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Aim. Nucleotide excision repair (NER) is DNA repair system responsible to remove bulky lesions from DNA.
These lesions appear in DNA as consequence of UV-light irradiation or environmental stress. Study of NER is
extremely important to improve action of chemotherapeutic drugs. Methods. In vitro NER-assay and photoaffi-
nity modification were used. Results. Long linear DNA analogs mimicking NER substrates have been synthe-
sized. DNA analogs are 137-mer duplexes containing in their internal positions nucleotides with bulky substi-
tutes imitating lesions with fluorochloroazidopyridyl and fluorescein groups introduced using spacer fragments
at the 4N and 5C positions of dACMP and dUMP (Fap-dC- and Flu-dU-DNA) and DNA containing a (+)-cis-ste-
reoisomer of benzo[a]pyrene-N2-deoxyguanosine (BP-dG-DNA). The interaction of the modified DNA duplexes
with the proteins of NER-competent HeLa extract was investigated. The substrate properties of the model DNA
in the reaction of specific excision were shown to vary in the row Fap-dC-DNA << Flu-dU-DNA < BP-dG-DNA.
Conclusions. In vitro assay show that DNA analogs represent an interesting tool for the estimation of cellular
repair activities. The developed approach should be of general use for the incorporation of NER-sensitive distor-
tions into model DNA and seems to be very promising for repair mechanism studies.

Keywords: nucleotide excision repair, model bulky substituted DNA substrates.

Intoduction. In eukaryotic cells, the nucleotide exci-
sion repair (NER) is performed through coordinated ac-
tion of multicomponent protein complexes of variable
composition that are sequentially assembled in a dama-
ged DNA region. The main NER enzymes and protein
factors have been identified, but the architecture of spe-
cific protein-nucleic acid complexes, the mechanism of
their functioning, and interaction of their components
are still subjects of active investigation.

NER system recognizes and removes from DNA a
wide variety of structurally diverse helix-distorting bul-
ky adducts. Such lesions appear as a result of exposure
of DNA to various physical or chemical factors (UV or
ionizing radiation, environmental pollutants, chemothe-
rapeutic agents, etc.). During eukaryotic NER a region
with damaged link (24-32 nucleotides) is removed from
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DNA followed by reconstruction of the nucleotide se-
quence using an undamaged DNA chain as a template
for the reparative synthesis [1-3].

NER is characterized by broad substrate specifici-
ty. However, the rates of repair of structurally similar
lesions may be substantially different. The efficiency
of removal of the DNA region with a damaged nucleo-
tide estimated using model substrates, in combination
with the results of analysis of interaction between subst-
rate analogs and NER proteins, provides information
on the details of lesion recognition by NER system.

Many biochemical approaches to NER investiga-
tion are based on synthetic substrate analogs, i. €. doub-
le-stranded DNA bearing modification in the defined
position of the molecule, and structural analogs of the
intermediates that appear during NER [4-8]. This fact
determines the interest in development and improve-
ment of methods of model lesions synthesis and crea-
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tion of synthetic DNA on their basis. It is known that a
model lesion must be included in long DNA for the
formation of functional NER complexes [9]. In some
works, substrate properties were studied using circular
structures based on a phage or plasmid DNA and bea-
ring lesions in the target position (or positions) or sta-
tistically introduced into the DNA molecule at a parti-
cular frequency. This approach demands sufficient ef-
forts to be applied.

Another type of model structures being substrates
of the eukaryotic NER system is linear DNA duplexes
of > 120 bp in length bearing a modified nucleotide in
an internal position of the chain at approximately equal
distances from the ends of the duplex [10]. The use of
long DNA analogs of substrates containing regions of
several unpaired bases, including those introduced at a
distance from the lesion, made it possible to specify the
role of the undamaged chain in lesion recognition and
to confirm the hypothesis of a two-stage (or bipartite)
[11, 12] mechanism of lesion recognition. For instance,
it has been shown that the efficiency of repair of model
DNA containing hard-to-repair cyclobutane pyrimidi-
ne dimers noticeably increases on introduction of a bub-
ble or a loop of three unpaired bases in size on the 5'-si-
de of the lesion [12]. Besides, it was recently shown by
the example of long linear DNA containing a benz[a]py-
rene modification that lesion recognition by NER pro-
teins and efficiency of lesion removal depend not only
on the type of modification introduced but also on de-
tails such as differences in the spatial structure of the le-
sion [13] and sequence of the regions flanking the le-
sion [14].

