
RPA participates in replication, repair, and recom-
bination of eukaryotic DNA; its main function is bind-
ing of single-stranded regions of DNA. RPA is com-
posed of three subunits with molecular masses 70 (p70),
32 (p32), and 14 kD (p14). The p70 subunit possesses the
main DNA-binding activity and is responsible for inter-
action with replication and repair proteins. The p32 sub-
unit of RPA also interacts with certain proteins, for
example, with uracil-DNA-glycosylase [1]. The role of
the p14 subunit is poorly studied [1]. It was shown that
RPA interacts with duplex DNA containing extended 5'-
end of the template [2]. Uridine-5'-monophosphate
residue with photoreactive 2-nitro-5-azidobenzoyl
group (NAB-4-dUMP) was attached to the 3'-end of the
primer by DNA polymerases; subsequent UV-irradia-
tion resulted in covalent binding of the primer to the p32
and p70 subunits of RPA [2]. A model describing RPA
interaction with duplex DNA containing extended end
of the template was suggested based on the modification
data. The p70 subunit was proposed to interact with sin-
gle-stranded region of duplex DNA and the p32 subunit

appears to be adjacent to the 3'-end of the primer,
whereas the p14 subunit is far from the 3'-end or is
shielded by other subunits.

During the photolysis of the 2-nitro-5-azidobenzoyl
group, initially formed singlet nitrene is rapidly trans-
formed into the triplet state [3]; thus, triplet nitrene is the
main particle reacting with the RPA subunits forming
covalent bonds in these experiments. In principle, the
spectrum of labeled peptides can differ when the NAB-
group is substituted for another photoreactive group.
Hence, it is of interest to study the modification of the
RPA subunits by analogs containing other reactive
groups. The perfluoroazidobenzene residue can be effi-
ciently used for photomodification of biopolymers [4].
Photolysis of perfluoroazidophenyl groups generates
singlet perfluorophenylnitrene which is the main reac-
tive particle, and it could be covalently attached to vir-
tually any chemical group [5]. A dTTP analog contain-
ing the 4-azido-2,3,5,6-tetrafluorobenzoyl group (FAB-
4-dUTP; Fig. 1) was synthesized previously [6]. In this
case, it is of interest to attach another reactive group and
study the efficiency of RPA subunit labeling depending on
the length of the linker connecting this group with the base.
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Abstract�Replication factor A (RPA) is a protein that binds single-stranded DNA in eukaryotic cells; it participates in
replication, repair, and recombination of DNA. RPA is composed of three subunits with molecular masses 70 (p70), 32
(p32), and 14 kD (p14). The photoaffinity labeling method was used to study the interaction of RPA with the 3'-end of
duplex DNA containing extended 5'-end of a single strand. We have synthesized dTTP analogs containing photoreactive
2,3,5,6-tetrafluoro-4-azidobenzoyl group attached to the 5th position of the uracil residue with linkers of variable length
(9, 11, and 13 atom chains). Using these analogs and dTTP analog containing the same photoreactive residue attached to
the 5th position of the uracil residue with a 4-atom linker, a number of oligonucleotide primers carrying a single photore-
active group on the 3'-end were enzymatically synthesized. Using the complex of the photoreactive primers with DNA tem-
plate containing extended 19-base 5'-end, human RPA was photoaffinity modified. The primers were covalently bound to
the p70 and p32 subunits of RPA and the p14 subunit was not labeled by the primers. The data are discussed considering
the previously suggested model of interaction of RPA with DNA during replication.
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Thus, the goal of the present work included synthe-
sis of a number of dTTP analogs containing 4-azido-
2,3,5,6-tetrafluorobenzoyl group connected by linker
groups of variable length to the 5th position of the uracil
residue (FAB-9-dUTP, FAB-11-dUTP, FAB-13-dUTP;
Fig. 1), preparation of photoreactive primers containing
the analogs and FAB-4-dUTP residue at 3'-end, and
affinity modification of RPA by photoreactive primers
in the presence of the template containing extended 5'-
end. The main object of the work was to monitor the
changes in modification efficiency of the RPA subunits
depending on the length of the linker connecting the
photoreactive group with 3'-end of the nucleotide
primer. With the help of the dTTP analogs with long
linkers, it was expected to label the p14 subunit, which
was not modified by NAB-4-dUTP [2].

MATERIALS AND METHODS

The following reagents were used: non-radioactive
dNTP were from Sibenzyme (Russia); [γ-32P]ATP was
from Biosan (Russia); Rainbow molecular weight mark-
ers were from Amersham (UK); oligonucleotides includ-
ing 36-base template 5'-GGTTCGATATCGTAGTTC-
TAGTGTATAGCCCCTACC and 16-base primer 5'-
GGTAGGGGCTATACAC were synthesized at the
Jacques Monod Institute (Paris, France); T4 polynu-
cleotide kinase was from New England Biolabs (UK).

