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Abstract—The system of base excision repair (BER) ensures correction of the most abundant DNA damages in mammalian
cells and plays an important role in maintaining genome stability. Enzymes and protein factors participate in the multistage
BER in a coordinated fashion, which ensures repair efficiency. The suggested coordination mechanisms are based on for-
mation of protein complexes stabilized via either direct or indirect DNA-mediated interactions. The results of investigation
of direct interactions of the proteins participating in BER with each other and with other proteins are outlined in this review.
The known protein partners and sites responsible for their interaction are presented for the main participants as well as
quantitative characteristics of their affinity. Information on the mechanisms of regulation of protein—protein interactions
mediated by DNA intermediates and posttranslational modification is presented. It can be suggested based on all available
data that the multiprotein complexes are formed on chromatin independent of the DNA damage with the help of key reg-
ulators of the BER process — scaffold protein XRCC1 and poly(ADP-ribose) polymerase 1. The composition of multipro-
tein complexes changes dynamically depending on the DNA damage and the stage of BER process.
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DNA repair defects are related to serious human
hereditary diseases as well as development of cancer and
aging [1, 2]. Investigation of the repair mechanisms is an
important problem, because this area of molecular biolo-
gy is directly related both to understanding of fundamen-
tal mechanisms of maintaining genetic stability of organ-
isms and searching for optimal human anticancer thera-
pies [3]. Defects in the DNA repair system are associated
with cancerogenesis; and at the same time, when
oncotherapeutic approaches based on the targeted dam-
age of DNA in cancer cells are used, the DNA repair sys-

Abbreviations: AP site, apurinic/apyrimidinic site; APE1, AP
endonuclease 1; APTX, aprataxin; BER, base excision repair;
DNALigl/DNALiglllo,, DNA ligase I/I11a; dRp, deoxyribose
phosphate; FAM, 5(6)-carboxyfluorescein; FENI1, flap
endonuclease 1; FRET, Forster resonance energy transfer; HR,
homologous recombination; MMR, mismatch repair; NER,
nucleotide excision repair; NHEJ, nonhomologous end join-
ing; PAR, poly(ADP-ribose); PARP1/PARP2, poly(ADP-
ribose) polymerase 1/2; PNKP, polynucleotide kinase/phos-
phatase; Polf3/Pol5/Pole, DNA polymerase 3/6/€; PTM, post-
translational modification; TDP1, tyrosyl-DNA phosphodi-
esterase 1; TMR, 5(6)-carboxytetramethylrhodamine; XRD,
X-ray diffraction analysis.
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tems must be inhibited. Hence, investigation of the repair
mechanisms is necessary for the development of effective
treatment of cancer. The DNA damaging effects and the
systems restoring its structure are presented schematical-
ly in Fig. 1. The repair systems for damaged bases (BER),
bulk DNA damages (NER), double-strand DNA breaks
(HR; NHEJ), and of mismatched bases (MMR) are
examples of such systems. One of the most important
DNA repair systems in human cells is base excision repair
(BER), which ensures correction of the most abundant
damages — modified nitrogenous bases and
apurinic/apyrimidinic (AP) sites [3, 4]. Repair of single-
strand DNA breaks occurs with participation of the
enzymes and factors of the BER system and is considered
as a separate pathway of this process [5].

