
Transfer of genetic information without alterations is

necessary for the survival of cells as well as that of the

whole organism. However, the integrity of DNA, the

main carrier of genetic information, is constantly jeop�

ardized by many external and internal agents damaging its

structure. Many DNA lesions and mutations can result

from the action of these agents; this may cause the

progress of cancer and other diseases. Several mecha�

nisms restoring damaged DNA were developed by living

organisms in the course of evolution. The nucleotide

excision repair (NER) system is one of these mecha�

nisms. The ability to remove a wide range of DNA lesions

is typical of NER, in particular, in mammal cells this is

the major repair pathway to eliminate bulky DNA

adducts appearing either by the action of environmental

factors, such as UV irradiation and chemical carcinogens,

or as a result of chemotherapeutic treatment [1�4].

Mutations in NER�related genes cause several hereditary

diseases, such as xeroderma pigmentosum (XP),

Cockayne syndrome, and trichothiodystrophy [4].

Patients with XP syndrome are highly sensitive to sun�

light, and many of them develop skin cancer [5�7].

There are two NER pathways in eukaryotic cells:

transcription�coupled repair (TC�NER), which restores

DNA strands of actively transcribed genes, and global

genome repair (GG�NER) restoring DNA in nontran�
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Abstract—The interaction of nucleotide excision repair factors—xeroderma pigmentosum complementation group C pro�

tein in complex with human homolog of yeast Rad23 protein (XPC–HR23B), replication protein A (RPA), and xeroderma

pigmentosum complementation group A protein (XPA)—with 48�mer DNA duplexes imitating damaged DNA structures

was investigated. All studied proteins demonstrated low specificity in binding to damaged DNA compared with undamaged

DNA duplexes. RPA stimulates formation of XPC–HR23B complex with DNA, and when XPA and XPC–HR23B are

simultaneously present in the reaction mixture a synergistic effect in binding of these proteins to DNA is observed. RPA

crosslinks to DNA bearing photoreactive 5I�dUMP residue on one strand and fluorescein�substituted dUMP analog as a

lesion in the opposite strand of DNA duplex and also stimulates cross�linking with XPC–HR23B. Therefore, RPA might

be one of the main regulation factors at various stages of nucleotide excision repair. The data are in agreement with the coop�

erative binding model of nucleotide excision repair factors participating in pre�incision complex formation with DNA

duplexes bearing damages.
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scribed parts of the genome [8]. More than 30 polypep�

tides participate in NER at its various stages, namely: i)

lesion recognition; ii) unwinding of DNA duplex around

the damaged area; iii) cleavage of the damaged DNA

strand at the 3′� and 5′�ends of the lesion; iv) gap filling;

v) nick ligation [1, 2, 9].

NER pathways differ mainly in the lesion recogni�

tion stage. In the case of TC�NER, the lesion is recog�

nized on its interaction with RNA polymerase II and

transcription termination [10, 11]. It is still unclear how

the GG�NER system recognizes lesions. According to a

model suggested by Evans et al. [12], a lesion is primarily

recognized by xeroderma pigmentosum complementa�

tion group C protein in complex with human homolog of

yeast Rad23 protein (XPC–HR23B). This model was

supported in experiments in which cell extracts depleted

in NER factors were used [13]. It was shown that dam�

aged DNA preincubated with XPC–HR23B is processed

more rapidly than DNA preincubated with xeroderma

pigmentosum complementation group A protein in com�

plex with replication protein A (XPA–RPA). According

to the suggested model, GG�NER is processed via a

mechanism in which XPC–HR23B complex acts as a

factor recognizing the lesion�induced change in DNA

helix conformation and providing subsequent recruit�

ment of repair/transcriptional factor TFIIH to the com�

plex formed. At the next stage, XPB and XPD helicases of

TFIIH unwind the DNA duplex, then XPA–RPA com�

plex verifies chemical modifications, and the above�

described stages 3�5 proceed [12, 13]. However, contrary

results were obtained in an NER system reconstructed in

vitro from the purified proteins: substrate preincubated

with XPA–RPA complex was processed more rapidly

[14]. Based on these data, an alternative model of NER

was suggested; according to this model, primary recogni�

tion of a lesion is performed by XPA–RPA complex,

which assists placement of XPC–HR23B and TFIIH fac�

tors on DNA. Although NER has been studied intensive�

ly, contradictory data are still not explained unambigu�

ously; however, these contradictions disappear in the

framework of the random order assembly model [15, 16].

According to this model, a lesion is initially detected by

any of these proteins (XPA, RPA, or XPC–HR23B) pro�

viding assembly of a four�component complex on the

damaged DNA due to cooperative protein–protein inter�

actions; this complex includes TFIIH factor, which

kinetically checks specificity of the complex.

