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Human tyrosyl-DNA phosphodiesterase 1 (Tdp1) hydrolyzes the phosphodiester bond at a DNA 3'end linked to a
tyrosyl moiety and has been implicated in the repair of Topoisomerase I (Topl )-DNA covalent complexes. Tdpl
can also hydrolyze other 3' end DNA alterations including 3' phosphoglycolate and 3' abasic (AP) sites, and ex-
hibits the 3' nucleosidase activity indicating that it may function as a general 3' end-processing DNA repair enzy-
me. Recently we have shown a new Tdpl activity generating DNA strand break with the 3' phosphate termini
from the AP site. AP sites are formed spontaneously and are inevitable intermediates during base excision repair
of DNA base damages. AP sites are both mutagenic and cytotoxic, and key enzymes for their removal are AP en-
donucleases. However, AP endonuclease independent repair, initiated by DNA glycosylases performing beta,
delta-elimination cleavage of the AP sites, has been described in mammalian cells. Here, we describe another
AP endonuclease independent repair pathway for removal of AP sites that is initiated by tyrosyl phosphodieste-
rase Tdpl. We propose that repair is completed by the action of a polynucleotide kinase, a DNA polymerase and
finally a DNA ligase to seal the gap.

Keywords: base excision repair, AP site, tyrosyl-DNA phosphodiesterase 1.

Tyrosyl-DNA phosphodiesterase (Tdp1) was discove-
red as an enzymatic activity from Saccharomyces cere-
visiae that specifically hydrolyzes the phosphodiester
linkage between the O-4 atom of a tyrosine and a DNA
3' phosphate [1]. This type of linkage is typical for the
covalent reaction intermediate produced upon Topoiso-
merase 1 (Top1) cleavage of one DNA strand. Tdp1 ac-
tivity is not limited to the removal of Top1 adducts. Hu-
man Tdp1 can also hydrolyze other 3' end DNA altera-
tions that are covalently linked to the DNA, indicating
that it may function as a general 3' DNA phosphodies-
terase and repair enzyme [2]. Oxidative damage at
DNA ends (i. e. the termini of DNA single- or double-
strand breaks) or intermediates in the base excision re-
pair process may represent substrates for Tdp1 in vivo.
For example, it is conceivable that Tdpl acts on the 3'
phospho-o., B-unsaturated aldehyde (3' dRP) that results
from -elimination by the base-specific mammalian DNA
glycosylases/AP lyases (for example, OGG1 or NTH1)
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[3, 4]. Also Tdpl can remove the tetrahydrofuran moie-
ty, a synthetic analogue of abasic (AP) site, from the 3'
end of DNA [5]. In addition, human Tdp1 possesses the
3' nucleosidase activity in which a single nucleoside is
removed from 3' hydroxy terminated ribo- and deoxy-
ribonucleosides [5].

The yeast enzyme was reported to be unable to clea-
ve the DNA phosphate backbone, but it is possible that
the assay used was not sensitive enough to detect this
activity [6]. It has also been reported that yeast Tdpl is
capable of hydrolyzing DNA 5' phosphotyrosyl linka-
ges [7], suggesting a possible role for the yeast enzyme
in the repair of topoisomerase Il covalent complexes,
although such 5' processing activity has not been found
for human Tdpl [1, 8]. Notably, the human enzyme
with 5' cleavage activity has recently been reported and
referred to as Tdp2 (TTRAP) [9].

The 3' phosphate end generated by Tdpl has to be
hydrolyzed to a 3' hydroxyl in order to enable the fol-
lowing DNA repair. Polynucleotide kinase 3' phospha-
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Fig. 1. Scheme of hydrolysis of the AP site in one strand of DNA
duplex by different enzymes

tase (PNKP), a bifunctional enzyme with 5' kinase and
3' phosphatase activities, has been suggested as a reaso-
nable candidate in human cells for the repair of these 3'
phosphate lesions. Tdp1 has been shown to exist in com-
plex with PNKP in human cells [10, 11].