DNA BASE EXCISION REPAIR: MAIN STAGES
AND PARTICIPANTS OF THE PROCESS

The processes of repair of damaged bases and breaks
in one DNA strand are presented schematically in Fig. 2.
The damaged bases are removed by DNA glycosylases
specific to the certain type of damage. Intact or cleaved
(according to mechanism of - or /6-elimination) AP
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site is formed by the action of mono- or bifunctional DNA
glycosylases, respectively [6]. The intact AP site is
hydrolyzed by AP endonuclease 1 (APE1); next, DNA
polymerase B (Polf}) excises the deoxyribose phosphate
residue (dRp) at the 5'-end of the break by its dRp-lyase
activity. Terminal blocking groups in the products of
action of bifunctional DNA glycosylases are removed by
the phosphatase activity of polynucleotide kinase/phos-
phatase (PNKP) or 3’'-phosphatase and 3’-phosphodi-
esterase activities of APE1. The one-nucleotide gap is
filled by DNA polymerase activity of Polf. The last
stage — restoration of chain integrity — is catalyzed by
DNA ligase I1Ia (DNALigllla) involving ATP. This main
base repair pathway is known as a short-patch repair. In
the case of modification of the 5'-dRp residue, which is
impossible to remove by Polf3 lyase activity, another path-
way is realized — long-patch repair. DNA strand displace-
ment synthesis is initiated by Polf3 and continues catalyzed
by replicative DNA polymerases 6 and € (Pold, Pole). The
flap structure produced in this synthesis is removed by the
flap endonuclease 1 (FEN1) with its activity stimulated by
the PCNA replication factor, and finally the break is ligat-
ed by DNA ligase I (DNALigl). Another mechanism of
the gap translation has been suggested; in this case the
extended flap is not formed, FEN1 sequentially removes
nucleotides at the 5'-end of the break, and the formed gap
is filled by activities of Polf} or PolA [7, 8].

Repair of single-strand breaks in DNA involves the
following steps: 1) detection of the break; 2) removal of

blocking groups; 3) filling the gap, and 4) ligation of the
break (Fig. 2). Poly(ADP-ribose) polymerase 1 (PARPI1)
detects breaks in DNA; APE1, PNKP, aprataxin (APTX),
and tyrosyl-DNA phosphodiesterase 1 (TDP1) partici-
pate in unblocking of 3’'- and 5'-ends in breaks; gap filling
and ligation are catalyzed by the same set of enzymes that
participate in the respective steps of the short-patch
repair of the damaged DNA bases. PARP1 is activated via
interaction with the damaged DNA,; it catalyzes the syn-
thesis of poly(ADP-ribose) (PAR) and modification by
covalent attachment of PAR polymer to the PARP1 itself
and other proteins involved in the repair. The X-ray repair
cross-complementing protein 1 (XRCC1) is considered
as a main target of poly(ADP-ribosyl)ation in the BER
process. It has been suggested that PARP1 plays the main
role in attracting XRCC1 protein to the damages of chro-
mosomal DNA [5, 9]. XRCC1 does not exhibit any enzy-
matic activity and is considered as a scaffold for organiza-
tion of the BER complex and repair of single-strand
breaks in DNA. PARP2 is another enzyme from the
PARP family that catalyzes synthesis of poly(ADP-
ribose) following binding with the single-strand break in
DNA [10]. It was shown that parpl gene knockout
increased the sensitivity of cells to DNA-damaging agents
[11], while parp I and parp2 double knockouts caused early
embryonic lethality [12]. These data indicate the impor-
tant role of both enzymes in the repair processes. The role
of PARP2 and possibility of synergetic action of PARP1
and PARP2 in BER processes has been the subject of
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intensive investigation recently. The synthesis of
poly(ADP-ribose) is a regulated process: degradation of
this polymer in cells is mediated by the enzyme
poly(ADP-ribose) glycohydrolase (PARG) [13]. Another
important role of PARP1 related to its participation in
DNA repair is remodeling of chromatin structure via
poly(ADP-ribosyl)ation of histones and binding of the
remodeling proteins with the synthesized PAR polymer
[14].

Coordinated action of the enzymes catalyzing sepa-
rate stages of the multistep BER process is required for
efficient repair of damaged DNA. One of the models sug-
gested previously — the “passing the baton” — involves
transfer of the damaged DNA during repair from one
enzyme to another, which is likely accompanied by for-
mation of dynamic protein complexes at the site of DNA
damage [15, 16]. This model is based on numerous data
on the mutual effects of BER enzymes on their activity
[15, 17]. This model adequately describes the stimulating
effect of APE1 on catalytic activity of DNA glycosylase
OGG1, which was investigated in detail using kinetic
methods [18]. Another mechanism of coordination sug-
gests formation of multiprotein complexes (so-called
repairosomes) involving enzymes of the repair process
and proteins with scaffolding function [17]. XRCCl is an
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example of such protein that does not have enzymatic
activity. Most likely, both mechanisms are used for coor-
dination of the repair process. Many experimental facts
suggesting interactions of enzymes and protein factors
involved in the BER process count in favor of the exis-
tence of “repairosomes” organized from proteins inde-
pendent of the DNA damage.