Besides the fact that the NER mechanism is ambigu�

ous, details of the interaction of certain participants in the

process with damaged DNA are also unclear. Earlier we

showed that it is possible to use oligonucleotides bearing

bulky photoreactive nucleotide analogs as substrates rec�

ognized by the NER system. It was demonstrated that

bulky photoreactive nucleotide analogs inserted in DNA

substrates are recognized and processed by UvrABC pro�

teins of the bacterial NER system and also by the human

NER system [17, 18]. Use of lesion�imitating photoreac�

tive groups allows covalent fixation of the polypeptide in

direct contact with photoreactive DNA damage.

However, in this case it is unclear what protein factors of

the NER system are in contact with the undamaged DNA

strand in the course of damage recognition. To solve this

problem, we constructed DNA duplexes bearing 5I�

dUMP in the undamaged strand and Flu�dUMP as a

lesion in the other strand (Fig. 1). Choice of photoreac�

tive nucleotide analog is motivated by the hypothesis of its

minimal effect on the structure of DNA double helix. In

this work, we studied the interaction of NER protein fac�

tors—RPA, XPA, and XPC–HR23B—with model DNA

structures imitating NER substrates.

MATERIALS AND METHODS

The following materials and reagents were used: [γ�
32P]ATP (3000 Ci/mmol) produced in the Laboratory of

Radiochemistry of the Institute of Chemical Biology and

Fundamental Medicine (Siberian Branch of the Russian

Academy of Sciences); phage T4 polynucleotide kinase

from Biosan (Russia); stained molecular mass markers

from BioRad (USA); reagents for electrophoresis and

buffer components from Sigma (USA) or of Russian pro�

duction (extra pure grade).

Oligonucleotides bearing 5I�dUMP or fluorescein

dUMP derivative were synthesized by the solid phase

method using corresponding commercially available ami�

dophosphites from Glen Research (USA). Structures of

oligonucleotides and nucleotide analogs are presented in

Fig. 1.

Protein preparations. Recombinant hRPA was isolat�

ed from E. coli according to [19]. Recombinant hXPA

bearing N�terminal polyhistidine fragment was expressed

in E. coli BL21(DE3)LysS strain, using pET15b�XPA

recombinant plasmid. Cells were disintegrated ultrasoni�

cally, and after centrifugation the cleared lysate was

applied on a column with Ni�chelate agarose equilibrated

with buffer A (50 mM potassium phosphate, pH 7.8,

0.1 M NaCl, 0.001% NP�40, and 10% glycerol) with

5 mM imidazole. The target protein was eluted with

buffer A containing 100 mM imidazole, eluate was frac�

tionated, and fractions containing the main content of

the protein were pooled. After addition of EDTA (to

1 mM) and 2�mercaptoethanol (to 7 mM), the pooled

fraction was applied on a column with Sephacryl S�200

equilibrated with buffer B (25 mM Tris�HCl, pH 7.8,

0.1 M NaCl, 1 mM EDTA, 7 mM 2�mercaptoethanol,

and 10% glycerol), which was also used for elution. After

gel filtration, XPA�containing fractions were pooled and

applied on a column with heparin�Sepharose equilibrated

with buffer B. The protein was eluted with a gradient (0.1�

1.0 M) of NaCl in buffer B. The main content of protein

was eluted in the NaCl concentration range 0.55�0.75 M.



888 KRASIKOVA et al.

BIOCHEMISTRY  (Moscow)   Vol.  73   No.  8   2008

Fig. 1. Structures of nucleotide analogs (a) and sequences of DNA duplexes used in this work (b).
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The pooled fraction was dialyzed against two portions of

buffer B in which glycerol was added to 20%. The result�

ing preparation was aliquoted and stored at –40°C. The

yield of protein was 0.05�0.1 mg for 1 g of biomass.

Recombinant hXPC–HR23B bearing polyhistidine

sequence at the C�end of hXPC and at the N�end of

HR23B was purified as described in [18]. The mutant

RPA without domains responsible for protein–protein

interactions was kindly provided by Alexey Bochkarev

from the University of Toronto (Canada), and E. coli SSB

protein was kindly provided by Stephen Kowalczykowski

from the University of California (USA).

