) of the
reaction is the lower product (Pl) with the attached glycerol
residue. Since we knew that other phospholipases are capable of
catalyzing the transfer reaction, we came up with the conclusion
that TDP1 can also catalyze this type of reaction using glycerol
as a nucleophile.

In order to check whether the upper product of the reaction
is the lower product with the attached glycerol residue, we
added glycerol to the reaction mixture in a concentration of
0-50%. Figure 2 shows that for two substrates with different
non-nucleotide insertions, the portion of the upper product
increases as compared to the lower product with increasing
glycerol concentration.

Tyrosyl-DNA Phosphodiesterase 1

Excises Glycerol Residue From DNA
3’-End

We took the TDP1 reaction product P2 as a purified
oligonucleotide to test the activity of TDP1 and SCAN1 on
such an oligonucleotide with a “glycerol” attached at the 3’-end.
Figure 3A demonstrates that “glycerol” was efficiently cleaved
from the 3’-end by TDP1 (lanes 2, 3), but not SCANI in these
reaction conditions (lanes 4-8). The efficiency of the product
formation (P1) depends on TDPI concentration (Figure 3A,
lanes 2 and 3, and Figure 3B). This TDP1 activity efficiently
transforms the substrate up to 50% at a concentration of TDP1
1 wM in 10 s (Figure 3B).

Dye-labeled substrates were subjected to fluorescence
resonance energy transfer (FRET) analysis of DNA cleavage
reaction in the reaction buffer with or without glycerol. As
illustrated in Figure 4A, the changes in FAM fluorescence
during the interaction of TDP1 with the FAM-X-p*-BHQ
substrate led to an increase in the FRET signal. The increase
in FAM fluorescence intensity most likely reflects a release of
the cleaved DNA product from the complex with the enzyme
that leads to an increase of the distance between FAM and
BHQ1 residues. It should be noted that in the presence of
15% glycerol, the observed rate was higher by 2.6-fold then
in the case of glycerol-free reaction (0.128 and 0.048 s~ 1,
respectively, Figure 4A).

The fluorescence traces obtained for TDP1 upon the
interaction with P1 and P2 purified oligonucleotides uncovered
an increase in the FAM fluorescence intensity only in the case
of P2 (Figure 4B). This difference can indicate that interaction
of TDP1 with P1 and P2 oligonucleotides leads to formation of
different complexes. Indeed, TDP1 interacts with P2 to produce
a catalytic complex that leads to removing of glycerol residue at
the 3’-end, whereas P1 represents the final product of an enzyme
action. It is interesting to note that the observed rate constants
of cleavage of FAM-X-p*-BHQ and P2 are very close (0.048 and
0.035 s~ !, respectively), indicating that the structure of DNA

and nature of the modification are not significantly affected in
catalytic reactions.

Tyrosyl-DNA Phosphodiesterase 1
Catalyzes Transferring Reaction With
Other Alcohols and on Other DNA

Substrates
We added to the reaction mixture, instead of glycerol,
other low-molecular weight organic compounds with hydroxyl
groups: alcohols (ethanol, methanol, isopropanol, ethylene
glycol, and xylitol) and sugars (glucose and trehalose). The
upper second product (P2) was detected in TDP1 and SCAN1
catalyzed reactions with ethanol and methanol (Supplementary
Figure S3A), and with a dihydric alcohol-ethylene glycol
(Supplementary Figure S3A), and was not detected in reaction
with isopropanol and more bulky compounds, polyhydric alcohol
xylitol and sugars (data not shown). The formation of the
upper product was also demonstrated for the double-stranded
oligonucleotide substrate containing the same non-nucleotide
insertion (Supplementary Figure S3B) and for single-stranded
DNA without the insertion where BHQ was hydrolyzed from 3'-
end by TDP1 (Supplementary Figure S3C). We usually use this
substrate for TDP1 inhibitor screening (Zakharenko et al., 2019).
It is interesting to note that while we revealed that the intensity
of the second upper product band (P2) decreases in the time
course and finally disappears after 30 min in the presence of the
glycerol in the reaction mixture (Figure 2), in the presence of
ethanol, this P2 product remained stable up to 60 min of the
reaction time course (Figure 5).

Tyrosyl-DNA Phosphodiesterase 1
Catalyzes Transferring Reaction in the

Cell Extracts

We checked whether the substrate (a short hairpin
oligonucleotide with non-nucleotide insertion) is cleaved
in whole-cell extracts of various types of cells: TK6
(human lymphoblastoid), HEK293 (human embryonic
kidney), HeLa (cervical cancer)-WT and TDPI1-deficient
(TDP1~/7), HCT116 (human colon carcinoma), and MCE-
7 (human breast adenocarcinoma). The storage buffer of
the extracts contained 50% glycerol. The second upper
product was present when the substrate was cleaved in
cell extracts (Supplementary Figure S4A, lanes 3 and 5-7,
and Supplementary Figure S4B, lanes 4, 6, 8, 10, and 11),
as in the reaction with the purified recombinant protein
SCANI1 (Supplementary Figure S4A, lane 2) and TDP1 in
the presence of glycerol (Supplementary Figure S4B, lane
3). At the same time, in WT HelLa, HCT116, and MCF-7,
we observed other upper products perhaps corresponding
to the other nucleophiles except glycerol presenting in
these cell extracts (Supplementary Figure S4A, lanes 6
and 7, Supplementary Figure S4B, lanes 8, 10, and 11).
There were no reaction products for TDPI-deficient cell
extracts (Supplementary Figure S4A, lane 4, Supplementary
Figure S4B, lanes 5, 7, and 9), since hairpin oligonucleotide is a
specific TDP1 substrate.
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FIGURE 2 | Formation of the upper band tyrosyl-DNA phosphodiesterase 1 (TDP1) reaction product (P2) in the presence of glycerol. Electrophoretic analyses of
TDP1 (50 nM) and spinocerebellar ataxia with axonal neuropathy type 1 (SCAN1) (100 nM) reaction products with fligonucleotide substrates containing two different
non-nucleotide insertions: D, 1,10-decanediol phosphate; Dod, 1,12-dodecanediol phosphate (100 nM). Enzyme and substrate were incubated in the reaction buffer
(50 mM Tris-HCI, pH 8.0, 50 mM NaCl, 7 mM B-mercaptoethanol) for 15 min at 37°C. Schematic representations of DNA substrates (Figure 1 and Table 1) are
shown at the top of the gel. The reaction products were separated by 20% polyacrylamide gel electrophoresis under denaturing conditions. The typical
representative gel is given on the upper panel. The quantitaion of the reaction products for this gel is on the lower panel. p* - position of a
1,3-dimethyl-2-(phosphorylimino)imidazolidine group (Dmi) group.

DISCUSSION

Both phospholipases and nucleases of PLD superfamily
hydrolyze phosphodiester bonds via a similar reaction
mechanism. They contain paired catalytic histidine and
lysine residues within two conserved HKD motifs (HxKxxxxD,
where x is any amino acid) (Koonin, 1996; Ponting and
Kerr, 1996; Interthal et al., 2001; Selvy et al,, 2011; Bruntz
et al, 2014). First, crystal structures for PLD enzymes
were obtained for a bacterial PLD, Streptomyces sp. strain
PMF (Leiros et al., 2000). Then, protein crystals of other
PLD superfamily members have been reported, including
endonucleases and several bacterial enzymes, and for
human PLD (Bowling et al, 2020; Metrick et al., 2020).
PLD enzymes act in two steps. In the first one, the histidine
residue from one HKD motif serves as a nucleophile to

attack the phosphate group of the substrate. The histidine
from the second HKD domain donates proton to the leaving
group. Functioning as nucleophiles, the constituent imidazole
moieties of the histidines form transient covalent bonds
with the substrate, producing an intermediate that can be
hydrolyzed next. The second histidine extracts proton from
water (or other nucleophile), and the activated molecule
hydrolyzes the intermediate (Stuckey and Dixon, 1999;
Davies et al., 2002a; Leiros et al., 2000; Selvy et al, 2011;
Bruntz et al., 2014).

TDP1 possesses a unique HKD motif that differs from
other PLD superfamily members, and its orthologs represent a
distinct class within the PLD superfamily (Interthal et al., 2001).
TDP1 hydrolyzes DNA adducts containing phosphotyrosyl
bond between DNA 3’ phosphate termini and TOP1 residual
peptide via two coordinated SN2 nucleophilic attacks mediated
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FIGURE 3 | Tyrosyl-DNA phosphodiesterase 1 (TDP1) excises glycerol residue from DNA 3'-end. Enzyme and substrate were incubated in the reaction buffer

(50 mM Tris-HCI, pH 8.0, 50 mM NaCl, 7 mM B-mercaptoethanol) for time indicated at 37°C. (A) Electrophoretic analyses of TDP1 and spinocerebellar ataxia with
axonal neuropathy type 1 (SCAN1) reaction products for 20 min reaction with purified P2 oligonucleotide (100 nM). (B) Time dependence of P2 to P1 conversion
catalyzed by TDP1 with purified P2 oligonucleotide. Values of the reaction product (%) are the mean (£SD) of three independent experiments. The reaction products

were separated by 20% polyacrylamide gel electrophoresis under denaturing conditions.
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by the action of two histidine residues like other PLD
superfamily enzymes. Initially, the imidazole N1 atom of
the His263 residue attacks the phosphotyrosyl bond and
then the His493 can act as a general acid, which donates
a proton to the tyrosine-containing peptide-leaving group.
This results in the formation of a transient phosphoryl
imidazole bond between N1 atom of His263 and the 3'-
end of the DNA. Hydrolysis of this covalent intermediate

is proposed to be carried out by a water molecule that is
activated by the His493 residue acting as a general base
(Davies et al., 2002a). The only known genetic defect in
Tdpl gene is the A-G mutation. This homozygous recessive
mutation A1478G that results in the substitution His493Arg
is associated with the disease SCANI1 (Takashima et al,
2002). It was identified in a genome of the members of
one family affected with SCAN1 (Takashima et al, 2002).
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FIGURE 5 | Formation of the upper band tyrosyl-DNA phosphodiesterase 1 (TDP1) reaction product (P2) in the presence of ethanol. Electrophoretic analyses of
TDP1 (100 nM) reaction products with fligonucleotide substrate containing non-nucleotide insertion 5'-FAM-D-p*-BHQ (100 nM). Enzyme and substrate were
incubated in the reaction buffer (50 mM Tris-HCI, pH 8.0, 50 mM NaCl, 7 mM B-mercaptoethanol) for time indicated at 37°C. (A) P2 product formation in
dependence of glycerol (lanes 2 and 3) or ethanol (lanes 4-8) concentration. (B) Time dependence of P2 product formation. The reaction products were separated
by 20% polyacrylamide gel electrophoresis under denaturing conditions. The typical representative gels are given on the upper panels. The quantitaions of the
reaction products for the corresponding gels are on the lower panels (A,B).

Cells with a SCAN1 mutation showed increased sensitivity
to camptothecin, an anticancer drug, that inhibits TOP1
(Takashima et al., 2002; Hirano et al., 2007). In vitro
biochemical studies with TDP1 mutant SCAN1 revealed
that this mutation reduces enzyme activity ~25-fold and
causes the accumulation of the TDPI-DNA covalent
reaction intermediate, supporting the existence of the
second Sn2 reaction step in the TDPI catalytic mechanism
(Interthal et al., 2005a,b).

TDP1 is a DNA repair enzyme that is able to remove a
variety of natural and synthetic adducts including stalled
TOP1-DNA complexes from 3’ DNA ends preparing the
3’-ends for further processing by DNA polymerases and
ligases to complete the repair process and restore the DNA
chain (Zakharenko et al, 2019). Other TDPI1 substrates
can be divided into two groups: small adducts consisting
of damaged nucleotides, DNA inserted ribonucleotides,
and noncanonical nucleotide/nucleoside  analogs  and
large covalent protein-DNA adducts (Brettrager and van
Waardenburg, 2019). Thus, TDP1 is able to remove
a variety of adducts from 3’ DNA ends during DNA

repair (Dexheimer et al, 2008; Murai et al, 2012; Huang
et al, 2013; Dyrkheeva et al., 2018; Brettrager and van
Waardenburg, 2019). TDP1 also could be involved in the
repair of AP sites in single-stranded genomic DNA regions
(Rechkunova et al., 2015).

Over the past years, we investigated the functions of TDP1
and SCANT1 in the DNA repair process (Zakharenko et al., 2019).
It is known that for phospholipases, transphosphatidylation
is more favored in the presence of a primary alcohol since
generally short-chain primary alcohols are more nucleophilic
than water (Bruntz et al., 2014). As proof of the two-
step reaction mechanism with the formation of phosphatidyl-
enzyme intermediate, the phosphorus chirally labeled substrate
with oxygen isotopes at its phosphorus atom was used
(Bruzik and Tsai, 1984). Analysis of the stereoconfiguration
of the phosphorus before and after the enzymatic reaction
by 31P-NMR revealed retention of the configuration, which
supported the two-step SN2 reaction mechanism both for
transphosphatidylation and hydrolysis reactions catalyzed by
cabbage PLD. The formation of intermediate and thus the
proof of the two-step reaction mechanism was also given by
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detecting the phosphatidyl-imidazole intermediate using MS
(Orth et al, 2010). We observed two reaction products on
the gel in the cleavage of oligonucleotide substrates with
non-nucleotide insertion reactions catalyzed by SCAN1 and
TDP1 (Kuznetsov et al., 2017). Then we suggested that TDP1
can possess also transferring activity the same as other PLD
enzymes. In the present work, we found that the second product
with a lower mobility in polyacrylamide gel is generated by
WT TDP1 in the presence of high glycerol concentration.
We concluded that this product can be generated because
glycerol presents in the enzyme solution that was added to
the reaction mixture. Next, we purified this oligonucleotide
product and confirmed by MALDI-MS that this upper product
is a glycerol residue covalently attached to the 3’-end of the
lower oligonucleotide product. Thus, we concluded that the
second reaction step of TDPI can be carried out not only
by a water molecule but also by the other small nucleophilic
molecules, e.g., glycerol, and TDP1 as other PLD family
members is able to undergo not only hydrolysis but also
transferring reaction. It is known that PLD is able to catalyze
synthesis of phosphatidylglycerol by head group exchange of
a phosphatidylcholine. The researchers even tried to find the
conditions for the preparation of “commercial industrial grades”
of phosphatidylglycerol as surfactant/lubricant with unique
properties for therapeutic practices for relief of diseases, such
as neonatal respiratory distress syndrome (Piazza and Marmer,
2007). We found first that TDP1 as other PLD enzymes
catalyzes transferring reaction. According to these results, we
proposed a new step of “transphosphooligonucleotidation”
analogous to PLDs “transphosphatidylation” to the scheme
of the reaction catalyzed by TDP1 (Figure 6) and the next
step of hydrolysis. The model describing TDPI catalytic
mechanism was suggested in the work of Davies et al. (2002a).
In this work, two crystal structures of TDP1 bound to the
phosphate transition state analogs, vanadate and tungstate,
were solved. It is interesting to note that glycerol molecule
from the cryoprotectant solution was found in the structure
bound to either vanadate or tungstate inhibitor molecules
(Davies et al., 2002a).

We could see the second upper product on the gel not
only with glycerol but also with other alcohols including

ethanol (Figure 5). It could cause the formation of
covalent DNA adducts with different primary alcohol
residues in the cell. Such adducts can be accumulated

in the conditions of high concentration of alcohol. We
demonstrated that glycerol residue was efficiently cleaved
from the 3’-end by TDP1 but not by SCAN1 (Figure 3).
Thus, in some cases, TDP1 can be regarded not only as
a repair enzyme but also as a source of DNA damages
especially in the cases of its reduced enzyme activity, for
example, in the case of mutations in the Tdpl gene. Such
damages can make a negative contribution to the stability
of cell vitality.

Ethanol is the most frequently used compound with
psychoactive and narcotic effects among humans that inhibits
the human central nervous system. It is important that it
forms solutions in a wide range of proportions with both
water and fats probably that is why ethanol has multiple
effects on the body. Long-term ethanol consumption can
contribute to the development of many diseases, including
cardiovascular and cancer. Ethanol can cause oxidative damage
to neurons in the brain and their death (Muneer et al,
2011). At the cell nucleus level, ethanol is able to alter
access to the cell nucleus by changing the nuclear envelope
structure, a double-layered lipid bilayer, penetrated by nuclear
pore complexes, thus, the nuclear envelope becomes less
permeable for diffusible ions and macromolecules. This could
explain altered signaling to and communication with the cell
nucleus in the pathophysiology of alcohol abuse (Schifer et al.,
2007). A large body of evidence has shown that alcohol and
especially chronic alcohol use can have epigenetic effects, namely,
site-selective acetylation, methylation, and phosphorylation in
histone, nucleosomal remodeling via histone modifications and
DNA methylation (Shukla et al., 2008; Tulisiak et al., 2017;
Ciafre et al,, 2019). To date, studies of DNA modifications
have primarily looked at global methylation profiles in human
liver, brain, and blood, gene-specific methylation profiles
in animal models, and methylation changes associated with
prenatal ethanol exposure. Our finding of the possibility
of direct covalent binding of ethanol to 3’-end of DNA
by TDPI and its mutant form SCAN1 presents a novel
insight toward defining the molecular actions of ethanol.
Future studies will show the meaning of this fact on
cellular and nucleosomal levels. It is known that TDPI
is required for neural homeostasis and acts as a critical
survival factor for neuronal development and homeostasis
(Katyal et al.,, 2007; Van Waardenburg, 2016). Though TDP1,
like most DNA repair-associated proteins, is not essential
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for cell viability, TDP1 dysfunction results in SCANI1, a
neurodegenerative syndrome. Most researchers investigate TDP1
neuroprotective property with connection to SCAN1 and
stabilization of the TDPI1 catalytic enzyme-DNA covalent
complex, but we could say that in the context of alcoholism
and chronic exposure of the nervous system to ethanol, TDP1
neuroprotective property is also important and requires a
special detailed study.

MATERIALS AND METHODS

Expression and Purification of Wild-Type
and Mutant (SCAN1) Human Tyrosyl-DNA

Phosphodiesterase 1 Proteins

The recombinant N-terminally His-tagged TDP1 and the
mutant form of TDP1 (SCANI1) with substitution (H493R)
were expressed in Escherichia coli BL21 (DE3) cells. The
plasmids pET16B-TDP1 and pET16B-SCAN1 were kindly
provided by Dr. K. W. Caldecott, University of Sussex,
United Kingdom, and by Dr. S. El-Khamisy, University of
Sheffield, United Kingdom. Plasmids were transformed into
BL21 cells by electroporation, and the cells were grown
in LB medium at pH 7.5 with 100 mg/ml ampicillin at
30°C. Two hours after induction with 1 mM isopropyl
p-d-1-thiogalactopyranoside (IPTG), cells were harvested.
Cell pellets were thawed on ice, resuspended in binding
buffer (0.5 M NaCl, 5% glycerol, 20 mM Tris-HCl, pH 8.0,
mixture of protease inhibitors), and broken by sonication.
After centrifugation, 10 mM imidazole was added to the
supernatant. The Ni Sepharose column (GE Healthcare,
United Kingdom) was washed with binding buffer (0.5 M
NaCl, 10 mM imidazole, 20 mM Tris-HCI, pH 8.0). Elution
of the proteins was carried out with elution buffer (0.5
M NaCl, 500 mM imidazole, 20 mM Tris-HCl, pH 8.0,
protease inhibitors), and the eluate was loaded to the heparin
Sepharose column (GE Healthcare, United Kingdom). Elution
of the proteins was carried out with NaCl gradient 0.1-1 M
in 20 mM Tris-HCl pH 8.0 with protease inhibitors. The
proteins TDP1 and SCANI1 were stored in 50 mM NaCl,
50 mM Tris-HCl pH 8.0, 1 mM ethylenediaminetetraacetic
acid (EDTA), 2 mM dithiothreitol (DTT), and 50% glycerol
at -20°C. The enzyme samples were estimated to be more
than 90% pure. Enzyme concentrations were estimated by
Bradford assay. Coomassie-stained protein gels are shown in
Supplementary Figure S5.

Oligonucleotide Substrate Preparation

Oligonucleotides were synthesized on a Biosset ASM-800
automated DNA synthesizer (Russia) on 200-nmol scale
using P-cyanoethyl phosphoramidite chemistry. Here, 1,10-
decanediol residue (D) and 1,12-dodecanediol residue (Dod)
were introduced via the corresponding dimethoxytrityl
phosphoramidite prepared as described previously (Durand
et al, 1990). 5(6)-FAM phosphoramidite for FAM labeling
and a solid support 3-BHQ-1 CPG for attachment of a Black

Hole QuencherTM BHQ-1 residue were generous gifts of Dr.
Vladimir Ryabinin (ICBFM, Novosibirsk). Incorporation of a
1,3-dimethyl-2-(phosphorylimino)imidazolidine (Dmi) group
was performed as described (Stetsenko et al., 2014). After the
completion of solid-phase synthesis, polymer support from
the column was transferred to a plastic tube and treated with
200 pl of concentrated (ca. 25%) aqueous ammonia solution
per 5 mg of support at 55°C for 16 h. After deprotection,
the supernatant was evaporated in vacuo using a Thermo
Fisher Scientific SpeedVac concentrator (United States),
400 pl of 20 mM triethylammonium acetate (pH 7.0) was
added, and supernatant was removed by centrifugation.
Oligonucleotides were purified by reverse-phased (RP) high-
performance liquid chromatography (HPLC) on an Agilent
1200 series HPLC system (United States) equipped with
a Zorbax SB-CI18 (5 pm) column (4.6 mm x 150 mm)
using a gradient of acetonitrile from 0 to 40% in 0.02 M
triethylammonium acetate pH 7.0 for 30 min, flow rate 2 ml/min.
Denaturing gel electrophoresis in 20% polyacrylamide gel
was used to check the purity of oligonucleotides with band
visualization by staining with Stains-All (Sigma). Molecular
masses of modified oligonucleotides were confirmed by
electrospray ionization (ESI) mass spectra recorded on an
Agilent G6410A LC-MS/MS triple quadrupole ESI mass
spectrometer (United States) in the MS scan mode with negative
ion detection. The oligonucleotides were dissolved to 0.1 mM
concentration in 20 mM triethylammonium acetate containing
60% acetonitrile for direct injection (10 l). Elution was made
by 80% acetonitrile in isocratic mode, flow rate 0.1 ml/min.
Default parameters for ESI and MS were used for all the
experiments: nebulizer gas pressure was 30 psi (207 kPa),
drying gas (nitrogen) flow rate was 9 L/min and temperature
340°C, capillary voltage was 4,000 V, detected mass range was
from m/z 105 to 1,600. Molecular masses of oligonucleotides
were calculated uzing experimental m/z values, obtained for
each sample.

Molecular masses of modified oligonucleotides were
confirmed byMALDI-time of flight (MALDI-TOF) mass
spectra recorded in either negative or positive ion mode on a
Bruker Reflex III Autoflex Speed mass spectrometer (Germany)
using 3-hydroxypicolinic acid as a matrix.

Structures of the chemical modifications used in this study are
depicted in Supplementary Figure S6. Sequences and ESI MS
data of the oligonucleotides are given in Table 1.

TABLE 1 | Designations and sequences of oligonucleotide substrates.

No. Designation Sequence, 5'-3'

FAM-D-p*BHQ
FAM-DD-p*BHQ
FAM-Dp*D-p*BHQ
FAM-Dod-p*BHQ
FAM-BHQ
dsFAM-Dod-p*BHQ

FAM-GGAAGADTCTTCCp*-BHQ1
FAM-GGAAGADDTCTTCCp*-BHQ1
FAM-GGAAGADp*DTCTTCCp*-BHQ1
FAM-GGAAGADodTCTTCCp*-BHQ1
FAM-AACGTCAGGGTCTTCC-BHQ1
5'-FAM-GGAAGDodCCCTGACGTTp*-BHQ1-3
3'-CCTTC-T-GGGACTGCAA-5'
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BHQ1, Black Hole Quencher 1; FAM, 5(6)-carboxyfluorescein
label; non-nucleotide insertions (X); D, 1,10-decanediol
phosphate; Dod, 1,12-dodecanediol phosphate; p*, position of
a 1,3-dimethyl-2-(phosphorylimino)imidazolidine group (Dmi)
group. See Supplementary Figure S6 for all the structures.

Gel-Based Tyrosyl-DNA

Phosphodiesterase 1 Assay

TDP1 gel-based assays were performed using 100 nM substrate
incubated with the indicated amount of recombinant human
TDP1 or SCANT1 or cell extract for time indicated at 37°C in a
buffer containing 50 mM Tris-HCI, pH 8.0, 50 mM NaCl, and
7 mM B-mercaptoethanol. To avoid the formation of the upper
oligonucleotide product with attached glycerol residue from
the enzyme solution, we purified TDP1 and SCANI solution
on the SuperSpin Desaltor (Biotoolmics) columns. Reactions
were terminated by the addition of gel loading buffer (TBE,
10% formamide, 7 M carbamide, 0.1% xylene cyanol, and 0.1%
bromophenol blue, 20 mM EDTA). The samples were heated
before loading at 90°C for 7 min. The products were analyzed
by electrophoresis in a 20% denaturing polyacrylamide gel with
7 M urea. Gel images were scanned using a Typhoon FLA
9500 (GE Healthcare, United Kingdom) and calculated using
a QuantityOne 4.6.7 software. The reaction product yields (%)
were calculated as the percentage of the fluorescent signal of the
product band to the total signal of the bands in the lane.

Stopped-Flow Fluorescence

Measurements

Kinetic studies of the reactions were carried out using an
SX.18MV stopped-flow spectrometer (Applied Photophysics,
United Kingdom). The efficiency of energy transfer in the
FAM/BHQ1 FRET pair was recorded with fluorescence excitation
in the FAM dye at 494 nm. Fluorescence of the FAM dye was
recorded at wavelengths more than 515 nm using an OG-515
filter (Schott, Germany). The dead time of the device is 1.4 ms.
Each kinetic curve was averaged over at least four experimental
curves. All experiments were performed at 37°C in the buffer
solution containing 50 mM Tris-HCI, pH 8.0, 50 mM NaClL
In the course of FRET experiments, the enzyme and DNA
concentrations were 1.0 . M.

The solution of TDP1 was placed in one instrument’s syringe
and rapidly mixed in the reaction chamber with the substrate
from another syringe. The reported concentrations of reactants
are those in the reaction chamber after mixing. Typically, each
trace shown in the figures is the average of four or more
fluorescence traces recorded in individual experiments. FRET
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Bifunctional 8-oxoguanine-DNA glycosylase (OGG1), a crucial DNA-repair enzyme,
removes from DNA 8-oxo-7,8-dihydroguanine (8-oxoG) with following cleavage of
the arising apurinic/apyrimidinic (AP) site. The major enzyme in eukaryotic cells that
catalyzes the cleavage of AP sites is AP endonuclease 1 (APE1). Alternatively, AP
sites can be cleaved by tyrosyl-DNA phosphodiesterase 1 (TDP1) to initiate APE1-
independent repair, thus expanding the ability of the base excision repair (BER) process.
Poly(ADP-ribose) polymerase 1 (PARP1) is a regulatory protein of DNA repair. PARP2 is
also activated in response to DNA damage and can be regarded as the BER participant.
Here we analyze PARP1 and PARP2 interactions with DNA intermediates of the initial
stages of the BER process (8-oxoG and AP-site containing DNA) and their interplay
with the proteins recognizing and processing these DNA structures focusing on OGGH.
OGG1 as well as PARP1 and PARP2 form covalent complex with AP site-containing
DNA without borohydride reduction. AP site incision by APE1 or TDP1 removal of protein
adducts but not proteins’ PARylation prevent DNA-protein crosslinks.

Keywords: apurinic/apyrimidinic site, 8-oxoguanine-DNA glycosylase, AP endonuclease 1, tyrosyl-DNA
phosphodiesterase 1, poly(ADP-ribose) polymerases, DNA-protein crosslinks

INTRODUCTION

Cellular DNA is continuously exposed to both endogenous and exogenous damaging agents.
Oxidative stress arising from endogenous reactive oxygen species and some environmental factors,
e.g., UV irradiation, is a major source of DNA damage. As a consequence, modified bases,
apurinic/apyrimidinic (abasic or AP) sites, and single-strand breaks (SSBs) are generated (Cadet
et al., 1999; Lesher et al., 2002). One of the major base lesions induced by oxidative stress is 8-
oxoguanine (8-0xoG), which is recognized and excised by a specific DNA glycosylase, initiating the
base excision repair (BER) pathway (Radicella et al., 1997). Human 8-oxoguanine-DNA glycosylase
(OGG1) plays a major role in the BER pathway by removing 8-oxoguanine base lesions from
oxidized G/C base pairs generated an abasic site as the major product, that is subsequently incised
by AP-endonuclease 1 (APE1) and further processed by subsequent enzymes in the BER pathway
(Brooks et al., 2013). Alternatively, AP site can be cleaved by tyrosyl-DNA-phosphodiesterase 1
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(TDP1) to initiate APEl-independent repair, thus expanding
the ability of the BER process (Lebedeva et al., 2011, 2013). In
addition to the major glycosylase activity, OGG1 also possesses a
minor AP lyase activity arising from the formation of a Schiff base
linkage between a conserved active site lysine and the C1’ of the
damaged site (Girard et al., 1997). The lyase activity eliminates
the 3’ phosphate of the AP site and yields a single strand
break, but this activity is thought be minor under physiological
conditions (Vidal et al., 2001; Kuznetsov et al., 2005; Morland
et al., 2005; Dalhus et al., 2011; Faucher et al., 2012).