DIRECT PROTEIN—PROTEIN INTERACTIONS
OF THE MAIN BER PARTICIPANTS

Direct physical interactions have been demonstrated
for many proteins participating in BER, and their binding
sites have been localized in structural domains (table).
Interactions of the XRCCI1 protein with partners have
been characterized in the greatest detail. This protein
consists of three structural domains (NTD, BRCTa, and
BRCTb) linked with disordered fragments (linkers XL1
and XL2), one of which (XL1) contains a nuclear local-
ization signal [22]. The availability of two BRCT domains
with their main function of association with other pro-
teins [53] and the DNA-binding domain (NTD) creates
prerequisites for the main function of the XRCC1 protein
as a structural organizer of “repairosomes”. Interestingly,

DNA with single-strand break
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Fig. 2. Schematic representation of repair pathways for damaged bases and single-strand DNA breaks. Protein designations are described in
the text. Designations of blocking groups in DNA are as follows: PUA, 3'-phospho-a,-unsaturated aldehyde; p, 3'-/5'-phosphate; OH, 3'-/
5'-OH group; dRP, 5'-deoxyribose phosphate; PG, 3'-phosphoglycolate; Ade, 5'-aldehyde group.
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Interactions of proteins participating in BER

Protein (domain)?

Protein partner (domain)™®

XRCCI1 (NTD) PolB (CD) [19-22]

XRCCI (XL1) PCNA [23]; UNG2 (CD) [24]
XRCC1 (NTD + XL1)
XRCCI (XLI + BRCTa) | APE1, OGG1 [28]

XRCC1 (BRCTa)
PARP2 (WGR) [30, 31]

XRCCI (XL1)
XRCC1 (BRCTb) XRCCl, Liglllo (BRCT) [35-37]
XRCC1 TDPI [38]

PARPI (DBD + BRCT)

NTHI1 (CTD); NEIL1 (CTD); NEIL2 (NTD) [25-27]

MPG, NTH1 (CTD), NEIL1 (CTD), NEIL2 (NTD) [25-27]; XRCCI1 [29]; PARP1 (DBD, BRCT),

PNKP (NTD/CD) [32, 33]; aprataxin [22, 34]

PolB (CD), PARP1, PARP2 (WGR) [31, 39, 40]; LigIIlo. (55-122) [41]

NEIL1 (CTD), NEIL2 (NTD) [26, 27]; PARP2 (WGR) [31]; Liglllo. (BRCT) [35]; PNKP [45];

PARPI (CD) TDP1 (NTD) [42]
Polp (CD) Polf [43]; PARP2 (WGR) [31]
Polp APE1 [44]; PNKP [45]
Polp (NTD) NEILI (CTD), NEIL2 (NTD) [26, 27]; Ligl (NTD) [43]
Liglllo. (BRCT)
TDPI (NTD) [46, 47]
APEI (CTD) MYH (293-351) [48]

NEIL1 (CTD) PNKP, Pold, FENI, Ligl [49]

# Protein structural domains containing the binding site of the partner protein are shown in brackets. Structural composition of multidomain pro-
teins: XRCC1: NTD 1-183, XL1 239-266, BRCTa 315-403, XL2 404-537, BRCTb 538-633 [50]; PARP1: ZnF1 1-96, ZnF2 97-206, NLS 207-
240, ZnF3 241-366, BRCT 381-484, WGR 518-661, CD 662-1014 [51]; PARP2: NTD 1-63, WGR 64-198, CD 199-559 [31]; Ligllla: ZnF 1-
100, linker 101-170, DBD 171-390, CD 391-836, BRCT 837-922 [52]. Designations: NTD/CTD domain, N-/C-terminal domain; CD, catalyt-
ic domain; DBD, DNA-binding domain; XL1/XL2, linker 1/2 in XRCCI protein; NLS, nuclear localization signal; ZnF, zinc finger. All data

were produced for human recombinant proteins and mouse PARP2.