The goal of the present work was to create long linear
DNA analogs of NER substrates and then to analyze
their interaction with proteins of cell extracts containing
a complex of NER proteins and to estimate the proper-
ties of the created model DNA as substrates of the NER.

Materials and methods. Fluorescein-5(6)-carbo-
xamidocaproyl-[5-(3-aminoallyl)-2'-deoxyuridine-5'-
triphosphate] (Flu-dUTP) was from Biosan (Novosi-
birsk). Exo-N-{2-[N-(4-azido-2,5-difluoro-3-chloro-
pyridine-6-yl)-3-aminopropionyl]Jaminoethyl}-2'-de-
oxycytidine-5'-triphosphate (Fap-dCTP) was synthe-
sized as described in [15] and kindly provided by S. V.
Dezhurov. Deoxyribooligonucleotide containing (+)-
cis-benzo[a]pyrene-N2-deoxyguanosine (BP-dG) has

been kindly provided by N. E. Geatsintov (New York
University, USA).

Deoxyribooligonucleotides (ONT) and [o-*P]dCTP
(3000 Ci/mmol) produced at the Institute of Chemical
Biology and Fundamental Medicine, Siberian Branch of
the Russian Academy of Sciences.

Proteins preparation. NER-competent extract of
HeLa cells was obtained by the method described in
[10]. Recombinant heterodimer XPC-HR23B (Flag-
XPC and in 6His-Tag-HR23B) was obtained by the me-
thod described in [16] with slight modifications.

Synthesis of model DNA was described in details
in [17]. Base substituted dNTP analogs (Fap-dCTP and
Flu-dUTP) were used as substrates of DNA polymerase
to introduce modified ANMP moiety into the 3'-end of
ONT. Long modified ONT was synthesized using liga-
tion of modified 5'-component with radioactively labe-
led 3'-component as described earlier [17].

For the formation of model DNA duplexes modifi-
ed long ONT and complementary unmodified ONT we-
re annealed.

The BP-modified DNA chain was obtained by liga-
tion of 11-nt 5-[**P]-ONT, bearing BP-dG and flanking
ONTs.

In vitro NER assay. The efficiency of removal of
DNA region containing model lesions was described in
details in [17] and determined using both direct and in-
direct («fill-in») methods. For direct detection reaction
mixtures containing of internally labeled model DNA
duplexes were incubated with NER-competent cell ex-
tract. 1 x NER buffer (25 mM Hepes, pH 7.8, 45 mM
NaCl, 4.4 mM MgCl,, 0.1 mM EDTA, 4 mM ATP. Re-
action mixtures were analyzed by electrophoresis in po-
lyacrylamide gel under denaturing conditions followed
by quantitative autoradiography. Quantitative analysis
was done relatively to total radioactivity in each lane,
using control lane signal as baseline.

For «fill-in» synthesis reaction mixtures was addi-
tionally contain the template 5'-gggggctcggcaccgtcacc
ctggatgctgtagg-p-3', and the model DNA duplex was
unlabeled. After incubation with NER-competent cell
extract, radioactive label was introduced into excised
DNA fragments using [a-“P]dCTP as substrate of
DNA polymerase reaction.

The effect of Fap-dC- and Flu-dU-DNA on the le-
vel of specific excision from [**P]-BP-dG-DNA was stu-
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Fig. 1. Model lesions. Structures of Fap-dCTP (@) and Flu-dUTP (b) bearing bulky lesion and the fragment of deoxyribooligonucleotide contai-
ning (+)-cis-benzo[a]pyrene-N2-deoxyguanosine (¢) used for the synthesis of modified DNA chains. BP-modified oligonucleotide has been kind-

ly provided by N. E. Geatsintov (New York University, USA)