AP-endonuclease 1 stimulates turnover of several glycosylases
by accelerating rate-limiting product release (Esadze et al,
2017). A stimulation mechanism involving stable protein-
protein interactions between free APE1 and OGGI, or the
DNA bound forms, was excluded using protein crosslinking
assays. APE1 capability to access the AP site without forming
specific interactions with the glycosylase provides a simple
and elegant mechanism to passing along unstable intermediates
in BER (Esadze et al, 2017). AP-endonuclease activity of
APEl is essential for stimulation and direct interactions
between APEl and OGG1 facilitate displacement of OGG1
(Sidorenko et al., 2007, 2008).

Poly(ADP-ribose) polymerase 1 (PARP1) is a regulatory
protein involved in many different processes of DNA and RNA
metabolism, including DNA repair, especially those containing
AP sites and strand breaks that are common intermediates in the
BER pathway (Schreiber et al., 2006; Hassa and Hottiger, 2008).
Upon binding to these lesions, PARP1 becomes activated for
synthesis of poly(ADP-ribose) (PAR), and PARP1 can PARylate
itself as well as other proteins involved in DNA metabolism
(D’Amours et al., 1999). Previously, PARP1 was found capable of
forming a covalent DNA-protein crosslink (DPC) at the AP site in
double-stranded DNA (Khodyreva et al., 2010). The C1” atom of
the AP site participates in Schiff base formation with a lysine side
chain in PARPI1, and a covalent bond is formed upon reduction
of the Schiff base.

8-oxoguanine-DNA  glycosylase interacts with PARP1
(Hooten et al., 2011). Authors found that OGG1 binds directly
to PARP1 through the N-terminal region of OGGI, and this
interaction is enhanced by oxidative stress. Furthermore,
OGGI1 binds to PARP1 through its BRCA1 C-terminal (BRCT)
domain. OGG1 stimulates the poly(ADP-ribosyl)ation activity of
PARP1, which may explain the lack of poly(ADP-ribosyl)ation
in cells with decreased level of OGGI. Alternatively, OGG1
expression may enhance only PARP1 automodification rather
than influencing PAR formation on target proteins. Importantly,
activated PARP1 inhibits OGG1. OGGl1 binding to PARPI plays
a functional role in the repair of oxidative DNA damage.

PARP2 is also activated in response to DNA damage and
can be regarded as the BER participant. Biochemical studies
revealed that PARP2, like PARP1 (Moor et al., 2015), interacts
with the BER repair factors XRCC1, DNA polymerase f and
DNA ligase ITI (Amé et al., 1999; Schreiber et al., 2002). However,
PARP2 role in the BER process is still under investigation.
PARP1 and PARP2 can heterodimerize, but they recognize
different targets within BER DNA intermediates (Schreiber
et al, 2002; Sukhanova et al, 2019). PARP2 preferentially

binds gaps or flap structures that allow suggesting PARP2
is probably involved in the later steps of the repair process
(Mortusewicz et al., 2007).

Here we analyze PARP1 and PARP2 interactions with DNA
intermediates of the initial stages of the BER process (8-0xoG and
AP-site containing DNA) and their interplay with the proteins
recognizing and processing these DNA structures focusing on
OGGI1. OGG1 as well as PARP1 and PARP2 form covalent
complex with AP site-containing DNA without borohydride
reduction. AP site incision by APE1 or TDP1 removal of protein
adducts but not proteins’ PARylation prevent DPC without
borohydride trapping.

METHODS

Protein Crosslinking to AP Site
The reaction mixtures (10 pl) contained 10 nM 5'-[32P]-labeled
DNA substrate, 50 mM Tris-HCI (pH 7.5), 50 mM NalCl,
1 mM DTT, 50 nM OGG1 and different concentrations of APE1
or PARP1/2. DNA duplex containing dUMP was preliminary
incubated with UDG (0.5 U/pl) for 15 min at 37°C to generate
AP site. Reactions were carried out at 37°C for 30 min and
stopped with Laemmli loading buffer containing 5% SDS, 5%
2-mercaptoethanol, 0.3 M Tris-HCI, pH 7.8, 50% glycerol and
0.015% bromophenol blue and heated for 5 min at 95°C. The
reaction products were separated by Laemmli electrophoresis in
a 10% SDS-PAG followed by autoradiography and visualized by
phosphorimaging using a Biomolecular Imager Typhoon FLA
9500 (GE Healthcare).

The sequences of the oligonucleotides used in experiments
were as follows:

AP-DNA 5 —*GGCGATTAAGTTGGGUAACGTCAGGGT
cTTCcC-3’
3/~ CCGCTAATTCAACCCGTTGCAGTCCC
AGAAGG-5/

8-0x0G-DNA  5'-*CTCTCCCTTCXCTCCTTTICCTICT-3'

3’ -GAGAGGGAAGCGAGGAAAGGAGA-5'
*_32p X = 8-0x0G

Protein Poly(ADP-ribosyl)ation
Poly(ADP-ribosyl)ation of the proteins was performed as
described in Maltseva et al. (2018). The reaction mixtures
(10 pl) containing 50 mM Tris-HCI (pH 7.5), 50 mM NaCl,
1 mM DTT, 25 pM [*?P]-NADT, 10 nM DNA, 100 nM
PARP1/2 and the indicated concentrations of OGGI and
APEl were incubated at 25°C for 20 min. Samples were
supplemented with Laemmli loading buffer and heated. The
reaction products were separated by Laemmli electrophoresis in
a 10% SDS-PAG followed by autoradiography and visualized by
phosphorimaging.

EMSA Analysis of DNA-Protein

Complexes
Protein binding to 5'-[3?P]-DNA were analyzed in a mixture
(10 pl) containing 50 mM Tris-HCI, pH 7.5, 50 mM NaCl,
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10 nM 5-[>?P]-DNA and indicated concentrations of PARP1/2
or OGGLI. The reaction mixtures were incubated at 25°C for
20 min. Loading buffer (1/5 volume) containing 20% glycerol and
0.015% bromophenol blue was then added to the samples. The
DNA-protein complexes were analyzed by electrophoresis in a
5% polyacrylamide gel (acrylamide/bis-acrylamide = 60:1) in TBE
buffer at 4°C followed by phosphorimaging.

RESULTS

Influence of APE1 and PARP1/2 on the

OGG1 Crosslinking to AP Site
8-oxoguanine-DNA glycosylase as well as PARP1 and PARP2
interact with the AP site forming Schiff base which reduction
by NaBH4 results in covalent adducts (Nazarkina et al., 2007;
Khodyreva et al., 2010; Kutuzov et al., 2015). Besides, PARP1
was shown to form covalent complex with AP site-containing
DNA without NaBH4 reduction (Prasad et al., 2014). Here we
examined whether formation of stable DNA-protein crosslink
(DPC) in the absence of NaBHy is the unique feature of
PARP1 or other AP site-binding proteins are also able to
form such adducts.

8-oxoguanine-DNA glycosylase was incubated with the 5'-
labeled DNA substrates containing an 8-oxoG or AP site
generated after uracil removing by the UDG and the complex
was analyzed without NaBH, reduction (Figure 1). Incubation
of OGG1 with DNA substrate containing 8-oxoG lesion
(80x0G-DNA) revealed the formation of DNA-protein covalent
adducts in the absence of NaBH, reflecting the formation of
the intermediate of the DNA glycosylase/AP lyase reaction
(Figure 1A). The addition of APE1 at concentrations 2 and
4 times higher than OGG1 decreased the amount of the
crosslinking products (Figures 1A, lanes 2-4) which indicates
a possible competition between proteins for the AP site
arising from 8-oxoG excising by OGGIl. The simultaneous
addition of OGG1 and APEl, even at concentrations lower
than OGGI, to the reaction mixture with DNA containing
the AP site generated by UDG (AP-DNA) almost completely
inhibited OGG1 crosslinking to DNA (Figure 1B, lanes 2-
4). Under the same conditions, no APEI crosslinks to DNA
substrates were observed, which was expected because the
enzyme has extremely high AP-endonuclease activity that
led to almost instantaneous processing of the AP-DNA
(Supplementary Figure S1).

Addition of PARP1 or PARP?2 at the increased concentrations
affects OGG1 crosslinking to the AP site. This effect was
more pronounce in the case of AP-DNA than with the
80x0G-DNA: both PARPs completely inhibited OGG1-AP-DNA
crosslinking at 100 nM concentration, whereas in the case of
80x0G-DNA OGG1-DNA adducts were observed even in the
presence of 200 nM PARPs (compare corresponding lanes on
Figures 1A,B). Although PARPs themselves effectively crosslink
to the AP site generated both by OGG1 (Figure 1A) and by
UDG (Figure 1B), they compete with OGGI more efficiently
on DNA with the pre-formed AP site that allows suggesting

A 80x0G-DNA
[ 2 3456789101112 kbDa
PARP1-> - (130
— 95
PARP2-»> - - —72
—55
] ] ]
+APE1 +PARP2 +PARP1
B AP-DNA
12 34 56 789101112131415 kDa
PARPI-»> woee
— 95
PARP2-»| - . . —72
—55
OGGI1¥| . . -
—36
1 1 ____— 1]
+APEI +PARP2 +PARP1
FIGURE 1 | Influence of APE1, PARP2, and PARP1 on the crosslinking of
OGG1 to AP site-containing DNA. Phosphorimages of crosslinked proteins to
32p_|abeled 8-0x0G-containing DNA (A) and to AP site-containing DNA after
treatment with UDG (B). Reaction mixture included 10 nM DNA, 50 nM OGG1
and different concentrations of APE1 or PARP1/2 (50, 100, and 200 nM in A)
and (10, 50, 100, and 200 nM in B). APE1, PARP1/2 were added to the
reaction mixture simultaneously with OGG1.

PARPs facilitate OGGl removal from its product. Neither
OGGI1 nor PARPs form crosslinks with intact DNA duplex
(Supplementary Figure S2).

Effect of the TDP1 and APE1 on the
OGG1 Crosslinking to AP Site

Earlier, we have shown that AP site is processed by tyrosyl-
DNA phosphodiesterase 1 (Lebedeva et al, 2011) which can
initiate APE1-independent BER pathway (Lebedeva et al., 2013).
Here we performed comparative analysis of the TDP1 and
APE] effects on OGGI crosslinking to AP site (Figure 2). Like
APEl, TDP1 does not crosslink to AP site but competes with
OGGI for the AP site, thereby reducing the amount of the
OGG1-DNA suicidal complexes especially on AP-DNA (Figure 2
compare lanes 4-6 on A and B panels with lane 2). The addition
of TDP1 to the reaction mixture after the formation of the
OGGI1-DNA adducts also led to a decrease in the observed
OGG1 crosslinking products with both 8oxoG- and AP-DNA
(lanes 7-9). We assume that TDP1 not only competes for
DNA but also is able to remove OGGI from the DNA-protein
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after after

cross-linking cross-linking

DNA substrate incubated with 50 nM OGG1, lane 3 — DNA substrate incubated with 200 nM TDP1.

FIGURE 2 | Effect of the order of TDP1 and APE1 addition on the crosslinking of OGG1 to AP site-containing DNA. Phosphorimages of crosslinked proteins to
32P-labeled 8-oxoG-containing DNA (A) and to AP site-containing DNA after treatment with UDG (B). Reaction mixture included 10 nM DNA, 50 nM OGG1 and
different concentrations (50, 100, and 200 nM) of TDP1 or APE1. TDP1 or APE1 were added to the reaction mixture simultaneously with OGG1 (lanes 4-6 and
10-12) or after incubation of DNA with OGG1 for 10 min (lanes 7-9 and 13-15). Lane 1 in (A,B) represent DNA substrate incubated with 200 nM APET, lane 2 —

adduct. APEI has less than TDP1 effect on 80x0G-DNA both
in the case of simultaneous addition and when it was added
after OGG1-DNA crosslink formation (Figure 2A, compare
lanes 10-12 with 4-6 and lanes 13-15 with 7-9). More visible
decrease in the level of the OGG1-DNA products in the case

AP site by APEL.

dramatically reduced. This result reflects effective hydrolysis of

Effect of PARylation Catalyzed by

of APEI addition to pre-formed crosslinks (lanes 13-15) may
be explained by the partial hydrolysis of AP sites generated by
OGG]1 before APE1 addition. In the case of AP-DNA, APEl
addition to the reaction mixture after the formation of the OGG1-
DNA covalent complex has little effect on the product amount
(Figure 2B, lanes 13-15) in comparison with simultaneous
presence of both proteins (lanes 10-12) when crosslinking is

PARP1/2 on the Protein Crosslinking to

AP Site

The covalent attachment of OGGI to AP site-containing DNA
appears to be a suicidal event when BER is overwhelmed or
disrupted. To investigate whether PARylation of OGGI alters
formation of the DPC, we performed crosslinking experiments
in the presence of NAD' (Figure 3). The addition of NAD™
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FIGURE 3 | Effect of NAD™ addition on the crosslinking of OGG1 to AP site-containing DNA in the presence of PARP1 (A) and PARP2 (B). Reaction mixture
included 10 nM AP site-containing DNA after treatment with UDG, 50 nM OGG1 and different concentrations (50, 100, and 200 nM) of PARP1/2. NAD* at final
concentration 1 mM was added to the reaction mixture simultaneously (lanes 5-7) or after incubation of OGG1 with PARP1/2 for 10 min (lanes 8-10). The EMSA
analysis of ternary OGG1-PARP2-DNA complex formation (C). AP-DNA after treatment with UDG was titrated by OGG1 (50, 100, and 200 nM) in the absence (lanes
2-4), in the presence of 100 nM PARP2 (lanes 8-10) or 100 nM PARP2 and 1 mM NAD™ (lanes 11-13). Lanes 5-7 — AP-DNA titration with PARP2 (50, 100, and

ol &
- DNA -protein
complexes
S W | free DNA
] ]
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to the reaction mixture with OGG1 and PARPI led to the
disappearance of OGG1 and PARP1 crosslinking to the AP-
DNA (Figure 3A, lanes 5-7) and appearance of products
with a low electrophoretic mobility, which suggests a possible
DNA crosslinking with the PARylated OGG1 and/or PARPI.
Moreover, addition of NAD™ to the reaction mixture after
crosslinking caused very similar products (lanes 8-10), consistent
with PARylation of the crosslinked PARPI/DNA complex.
These experiments indicate that PARP1 auto-PARylation has no
significant effect on crosslinking and conversely, crosslinking has
no significant effect on PARylation catalyzed by PARP1.

When NADT was added to the reaction mixture with
OGG1 and PARP2, a decrease in the amounts of crosslinked
proteins was observed and products with a low electrophoretic

mobility appeared (Figure 3B, lanes 5-7). The addition
of NAD™ after preliminary crosslinking practically did not
influence on the OGG1 crosslinking (Figure 3B, lanes 8-10)
whereas intensity of PARP2 crosslinking products decreased
approximately in the same rate as in the case of simultaneous
addition of all components (compare lanes 8-10 with 5-7).
Using the EMSA method (Figure 3C), complexes of OGGlI
(Figure 3C, lanes 2-4, Supplementary Figure S3) and PARP2
(lanes 5-7) with DNA as well as ternary OGG1-PARP2-DNA
complexes (lanes 8-10) were detected, which were destroyed
by the addition of NAD™ (lanes 11-13). Taken together,
data on PARP2/OGGI interplay speak in favor of free but
not crosslinked to DNA OGGI is a target of PARylation
catalyzed by PARP2.
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Indeed, OGG1 is PARylated by both PARP1 and PARP2
(Figure 4). To examine whether OGG1 may be poly(ADP-
ribosyl)ated by PARP1/2, [*?P]NAD™ was used as substrate for
PARylation. Using DNA structure containing an AP site after
UDG treatment we observed low level of OGG1 PARylation by
PARP2, since PARP2 is poorly activated on double stranded DNA
without break (Figure 4A, lane 2). Under the same conditions,
APE1 was PARylated effectively, since it cleaved the AP site
and PARP2 was activated at the break. When APE1 and OGGl1
were added simultaneously, the major products corresponded
to OGG1 PARylation, despite APE1 concentration was higher
than OGG1 (Figure 4A, lane 4). Similar result was obtained in
the case of PARylation catalyzed by PARP1 (Figure 4B). When
APE1 was added first, the product of OGG1 PARylation was
less intensive than in the case of the simultaneous addition of
the proteins (Figure 4C, compare lanes 2-5 and 7-10). The
level of OGG1 modification practically did not depend on APE1
concentration up to 100 nM: it slightly decreased with increasing
APE1 concentration added first (lanes 2-4) and increased in
the case of simultaneous addition of both proteins (lanes 7-9).
However, at 200 nM APEIl intensity of OGGl PARylation
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FIGURE 4 | Poly(ADP-ribosyl)ation of OGG1 catalyzed by PARP1 or PARP2 in
the presence of AP site-containing DNA. The reaction mixtures containing
100 nM PARP2 (A) or 100 nM PARP1 (B), 10 nM AP-DNA after treatment
with UDG and 2.5 pM [*2P]-NAD* were incubated at 25°C for 20 min in the
presence 50 nM OGG1 with or without 100 nM APE1 and analyzed by
SDS-PAG electrophoresis. Influence of APE1 on the OGG1
poly(ADP-ribosyl)ation by PARP2 in the presence of AP site-containing DNA
(C). OGG1 at a final concentration 50 nM was added to the reaction mixture
after PARP2 incubation with 10, 50, 100, and 200 nM APE1 (lanes 2-5) or
simultaneously with APE1 (lanes 7-10).

product decreased significantly and PARylation of APE1 was
observed (lanes 5, 10).

DISCUSSION

Oxidative stress is one of the common sources to generate a
large number of DNA damages, among DNA oxidative products
8-0x0G is the most abundant lesion, which is repaired by OGG1-
initiated BER pathway. Although OGGI is a bifunctional enzyme,
its lyase activity is much lower than glycosylase that results in
AP site accumulation. Recent study demonstrated that OGG1-
initiated BER further increases the levels of DNA damage by
generating repair intermediates, leading to PARP1 overactivation
and cell death (Wang et al., 2018). In this study we show that
OGGI1 can generate additional DNA damages, namely DPC
at AP site which form without borohydride reduction. Such
DNA-protein adducts were earlier detected for PARP1 both with
purified protein and in cell extracts (Prasad et al., 2014). These
DNA-PARPI crosslinks are associated with AP lyase reaction
proceeding through the p-elimination (Khodyreva et al., 2010;
Prasad et al., 2014). This reaction results in strand incision at
C3’ and protein links to dRP group at the 3’ end. The authors
have also analyzed other BER proteins including OGG1 but did
not detect DPC in the absence of NaBHy. In our study, PARP2
DPC was also detected. It should be noted that spontaneous
formation of DPC at AP site incised by OGG1 was firstly detected
for XRCC1 (Nazarkina et al., 2007). Therefore, not only PARP1
but also other proteins interacting with AP site and possess AP
lyase activity can form DPC without NaBH4 treatment.

Further, possible repair mechanism of the PARP1-DNA
adducts was examined (Prasad et al., 2019). Neither APE1 no
TDP1 were able to remove entire PARP1 from covalent complex
with DNA. The authors proposed that proteasomal degradation
of PARP1 is required for following enzymatic cleavage of covalent
bond in DPC like it was earlier detected for topoisomerase
1-DNA adducts (Debethune et al., 2002). Indeed, the authors
found that a proteasome inhibitor reduced repair resulting in
accumulation of PARP1 DPC. Using a model DNA substrate
mimicking the PARP1 DPC after proteasomal degradation, the
authors demonstrated that repair was completed by the TDP1-
mediated pathway of BER (Prasad et al, 2019). As OGG1
is less massive than PARP1, we proposed TDP1 capability to
remove intact protein from OGG1-DNA adducts. Our results
are in line with earlier observations on TDPI implication in
the release of SCAN1 mutant from the suicidal complex with
DNA (Interthal et al., 2005; Kuznetsov et al., 2017). APE1 is not
able to remove OGG1 from covalent complex with DNA but
prevents its formation due to AP site hydrolysis (Figure 2). It was
reported earlier that in the absence of NaBH4, PARP1 DPC was
not observed for 5'-dRP-DNA generated after AP site incision
by APE1 as well as APE1 was not able to process PARP1 DPC
after proteasomal degradation (Prasad et al., 2014). In the case of
TDP1, the cleavage products of the AP site do not contain dRP
residues (Lebedeva et al., 2013); therefore they are not reactive.

Tyrosyl-DNA phosphodiesterase 1 is regarded now as
the highly potential target for inhibition in cancer cells
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(Zakharenko et al., 2019). Commonly, TDP1 inhibitors are used
in combination with Topl poisons, thereby potentiating their
effects. Our results allow speculating TDP1 inhibition as a factor
to increase OGGI-mediated DNA damage in cancer cells which
lost redox homeostasis resulting in oxidative DNA damage.

Poly(ADP-ribose) polymerase 1 and PARylation of repair
proteins, including PARP1 itself, regulate their interaction with
DNA and functional activity in the repair process. Although
mutual influence of PARP1 and OGGI1 was shown previously
(Hooten et al., 2011), there were no data whether OGG1
is PARylated. Therefore, the present study firstly provides
direct demonstration of OGG1 modification both by PARP1
and PARP2. This modification effects protein interaction with
DNA but not prevent DPC formation at AP site. The model
demonstrating interplay between OGGl and APEl, TDPI,
PARP1/2 on AP site-containing DNA can be hypothesized based
on current observations (Supplementary Figure S4). Further
investigation is required to reveal possible consequence of DPC
formation in the cellular context and precise mechanism of the
prevention/repair of these adducts by TDP1.
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Elena Kuligina?®, Vladimir Richter?, Olga Koval® and Inna N. Lavrik ™

" Translational Inflammation Research, Medical Faculty, Otto von Guericke University, Magdeburg, Germany, 2 Max Planck
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Chemical Biology and Fundamental Medicine, Siberian Branch of Russian Academy of Sciences (SB RAS), Novosibirsk,
Russia

A recombinant fragment of human k-Casein, termed RL2, induces cell death of breast
cancer cells; however, molecular mechanisms of RL2-mediated cell death have remained
largely unknown. In the current study, we have decoded the molecular mechanism of the
RL2-mediated cell death and found that RL2 acts via the induction of mitophagy. This
was monitored by the loss of adenosine triphosphate production, LC3B-II generation,
and upregulation of BNIP3 and BNIP3L/NIX, as well as phosphatase and tensin
homolog-induced kinase 1. Moreover, we have analyzed the cross talk of this pathway
with tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis
upon combinatorial treatment with RL2 and TRAIL. Strikingly, we found two opposite
effects of this co-treatment. RL2 had inhibitory effects on TRAIL-induced cell death upon
short-term co-stimulation. In particular, RL2 treatment blocked TRAIL-mediated caspase
activation, cell viability loss, and apoptosis, which was mediated via the downregulation
of the core proapoptotic regulators. Contrary to short-term co-treatment, upon long-term
co-stimulation, RL2 sensitized the cells toward TRAIL-induced cell death; the latter
observation provides the basis for the development of therapeutic approaches in breast
cancer cells. Collectively, our findings have important implications for cancer therapy
and reveal the molecular switches of the cross talk between RL2-induced mitophagy
and TRAIL-mediated apoptosis.

Keywords: apoptosis, mitophagy, RL2, TOM70, TRAIL, lactaptin, milk proteins and peptides
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INTRODUCTION

Apoptosis is a program of cell death that is essential for
all multicellular organisms (Krammer et al., 2007; Lavrik and
Krammer, 2012). Its deregulation is associated with several
diseases, including cancer. Several programs of cell death have
been discovered to date (Galluzzi et al., 2018). Cross talk between
different cell death modalities plays a key role in shaping
life/death decisions in the cell. Furthermore, the success of
anticancer therapies strongly depends on the efficiency of cell
death induction and intrinsic cross talk of several cell death
modalities. However, it is well known that many combinatorial
treatments can also induce strong antiapoptotic responses.
This can prevent apoptosis by upregulation of antiapoptotic
genes and, hence, counteract the effect of anticancer therapies
(Buchbinder et al., 2018). Accordingly, the detailed analysis of
the cell death network upon administration of several cell death
stimuli plays a key role in the development of contemporary
anticancer therapies.

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)-based agents are promising anticancer therapeutics
that are in clinical trials for several cancer therapies, including
breast cancer (Lemke et al., 2014; von Karstedt et al., 2017).
TRAIL is a member of the death ligand family (Lafont et al,
2017). Binding of TRAIL to the specific receptors (TRAILR1/2)
leads to the formation of the death-inducing signaling complex
(DISC) and initiation of the extrinsic apoptosis pathway as well
as caspase activation (Sprick et al., 2000; Spencer et al., 2009;
Lafont et al., 2017). TRAIL receptors 1 and 2 belong to the
death receptor family and are also named death receptors 4
and 5. In addition to the receptors, the adaptor protein Fas-
associated protein with death domain (FADD), the initiator
procaspase-8a/b (p55/p53), procaspase-10, and cellular FADD-
like interleukin-1p-converting enzyme-inhibitory protein (c-
FLIP) are part of the DISC (Sprick et al., 2000; Walczak and Haas,
2008). After recruitment to the DISC, procaspase-8a/b builds
death effector domain (DED) filaments, formed via homotypic
interactions between the DEDs of individual procaspase-8
molecules (Dickens et al., 2012; Schleich et al., 2012; Fu et al,,
2016). This provides the platform for homodimerization of
procaspase-8 molecules, its subsequent activation and processing
of procaspase-8a/b to p43/p41, p30, and formation of caspase-8
heterotetramers p10,-p18, (Lavrik et al., 2003; Hoftmann et al.,
2009; Dickens et al., 2012). The activation of procaspase-8 is
blocked by c-FLIP proteins (Hughes et al., 2016; Hillert et al,,
2020).

There are two types of TRAIL signaling downstream of the
DISC, which take place in the so-called type I and type II cells
(Aldridge et al., 2011; von Karstedt et al., 2017). In type I cells,
a high amount of the TRAIL DISC is formed, followed by the
generation of high amounts of caspase-8 and subsequent cell
death. In type II cells, smaller quantities of caspase-8 are formed
at the DISC, and, accordingly, the propagation of cell death
requires the mitochondrial amplification loop, which is mediated
via Bid cleavage to tBid, translocation of tBid to mitochondria,
cytochrome C release from the mitochondria, and caspase-9
activation (von Karstedt et al.,, 2017). Apoptosis induction in

type II cells is controlled by X-linked inhibitor of apoptosis
protein/caspase-3 ratios and can be blocked by overexpression
of Bcl-2/Bcl-XL (Scaffidi et al., 1998; Aldridge et al, 2011;
Kaufmann et al., 2012).

Lactaptin is the proteolytic fragment of the human milk
protein k-Casein (Semenov et al., 2010). A recombinant analog
of lactaptin, the peptide RL2 (recombinant lactaptin 2), which
comprises amino acid 23-134 of human k-Casein, has been
described to induce cell death of breast carcinoma cells (Semenov
et al., 2010). In particular, this peptide was shown to induce cell
death in MDA-MB-231 and MCEF-7 cells and suppress tumor
growth in mice models (Koval et al, 2012, 2014). RL2 was
reported to modulate the expression of apoptotic proteins and
induce autophagy in MDA-MB-231 cells (Koval et al., 2014;
Bagamanshina et al., 2019). RL2 acts in monomeric, dimeric,
and oligomeric forms; the latter are formed via cysteine bridges
(Chinak et al., 2019). Moreover, recently, it has been shown
that RL2 mediates cell death, which was accompanied by the
loss of mitochondrial membrane potential and intracellular
adenosine triphosphate (ATP) loss (Richter et al., 2020). Mass
spectrometry-based screening of RL2 interactome identified the
mitochondrial import protein TOM70 as an interaction partner
of RL2. Further, it was unveiled that RL2 is targeted to the
mitochondria after internalization into the cells (Richter et al,,
2020). The requirement for TOM70/RL2 interaction in RL2-
induced reduction of intracellular ATP levels was validated by
downregulation of TOM?70, resulting in partial rescue of the
intracellular ATP yield. Taken together, it was shown that RL2-
mediated cell death is mediated via mitochondria, in particular
via interactions with TOM?70. However, the detailed mechanisms
of RL2 action at mitochondria leading to cell death needs to be
further investigated. In particular, it remains unknown which
molecular pathway plays a major role in RL2-mediated ATP loss
and RL2-induced cell death.

In the current study, we uncover that RL2 acts via induction
of mitophagy, leading to the ATP down-modulation. Moreover,
we have analyzed the cross talk of this pathway with TRAIL-
induced apoptosis and the effects of RL2 on TRAIL-induced
apoptotic signaling. To this end, we addressed the interplay
of extrinsic apoptosis and mitophagy upon co-administration
of TRAIL and RL2 in breast cancer cells and delineated the
major molecular switches between these pathways. Both agents
are considered potent cell death inducers in breast cancer cells,
and therefore, their combination is highly promising due to its
putative therapeutic applications. Therefore, the current study
leading to the understanding of the molecular mechanism of
RL2/TRAIL co-treatment plays an important role in developing
new therapeutic approaches for breast cancer.