1H- and 31P-NMR spectra were recorded using a
WP-200 spectrometer (Bruker, Germany) at 200 and 81 MHz,

respectively, at 20°C in D2O with tetramethylsilane and
85% phosphoric acid as external reference, respectively.
UV-Spectra of all photoreagents were recorded in 0.05 M
Tris-HCl (pH 7.5) with a Shimadzu UV-2100 spec-
trophotometer (Japan) in 1 cm cells. UV-Irradiation at λ =
315 nm was performed using a Baush and Lomb mono-
chromator and high pressure lamp (HBO W). TLC was
performed on Kieselgel 60F254 plates (Merck, Germany)
in the system dioxane�water�25% aqueous ammonia
(6:4:1 v/v).

5-[trans-N-(N'-(2,3,5,6-tetrafluoro-4-azidobenzoyl)-
4-aminobutyryl)-3-aminopropenyl-1]-2'-deoxyuridine-5'-
triphosphate (lithium salt) (FAB-9-dUTP) was synthe-
sized as described for a similar ribose derivative [7]. The
product was homogenous according to TLC (Rf 0.37).
UV-Spectrum (H2O): λmax, nm (ε, M�1⋅cm�1) 255 (32800);
NMR (2H2O) δ: 31P �19.74 (t, J = 20, Pβ, 1P), �10.32 (d,
J = 20, Pα, 1P), �4.32 (d, J = 20, Pγ, 1P); 1H 2.00 (m,
H11, 2H), 2.39-2.48 (m, H2', H10, 2H), 3.50 (m, H12,
2H), 3.97 (m, H9, 2H), 4.27 (m, H3', H4', H5', 4H), 6.38
(m, H1', H7, H8, 1H), 7.91 (s, H6, 1H); 19F 14.47 (d, J =
18.8, F 3'',5'' 2F), 21.18 (d, J = 18.8, F 2'',6'', 2F).

5-[trans-N-(N'-(2,3,5,6-tetrafluoro-4-azidobenzoyl)-
4-aminohexanoyl)-3-aminopropenyl-1]-2'-deoxyuridine-
5'-triphosphate (lithium salt) (FAB-11-dUTP) was syn-
thesized as described for a similar ribose derivative [7].
The product was homogenous according to TLC (Rf

0.35). UV-Spectrum (H2O): λmax, nm (ε, M�1⋅cm�1) 256
(33000); NMR (2H2O) δ: 31P �19.85 (t, J = 20, Pβ, 1P),
�10.30 (d, J = 20, Pα, 1P), �4.41 (d, J = 20, Pγ, 1P); 1H
1.50 (m, H12, 2H), 1.73 (m, H11, H13, 4H), 2.40 (t, J =
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2, H10, 2H), 2.46 (t, J = 1.5, 2H), 3.58 (t, J = 1.5, H14,
2H), 3.96 (t, J = 1.5, H9, 2H), 4.29 (m, H3', H4', H5',
4H), 6.36 (m, H1', H7, H8, 1H), 7.93 (s, H6, 1H); 19F
14.47 (d, J = 18.8, F 3'',5'' 2F), 21.18 (d, J = 18.8, F
2'',6'', 2F).

5-[trans-N-(N'-(2,3,5,6-tetrafluoro-4-azidobenzoyl)-
4-aminooctanoyl)-3-aminopropenyl-1]-2'-deoxyuridine-
5'-triphosphate (lithium salt) (FAB-13-dUTP) was syn-
thesized as described for a similar ribose derivative [7].
The product was homogenous according to TLC (Rf

0.35; system B). UV-Spectrum (H2O): λmax, nm (ε,
M�1⋅cm�1) 257 (33000); NMR (2H2O) δ: 31P �19.80 (s, J =
20, Pβ, 1P), �10.26 (d, J = 20, Pα, 1P), �4.36 (d, J = 20,
Pγ, 1P); 1H 1.41 (m, H12, H13, H14, 6H), 1.65 (m, H11,
H15, 4H), 2.35 (t, J = 2, H10, 2H), 2.43 (m, H2', 2H),
3.44 (m, H16, 2H), 3.96 (m, H9, 2H), 4.25 (m, H3', H4',
H5', 4H), 6.36 (m, H1', H7, H8, 3H), 7.93 (s, H6, 1H);
19F 14.47 (d, J = 18.8, F 3'',5'' 2F), 21.18 (d, J = 18.8, F
2'',6'', 2F).