Preparation of 5′′�32P�labeled DNA duplexes.
Radioactive label was inserted into the 5′�end of 5I�

dUMP�containing oligonucleotides using phage T4

polynucleotide kinase as described in [20]. Labeled

oligonucleotides were purified by electrophoresis under

denaturing conditions with subsequent elution [21]. To

obtain DNA duplexes, 5′�32P�labeled oligonucleotides

were annealed with complementary oligonucleotides in

the ratio 1 : 1.2, incubated for 5 min at 95°C, then slowly

cooled to 70°C, kept for 15 min at this temperature, and

slowly cooled to room temperature. The hybridization

degree was monitored by electrophoresis in 7% polyacryl�

amide gel (acrylamide/bis�acrylamide = 40 : 1). TBE

buffer (50 mM Tris�HCl, 50 mM H3BO3, 1 mM EDTA,

pH 8.3) was used as the electrode buffer.

Protein binding to DNA was analyzed by gel retarda�

tion. The reaction mixture (10 µl) contained 50 mM Tris�

HCl, pH 7.5, 100 mM KCl, 2 mM MgCl2 (if the reaction

was performed in the presence of Mg2+), 1 mM dithio�

threitol (DTT), 0.6 mg/ml BSA, 1 nmol 5′�32P�labeled

DNA, and RPA, XPA, or XPC–HR23B at various con�

centrations. Protein complexes with DNA were formed

for 30 min at 37°C. Then loading buffer (1 : 5 v/v) con�

taining 20% glycerol and 0.015% Bromophenol Blue was

added to the sample. Protein–nucleic acid complexes

were electrophoresed under nondenaturing conditions.

To separate the products of complex formation of RPA,

XPA, or their mixtures, 7% polyacrylamide gel (acryl�

amide/bis�acrylamide = 40 : 1) was used, whereas for

XPC–HR23B or protein mixtures containing it, 5%

polyacrylamide gel (acrylamide/bis�acrylamide = 60 : 1)

was used. TBE was used as the electrode buffer.

Electrophoresis was performed with voltage decrease

17 V/cm and at 4°C. Positions of radioactively labeled

oligonucleotide and protein–nucleic acid complexes

were determined autoradiographically using a Molecular

Imager FX Pro+ from BioRad.

Photoaffinity labeling of proteins by photoreactive

DNA structures was performed in reaction mixture

(10 µl) containing 50 mM Tris�HCl, pH 7.5, 100 mM

KCl, 2 mM MgCl2 (if the reaction was performed in the

presence of Mg2+), 1 mM DTT, 0.6 mg/ml BSA, 10 nM

5′�32P�labeled photoreactive DNA duplex, and corre�

sponding protein or protein mixture at the studied con�

centrations. Mixtures were incubated for 30 min at 37°C

and then UV�irradiated in an ice bath using a Bio�Link

BLX�312 cross�linker from Vilber Lourmant (France) at

wavelength 312 nm, light intensity 5 mJ/cm2·sec, and

irradiation time 1 h. The reaction was terminated by addi�

tion of stop buffer (1 : 5 v/v) (5% SDS, 5% 2�mercap�

toethanol, 0.3 M Tris�HCl, pH 7.8, 50% glycerol, and

0.005% Bromophenol Blue). Modification products were

separated by electrophoresis according to Laemmli [22]

with subsequent autoradiography using the Molecular

Imager FX Pro+ (Bio�Rad).

RESULTS AND DISCUSSION

To study the interaction of NER factors with DNA,

we used 48�mer DNA duplexes bearing a bulky damage in

one strand and a photoactive 5I�dUMP analog in the

opposite strand. dUMP analog bearing base�attached flu�

orescein residue (Flu�dUMP) was used for damage imi�

tation. Being inserted into DNA, this analog is recog�

nized as a damage repaired by the NER system [23]. The

iodine atom in 5I�dUMP chromophore has Van der Waals

radius very close to that of the methyl group of thymidine.

Due to this similarity with the natural nucleotide, this

analog causes minimal changes in DNA helix and there�

fore in formation of protein–nucleic acid complexes. It is

suggested that a photoreactive group bound with a linker

of “zero” length should react only with amino acid

residues in close contact with DNA [24]. The DNA

strand bearing a photoactive analog contained 5′�32P�

label. Structures of dUMP analogs and sequences of

DNA duplexes are presented in Fig. 1.

Complex formation of NER factors with various DNA
structures. The affinity of NER factors to DNA structures

used was evaluated by gel retardation. Experiments on

RPA binding to various DNA structures (Fig. 2) showed

that RPA affinity to undamaged DNA 1 is minimal both

in the absence (Fig. 2a, lanes 1�7) and in the presence

(Fig. 2b, lanes 1�6) of Mg2+. However, between damaged

DNA 2 and DNA 3 in the presence of 2 mM Mg2+, RPA

demonstrates the maximal affinity to DNA 2 bearing a

non�complementary base pair along with a damage (Fig.