RESULTS

RL2 Blocks Tumor Necrosis Factor-Related
Apoptosis-Inducing Ligand-Induced Cell

Viability Loss in Breast Cancer Cells
RL2 treatment alone induces cell viability loss of breast cancer
cells (Figure 1A), whereas TRAIL treatment alone causes the
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cell death of TRAIL-sensitive cells (Sprick et al,, 2000; von
Karstedt et al, 2017; Richter et al., 2020). To analyze the
effects of RL2/TRAIL coadministration on cell viability, the
treatment of MDA-MB-231 breast carcinoma cells with RL2,
TRAIL, or their combination was carried out (Figure 1B).
RL2 treatment alone caused only a slight cell viability loss,
which was measured by metabolic assays, in the 6h after
its administration (Figures 1A,B). This was in line with
previous reports (Richter et al., 2020). TRAIL addition alone
led to a more pronounced cell viability loss compared with
RL2. Already 4h after TRAIL-only administration, the cell
viability was strongly down-modulated compared with RL2-
only treatment (Figure 1B). Strikingly, the coadministration
of RL2 blocked TRAIL-mediated cell viability loss upon
short-term treatment. In particular, 4h after RL2/TRAIL co-
stimulation, only a slight reduction in cell viability loss
was observed, which was in contrast to the strong TRAIL-
induced cell viability loss observed during this time interval
(Figure 1B). However, the inhibitory effects of RL2 disappeared
after longer stimulation of MDA-MB-231 cells. Moreover, 24h
after stimulation, RL2/TRAIL-induced cell viability loss was
stronger than that mediated by TRAIL only or RL2 only
(Figure 1B).

RL2 treatment of breast carcinoma cells induces the
intracellular ATP loss that accompanies RL2-mediated cell death
(Richter et al., 2020). The ATP loss might be considered as
an indirect indication of cell viability loss. Hence, next, we
analyzed the effects of RL2/TRAIL co-treatment on MDA-MB-
231 cells via measuring intracellular ATP content (Figure 1C).
In these experiments, in accordance with previous reports,
RL2 treatment alone led to ATP down-modulation (Richter
et al, 2020). Similarly, TRAIL treatment alone also led to
strong ATP loss. Moreover, similar to the effects observed
in Figure 1B, RL2/TRAIL co-treatment led to the inhibitory
action of RL2 on TRAIL-induced ATP loss in MDA-MB-
231 cells upon short-term treatment (Figure 1C). Strikingly,
similar inhibitory effects of RL2 on TRAIL-induced cell viability
loss were also observed on the other cell lines, such as
ovarian carcinoma CAOV-4 cells (Supplementary Figure 1).
Furthermore, analogous to the observations made using
metabolic assays on MDA-MB-231 cells (Figure 1B), the
inhibitory effects of RL2 disappeared after longer stimulation
intervals (Figure 1C). Taken together, these experiments suggest
that TRAIL and RL2 co-treatment blocks short-term and
promotes long-term TRAIL-induced cell viability and ATP loss.
Next, we aimed at uncovering the mechanisms behind these
observed effects.

Mitochondrial respiratory complexes drive ATP production.
RL2 blocks intracellular ATP production (Figure 1C),
which might occur via perturbing the function of the
mitochondrial respiratory chain. However, it is known
that cells with compromised respiration might shift energy
production to anaerobic glycolysis. The latter might
take place upon RL2 treatment of the cells. To test this
hypothesis, the oxygen consumption rate of MDA-MB-231
cells upon RL2 treatment was measured using a Clark-
type electrode (Figures 1D,E). Strikingly, no alterations

in the oxygen consumption were detected upon RL2
treatment (Figure 1E). This allows us to conclude that
RL2 action does not directly involve perturbation of the
mitochondrial respiratory chain, and other mechanisms
leading to the ATP loss upon RL2 treatment were
further investigated.

RL2 Blocks Tumor Necrosis Factor-Related
Apoptosis-Inducing Ligand-Induced
Caspase-8 Activation at the
Death-Inducing Signaling Complex

TRAIL treatment leads to induction of the extrinsic apoptosis
pathway, which is orchestrated by caspase activation. Caspase-
8 is an apical or initiator caspase of TRAIL-induced apoptosis,
triggering the effector caspase cascade. To find out whether
inhibition of effector caspases occurs already at the level
of initiator caspase activation, caspase-8 activity in MDA-
MB-231 cells upon RL2, TRAIL, or RL2/TRAIL treatment
for 3h was measured (Figure2A). TRAIL-only treatment
resulted in a strong induction of caspase-8 activity after
TRAIL stimulation, which is in line with previous reports
(Sprick et al, 2000, 2002). RL2 alone did not cause any
increase in caspase-8 activity. Moreover, the addition of RL2
strongly blocked the induction of caspase-8 activity induced by
TRAIL (Figure 2A). These findings were further supported by
a Western blot analysis of procaspase-8a/b processing, which
indicated that RL2 co-treatment strongly diminished TRAIL-
induced procaspase-8a/b processing to p43/p41, p30, and p18
(Figure 2B). Taken together, these results indicate that RL2
inhibits TRAIL-induced caspase activation already at the level of
initiator caspase-8.

Upon TRAIL stimulation, caspase-8 is activated at the TRAIL
DISC, comprising TRAILR1/2, FADD, procaspase-8/10, and c-
FLIP proteins (Sprick et al., 2000; von Karstedt et al., 2017).
In addition, caspase-8 has been reported to be activated in
complex ITa, which also comprises the core components of the
DISC: FADD, procaspase-8/10, and c-FLIP proteins (Lafont et al.,
2017; von Karstedt et al., 2017). Because caspase-8 activation
was inhibited upon RL2/TRAIL co-treatment, the next step
was to test whether RL2 is recruited to the macromolecular
complexes formed upon TRAIL stimulation and thereby
interferes with caspase-8 activation. To this point, caspase-8
and FADD co-immunoprecipitations (co-IPs) were carried out
with MDA-MB-231 cells using anti-caspase-8 and anti-FADD
antibodies, respectively. These co-IPs should pull-down both
complex II and DISC. RL2 stimulation alone did not trigger
the association of FADD, procaspase-8, and c-FLIP proteins
(Supplementary Figures 2A,B). TRAIL-only stimulation led to
the association of procaspase-8, FADD, and c-FLIP, which
were detected in both FADD co-IP (Supplementary Figure 2A)
and caspase-8 co-IP (Supplementary Figure 2B). However, no
association of RL2 with the core TRAIL DISC components was
observed upon RL2/TRAIL co-treatment, neither in the FADD
co-IP (Supplementary Figure 2A) nor in the caspase-8 co-IP
(Supplementary Figure 2B). Moreover, the levels of association
between FADD, procaspase-8, and c-FLIP were not changed
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FIGURE 1 | RL2 inhibits TRAIL-induced cell viability loss in MDA-MB-231 cells during the first hours of TRAIL stimulation. MDA-MB-231 cells were treated with
indicated concentrations of RL2, TRAIL, or their combination for 6-48h. (A,B) Cell viability was measured using the metabolic RealTime-Glo MT Cell Viability Assay.
(C) Cellular ATP levels were measured using CellTiter-Glo Luminescent Cell Viability Assay/CellTiter-Glo Substrate, and cell viabilities are normalized to the ones of
non-treated cells and presented in relative units. Mean and standard deviations are shown (n = 3). Statistical analysis was performed for 6 and 22 h by ANOVA test (C).
(D) Workflow for oxygen consumption rate (OCR) measurement after RL2 treatment. Cells were treated (green) or remained untreated (gray) for 8 h. Then, medium was
aspirated, and cells were harvested. Cells were resuspended in fresh media, and OCR was measured by Oxytherm System (Hansatech Instruments Ltd, Norfolk, UK).
(E) OCR measurements on RL2-treated MDA-MB-231 cells. Mean and standard deviations are shown (n = 3). Statistical analysis was performed by Student’s t-test.
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FIGURE 2 | RL2 reduces caspase-8 activity at the DISC. (A) MDA-MB-231 cells were treated with 200 wg/ml RL2, 50 ng/ml of TRAIL, or their combination for 3 h.
Samples, which were pretreated with 50-iM pan-caspase inhibitor ZVAD-fmk for 1 h, were used as a negative control. Caspase-8 activity was determined using
Caspase-Glo 8 Assay. Caspase activity is normalized against untreated sample, and activity is shown in relative units. One representative assay of three independent
ones is shown. (B) MDA-MB-231 cells were treated with 300 wg/ml RL2, 200 ng/ml TRAIL, or their combination for indicated time points and subjected to Western
blot analysis with indicated antibodies. Procaspase-8 cleavage products p43/p41, p30, and p18 are indicated. One representative Western blot of two independent
experiments is shown. l.e., long exposure; s.e., short exposure. Protein expression was quantified and normalized to actin. Quantification is shown under the specific
bands. (C) MDA-MB-231 cells were treated with the indicated TRAIL, RL2, and RL2/TRAIL concentrations for 1 h. Co-IPs were performed with 5-j.g anti-6 x His-Tag
antibody (DISC-IP). Lysate (input) and DISC-IP were analyzed by Western blot for the indicated proteins. “Bead control” (B): IP without any antibody addition. One

representative experiment of two is shown.

upon the addition of RL2. These results strongly indicate that RL2
is not directly associated with FADD, procaspase-8, or c-FLIP.
However, these results do not exclude that the composition of the
TRAIL DISC upon RL2 co-stimulation might be different, as co-
IP via FADD and procaspase-8 might result in the different ratios
of these proteins than in the native DISC complex.

To check this hypothesis, we performed DISC co-IP
(Figure 2C). This co-IP was performed via the His-tagged
TRAIL, which allowed to pull-down FADD, procaspase-8, and
TRAILR upon TRAIL stimulation (Figure2C). Indeed, in
accordance with our suggestion, the ratios of these proteins were

different at the DISC from the complex II. In particular, upon
RL2/TRAIL co-treatment, decreased amounts of procaspase-
8a/b and FADD at the TRAIL DISC were observed compared
with TRAIL only treatment (Figure 2C). Furthermore, we have
detected the downregulation of FADD and procaspase-8 in the
corresponding cellular lysates upon RL2 treatment, whereas the
amounts of TRAILR1 remained unchanged in similar conditions
(Figure 2C). This allowed us to draw a conclusion that RL2
treatment leads to the decrease of procaspase-8 and FADD
amounts, which results in the less efficient DISC formation and
caspase-8 activation.
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FIGURE 3 | RL2 inhibits TRAIL-induced effector caspase activity in MDA-MB-231 cells during first hours after TRAIL stimulation. (A,B) MDA-MB-231 cells were
treated with indicated concentrations of RL2, TRAIL, the combination of both, or 2-h pretreatment by RL2 for 3 h. Caspase-3/-7-activity was determined using
Caspase-Glo3/7 Assay. Caspase activities are normalized to the non-treated cells and presented in relative units. Mean and standard deviations are shown (n = 3).
Statistical analysis was performed by ANOVA test (upper lane) or by paired Students t-test (angular area). (C) MDA-MB-231 cells were treated with 300 g/ml RL2,
200 ng/ml TRAIL, or their combination for indicated time points and subjected to Western blot analysis with the indicated antibodies. Caspase-8 cleavage products
p43/p41and caspase-3 cleavage products are indicated. One representative Western blot of two independent experiments is shown. Quantification of the protein
expression was normalized to GAPDH. Quantification is shown under specific areas. (D) MDA-MB 231 cells were treated with 200 pg/ml RL2 (“R”), 100 ng/ml TRAIL
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analyzed by Western blot with indicated antibodies. SOD2, Actin, and EndoG were used as fraction controls. One representative Western blot of three is shown.
Quantification of three independent Western blots for this experiment is shown in Supplementary Figure 3. |.e., long exposure; s.e., short exposure.

RL2 Blocks Tumor Necrosis Factor-Related action on TRAIL-induced caspase activity (Figure 3B). These
Apoptosis-Inducing Ligand-Induced findings were supported by a Western blot analysis of

Effector Caspase Activation procaspase-3 processing, which demonstrated that RL2 co-
. . treatment inhibits TRAIL-induced procaspase-3 processing

Caspase-8 triggers the effector caspase cascade. Accordingly, ] . .

next, we analyzed whether RL2 treatment impinges on TRAIL- (Figure 3C). In particular, downregulation of procaspase-3 and

induced effector caspase activity. To this point, caspase-3/7 subs;qt;ently (;f dltfi aﬁtiV;LS; buﬁ1lt)s w;%zlloze.rvgd. ?er;fce, it
activation in MDA-MB-231 cells upon RL2, TRAIL, or their co- might be concude that imhibits rinduced effector
. . . caspase activation.

treat{ner}tl was investigated. I.n.concordance with the results of Our previous reports have demonstrated that RL2 is targeted
cell viability and caspase-8 activity assays, TRAIL treatment alone to mitochondria, where it interacts with TOM70 (Richter et al.,
induced strong caspase-3/7 activity after stimulation for 3h. 2020). To check whether there is any alteration in mitochondrial
This effector caspase activity was inhibited by RL2 co-treatment |, qjization of RL2 after co-stimulation with TRAIL, a cellular
(Figure 3A). The same inhibitory effects of RL2 on TRAIL-  fractionation was carried out. In line with our previous
induced caspase-3/7 activity were observed within 2h after co-

. . . reports, RL2 was found largely in the mitochondrial fraction
stimulation (Figure 3B). Interestingly, the pretreatment of MDA~ ynder both stimulation conditions: upon single treatment and

MB-231 cells with RL2 for 2h did not modulate its lnhlbltory upon RL2/TRAIL co-treatment (Figure 3D) This allowed us
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FIGURE 4 | RL2 induces mitophagy during first hours after stimulation. (A)
MDA-MB-231 cells were treated with 300 wg/ml RL2, 200 ng/ml TRAIL, or the
combination of both for indicated time intervals and subjected to Western blot
analysis with the indicated antibodies. One representative Western blot of
three independent experiments is shown. (B) MDA-MB-231 cells were treated
with 200 pg/ml RL2 for indicated time intervals and subjected to Western blot
analysis with the indicated antibodies. One representative Western blot of
three independent experiments is shown. Quantification of three independent
Western blots for this experiment is shown in Supplementary Figure 4.
Quantification of the protein expression was normalized to GAPDH.

to conclude that RL2 is also targeted to mitochondria upon
RL2/TRAIL co-treatment and might act in a similar fashion as
upon single treatment.

Activation of effector caspases leads to the cleavage of their
substrates, which is leading to the demolition of the cells.
One of the caspase substrates, poly (adenosine diphosphate
ribose) polymerase 1 (PARP1), has been described to serve as
a key marker of effector caspase activation. The analysis of
PARP1 cleavage in the nuclear fraction upon RL2/TRAIL co-
treatment for 1h demonstrated that this process is strongly
inhibited by RL2 compared with single TRAIL treatment for 1h

(Figure 3D and Supplementary Figure 3). This further supports
the inhibitory role of RL2 in TRAIL-induced apoptosis upon
short-term treatment. Collectively, these findings indicate that
RL2 impairs TRAIL-induced caspase activation at the level of
both initiator and effector caspases.

RL2 Induces Mitophagy and
Down-Modulation of Key Apoptotic

Proteins
We have previously shown that RL2 interacts with TOM70
at mitochondria (Richter et al., 2020). Moreover, TOM70
serves as a receptor for phosphatase and tensin homolog-
induced kinase 1 (PINK1), which is a key initiator protein
of mitophagy (Kato et al, 2013). Mitophagy is a selective
form of autophagy that is responsible for the removal of
damaged mitochondria (Lazarou et al., 2015). The blockage of
PINKI1 interactions with TOM complex and TOM70 has been
reported to induce mitophagy due to the impaired mitochondrial
import of PINK1 (Youle and Narendra, 2011). Accordingly,
we suggested that RL2 interaction with TOM70 might impair
PINK1 import and lead to the induction of mitophagy, which
is naturally accompanied by a loss of ATP and mitochondrial
membrane potential (Youle and Narendra, 2011; Hamacher-
Brady and Brady, 2016). To test this hypothesis, we analyzed
the expression of key mitophagy markers (Hamacher-Brady and
Brady, 2016) in MDA-MB-231 cells upon RL2 and RL2/TRAIL
treatment using Western blot. Already 2 h after RL2 treatment,
an increased signal of LC3B-II was detected along with the
upregulation of BNIP3, BNIP3L, and PINK1 (Figures 4A,B;
Supplementary Figures 4A,B). The same pattern was observed
in co-stimulatory treatment with RL2/TRAIL (Figures 4A,B;
Supplementary Figures 4A,B). Interestingly, the peak increase
in mitophagy markers was observed after approximately 2h of
RL2 treatment, followed by their slow decrease. Moreover, this
decrease was more prominent upon co-stimulatory treatment
with RL2/TRAIL. The down-modulation of mitophagy markers
fits well with the degradation of RL2 in MDA-MB-231 cells
(Figures 4A,B). Importantly, upon TRAIL treatment, no increase
in LC3B-II was detected, and the upregulation of BNIP3,
BNIP3L, and PINKI1 was not observed either. Thus, it might be
concluded that both RL2 and RL2/TRAIL co-treatment induced
mitophagy in MDA-MB-231 cells during short-term treatment.
Next, we checked whether mitophagy induction by RL2
leads to the down-modulation of core proapoptotic regulators
in MDA-MB-231 cells. MDA-MB-231 are classified as type II
cells (Aldridge et al., 2011). Therefore, they are dependent
on caspase-8-mediated Bid cleavage and tBid generation for
the propagation of TRAIL-induced apoptosis. Subsequently, the
expression of procaspase-8 and Bcl-2 family members in parallel
to LC3 processing was analyzed by Western blot (Figure 5A).
RL2 treatment led to the downregulation of proapoptotic Bcl-
2 family members Bid and Bax (Figure 5A). In accordance
with (Figures 2B,C), procaspase-8a/b down-modulation was
observed upon RL2 treatment also in these experiments
(Figure 5A). These processes took place strictly in parallel
to LC3 processing (Figure 5A). Importantly, the same effects
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were observed upon RL2/TRAIL co-stimulation (Figure 5B).
Indeed, down-modulation of procaspase-8 (Figures 2B,C) and
Bax along with LC3 processing (Figure 5B) were monitored
upon RL2/TRAIL co-treatment. This suggests that mitophagy-
mediated downregulation of key apoptotic proteins blocks
TRAIL signaling (Figure 5B). In particular, downregulation
of Bid, which serves as a key link between activation of
procaspase-8 at the DISC and amplification of the apoptotic
signal in mitochondria of type II cells, might significantly
contribute to the inhibition of TRAIL-induced apoptosis by
RL2 co-treatment. Furthermore, a slight upregulation of Bcl-
2 has been observed upon both RL2 and RL2/TRAIL co-
treatment (Figure 5). Bcl-2 is a master regulator of life/death
decision in type II cells (Scaffidi et al, 1998), and its
upregulation might also contribute to the inhibitory effects
of RL2 on TRAIL-induced apoptosis in MDA-MB-231 cells.
Hence, this analysis demonstrates that the short-term RL2
treatment leads to downregulation of the core apoptotic
regulators, including Bax and Bid, procaspases-8 and—3, and
upregulation of antiapoptotic Bcl-2 protein and, accordingly,
provides the basis for a diminished TRAIL signaling upon
RL2/TRAIL stimulation.

Next, we checked whether the effect of RL2 on the expression
of Bcl-2 family members could also be observed in other cell lines.
The downregulation of Bax and Bid was also uncovered in MCF-7
cells; however, this downregulation was not as strong as in MDA-
MB-231 cells, which is in line with the different sensitivity of
these two cell lines toward RL2 treatment (Richter et al., 2020)
(Figure 5C). These results suggest that RL2 treatment down
modulates the key proapoptotic regulators of TRAIL-mediated
apoptosis in breast cancer cells, possibly via mitophagy induction.

RL2/Tumor Necrosis Factor-Related
Apoptosis-Inducing Ligand Co-treatment
Inhibits Tumor Necrosis Factor-Related
Apoptosis-Inducing Ligand-Mediated Cell
Death Upon Short Term and Promotes

Upon Long-Term Stimulation

RL2 co-treatment led to mitophagy induction upon short-
term stimulation. To analyze RL2 effects on apoptotic cell
death induced by TRAIL in MDA-MB-231 cells upon both
short-term and long-term treatments, imaging flow cytometry
and propidium iodide/annexin V staining were implemented
(Figures 6A-C). TRAIL alone caused a strong increase in
the amount of double-positive cells, which was observed
already 6h after TRAIL administration (Figure 6A). This
indicates the induction of apoptosis, which was also consistent
with the morphology of the TRAIL-treated cells (Figure 6C)
(Pietkiewicz et al, 2015). In particular, the formation of
apoptotic blebs was observed and typical nuclear changes
occurring upon apoptosis induction (Pietkiewicz et al., 2015).
The coadministration of RL2 inhibited TRAIL-mediated
apoptosis in MDA-MB-231 cells upon short-term treatment
(Figure 6A). This was in accordance with data on the inhibitory
effects of RL2 on cell viability loss and caspase activity in
MDA-MB-231 cells shortly after RL2/TRAIL co-stimulation.

Moreover, in line with the observed effects of RL2 on cell
viability loss upon the long-term treatment, RL2/TRAIL
co-treatment for 48h resulted in a higher number of dying
cells compared with TRAIL-only treatment (Figure 6B).
Consistent with the lower sensitivity of MCF-7 cells toward RL2
treatment (Richter et al., 2020), the inhibitory effects of RL2
on apoptosis in MCEF-7 cells were observed at later time points
(Supplementary Figures 5A,B). Taken together, RL2 inhibited
TRAIL-induced apoptosis in MDA-MB-231 and MCF-7 cells
upon short-term co-treatment and enhanced cell death upon
long-term co-treatment.

DISCUSSION

Cross talk between different cell death modalities plays a key
role in life/death decisions in the cell. Furthermore, the outcome
of anticancer therapies strongly depends on the efficiency of
cell death induction and the molecular balance of different cell
death programs. Importantly, the outcome of combinatory effects
upon treatment with several cell death stimuli is essential for the
development of efficient anticancer therapies. Here, we addressed
the interplay of cell death programs upon coadministration
of TRAIL and RL2 to breast cancer cells. Both agents are
considered promising cell death inducers in breast cancer cells,
and, therefore, their combination is deemed highly important
due to its putative therapeutic applications.

We have analyzed two major pathways involved in cell death
regulation upon RL2 and TRAIL coadministration: mitophagy
and apoptosis. TRAIL induces apoptosis, whereas RL2 induces
mitophagy. Mitophagy results in the cellular ATP loss and
downregulation of key proapoptotic proteins, which, in turn,
leads to apoptosis inhibition. Moreover, two phases appear to be
characteristic of the interplay between mitophagy and apoptosis.
Initially, RL2-mediated mitophagy blocks apoptosis induction
via downregulation of the core proapoptotic regulators, whereas
at the later stages, apoptosis takes over. The latter might
be connected to the proteolytic degradation of RL2 that was
observed in this study and previous reports (Richter et al., 2020).
Moreover, the ATP loss induced by mitophagy might lead to the
ATP loss mediated necrosis on the single-cell level, which is likely
contributing to the overall increase in the number of dying cells
upon long-term RL2/TRAIL co-treatment. It has to be mentioned
that autophagy induction by RL2 administration has been
reported before (Bagamanshina et al., 2019). However, the recent
attention toward the action of RL2 at mitochondria (Richter et al.,
2020) allowed to suggest in the current study the contribution
of mitophagy to RL2-mediated cell death. Moreover, the data
presented in this study suggest that the autophagy markers, which
were detected previously upon addition of RL2 (Bagamanshina
et al.,, 2019), correspond to mitophagy induction. Hence, our
current findings seem to be in accordance with previous reports.

Importantly, our study for the first time decoded the
molecular mechanism of the RL2-mediated cell death and
demonstrated that RL2 induces mitophagy. This allows solving
the contradictions in the literature with respect to the possible
mechanisms of RL2-mediated cell death. Furthermore, the
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FIGURE 5 | RL2 changes the ratio between antiapoptotic vs. proapoptotic Bcl-2 protein family members. (A,B) MDA-MB-231 cells were treated with 300 wg/ml RL2,
200 ng/ml TRAIL, or the combination of both for indicated time intervals and subjected to Western blot analysis with the indicated antibodies. One representative
Western blot of three independent experiments is shown. Quantification of the protein expression was normalized to actin. Quantification is shown under specific
areas. (C) MDA-MB-231 and MCF-7 cells were treated with 200 wg/ml RL2 for indicated time intervals and subjected to Western blot analysis with the indicated
antibodies. One representative Western blot of two independent experiments is shown.

interactome analysis of RL2, which deciphered the proteins of
the TOM complex and, in particular, TOM70 as a key interaction
partner of RL2, serves as important evidence hinting at RL2-
induced mitophagy (Richter et al., 2020). TOM70 serves as a
receptor for PINK1, which is a key inducer of mitophagy (Kato
et al,, 2013). The blockage of PINK1 interactions with TOM
complex and TOM70 has been reported to induce mitophagy
due to the impaired mitochondrial import of PINK1 (Youle and
Narendra, 2011). As a result, PINKI is not processed by PARL
within mitochondria and accumulated at the outer mitochondrial

membrane, leading to the recruitment of PARKIN that triggers
mitophagy (Lazarou et al., 2015). Subsequently, we suggest that
RL2 interaction with TOM70 serves as a blocker of TOM70
and thereby impairs PINKI import. Hence, the induction of
mitophagy via RL2 also supports the role of TOM70 and the
TOM complex in PINK1 mitochondrial import.

Moreover, the induction of mitophagy provides an
explanation for the drop of the mitochondrial membrane
and potential ATP synthesis, occurring in the course of
mitophagy (Youle and Narendra, 2011), that are observed upon
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FIGURE 6 | RL2 decreases TRAIL-induced cell death in first hours after TRAIL stimulation and sensitizes cells in long-term treatments. MDA-MB-231 cells were
stimulated with indicated concentrations of TRAIL or RL2/TRAIL combination for 6 h (A) or 48 h (B). Cell death was measured using annexin V (An)/propidium iodide
(PI) staining and analyzed with FlowSight. Amount of double-positive An*/PI* cells calculated from three independent experiments are shown in relative units.
Statistical analysis was performed by paired Student’s t-test (A,B). (C) Five representative images of double-negative An~/PI~ (viable) and double-positive An™/PI*

cells are shown. Abbreviations: Brightfield (Br.), annexin V (An), and propidium iodide (PI). (D) Cross talk of RL2- and TRAIL-induced mitophagy and caspase-8
apoptotic cascade.

addition of RL2 to the cells in this study as well as in previous  (Richter et al., 2020). To test this hypothesis, we considered
studies (Richter et al., 2020). It was suggested previously that  that cells with compromised respiration might shift the energy
the ATP loss upon RL2 administration might be resulting  production to anaerobic glycolysis, and therefore, in this study,
from perturbations of the mitochondrial respiratory chain  oxygen consumption was measured. Importantly, we did not
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find any changes in oxygen consumption between treated and
untreated cells, indicating that the ATP drop is not explained by
perturbation of the mitochondrial respiratory chain. Hence, we
rather suggest that the ATP loss observed upon RL2 treatment is
based on mitophagy induction.

Taken together, we suggest the following scheme for the cross
talk between RL2 and TRAIL stimulation (Figure 6D). TRAIL
stimulation leads to DISC formation, caspase-8 activation, and
apoptosis induction. Furthermore, after the penetration into
the cells, RL2 is targeting mitochondria, where it binds to
TOM70. This interaction blocks PINKI1 transport leading to
its accumulation at the outer mitochondrial membrane, loss of
mitochondrial membrane potential, and induction of mitophagy.
Further, PINK1 accumulation and its consequences result in
decreased ATP synthesis and down-modulation of several key
proapoptotic regulators, in particular, Bax and Bid, which are key
players of the proapoptotic pathway. Moreover, the upregulation
of Bcl-2 has been observed upon RL2 treatment, which is a key
inhibitor of apoptotic response in type II cells (Scaffidi et al.,
1998). This, in turn, might contribute to the down-modulation
of TRAIL-induced apoptosis. Importantly, the same inhibitory
effects on TRAIL signaling were observed on the other type II
cells, ovarian carcinoma CAOV-4 cells. This suggests that RL2
might interfere with TRAIL-induced apoptosis in type II cells.
However, all these effects are observed only within the first hours
after RL2 administration, as, apparently, at the later time points,
RL2 is degraded, and mitophagy is stopped, as was observed by
the time-dependent decrease of mitophagy markers along with
the decrease in RL2 levels.

The reports on the role of FADD and procaspase-8 in
mitophagy and autophagy are still rather incoherent. In the
current study, we have observed the downregulation of these
two DED proteins leading to the decrease of TRAIL DISC
formation and caspase-8 activation (Figure 2). Interestingly, in
the previous reports, autophagy has been reported both to
promote caspase-8 activity (Laussmann et al., 2011) as well as to
down modulate the active caspase-8 (Hou et al., 2010). Moreover,
FADD and procaspase-8 were reported to play a suppressor role
in autophagy in proliferating T cells (Bell et al., 2008). Further, the
formation of iDISC comprising FADD and procaspase-8, leading
to caspase-8 activation at the autophagosomal membrane, was
reported and interactions of FADD with ATG5 (Gordy and He,
2012). This shows that likely the effects of FADD and procaspase-
8 on the mitophagy machinery might be cell-type and time-
dependent, and further insights into these processes are required
in future studies.

