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Photoreactive DNA as a tool for studying topography
of nucleotide excision repair complex
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Nucleotide excision repair (NER) is one of the major DNA repair pathways in eukaryotic cells preventing genetic
abnormalities caused by DNA damage. NER removes a wide set of structurally diverse lesions such as pyrimidi-
ne dimers arising upon UV irradiation and bulky chemical adducts arising upon exposure to environmental car-
cinogens or chemotherapeutic drugs. In view of the extraordinarily broad substrate specificity of NER, it is of in-
terest to understand how a certain set of proteins recognizes various DNA lesions in the context of a large excess
of intact DNA. This review focuses on contribution of photoaffinity labeling technique in the study of DNA dama-
ge recognition and following stages resulting in preincision complex assembly, the key and still most unclear steps

of NER.
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Endogenous reactive metabolites and exogenous factors
lead to various damages in cellular DNA. The genetic
stability of organisms is achieved by a broad spectrum of
repair mechanisms (for review, see [1]), among them
nucleotide excision repair (NER) plays an important
role. This process removes a wide range of lesions dis-
torting the double helix such as pyrimidine dimers ari-
sing upon UV irradiation and bulky chemical adducts
with environmental cancerogenic compounds or chemo-
therapeutic drugs [2]. NER defects lead to severe disea-
ses including some forms of cancer. NER involves mo-
re than 30 polypeptides [2]. There are two pathways of
NER: global genome repair (GG-NER), removing le-
sions in the whole genome DNA, and transcription coup-
led repair (TC-NER) operating with the transcribed DNA
strand. TC-NER is associated with the functioning of
RNA-polymerase II; its arrest at the damage site is a sig-
nal for the assembly of repair protein complex [3, 4].
The overall molecular mechanism of GG-NER is ge-
nerally understood. The removal of a lesion is a sequen-
tial process and includes the following steps: damage
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recognition, DNA unwinding around the damage (for-
mation of open complex), excision of damaged frag-
ment, and gap filling (DNA resynthesis). The GG-NER
process has been reconstructed in an in vitro system [5].
It was shown that only six core repair factors (XPC-
Rad23B, XPA, RPA, TFIIH, XPG, and ERCC1-XPF)
are necessary and sufficient for repairing most lesions
in vitro [6]. XPC-Rad23B is now considered as a prima-
ry damage sensor in GG-NER [7, 8]. However, the sub-
sequent assembly of NER factors on the damaged DNA,
the composition and the lifetime of intermediate struc-
tures, and the precise mechanism of the reaction are not
yet fully understood.

NER is a multistep process that is carried out through
the formation of unstable intermediate complexes enab-
led by the DNA-protein and protein-protein interac-
tions. One of the approaches to reveal unstable interac-
tions and define the structure of intermediate comp-
lexes is the affinity labeling using photoreactive DNA
structures mimicking intermediates of different stages
of the repair process [9—12]. This method allows stu-
dying the architecture of DNA-protein complexes ap-
pearing during NER and the role of NER proteins at the
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different stages of this process. Data on the study of in-
teraction of NER proteins, XPC-Rad23B, XPA, and RPA,
with DNA intermediates of NER key stages, damage re-
cognition and preincision complex (Fig. 1), using pho-
toaffinity labeling are presented below.