2b, lanes 7�11). In the absence of Mg2+, RPA binds to all

DNA structures more efficiently, but the difference in

protein affinity to DNA 2 and DNA 3 is minimized, as

shown in the plots of complex formation versus protein

concentration (Fig. 2, a and b, right parts). The character

of RPA complex formation with damaged DNA also

depends on the presence of Mg2+ in the reaction mixture:

in the absence of Mg2+ several types of RPA–DNA com�

plexes with various electrophoretic mobility are observed,

whereas in the presence of Mg2+ DNA 2 and DNA 3

mainly form complexes with lower electrophoretic mobil�

ity (Fig. 2a, lanes 10, 11 and 16, 17 versus Fig. 2b, lanes

8, 9 and 14, 15). Complexes of this type are formed when
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DNA binds to several protein molecules, and the fact that

they are mainly formed in the presence of free DNA in

solution indicates that cooperativity is enhanced on RPA

binding to the damaged DNA in the presence of Mg2+.

The character of RPA binding to undamaged DNA is

practically independent on the presence of Mg2+ (Fig. 2a,

lanes 4, 5 versus Fig. 2b, lanes 3, 4). The effect of Mg2+ on

the ability of RPA for selective binding to UV�irradiated

DNA was first shown in [25]; the data suggest that the

role of RPA is primary recognition of damage. The abili�

ty of RPA to recognize DNA duplexes with various dam�

ages is as shown in [25�33]. Data on RPA binding to sin�

gle�stranded damaged DNA obtained by various methods

differ significantly, demonstrating preferential binding to

damaged compared to undamaged DNA [26, 35], as well

as the opposite effect [27, 29, 34, 36].

For a long time XPA was the main candidate for the

role of damage�recognizing factor. This protein was the

first discovered NER participant, which demonstrated

preferential binding to damaged DNA [29, 37]. However,

after the discovery of other participants of the NER sys�

tem it became obvious that XPA binding specificity to the

damaged DNA is negligible, and most probably this pro�

tein does not directly participate in damage recognition,

but together with RPA coordinates assembly of pre�inci�

sion complex via protein–protein interactions with all of

its participants [14]. Data on XPA binding to DNA

duplexes used in this work are presented in Fig. 3a. As can

be seen, XPA demonstrates some preference in binding to

DNA duplexes bearing damage repaired by NER system

(lanes 7�11 and 12�16) compared with undamaged DNA

(lanes 2�6). The presence of Mg2+ in the reaction mixture

results in significant inhibition of XPA binding to any

DNA structures (data not presented), which is in com�

plete accord with [29].

A heterodimer XPC–HR23B is fully accepted as the

main factor of primary recognition of damage [13].

According to [38], XPC–HR23B has high affinity to

DNA double helix sites, whose structure is destabilized by

bulky damages. To our surprise, in binding experiments

(Fig. 3b) we observed only a negligible preference in

XPC–HR23B binding to damage�bearing DNA struc�

tures (DNA 2, lanes 7�11) or the same substituent near

the non�complementary base pair (DNA 3, lanes 12�16)

compared with undamaged DNA (lanes 2�6). In the pres�

ence of Mg2+, the level of complex formation significant�

ly decreases. However, the picture in principle remained

the same (data not presented). So, the data indicate that

any one of the NER factors taken separately does not

demonstrate noticeable preference in binding to damaged

Fig. 2. RPA binding to various DNA structures in the absence (a) and in the presence (b) of 2 mM Mg2+. The reaction mixtures contained

50 mM Tris�HCl, pH 7.5, 100 mM KCl, 2 mM MgCl2 (if the reaction was performed in the presence of Mg2+), 1 mM DTT, 0.6 mg/ml BSA,

1 nM of 5′�32P�labeled DNA, and RPA at various concentrations. Lanes: 1�7) undamaged DNA duplex (DNA 1); 8�13) DNA duplex bearing

a non�complementary base pair along with a damage (DNA 2); 14�19) damaged DNA duplex (DNA 3).
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DNA necessary for discrimination of DNA damages on

the background of the main part of undamaged DNA.

Therefore, the discrimination mechanism is more com�

plicated and requires participation of several proteins

simultaneously and/or other factors governing discrimi�

nation.