Importantly, upon long-term co-treatment, additive effects
of TRAIL and RL2 administration were detected that led to
the enhanced loss of cell viability and cell death. As discussed
earlier, we suggest that this takes place in the second phase
of RL2/TRAIL co-treatment when the effects of mitophagy
are down-modulated. The detailed molecular mechanism of
combinatorial effects of RL2 and TRAIL has to be addressed
in future studies. These pathways might involve the Bcl-2-
mediated down-modulation of mitophagy or mitophagy-induced
priming of procaspase-8 activity at the later time points similar
to the mechanisms mentioned earlier (Laussmann et al., 2011;

Hamacher-Brady and Brady, 2016). Our findings demonstrate
the potential of the RL2/TRAIL combination for therapeutic
applications and the development of new anticancer therapeutic
approaches. Moreover, the deregulation of mitophagy has been
reported to be a feature of breast cancer cells leading to their
resistant phenotype (Bernardini et al., 2017). In particular, the
ablation of PINK1/Parkin-mediated mitophagy was reported to
regulate the progression of breast cancers. Hence, the possibility
of targeting breast cancer cells via administration of RL2 opens
new therapeutic opportunities for breast cancer treatment.
Moreover, the development of combinatorial treatments on
the basis of RL2 might present a perspective approach for
other therapeutic strategies for cancers associated with defects
in mitophagy.

Taken together, we have further identified the molecular
mechanisms of RL2 action in breast cancer cells. Our findings
uncovered the molecular details of the cross talk between RL2-
induced mitophagy and TRAIL-initiated apoptosis. We have
identified that the interplay between mitophagy and TRAIL
signaling inhibits cell death in the first stage and promotes it
in the second stage. We conclude that the presented findings
are likely to have important implications for cancer therapy and
might pave the way toward the development of new therapeutic
approaches for treating breast cancer.

MATERIALS AND METHODS

Cell Culture

Human adenocarcinoma cells MDA-MB-231 (#ACC 732, DSMZ,
Germany) were maintained in Leibovitz L15 media (Gibco™),
supplemented with 10% heat-inactivated fetal calf serum, 1%
penicillin-streptomycin. Human adenocarcinoma cells MCEF-
7 (#ACC 115, DSMZ, Germany) were maintained in Roswell
Park Memorial Institute 1640 medium (Thermo Fisher Scientific
Inc., USA), supplemented with 10% heat-inactivated fetal calf
serum, 1% penicillin-streptomycin, 1-mM sodium pyruvate,
and 1x minimum essential medium nonessential amino acids
in 5% carbon dioxide (CO;). Human ovarian cancer cells
CAOV-4, which is a kind gift of Prof. Zhivotovsky (Karolinska
Institute, Stockholm, Sweden) (Zamaraev et al., 2018), were
maintained in Dulbecco’s modified Eagle medium/Ham’s F-12
media (Pan-Biotech GmbH, Germany), supplemented with 10%
heat-inactivated fetal calf serum, 1% penicillin-streptomycin,
and 0.0001% puromycin in 5% CO»,

Cell Viability Measurements by Adenosine

Triphosphate Assay

MDA-MB-231 (1.2 x 10%) or MCF-7 (2 x 10°) cells were seeded
in 96-well plates. Cells were stimulated in a volume of 50 pl
Measurements were performed according to the manufacturer’s
instructions (CellTiter-Glo® Luminescent Cell Viability Assay,
Promega, Germany) with the addition of 50-j11 CellTiter-Glo®
solution to each well. The luminescence intensity was analyzed in
duplicates using the microplate reader Infinite M200pro (Tecan,
Switzerland). The values were normalized against the viability of
untreated cells set as one relative unit (RU).
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Cell Viability Measurements by Metabolic

Assay

MDA-MB-231 (1.2 x 10%) cells were seeded in 96-well
plates. Cells were stimulated in a volume of 100 pl (50-pl
medium 4+ 50-il metabolic substrate). Measurements were
performed according to the instructions (RealTime-Glo™ MT
cell Viability Assay, Promega Germany) with the addition of 50-
nl metabolic substrate (2% MT cell viability substrate and 2%
NanoLuc™Enzyme) to each well, directly before stimulation.
The luminescence intensity was analyzed in duplicates using
microplate reader Infinite M200pro (Tecan, Switzerland). The
values were normalized against the viability of untreated cells that
were set as one RU.

Caspase-3/7 Activity Assay

MDA-MB-231 (1.2 x 10%) cells were seeded in 96-well plates.
Cells were stimulated in a volume of 50 wl. Measurements
were performed according to the manufacturer’s instructions
(Caspase-Glo® 3/7 Assay, Promega, Germany) with the addition
50 pl of the Caspase-Glo®3/7 solution to each well. The
luminescence intensity was analyzed in duplicates by the
microplate reader Infinite M200pro (Tecan, Switzerland). The
values were normalized against caspase activity of non-treated
cells and set as one RU.

Caspase-8 Activity Assay

MDA-MB-231 (1.2 x 10%) cells were seeded in 96-well plates.
Cells were stimulated with the indicated treatments in a volume
of 50 1. After 3 h incubation at 37°C and 5% CO, samples were
measured according to the manufacturer’s instructions (Caspase-
Glo® 8 Assay, Promega, Germany) with the addition 50 pl of
the Caspase—Glo®8 (with 0.3% MG-132-Inhibitor) solution to
each well. The luminescence intensity was analyzed in duplicates
by the microplate reader Infinite M200pro (Tecan, Switzerland).
The values were normalized against caspase activity of non-
treated cells and set as one RU.

Oxygen Consumption Rate Measurements
MDA-MB-231 (2.5 x 10°) cells were seeded in 10-cm plates.
Cells were stimulated with RL2 in a volume of 3ml for 8h.
Subsequently, cells were trypsinated and resuspended in 500-pl
fresh medium. Oxygen consumption rate (OCR) was measured
by a Clark-type electrode in the Oxytherm System (Hansatech
Instruments Ltd, Norfolk, UK). All samples were measured at
37°C and mixed continuously for ~15min. The baseline was
recorded with 1 ml of fresh medium. Upon stable baseline (OCR
< 0.4 nmol x min~! x ml™!), the cell samples were measured.
Obtained data were fitted to linear regression, and the OCR was
expressed in nmol Oy x min~! x ml~!.

Cell Death Measurements by Imaging Flow
Cytometry

Analysis of cell death induction was performed with FlowSight®
Imaging Flow Cytometer (Amnis/MerckMillipore, USA).
MDA-MB-231 cells were treated with RL2. Samples were
stained with annexin V-fluorescein isothiocyante and propidium
iodide. Data were analyzed with IDEAS software version 6.2

(Amnis/MerckMillipore, Darmstadt, Germany), as described
previously (Pietkiewicz et al., 2015).

Western Blot Analysis and
Co-immunoprecipitation

Cells (1.25-2.5 x 10°) were seeded in six-well plates. Cells
were harvested, washed with phosphate-buffered saline (PBS),
and lysed for 30min on ice in lysis buffer (20-mM Tris-
hydrochloride, pH 7.4, 137-mM sodium chloride, 2-mM
ethylenediaminetetraacetic acid (EDTA), 10% glycerine, 1%
Triton X-100, protease inhibitor mix (Roche, Mannheim,
Germany) and subjected to Western blot analysis. Sodium
dodecyl  sulfate-polyacrylamide gel electrophoresis was
performed with 12% sodium dodecyl sulfate gels. The TransBlot
Turbo system (Biorad, Hercules, USA) was used to blot
the gels to nitrocellulose membranes. The membranes were
blocked with 5% nonfat dried milk in PBS with 0.05% Tween
20 for 1h. Washing steps were performed with PBS-Tween
three-fold for 5min. Incubation with primary antibodies was
performed overnight at 4°C in PBS-T. HRP-coupled isotype-
specific secondary antibodies were incubated for 1h at room
temperature in 5% nonfat dried milk (SantaCruz, Dallas, USA).
Chemiluminescence signal was produced with LuminataForte
(MerckMillipore, Darmstadt, Germany) and detected with a
ChemiDoc imaging system (Biorad, Hercules, USA). Caspase-8
and FADD co-IPs were performed with MDA-MB-231 cells
upon RL2, RL2/TRAIL, or TRAIL stimulation. Stimulation was
stopped by adding 10-ml cold PBS. Cells were centrifuged for
5min at 500 x g and washed once with cold PBS. Cells were
lysed in 500-p1 lysis buffer for 30 min on ice and subsequently
centrifuged for 15 min at 14,600 x g. Fifty-microliter supernatant
was used as input control. The remaining supernatant of all
samples was adjusted to the same protein concentration and used
for immunoprecipitation. Five-microgram FADD or caspase-8
antibody was added to the lysate and incubated for 12h at 4°C.
Samples were subjected to Western blot analysis. DISC co-IP
was performed with MDA-MB-231 cells after 1h of TRAIL
or RL2/TRAIL stimulation and via anti-6 x His-tag antibody
directed against TRAIL (KillerTRAIL, Enzo Life Sciences).
The lysis and co-IP steps were the same as for FADD- and
caspase-8-co-IPs. Five-microgram anti-His-Tag antibody was
used for each DISC co-IP.

Cellular Fractionation

MDA-MB-231 cells (2.5 x 10°) were stimulated with 100 pg/ml
RL2, 50ng/ml TRAIL, TRAIL/RL2, or left untreated.
All centrifugation steps in the following fractionation
were performed at 17,000 x g A swelling step was
performed in swelling buffer [10-mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, pH 7.6, 10-mM potassium
chloride, 2-mM magnesium chloride, 0.1-mM EDTA, protease
Inhibitor mix] for 5min followed by addition of 0.3% NP-40
(Thermo Fisher Scientific Inc., USA) for 1 min. Centrifugation
for 1 min resulted in a separation of the cytoplasmic fraction.
The remaining pellet was resuspended in 500-pl swelling
buffer and centrifuged for 15s. The pellet was incubated for
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30 min with 40-p] “nucleus buffer” [50-mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, pH 7.8, 50-mM potassium
chloride, 300-mM sodium chloride, 0.1-mM EDTA, 10%
glycerol, protease Inhibitor mix], resuspended every 10 min, and
centrifuged for 5min. The nuclei-containing supernatant and
mitochondria-containing pellet were separated and the pellet
washed twice with PBS. The samples were subjected to Western
blot analysis.

Statistics

Statistical analyses were performed with GraphPad Prism
(Version 8.3.0). Paired Student ¢-test and one-way ANOVA test
were performed as shown. p-Values are based on the following
pattern: ns (not significant; p > 0.05), * (significant; p < 0.05), s
(significant; p < 0.01), * * x (significant; p < 0.005), and s s
(significant; p < 0.001).

Antibodies and Reagents

All chemicals were of analytical grade and purchased from
AppliChem (Darmstadt, Germany), CarlRoth (Karlsruhe,
Germany), Merck (Darmstadt, Germany), or Sigma-Aldrich
(Taufkirchen, Germany). RL2 was purified as described
previously (Koval et al, 2014). Z-VAD-FMK (N-1510,
Bachem) and recombinant TRAIL (KillerTRAIL, Enzo Life
Sciences) were given to cells in indicated concentrations. The
following antibodies were used for Western blot analysis:
polyclonal anti-Bax antibody (#5023), polyclonal anti-
BID antibody (#2002), monoclonal anti-BNIP3 antibody
(#44060), monoclonal anti-BNIP3/NIX antibody (#12396),
polyclonal anti-caspase-3 antibody (#9662), monoclonal anti-
Death Receptor 4 (D9S1T) antibody (#42533), polyclonal
anti-endonuclease G (EndoG) antibody (#4969), polyclonal
anti-LC3B antibody (#3868), polyclonal anti-PARP1 antibody
(#9542), monoclonal anti-PINK1 antibody (#6946), and
polyclonal anti-SOD2 antibody (#13194) from Cell Signaling
Technology (USA); polyclonal anti-actin antibody (A2103)
from  Sigma-Aldrich, Germany; monoclonal anti-Bcl-
2 antibody (sc-7382), polyclonal anti-GAPDH antibody
(sc-48166), and polyclonal anti-Mcl-1 antibody (sc-819)
from Santa Cruz Biotechnology (USA); polyclonal anti-k-
Casein antibody (#ab111406), polyclonal anti-6X His Tag
antibody (ab9108), and polyclonal anti-TOM70 antibody
(ab89624) from Abcam; and monoclonal anti-caspase-8
and anti-FADD antibodies (kindly provided by Prof. P.
H. Krammer, DKFZ, Heidelberg). Horseradish peroxidase-
conjugated goat anti-mouse immunoglobulins G1 and G2b
and goat anti-rabbit and rabbit anti-goat were from Santa Cruz
(California, USA).
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Figure S1 | RL2 inhibits TRAIL-induced cell viability loss in ovarian carcinoma
CAQV-4 cells during the first hours of TRAIL stimulation Caov-4 cells were treated
with indicated concentrations of RL2, TRAIL or their combination for 6 h. Cellular
ATP levels were measured by using the CellTiter-Glo Luminescent Cell Viability
Assay/ CellTiter-Glo Substrate and cell viabilities are normalized to the ones of
non-treated cells and presented in relative units (RU). Mean and standard
deviations are shown (n = 2). The statistical analysis was performed by Anova-test
for6h.

Figure S2 | RL2 has no influence on TRAIL-induced complex Il -formation (A, B)
MDA-MB 231 cells were treated with the indicated TRAIL, RL2 and RL2/TRAIL
concentrations for three hours. Immunoprecipitations (IPs) were done with (A)
anti-FADD antibodies (FADD IP) and (B) anti-Caspase-8 antibodies (Casp.-8-IP).
Both IPs were carried out with 5 ig of the specific antibodies and analysed by
Western Blot for the indicated proteins. Bead-control (Beads) were used as
control without any antibody addition. One representative experiment out of two is
shown for all experiments.

Figure S3 | RL2 inhibits TRAIL-induced PARP1 cleavage MDA-MB 231 cells were
treated with 200 ig/ml RL2, 100 ng/ml TRAIL or their combination for 1 h. The cells
were separated in ‘Cytoplasm’, ‘Mitochondria’ and ‘Nucleus’ fractions. The
fractions were analysed by Western Blot. Bands of cleaved-PARP were quantified
against corresponding EndoG bands by Imagelab 5.1beta (Bio-Rad). Three
independent Western Blot quantifications are shown.

Figure S4 | RL2 treatment induces autophagy/mitophagy (A) MDA-MB 231 cells
were treated with 300 ig/ml RL2, 200 ng/ml TRAIL or their combination for
indicated time intervals and subjected to Western Blot analysis with the indicated
antibodies. (B) MDA-MB 231 cells were treated with 200 ig/ml RL2, 150 ng/ml
TRAIL or the combination of both for indicated time intervals and subjected to
Western Blot analysis with the indicated antibodies. Quantification of the Western
Blot signals was carried out with ImagelLab 5.1 beta. Three independent Western
Blot quantifications are shown (A, B).

Figure S5 | RL2 decreases TRAIL-induced cell death in the first hours after TRAIL
stimulation (A,B) MCF-7 cells were stimulated with indicated concentrations of
RL2, TRAIL or combination with RL2 for 24 h. Cell death was measured using
Annexin V (An) /Propidium lodide (PI) staining and analysed with FlowSight. (A)
The amount of An-positive and Pl positive cells of three independent experiments
is shown in relative units (RU). The statistical analysis was performed by paired
Student’s t-test. (B). Images of five representative cells for Brightfield (Br.) Annexin
V (An) and Propidium lodide (PI) are shown.
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Chemical alterations in DNA induced by genotoxic factors can have a complex nature
such as bulky DNA adducts, interstrand DNA cross-links (ICLs), and clustered DNA
lesions (including double-strand breaks, DSB). Complex DNA damage (CDD) has a
complex character/structure as compared to singular lesions like randomly distributed
abasic sites, deaminated, alkylated, and oxidized DNA bases. CDD is thought to be
critical since they are more challenging to repair than singular lesions. Although CDD
naturally constitutes a relatively minor fraction of the overall DNA damage induced
by free radicals, DNA cross-linking agents, and ionizing radiation, if left unrepaired,
these lesions cause a number of serious consequences, such as gross chromosomal
rearrangements and genome instability. If not tightly controlled, the repair of ICLs
and clustered bi-stranded oxidized bases via DNA excision repair will either inhibit
initial steps of repair or produce persistent chromosomal breaks and consequently be
lethal for the cells. Biochemical and genetic evidences indicate that the removal of
CDD requires concurrent involvement of a number of distinct DNA repair pathways
including poly(ADP-ribose) polymerase (PARP)-mediated DNA strand break repair, base
excision repair (BER), nucleotide incision repair (NIR), global genome and transcription
coupled nucleotide excision repair (GG-NER and TC-NER, respectively), mismatch repair
(MMR), homologous recombination (HR), non-homologous end joining (NHEJ), and
translesion DNA synthesis (TLS) pathways. In this review, we describe the role of DNA
glycosylase-mediated BER pathway in the removal of complex DNA lesions.

Keywords: inter-strand DNA crosslink, bulky DNA adduct, base excision repair, DNA glycosylase, nucleotide
excision repair, Fanconi anemia
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INTRODUCTION

Endogenous oxidative stress and environmental factors induce
multiple damage in cellular DNA, among them bulky DNA
adducts, interstrand DNA cross-links (ICLs), and clustered
DNA lesions (including double-strand breaks, DSBs), which are
distinguished from singular lesions by their complex characters
and structures (Deans and West, 2011; Yang et al, 2017;
Mullins et al, 2019; Nickoloff et al., 2020) (Figures 1A,B).
Complex DNA damage (CDD) is characterized by two important
features: bulky character and the presence of more than one
modification of one turn of the DNA helix. Although in
general CDD constitutes a relatively minor share of the total
DNA damage induced by chemo- and radiotherapy in treated
cancer cells, they present daunting obstacles to DNA template
scanning processes and if not repaired lead to cell death and
gross chromosomal rearrangements. Among complex DNA
lesions, ICLs are one of the most cytotoxic and difficult to
repair, because they prevent DNA strand separation during
DNA replication and transcription. To get insight into the
biological roles of CDDs, it is important to comprehend the
nature and mechanisms of their formation which often proceeds
via interactions of DNA with endogenous reactive metabolites
and various exogenous factors. Studies of the cellular defense
mechanisms counteracting genotoxic effects of CDD revealed
that the removal of complex lesions requires several distinct DNA
repair pathways including global genome and transcription-
coupled nucleotide excision repair (GG-NER and TC-NER,
respectively), poly(ADP-ribose) polymerase (PARP)-mediated
DNA strand break repair, base excision repair (BER), nucleotide
incision repair (NIR), mismatch repair (MMR), non-homologous
end joining (NHEJ), homologous recombination (HR), and
translesion DNA synthesis (TLS) pathways. In this review, we
attempt to enlighten the structural properties, mechanisms of
formation of CDD, and role of recently discovered alternative
DNA repair mechanisms. Due to the space constraints, the
formation and repair of clustered DNA lesions will not be
discussed in this review instead; we would recommend several
excellent reviews on this topic (Cadet et al., 2012; Georgakilas
et al., 2013; Sage and Shikazono, 2017; Mavragani et al., 2019).

COMPLEX DNA DAMAGE —NATURE,
FORMATION, AND BIOLOGICAL ROLE

8,5’-Cyclopurine-2’-deoxynucleosides

Reactive oxygen species (ROS) are commonly responsible for
the formation of non-bulky DNA base damage in cellular
DNA (Figure 1A). Majority of ROS-induced DNA lesions are
eliminated in the DNA glycosylase-initiated BER pathway.
Nevertheless, ROS can generate CDDs, which can strongly
perturb DNA replication and transcription in mammalian cells.
8,5'-Cyclopurine-2’-deoxynucleosides (cPus) can be formed as
a result of endogenous oxidative stress and also by ionizing
radiation under anoxic conditions (Xu et al., 2014). Bulky cPus
adducts including diastereomeric (5'S)- and (5'R)-8,5"-cyclo-2'-
deoxyadenosine (cdA) and 8,5'-cyclo-2'-deoxyguanosine (cdG)
are generated by hydroxyl radical attack at C5’ sugar by hydrogen

atom abstraction resulting in the formation of a covalent bond
between the C5' and C8 positions of the purine nucleoside
(Dirksen et al., 1988; Kuraoka et al., 2000; Brooks, 2008)
(Figure 1B). These nucleotide modifications can be referred to
as a tandem lesion in which both sugar and base moieties have
been damaged within distance of single nucleotides (Kuraoka
et al,, 2000; Merecz and Karwowski, 2016). The additional
covalent bond in cPu hinders cleavage of the glycosidic bond by
DNA glycosylases, making these lesions substrates for the NER
pathway (Brooks et al., 2000; Kuraoka et al., 2000; Kropachev
et al., 2014). It was demonstrated that Cockayne syndrome (CS)
complementation group A (CSA) protein, a DNA excision repair
protein involved in the TC-NER sub-pathway, is required for
the removal of 5'S-cdA adducts in DNA from primary skin cells
(D’Errico et al.,, 2007). The GG-NER pathway can remove cdA
adducts with a similar efficiency as that of UV-induced CPDs
but displays higher activity in excising the R-diastereomers as
compared to S conformations (Brooks et al., 2000; Kuraoka
et al., 2000). Hence, high levels of 5'S-cdA diastereomer in the
nonexposed control group of mice compared to analogous 5'R-
cdA might be due to the more efficient removal of 5R-cdA
by the GG-NER pathway (Wang et al, 2012; Chatgilialoglu
et al., 2019). Several studies suggested that 5'R-cdA and 5'R-
cdG adducts in DNA are better NER substrates than the 5'S-
cdA and 5'S-cdG lesions (Kropachev et al., 2014; Cai et al,
2015; Shafirovich et al., 2019). In agreement with this, cdG and
cdA adducts accumulate in DNA of keratinocytes from NER-
deficient xeroderma pigmentosum (XP) complementation group
C (XPC) and CSA patients exposed to X-rays and potassium
bromate (KBrO3) (D’Errico et al., 2006, 2007), as well as in organs
of CSB~/~ knockout mice (Wang et al., 2012; Chatgilialoglu
et al.,, 2019). Kinetic assays showed the involvement of TLS DNA
polymerases including Pol 1, Pol k, Pol ¢, and Pol ¢ in the
replicative bypass of cPu lesions in human cells (You et al., 2013).
Interestingly, Xu et al. (2014) revealed a novel repair pathway for
cPu lesions that results in trinucleotide repeat (TNR) deletion via
a unique DNA polymerase  (Polp) lesion bypass during DNA
replication and BER.

Aristolochic Acids and Their Association

With Genotoxicity and Cancer Progression
Aristolochic acids (AAs) are a group of acids found in the
flowering plant family Aristolochiaceae which are popular
supplements in Chinese medicine. AAs are structurally diverse
blends corresponding to nitrophenanthrene carboxylic acids
composed of two main constituents: principally 8-methoxy-
6-nitrophenanthro-(3,4-d)-1,3-dioxolo-5-carboxylic acid (AA-I,
which is the most abundant one) and its 8-demethoxylated form
(AA-TI) (Dickman and Grollman, 2010). Consumption of AAs
can lead to a rapid renal toxicity and, at certain levels, to liver (Ng
et al, 2017; Lu et al., 2020) and kidney cancer (Vanherweghem
etal, 1993; Debelle et al., 2008). Consumption of AAs-containing
herbal remedies in South Asia remains a cause of serious concern
for public health to date (Lu et al, 2020; Shan et al., 2020).
Certain cases in Europe also have been registered in 1992; when
several female patients in Belgium, after taking two Chinese
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herbs (Stephania tetrandra and Magnolia officinalis), as slimming
treatment, suffered from rapidly progressive interstitial nephritis
(Vanherweghem et al., 1993).

Although both AA-TI and AA-II have analogous nephrotoxic
and genotoxic effects in cells and animal models, carcinogenic
mechanisms seem to be distinct (Schmeiser et al., 1986; Sato
2004; Shibutani et al., 2007). It is noted that AA-I-
induced nephrotoxicity has much severe consequences than
the AA-II-induced one (Shibutani et al., 2007), even though
AA-II can demonstrate greater genotoxicity and carcinogenic
potential compared to AA-I (Shibutani et al., 2007; Xing et al.,
2012). It was found that in the body aristolochic acids are
activated by cellular nitroreductases, resulting in the formation
of reactive intermediates that bind covalently to DNA to
produce 7—(deoxyadenosin—N6—yl)aristolactam (dA-AL) and 7-
(deoxyguanosin—Nz—yl) aristolactam I (dG-AL) adducts (Bieler
et al., 1997) (Figure1B). The aristolactam-adenine adducts
induce a unique mutational signature in tumors characterized
by AeT—TeA transversions at dA residues located on the
non-transcribed DNA strand (Moriya et al., 2011). This

et al.,

observation was further confirmed by Sidorenko et al., who
demonstrated that dA-AL adducts are resistant to GG-NER, but
can be efficiently removed by TC-NER (Sidorenko et al., 2012).
Interestingly, the structural studies of damaged DNA have also
revealed that the dA-AL adduct does not destabilize the DNA
duplex, thus providing a structural basis for the mechanism of
resistance of the bulky lesion to GG-NER (Lukin et al., 2012).
Recently, it has been shown that translesion synthesis (TLS)-
specific Y-family DNA polymerases, particularly Pol v, Pol ¢,
and Pol k, are not required for the TLS across bulky dA-AL-
I in mouse embryonic fibroblasts (MEFs), whereas Pol ¢, a
B-family DNA polymerase, which is capable of bypassing the
cyclobutane pyrimidine dimer (CPD), a common UV-induced
lesion, catalyzes both insertion of dAMP and dTMP (Hashimoto
etal., 2016).

Di-Benzopyrene DNA Adducts Are Highly

Mutagenic Lesions
Bulky DNA adducts generated by environmental carcinogens
cause mutations that often drive malignant transformation of
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affected cells. As we described above, bulky DNA adducts are
removed in the NER pathway; however, certain bulky DNA
lesions that cause a minimal decrease, or an enhancement
in the stabilities of the DNA duplex can be very resistant
to the repair machinery. Benzo[a]pyrene (B[a]P) is a well-
known representative of PAH carcinogens present in the
environment (Luch, 2005). Primary sources of dibenzopyrenes
in the environment are diesel and gasoline-fueled vehicle
exhausts, tobacco smoke, other smoke sources such as grilling
meat, coal gasification products, coal tar, and other substances
produced by the incomplete combustion of organic matter
(Luch, 2005; Bergvall and Westerholm, 2007; Kropachev et al,,
2013). Cytochromes P450 1A1, 1A2, and 1B1 are responsible
for the metabolic activation of PAHs by mono-oxygenation of
hydrocarbons in cells to form epoxides (Luch et al., 1999; Straif
et al., 2005; Sulc et al., 2016). Cellular metabolism of B[a]Ps
produces a diol epoxide benzo[a]pyrene-7,8-dihydrodiol-9,10-
oxide (BPDE), which can be hydrolyzed to BPDE tetrols and
interact with guanines in DNA to form bulky B[a]P-N2-dG
adducts and B[a]P-N°-dA adducts. B[a]Ps induces primarily
guanine transversions (GeC — TeA).

Dibenzo[a,l]pyrene (DB[a,l]P), another PAH present in about
ten-fold lower concentration in the environment, is 100 times
more tumorigenic than B[a]P in rodent model systems (Cavalieri
etal.,, 1991; Amin et al., 1995a,b; Prahalad et al., 1997; Luch, 2009;
Zhang et al.,, 2011). The reactive diol epoxide intermediates of
DB[a,]P react with either N°-adenine or Nz—guanine in DNA
to form stable DB[a,/]P-N°-dA and DB[a,/]P-N2-dG adducts
(Li et al.,, 1999a,b; Yagi et al., 2008) (Figure 1B). Remarkably,
Kropachev et al. demonstrated that the S and R diastereoisomers
of the DB[4,/]P-N2-dG adduct are 15 and 35 times, respectively,
more susceptible to removal by the GG-NER machinery as
compared to the stereo-chemically identical DB[a,/]P- N°-dA
adduct (Kropachev et al., 2013). This observation suggests that
the higher genotoxic activity of DB[a,/]P, as compared to B[a]P,
might be due to the generation of repair-resistant and thus
persistent DB[a,/]P-derived adenine adducts in exposed cells.

In summary, despite their bulky character, certain highly
mutagenic DNA lesions can escape DNA damage surveillance
and DNA excision repair. This repair-resistant DNA damage
presents a challenge for the cell since it can persist in the genome
and lead to the transcription and replication blockages and
mutations. Nevertheless, these complex DNA lesions might be
substrates for the TC-NER pathway, thus implying a possible
existence of alternative DNA repair mechanisms that could
remove damage in the non-transcribed part of genome.

Interstrand DNA Cross-Link
(ICL)—Formation, Nature, and Use in

Anticancer Therapies

Chemical agents such as bifunctional alkylating agents, platinum
compounds, antitumor antibiotics, and furanocoumarins when
reacting with DNA bases can generate a covalent bond
between nucleotides on the opposite strands of a DNA
duplex resulting in the formation of interstrand DNA cross-
links (ICLs). ICLs are highly cytotoxic DNA lesions that

prevent DNA strand separation during DNA replication,
transcription, and recombination. Indeed, DNA cross-linking
agents, like mitomycin C, cis-diamminedichloroplatinum(II),
and melphalan, are widely used against hyperplastic diseases,
such as cancer.