RESULTS AND DISCUSSION

FAB-n-dUTP (n = 9, 11, 13) were synthesized
according to the method described for similar ribose
derivatives [7]. The structures of the compounds were
confirmed by UV and NMR (1H, 31P) spectroscopy.
Substrate activity of FAB-n-dUTP in the elongation
reaction of 5'-32P-labeled 16-base primer catalyzed by
DNA-polymerase β was studied in the presence of 36-
base oligonucleotide template. An autoradiogram of the
gel after electrophoretic separation of the products of
primer elongation in the presence of FAB-n-dUTP is
shown in Fig. 2. In the presence of analogs (lanes 1, 2, 3,
4), only one product of primer elongation is formed and
increase in the length of the linker group enhances the
conversion extent of the initial nucleotide; for example,
in the presence of FAB-13-dUTP, the initial 16-base
primer is almost quantitatively converted to 17-base
nucleotide. Thus, oligonucleotide primers are formed
with one residue of FAB-n-dUMP on the 3'-end.
Addition of natural dNTP to the reaction mixture (data
not shown) results in generation of the products of
primer elongation corresponding to 36-base oligonu-
cleotide; hence, FAB-n-dUMP residues, when located at
the 3'-end of the primer, do not inhibit primer elonga-
tion with natural substrates.

An autoradiograph of the gel after electrophoretic
separation of the modification products of DNA-poly-
merase β and RPA by photoreactive 5'-32P-labeled
primer with 3'-terminal FAB-n-dUTP residues (n = 4, 9,
11, 13) is shown in Fig. 3. The data indicate that each
analog labels DNA-polymerase β to a similar extent.
Addition of RPA inhibits labeling of DNA-polymerase β
(lanes 2, 4, 6, 8), but in case of FAB-n-dUTP (n = 11, 13)
labeling is suppressed to a lesser extent (lanes 6, 8); hence,

reagents with long linker groups can modify DNA-poly-
merase β. This can be due to the formation of the com-
plex DNA-polymerase β�RPA�primer�template. In the
complex, DNA-polymerase β is located at 16-19 Å from
the 3'-end of the primer. It was shown that RPA interacts

Fig. 2. Elongation of radioactive primer by DNA-polymerase
β in the presence of FAB-n-dUTP. Reaction mixture (10 µl)
contained 0.5 µM 5'-32P-labeled primer template, 1.4 µM
DNA-polymerase β, 50 mM Tris-HCl (pH 7.8), 10 mM
MgCl2, 50 mM KCl, and 10 µM FAB-n-dUTP. After incuba-
tion (20 min, 25°C), the reaction mixture was treated with 10 µl
90% formamide containing 50 mM EDTA and 0.1% bro-
mophenol blue and heated for 3 min at 80°C. Products of
covalent attachment were identified by electrophoresis on
20% polyacrylamide gel under denaturing conditions with
subsequent autoradiography [8].
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Fig. 3. Photoaffinity labeling of DNA-polymerase β and RPA
by FAB-n-dUTP. All reaction mixtures contained compo-
nents indicated in the legend to Fig. 2 and 0.7 µM RPA (2, 4,
6, 8). After the primer elongation (20 min, 25°C), the reaction
mixture was irradiated for 15 min with 315 nm wavelength
UV light and resolved by electrophoresis on 12% polyacry-
lamide gel with subsequent autoradiography [9].
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with the primase subunits of the complex of DNA-poly-
merase α with primase [9]. These interactions influence
the function of RPA in replication origin and during
elongation. There are no data on interaction of RPA
with DNA-polymerase β, although both proteins partic-
ipate in DNA repair [1]. Probably, protein�protein inter-
action between RPA and DNA-polymerase β exists in
the triple complex because according to electron
microscopy, RPA tightly binds to single-stranded DNA
region and completely occupies it transforming to an
elongated shape [10]. This interaction of RPA with
DNA-polymerase β is not very tight and thus cannot be
demonstrated by other methods. Chemical modification
enables demonstration of weak interactions between
biopolymers. Hence, interaction of RPA with DNA-
polymerase β was demonstrated in the presence of DNA.
Only p32 and p70 subunits of RPA were labeled by a
number of FAB-n-dUTP and NAB-4-dUTP. Thus,
changes in linker length and structure of the reactive
group have no effect on the pattern of modification of
RPA subunits. The p14 subunit was not labeled, whereas
the p32 and p70 subunits were labeled by all analogs.
Thus, the data confirm the previously suggested model of
RPA interaction with the 3'-end of the primer; apparent-
ly, the p70 subunit binds the single-stranded region of the
template and the p32 subunit is located in close proximi-
ty to the 3'-end of the primer; the p14 subunit appears to
be shielded from interaction with the 3'-end of the primer
by other subunits. The leading role of p70 in binding to
single-stranded extended region of duplex DNA was pre-
viously demonstrated for individual RPA subunits [11].

Thus, the set of dTTP analogs containing an aryl-
azide group attached to the base by a linker with vari-

able length can be fruitful to study the interaction of
DNA with DNA-binding proteins.
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