Interaction of various NER factors on DNA binding.
Several NER factors participate in recognition of DNA

damages, and this process is regulated by numerous pro�

tein–nucleic acid and protein–protein interactions. Each

of these specific interactions is necessary for functioning

of the whole system. Study of the interaction between

NER factors is necessary for understanding their role in

DNA damage recognition. To evaluate the effect of RPA

on XPC–HR23B binding to the studied DNA duplexes,

we titrated DNA with XPC–HR23B heterodimer in the

absence and in the presence of RPA. Figure 4a presents

data on DNA 2 titration with XPC–HR23B in the

absence of RPA (lanes 7�9) and in the presence of 1 nM

(lanes 10�13) and 5 nM (lanes 2�6) RPA. Under the

experimental conditions RPA forms two types of

RPA–DNA complexes with different electrophoretic

mobility. Due to the lower electrophoretic mobility of

XPC–HR23B–DNA complex, it is possible to separate

the products of RPA and XPC–HR23B complex forma�

tion with DNA. In the presence of 5 nM RPA, a band

corresponding to XPC–HR23B–DNA complex appears

at XPC–HR23B concentration 5 nM (lane 5), whereas in

the presence of 1 nM RPA (lane 12) or in its absence (lane

8) this complex is not formed at the same XPC–HR23B

concentration. Figure 4b presents data on titration of all

DNA duplexes used with XPC–HR23B heterodimer in

the presence of 5 nM RPA (DNA 1, lanes 4�6; DNA 2,

lanes 10�12; DNA 3, lanes 16�18). At 25 nM

XPC–HR23B in the reaction mixture, signal intensity of

the products of XPC–HR23B complex formation with

DNA is significantly higher in the presence of RPA (lanes

6, 12, 18) than in its absence (lanes 7, 13, 19). The data

suggest that RPA stimulates XPC–HR23B binding to

various DNA structures. At increased XPC–HR23B con�

centration the intensity of bands corresponding to

RPA–DNA complex decreases; this possibly arises from

formation of RPA–XPC–HR23B–DNA triple complex.

However, the absence of additional bands in gel that

might be related with such complex suggests that RPA

stimulates XPC–HR23B binding to DNA due to pro�

tein–protein interactions without formation of a stable

triple complex. The interaction between RPA and XPC

Fig. 3. XPA (a) and XPC–HR23B (b) binding to various DNA structures. The reaction mixtures contained 50 mM Tris�HCl, pH 7.5, 100 mM

KCl, 1 mM DTT, 0.6 mg/ml BSA, 1 nM 5′�32P�labeled DNA, and proteins at various concentrations.

DNA 1

ХPA–DNA

100
1            2      3   4     5     6      7    8     9  10  11  12   13  14  15  16  

DNA 2 DNA 3

DNA 1

1              2   3     4     5     6    7    8    9   10   11   12 13  14   15  16

DNA 2 DNA 3

1
1

0
5

0
1

0
0

6
0

0

1
5

0

3
0

0
6

0
0

1
2

0
0

2
4

0
0–

free DNA

%
 D

N
A

 in
 X

P
A

–
D

N
A

 c
o

m
p

le
x

0

20

40

60

80

DNA 1
DNA 2
DNA 3

500 10000 20001500

XPA, nM

100

0

20

40

60

80

DNA 1
DNA 2
DNA 3

100 2000 400 600300

XPC–HR23B, nM

ХPС–
HR23B–
DNA

free DNA

ХPA, nM

ХPС–
HR23B, nM

a

b

1
5

0
3

0
0

6
0

0
1

2
0

0

1
5

0

3
0

0
6

0
0

1
2

0
0

2
4

0
0

2
4

0
0

– 1
1

0

5
0

1
0

0
6

0
0 1

1
0

5
0

1
0

0
6

0
0 %

 D
N

A
 in

 X
P

C
–

H
R

2
3

B
–

D
N

A
 c

o
m

p
le

x

500



892 KRASIKOVA et al.

BIOCHEMISTRY  (Moscow)   Vol.  73   No.  8   2008

subunit expressed as chimeric polypeptide with maltose�

binding protein (MBP–XPC) on binding to UV�dam�

aged DNA was studied by gel retardation [14]; however,

neither stimulation effect nor formation of DNA–protein

triple complex were detected. However, the interaction

between RPA and MBP–XPC on binding to DNA was

detected by footprinting. That is why the mechanism of

interaction of these proteins remains unclear.

The formation of XPA2–RPA complex was discov�

ered earlier [14, 36, 39], and it was shown that this com�

plex has higher affinity to damaged DNA than XPA and

RPA taken separately [40, 41]. In our experiments on

XPA titration in the presence of RPA at constant concen�

tration (Fig. 4c), a band corresponding to XPA–RPA–

DNA complex appeared at RPA/XPA concentration ratio

1 : 30 (lanes 7, 13, 19). At XPA concentration lower than

150 nM only the bands corresponding to RPA–DNA

complex were observed (DNA 1, lanes 4�6; DNA 2, lanes

10�12; DNA 3, lanes 16�18). The presence of Mg2+ in the

reaction mixture results in a dramatic decrease in the

amount of XPA–DNA complex, which causes disappear�

ance of a band corresponding to the triple complex (data

not presented here).