Quite recently we have shown a new activity of
Tdpl catalyzing cleavage of AP site with the formation
of 3' and 5' phosphate termini [12]. AP sites in cellular
DNA arise as a result of excision of the oxidatively da-
maged bases by DNA glycosylases that initiate base ex-
cision repair (BER), or by spontaneous hydrolysis that
generates several thousand AP sites per day in living
cells [3, 13]. The major enzyme in eukaryotic cells that
catalyzes the cleavage of AP sites is apurinic/apy-
rimidinic endonuclease 1 (APE1). APE1 hydrolyses the
phosphodiester bond on the 5' side of AP sites (Fig. 1).

Bifunctional DNA glycosylases that excise oxidized
bases also possess an intrinsic lyase activity, cleaving
the DNA at the resultant AP sites [14]. These DNA gly-
cosylase/AP lyases belong to two broad classes of en-
zymes according to their reaction mechanism. Esche-
richia coli Nth is the representative of one class that uti-
lizes an internal lysine as the active site nucleophile and
cleaves the DNA strand at the AP site by 3 elimination,
generating a 3' dRP at the strand break [15]. In contrast,
another class of mammalian DNA glycosylases, belon-
ging to the family of E. coli Nei and Fpg (named Nei-
like (NEIL)) catalyzes 8 elimination at the AP site and
removes a deoxyribose residue to produce a 3' phospha-
te terminus at the DNA strand break [16].

However, the human Tdp1 protein also can initiate
repair of AP sites [12]. We have shown that the human
Tdpl can initiate repair of AP sites generating DNA
strand break with the 3' and 5' phosphate termini from

the AP site [12], therefore it can function in a fashion
similar to NEIL1 in the APE-independent BER path-
way. 3' phosphate ends generated by Tdp1 are efficient-
ly removed by PNKP to produce a 3'-hydroxyl, which
can be processed further and repaired by DNA polyme-
rases and ligases [17—19]. Tdpl is known to interact
with base excision repair proteins: DNA polymerase
beta (Pol ), XRCC1, poly(ADPribose)polymerase 1
(PARP1) and DNA ligase 111 [2, 10, 20, 21]. So, the re-
pair of AP site initiated by Tdp1 fully restored the in-
tact DNA and generated the products of the expected
lengths at each intermediate stage. In summary, the hu-
man Tdp1 protein can initiate APE1-independent repair
of AP sites and 3' dRP termini that expands the ability
of'the BER process. To study an ability of Tdp1 to pro-
cess the 3' dRP moiety AP DNA was first incubated
with Endo III. Following incubation of this product
with Tdp1 results in an oligonucleotide with 3' phospha-
te, which can be removed by PNKP. Thus, Tdpl is able
to remove the 3' dRP that allows realizing the APE1-
independent pathway of BER where AP sites are clea-
ved by bifunctional DNA glycosylases via the 3 elimi-
nation mechanism.

Recently Tdp1 contributions in BER process in mi-
tochondria [22] and yeast Schizosaccharomyces pombe
[23] have been proposed. Nilsen with coworkers [23]
described also AP endonuclease independent repair path-
way for removal of the AP sites in S. pombe that is ini-
tiated by bifunctional DNA glycosylase, Nth1 and fol-
lowed by cleavage of the baseless sugar residue by ty-
rosyl phosphodiesterase Tdp1. Nth1 initiates the repair
by B-elimination of the AP site, whereas Tdpl cleaves
the 3' dRP to generate a 3' P that can be further proces-
sed by phosphatases. This newly identified branch of
the BER pathway with Tdpl working downstream of
Nth1, seems to function as an important backup repair
pathway in the absence of Apn2 in the repair of the AP
sites in S. pombe.

In summary, these authors showed that Tdpl1 play-
ed a more general role in DNA repair than only removal
of Top1-mediated DNA damage. Tdp1 can be placed in
a new branch of the BER pathway working down-
stream of Nth1 by processing the 3' dRP left after Nth1
cleavage.