® Investigation methods: affinity coprecipitation [19, 23-31, 35, 36, 39-43, 48, 49], two-hybrid analysis [20, 26, 27, 30, 32, 41, 44-47], gel filtration
[20, 21, 35, 37], ultracentrifugation [20, 43], immunoprecipitation [23-25, 27, 29, 31-35, 38, 41, 42, 45-47], fluorescence titration [33], fluores-
cence polarization [34], surface plasmon resonance (SPR) [35], small-angle X-ray scattering (SAXS) [37], XRD [22, 37, 40], NMR [48].

the binding sites of four BER enzymes catalyzing differ-
ent stages of the process — Polf, APEl, PNKP, and
Liglllo. — are localized on different structural modules
(Fig. 3). At the same time, the DNA glycosylase binding
sites overlap with the site for APEl and/or Polf and
PARPI. It is likely that in the process of correction of the
damaged bases, DNA glycosylases form dynamic con-
tacts with XRCC1 and other enzymes in the “repairo-
some” composition. For example, the DNA glycosylase
NEIL1 interacts directly with the enzymes of short-
(PNKP, Polf, and LiglIla) and long-patch (PNKP, Pold,
FENI1, and Ligl) repair, while the DNA glycosylase MYH
forms a complex with the APE1 endonuclease (table).
The multiprotein complexes with XRCC1 observed in
many studies using recombinant proteins or cell extracts
contain Polf}, PNKP, and LiglIla as stable partners, and

their presence enhances interaction of XRCC1 with DNA
glycosylases [24, 26, 27, 45]. Another multiprotein com-
plex including XRCC1 and TDP1 also contains PNKP
and Ligllla [46].

The PARPI protein consists of multiple structural
modules forming an N-terminal DNA-binding domain
and a C-terminal catalytic domain in addition to the cen-
tral BRCT domain [51, 54]. The coordinating function of
the PARPI protein can be realized via formation of either
direct contact with some enzymes (PNKP, Polf3, LiglIla,
and TDP1) or indirect contacts mediated by its interac-
tion with the XRCC1 protein. The main BER enzymes
(Polp and Ligllla) and XRCCI1 protein interact with the
DNA binding and BRCT domains, while the TDPI1
enzyme — with the catalytic domain of PARPI (table).
Formation of a stable ternary complex with PARPI and
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XRCCI1 was reported for TDP1 [46]. Overlapping of the
binding sites for the majority of PARP1 partners creates
conditions for dynamic contacts in the preformed multi-
protein assemblies, which can be stabilized in the com-
plex with auto-modified PARPI1. Poly(ADP-ribose)
acceptors were identified in all the structural domains of
PARPI [55], which expands significantly the platform for
formation of the “repairosomes”. Many BER partici-
pants such as XRCCl1, Polp, PNKP, aprataxin, TDPI,
Ligllla, and Ligl contain PAR-binding motifs [56, 57],
and more efficient binding with PAR—PARPI1 was
demonstrated for XRCCI1, Ligllla, and TDP1 [30, 41,
42]. PARP2 does not contain DNA-binding and BRCT
domains [58] and uses the non-conserved WGR domain
for interaction with proteins (table). The function of
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PARP2 (similar to that of PARP1) in coordination of the
DNA repair process can be mediated through its interac-
tion with XRCC1 [59]. The enzyme of the final step of
repair Liglllo has direct binding partners among other
BER enzymes (NEIL1, NEIL2, PNKP, and TDP1) using
the BRCT domain for complex formation (table). Data
reported recently indicate the ability of this enzyme to
control the assembly of multiprotein complexes on sin-
gle-strand DNA damages similarly to PARP1 [60].