Data on XPA binding to DNA in the presence of

XPC–HR23B at constant concentration are presented in

Fig. 4d. On increase of XPA concentration, simultaneous

increase in intensity of the bands corresponding to the

products of XPC–HR23B complex formation was

observed (DNA 1, lanes 4�7; DNA 2, lanes 10�13; DNA

3, lanes 16�19). The data indicate that XPA stimulates

formation of XPC–HR23B–DNA complex. Increased

XPA concentration in the protein mixture changes the

number of products of complex formation as well as the

ratio of their intensities. At XPA concentrations 1 and

5 nM (DNA 1, lanes 4, 5; DNA 2, lanes 10, 11; DNA 3,

lanes 16, 17) only the bands corresponding to

XPC–HR23B–DNA complex were observed; this arises

from the higher affinity of XPC–HR23B to DNA.

However, already at 25 nM XPA distinct bands corre�

sponding to XPA–DNA complex (lanes 6, 12, 18) appear

simultaneously with drastic increase in intensity of the

band of the XPC–HR23B–DNA complex, whereas in

the absence of XPC–HR23B such complexes were

observed only at significantly higher XPA concentrations

(Fig. 3a). So these NER factors mutually stimulate their

binding to DNA. For all DNA duplexes used, this effect

manifests itself to an equal extent. It is possible that

XPC–HR23B–XPA–DNA complex is formed; however,

we failed to detect such complex in our experiments. The

presence of Mg2+ in the reaction mixture does not change

Fig. 4. Interaction of NER protein factors with DNA. The reaction mixtures contained 50 mM Tris�HCl, pH 7.5, 100 mM KCl, 1 mM DTT,

0.6 mg/ml BSA, 1 nM 5′�32P�labeled DNA, and protein factors at analyzed concentrations: a) 1 or 5 nM RPA and XPC–HR23B at various

concentrations; b) 5 nM RPA and XPC–HR23B at various concentrations; c) 5 nM RPA and XPA at various concentrations; d) 50 nM

XPC–HR23B and XPA at various concentrations.
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the stimulation effect (data not presented). Interactions

between XPC–HR23B and XPA in the course of their

binding to UV�damaged DNA duplex was found earlier

by footprinting [14].

Study of interaction of NER factors by photoaffinity
modification. Our data on formation of XPA–RPA–DNA

triple complexes obtained in experiments on XPA or RPA

binding to DNA by gel retardation are in complete agree�

ment with the literature data. The fact that XPA–RPA

complex can be isolated from HeLa cell extract [42] indi�

cates that XPA and RPA interact in the absence of DNA

and that this complex might be functionally important.

However, in spite of intense study and many data

obtained by various methods, the role of the separate pro�

tein components of XPA–RPA complex in binding to

damaged DNA is still unclear. Photoaffinity modification

was used for analysis of the location of subunits of this

complex on DNA. This method can be used to detect

weak protein–nucleic acid interactions, which are crucial

for many biological processes.

Modification of XPA revealed an unexpected phe�

nomenon: DNA structures we used did not modify this

protein even in its excess (XPA/DNA ratio up to 200 : 1),

furthermore, on addition of RPA, the set and intensities

of the products of protein mixture modification com�

pletely corresponded with the products of RPA modifica�

tion, in particular its major subunit RPA70 (data not pre�

sented). This fact might be due either to the absence of

the appropriate amino acid acceptors at the points of

XPA–DNA contact or the absence of protein contacts

with undamaged DNA strand. Interactions of XPA and

RPA with DNA duplex bearing cis�dichlorodiammine�

platinum as damage and 5I�dUMP photoactive analog in

one strand were studied in [35]; it was shown that

XPA–RPA–DNA triple complex exists and only the

RPA70 subunit is subject to modification in this complex.

It was suggested in [43] that on binding to the damaged

DNA duplex XPA is positioned on the damaged strand at

the 5′�side of the damage. Our data and the literature

indicate that on binding of XPA–RPA complex to the

damaged DNA duplex, only RPA contacts with the dam�

age�bearing DNA site as well as with the area of the

undamaged strand complementary to it. XPA is known to

have high affinity to bends of DNA helix [44]; this fact

suggests its binding to DNA after placement of

XPC–HR23B, which produces a bend of the DNA

duplex in the damaged area.

Data on electrophoretic separation of the products

of modification of RPA and XPC–HR23B mixture by

photoreactive DNA duplexes are presented in Fig. 5.