DNA duplexes, containing photoreactive exo-N-{2-
[N-(4-azido-2,5-difluoro-3-chloropyridin-6-yl)-3-ami-
nopropionyl]-aminoethyl}-2'-deoxycytidine-5'-mono-
phosphate (FAP-dCMP, Fig. 2, 4) or 4-thiouridine (4S-
dUMP) in one strand, and bulky anthracene group atta-
ched to dC in the opposite strand, were used for the ana-
lysis of interaction of XPC-Rad23B, XPA, and RPA
with DNA in case of a damage in one or both strands of
the DNA duplex [13]. FAP-dCMP was shown to be re-
cognized and processed by the bacterial and human
NER systems [10, 14]. The level of cross-links to the
thio-group increased while adding the bulky substitute
in the opposite strand of the DNA duplex, Antr-dCMP,
and also non-complementary nucleotide opposite 4S-
dUMP. The anthracene residue causes distortion in the
structure of DNA duplex, though to a lesser degree than
the FAP-group [15]. The yield of XPC modification
products drastically decreased when an anthracene re-
sidue was incorporated opposite FAP-dCMP, as both
strands of DNA duplex contained bulky substitutes. The
experiments on binding showed that the affinity of XPC-
Rad23B to DNA was virtually unchanged. Therefore,
the decrease in modification level is probably a conse-
quence of geometric changes in DNA-protein complex
during the introduction of bulky substituents in both
strands of the DNA duplex. An analysis of the repair of
DNA containing lesions in both strands in HeLa extract
showed almost total inhibition of the repair process in
regard to this DNA [16]. Later it was proposed that
XPC interacts with the strand region opposite to the da-
mage [17]. This assumption was directly confirmed by
X-ray structural analysis of the complex of Rad4 pro-
tein, yeast ortholog of XPC, with the damaged DNA frag-
ment [18]. It was assumed that Rad4 binds damaged
DNA by the induced fit mechanism presupposing the
scanning of DNA duplex for the non-paired nucleo-
tides, which can bind with specific domains. This as-
sumption is in agreement with the model of multiple sta-
ge recognition in NER, according to which the dama-
ges that thermodynamically destabilize DNA duplex
are the preferential NER substrates [19]. However,
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Fig. 1. Damage recognition and assembly of preincision complex in
GG-NER

X-ray structural analysis of the Rad4-Rad23 complex
with a DNA fragment shows only one, probably the
most stable, configuration of this complex. However,
the dynamic aspects of the mechanism of damage recog-
nition by XPC-Rad23B complex in higher eukaryotes
remain unclear and alternative approaches for their stu-
dy, in particular the method of photoaffinity labeling,
can be useful.

The use of photoreactive groups imitating bulky da-
mage allows covalent fixing of polypeptides directly
contacting this group. However, extended linkers in the-
se structures provide an opportunity to react with the
proteins located on the opposite strand of the DNA dup-
lex. To determine the contacts of NER factors with an in-
tact DNA strand during the process of damage recogni-
tion, there were constructed DNA structures containing
5-iodo-2'-deoxyuridine-5'-monophosphate (5SI-dUMP)
residues in various positions of the intact strand and
dUMP fluorescein derivative (Flu-dUMP, Fig. 2, B)
as a damage in the opposite strand [20, 21]. Photo-
reactive groups with zero size linker, like SI-dUMP, are
supposed to react only with amino acid residues in di-
rect contact with them [22]. The Flu-dUMP residue was
used as a damage, as it was shown that this analog is
recognized and repaired in the NER system [23]. The
evaluation of the affinity of NER factors to DNA struc-
tures by gel-shift assay showed that none of the prote-
ins — XPC-Rad23B, XPA, or RPA —revealed significant
preference in binding damaged DNA, which is neces-
sary for the discrimination of the damaged region in a
huge massive of native DNA. These data agree with the
assumption of cooperative interactions of several pro-
teins at the stage of damage recognition. Indeed, simul-
taneous addition of RPA and XPC-Rad23B resulted in
some increase in the affinity of the latter to different
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Fig. 2. Structures of bulky adducts recognized by NER system: 4 — FAP-dCMP — exo-N-{2- [N-(4-azido-2,5-difluoro-3-chloropyridin-6-yl)-3-ami-
nopropionyl]-aminoethyl}-2'-deoxycytidine-5'-monophosphate; B — Flu-dUMP — 5-{3-[6-(carboxyamidofluoresceinyl)amidocapromoyl]allyl}-

2'-deoxyuridine-5'-monophosphate

DNA structures, more remarkable in case of damaged
DNA [20]. In the presence of both XPA and XPC-
Rad23B, the effect of mutual stimulation in binding of
these proteins to DNA was observed. The interaction of
XPC and XPA as well as XPC and RPA during binding
to UV-irradiated DNA was also shown using footprin-
ting assay [24]. However, the mechanism of this inter-
action remains unclear.