Most studies on protein—protein interactions in
BER have been conducted using the affinity coprecipita-
tion, two-hybrid analysis, and immunoprecipitation
techniques (table). The results of these investigations do
not provide information on physicochemical, structural,
and conformation characteristics of the complexes, leav-

/2]
= BRCTa

Z
1 183 239 315 403 538 633
Polp PNKP, APTX
APE1, OGG1 Liglllo

MPG, XRCCA1

XRCC1

PARP1

UNG2
NTH1, NEIL1, NEIL2

PCNA

Fig. 3. Interactions of XRCCI1 protein with other proteins participating in BER. Modular XRCC1 organization and interaction sites present-
ed in the table are shown schematically. Structural models of complexes of XRCC1 individual domains/fragments (cyan) with the respective
domains of Polf, PNKP, and Ligllla according to XRD data (accession codes to 3D protein structures in Protein Data Bank: 3K75, 2W30,

3QVG) are shown at the top of the figure.
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ing many questions on the mechanisms of their function-
ing unanswered, such as the relative contribution of the
proteins to formation of macromolecular associates and
their stoichiometry, role of dynamic interactions, confor-
mation changes, and DNA intermediates in formation of
the functional assemblies. Information on the structural
organization of these complexes is very limited. The 3D
structures of the NTD and BRCTb domains as well as of
the XL2 fragment of the XRCCI1 protein in complexes
with the respective domains of three enzymes (Polf,
Liglllo,, and PNKP) were established using X-ray dif-
fraction analysis (XRD) (Fig. 3). The structures of these
complexes have been reviewed in detail [22]. It is inter-
esting to note that the additional contact region of the
XRCCI1 protein with Liglllo — a polypeptide consisting
of hydrophobic amino acid residues adjacent to the N-
terminus of the BRCTb domain — was revealed using
XRD [37]. It is obvious that the sites localized in proteins
by nonequilibrium methods participate in the most stable
interactions. The available structural data are not suffi-
cient for description of molecular mechanisms of coordi-
nation in the absence of data on the 3D structures of full-
length XRCCI1 and complexes of other BER participants.

We have characterized various homo- and hetero-
oligomeric complexes of BER proteins quantitatively
using equilibrium methods of fluorescence titration and
fluorescence (Forster) resonance energy transfer (FRET)

MOOR, LAVRIK

[61]. N-hydroxysuccinimide esters of 5(6)-carboxyfluo-
rescein (FAM) and 5(6)-carboxytetramethylrhodamine
(TMR) were used for N-terminal fluorescent labeling of
proteins. Direct (not mediated through DNA or other
proteins) interactions of APE1 with Polf, TDPI, and
PARPI1; Polf with TDPI; as well as homo-oligomeriza-
tion of APE1 were demonstrated for the first time. The
apparent equilibrium dissociation constants of the com-
plexes were in the range 23-270 nM (Fig. 4), which is
comparable for the main participants with the value for
the complex of XRCC1 with PNKP [62] determined
using a similar method. The most stable complex was
formed between Polf and XRCCI, which was confirmed
by the nonequilibrium method of multidetection size-
exclusion chromatography (SEC-MALLS, size-exclu-
sion chromatography coupled with multiangle laser light-
scattering), based on measuring molecular mass of the
material in the process of separation via detecting inten-
sity of scattered light and refractive index [61]. It was
found that the model DNAs that imitate DNA interme-
diates on different stages of BER modulated to a various
degree the structure of protein complexes and their stabil-
ity. The DNA-dependent effects on the protein affinity
for each other were most pronounced for the complexes
of APEI with different protein partners. These results
extend our notions on coordination and regulation mech-
anisms in BER. The dependence of the efficiency of