Proteins were modified at increased XPC–HR23B con�

centration in the presence of 50 nM RPA and one of the

DNA structures. The products of labeling corresponding

to XPC–HR23B–DNA complex are absent from lanes 3,

9, 15 containing XPC–HR23B and DNA. At concentra�

tion ratio XPC–HR23B/RPA = 8 : 1, bands correspon�

ding to XPC–HR23B modification products appear

(lanes 7, 13, 19). The XPC–HR23B concentration in

these lanes are the same as in lanes containing only

XPC–HR23B and DNA. The data indicate that RPA

stimulates an interaction between XPC–HR23B and

DNA and support data obtained by gel retardation. The

intensity of RPA modification decreases simultaneously

with appearance of the products of XPC–HR23B modi�

fication. The stimulating effect of RPA manifests itself

most clearly in the case of DNA bearing non�comple�

mentary nucleotides in the vicinity of the damage (lanes

8�13). It should be noted that intensity and character of

RPA labeling also depend on DNA structure. Thus, on

interaction with DNA 1 not only lower yield of

DNA–protein conjugates is observed as compared with

DNA 2 and DNA 3, but the set of products of RPA mod�

ification also differs (lane 2 versus lanes 8 and 14). The

number of labeling products of RPA subunits is larger in

the case of damaged DNA; this may be related with con�

formational rearrangements of protein in complex with

such DNA, which increases the number of potential tar�

get amino acids for photoinduced DNA crosslinking.

To clarify the suggestion of a role of protein–protein

contacts in RPA�induced stimulation of XPC–HR23B

interaction with DNA, we performed experiments on

photoaffinity modification of XPC–HR23B in the pres�

ence of an RPA mutant form depleted of all domains

responsible for protein–protein interactions (data not

presented). The absence of any effect of this mutant RPA

on XPC–HR23B modification indicates that the mutant

form of RPA is unable to stimulate the interaction of

XPC–HR23B with DNA. The data indicate that the

observed stimulating effect is based on protein–protein

interactions between RPA and XPC–HR23B. The speci�

ficity of interaction between RPA and XPC–HR23B was

demonstrated in experiments on photoaffinity modifica�

tion of XPC–HR23B in the presence of a prokaryotic

RPA analog—SSB protein of E. coli. Replacement of

Fig. 5. Photoaffinity modification of XPC–HR23B in the pres�

ence of RPA. The reaction mixtures contained 50 mM Tris�HCl,

pH 7.5, 100 mM KCl, 1 mM DTT, 0.6 mg/ml BSA, 50 nM RPA,

XPC–HR23B at various concentrations, and 10 nM 5′�32P�

labeled photoreactive DNA (DNA 1, 2, or 3).
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RPA by SSB in the reaction mixture resulted in complete

disappearance of the stimulating effect of XPC–HR23B

labeling.

It is known that the interaction of RPA with single�

stranded DNA is polar [32, 45]; it was also shown that

RPA mainly binds to damaged DNA at the 5′�side of the

damage [35]. Since it was found that RPA preferentially

binds to the undamaged strand of DNA duplex [46], it

was of interest to study protein localization on undam�

aged DNA strand and to evaluate its effect on the interac�

tion of XPC–HR23B factor with various DNA sites. Data

on modification of proteins by DNA duplexes different in

position of a 5I�dUMP residue in the undamaged strand

(DNA 2, DNA 4�DNA 7) are presented in Fig. 6. As can

be seen, the level and character of RPA labeling depend

on the position of a photoreactive analog in relation to the

damaged site. The highest modification is observed for

DNA 4 and 7 (lanes 2, 14); this may be rationalized by the

position of the photoactive analog in the DNA area,

which contacts the high�affinity DNA�binding domains

A and B of RPA. In DNA 4, a photoreactive analog is

located at the 5′�side of the damage, whereas in DNA 7 it

is at the 3′�side of the damage. The equal level of RPA

modification by these structures can be rationalized by

binding of two protein molecules to DNA duplex; one of

these protein molecules interacts mainly with the 5′�ter�

minal area of the undamaged DNA strand (DNA 4), and

the other with the 3′�terminal area (DNA 7). Of several

products of modification of RPA70 subunit by DNA 4

and 7, the highest level of labeling corresponds with the

products with higher electrophoretic mobility. As for

DNA–protein adducts of RPA70 with DNA 2 (lane 11),

the higher level of labeling corresponds with the products

with lower electrophoretic mobility. The yields of prod�

ucts of RPA affinity modification by DNA duplexes 5 and

6 are nearly equal (lanes 5, 8), although the character of

labeling differs. So, dependent on the position of the pho�

toreactive group in the undamaged strand, the character

and intensity of RPA labeling differ; this might be due to

the modification of different areas of the protein or even

different protein molecules. As shown above (Fig. 2),

RPA binding to damaged DNA is highly cooperative, and

this results in placement of several protein molecules on

one DNA molecule. In such complexes, RPA has globu�

lar conformation [47] and interacts with DNA mainly via

DNA�binding domains A and B of the RPA70 subunit

[48, 49]. Placement of RPA in the extended conforma�

tion, when other DNA�binding domains are also involved

in interaction with DNA, seems to be realized already in

the opened complex after DNA unwinding around dam�

age by DNA helicases XPB and XPD of multisubunit fac�

tor TFIIH ([3] and references cited therein). Such place�

ment provides polar RPA location on DNA necessary for

a proper orientation of excision nucleases XPG and

ERCC1�XPF catalyzing incision of the damaged DNA

site [3, 32].

