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Aims. To investigate the TLS-activity of human DNA polymerases [ and ) (pols B and \) using 5-formyluridine
(5-foU) containing DNA duplexes which are imitating the intermediates during replication of the leading DNA
strand, and to study the influence of replication factors hRPA and hPCNA on this activity. Methods. The EMSA and
the methods of enzyme’s kinetics were used. Results. The capability of pols B and ) to catalyze DNA synthesis ac-
ross 5-foU was investigated and the kinetic characteristics of this process in the presence and in the absence of
protein factors hRPA and hPCNA were evaluated. Conclusions. It was shown that: (i) both proteins are able to
catalyze TLS on used DNA substrates regardless of the reaction conditions, however, pol A was more accurate en-
zyme; (ii) hRPA can stimulate the efficacy of the nonmutagenic TLS catalyzed by pol \at the nucleotide incor-
poration directly opposite of 5-foU, at the same time it doesn ’t influence the incorporation efficacy if the damage
displaced into the duplex; (iii) hPCNA doesn’t influence the efficacy of TLS catalyzed by both enzymes.

Keywords: translesion synthesis, DNA polymerases 3 and A , 5-formyluridine.

Introduction. Nucleobases are chemically modified un-
der the influence of environmental or organic factors.
One of the major product of the thymine oxidation un-
der UVA and ionized irradiation is 5-formyluridine, 5-
foU. The presence of 5-foU in the DNA doesn’t lead to
replication block of both DNA strands, however replica-
tive DNA polymerases such as Klenow fragment, DNA
polymerase alfa and gamma are able to incorporate any
of all 4 ANTPs opposite 5-foU allowing for transition
and transversions [1].

Translesion synthesis is one of the main strategies
which is used by cell for replication of damaged DNA.
It is known, that TLS is catalyzed by special DNA poly-
merases with majority them belonging to the Y-family
[2]. However, some data exists that indicate the role of
X-family DNA polymerases 3 and A in TLS [3].

The set of in vitro experiments fulfilled using diffe-
rent damaged DNA substrates indicate that the efficacy
of the nucleotide incorporation opposite the lesion and
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the capability to catalyze DNA synthesis passing the le-
sion are varied for different DNA polymerases. Since
TLS occurred directly in the replication complex, such
replicative factors as PCNA and RPA can influence ef-
ficacy and accuracy of the TLS polymerases. Some ex-
periments were already done but the result doesn’t
complete the full relations — in common, PCNA and RPA
influence dependent from type of DNA lesion and spe-
cific DNA polymerase [4].

Therefore, here we attended to investigate the TLS
activity of human DNA polymerases 3 and A (pols 3 and
A) using DNA duplexes with 5-foU in a template by ki-
netic approaches. As for DNA substrates we used pri-
med DNA duplexes which imitate the TLS interme-
diates during the replication of the leading strand. Reac-
tions were carried out in «high» and «low» levels fi-
delity of polymerization conditions that is in the presen-
ce of Mg®* or Mn®' ions, respectively.

Materials and methods. The following substances
were used: BSA («New England Biolabs», USA); phage
T4 polynucleotide kinase (5000 U/ml, «Biosany», Rus-
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sia); [y-"P]JATP with specific activity 5000 Ci/mmol
(LBT ICBFM SB RAS); dNTP, reagents for electropho-
resis and the main buffers components («Sigmay», USA).
Human recombinant pols 3 and A were purified from Es-
cherichia coli BL21(DE3) RP cells as described in [5]
and [6], correspondingly. Purified hRPA and hPCNA
were kindly provided by I. O. Petruseva (LBCE ICBFM
SB RAS). The following oligonucleotides were used:
primer strand 5'-(d)CGGTATCCACCAGGTCTG-3'
(«GenSet», Switzerland); template strand 5'-(d)GGCT
TCATCGTTGTCU**CAGACCTGGTGGATACCG-
3' (synthesized and kindly provided by T. S. Zatsepin, A.
N. Belozersky Institute of Physico-Chemical Biology,
Moscow State University).

Incorporation of the radioactive label into the 5'-
end of the primer was performed as described in [7].

Determination of the K, values for the DNA-pro-
tein complexes by EMSA was performed as described
in [8].

dNMP were incorporated into the 3'-end of primer
by DNA pols 3 and A. Reactions mixtures (10 pl) con-
tained 0.01 uM 5'-[*’P]labeled DNA substrate, 0.01 uM
pol, 5uM dNTP, 1 mM MgCl, or MnCl, in TDB buffer
(50 mM Tris-HCI, pH 8.0, 0.5 mM DTT, 0.25 mg/ml
BSA). All reactions were incubated at 37 °C for 15 min.
The reactions were terminated by placement on ice. Re-
action products were resolved by electrophoresis in
20 % denaturant PAAG as described in [9] and subjected
to autoradiography using Molecular Imager FX («Bio-
Rad», USA). Analysis was performed with the Quan-
tity One («BioRady).

The Michaelis constants and the maximal rates of
DNA synthesis were determined as described in [10].
The data were fitted according to Michaelis-Menten ki-
netic equation.