RPA also stimulated modification of XPC-Rad23B
by 5I-dUMP-containing DNA structures, and the maxi-
mal stimulation was observed for DNA duplex contai-
ning non-complementary nucleotide pair near the dama-
ge [20]. The stimulation effect was shown to involve
protein-protein interactions: mutant RPA lacking do-
mains responsible for the protein-protein interactions
did not affect XPC-Rad23B modification. On the addi-
tion of prokaryotic SSB protein, stimulation was not ob-
served, evidencing to the specificity of interaction bet-
ween XPC-Rad23B and RPA. Notably, the dependen-
ce of XPC-Rad23B modification intensity on the posi-
tion of a 5I-dUMP residue in the intact strand corres-
ponded with the X-ray data for Rad4, i. e. the 5I-dUMP
positions demonstrating maximum levels of XPC modi-
fication coincided with the places of Rad4 and DNA
contact [18]. This correspondence probably allows ac-
counting the data on the mechanism of damage recogni-
tion obtained for the yeast protein in regard to the NER
system of higher eukaryotes where proteins X-ray ana-
lysis is still missing.

XPA and RPA proteins are important elements of the
complex formed on the damaged DNA at the stage pre-
ceding the damage excision by endonucleases ERCC1-

XPF and XPG, the so-called preincision complex [25].
The DNA structures containing non-complementary
region of 15 nt with bulky adduct (Flu-dUMP) in one
strand may be considered as the models imitating DNA
intermediates formed at the primary stage of preincisi-
on complex assembly, after partial unwinding of DNA
duplex in the damaged region by TFIIH helicases [26].
The use of such structures containing 5I-dUMP in dif-
ferent DNA positions allowed studying XPA and RPA
localization in the partly open DNA duplex. It was
shown that XPA interacts basically with the transition
of an open region to the duplex part [21]. This locali-
zation of XPA corresponds to its function of attracting
the structure specific endonucleases to the place of da-
maged strand incisions [27]. Together with RPA, mainly
interacting with non-damaged DNA strand, XPA parti-
cipates in formation and maintaining of the proper
structure of the DNA-protein complex required for pre-
cise seating and coordinate action of excision nucleases
ERCCI1-XPF and XPG (Fig. 2). The involvement of
two RPA molecules in the preincision complex can be
assumed [21]. One molecule interacts with a single-
stranded region of the intact strand in partially open
DNA duplex and simultaneously with XPA, and the se-
cond RPA molecule is located near the transition of the
open part into the duplex, at the 3-side from the dama-
ge, and may interact with XPG. RPA might bind single-
stranded DNA in this complex, being in transitional
conformation [28]. The participation of more than one
RPA molecules in preincision complex assembly is
justified by the necessity to create contacts both with
structurally different DNA regions in partly open du-
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plex and with other proteins attracted to the complex.
This assumption agrees with the domain structure of
RPA and its conformation, and also with the bubble
size. Moreover, the seating of several RPA molecules
can be necessary for further unwinding of DNA duplex
to the size of open region ~30 nt, preceding the excision
of damaged DNA fragment [29, 30]. It should be noted
that the right orientation of XPA and RPA on DNA is
achieved in the absence of TFIIH, which is probably
displaced by these proteins from the complex with DNA.

In sum, the results of studying the interaction of NER
proteins with model DNA structures imitating the sub-
strates and intermediates at different stages of the pro-
cess using photoaffinity labeling demonstrate the advan-
tage of this approach in studying the architecture and
dynamics of DNA-protein complex, being sensitive to
local structural changes in a DNA damage region.
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H. I. Peuxynosa, . C. Kpacixosa, €. A. Manvyesa, O. 1. Jlaspux