Study of the effect of RPA on XPC–HR23B labeling

(XPC–HR23B/RPA = 8 : 1) by DNA structures bearing

damage, non�complementary nucleotides, and photore�

active analog at various positions of the undamaged strand

showed that modification profile (dependence of modifi�

cation intensity on position of photoreactive analog) of

these proteins is different. The stimulating effect of RPA

on XPC–HR23B modification manifests itself most clear�

ly in the case of DNA 2 and 4 (lanes 4, 13). Use of DNA

structure bearing a photoreactive analog at the position

nearest to the damage (DNA 6) results in the lowest level

of cross�linking for RPA (lane 8) as well as for

XPC–HR23B in the protein mixture (lane 10). This might

be caused by the fact that in this structure, the 5I�dU

residue is located opposite to dG but not in the canonical

pair with dA; this might influence the spatial orientation

of the photoreactive group and respectively, the efficiency

of protein modification. An interesting result was obtained

for DNA 7—the level of RPA modification by this struc�

ture is one of the highest (lane 14), whereas use of this

structure for modification of a protein mixture results in

drastic decrease in level of RPA labeling and low cross�

linking to XPC–HR23B (lane 16). It is possible that after

placement on DNA stimulated by RPA, XPC–HR23B

displaces RPA from the DNA, and displacement from var�

ious DNA sites may occur unevenly, XPC–HR23B modi�

fication is dependent on the position of the photoreactive

group. Based on biochemical experiments, it was recently

suggested that XPC–HR23B interacts not with damage

but with a site of the undamaged strand opposite to the

damage [50, 51]. This hypothesis was supported by X�ray

analysis of a complex of yeast ortholog XPC, Rad4, with a

fragment of damaged DNA [52]. It should be noted that

on modification of RPA and XPC–HR23B mixture by all

DNA structures used, the level of RPA labeling signifi�

cantly decreases simultaneously with appearance of the

products of XPC–HR23B modification (lanes 2, 5, 8, 11,

14 containing only RPA versus lanes 4, 7, 10, 13, 16 con�

Fig. 6. Photoaffinity modification of XPC–HR23B in the pres�

ence of RPA by DNA structures bearing 5I�dUMP at various

positions in relation to the damaged site. The reaction mixtures

contained 50 mM Tris�HCl, pH 7.5, 100 mM KCl, 1 mM DTT,

0.6 mg/ml BSA, 50 nM RPA, 400 nM XPC–HR23B, and 10 nM

5′�32P�labeled photoreactive DNA.
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taining a mixture of proteins). Thus, RPA and

XPC–HR23B compete for the undamaged DNA strand.

Therefore, our data on localization of XPC–HR23B fac�

tor on damaged DNA obtained by affinity modification

are in accordance with the X�ray data.

So, our data demonstrate a negligible preference in

binding of all studied NER factors taken separately,

including that of XPC–HR23B to damaged DNA com�

pared with native DNA duplex. At the present time

XPC–HR23B is considered to be the most probable fac�

tor providing primary recognition of DNA damages. We

have found that RPA and XPA stimulate the interaction

of XPC–HR23B with DNA. The effect of RPA and XPA

on XPC–HR23B binding to DNA is practically inde�

pendent of the type of DNA duplex, whereas the effect on

photoinduced cross�linking manifests itself to the maxi�

mal degree in case of DNA bearing a bulky substituent.

Earlier we obtained analogous results on the effect of

these proteins on the efficiency of XPC–HR23B modifi�

cation, studying the interaction of NER factors with 60�

mer DNA duplexes bearing bulky photoreactive

nucleotide derivatives as damage [18]. Based on all of the

data, conclude that despite the common opinion that

XPC–HR23B is a factor providing primary recognition of

damage in DNA, participation of RPA and XPA in this

process cannot be excluded. Our data most likely indicate

cooperative binding of proteins participating in formation

of pre�incision complex to the damaged DNA [15, 16]. A

hypothetical model of formation of this complex

accounting for possible cooperative interactions of RPA,

XPA, and XPC–HR23B factors is presented in Fig. 7.
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