The formation of ICLs can also be the result of endogenously
occurring reactive aldehydes such as malondialdehyde, a natural
product of lipid peroxidation of polyunsaturated fatty acids, and
nitric oxide, which may induce diazotization of exocyclic amine
groups of the bases (Scharer, 2005). It was estimated that a
single unrepaired ICL could kill a bacterial or yeast cell, while
about 40 unrepaired ICLs could kill a mammalian cell (Magana-
Schwencke et al., 1982; Lawley and Phillips, 1996). There are
several types of ICLs that were discovered and characterized very
early in 1960s. Cisplatin or cis-diamminedichloroplatinum(II)
(cis-DDP) reacts with the N’ atom of the deoxyguanosine residue
forming initially one covalent bond with DNA then covalently
binds to other neighboring guanine residues resulting in DNA
cross-linking (Bancroft et al., 1990; Florea and Busselberg, 2011)
(Figure 1B). Majority of cis-DDP-induced intra-strand DNA
cross-links are between guanine residues in dGpG, dGpNpG, and
between adenine and guanine in dApG sequences, and only a
relatively minor portion of cis-DDP-induced ICLs are formed
between two guanines in opposite strands at the dGpC context
(Kartalou and Essigmann, 2001; Noll et al., 2006). The relative
distribution of dGpG, dApG, and dGpNpG intra-strand cross-
links, and dGpC ICLs, generated by cis-DDP is ~65, 25, 5-10,
and 2-5% of total adducts, respectively (Noll et al., 2006; Jung
and Lippard, 2007; Enoiu et al., 2012).

Nitrogen mustards contain a N,N-bis-(2-
chloroethyl)amine functional group which reacts with guanine
and adenine at the N position with minor reaction at N3-dC,
N!-dA, and 0°-dG (Osborne et al., 1995; Florea-Wang et al.,
2009; Rojsitthisak et al., 2011). Derivatives of nitrogen mustards
induce various DNA base modifications, and only 5% among
them represent DNA cross-links between the N” position of
two guanine bases on the opposite DNA strands (Kohn et al,
1966). Mustard derivatives such as chlorambucil, melphalan,
cyclophosphamide, and bendamustine are widely used as
chemotherapeutic agents that covalently cross-link two strands
in the DNA duplex (Sunters et al., 1992; Chen et al., 2014).

Psoralens are a family of naturally occurring compounds
known as the linear furanocoumarins linear furocoumarins
found in leafy plants (mostly from Apiaceae and Fabaceae) (Scott
et al, 1976). The hydrophobic and planar character of these
molecules allows them to easily permeate the cell and then
intercalate into the DNA duplex (Lopez-Martinez et al., 2016).
Among several ICL-inducing agents, psoralens require UVA
photoactivation following DNA intercalation to chemically react
with DNA. 8-Methoxypsoralen (8-MOP), the most common
form of psoralen frequently used for the treatments, is a
planar, tricyclic compound that intercalates into the DNA duplex
preferentially at 5'-TpA sites. Upon photoactivation, 8-MOP
primarily photoalkylates DNA by cycloaddition to the 5,6-double
bond of a thymine generating monoadducts (MA) with either the
4/,5'-double bond of the furan (MAf) or the 3,4-double bond of
the pyrone (MAp) side of the psoralen (Cole, 1971). A unique

reactive
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property of psoralen photochemistry is that the absorption of
a second photon by the MAf leads to formation of a pyrone
side 5,6-double bond adduct with a flanking thymine in the
complementary strand, thus generating an ICL (Johnston and
Hearst, 1981).

Mitomycin C (MMC) is a product of Streptomyces caespitosus,
a species of actinobacteria, commonly used as antineoplastic
chemotherapeutic agent against bladder, breast, colorectal,
head and neck, cervical, and non-small cell lung cancers, and
adenocarcinoma of stomach and pancreas. MMC contains
a variety of functional groups, including three-membered
heterocyclic rings: aminobenzoquinone- and aziridine-ring
systems, one amine and two methylene bridges (Tomasz,
1995). Inert by its nature, MMC can be activated via chemical
or enzymatic reduction of quinone ring and subsequently it
covalently links to two guanine residues in complementary DNA
strands of 5'-CpG sequences through binding to the DNA minor
groove (Noll et al, 2006; Fan and Peng, 2016) (Figure 1B).
Specifically, after two-electron reduction of the quinone ring,
MMC loses its methoxy group resulting in the formation of
the hydroquinone intermediate. Tautomerization succeeded
by the reaction with the N?-amino group of guanine results in
monoadduct formation, whereas carbamoyl group elimination
results in the formation of the highly reactive vinylogous
hydroquinone methide intermediate, which subsequently
alkylates the guanine on the opposite complementary DNA
strand generating an ICL (Noll et al., 2006).

Repair-Resistant Complex DNA Lesions

Induced by Nontherapeutic Factors

Apart from commonly used chemotherapeutic drug agents,
there are other known carcinogenic compounds such as
tobacco-specific N-nitrosamines, fluoranthenes, naphthol and
binol derivatives, aflatoxin B1, and acetaldehydes which can
induce bulky DNA adducts and ICLs. Aflatoxin B1 (AFB1),
a potent carcinogen produced by Aspergillus species, mainly
found as food contaminant in animal farms and poultry
production through the diet. AFB1 exposure of infant mice
induces hepatocellular carcinoma after reaching adulthood
(Vesselinovitch et al.,, 1972). AFB1 is activated by cytochrome
P450 1A2 and 3A4 to the 8,9-epoxide consequently forming
AFBI-N7-guanine adduct (Eaton and Gallagher, 1994). A
relatively fast conversion rate of AFB1-N’-guanine adduct to
the ring-opened, formamidopyrimidine form (FAPY-AFB1) is an
essential step in promoting aflatoxin carcinogenesis. The FAPY-
AFBI adduct seems to be the most stable of all AFB1-DNA
adducts and is quite resistant to DNA repair machinery (Martin
and Garner, 1977; Eaton and Gallagher, 1994).

Acetaldehydes, abundant organic compounds, are highly
reactive due to the electrophilic nature of their carbonyl carbon,
causing a variety of cellular and chromosomal aberrations in
human cells. The partial oxidation of ethanol in the liver
by alcohol dehydrogenase produces acetaldehyde, which is
converted into acetic acid by acetaldehyde dehydrogenases
(ALDHs). Half of the population of Northeast Asian descent and
about 5-10% of Northern European descent harbor a dominant

mutation in the ALDH2 gene, which greatly reduces the enzyme
activity and leads to acetaldehyde accumulation after alcohol
consumption. Individuals with a mutant form of ALDH2 have
a greater risk of liver damage and susceptibility to many types
of cancer (Seitz and Meier, 2007). Acetaldehyde can generate
ICL and protein-DNA cross-links. N?-Ethyl-2’-deoxyguanosine
(N?-ethyl-dG) and 1, N*-propano-2’-deoxyguanosine (1, N2-
PdG) are major DNA adducts caused by acetaldehydes. Several
studies indicated that endogenous aldehydes are a significant
source of genotoxicity in the human hematopoietic system and
that the presence of the proficient Fanconi anemia (FA) pathway
is essential to protect cells from DNA damage induced by
these reactive compounds. Hematopoietic stem cells (HSCs)
are a primary target for aldehyde-induced DNA damage, and
FA-deficient patients suffer from bone marrow failure due to
p53/p21-mediated cell death and senescence (Ceccaldi et al.,
2012). In agreement with this model, it was shown that the
HSCs in Aldh2~/~, Fancd2~/~ double KO mice accumulate
more DNA damage than HSCs in either of the single knockout
mice (Garaycoechea et al., 2012). Formaldehyde, another highly
reactive compound, can be generated from abundant folic acid
consumption but would be effectively handled by a two-tier
protection glutathione-dependent formaldehyde dehydrogenase
(ADH5)/FANCD2 mechanism; however, DNA damage may still
happen and lead to cytotoxic effects. Individuals affected by FA
lack the defense system against formaldehyde and might be prone
to the toxic compound exposure from folate decomposition
(Burgos-Barragan et al., 2017). On the other side, a new strategy
based on the delivery of a formaldehyde in the form of folate
derivatives along with ADHS5 inhibition that could effectively kill
breast cancer cells deficient for BRCA1 and BRCA2 has been
recently proposed (Burgos-Barragan et al., 2017).

ABERRANT REPAIR OF COMPLEX DNA
LESIONS

Aberrant Repair of Bulky DNA Adducts

In general, DNA repair systems can discriminate between
regular and modified bases. However, difficulties for the
accurate discrimination between damaged and regular DNA
strands do exist: DNA polymerase errors during replication and
spontaneous conversion of 5-methylcytosine to thymine generate
mismatched pairs between two regular bases. To thwart these
mutagenic threats to genome integrity, cells have specific DNA
repair mechanisms that can correct mismatched bases generated
via spontaneous deamination or mis-incorporation during
DNA replication. The mismatch-specific thymine- and adenine-
DNA glycosylase (MBD4/TDG and MutY/MYH, respectively)-
initiated BER and mismatch repair (MMR) pathway are able to
eliminate normal DNA bases in mismatched DNA duplexes.
Evidences have accumulated that cellular response to DNA
damage could lead to faulty DNA repair and contribute to
age-related diseases such as cancer and brain disorder. In
DNA repair-deficient cells and under certain circumstances,
E. coli MutY and human MMR can act in an aberrant
manner: MutY removes adenine (A) in a template strand
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opposite to the misincorporated 8-oxoguanine residue (Fowler
et al, 2003), and MMR removes thymine opposite to O°-
methylguanine (Hampson et al, 1997), leading to mutation
and futile DNA repair cycles, respectively. These examples
show that in the presence of unrepaired DNA lesions, the
classic DNA repair mechanisms can act in an aberrant manner
by targeting the nondamaged DNA strand and promote
genome instability. Furthermore, the aberrant MMR and BER
mechanisms acting upon oxidized guanine residues stimulate
the trinucleotide expansion that underlies Huntington’s disease,
a severe hereditary neurodegenerative syndrome (Kovtun et al.,
2007). The alkyl-purine DNA glycosylase (MPG/AAG/ANPG)
initiates aberrant BER by removing regular purines from
nondamaged DNA, and the increased level of MPG is associated
with risk of lung cancer (Berdal et al,, 1998; Leitner-Dagan
et al,, 2012). Actually, MMR is not capable of discriminating a
particular strand in a DNA duplex harboring a mismatched base
pair in absence of DNA replication (Pena-Diaz et al., 2012).
Previously, our laboratory showed that human TDG and
MBD4 initiate aberrant repair by excising regular thymine (T)
paired with a damaged adenine (A) residue in the DNA duplex
(Talhaoui et al., 2014). TDG recognizes T in the nondamaged
DNA strand opposite to 1, N®-ethenoadenine (¢A), hypoxanthine
(Hx), 8-0x0A, and even abasic site in the TpG/CpX sequence
context, where X is a modified residue. MBD4 removes T
only when it pairs with €A, but not with Hx and other
modified adenine residues. In vitro reconstitution demonstrated
that TDG can catalyze aberrant removal of T in the specific
sequence context that leads to TpG, CpA — CpG mutations
(Talhaoui et al., 2014). As we described above, the highly
mutagenic aristolactam-adenine adducts (dA-AL-I and dA-AL-
II) generated in DNA by metabolic activation of aristolochic
acids (AAs) are associated with urothelial carcinomas of the
upper urinary tract and chronic kidney disease (Grollman et al.,
2007; Chen et al., 2012). The urothelial carcinomas associated
with AA exposure are characterized by A — T transversions
(73% of all substitutions) preferentially occurring on the non-
transcribed DNA strand (Hoang et al., 2013; Rosenquist and
Grollman, 2016). Remarkably, a very particular mutational
signature characterized by frequent CAG — CTG transversions
in the 5'-CpApG trinucleotide context has been observed in
tumor cells from upper urinary tract carcinoma associated with
AA exposure (Rosenquist and Grollman, 2016; Ng et al., 2017).
Based on these observations, we hypothesize that TDG initiates
aberrant removal of T opposite to dA-AL-I and dA-AL-II in
the 5'-CpA*pG context and promotes A — T transversions in
human cells via error-prone DNA repair synthesis. Thus, it is
tempting to speculate that specific inhibition of TDG activity in
human cells may prevent genotoxic effects of AA exposure.
MYH (MUTYH) is a human mismatch-specific adenine-
DNA glycosylase homologous to the E. coli MutY protein;
both repair proteins display very similar DNA substrate
specificities. Mutations in the MUTYH gene are associated
with the familial colorectal cancer in the absence of a germ-
line mutation in the APC gene and confer a spontaneous
mutator phenotype in human and mice cell lines (Al-Tassan
et al,, 2002). Noteworthy, Vrouwe et al., demonstrated that UV

irradiation of the noncycling NER-deficient XP-C and XP-A
human fibroblasts generated persistent single-strand DNA breaks
24 h after exposure, and activated ATR-dependent DNA damage
response (Vrouwe et al., 2011). Intriguingly, the formation of
single-strand DNA breaks and DNA repair synthesis initiated
at damage sites in XP fibroblasts did not lead to removal of
UV lesions in cellular DNA, which is the feature of aberrant
repair. Recently, Mazouzi et al. (2017) showed that MUTYH
promotes an increased UV sensitivity of XP cells. The authors
suggested that in NER-deficient cells, MUTYH might inhibit a
hypothetical, alternative NER-independent repair of UV-induced
DNA damage. Here, we hypothesize that the human adenine-
DNA glycosylase when acting upon the DNA duplex containing
UV adducts targets adenines in the nondamaged complementary
DNA strand. This in turn leads to aberrant futile repair of
the nondamaged DNA strand and subsequent usage of the UV
damaged DNA strand as a template for repair synthesis and
ligation. Therefore, we speculate that the severe UV-sensitive
phenotype of XP patients is due to a DNA glycosylase-initiated
aberrant repair of UV-induced DNA lesions in human cells that
would lead to persistent DNA strand breaks and mutations in
both proliferating and nondividing cells.

Aberrant Repair of Interstrand DNA

Cross-Links

Similar to the alkyl-purine DNA glycosylases (AlkA and ANPG)
which remove regular purines (Berdal et al.,, 1998), the NER
machinery in bacterial and human cells can initiate futile
DNA repair, during which regular oligonucleotide fragments are
excised from undamaged DNA duplexes leading to the futile
excision/re-synthesis cycles (Branum et al., 2001). Furthermore,
mammalian NER machinery initiates futile repair when acting
upon the DNA duplex, containing a single ICL, by excising a
damage-free 22-28 mer oligomer near psoralen-induced DNA
cross-link and generating a long gap (Bessho et al., 1997). Then,
DNA repair synthesis fills the single-stranded gap and generates
a non-ligatable nick without removing the ICL adduct (Mu
et al., 2000). It is possible that in mammals the NER-mediated
nonproductive repair of ICLs generates pro-apoptotic signals to
eliminate cells containing nonrepaired or irreparable complex
DNA lesions.

Cisplatin [cis-diamminedichloroplatinum(II)] is employed to
treat various types of cancers, including lung, head and neck,
ovarian, and other organs. Cisplatin interacts preferentially with
guanine residues in DNA and generates mono-adducts and intra-
and interstrand cross-links. Exposure of the cells to cisplatin
triggers a strong DNA damage response signal, which often
leads to the irreversible apoptosis. Studies of the roles of DNA
glycosylases and other BER enzymes in the removal of ICL have
generated conflicting results, suggesting that the involvement
of a given DNA repair pathway strongly depends on cellular
context and lesion structure. In cisplatin-ICL, the cytosine
residues adjacent to the cross-linked guanines undergo extra-
helical flipping which exposes them to water and subsequently
stimulates spontaneous deamination and conversion of cytosines
to uracils (Lukin and de Los Santos, 2006). A study performed by
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Kothandapani et al. (2011) showed that the inhibition of human
major AP endonuclease 1, APE1, combined with the knockdown
of uracil-DNA glycosylase (UNG) and DNA polymerase B
(PolB), makes cancer cells more resistant to cisplatin. In
vitro reconstitution of the repair of cisplatin-ICL in synthetic
oligonucleotide revealed that despite the presence of ICL, UNG
excises neighboring uracil residues to generate AP sites, which
are then cleaved by APEI, followed by the Polp-catalyzed gap-
filling DNA repair synthesis (Kothandapani et al., 2011). This
futile BER adjacent to cisplatin ICL sites initiated by the DNA
glycosylase-mediated excision generates persistent DNA strand
breaks, which would interfere with the productive repair of ICLs
and increase cisplatin cytotoxicity (Kothandapani and Patrick,
2013). Several APE1 inhibitors have been generated and explored,
which can specifically target either AP site cleavage activity
[methoxyamine and APE1 inhibitor compound III (API3)]
or redox regulation function (E3330 and Gossypol/AT101) of
human enzyme (reviewed in Laev et al., 2017). A recent study
demonstrated that the combination of cisplatin treatment with
inhibition of the redox function of APE1 by E3330 decreased
migration and invasion of lung cancer cells (Manguinhas et al.,
2020). Another study showed that APEI1 redox inhibitors in
combination with cisplatin inhibit proliferation of bladder cancer
cells more efficiently than cisplatin alone (Fishel et al., 2019).
Currently, specific inhibitors against BER proteins such as
Polp, PNKP, FENI, Ligase Illa, and PARP1/PARG have been
developed either to sensitize several cancers or to form synthetic
lethal partnerships with common cancer mutations (reviewed in
Grundy and Parsons, 2020).

The study of repair of trioxsalen (psoralen)-induced ICLs in
living cells by McNeill et al. (2013) demonstrated a possible
involvement of human endonuclease VIII-like DNA glycosylase
1 (NEIL1) in the aberrant repair of complex DNA lesions.
Using fluorescently tagged fusion proteins and laser micro-
irradiation coupled with confocal microscopy, the authors
demonstrated that NEIL1 accumulates at sites of digoxigenin-
tagged trioxsalen (psoralen)-induced ICLs. In addition, NEIL1
binds to duplex DNA containing ICL without exhibiting a
DNA glycosylase activity; apparently, this abortive interaction
interferes with the recruitment of the XPC protein, a NER
factor, and removal of ICLs. The authors proposed that NEIL1
specifically recognizes psoralen-ICLs, and this can obstruct
the efficient removal of these lethal DNA lesions in vivo
(McNeill et al., 2013).

REMOVAL OF BULKY DNA ADDUCTS IN
THE BASE EXCISION REPAIR PATHWAY

DNA glycosylases and AP endonucleases recognize and remove
a variety of small non-bulky DNA base damages that in general
have little influence on thermodynamic stability of the DNA
helix (Figure 2). DNA glycosylases bind and flip out of the
duplex the damaged nucleotide and insert it into the active site
pocket, to stabilize the DNA substrate conformation enzyme
fills the void left in the helix by inserting amino acid residues
(Klimasauskas et al., 1994; Stivers, 2004; Hitomi et al., 2007).

In general, the active sites of DNA glycosylases are small to
accommodate large bulky base modifications; nevertheless, some
observations indicate that DNA glycosylases can recognize and
remove bulky DNA adducts despite steric constraints to fit these
base lesions into their active site pockets. Earlier, it was shown
that several DNA glycosylases such as E. coli Fpg, phage T4
endonuclease V, and human NEIL1 can excise the imidazole
ring opened form of guanine-C8-N-hydroxy-2-aminofluorene
adduct, UV-induced cyclobutane dimer, and psoralen-thymine
monoadduct, respectively (Boiteux et al., 1989; Vassylyev et al.,
1995; Couve-Privat et al., 2007). Bacterial Fpg accommodates
bulky N7-substituted FapydG derivatives of guanine lesion in its
active site pocket by enabling the N”-bulky group to stay outside
of the protein surface (Coste et al, 2008) (Figures 3A,B,E).
Studies of the crystal structure of T4 endonuclease V in complex
with cyclobutane pyrimidine dimer (CPD) DNA showed that the
enzyme kinks the DNA duplex and flips out the complementary
adenine base in the opposite strand out of the DNA base
stack, thus avoiding accommodation of bulky CPD within the
protein surface (Vassylyev et al., 1995) (Figures 3C,D,F). At
present, it is unclear how NEIL1 can recognize large voluminous
DNA lesions such as psoralen-thymine, protein-DNA cross-
links, and aflatoxin-Fapy-deoxyguanosine adducts (AFB1-Fapy-
dG); we hypothesize that similar to bacterial Fpg, the human
DNA glycosylase avoids steric hindrance by the exclusion of a
bulky group from its active site pocket (Couve-Privat et al., 2007;
McKibbin et al., 2013; Vartanian et al., 2017).

A new family of bacterial DNA glycosylases that use a non-
base-flipping mechanism to recognize bulky DNA base damage
and a certain type of ICL has been described recently (Mullins
et al,, 2015a,b; Mullins et al., 2017b). A distinct DNA glycosylase
superfamily including AIkC and AIKD from Bacillus cereus
(Alseth et al., 2006) can excise positively charged alkylpurines
without inserting them into their active site pocket (Mullins et al.,
2015b; Shi et al., 2018). Due to the absence of specific contacts
between protein and damaged nucleobase, and the interaction
with the deoxyribose-phosphate backbone, AIkD is capable of
excising bulky DNA adducts such as pyridyloxobutyl (POB)
adducts, products of cigarette-smoke carcinogen nitrosamine
ketone, and N3-yatakemycinyl-adenine (YTMA) generated by
yatakemycin (YTM), an extremely cytotoxic alkylating product
(Xu et al., 2012; Mullins et al., 2015b, 2017a).

Azinomycin B (AZB), a secondary metabolite produced by
soil-dwell bacteria Streptomyces sahachiroi and Streptomyces
griseofuscus, induces ICLs in the DNA duplex by nucleophilic
addition at the N7 positions of purines (Wang et al., 2016).
Previously, it was shown that the coordinated action of the
classical NER machinery and homologous recombination (HR)
can efficiently remove ICLs in bacterial cells (Cheng et al., 1991).
However, AIkZ DNA glycosylase of Streptomyces sahachiroi can
unhook AZB-induced ICLs in the DNA duplex, thus establishing
a new alternative ICL repair mechanism in this bacterium. AlkZ
resolves AZB-ICLs through the cleavage of the N-glycosidic
bond on both sides of the complementary DNA strands, where
resultant AP sites can be repaired by bacterial AP endonuclease,
Endo IV. This observation supports the hypothesis that the
BER pathway alone can remove a certain type of bulky DNA
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FIGURE 2 | Schematic presentation of the short-patch BER pathways. Oxygen free radicals induce oxidized guanines (0xoG) and thymine glycol (TG) in duplex DNA.
(A1) Human OGG1 DNA glycosylase excises oxoG base in duplex DNA and cleaves abasic site via B-elimination reaction and generates single-strand break
containing 3'-terminal «,B-unsaturated aldehyde (38’-PUA) and a 5'-terminal phosphate. (A2) 3'-PUA is removed by major human AP endonuclease 1 (APE1) to

generate 3'-OH termini. (B1) NEIL1 excises TG and cleaves the remaining abasic site via 8,8-elimination and generates one nucleotide gap flanked with 3'-P and 5'-P.
(B2) 3'-Phosphate is removed by hPNKP to generate 3'-OH termini. (C1) NEIL3 cleaves the N-glycosydic bond, releasing the TG and generating an AP site. (C2) The
resulting AP sites are incised at 5’ by APE1, which generates a single-strand break with 3'-OH and a 5’-blocking deoxyribosophosphate (dRP) group. (A3,B3,C3)

Finally, DNA polymerase B inserts one nucleotide (dG or dT) and removes if necessary the 5'-dRp group by its dRp-lyase activity and the remaining single-strand break

is then sealed by XRCC1/Ligase llla complex.

lesions and ICLs (Noll et al., 2006; Huang and Li, 2013;
Mullins et al., 2019). Consequently, cells lacking AIkZ are highly
sensitive to AZB-induced ICLs, supporting the physiological
relevance of AlkZ DNA glycosylase activity in S. sahachiroi
(Wang et al., 2016). Both AlkD and AlkZ are DNA glycosylases
that are able to recognize bulky and cross-linked DNA bases
and play an important role in a toxin resistance mechanism in
bacterial populations.

Recently, YcaQ, a new E. coli cationic alkylpurine DNA
glycosylase homologous to AlkZ, has been identified. YcaQ can
excise a broad range of DNA base lesions, including ICLs induced
by nitrogen mustard. These studies demonstrate that the DNA
glycosylase-initiated BER pathway is an alternative ICL repair
pathway in bacteria, which may provide insight for potential
mechanisms implicated in drug resistance in cancer cells (Martin
et al., 2017; Mullins et al., 2017b).

The UV damage endonuclease (UVDE) is a DNA
endonuclease that recognizes and incises DNA 5 next to
cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts
(6-4PPs) (Bowman et al., 1994; Yajima et al., 1995). In addition,

UVDE can cleave the DNA duplex containing AP sites, cisplatin
intra-strand DNA cross-links, uracil, and dihydrouracil and
removes 3'-blocking groups at single strand break termini
(Avery et al, 1999; Kanno et al, 1999). This UV DNA
damage endonuclease activity is present in various eukaryotic
microorganisms, including fungi Schizosaccharomyces pombe
and Neurospora crassa, prokaryotes such as the Gram-positive
bacteria Bacillus subtilis and Deinococcus radiodurans and Gram-
negative bacteria Thermus thermophilus, and thermophilic
archaeon Sulfolobus acidocaldarius. Meulenbroek et al. (2013)
have resolved the crystal structure of Sulfolobus acidocaldarius
UVDE (SacUVDE) in a pre-catalytic complex with DNA
duplex containing a 6-4 photoproduct in the absence of
divalent metal cations. This 3D structure revealed a novel
dual dinucleotide flip mechanism for recognition of bulky
cross-linked dipyrimidines. Archaeon SacUVDE flips the two
purines opposite to the damaged pyrimidine bases into a
dipurine-specific pocket, whereas the damaged pyrimidines
are also flipped into another cleft (Meulenbroek et al,
2013).
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residue in DNA.

FIGURE 3 | The crystal structures of DNA glycosylases in complex with DNA duplexes containing bulky DNA base modifications. (A,B) Focus view of the Fpg binding
pocket with the extrahelical Bz-cFapydG adduct. The 3D views of DNA glycosylase/substrate interactions derived from the PDB entry 3C58 (Coste et al., 2008). The
benzyl group of the N7 -substituted cFapydG nucleoside is expelled from the binding pocket on the side of the flexible loop and thus allows the enzyme to
accommodate the FapyG residue inside the active site pocket. (C) Focus view of the T4 endonuclease V catalytically active residues interacting with the phosphate
backbones in the vicinity of the CPD. The 3D views of T4 Endo V/CPD interactions derived from the PDB entry 1vas (Vassylyev et al., 1995). (D) Focus view of the T4
endonuclease V-binding pocket with the extrahelical adenine residue. The adenine base complementary to 5'-CPD moiety is completely flipped out of the DNA duplex
and trapped in a cavity on the protein surface. (E) Structure of the bulky N”-benzyl-cFapydG nucleoside (Bz-cFapydG). (F) Structure of the cyclobutane pyrimidine
dimer (CPD). “AS” denotes active site pocket of Fpg, “Bz” denotes benzyl group at the N7 position of cFapydG, “CPD” denotes UV lesion, “Ade” denotes adenine

0
o~

% Bz-cFapydG

ROLE OF NEI-LIKE DNA GLYCOSYLASES
IN THE REPAIR OF ICLs

Mutations in genes responsible for counteracting ICL-mediated
genotoxic effects can lead to Fanconi anemia (FA) disorder.
FA is a recessive cancer-prone syndrome which is characterized
with bone marrow failure and hypersensitivity to ICLs and, to a
milder extension, to ionizing radiation and oxidative stress (Mace
et al., 2005). Several lines of evidence indicate that in vertebrates,
repair of ICLs is coupled to DNA replication and coordinated
by the Fanconi anemia (FA) pathway. The stalled replication
fork unhooks an ICL via dual incisions on both sides of the
lesion by the scaffolding protein SLX4 and structure-specific
endonuclease XPF/ERCC1, and this results in the generation of
a double-strand break (DSB) (Hodskinson et al., 2014; Klein-
Dowel et al., 2014). The unhooked ICL fragment swings free of
the duplex exposing a single-stranded gap. Translesion synthesis
(TLS)-specific DNA polymerases catalyze bypass of the gap and
produce a three-stranded DNA repair intermediate that contains
a short DNA fragment covalently attached to the duplex. It

was proposed that this unhooked ICL fragment is removed
in the classic NER pathway (Sancar et al.,, 2004; Cipak et al,,
2006). However, work by Couve et al. (2009) revealed that the
oxidative DNA glycosylase E. coli Nei and human NEIL1 excise
with high efficiency the psoralen-induced bulky unhooked ICL
oligomer within a three-stranded DNA structure. Three Nei-like
(NEIL) DNA glycosylases are present in mammalian cells; these
proteins show structural homology to the Fpg and Nei proteins of
Escherichia coli and initiate the BER pathway to remove oxidized
bases from DNA (Liu et al., 2013) (Figures 2B,C). Both NEIL1
and NEIL3 are cell cycle regulated with expression topping in the
S phase and late S/G2, respectively, whereas NEIL2 is expressed
throughout the cell cycle in a constitutive manner (Neurauter
et al, 2012; Hegde et al, 2013). NEIL1 and NEIL2 contain
a highly efficient B/3-lyase activity, whereas NEIL3 exhibit a
very weak f lyase function. All three mammalian Nei-like
DNA glycosylases demonstrate an unusual preference for single-
stranded DNA substrates and other open DNA conformations
such as bubbles, loops, and recessed DNA duplexes generated
during DNA replication and transcription. NEIL3 is perhaps the
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most intriguing of the three due, (i) to its large structure that
includes an extended C-terminal domain containing additional
zinc finger motifs, (ii) the replacement of the usual proline
residue as the nucleophile with valine, and (iii) its restricted
expression pattern in mammalian cells (Liu et al., 2013). The
observation that Nei-like proteins from E. coli to human cells
can excise bulky unhooked psoralen-induced ICLs via simple
one-step hydrolysis of the glycosidic bond between cross-linked
base and deoxyribose sugar provides an alternative heuristic
solution for the removal of complex DNA lesions. Complete
reconstitution of the repair of unhooked ICL demonstrated that
this bulky adduct can be processed in a short-patch BER pathway
(Figures 2B,C). Based on these data, a model for the mechanism
of ICL repair in mammalian cells that implicates the DNA
glycosylase activity of NEIL1 downstream of XPF/ERCCI1 and
TLS repair steps was proposed (Couve et al., 2009).