As arepair enzyme, Tdp1 exhibits considerable ver-
satility in removing a diverse spectrum of adducts from
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Fig. 2. The proposed mechanism of human Tdp1 and mutants (H263A)
site modified from [2]

the 3' end of DNA. In addition to a tyrosine residue, the
enzyme can hydrolyze 3' phosphodiester linkages invol-
ving short peptides, a nucleoside, an abasic residue, an
artificial biotin adduct, and a glycolate moiety [5, 24—
26]. The feature common to all of these substrates is
DNA, but there is a discrepancy between the biochemi-
cal and structural observations concerning whether the
DNA molecule is single or double stranded. In a crystal
structure containing oligonucleotide six bases in length,
only the three nucleotides closest to the scissile phos-
phate are visible and they occupy a narrow groove ex-
tending away from the active site [27, 28].

To better understand the substrate features that are
recognized by Tdpl1, the size of either DNA or protein
component of the substrate was varied by Interthal and
Champoux [29]. Competition experiments and gel shift
analyses comparing a series of substrates with DNA
lengths increasing from 6 to 28 nucleotides indicated
that, contrary to predictions based on the crystal struc-
ture of the protein, the apparent affinity for the subst-
rate increased as the DNA length increased over the en-
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tire range tested. It has previously been found that a sub-
strate containing the full-length native form of human
topoisomerase I protein is not cleaved by Tdpl. The
protein-oligonucleotide complexes containing either 53
or 108 amino acid long topoisomerase I-derived pepti-
de were efficiently cleaved by Tdpl, but like the full
length protein, a substrate containing 333 amino acid to-
poisomerase I fragment was resistant to cleavage. Final-
ly, they have shown that the activity of the proteasome is
required in vivo for the Tdpl cleavage of topoisome-
rase [-DNA covalent complexes [29].

The reaction catalyzed by Tdp1 proceeds through a
covalent intermediate in which an active site histidine
(His263 in human Tdpl) is linked by a phosphamide
bond to the DNA 3' phosphate from the substrate [30,
31]. The importance of Tdp1 in humans is highlighted
by the observation that a recessive mutation in the hu-
man TDPI gene is responsible for the inherited dis-
order, spinocerebellar ataxia with axonal neuropathy
(SCANT1) [32] in which a H493R mutation in the TDP]
gene causes the accumulation of both Top1-DNA and
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Tdp1-DNA covalent intermediates in vivo [10, 33-35].
The cells from SCANI1 patients are hypersensitive to
the specific Top1 poison camptothecin and accumulate
elevated Topl-associated DNA breaks in response to
camptothecin [5, 10, 36].

A catalytic mechanism proposed on the basis of the
Tdp1 structure includes two histidine residues, namely
His263 and His493, in the active center [30, 31]. We che-
cked two mutants of Tdp1 in which these histidines we-
re replaced. In one of the mutants the histidine 493 was
replaced to arginine (H493R). This mutation is respon-
sible for the autosomal recessive neurodegenerative di-
sease, SCANI. In the second mutant, the histidine 263
was replaced to alanine (H263A). To analyze an involve-
ment of these residues in the AP site hydrolysis we ha-
ve analyzed binding to AP-DNA and activity in the reac-
tion of AP site cleavage of two Tdp1mutants. DNA bin-
ding experiments by using these mutant proteins indica-
te that both mutants can bind the AP site DNA as similar
as the human Tdp1. However, using ssDNA and dsDNA
structures containing the AP site we showed that both
mutants did not reveal endonuclease activity obtained
for wild-type Tdp1. On the basis of our data we proposed
the mechanism of the AP site cleavage by Tdp1 (Fig. 2).

Altogether, our results suggest that the AP site clea-
vage activity of human Tdp1 can be important to initia-
te the repair of AP sites. This activity was revealed in
the context of cluster-type lesions when the AP sites are
located nearby bulky lesions in DNA structure. There-
fore this new activity of tyrosyl DNA-phosphodiestera-
se 1 can contribute to the repair of AP sites and this path-
way is independent on the AP endonuclease 1 activity.
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H. A. Jlebeoesa, H. I. Peuxynosa, O. 1. Jlagpuk

HoBuii nuisix excuu3ziitHol penapaiii OCHOB y CCaBI[iB 32 y4acTi
tuposwi-JJHK-pochoaiecrepasu 1