a b
MR- TMR-
PARP1 PARP1 == = MR
i E=0.04 XREE1 E=022 ¢
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Fig. 4. Complexes of BER proteins investigated by fluorescence titration (a) and FRET (b). a) Apparent equilibrium dissociation constants of
complexes were determined as equilibrium concentrations of protein partners (ECs) that ensured 50% enhancement of the fluorescence of
FAM-labeled protein in comparison with the maximum increase at saturating concentrations of partners; the sizes of arrows are proportion-
al to the ECs, values. b) The values of efficiency of the fluorescence resonance energy transfer (E) for each pair of proteins in the complex of
FAM-labeled protein (donor) with TMR-labeled partner (acceptor) are presented. The largest changes in the energy transfer efficiency
(increase or decrease with + or — sign, respectively) recorded in the presence of DNA intermediates are presented in brackets.
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APE] interaction with Polf on the type of DNA interme-
diate indicates that coordination of the functions of key
enzymes is not only due to the differences in their affini-
ty for DNA [63], but also due to the strength of their
interaction with each other, which is controlled by DNA
in different stages of repair. The higher affinity of APE1
for Polf} in the presence of DNA containing an AP site
than in a complex with the cleavage product points to the
fact that efficient repair is facilitated by the transfer of the
intermediate directly in the process of the reaction cat-
alyzed by APEI. The higher affinity of APE1 and Polf for
PARPI than for each other in the presence of DNA with
a single-strand break suggests that regulation of functions
of the BER participants via DNA-dependent modulation
of their affinity for each other represents a common
mechanism for various proteins. At the same time, the
stability of the complex of XRCC1 with Polf does not
depend on the presence of DNA intermediates, even
though the most pronounced effect of different DNAs on
the FRET signal, which reflects structural rearrangement
of the complex, was recorded for this complex. These data
indicate that this complex similarly to the complex of
XRCCI1 with Ligllla serves not only for protection from
proteasome degradation [64], but also can function as a
stable component of the multiprotein assemblies over the
duration of entire BER process. Synchronous colocaliza-
tion of the XRCC1, Polf, and Ligllla proteins on the
sites of DNA damage also speaks in favor of formation of
the stable ternary complex of XRCCI1 with Polf and
LiglIIa [29, 65].

Our investigations of the BER complexes revealed
efficient interaction of PARP1 with Polf3 and APE1 in the
absence of DNA [61]. It can be suggested that these pro-
teins interact also in the process of recognition and
hydrolysis of an AP site as well as during the following
stages catalyzed by Polf (excision of 5'-dRp residue and
filling the gap with the 2’-deoxynucleoside-5'-
monophosphate residue). Interaction of PARP1, Polf,
and APE1 with the “central” DNA intermediate in BER
was established by photoaffinity labeling of BER proteins
in the cell extract [66], which indicated interaction of
these proteins during repair synthesis catalyzed by Polf3.
We showed later that PARP1 interacted with DNA con-
taining an AP site [67]. All these data suggest that the
interaction of PARP1 with APE] is possible at the stage of
recognition of the AP site in DNA and its following
hydrolysis by APE1 (Fig. 2). Following hydrolysis of the
AP site, PARPI can catalyze the synthesis of poly(ADP-
ribose). According to the initial hypothesis on the mech-
anism of its action, PARPI dissociates from its complex
with DNA after covalent attachment of the negatively
charged PAR polymer. Recently, this hypothesis has been
modified mainly with regards to the search for an active
role of PAR in formation of repair complexes in different
stages including the ones involving participation of such
proteins as XRCCI1. It was established that following
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poly(ADP-ribosyl)ation, PARP1 was capable of covalent
binding to the photoreactive DNA intermediate [66],
hence, the lifetime of the complex of poly(ADP-ribo-
syl)ated PARP1 with DNA could allow interaction of
PARPI1 with the damaged DNA. The lifetime of such
complexes depends on both the size of covalently bound
PAR and the initial affinity of PARP1 to the DNA dam-
age. Complexes of poly(ADP-ribosyl)ated PARPI with
damaged DNA were detected by atomic force microscopy
[68]. Hence, regulation of the formation of BER com-
plexes on the damaged DNA can be realized via either
poly(ADP-ribosyl)ation of proteins or their interactions
with poly(ADP-ribose), synthesis of which is catalyzed by
PARP1 and PARP2. Poly(ADP-ribose) is the most
important cell regulator of many protein—protein and
protein—nucleic acid interactions [69, 70].