Recent progress in understanding the repair mechanism of
ICLs in vertebrates has revealed the existence of a DNA strand
incision-independent repair mechanism. In vitro reconstitution
of the ICL repair using plasmid DNA and cell-free extracts
from Xenopus eggs revealed the DNA replication-coupled repair
of ICL, which results in the formation of an X-shaped DNA
structure due to convergence of two replication forks on the
lesion (Raschle et al., 2008). Interestingly, when only one fork
was stalled at the ICL in egg extracts, no ICL repair was observed
suggesting that the convergence of two forks is required for
the removal of the blocking lesion (Zhang et al, 2015). At
the same time, using mammalian cells and DNA combing,
Huang et al. (2013) investigated the collision of replication
forks with fluorescently marked psoralen ICLs to visualize the
process. The results showed that in the S phase the majority
of psoralen-induced ICLs are bypassed through a replication-
traverse pathway to resume DNA replication on the other side
without removal of the blocking lesions. Thus, the dual-fork
convergence and replication fork traverse, and an X-shaped
DNA structure is produced around the ICL (Zhang and Walter,
2014). Noteworthily, these remaining ICLs are removed after
DNA replication and no DSB formation is observed (Huang
et al,, 2013). Subsequently, Semlow et al. (2016) have shown that
NEIL3 from Xenopus laevis can excise ICLs induced by psoralen
and abasic site in X-shaped dsDNA structures through a DNA
strand incision-independent repair mechanism, implying that
this repair function may be one of the many roles of NEIL3
in highly proliferating cells. Following work by Martin et al.
(2017) demonstrated that the purified human NEIL3 can cleave
psoralen-induced ICL in single-stranded, three-stranded, and
four-stranded DNA structures to produce long unhooked DNA
oligomers containing either an AP site or a psoralen-thymine
monoadduct. Furthermore, E. coli Nei and human NEILI,
similar to NEIL3, excise a psoralen-induced four-stranded DNA
substrate to generate two unhooked DNA duplexes but with a
nick. Noteworthily, the unusual DNA substrate specificities of
these highly evolutionary conserved Nei-like enzymes imply the
occurrence of very long three- and four-stranded cross-linked
DNA-DNA structures that may originate in vivo via completion
of DNA replication and TLS bypass of an unhooked ICL. In this
hypothetical model, Martin et al. proposed that FANCM catalyze

replication fork traverse through an unhooked ICL, without
incision-mediated unhooking; this may produce either three-
or four-stranded DNA molecules with a duplex cross-linked
to long ssDNA or dsDNA molecules. Finally, these putative
three- or four-stranded DNA structures can be excised by the
Nei-like DNA glycosylases in the BER pathway; this alternative
mechanism avoids formation of highly genotoxic DSB.

Recently, Li et al. (2020) have demonstrated that the NEIL3-
catalyzed repair of psoralen-induced ICLs is physiologically
relevant in mammalian cells. The authors found that NEIL3
plays a major role in the repair of psoralen-induced ICLs
in mammalian cells, which is non-epistatic with the Fanconi
anemia (FA) pathway, whereas the FA pathway is primarily
responsible for the repair of ICLs induced by anticancer drugs
such as MMC and cisplatin and proceeds via generation of DSBs.
Noteworthily, PARP1 recruits NEIL3 to psoralen-induced ICLs
in rapid manner, and PARP1 inhibitors block NEIL3 repair (Li
et al,, 2020). NEIL3 specifically interacts with the RUVBL1/2
complex (RuvB-like AAA ATPase 1 and 2), which function in
both NEIL3 and FA pathways of ICL repair. The RING-type
E3 ubiquitin ligase TRAIP (TRAF-interacting protein), which is
essential for cell proliferation and replication fork progression
through ICL, requires the recruitment of NEIL3 and depletion
of TRAIP switch ICL repair to the FA-dependent incision repair
pathway. Similar to the RuvBL1/2 complex, TRAIP functions
upstream of NEIL3 and FA pathways for ICL repair.

As we described above, acetaldehyde, an endogenous and
alcohol-derived metabolite, produced upon alcohol consumption
induces DNA cross-links and provokes bone marrow failure in
FA patients. A new excision-independent repair pathway, which
functions in addition to the FA system, to resolve acetaldehyde-
induced ICLs has been identified recently (Hodskinson et al.,
2020). This new repair mechanism, similar to NEIL3 and FA
pathways, requires replication fork convergence but catalyzes
direct DNA damage reversal which leads to the breakage of the
acetaldehyde cross-link, without excision of the lesion. After ICL
breakage, the repair of remaining acetaldehyde-guanine mono-
adduct requires TLS DNA polymerases REV1 and Pol ¢ resulting
in a distinct mutational spectrum (Hodskinson et al., 2020).

It should be noted that despite structural similarities among
various ICLs, the level of distortion of the DNA duplex and
choice of DNA repair mechanism would strongly depend on the
chemical nature of ICL. The incision-dependent Fanconi anemia-
coordinated network which proceeds via generation of DSB is
a preferred repair pathway for cisplatin and nitrogen mustard-
induced ICLs (Cipak et al., 2006; Raschle et al., 2008). On
the other hand, ICLs generated by photoactivated psoralen and
abasic sites would be preferentially repaired via DNA glycosylase-
mediated excision of ICL (Semlow et al., 2016; Martin et al.,
2017; Imani Nejad et al., 2020). Noteworthily, mouse embryonic
fibroblast (MEF) knockout for NEIL3 exhibit modest sensitivity
to cisplatin (Rolseth et al., 2013), suggesting that some cisplatin-
induced ICLs might be processed via the BER pathway, as a
backup repair system for FA and NER. It should be noted that
DNA glycosylase-dependent repair of ICLs seems to be more
mutagenic as compared to the versatile Fanconi anemia system
(Semlow et al., 2016).

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2021 | Volume 8 | Article 617884


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Baiken et al.

DNA Glycosylases Remove Complex Damage

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Continuous damage of cellular DNA together with repair
deficiency results in genome instability and cancer. Majority
of DNA damage: non-bulky base modifications, abasic sites,
and single-strand breaks with 3’-blocking groups are removed
in DNA glycosylase and AP endonuclease-initiated BER and
NIR pathways, respectively, without significant activation of
DNA damage signaling pathways and cell cycle checkpoints,
whereas complex DNA damage such as bulky DNA adducts
and interstrand DNA cross-links, which constitute only a minor
fraction of total DNA damage, presents a major challenge
for DNA repair and cell fate. To counteract complex DNA
lesions, the cell employs specific DNA damage signaling
systems and several distinct DNA repair pathways acting in a
highly coordinated manner. The chemical nature of complex
DNA lesions and the extent of helix distortion their produce
play important roles in DNA damage signaling, repair, and
mutagenesis. Typically, complex DNA lesions are handled in the
classical NER pathway, which can be coupled to transcription.
Contrary to DNA glycosylases, NER machinery does not have
specificity to a base modification per se but rather recognizes
a DNA helix distortion, whereas DNA glycosylases are highly
specific to the base modifications, because a damaged base should
fit into their active site pocket. Intriguingly, certain types of DNA
glycosylases are involved in the repair of bulky DNA adducts
and ICLs, which cannot be accommodated inside the enzyme
body. As a solution to this problem, T4 endonuclease V DNA
glycosylase and UVDE endonuclease interact not with a UV
pyrimidine dimer but with opposite adenine bases by inserting
them into their specific pockets. The NER machinery cannot
efficiently recognize bulky DNA adducts which do not distort
DNA helix conformation and do not destabilize thermodynamic
stability of the duplex (e.g., aristolactam-DNA adducts and di-
benzopyrine-adenine adducts). In addition, the mammalian NER
pathway is not efficient when acting upon ICLs, for the reason
that both strands in duplex DNA are damaged and that the
repair proteins cannot discriminate between two strands to
excise the lesion (Mu et al., 2000), whereas Nei-like family DNA
glycosylases recognize the adducted nucleobase but expel the
bulky cross-linked moiety out of the active site pocket (Coste
et al., 2008; Couve et al., 2009). NEIL1 and NEIL3 can excise ICL
in both DNA strands in a sequential manner; importantly, NEIL3
does not cleave the DNA strand after base excision and thus does
not generate toxic DSB (Semlow et al., 2016; Martin et al., 2017).

Mismatch-specific DNA glycosylases such as E. coli MutY and
human TDG and MBD4 are prone to aberrant repair. In addition,
cisplatin-induced ICLs can be processed in a futile uracil-
DNA glycosylase-initiated BER, which exacerbates a cytotoxic
effect of this drug. Thus, unrepaired bulky DNA adducts and
ICLs might be processed by DNA glycosylases in an aberrant
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The successful elimination of bulky DNA damages via the nucleotide excision repair
(NER) system is largely determined by the damage recognition step. This step consists
of primary recognition and verification of the damage. The TFIIH helicase XPD plays a key
role in the verification step during NER. To date, the mechanism of damage verification
is not sufficiently understood and requires further detailed research. This study is a
systematic investigation of the interaction of ctXPD (Chaetomium thermophilum) as well
as ctXPD-ctp44 with model DNAs, which contain structurally different bulky lesions with
previously estimated NER repair efficiencies. We have used ATPase and DNA binding
studies to assess the interaction of ctXPD with damaged DNA. The result of the analysis
of ctXPD-ctp44 binding to DNA containing fluorescent and photoactivatable lesions
demonstrates the relationship between the affinity of XPD for DNAs containing bulky
damages and the ability of the NER system to eliminate the damage. Photo-cross-linking
of ctXPD with DNA probes containing repairable and unrepairable photoactivatable
damages reveals differences in the DNA interaction efficiency in the presence and
absence of ctp44. In general, the results obtained indicate the ability of ctXPD-ctp44
to interact with a damage and suggest a significant role for ctp44 subunit in the
verification process.

Keywords: nucleotide excision repair, XPD helicase, DNA damage, protein-DNA interaction, bulky damages
recognition, photo-cross-linking

INTRODUCTION

The nucleotide excision repair (NER) pathway removes a wide range of bulky DNA damages with
high accuracy. Damages appear as a result of various chemical and physical impacts with most of
them being adducts of nitrogenous bases, that cause significant distortions of the regular double-
stranded DNA structure. Eukaryotic NER involves about 30 proteins, which sequentially form
complexes of different compositions on DNA. To date, significant progress has been made toward
our understanding of the multi-stage NER mechanism but an important step in the process, i.e.,
the damage verification step, is still poorly understood. In particular, the rates of removal of bulky

Frontiers in Cell and Developmental Biology | www.frontiersin.org 184

March 2021 | Volume 9 | Article 617160


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.617160
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.617160
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.617160&domain=pdf&date_stamp=2021-03-11
https://www.frontiersin.org/articles/10.3389/fcell.2021.617160/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Petruseva et al.

XPD Interaction With DNA Damages

damages vary by orders of magnitude, but the reason for
these variations are insufficiently clear so far, although the
basic principles of their recognition and the criteria for repair
susceptibility are formulated (Mu et al., 2018).

Damage recognition is a key stage of the NER process that
largely determines the rate of DNA repair (Schérer, 2013). It
can be described as a step-by-step process that includes the
primary recognition of damage and its subsequent verification.
The XPC-HR23B-Centrin2 complex, which performs primary
damage recognition for bulky lesions, is sensitive to distortions
of the regular double helix structure and interacts with regions
with disturbed and destabilized hydrogen bonds with increased
affinity. With respect to a less distorting lesion, i.e., cyclo-butane
pyrimidine dimers (CPDs) caused by UV light, the XPC-HR23B-
Centrin2 complex requires in addition the UV-DDB complex for
damage detection (Compe and Egly, 2016).

According to the generally accepted model of “indirect
recognition,” XPC-HR23B does not directly recognize the
damage (Min and Pavletich, 2007; Jain et al., 2013; Schérer, 2013),
rather the damage topology and induced distortions of the regular
DNA structure affect the efficiency of the formation of productive
XPC-DNA complexes (Reeves et al., 2011; Mu et al.,, 2018).
The initial recognition stage is followed by the “contact” stage,
i.e., verification of the presence of a bulky modification. This
is the catalytic stage that involves the ATP-dependent helicase
subunits of the TFIIH factor, which display an increased affinity
for the XPC-DNA complexes (Aratjo et al.,, 2001). One of the
key players in this verification stage is the 5'— 3’ helicase XPD. It
is assumed that XPD within TFIIH engages with DNA. Subunit
p44 directly stimulates XPD’s 5 to 3’ helicase function. When
XPD encounters the damage, its helicase activity is inhibited and
XPD is immobilized on DNA, thus finally marking the damage
(Naegeli et al., 1993; Coin et al., 2007; Oksenych and Coin, 2010;
Buechner et al., 2014; Wirth et al., 2016).

XPD belongs to the SF2B family of helicases and consists
of two RecA like helicase domains (HD1 and HD2), an
Arch-domain, and a 4Fe4S-cluster domain. A significant
understanding of the structural organization and mechanism of
the action of human XPD was achieved through the analysis of
its archaeal orthologs.

The structural and biochemical analysis of the complex of
XPD from the Thermoplasma acidophilum protein (taXPD)
with DNA in combination with functional mutagenesis made it
possible to propose a model of DNA binding in which DNA
binds parallel to the HD1 and HD2 domains. HD2 contains a
high-affinity ssDNA binding site that might serve as an initial
binder. The continuation of the strand toward HD1 leads the
DNA to a pore-like feature, which has been suggested to assume
the function of a lesion recognition sensor and is formed by
HDI1, the Arch domain, and the 4Fe4S domain. After passing
the pore, DNA may further bind to a basic groove that is
formed by HD1 and the 4Fe4S domain (Kuper et al., 2012; Pugh
et al., 2012; Constantinescu-Aruxandei et al., 2016). Recently,
this model was further validated by a cryo-EM structure, where
human XPD assumed a similar orientation with a bound DNA
fragment, thus indicating that DNA binding to XPD is highly
conserved (Kokic et al., 2019). Based on these analyses, it has

been proposed that the rate of DNA unwinding decreases when
the damaged unit of the strand interacts with the sensor pocket,
i.e., an “immobilization” of XPD takes place at this point. The
effect of the damage-induced decrease in the helicase activity was
first demonstrated for its yeast homolog Rad3 (Naegeli et al.,
1993). Further comparative mutagenesis studies showed that the
location of the sensory pocket in human XPD (hXPD) coincided
with its location in taXPD (Mathieu et al., 2013). However,
some data suggest that bulky damages do not affect the archaeal
helicase activity (Rudolf et al., 2009). There may be several
reasons for this discrepancy. Despite the similarity of the domain
architecture, XPDs from archaea function as isolated monomers,
whereas eukaryotic lesion verification requires the presence of the
multiprotein complex TFITH, with XPD being one of the subunits
in this complex.

The XPD helicase from the eukaryotic fungus Chaetomium
thermophilum was recently utilized as a model to study hsXPD.
This helicase, like the human protein, functions as a part of the
protein TFIIH complex. It has been shown that the activity of
ctXPD is tightly regulated by the interaction with the TFIIH
subunits ctp44 and MAT1 (Kuper et al., 2014; Peissert et al.,
2020). Ctp44 directly activates the ATPase function of ctXPD;
meanwhile the presence of ctp44 does not alter the ctXPD affinity
for DNA significantly (Kuper et al., 2014).

In this work, we characterized the interaction of ctXPD
and the ctXPD-ctp44 complex with model DNA substrates,
which contained bulky damages in the translocated strand.
The structures of the DNA model lesions are shown in
Supplementary Figure 1S and the DNA sequences are listed
in Supplementary Table 1S. Our data indicate that the high
efficiency of the NER-catalyzed excision of the bulky damage
from DNA are associated with a high affinity of c¢tXPD to the
damaged translocated strand. The experiments were performed
using DNA that contained photoactivatable bulky damages. Our
data show that both ctXPD and ctp44 interacted with the damage
in the translocated strand and formed covalent adducts with the
damage, which indicates that also the latter TFIIH subunit might
assume additional functions at the stage of damage verification.

MATERIALS AND METHODS

Materials

All synthetic oligonucleotides were synthesized in the
Laboratory of Biomedical Chemistry (ICBEM SB RAS,
Russia). Amidophosphites for nFlu- and nAnt-containing
oligonucleotides were synthesized as described (Evdokimov
et al, 2013). [y-32PJATP (3000 Ci/mmol), [a->*P]ATP (3000
Ci/mmol) was from the Laboratory of Biotechnology (ICBFM
SB RAS, Russia). T4 polynucleotide kinase, Taq polymerase, and
T4 DNA ligase were from Biosan (Novosibirsk). Fab(g)-dCTP
and Fap-dCTP were synthesized as described (Dezhurov et al.,
2005; Safronov et al., 1997). Recombinant rat DNA polymerase
B (Pol P) was purified mainly according to Goldman and
Baseman (1980) using plasmid kindly gifted by Dr. S. H. Wilson
(National Institute of Environmental Health Sciences, NIH,
NC, United States).
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5'-End 32P-Labeling and Purification of

Oligodeoxyribonucleotides

y-[3?P]-ATP (3000 Ci/mmol) was produced at ICBFM SB
RAS. Oligodeoxyribonucleotides were 5'-[*2P] phosphorylated
with T4 polynucleotide kinase and purified by polyacrylamide
7.0 M urea gel electrophoresis as described in Evdokimov
et al. (2013) and Lukyanchikova et al. (2018) followed by
electroelution and precipitation with 2% solution of LiClO4
in acetone. The precipitated oligodeoxyribonucleotides were
dissolved in 10 mM Tris-HCI (pH 8.0) and 1 mM EDTA. A NER-
competent extract of CHO cells was isolated mainly according to
(Reardon and Sancar, 2006).

Protein Expression and Purification

CtXPD was cloned in the pBADMIllvector and ctp44 (1-
285, in the following referred to as ctp44) was cloned in
the pETMllvector (EMBL-Heidelberg). Both proteins were
expressed as N-terminally His-tagged proteins in Escherichia coli
CodonPlus (DE3)-RIL cells (Stratagene). For expression, ctXPD
cells were grown in TB medium at 37°C until they reached an
ODg value of 1.2-1.4. Expression was initiated with the addition
0f 0.02% L-arabinose and performed at 15°C for 18 h.

The cells for expression of ctp44 (1-285) were grown as
described for ctXPD and expression was started by adding
0.5 mM IPTG at an ODgq value of 1.1-1.2 and performed at
15°C for 18 h.

CtXPD and ctp44 were purified using the chromatographic
procedures described previously (Kuper et al., 2014) with several
modifications. For the ctXPD purification, all buffers were
degassed with argon. Metal affinity chromatography (HisTrap
HP column, GE Healthcare) was performed followed by size
exclusion chromatography (Sephacryl 16/60, GE Healthcare)
(20 mM HEPES pH 7.5, 150 mM NaCl) and an additional anion
exchange chromatography (AEC) step in the case of ctXPD. AEC
was performed using a MonoQ 5/50 GL column (GE Healthcare)
with 20 mM HEPES, pH 7.5, 50 mM NaCl, and 1 mM TCEP as
loading buffer. The same buffer containing 1 M NaCl was used
for gradient elution (0-50%) using 40 column volumes. The final
buffer after AEC contained 20 mM HEPES, pH 7.5, 250 mM
NaCl, and 1 mM TCEP.

Fluorescence Anisotropy Assay
DNA binding was analyzed by fluorescence anisotropy
using the DNA substrates shown in
Supplementary Table 1SA. The assay was carried out in a
buffer containing 20 mM HEPES pH 7.5, 30 mM KCI, 5 mM
MgCly, and 1 mM TCEP supplemented with 10 nM DNA
at room temperature. CtXPD and ctp44 were used at a 1:1
stoichiometric ratio at concentrations of 5 to 1500 nM as
indicated. Fluorescence was detected at an excitation wavelength
of 540 nm and an emission wavelength of 590 nm with a
Clariostar plate reader (BMG Labtech, Germany).

The estimations have been performed according to the
formula:

measurements

I — 1L

P = 1000 * ,
I 1L

where P is Polarization (mP), I|| is the intensity of the detected
light when the excitation and emission polarization is parallel
and I L is the intensity of detected light when the excitation and
emission polarization is perpendicular.

In vitro ATPase Assay
CtXPD ATPase activity was measured with the in vitro ATPase
assay, in which ATP consumption is coupled to the oxidation of
NADH via pyruvate kinase and lactate dehydrogenase activities
(Kuper et al, 2014). The activity profiles were measured at
37°C in 100 pL solution containing 1.5 U pyruvate kinase,
1.9 U lactate dehydrogenase, 2 mM phosphoenolpyruvate, and
0.15 mM NADH, 10 mM KCI, 1 mM MgCl,, 1 mM TCEP, and
20 mM Tris-HCI (pH 8.0). We used different damage containing
DNA substrates with a 5'-overhang and a Cy3 label at the 3’-end
of the translocated strand and a Dabcyl modification at the 5'-
end of the opposite strand (Supplementary Table 1SB). DNA was
added at a final concentration of 250 nM.

The assay was carried out at saturating concentrations of ATP
(2 mM). CtXPD and ctp44 were used at a 1:1 stoichiometric ratio
with final concentrations of 250 nM. The reaction was initiated
by the addition of ATP. For the ctXPD activation by ctp44
increasing concentrations of ctp44 (4 to 1000 nM) were added
to 250 nM ctXPD in the presence of 1 uM ssDNA substrate.
The activity profiles were measured at 340 nm using a Clariostar
plate reader (BMG Labtech). The initial rates were recorded
and the ATP consumption was determined using the molar
extinction coefficient of NADH. The measurements were carried
out in triplicates with at least two different protein batches.
The MARS software package (BMG Labtech) was used for the
analysis of the data.

Photo-Cross-Linking of ctXPD and ctp44
to Photoactivatable DNA Probes

Photo-cross-linking was performed in the reaction mixture (20-
30 wL) that contained a photoreactive 120-250 nM 5'-[32P]-
labeled DNA probe (Supplementary Table 1SC), 200-500 nM
ctXPD, and 100-200 nM ctp44 in the buffer for modification
(20 mI HEPES, pH 7.5, 50 ml KCl, 5 mM MgCl,, and
1 mM TCEP). The experiments were carried out both in the
presence and in the absence of 2.5 mM ATP. The samples were
exposed to UV irradiation (312 nm) in a BIO-LINK®BLX (Vilber
Lourmat, France) for 10 min at 1 J/cm?*min. The mixtures were
supplemented with 4x Laemmli loading buffer, heated to 90°C for
10 min and the products were analyzed by SDS-PAGE (Laemmli,
1970). The gels were dried and subjected to autoradiography for
quantification using a Typhoon FLA 9500 (GE Healthcare) and
the Quantity One software.

RESULTS

Affinity of ctXPD-ctp44 for Damaged

DNAs
The quantification of the interaction of ctXPD-ctp44 with model
ssDNA was obtained by fluorescence anisotropy measurements

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2021 | Volume 9 | Article 617160


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Petruseva et al.

XPD Interaction With DNA Damages

— — -—
H (o] (o]
o o o
1 1 1

120 4

i L}
:
A
a_. .o"
.
\

-
o
o

--e-- control
-m- NFlu
- NANt
¥ Fap-dC

mPolarization, mP

representing the SD from at least three repeats.

log [XPD-p44] nM

FIGURE 1 | Affinity of ctXPD-ctp44 to ssDNAs containing bulky damages. Fluorescence polarization measurements were used to determine the affinity of various
DNA substrates to ctXPD at increasing concentrations. Data were plotted and fitted in GraphPad and presented here as normalized values with error bars
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(Figure 1). The introduction of bulky damages into DNA
increased the affinity of ctXPD-ctp44 for modified DNA as
compared to control DNA containing no damage. The ECsg
values are presented in Table 1. CtXPD-ctp44 exhibits an ECsg
of 500 for undamaged DNA. A 2.5 fold affinity increase was
observed for ss-Fap-dC-DNA with a ECsp of 200 nM. Ss-
nAnt-DNA led to an almost 8-fold higher affinity with a ECsq
of 63 nM. Noteworthy, the tightest binding with a 166-fold
higher affinity (3 nM) was observed with ssDNA containing
the nFlu damage.

In a separate series of experiments, we compared the binding
affinity of ctXPD-ctp44 for ss-Fab(g)-dC- and ss-Fap-dC-DNA.
The ECsp values obtained are presented in Supplementary
Table 2S; the titration curves and the experiment description are
presented in Supplementary Figure 3S.

ATPase Activity of ctXPD-ctp44 Relative

to Damaged DNA Substrates

To investigate the influence of the modified DNA on ctXPD
activity, we performed ATPase studies with the modified DNA
as substrate. To ensure that under the investigated conditions
ctXPD and ctp44 form a productive complex, we titrated
increasing amounts of ctp44 onto 250 nM ctXPD in the
presence of 1 WM DNA. The resulting activation curve yielded
an ECsp of 82 nM and full ctXPD activation at equimolar
conditions indicating full complex formation (Figure 2).
We therefore performed the subsequent experiments using
equimolar concentrations of ctp44 and ctXPD. Interestingly, the
ATPase activity of ctXPD-ctp44 was only slightly increased in
the presence of damaged DNA compared to undamaged DNA
(Table 1). This indicates that ATPase activity is not negatively
affected by DNA damage. The minor change in activation
depending on the used substrate could indicate that XPDs ATPase

might be further stimulated by the modified DNA which would
be in line with the enhanced binding of the substrate.

Affinity Modification of ctXPD and ctp44
Proteins Using Photoactivatable DNA

Probes

To select reaction conditions for the photo-cross-
linking experiments, we first examined ctXPD binding
to modified and unmodified ss- and ds-DNAs by EMSA
(Supplementary Figure 2S). Based on the data obtained,
the range of ctXPD concentrations was selected for affinity
modification experiments.

We compared the cross-linking efficiency of ctXPD to
DNA probes containing the unrepairable and repairable
photoactivatable damages, i.e., Fap-dC and Fab(g)-dC,
respectively (Figure 3A). The photo-cross-linking of ctXPD
to ss- and ds-DNA demonstrated that the products of ctXPD-
DNA photo-cross-linking were formed three times more
efficiently when the ssDNA probes were used. A higher yield

TABLE 1 | Characteristics of the interaction of ctXPD and ctp44 with DNAs
containing bulky lesions, eliminated by NER with different efficiencies.

DNA damage ECs5p (ctXPD- ATPase NER catalyzed specific
ctp44-ssDNA), activity, excision, 137 bp dsDNA
nM relative units relative units
umbDNA 500 + 3 1 0
Fap-dC 200 £+ 2 11+£02 0*
nFlu 3+1 1.3+0.1 1.0
nAnt 63 £ 1 1.4+£03 1.2%

*Maltseva et al. (2007).
**Evdokimov et al. (2013).
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of cross-linked ctXPD when using a single-stranded DNA
probe is a rather expected result, since the higher affinity of
ctXPD for single-stranded DNA is accompanied by a longer
residence time of the protein on the ssDNA probe. Next, we
analyzed the cross-linking of the proteins with fs-Fap-dC- and
fs-Fab(g)-dC-DNA probes with a 5'-overhang (16 nt) and ds
fragment (38 bp) containing the photoactivatable damages (fs
designates “fork structure”). The [*2P]-label was attached to the
5’-end of the ss 5'-overhang.

Under the conditions used, ctXPD formed a major
covalent adduct with the fs probes, which displayed the
same electrophoretic mobility both in the presence and in the
absence of ATP and ctp44 (Figure 3B). In all the experiments
DNA bearing the repairable Fab(g)-dC were more effective
as cross-linking probes. The level of ctXPD cross-linking was
influenced by the presence of ATP and ctp44.

The minimal levels of ctXPD cross-linking with fs DNA probes
in the absence of both ATP and ctp44 (Figure 3B, lanes 2, 8; 3C)
presumably results from ctXPD interaction with photoactivatable
damages located in the double stranded area of the DNAs.
Addition of ATP to ctXPD increased the level of the ctXPD
adducts formed with fs-Fab(g)-DNA by a factor of 2.1 but did
not enhance ctXPD adduction with fs-Fap-dC-DNA (Figure 3B,
lanes 3, 9; 3C). Addition of ATP to ctXPD-ctp44 promoted the
cross-linking of ctXPD to fs-Fap-dC-DNA (by a factor of 2.6) and,
to a lesser extent, to fs-Fab(g)-dC (by a factor of 1.8) (Figure 3B,
lanes 5, 6, 11, 12; 3C).