Tuposun-/{HK-gpocpooiecmepasa 1 (Tdp1) noounu cioponizye 3'-gpoc-
omupo3unvHi 36 3K, AKI YMEOPIOIOMbCS iN VIVO 8 pe3yabmami npu-
eonanns 00 {HK-monoizomepasu I (Topl). Tdp1 noounu maxoosc 30am-
Ha euoansamu 3 3'-kinysa JJHK iHwi mooudikyeanvi epynu, 8Kuouaio-
uu 3'"-¢hocpoenikonamu i 3anumku 0e3o0kcupubo3u, moomo QyHKyiony-
samu six 3'-ghochodiecmepasa i pepmenm penapayii. Heoasno mu no-
kasanu, wo Tdpl noounu npumamarta we 0OHA AKMUBHICMb — B0OHA
Modice 2I0poni3yeamu anypurosi/anipumiourosi (AP) caiimu eécepeou-
ni nanyroea JJHK 3 ymeopennsam 3'-xinyesoeo gpocamy. AP-caiimu —
ye oO0He 3 Havuacmiule SUHUKAIOYUX nowkooicews JTHK. Knouosum
gepmenmonm, sikuil poswenmioe AP-catimu, € anypunosa/anipumiouno-
6a enoonyrneasa 1 (APEI). llpome 6 knimunax ccagyis ichye uLisnx pe-
napayii, nesanexcnuti 8i0 APE1, y axkomy bepyms yuacmo JJHK-enixo-
sunasu. Y oaniti pobomi onucano we ooun APEI-nezanescnu wiisix
penapayii AP-caiimis 3a yuacmi Tdp1. /lo nognozo yukny penapayii 3a-
ayueni noninykireomuoxinasza/gpocpamasa, axa mae 3'-pocpamasmy
axkmugnicmo, /[HK-nonimepasza ma J[HK-nicasa.

Knmouogi cnosa: excyusiiina penapayis ocnos, AP-catim, mupo-
sun-/[HK-¢pocgpoodiecmepasa 1.

H. A. Jlebeoesa, H. 1. Peuxynosa, O. U. Jlaepuk

HoBblil yTh 5KCIM3MOHHO penapanuy OCHOBAHUHN y
MJIEKOIIUTAIOMMX ¢ yuactueM tupo3ui-JHK-dochoauscrepass 1

Tuposun-/THK-pochoouscmepasa 1 (Tdpl) uenogexa eudponusyem 3'-
Gochomuposunvhvie céazu, 06pasylowuecs in vivo @ pesyiomanie npu-
coedunenus k JJHK-monousomepase I (Topl). Tdpl uenosexa maxoice
cnocobna yoanrsms ¢ 3'-xonya JJHK opyaue mooughuyupyrowue epyn-
nol, gxntoyas 3'-gpocghoenuxonramel u ocmamru de30kcupubosnl, m. e.
@ynxyuonuposams kax 3'-pocghoouscmepasza u gpepmenm penapa-
yuu. Heoasno mot noxasanu, umo Tdpl uenosexa obradaem ewe o0-
HOU aKMUBHOCMbIO — OHA MOICEN 2UOPOTUZ08AMb ANYPUHOBbIE/ANU-
pumuourossvie (AP) caiimor enympu yenu /ITHK c obpazosanuem 3'-kon-
yesozo ocpama. AP-caiimvl — 3mo 00HO u3 HauboIee Yacmo 03HU-
karowux nogpesicoenuil 6 JJHK. Knrouesvim ¢hepmernmom, pacwenisiio-
wum AP-caiimul, sensemcs anypuHosas/anupumMuouHo8as SHOOHYK-
neasza 1 (APE1). Oonaxo 6 knemkax MaeKonumarnwux cywecmeayem
nymo penapayuu, Hezagucumwlii om APEI, ¢ yuacmuem /JHK-enuxosu-
na3. B oannoii pabome onucan ewge 0oun APE I-ne3asucumboiii nyms pe-
napayuu AP-caiimog c yuacmuem Tdp 1. B nonnwlii yuxn penapayuu 60-
611e4eHbl NOAUHYKIeomuoKunasza/pocghamasa, obnaoarowas 3'-gpocgha-
masHou akmusnocmoio, THK-nomumepasa u JJHK-mueasa.

Kuouesvie cnosa: sxcyuzuonnas penapayus ochosauuti, AP-
caum, muposzun-/IHK-pocpoouscmepasa 1.
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