PROTEIN COMPLEXES
WITH NONCANONICAL FACTORS

Other proteins that were not previously considered as
possible participants of BER might also be involved in this
process. One such protein is the multifunctional protein
YB-1. This positively charged protein has disordered
structure. A proteolytic fragment of YB-1 protein, which
is localized in the nucleus, is formed in response to DNA
damage [71]. We established that YB-1 could be an
acceptor for poly(ADP-ribosyl)ation [72]. It was shown
previously that YB-1 interacted with poly(ADP-ribose)
[56]. All these data combined may indicate the involve-
ment of YB-1 into the process of repair of the damaged
DNA. Examination of YB-1 as a noncanonical factor in
BER by fluorescence titration showed that many proteins
essential for this process (Polf, NEIL1, PARPI, and
PARP2) formed less strong complexes with YB-1 than
with each other [73]. The apparent equilibrium dissocia-
tion constants are in the range 340-810 nM. The complex
of APE1 with YB-1 demonstrating stability similar to the
complexes of APEI with Polf, XRCCI1, and PARP1 rep-
resents an exception. High affinity of two multifunction-
al proteins for each other could be an important factor for
their cooperative action in transcription regulation [74].
Interactions of YB-1 protein with BER enzymes could
ensure regulation of their activities: AP-endonuclease
activity of APE1 and 5'-deoxyribose phosphate-lyase
activity of Polf3 are inhibited in the presence of YB-1,
while the AP-lyase activity of NEILI is stimulated [73].
Moreover, it was found that YB-1 stimulated PARPI1
activity via binding with poly(ADP-ribose) linked to
PARPI, which increased the lifetime of this complex on
DNA and the efficiency of poly(ADP-ribose) synthesis
[73].

It was reported for some enzymes that they interact
with protein factors involved in regulation of other cellu-
lar processes. For example, APE1 forms complex with the
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multifunctional protein nucleophosmin (NPM1), and
this interaction plays an important role in regulation of
activities of the multifunctional enzyme, its expression,
and its intracellular localization [75]. In addition to mul-
tiple catalytic functions in DNA repair, APEI is also a
regulator of the transcription processes and RNA pro-
cessing [76, 77]. DNA glycosylase OGGI1 forms com-
plexes with DNA-binding proteins hSSB1 and SATBI,
thus enhancing its efficiency in recognition of DNA dam-
age and its repair [78, 79]. It has been suggested that pro-
tein factors of unknown nature that are not participating
in chromatin structure remodeling stimulate the activity
of DNA glycosylase NTH1 in repair initiation [80].
Direct interactions of many DNA glycosylases (TDG,
NEIL2, NTH1, OGG1, UNG?2) and APE1 with the fac-
tors of nucleotide excision repair (XPC, XPG, CSB,
RPA) and homologous recombination (Rad52) were
observed, and it was shown that these interactions play a
regulatory role in the overlapping repair pathways [81].
The HMGBI protein — chromatin architecture factor —
interacts directly with three BER enzymes (APE1, Polf,
and FENI1), modulates their catalytic activity in the
process of DNA repair (including nucleosome one), and,
hence, ensures regulation of the process via the short- or
long-patch pathway [82-84]. In general, the functioning
mechanism of the BER system at the level of chromatin is
poorly understood [85], and its investigation could lead to
discovery of new noncanonical factors.