Our analysis also showed, that the ctp44 protein formed
adducts with both photoactivatable fs-DNAs with high efficiency
in the absence of ctXPD and ATP in the reaction mixtures. The
presence of ctXPD decreased the photo-cross-linking of ctp44

in the absence of ATP. However, in the presence of ATP and
ctXPD, the efficiency of the cross-linking of ctp44 increased by a
factor of about 2.0 compared to that in the mixture without ATP
(Figure 3B, lanes 5-6, 11-12).

DISCUSSION

The NER system exhibits an extremely broad substrate specificity,
wherein the efficiency of the damage removal varies by orders of
magnitude. The study of the relationship between the structure of
the damages and the rate of its elimination is important both for
the prevention of accelerated accumulation of mutations in the
cells and the development of methods to increase the effectiveness
of chemotherapy or complex cancer therapy by the accumulation
of induced DNA damages (Kiwerska and Szyfter, 2019).

In this work, we studied the efficiency of protein-DNA
interaction utilizing a series of different bulky DNA damages
and the ctXPD-ctp44 protein complex from C. thermophilum
(Kuper et al., 2014). XPD is thought to be the main sensor
for the verification of bulky damages. However, the important
role in the damage verification process is distributed between
the subunits of core TFIIH including p44, which directly
interacts with XPD and modulates its activity (Coin et al., 1998;
Kuper et al.,, 2014).

A comparison of the binding of ctXPD-ctp44 to ssDNAs that
contained the Fap-dC, nAnt, and nFlu damages to unmodified
DNA (umDNA) showed that the affinity of ctXPD-ctp44 for
these DNAs (Table 1) increased as follows: umDNA < Fap-
dC-DNA < nAnt-DNA < < nFlu-DNA. These results correlate
well with the reported removal of these damages within the
NER cascade. Recently it has been shown that the efficiency of
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FIGURE 3 | Photo-cross-linking of DNA probes to ctXPD and ctp44. (A) Autoradiogram of a SDS-PAGE gel after ctXPD cross-linking product separation. ss- or
ds-Fab(g)- dC-, ss- or ds-Fap-dC-DNA were used as DNA probes. Reaction mixtures containing 200 nM ctXPD, 100 nM ss-Fab(g)-dC (lanes 1, 2), ds-Fab(g)-dC
(lanes 3, 4), ss-Fap-dC (lanes 5, 6) or ds-Fap-dC (lanes 7, 8), 2.5 mM ATP (lanes 2, 4, 6, 8), and buffer components were analyzed by electrophoresis in a 10%
polyacrylamide gel. (B) Autoradiogram of a SDS-PAGE gel after ctXPD /ctp44 cross-linking products separation. fs-Fap-dC- or fs-Fab(g)-dC-DNA were used as
DNA probes. Reaction mixtures contained 120 nM fs-Fap-dC- (lanes 1-6) or fs-Fab(g)-dC-DNA probe (lanes 7-12), 200 nM ctXPD (lanes 2, 3, 5, 6, 8, 9, 11, 12),
200 nM ctp44 (lanes 4-6, 10-12) and buffer components. The experiments were carried out both in the presence (lanes 3, 6, 9, 12) and absence of 2.5 mM ATP,
The samples were analyzed by electrophoresis in a 10% polyacrylamide gel. (C) The dependence of photo-cross-linking efficiency of ctXPD on the type of DNA
probe and the presence/absence of ctp44 and ATP in the reaction mixture. The efficiency of ctXPD cross-linking to fs-Fap-dC-DNA in the absence of ctp44 and ATP
was taken as 1. Error bars represent the SD from triplicate measurements.

the removal of Fab(g)-dC from DNA was about half of that
observed for the nFlu and nAnt damages (Lukyanchikova et al.,
2016), and the Fap-dC damage was almost unrepaired (excision
efficiency increased in a row: umDNA~Fap-dC-DNA < < nFlu-
DNA < nAnt-DNA (Evdokimov et al., 2011, 2018). The NER
system removes the bulky nFlu and nAnt damages from DNA
with almost the same high efficiency. However, the data obtained
in this work have shown that the affinity of ctXPD-ctp44 for
ss-nFlu-DNA (ECs50~3 nM) is much higher than for ss-nAnt-
DNA (ECs50~60 nM). According to the results of computer
simulations, the presence of the Flu moiety in dsDNA can
lead to several changes in the DNA structure, which reduce
the likelihood of a productive XPC-DNA complex formation
(Evdokimov et al., 2018).

Thus, it can be assumed that good substrate properties of nFlu-
containing DNA in the NER process are determined by the high
affinity of ctXPD-ctp44 for DNA containing this damage. Despite
the fact that the ATPase activity of ctXPD-ctp44 was increased in
the presence of damaged DNA compared to undamaged DNA,
the observed differences are small. In the case of ssDNA induced
ATPase activities the small changes that we observed could hint at
different ATPase activation, but the major information regarding
specificity should be inferred from the binding data.

Affinity cross-linking of ctXPD and ctp44 with DNA
probes of different structures containing the photoactivatable
damages revealed different interaction capabilities of these
proteins with Fap-dC-DNA and Fab(g)-dC-DNA. The results
on the photo-cross-linking of c¢tXPD to ss- and ds-Fap-dC-
DNA correlate well with the data on the higher affinity of
ctXPD to ssDNA (Kuper et al., 2014). The increased affinity
permits a longer residence time of XPD on the ssDNA probe,
which promotes the formation of covalent adducts. In contrast
to unrepaired Fap-dC, the Fab(g)-dC damage is removed
from DNA quite effectively (Evdokimov et al, 2011). The
simultaneous presence of ATP and ctp44, which promotes the
activity of ctXPD by about an order of magnitude (Kuper
et al., 2014), levels the difference between the yields of ctXPD
adduction. The increase of the proteins photo-cross-linking
level may result from specific structural changes in the ctXPD-
ctp44 complex.

Our results confirm the important role of p44 in the
verification of damaged DNA by XPD. These results indicate that
p44 interacts with damaged DNAs. This assumption is partially
supported by the recently published data (Barnett et al., 2019) on
the interaction of the 944-p62 heterodimer with DNA and will
be the subject of further research.
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Despite significant achievements in the elucidation of the nature of protein-DNA contacts
that control the specificity of nucleotide incision repair (NIR) by apurinic/apyrimidinic
(AP) endonucleases, the question on how a given nucleotide is accommodated by
the active site of the enzyme remains unanswered. Therefore, the main purpose of our
study was to compare kinetics of conformational changes of three homologous APE1-
like endonucleases (insect Drosophila melanogaster Rrp1, amphibian Xenopus laevis
xAPE1, and fish Danio rerio zZAPE1) during their interaction with various damaged DNA
substrates, i.e., DNA containing an F-site (an uncleavable by DNA-glycosylases analog
of an AP-site), 1,\6-ethenoadenosine (A), 5,6-dihydrouridine (DHU), uridine (U), or the
a-anomer of adenosine (aA). Pre-steady-state analysis of fluorescence time courses
obtained for the interaction of the APE1-like enzymes with DNA substrates containing
various lesions allowed us to outline a model of substrate recognition by this class of
enzymes. It was found that the differences in rates of DNA substrates’ binding do not
lead to significant differences in the cleavage efficiency of DNA containing a damaged
base. The results suggest that the formation of enzyme—substrate complexes is not
the key factor that limits enzyme turnover; the mechanisms of damage recognition and
cleavage efficacy are related to fine conformational tuning inside the active site.

Keywords: DNA repair, apurinic/apyrimidinic endonuclease, abasic site, target nucleotide recognition, pre-steady
state kinetics

INTRODUCTION

The maintenance of DNA integrity is ensured by repair enzymes that recognize, remove, and restore
the structure of damaged DNA regions (Friedberg et al., 2006). One way to remove nonbulky
damaged bases is the base excision repair (BER) pathway, which is initiated by numerous damage-
specific DNA glycosylases (Gros et al., 2002; Fromme et al., 2004). The removal of damaged bases
from DNA in the first step of BER is coupled to the second step (catalyzed by an AP endonuclease),
intended to remove apurinic/apyrimidinic (AP) sites and 3’-blocking sugar phosphate groups by
the hydrolysis of the phosphodiester bond on the 5’ side of the lesion (Demple and Sung, 2005; Li
and Wilson, 2014). As the result of AP endonuclease action, the formation of a single-nucleotide gap
with 3’-OH and 5'-phosphate end groups takes place, which is necessary for DNA template-directed
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incorporation of an intact nucleotide by DNA polymerase
and DNA ligation of the strand break. It is also known
that AP endonucleases can recognize not only AP-sites but
also various damaged nucleotides such as 5,6-dihydrouridine
(DHU), a-anomers of nucleotides, 1,N°-ethenoadenosine (gA),
uracil (U), and other modified residues (Gros et al., 2004). In
addition, AP endonucleases have 3’-5'-exonuclease (Chou and
Cheng, 2003; Wong et al., 2003; Kuznetsova et al., 2018a) and
endoribonuclease (Barzilay and Hickson, 1995; Berquist et al,,
2008; Barnes et al., 2009; Kuznetsova et al., 2020) activities.

A major human AP endonuclease, human APE1 (hAPEI)
is one of the most studied AP endonucleases. Indeed, multiple
structural data (Gorman et al., 1997; Mol et al., 2000a,b; Beernink
et al, 2001; Manvilla et al, 2013; Tsutakawa et al., 2013;
Freudenthal et al., 2015), kinetic studies (Timofeyeva et al., 2009;
Miroshnikova et al., 2016a,b; Alekseeva et al., 2019a), and a
mutational analysis (Erzberger and Wilson, 1999; Alekseeva et al.,
2020) have made it possible to identify the key stages of the
interaction of hAPE1 with a damaged DNA harboring an AP
site or with damaged (Timofeyeva et al., 2011; Timofeyeva and
Fedorova, 2016; Kuznetsova et al., 2018b; Bulygin et al., 2020) or
undamaged (Kuznetsova et al., 2018a, 2020) nucleotides.

Of note, at present, no three-dimensional structure of an
hAPE1 complex with a DNA substrate containing a damaged
base is available. Nevertheless, crystal structures of hAPE1 bound
to a DNA substrate containing an F-site (an uncleavable-by-
DNA-glycosylases analog of an AP-site) allow to outline amino
acid network contacts that sculpt the DNA conformation in
the DNA-binding site as well as to reveal the amino acid
residues participating in the catalytic reaction (Figure 1; Mol
et al, 2000a,b; Tsutakawa et al., 2013; Freudenthal et al,
2015). The DNA-binding site consists of Arg73, Ala74, Lys78,
Tyr128, Argl56, Argl81, Asn222, Asn226, and Thr268, which
preferentially form hydrogen bonds and electrostatic contacts
with DNA. These contacts induce F-site eversion from the double
helix into the active site of the enzyme. Two amino acid residues,
Argl77 and Met270, are inserted into the DNA helix after the
F-site eversion and stabilize the extrahelical state of the damage.
The damaged nucleotide is placed in the pocket formed by
Asnl74, Asn229, Ala230, Phe266, and Trp280. Another set of
amino acid residues (Asp70, Glu96, Tyrl71, Asp210, Asn212,
Asp308, and His309) is responsible for the coordination of the
cofactor Mg?™ and scissile phosphate group of the damaged
nucleotide. The role of Mg?>* ions in the DNA binding and
catalytic mechanism is still debated (Gorman et al., 1997; Masuda
et al., 1998; Erzberger and Wilson, 1999; Mol et al., 2000b;
Beernink et al., 2001; Oezguen et al., 2007; Lipton et al., 2008;
Manvilla et al., 2013; He et al., 2014; Miroshnikova et al., 2016b;
Alekseeva et al., 2020).

It was demonstrated earlier (Kanazhevskaya et al., 2012)
that the kinetic mechanism of the interaction between hAPE1
and an abasic DNA involves a two-step equilibrium process.
Thermodynamic analysis of DNA-binding stages (Miroshnikova
etal., 2016a) revealed that the formation of the primary enzyme-
substrate complex includes desolvation of polar groups at the
DNA-protein interface and the removal of highly ordered
molecules of “crystalline water” from DNA grooves. It was

assumed that at this stage, bonds are formed between the DNA
and amino acid residues Arg73, Ala74, Lys78, Asn222, Asn226,
Asn229, and Trp280 of the DNA-binding site. Additionally,
intercalating amino acid residues Argl177 and Met270 get inserted
into the DNA grooves. The second stage includes a specific
rearrangement of the initial complex, e.g., flipping of the F-site
into the enzyme active site and stabilization of this state by
residues Arg177 and Met270 via their full insertion into the major
and minor DNA grooves, respectively. Later, it was reported
(Kuznetsova et al., 2018b) that after the insertion of such
damaged nucleotides as €A, a-anomer of adenine (xA), DHU, and
F-site into the enzyme active site, no damage-specific contacts
in the binding pocket are formed between amino acid residues
and the damaged DNA base. Therefore, it has been suggested
that the substrate specificity of hAPE1 is governed by the ability
of a damaged nucleotide to flip out from the DNA duplex in
response to an enzyme-induced DNA distortion (Kuznetsova
et al., 2018b). Recently, it was demonstrated by molecular
dynamics simulations (Bulygin et al., 2020) that the protein
loop containing Asn229/Thr233/Glu236 undergoes significant
damage-dependent reorganization, indicating an important role
of this loop in the recognition of a damaged nucleotide. Indeed,
destabilization of the a-helix containing Thr233 and Glu236 via
a loss of the interaction between these residues greatly increases
the plasticity of the damaged nucleotide-binding pocket and
increases the ability of the hAPE1 active site to accommodate
structurally different damaged nucleotides.

Despite significant achievements in the elucidation of
the mechanisms of target nucleotide recognition by AP
endonucleases and in the understanding of the nature of protein-
DNA contacts that control the specificity of these enzymes vis-
a-vis regular and various damaged nucleotides, the question of
how a particular nucleotide is recognized by the active site of
the enzyme remains unanswered. Therefore, the main purpose
of our study was to compare the kinetics of conformational
changes of three homologous APE1-like endonucleases (insect
Drosophila melanogaster Rrpl, amphibian Xenopus laevis xAPE1,
and fish Danio rerio zZAPE1) during their interaction with various
damaged DNA substrates. As model damaged substrates, we used
DNA duplexes containing an F-site, €A, aA, DHU, or uridine.
It is noteworthy that the catalytic domains of Rrpl, xAPEl,
and zAPE1 all have high amino acid sequence identity with
the catalytic domain of hAPEI, thereby allowing to compare
newly obtained data with the mechanism of substrate specificity
control assumed earlier for hAPE1 (Kuznetsova et al., 2018b;
Bulygin et al., 2020).

MATERIALS AND METHODS

Buffers

Buffers were prepared from reagent-grade chemicals using
double-distilled water. BER buffer consisting of 50 mM Tris-
HCI (pH 7.5), 50 mM KCI, 5 mM MgCl,, 1 mM dithiothreitol,
1 mM EDTA, and 7% of glycerol (v/v). Nucleotide incision repair
(NIR) buffer was composed of 50 mM Tris-HCI (pH 7.5 at 25°C),
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Arg73 Ala7 €75
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FIGURE 1 | The structure of hAPE1 complexed with DNA containing an F-site (Protein Data Bank ID 1DE8). Catalytic amino acid residues Asp70, Glu96, Tyr171,
Asp210, Asn212, Asp308, and His309 (red); amino acid residues of the DNA-binding site Arg73, Ala74, Lys78, Tyr128, Arg156, Arg181, Asn222, Asn226, and
Thr268 (blue); intercalating amino acids Met270 and Arg177 (green); and residues Asn174, Asn229, Ala230, Phe266, and Trp280 forming a damaged base-binding

pocket (yellow) are highlighted, as is the F-site (black).

50 mM KCl, 1 mM MgCl,, 1 mM dithiothreitol, 1 mM EDTA, and
7% of glycerol (v/v). All the experiments were carried out at 25°C.

Oligonucleotides

The synthesis of the oligonucleotides (Table 1) was carried out on
an ASM-800 DNA/RNA synthesizer (Biosset, Russia) by means of
standard commercial phosphoramidites and CPG solid supports
from the Glen Research (United States). The oligonucleotides
were deprotected according to the manufacturer’s protocols
and were purified by high-performance liquid chromatography.
Oligonucleotide homogeneity was checked by denaturing 20%
polyacrylamide gel electrophoresis (PAGE). Concentrations of
oligonucleotides were calculated from their absorbance at 260 nm
(Az60). Oligonucleotide duplexes were prepared by annealing
oligonucleotide strands at a 1:1 molar ratio.

Enzyme Purification

hAPE1 was expressed and purified in its native form without
tags or other modifications as described previously (Daviet et al.,
2007). The enzymes Rrpl (D. melanogaster), xAPE1 (X. laevis),
and zAPE1 (D. rerio) were isolated from Escherichia coli Rosetta2
(DE3) cells transformed with plasmid pET28c carrying an
N-terminal Hisg and a relevant gene. To purify these enzymes
expressed as recombinant proteins, 1 L of culture [in Luria-
Bertani (LB) broth] of E. coli cells carrying the required encoding
vector construct was grown with 50 pg/ml of kanamycin
at 37°C until Agpy reached 0.6-0.7; the expression of the
enzymes was induced overnight with 0.3 mM isopropyl p-D-1-
thiogalactopyranoside. The cells were harvested by centrifugation
(5,000 x g, 10 min) and then resuspended in a buffer (20 mM
HEPES-KOH pH 7.8, 40 mM NaCl, and 0.1% of NP40) followed
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TABLE 1 | DNA substrates used in this study.

Shorthand Sequence

5 -GCTCAFGTACAGAGCTG-3’
3/-CGAGTGCATGTCTCGAC-5
5'—~GCTCAF (aPu) TACAGAGCTG-3'
3/-CGAGTGTATGTCTCGAC-5

F-substrate

F-aPu-substrate

FRET-X-substrate X = F-site, DHU or U 5 ~FAM-GCTCAXGTACAGAGCTG-3'
3/-CGAGTGCATGTCTCGAC-BHQ1-5'
FRET-Y-substrate Y = aA, A 5/-FAM-GCTCAYGTACAGAGCTG-3'
3/~CGAGTTCATGTCTCGAC-BHQ1-5'
5/-FAM-GCTCACGTACAGAGCTG-3'
3/-CGAGTGCATGTCTCGAC-BHQ1-5

Nondamaged DNA

by cell lysis by means of the French press. All the purification
procedures were carried out at 4°C. Each homogenate was
centrifuged at 40,000 x g for 40 min, NaCl concentration in the
supernatant was brought to 250 mM (400 mM in the case of
Rrpl), and the supernatant was passed through a column packed
with 30 ml of Q-Sepharose Fast Flow (Cytiva, GE Healthcare
Life Sciences, United States) pre-equilibrated in the same buffer.
The flow-through fractions containing an enzyme were pooled,
supplemented with 20 mM imidazole, and loaded on a 1-
ml HiTrap-Chelating™ column (Cytiva GE Healthcare Life
Sciences, United States). Bound proteins were eluted with a linear
20 — 500 mM gradient of imidazole. The protein concentration
was measured by the Bradford method; the stock solution was
stored at —20°C.

PAGE Experiments

6-Carboxyfluorescein (FAM)-5-labeled oligonucleotides were
subjected to experiments on separation of cleavage products by
PAGE. AP endonuclease assays with all DNA substrates were
carried out at 25°C in 10 pl reactions containing BER reaction
buffer (in the case of the F-site-containing DNA) or NIR reaction
buffer (in case of aA-, eA-, DHU-, or U-containing DNA). The
substrate concentration chosen for comparing the activity of the
enzymes was 1.0 uM, and the concentration of each enzyme was
1.0 pM as well. The reaction was initiated by the addition of
the enzyme. Aliquots of the reaction mixture were withdrawn,
immediately quenched with 10 pl of a gel-loading dye containing
7 M urea and 25 mM EDTA, followed by heating at 95°C for
3 min, and were loaded on a 20% (w/v) polyacrylamide/7 M
urea gel. PAGE (gel concentration, 20%) was performed under
denaturing conditions (7 M urea) at 55°C and a voltage of
200-300 V. The gels were visualized using an E-Box CX.5
TS gel-documenting system (Vilber Lourman, France), and the
bands were quantified by scanning densitometry in the Gel-Pro
Analyzer software, v.4.0 (Media Cybernetics, United States).

Fluorescence Stopped-Flow

Experiments

Pre-steady-state kinetics were studied by the stopped-flow
technique using an SX20 stopped-flow spectrometer (Applied
Photophysics Ltd., Leatherhead, United Kingdom). The
fluorescence of FAM was excited at 494 nm, and the Forster
resonance energy transfer (FRET) signal was monitored at

wavelengths >530 nm by means of an OG-530 filter (Schott,
Mainz, Germany). Trp was excited at 290 nm, and its fluorescence
emission was monitored at wavelengths >320 nm using a WG-
320 filter (Schott, Mainz, Germany). 2-Aminopurine (aPu)
fluorescence was excited at 310 nm, and its emission was
monitored at wavelengths >370 nm with an LG-370 Corion
filter. The dead time of the instrument is 1.4 ms. Typically,
each trace shown is an average of three or more individual
experiments. Experimental error was less than 5%. Experiments
with a-A-, e-A-, DHU-, and U-containing DNA substrates were
conducted in NIR buffer. Experiments with the F-site-containing
DNA (F-substrate) and a nondamaged DNA duplex were
performed in BER buffer. The solutions containing the enzyme
and substrate were loaded into two separate syringes of the
stopped-flow instrument and were incubated for an additional
3 min at 25°C prior to mixing. The reported concentrations of
reactants are those in the reaction chamber after mixing.

Analysis of the Kinetic Data

The sets of kinetic curves obtained at different concentrations
of the F-substrate during interactions with an enzyme (zAPEI,
xAPEL, or Rrpl) were fitted to the following exponential equation
(Eq. 1) with amplitudes A; and A, and first-order rate constants
kobs1 and kgps, respectively, in the Origin software (Originlab
Corp.):

y = Arexp (—kopsit) + Azexp (—kopsat) + offset (1)

For the linear fits of the change in observed rate constants (kops),
Eqs 2 and 3 were used:

kobsl =k [E] + k_y (2)

where kj and k _; are rate constants for the forward and reverse
reaction, and [E] is the enzyme concentration;

kosz = kcut [E] (3)

where kgt is the rate constant of the irreversible catalytic
step of the enzymatic reaction, and [E] denotes the
concentration of the enzyme.

The sets of kinetic curves obtained at different concentrations
of the non-specific DNA during interactions with an enzyme
(hAPE1, zAPEl, xAPEL, or Rrpl) were analyzed in the DynaFit
software (BioKin, Pullman, WA) (Kuzmic, 1996) as described
elsewhere (Kuznetsov et al., 2012a,b, 2014; Kladova et al., 2018b).

The kinetic curves represent changes in the FRET signal in
the course of the reaction owing to sequential formation and
subsequent transformation of the DNA-enzyme complex and its
conformers. The stopped-flow fluorescence traces were directly
fitted to fluorescence intensity (F) at any reaction time point
(t) as the sum of the intensities of background fluorescence and
fluorescence of each intermediate complex formed by the enzyme
with DNA:

F=F,+ > fi x [ES]; (4)

i=0

where Fj is the background fluorescence or the equipment-
related photomultiplier parameter (“noise”), and f; is the
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molar response coeflicient of the i-th intermediate ES; (i = 0
corresponds to the free protein and i > 0 to the enzyme-
DNA complexes).

Concentrations of each species in the mechanisms are
described by a set of differential equations according to a kinetic
scheme (see section “Results”). The software performs numerical
integration of a system of ordinary differential equations with
subsequent nonlinear least-squares regression analysis. In the
fits, the values of all relevant rate constants for the forward
and reverse reactions are optimized, as are the specific molar
“response factors” for all intermediate complexes.

RESULTS AND DISCUSSION

The Rationale

Previously, it has been proposed that the key factor responsible
for DNA substrate specificity of hAPEI is the ability of a
damaged nucleotide to get everted from a double helix and
to get inserted into the damaged nucleotide-binding pocket
(Kuznetsova et al., 2018b; Bulygin et al., 2020). To verify whether
this mechanism is a common feature of other APE1-like enzymes,
three AP endonucleases from different species were chosen on the
basis of high identity of their C-terminal catalytic domain with
hAPEL1 (Figure 2).

Notably, the N-terminal domains of APEIl-like enzymes
substantially vary in size (Figure 2). Among the tested enzymes,
the largest domain (consisting of 417 amino acid residues) was
found in Rrpl. Moreover, the numbers of basic residues in
N-terminal domains are also considerably higher in Rrpl than
in the other tested enzymes: 20 arginines and 74 lysines in
Rrpl, two arginines and nine lysines in hAPEI, five arginines
and nine lysines in zAPEl, and one arginine and nine lysines
in xAPE1. Analysis of N-truncated variants of hAPE1 revealed
that this lysine-rich region might act by stabilizing the non-
specific association with nucleic acids through electrostatic
interactions (Fantini et al., 2010; Poletto et al., 2013). A loss of
the N-terminal domain influences the stability of both enzyme-
substrate and enzyme-product complexes (Izumi and Mitra,
1998; Chattopadhyay et al., 2006) but does not affect the rates of
initial complex formation or catalysis (Timofeyeva et al., 2009) in
the case of abasic DNA cleavage. By contrast, this domain affects
both the rate of formation and the stability of the initial complex
in the cases of NIR and 3'— 5’ exonuclease activities (Gros et al.,
2004; Daviet et al., 2007; Timofeyeva et al., 2009). Multiple studies
also underscore that the N-terminal domain may functionally
interact with different proteins involved in DNA repair (Kladova
et al., 2018a; Moor et al., 2020; Popov et al., 2020), transcription
(Georgiadis et al., 2008; Kelley et al., 2011; Bazlekowa-Karaban
et al., 2019), and RNA metabolism (Vascotto et al., 2009; Tell
etal., 2010; Poletto et al., 2013). Summarizing the literature data,
we can conclude that the N-terminal domain may be required
for the preliminary low-affinity binding process in search of the
proper lesion in DNA or a cleavage site in RNA and protein—
protein interactions. Therefore, in the present study, we compare
properties of APE1-like enzymes taking into account differences

in the C-terminal catalytic domain, which is responsible for the
specific DNA binding.

An alignment of sequences of the C-terminal catalytic domain
of the four AP endonucleases revealed that almost all DNA-
binding amino acid residues are identical among all these
enzymes, except Argl81 (amino acid numbering corresponding
to hAPE1 sequence), which is replaced by Asn in Rrpl, and
Asn229 is replaced by Thr in xAPEL. Intercalating and catalytic
residues are identical too, with a single substitution of Asp70,
which coordinates a Mg?™ ion, by Ala in the case of Rrpl. It
is worth noting that two amino acid residues of the damaged
base-binding pocket (Asn229 and Ala230) are replaced by Thr
and Pro in xAPE1.