died. The reaction mixtures containing [**P]-BP-dG-
DNA were incubated with NER-competent cell extract
in the absence or in the presence of equimolar unlabe-
led competitive Fap-dC- or Flu-dU-DNA. The analysis
of samples was carried out as described above.
Results and discussion. Using the improved enzy-
matic method of synthesis, we have synthesized long
Fap-dC- and Flu-dU-DNA (137 bp) and analyzed their
properties as substrates for the excision reaction cata-
lyzed by the proteins of NER-competent extract of
HeLa cells. BP-dG-DNA (131 bp) synthesized with the
respective modified ONT was used as a standard subst-
rate. The structures of model DNAs, containing bulky
lesions and schematic representation of the DNA frag-
ments containing modifications are shown in Fig. 1.
The activity of these DNA analogs as NER substra-
tes were demonstrated at the stage of lesion removal.
The activity was measured by two methods: direct and
indirect detection of the excision products (see Mate-
rials and methods). During the direct detection, Fap-
dC-DNA and Flu-dU-DNA contained a **P-label imme-
diately in the damaged nucleotide (on the 3'-side); in
the case of BP-DNA, the label was located at a distance
of five nucleotides on the 5'-side of the lesion. Thus,
excision products (22—32-nucleotide DNA fragments
bearing lesions) must contain *’P-label. The advantage
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of this method is the possibility to quantitatively assess
lesion removal efficiency without additional stages.

DNA modifications induced by benzo[a]pyrene are
one of the most widespread and well-studied types of
lesions repaired by NER in humans [1-3, 14]. This mo-
del lesion belongs to a class of systematically studied
and rather effective synthetic NER substrates. How-
ever, it should be noted that the level of excision in ex-
periments in vitro rarely exceeds 5 % even for such mo-
del DNA [13]. During the incubation of [*P]-BP-DNA
with the proteins of NER-competent HeLa extract, ra-
dioactive DNA fragments of 22-32 nucleotides were
observed in the mixture. The quantity of specific hydro-
lysis products increased during 10—-60 min from the be-
ginning of the reaction. Excised fragments accumula-
tion is also dependent on the concentration of extract
proteins in the reaction mixture within the analyzed
range of concentrations (2—15 pg/pl) (data not shown).
Fig. 2, a, presents the results of the analysis of reaction
mixture after 40 min of incubation of [*’P]-BP-DNA
with the extract proteins. The level of excision of da-
maged fragments from [**P]-Fap-dC- and [*P]-Flu-dU-
DNA was not sufficient to detect the excision reaction
by using this method.

Appearance of fragments of typical length from
Flu-dU-DNA was detected using the «fill-in» method
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Fig. 2. Radioautographs of gels after separation of excision reaction products: a — direct detection of excision products (/ — analysis of reaction
mixture containing 20 nM [“P]-BP-DNA and 7 pg/pl of the HeLa extract proteins in 1 x NER buffer incubated for 40 min at 30 °C; 2 — modified
duplex incubated without the extract); b —indirect detection of excision products; reaction mixtures contained nonradioactive 20 nM Fap-dC-DNA
or Flu-dU-DNA and 7 pg/pl of the HeLa extract proteins; excision products fused with the respective template were completed using Taq polymerase
with [a-"P]dCTP as a substrate (/ —unmodified DNA; 2 — Fap-dC-DNA; 3 — Flu-dU-DNA); M — markers of DNA. On the right, a and b panels show

the results of densitometric analysis of the radioautographs

(Fig. 2, b). Radioactive [o.-"P]dCMP was introduced
as a label into the removed DNA fragments with da-
maged nucleotides using DNA-polymerase reaction
and complementary template ONT. The advantage of
such estimation of substrate properties is higher sensi-
tivity and absence of necessity of synthesis of model
DNA with high specific radioactivity. However, pro-
ducts of specific excision from Fap-dC-DNA were not
revealed by this method either.

Flu-dU- and Fap-dC-DNA demonstrated the ability
for effective competition with BP-DNA for the interac-
tion with proteins of the cell extract excision complex.
The experiments (results are shown in Fig. 3) were per-
formed using [*P]-BP-DNA and nonradioactive com-
petitive DNA duplexes. In the presence of an equimolar
amount of the control unmodified duplex, the level of
excision for [*P]-BP-DNA was no less than 95 % of the
level of excision observed in the absence of competiti-
ve DNA. As aresult of adding the equimolar amount of
Flu-dU- or Fap-dC-DNA to the reaction mixture, the le-
vel of excision of damaged fragments from [**P]-BP-
DNA significantly decreased. In the presence of Fap-
dC-DNA, the level of excision from BP-DNA was
lower by 20 %, while the presence of Flu-dU-DNA
reduced the level of BP-DNA specific hydrolysis two-
fold. Decrease in the quantity of radioactive cleavage
products is evidently due to distribution of NER pro-

teins between radioactive BP-DNA and nonradioactive
Fap-dC- or Flu-dU-DNA.