dotoakrusni JJHK sik iHCTpyMeHT [u1st BUBYEeHHS Tonorpadii

KOMIUIEKCY €KCIH3IIHOT penapariii HyKJICOTH/IiB
Pesrome

Excyusiuna penapayis nykneomuoie (EPH) — ye ooun 3 ocHO6HUX
wisAxie penapayii' y KiimuHax eykapiomie, sKi 3anobicaiome GUHUK-
HEHHIO 2eHeMUYHUX AHOMAIU 8HACTIOOK nowkodxcennss [JTHK. 3a do-
nomoeoio EPH 6i0b6ysacmucs 6udanients wupoKo2o cnekmpa pizHux
30 CMPYKMYpPOI ROUWKOONHCEHb, cepeo AKUX NIPUMIOUHOBE Oumepu, Wo
popmyromscs nio dieto YD-eunpominiosants, ma oo’ eMHi XiMiuHi adyK-
mu, Wo YMeopiolomsbCs 68 pe3yiomami 6NaAUsy KaHyepo2enie 006Kz
abo ximiomepanii. Yepez naozeuuaiino 6ucoky cyocmpammy cneyu-
¢uunicmo npoyecy EPH nocmae numanns wooo mexanizmy ynisna-
BAHHA PIZHUX NOWKOOJICEHb NeBHUM HAOOPOM OINKI8 y 6enude3HOMY
macugi nenowkooxcenoi JJHK. ¥V npedcmasnenomy o2naodi posensioa-
10MbCsL MOJCIUBOCME 3ACMOCYBAHHI MemOody pomoadinnoi mooughi-
Kayii ons eueuenHsi karo4wosux cmaodii EPH-ynisnasanus nowkoo-
Jicens i hopmyeants nepeopo3uenio8arbHo20 KOMNIEKCY.

Kmiouosi cnosa: excyusiiina penapayis Hykieomuois, ynizHasanHs
NOWIKOOMHCEHb, NEePeOpO3WEenIO8aIbHULL KOMIIEKC, (hOMOpeaKmusHa
JTHK.

H. U. Peuxynosa, A. C. Kpacukosa, E. A. Manvyesa, O. H. Jlagpux

®oroakruuble JJHK kak HHCTpyMEHT Ul HCCIIE0BaHMUs TONIOrpaduu

KOMILJIEKCa SKCIIM3MOHHON pernapannuu HyKI€OTHI0B

Pesrome

Oxcyuszuonnasn penapayus nykieomuoos (OPH) — 00un uz ocnoenwvix
nymeii penapayuu 8 Kiemkax 3yKapuomos, npeoomspaujaiouux 603-
HUKHOBEHUE 2eHeMUYeCKUX aHoManull 6cieocmaue nospedsicoerus JJHK.
C nomowwio IPH npoucxooum yoanenue wupoko2o cnekmpa cmpyx-
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MYPHO PATULAIOWUXCA NOBPEINCOEH U, MAKUX KAK NUPUMUOUHOBLIE
oumepul, nosigasOWUecst oo delicmsuem Y D-uznyuenusl, u 06vemHble
Xumuueckue adoykmul, 00paszyiowuecs 6 pezyivmame 8030eUcmsus
KaHyepoeenog oxkpyscaioweli cpedbl unu xumuomepanuu. Ms-3a ne-
00bI4aUHO WUPOKOU cyocmpamuaou cneyuguurnocms npoyecca IPH
B03HUKAEM BONPOC 0 MeXAHU3ME Y3HABAHUS PA3TULHBIX NOGDEICOCHUT
onpeoeneHHbIM Habopom OeiK08 6 0ZPOMHOM MACCUBE HENOBPEHCOCH-
nou JJHK. B npedcmasnenHom 0b630pe paccmampugaromes: 603mMoxHc-
HoCcmu npumenenus memooa ghomoapunnoi mooughuxayuu 0 usy-
yenus Koyegvix cmaouii DPH-y3nasanus nospedcoenus u popmupo-
8aHUs NPEOPACUWENIAIOUe20 KOMNIEKCA.

Kntouegvie cnosa: skCYu3UOHHASA penapayus HyKieomuoos, y3Haea-
HUe nogpedcoeHuUll, npeopacuenifstouul KOMnieKc, homopeaxmus-
nas JIHK.
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