To examine the kinetics of interactions of the AP
endonucleases under study with different DNA substrates,
we employed the stopped-flow fluorescence method. This
method is applied to the research on pre-steady-state kinetics of
different enzymatic systems using various types of fluorescence
(Fischer et al., 2004; Toseland and Webb, 2013; Kuznetsova
et al., 2018b; Kladova et al., 2019). It is important to choose an
appropriate system with which to follow the conformational
changes of the DNA substrate or the enzyme. This is because
the fluorescence signal change resulting from the interactions
between the enzyme and substrate can be rather complex and
likely will differ from one type of fluorescence to another.
Accordingly, it is always useful to study the same reaction by
following the changes in several types of fluorescence. Previously,
a significant amount of data has been obtained on the kinetics
of hAPEI interacting with different substrates by means of the
fluorescence of Trp residues in the enzyme (Timofeyeva et al.,
2009, 2011; Kuznetsova et al., 2018b; Alekseeva et al., 2019b) and
also DNA substrates that contain aPu as a fluorescent nucleotide
analog (Kanazhevskaya et al., 2012; Kuznetsova et al., 2014,
2018a) or an emitter/quencher pair of dyes to measure FRET
(Miroshnikova et al., 2016b; Alekseeva et al., 2019a, 2020). It was
tempting to use the data known for hAPE1 as a reference of all
APEl-like enzymes tested in the present study. Nonetheless, we
were unable to detect significant changes in own Trp fluorescence
intensity of xAPE1, zAPEl, and Rrpl in the reactions with the
F-substrate (Figure 3A). Indeed, the amplitude of changes in the
fluorescence intensity of Trp residues during the interactions
of the AP endonucleases under study with the F-substrate was
extremely small or absent at all when compared with hAPEL.
Of note, hAPE1 contains seven Trp residues (Trp67, Trp75,
Trp83, Trpl19, Trp188, Trp267, and Trp280) that are absolutely
conserved in all the tested AP endonucleases (Figure 2), except
for the absence of Trp83 in Rrpl. It has been suggested previously
that observed changes in Trp fluorescence of hAPEI most likely
reflect conformational changes near the Trp280 residue, which
is situated in the active site of hAPE1 (Miroshnikova et al.,
2016a,b; Kuznetsova et al., 2018b). Even though Trp residues
are conserved in all enzymes, and Trp280 is believed to make a
major contribution to alterations in the intensity of the protein’s
own fluorescence during the enzymatic reaction with a DNA
substrate, the weak changes in the signal most likely indicate a
difference in the conformational mobility of the parts of protein
molecules that contain Trp residues. It can also be assumed
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Rrpl N-domain (1-417) ~-ETKTTVTLDKDAFALPADKEFNLKIC AGL KKDGLQIID 477
hAPE1l N-domain (1-28) --EGPALYEDPPDQKTSPSGKPATLKIC GL IK‘KGL 85
zZAPE1l N-domain (1-54) --EAPILYEDPPEKLTSKDGRAANMKIT GL GL 109
xXAPE1l N-domain (1-29) --EPVVLYEDAPDNVTSADGKKYTLKIS GI IKKQGL 84
* . . Likk kkkk kokkkookk hk.
Rrpl LEEPDIFCLQETKCANDQLPEEVTRLPGY-HP CMP--GGYAGVAIYSKIMPIHVEYG 534
hAPE1l EEAPDILCLQETKCSENKLPAELQELPGLSHQYWSAPSDKEG'SGVGLLSRQCPLKVSYG 145
zAPE1l KEDPDILCLQETKCAEKALPADITGMPEYPHK GSEDKEGYSGVAMLCKTEPLNVTYG 169
xAPE1 EEDPHIMCLQEIKCAEKLLPPDVKDMPEYPHK CPDEKEGYSGVAMLCKDKPLNVTYG 144
* Kk Kkokkkk kk.. . Kkk . X * kK kk kK *ook kK
Rrpl IGNEEFDDVGRMITAEYEKFYLINVYVPNSGRKLVNLEP KLFQAYVKKLDALKPV 594
hAPE1l IGDEEHDQEGHVIVAEFDSFVLVTAYVP AGRGLV-LEYRQ EAFRKFLKGLASRKPL 205
zZAPE1l IGKEEHDKEGRVITAEFPDFFLVTAYVPNASRGLVRLDYRK VDFRAYLCGLDARKPL 229
xXAPE1l IGIEEHDKEGRVITAEFDSFFVIAAYTIPNSSRGLVRLDYRQ VDFRAYLKGLDSKKPL 204
*k kk Kk kkik _kk: |k Jkakky k kk _k: ok k. k. .. ok . kK.
Rrpl VICGDMNVSHMPIDLENPKNNTKNAGFTQEERDKMTELLGL-GFVDTFRHLYPDRKGAYT 653
hAPE1l VLCGDLNVAHEEIDLR!IPKGIKK! GFTPQERQGFGELLQAVPLADSFRHLYPNTPYAYT 265
zAPE1l VLCGDLNVAHQEIDLKNPKGNRKNAGFTPEEREGFTQLLEA-GFTDSFRELYPDQAYAYT 288
xXAPE1l ILCGDLNVAHQEIDLKNPKTNKKTPGFTPQERQGFGELLAE-GYLDSFRELYPDKPSAYT 263
cikkkokkk  kkk _kkk Kk k_ kkk ckk: . kK *okk hkk *k Kk
Rrpl YMANARARNV( DYCLVSERFVPKVVEHEIRSQCLGSDHCPITIFFNI 706
hAPE1l YMMNARSKNV( DYFLLSHSLLPALCDSKIRSKALGSDHCPITLYLAL 318
zZAPE1l YMMNARSKNV( DYFVLSSALLPGLCDSKIRNTAMGSDHCPITLFLAV 341
XAPE1l YMMNARAKNV( DYFVLSKALRPALCDCKIRSKVMGSDHCPITLLMAI 316
hhkkkk hhkk: kkkkkkdkk - .k ckk chkkdkkkdkokk .
FIGURE 2 | An alignment of sequences of hAPE1, XAPE1, zZAPE1, and Rrp1. Catalytic amino acid residues Asp70, GIu96, Tyr171, Asp210, Asn212, Asp308, and
His309 (red); amino acid residues of the DNA-binding site Arg73, Ala74, Lys78, Tyr128, Arg156, Arg181, Asn222, Asn226, Asn229, and Thr268 (bluge); intercalating
amino acid residues Met270 and Arg177 (light green); and residues Asn174, Asn229, Ala230, Phe266, and Trp280 forming the damaged base-binding pocket
(yellow) are highlighted. Conserved Trp residues are indicated by dark green boxes. Asterisks indicate identical residues, colons denote conserved residues, and
dots are residues with at least some physicochemical properties conserved.

that the difference in Trp fluorescence intensity behavior is
dependent on the features of non-specific DNA binding by the
N-terminal domain of enzymes. The role of the N-terminal
domain in damage-specific recognition and formation of the
catalytic complex remains elusive.

The pilot experiments with the F-aPu-substrate containing
aPu next to the F-site (Figure 3B) revealed an increase
in the fluorescence intensity of aPu within the initial 1-s
period. The increase in the fluorescence intensity of aPu
during DNA substrate cleavage was reported earlier for hAPE1
(Kanazhevskaya et al, 2012). Therefore, the obtained traces
for xAPE1 and zAPEl are consistent with fast cleavage of
the F-site by these enzymes. In the case of Rrpl from
D. melanogaster, the increase phase was slower and finalized only
during 300 s, implying that Rrpl possesses a much weaker AP
endonuclease activity.

To follow the conformational changes in DNA by detecting
changes in the FRET signal, we used the FRET-F-duplex with
FAM attached to the 5" end of the damaged strand and a BHQI
quencher residue attached to the 5 end of the complementary
strand. It should be noted that FRET detection has been
previously utilized for the analysis of DNA cleavage activity of
hAPE1 (Alekseeva et al., 2019a, 2020; Kladova et al., 2020).
As shown in Figure 3C, FRET detection revealed a significant

increase in the signal that corresponds to catalytic cleavage of
the F-site for all the tested AP endonucleases. As in the previous
case, F-site cleavage by Rrp1 was notably slower than that by other
AP endonucleases.

Opverall, the comparative analysis of kinetic traces, which
reflect (i) potential conformational variation of the enzyme
molecule after catalytic activity, (ii) environment changes for
a single aPu residue in the substrate, and (iii) the distance
between terminal fluorophores in the duplex substrate, revealed
a difference among the enzymes from the insect D. melanogaster,
amphibian X. laevis, and fish D. rerio and well-studied human
APE1. Despite high identity of the functionally characterized
amino acid residues among all the enzymes, it was found
that Rrpl has a considerably lower AP endonuclease activity.
There are several possible reasons for the slower Rrpl activity
in comparison with xAPE1 and zAPEl. First of all, analysis
of the amino acid residues in the DNA-binding site revealed
that Argl81 (conserved among the tested APE1-like enzymes,
Figure 2) is substituted by Asn in the case of Rrpl. On
the other hand, Rrpl features a substitution of the conserved
Asp70 residue by Ala. Finally, the difference in Trp fluorescence
intensity changes—between the proteins (hAPE1 and the tested
enzymes) with identical spatially located Trp residues in the
catalytic domain—suggests that the N-terminal domain may
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affect conformational mobility of the full-length enzyme. Indeed,
even though the role of the N-terminal domain is unclear, it
should be noted that the slowest enzyme Rrpl has the largest
N-terminal domain among the tested enzymes.

Interaction With a DNA Oligo Containing

an F-Site

To determine the kinetics of interactions between the DNA
substrate containing an F-site (a stable synthetic analog of an
AP-site) and an AP endonuclease (zAPE1, XxAPEI, or Rrpl), a
fixed concentration of the FRET-F-substrate was rapidly mixed
with various concentrations of an enzyme by the stopped-
flow apparatus, and fluorescence was recorded for some time
(Figure 4). All three enzymes yielded similar patterns of the
kinetic traces: a short lag was followed by a fast increase (in
the FRET signal owing to the growing distance between FAM
and BHQ1 residues) corresponding to the catalytic stage of the
enzymatic reaction, and then all fluorescence curves reached a
plateau. It must be noted that the FRET curves in case of xAPE1
featured a small but real instant decrease in the signal in the

initial part of curves up to 10-20 ms (Figure 4A). This decrease
phase most likely reflects the formation of the enzyme-substrate
complex. Nevertheless, a substantial amplitude of the increase
in the signal (reflecting the process of F-site cleavage) made it
difficult to detect changes in the FRET signal (much weaker in
amplitude) related to processes of substrate—enzyme complex
formation in the cases of zZAPEI and Rrpl (Figures 4C,E). This
observation also implies that xAPE1 induces greater bending of
the DNA substrate during the complex formation, and thus the
convergence of FAM and BHQ1 residues makes the decrease in
the FRET signal more detectable.

The enzymatic cleavage of the FRET-F-substrate was generally
completed by 1.0 s in the case of zAPE1 and xAPEl and
continued up to 100 s in the case of Rrpl. The traces were well
fitted to a double exponential Eq. 1 giving both observed rate
constants being linearly dependent on the enzyme concentration.
This fitting yielded the kinetic model depicted in Scheme 1. This
kinetic model is consistent with the time courses in Figure 4 and
contains one equilibrium stage of the substrate binding and an
irreversible catalytic stage. All rate and equilibrium constants
corresponding to this mechanism are given in Table 2. Although
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E, enzyme; S, FRET-F-substrate; ES, enzyme—substrate complex; P, reaction product.

SCHEME 1 | Recognition of the FRET-F-substrate by AP endonucleases.
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the rate constants obtained for the enzyme-substrate complex
formation gave rather similar binding constants K for the three
enzymes, there were significant differences among their catalytic
rate constants. The most rapid k., was observed for the xAPE1
enzyme (3.7 & 0.1 s~ 1), and this constant was only slightly faster
than that obtained for zZAPE1 (2.2 + 0.1 s~ !). Rate constant kca
characterizing catalytic cleavage of the F-site by Rrpl turned out
to be two orders of magnitude slower: 0.040 & 0.001 s~!. Thus,
despite the finding that the overall FRET-F-substrate-binding
process takes place with similar efficacy for zAPE1, xAPEI, and
Rrpl, the catalytic stage of the cleavage reaction is dramatically
slowed down in the interactions with Rrp1. Probably, this loss of
catalytic efficiency is associated with the lack of the Asp70 residue
in the active site of Rrpl; this residue is essential for proper
coordination of Mg?*. This assumption is in agreement with
the reported moderate reduction in hAPE1 AP endonuclease
activity after site-directed mutation D70A is introduced
(Erzberger and Wilson, 1999).

Our data allow us to conclude that the difference in the
N-terminal domain among the enzymes has no effect on the
catalytic complex formation with F-site-containing DNA, in good
agreement with the results obtained previously for the wild
type and an N-terminally truncated version of hAPE1 (Izumi
and Mitra, 1998; Chattopadhyay et al., 2006; Timofeyeva et al,,
2009). Moreover, the similarity of binding constants (Table 2)
among all these enzymes indicates that the RI81N substitution
in the DNA-binding site of Rrpl is also not essential for the
catalytic complex formation with F-site-containing DNA. These
findings are consistent with one study (Freudenthal et al., 2015),
which revealed that wild-type and R181A hAPEI bind to the
substrate with similar affinity. Nonetheless, their binding analysis
with product DNA indicates that the mutant (R181A) enzyme
binds with approximately threefold weaker affinity than that
of the wild-type enzyme, implying that Argl81 participates in
product DNA binding.

TABLE 2 | Rate and equilibrium constants of the interaction of AP endonucleases
with the FRET-F-substrate.

Constant zAPE1 xAPE1 Rrp1
kyx 1076, M~ 151 3.8+04 1542 3.3+0.2
k_q,s " 56+ 0.7 3243 3.6+0.4
Kix 1076, M~1 0.7+02 0.5+ 0.1 09+0.2
Keat, s~ 2.2+041 3.7+ 041 0.040 + 0.001

Data are presented as mean + SD.
Ki = kik — .

Binding of Nondamaged DNA

Crystal structures have shown that in the catalytic complex,
hAPE1l induces DNA bending by approximately 35° (Mol
et al., 2000a,b; Tsutakawa et al., 2013; Freudenthal et al., 2015).
Damaged DNA bending has also been detected in solution by
PELDOR spectroscopy and FRET analysis (Kuznetsova et al.,
2018b; Alekseeva et al, 2019a). Therefore, to resolve the
nondamaged DNA-binding stage, we recorded time-dependent
changes of the FRET signal during DNA binding under the
same conditions as those used for the FRET-F-substrate. For the
nondamaged DNA, changes in the FRET signal were associated
with changes in the distance between the emitter and quencher,
which are located at the opposite ends of the duplex. The FRET
pair of dyes could be spatially close during “endonuclease-type”
complex formation in the same manner as with the damaged
duplex that would lead to DNA bending. Another possible reason
for the FRET signal change is the end of the binding process
resulting in the formation of a “3’-5" exonuclease-type” enzyme-
DNA complex, which causes displacement of the dyes on both
sides of the duplex. On the other hand, the 3'-5 exonuclease
degradation of the duplex was not observed in the selected time
range (10 s, Figure 5), in line with the very slow processing rate of
the blunt-end duplex compared with recessed DNA (Kuznetsova
etal., 2018a; Liu et al., 2021).

When a fixed concentration of the intact DNA duplex was
mixed with various concentrations of the enzymes, an initial
decrease in the FRET signal was observed that was followed
by an increase in the signal for zAPE1, hAPE1, and Rrpl but
not for xAPE1 (Figure 5). The experiments with well-studied
hAPE1 have been conducted to obtain the reference data under
the conditions closest to those used for the enzymes being tested.
In the assay of XxAPE1, only a decrease in the FRET signal was
detectable; it manifested the biggest amplitude change among all
the enzymes, suggesting that the DNA binding by xAPE1 leads to
more pronounced bending of the DNA structure.

Inspection of the time courses obtained for nondamaged-
DNA binding by the AP endonucleases zAPE1, xAPE1, and
hAPE1 revealed that the process was essentially completed within
1 s. The time courses of interactions between intact DNA and
Rrp1 reach a plateau at time points exceeding 10 s, meaning that
the process of DNA binding by Rrp1 proceeded more slowly than
that of the other APE1-like enzymes.

The kinetic curves (Figure 5) were fitted in DynaFit to
calculate rate constants of the DNA-binding steps. The analysis
yielded a minimal kinetic mechanism containing two reversible
steps in the case of enzymes hAPEI, zAPE1, and Rrpl (Scheme
2) but only one-step binding for xAPE1 (Scheme 3). Rate
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constants of forward and reverse reactions in Schemes 2, 3 as
well as the equilibrium constants calculated as the ratio of k;
to k — ; (K; = ki/k _ ;) and the overall association constants
Kgass = K1 x K3 (if there are any) are presented in Table 3.

The formation of the primary enzyme-substrate complex
(EeS); was most effective for zAPEI because forward-reaction
constant k; was the fastest among the enzymes under study
(790 x 10 M~ !s~1) and because reverse reaction constant k _ |
[characterizing the stability of the (EeS); complex] was relatively
slow (7.0 s~1). Another enzyme showing approximately the same
low k _ ; value (5.0 s~1) was xAPE1. Nonetheless, for xAPE1,
forward reaction constant k; (70 x 106 M~1s~1) was one order of
magnitude lower compared with zAPE1, thus making association
constant K; 14 x 10° M~! for xAPE1, while K; for zAPE1l
was almost eifgtfold higher (110 x 10 M~!). Forward reaction
constants k; for Rrpl and hAPE1 were quite similar (120 x 10°
and 180 x 10° M~!s™1, respectively) giving the lowest values
of initial DNA-binding constant K; 2.0 x 10° and 6.0 x 10°
M1, respectively.

Thus, the (EeS); complex resulting from the binding of
the nondamaged DNA by the zAPEI enzyme turned out to
be formed much more efficiently and was the most stable,

with its association constant K; being an order of magnitude
higher when compared with the other enzymes. Association
constants K; are similar between hAPE1 and xAPEI, but K;
for Rrpl is the smallest one. These differences are seen in
FRET signal time courses of these enzymes. The phase of the
initial decrease in the FRET signal ended approximately within
0.02, 0.04, and 0.1 s, respectively, for zAPE1, hAPEIl, and
Rrpl. Even though the phase of fluorescence declines in the
case of XAPEl finished rather late (compared with the other
enzymes), this phenomenon is associated with the absence of
a pronounced phase of a subsequent increase in the FRET
signal characterizing the transformation of the (EeS); complex
to the (EeS); complex. Indeed, the nature of complex (EeS);
requires additional elucidation because the formation of this
complex is not a universal feature of the tested APEl-like
enzymes. Probably, in the interaction with nondamaged DNA,
this complex characterizes the efficiency of enzymes’ binding to
the 3’ end of the duplex in an attempt to start 3’-5'-exonuclease
degradation of the DNA.

Of note, although the forward and reverse constants
[characterizing the transformation of the enzyme-substrate
complex (EeS); into (EeS);] showed almost ninefold differences
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E+S == (E+S), =—= (E*S),

E, enzyme; S, nondamaged DNA; (E-S);, different enzyme—substrate complexes.

SCHEME 2 | Binding of the nondamaged DNA by AP endonucleases hAPE1, zZAPE1, and Rrp1.

k,

-2

SCHEME 3 | Recognition of the intact DNA by xAPET.

E, enzyme; S, nondamaged DNA; (ES),, enzyme—substrate complex.

k

—_—
-

-1

E+S (E*S),

TABLE 3 | Rate and equilibrium constants of the interaction of AP endonucleases
with the nondamaged DNA as determined by nonlinear least-squares regression
analysis of the FRET traces.

Constant zAPE1 xAPE1 Rrp1 hAPE1
kyx 1076, M~'s~" 790 + 60 7045 120 + 30 180 + 20
k_y,87" 7.0+08 50+20 60 + 20 30+7
Kix 1076, M~1 110+ 20 1447 20+ 1.0 6.0+2.0
ko, s 0.18 £ 0.03 - 0.024+0.01  0.08 +0.01
k_p, s 41402 - 0.8+ 0.1 23+041
Ko 0.04 + 0.01 - 0.0340.01  0.04 £ 0.01
Kassx 1078, M~1 50+20 - 0.06 £0.05 02=+0.1

*Ki = kitk — i, Kass = K1 x Kz,

from the k, constant, K, was roughly similar among all
the enzymes except for xAPEl. As a result, differences in
total association constant K, are completely explained by
the differences in association constant K; (characterizing the
efficiency of the initial DNA binding). Overall, it can be
concluded that for Rrpl, the formation of the (EeS), enzyme-
substrate complex was the least efficient among the tested
enzymes; this finding may be related to a possible effect of the
largest N-terminal domain or of substitution R181N in the DNA-
binding site of Rrpl. Therefore, these features of Rrpl could
play some role in the primary-complex transformation during
the interaction with the nondamaged DNA. Nevertheless, in the
case of binding of the DNA containing the F-site (Table 2),
the efficiency of catalytic-complex formation was quite similar
among all the APE1-like enzymes, suggesting that the efficiency
of formation of different complexes and their conformational
transformation are dependent on the nature of the DNA bound
by these enzymes.

Interaction With DNA Containing a

Damaged Base

First of all, the cleavage efficiency of DNA substrates containing
aA, €A, DHU, or uracil (U) by the three nonhuman AP
endonucleases was analyzed by PAGE (Figures 6A-D). As shown

in Figure 6E, all APE1-like enzymes are able to cleave DNA
substrates containing DHU, €A, or U. Unexpectedly, it was found
that Rrp1 is inactive toward aA-containing DNA, whereas xAPE1
and zAPE1 can still recognize this lesion as a substrate. Regarding
the activity of hAPE1 toward various target nucleotides, it has
been reported (Prorok et al, 2013; Kuznetsova et al., 2018b;
Bulygin et al., 2020) that oA is a better substrate than €A and U.
These findings indicate that despite the high identity of active-
site residues among all the tested APE1-like enzymes, they have
individual features of substrate recognition.

To clarify DNA conformational changes in the course of
substrate binding, fluorescence curves reflecting the interactions
of AP endonucleases with different DNA substrates (containing
aA, €A, DHU, or U) were recorded by the stopped-flow
kinetic method (Figure 7). A very low rate of site-specific
DNA cleavage together with interference with 3'-5" exonuclease
degradation of DNA substrates under some conditions with
long reaction time did not let us register the full enzyme
cycle, which includes DNA binding, cleavage, and product
dissociation. Therefore, the experimental limitations did not
allow us to identify a kinetic model for damaged DNA substrates.
All time courses are presented in time intervals up to 10 s
corresponding only to DNA-binding steps because—as was
demonstrated by PAGE—no significant cleavage of these DNA
substrates occurs in the given time interval. Thus, all changes
in the FRET signal depicted in Figure 7 characterize only
the initial binding of the DNA substrate by the enzymes
and subsequent conformational transformation of the enzyme-
substrate complexes. The complexity of the obtained time courses
and a low signal-to-noise ratio in some cases did not permit
precise fitting of the kinetic curves.

The fluorescence time courses recorded for interactions
between the AP endonucleases and DHU-containing DNA
substrate revealed a decrease in the FRET signal followed by
a subsequent increase as in the case of nondamaged DNA
(Figure 7A). The most pronounced changes in the FRET
signal were observed when the DHU-substrate was bound
by zAPEl and xAPEIL. The fast initial decrease in the FRET
signal that proceeds within 0.02 s most likely reflects the
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FIGURE 6 | PAGE analysis of DNA cleavage by APE1-like enzymes during an interaction with the FRET-DHU-substrate (A), FRET-aA-substrate (B),
FRET-¢A-substrate (C), or FRET-U-substrate (D). A comparison of efficacy of model DNA substrates’ cleavage by APE1-like enzymes (E). (Enzyme) = (DNA
substrate) = 1.0 pM. T = 25°C, reaction time = 2 h. S is a substrate, P is a product of DNA chain cleavage, and UT is a sample untreated with an enzyme.

emergence of the primary enzyme-substrate complex. This Fluorescence time courses obtained for the interactions of
phase for Rrpl was at least 10-fold slower and finalized only ~zAPEl and xAPEl with the eA-containing DNA substrate
at time point “0.3 s.” Because of the slow rate of primary- (Figure 7B) showed an initial decrease in the FRET signal
complex formation, the second phase of the FRET signal increase up to time point 0.02 and 0.4 s, respectively, followed by
was also significantly slower for Rrpl when compared with an increase in the signal. For the Rrpl interaction with the
xAPEl and zAPE1. FRET-eA-substrate, only a decrease phase of up to the 10 s
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was detectable. These data revealed that the larger €A base
than DHU base is recognized by APEl-like enzymes with
completely different efficiency. In the assessment of ¢A-DNA
recognition by Rrpl, the initial binding step was expectedly
slower compared with the other enzymes, in agreement with
the data on the nondamaged DNA. Nevertheless, the 20-fold
rate difference between zAPE1 and xAPEL1 revealed a significant
disturbance of €A base recognition in comparison with the
DHU base (Figures 7A,B). As recently reported regarding
hAPE1 (Bulygin et al., 2020), accommodation of a damaged
base in the active-site pocket is associated with a significant
disturbance of the “damage recognition loop,” which includes
residues Asn229, Thr233, and Glu236. An alignment of amino
acid sequences of the tested enzymes (Figure 2) revealed that
Thr233 and Glu236 are fully conserved, whereas Asn229 is
substituted by Thr in xAPEL. It is also worth noting that
the human APEl Asn229 mutant shows significantly weaker
binding to a damaged DNA substrate (Shen and Loeb, 2003;
Izumi et al., 2004). Moreover, Ala230—forming the wall of the
damaged base-binding pocket—is also substituted by the rigid
Pro residue only in XAPE1. Therefore, when interacting with an

abasic nucleotide or even DHU-containing DNA, highly similar
zAPE1 and xAPE1 significantly differ in the rate of formation
of the initial complex and its subsequent transformation during
an interaction with a larger damaged nucleotide containing
the eA base. Moreover, the data obtained about the aA- and
U-containing DNA substrates (Figures 7C,D) uncovered slower
initial complex formation for xAPE1 in comparison with zAPEL.
Indeed, on the one hand, molecular dynamics simulations
(Bulygin et al., 2020) indicate that during the recognition of
various damaged nucleotides, the DNA-binding site of APE1-like
enzymes must undergo conformational changes to accommodate
the nucleotide containing a damaged base. On the other hand,
as reported (Bulygin et al., 2020), the cleavage of aA- and eA-
substrates is more or less efficient because the position of these
bases in the binding pocket does not correspond to optimal
distances between the scissile phosphate group and catalytic
amino acid residues.

The detailed molecular mechanism underlying the control of
specificity to a damaged base requires additional investigation
including site-directed mutational analysis of some enzymes and
global evolutionary analysis of these enzymes to identify possible
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roles of amino acid residues of the enzyme in the mechanism
of substrate recognition. Moreover, the impact of the N-terminal
domain on the DNA-binding properties and ability of enzymes to
recognize different types of damaged bases should be researched
further. Nevertheless, the obtained data support the idea that
the NIR activity of AP endonucleases is a generic function
of these enzymes.

CONCLUSION

In general, our examination of fluorescence time courses—
obtained for the interaction of several APE1-like enzymes with
DNA substrates containing various lesions and a FRET dye pair—
allows us to outline a model of substrate recognition by this class
of enzymes. Binding constants for F-site-containing DNA proved
to be similar among all the assayed AP endonucleases, suggesting
that abasic site recognition by these enzymes most likely is
based on a combination of three “whales”: DNA flexibility, the
ability of the F-site to get flipped out from the duplex, and the
absence of steric hindrances throughout the trajectory of eversion
into the active site of the enzymes. However, Rrpl manifested
a significantly slower rate of the catalytic reaction with F-site-
containing DNA compared with zZAPE1 and xAPEI. This effect
is possibly related to the loss of Asp70, one of the residues that
coordinate cofactor Mg? ™ in the active site. This assumption is in
agreement with the moderately lower AP endonuclease activity
of hAPEL1 carrying site-directed mutation D70A (Erzberger and
Wilson, 1999).

The binding processes leading to the changes in the FRET
signal during interactions with nondamaged DNA and DNA
substrates containing damaged bases are the fastest for ZAPEI,
and the rates of these processes are comparable to those of hAPE1
reported previously (Kuznetsova et al., 2018b; Bulygin et al,
2020). Of note, the substitution of two amino acid residues in
the damaged base-binding pocket (Asn229Thr and Ala230Pro)
in xAPEl in comparison with the other APEI-like enzymes
(hAPE1, zAPE1, and Rrp1) leads to significant differences in the
rates of formation of the initial complex with DNA containing
aA, €A, or U but not the less rigid F-site or the nonplanar
DHU base. For Rrpl, the binding of nondamaged DNA and
DNA substrates containing damaged bases was the slowest. Even
though the substitution of Argl81 in the DNA-binding site by
the Asn residue does not affect catalytic complex formation
in the case of F-site-containing DNA, this mutation may alter
the non-specific binding and recognition of bulkier nucleotides
containing a damaged base. Another possible factor that could
influence the DNA-binding process is the N-terminal domain
of the enzymes under study. Although the role of N-terminal
domains in the DNA binding and recognition of a damaged
base is outside the scope of this study, it is likely that the
lower DNA-binding affinity for nondamaged DNA and DNA
substrates containing damaged bases is linked with differences
in this domain. As suggested for hAPEl, the N-terminal
domain influences the rate of formation of the enzyme-substrate
complex in NIR and 3'—5’ exonuclease reactions (Gros et al.,
2004; Daviet et al, 2007; Timofeyeva et al, 2009) but not

in the case of abasic-DNA cleavage (Izumi and Mitra, 1998;
Chattopadhyay et al., 2006).

Unexpectedly, the differences in the rates of DNA substrates’
binding do not cause significant differences in the cleavage
efficiency of the DNA containing a damaged base, suggesting
that the formation of enzyme-substrate complexes is not the key
factor that limits the enzyme turnover. From this standpoint,
individual site-directed mutations in the active site or the whole
N-domain are not important for the ability of the enzyme to
recognize a damaged base; they can only affect the rate of
complex formation. Our results suggest that the nature of damage
recognition and cleavage efficacy have something to do with
the fine conformational tuning inside the active site. In this
regard, our results on APE1-like enzymes are in agreement with
our findings about hAPE1 (Bulygin et al., 2020): the location
of aA and €A in the binding pocket does not correlate with
the conformation of amino acid residues optimal for catalysis.
Therefore, the conformational rearrangements inside the active
site must be the driving force behind the processes catalyzed by
APE1-like enzymes.

Taken together, our results mean that the activity of AP
endonucleases toward a damaged base-containing DNA is a
common feature of AP endonucleases from evolutionarily distant
species, as initially reported for Nfo from E. coli (Ide et al., 1994;
Ischenko and Saparbaev, 2002; Ishchenko et al., 2004) and later
described for hAPE1 (Gros et al., 2004). It is well known that
hAPE] is an essential enzyme for abasic-site cleavage in the BER
pathway and in transcriptional regulation of genes. Moreover,
a knockout of the APEI gene in mice or even a knockdown
of APE1 activity increases the sensitivity to oxidative stress and
promotes cell death (Xanthoudakis, 1996; Meira et al., 2001;
Huamani et al.,, 2004; Fung and Demple, 2005; Unnikrishnan
et al., 2009) implying importance of this enzyme. On the other
hand, at present, it is still unclear whether inactivation of
which function of this multifunctional enzyme has such serious
consequences. Therefore, our data suggest that the NIR activity of
AP endonucleases is conserved among insects (D. melanogaster),
amphibians (X. laevis), fishes (D. rerio), and humans, indicating
its high importance for cellular processes.
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