Our results, in combination with the data of pre-
vious studies [18, 19], allow us to consider the linear
137-bp Fap-dC-DNA as unrepairable NER substrates.
Unrepairable substrate analogs, i. e. structures capable
of selective binding of DNA repair proteins but not
liable to further processing, are most dangerous for
cells. Accumulation of such DNA can considerably re-
duce the efficiency of the repair machinery due to im-
mobilization of its protein components within nonpro-
ductive nucleoprotein complexes [20]. The ability of
model lesion to effectively inhibit the repair process in
vitro indicates the possibility of its application as a pro-
totype for creation of selective DNA repair inhibitors
contributing to the enhancement of efficiency in che-
motherapy.

In additional this DNA analog can be applied as ef-
fective photoaffinity probe to analyze interaction of
NER proteins with bulky DNA lesion. The data speak in
favor possibility to use this photoactive DNA to cross-
link XPC-HR23B (Fig. 4).

Our preliminary studies with novel non-nucleoside
adducts which contain N-[6-(9-anthracenylcarbamoyl)
hexanoyl]-3-amino-1,2-propandiol and N-[6-(5(6)- fluo-
resceinylcarbamoyl)hexanoyl]-3-amino-1,2-propandiol
residues indicated their extremely high substrate pro-
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Fig. 3. Radioautograph (a) of gel after separa-
tion of excision reaction products by electro-
phoresis under denaturing conditions (10 %
polyacrylamide gel, 7 M urea). Reaction mix-
tures containing 20 nM [“P]-BP-DNA and
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ed duplex; 4 — Flu-dU-DNA; 5 — Fap-dC-
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Fig. 4. Radioautograph of gel after separation of proteins to DNA pho-
tolinking products. Reaction mixtures contained 10 nM [*P]-Fap-dC-
DNA and 0.5 M XPC-HR23B. The mixtures were exposed to UV ra-
diation at 312 nm and intensity of 3 J/cm*min for 5 min. After the UV
exposure, aliquots taken from each mixture were treated with benzo-
nase endonuclease (1 activity unit per 10 pl of a sample, 30 min at 37 °C).
The reaction was stopped by heating with the denaturing buffer for
protein samples. The buffer for samples was also added to the residual
part of the reaction mixture: / — sample not treated with benzonase; 2 —
sample treated with benzonase. Products of photolinking were separated
by electrophoresis in 10 % polyacrylamide gel according to Laemmli

perties in NER reaction in vitro. Such model lesion seems
to be very promising to study DNA repair mechanism.
To conclude, it should be noted, that developed ap-
proach is of general use for the incorporation of NER-
sensitive distortions into model DNA. Many types of
NER substrates can be created by this way, including
DNA with photoactivated and fluorescent groups. The
new artificial DNA containing bulky non-nucleoside
modifications will be useful for fundamental and me-
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analysis

dical research as a tool to detect activity of NER sys-
tem in cells.
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Cunre3 monensHux JJHK Ta ixHe 3acTocyBanHs sik cyOcTpaTiB