REGULATION OF PROTEIN-PROTEIN
INTERACTIONS

In addition to DNA-mediated regulation of pro-
tein—protein interactions in the BER system shown in
our work [61], other mechanisms exist. Posttranslational
modifications (PTM) of the proteins participating in
BER regulate the level of their expression, intracellular
localization, and degradation, as well as catalytic and
DNA-binding activities of the enzymes either directly or
indirectly via modulation of protein—protein interac-
tions. The effect of poly(ADP-ribosyl)ation of PARP1 on
its interaction with BER proteins has been described
above. How such modification of other proteins affects
their function in BER processes is still unknown. The
most frequent PTMs were found for the multifunctional
protein APE1: phosphorylation, acetylation, S-nitrosyla-
tion, S-glutathionylation, formation of disulfide bonds,
and ubiquitination [81, 86]. Most modifications modu-
late functional activity of APE1 as a redox factor and
transcription regulator. Only recently it was shown that
acetylation of APEI enhanced in vivo association of the
enzyme with the XRCCI protein and its complex with
LiglIla, ensuring efficient repair required for cell survival
[87]. Acetylation of DNA glycosylase TDG1 reduces its
interaction with APE1 and produces opposite effects on
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the excision activity of the enzyme towards various types
of damages; repair of damages induced by the
chemotherapeutic action of 5-fluorouracil is enhanced by
modification [81]. It was suggested based on these data
that the level of acetylation of TDG1 in tumor cells was
the defining factor of chemotherapy efficiency.
Phosphorylation of two residues (Thr6 and Tyr8) in the
conformationally flexible N-terminus of DNA-glycosy-
lase UNG?2 increases its association with the RPA factor
and suppresses interaction with the PCNA factor, which
likely regulates formation of the tertiary complex with
RPA and PCNA [88]. The most abundant evidence on
regulation of protein—protein interactions mediated by
PTM was produced for the XRCCI1 protein.
Phosphorylation of XRCCI1 stimulates its binding to
PNKP in vivo and affects the repair efficiency [32].
Phosphorylated and nonphosphorylated forms of XRCC1
react with different structural domains of PNKP, and the
modified protein forms a stronger complex affecting
mainly the kinase activity of the enzyme [33].
Phosphorylation sites in XRCC1 were identified that were
responsible for regulation of the efficiency of complex
formation with aprataxin, one of the functions of which is
protection of the XRCCI1 protein from intracellular
degradation [34]. The oxidized form of XRCCl1 stabilized
by formation of a disulfide bond between residues Cys12
and Cys20 forms a more stable (in comparison with the
reduced form) complex with Polf; an increase in the
number of intermolecular contacts because of structural
reorganization of the complex was demonstrated by XRD
analysis [22]. This form of XRCCI1 exists in vivo and plays
an essential role in repair of damages generated under
conditions of oxidative stress [8§9].

The mechanisms of excision repair of damaged bases
and single-strand DNA breaks (BER) have been the sub-
ject of intensive studies in recent decades; impressive
progress has been made in establishing the participants of
the repair process, main pathways, and auxiliary mecha-
nisms that become active when the main BER pathways
are inefficient. In addition to the enzymes responsible for
catalytic stages of the repair, the regulatory proteins were
identified that actively participate in organization of the
dynamic system for the repair of damaged bases and sin-
gle-strand DNA breaks such as XRCC1, PARP1, PARP2,
and others.

Multiprotein complexes of various compositions are
formed without the involvement of DNA, but they are
modulated by the damaged DNA in different stages of its
repair. Interactions of individual BER enzymes with
DNA substrates and products were investigated in detail
by X-ray diffraction. At the same time, this method is of
little use for investigation of dynamic supramolecular
structures operating in DNA repair. The next step is
required in investigation of the structure—function rela-
tionships of these protein machines that would provide
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clarification of the function of BER as a complex of inter-
acting proteins associated with chromatin. It might be
helpful to apply novel methods of structural analysis, such
as electron microscopy, and to use more complex models
imitating DNA repair in chromatin structure.
Elucidation of molecular mechanisms underlying BER is
an important aspect for understanding the origins of dis-
eases because disruption of BER leads to pathological
states.
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