eKcuM3iiHoI penapauii HyKJIeOTHIB
Pesiome

Mema. Excyusiiina penapayis nykneomuoie (NER) — ye cucmema pe-
napayii JTHK, 6ionosioanvha 3a suoaients 06 eEMHUX NOUKOONCEHD 31
cknady AHK. Taxi nowkoodcents Modlcymos UHUKAMU 30 BRIUBY AK
onpominenns yrompaghionemom, max i paxmopie 008xinns. Bugyenns
cucmemu NER € expaii gaxciusum 071 nio8uujerHs epexmuenocmi
ximiomepanesmuunux npenapamis. Memoou. Buxopucmaro peaxkyiio
NER in vitro ma gpomoadhinmny moougpurayiio. Pezynomamu. Cunmeso-
sarno 0oe2i ninitini JJHK, siki imimyroms cyocmpamu NER, wo sensiomo
co6o10 137-mipni JTHK-0ynnexcu i micmamy y 6HYMpPiwHix no10iceH-
HAX IAHYIO2I8 HYKACOMUOU I3 66C0CHUMU 30 OONOMO20I0 CNeliCepHUX
¢ppaemenmis no 4N- i 5C-nonoscennsx dC i dU ¢pmopxnopasudonipu-
ounvHoto i ¢yopecyeinosoro epynamu (Fap-dC- i Flu-dU- JHK), a
maxoxc [JHK, sixa emiwgye (+)-yuc-cmepeoizomep 6ensofajni pen-N2-
0e30Kkcueyanosuny. Jlocaioxceno e3aemooio mooughikosanux JJHK-
oynnexcie 3 binkamu NER-komnemenmrnozo excmpaxmy kaimut Hela.
Ioxazano, wo cyocmpamnui enacmusocmi modenvrux [JHK y peaxyii
cneyughiunoi excyusii sminoromocs 6 pady Fap-dC-/IHK << Flu-dU-
JIHK < BP-dG-/[HK. Bucnoexu. /[ocniodxcennsmu in vitro 6cmaHog-
aeno, wo JJHK-ananoeu € gasicausum incmpymenmom Os OYiHKu Kii-
munHOI penapayii. Po3pobnenuil nioxio euseuscs yHisepcaioHum 0s
sxniovenns 00 cknady JHK nowkoodcens, saKi ynisnaiomocsa cucme-
moto NER, a maxosic 0ocums nepcnekmusHuM OJis GUGHEHHs. MeXaHI3-
Mmie penapayii.

Kntouosi cnosa: excyusiiina penapayis HyK1eomuoie, MoOenbHi
JIHK-cyb6cmpamu.
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Cunmes mooenvhvix JHK u ux npumenenue 6 kauacmee cybcmpamos
IKCYUSUOHHOU penapayuu HyKieomuoog

Pesrome

Lenv. Dxcyusuonnas penapayus Hykieomuoos (NER) — smo cucmema
penapayuu [JHK, omeeuaiowas 3a yoanenue odveMHbIX nogpedlcoe-
Huti uz cocmasa [{HK. Taxue nogpesicoenuss Mo2ym noseisimscs noo
8030elicmeuem Kaxk 001yueHus yibmpapuoiremom, maxk u Qakxmopos
okpyacarowell cpeovl. Mzyuenue cucmemvl NER kpaiine 8asxcno 0ns
nosvluenus: dphexmusHocmu  XuMUOmMepanesmu4eckux npenapa-
mog. Memoowl. Hcnonvsosanvl peakyusi NER in vitro u pomoagun-
nas mooughurxays. Pezynomamor. Cunmesuposamsl npomsicenHvie au-
netinvie JJHK, umumupyiowue cyocmpamor NER, komopule npedcmas-
asom cobotl 137-mepuvie JJHK-0ynnekcol, codepoicawue 80 8Hympen-
HUX NOLOICEHUSX Yenell HYKIeOmudbl ¢ 660EHHbIMU C NOMOWbIO Cheli-
cepubix ppaemenmos no 4N- u 5C-nonoscenusm dC u dU ¢pmopxnop-
a3udonupuoUILHOU U yopecyeunogoii epynnuposkamu (Fap-dC- u
Flu-dU- JIHK), a maxoice JHK, exntouarowas (+)-yuc-cmepeousomep
bensofa]nupen-N2-0ezokcueyanozuna. Hccnedosaro e3aumooeiicmeue
Mmooughuyuposanuvix [JHK-0ynnexcos ¢ benxamu NER-kxomnemenm-
Ho 20 skempakma knemok HeLa. [lokasano, umo cyocmpammuvie c60ti-
cmea modenvhuvix JJHK 6 peakyuu cneyuguueckoii skcyusuu MeHsaom-
cs1 6 psoy Fap-dC-/IHK << Flu-dU-/[HK < BP-dG-/[HK. Bb1600bl.
Hccneoosanusmu in vitro ycmanosneno, yumo JJHK- ananoeu sigisiomes
BAICHBIM UHCIMPYMEHMOM 01 OYeHKU Kiemounou penapayuu. Paspa-
bomanmwlli NOOX00 OKA3AINCA YHUBEPCANbHBIM OISl GKIIOUEHUS 8 CO-
cmae [IHK nospedcoenuil, ysnasaemuix cucmemoti NER, a maxoice do-
CMamouHO NePCREeKMUBHbIM OIS U3YYEHUS MEXAHUSMOB Penapayuu.

Knrouesvie cnosa: dKcyusuonHas penapayus Hykieomuoos, Mo-
Oenvruvle JJHK-cyocmpamol.
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