The effect of hRPA and hPCNA on the polymeri-
zation reaction catalyzed by pols B and A was studied
as follow. The reaction mixtures (10 ul) contained 0.01
uM 5'-[*’P]labeled DNA substrate, 0.01 uM pol, 0.5—
200 uM dNTP, 1 mM MgCl, or MnCl,, hRPA or/and
hPCNA in TDB buffer. The hRPA concentration was
5, 10 or 20 nM (in a ratio DNA:hRPA =2:1, 1:1, 1:2).
The hPCNA concentration was 50, 100 or 200 nM (in a
ratio DNA:hPCNA =1:5, 1:10, 1:20). The combined ef-
fect of hPCNA and hRPA was investigated by setting
the hPCNA concentration at 100 nM (in a ratio DNA :
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:hRPA =2:1, 1:1, 1:2). The reaction was performed at
37 °C for 15 min and terminated by placement on ice.
The reaction products were analyzed as described above.

Results and discussion. In the present work we stu-
died the TLS activity of pols B and A on DNA substra-
tes mimicking the TLS intermediates during the replica-
tion of the leading strand. 5-foU located in the +1 po-
sition of the template strand with respect to the 3'-end of
the primer was used as a lesion.

To estimate the affinity of the selected DNA pols to
DNA probes we carried out gel mobility shift assays.
Data obtained indicate that introduction of the 5-foU de-
crease the affinity of pol B to DNA substrate containing
single-stranded protruding 5'-end (K, ~ 0.18 uM for un-
damaged DNA and ~ 0.53 uM for 5-foU-DNA). The sa-
me modification of the DNA substrate result in decrea-
se of K, value, i. e. to increase of the pol A affinity to the
DNA used (0.36 uM for undamaged DNA and ~0.18 uM
for 5-foU-DNA).

To determine which ANMP could be incorporated
in the model system DNA synthesis was carried out in
the presence of either one or all four ANTPs (Figure, B).
It’s easy to see that pol A was more accurate during DNA
synthesis across 5-foU — the enzyme was able to cataly-
ze the incorporation of dAMP which is the complement
to the template dTMP. Insignificant incorporation of
dGMP in the presence of Mn®" ions (not more than 5 %)
can be explained by «template slippage» mechanism
clarified for pol A [11]. In any case, kinetic characte-
ristics of the incorporation of correct nucleotide charac-
terized dATP as more effective substrate (for example,
K (dATP/Mn*)~0.07 uM, K, (dGTP/Mn*") ~0.15 uM).

Pol B proved itself as extremely inaccurate enzyme
which is able to catalyze the incorporation of all ANTP
opposite 5-foU (Figure, A). The incorporation of dGMP
can be explained by «template slippage» mechanism
[11], and the incorporation of dAMP and dTMP pro-
bably is the result of a low fidelity of pol $ [12]. In any
case, the efficacy of the incorporation of correct dAMP
was much higher with comparison of the incorporation
efficacy of incorrect dGMP (k,,/K,, (JATP/Mg"") ~0.051
uM's™, k /K (dGTP/Mg*") ~0.005 uM's ™).

Thus, independently of the reaction conditions both
enzymes are able to catalyze TLS process using descri-
bed DNA. However, pol f doesn’t have the specificity
at the passage of this type of damage. At the same time,
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pol A is able to catalyze the incorporation of correct
dAMP which is the complement to the original dTMP,
thereby maintaining initial DNA sequence and doesn’t
force point mutations.

Since TLS constitutively associated with the repli-
cation machinery, replication and repair proteins could
play a key role during this process. One of the potential
TLS-participant during the replication on the leading
strand is hRPA which contain subunits p70, p32 and
pl14 [13]. The main function of RPA include stabiliza-
tion of DNA in a single-stranded conformation, posi-
tioning of the proteins at the nucleic-protein comple-
xes, and activity stimulation of other protein factors.

Here the efficacy of DNA synthesis in the presence
of hRPA was estimated by comparing the kinetic para-
meters for incorporation of correct dAMP or incorrect
dGMP (Tables 1 and 2). As can be seen from presented
results, the presence of hRPA doesn’t influence the TLS
efficacy catalyzed by pol . Contrariwise, the efficacy
of nonmutagenic TLS catalyzed by pol A was enhanced
by hRPA by not affecting the dAMP incorporation and
negatively affecting the dGMP incorporation (Table 2).
Interestingly, the presence of hRPA doesn’t influence
on the activity of pol A during the next step of DNA syn-
thesis, i. e. in the case when 5-foU is located in the 0 po-
sition of the template strand with respect to the 3'-end
of the primer (Table 2).

The next inherent component of the replication ma-
chinery is PCNA. First of all, PCNA is a processivity
factor for the replicative DNA pols. Additionally, it par-
ticipates in the coordination of protein-protein interac-
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DNA synthesis catalyzed by pols B
(4) and A (B) using 5-foU-contai-
ning DNA substrates

tion in the replication complex [14]. Moreover, due to
the majority of different proteins interacting with PCNA
it can be suggested as a link between the replication and
other cell’s process such as TLS. Particularly, hPCNA
has been proposed to coordinate switching from replica-
tive DNA pols to specialized TLS enzymes [15]. Fur-
ther, it has been demonstrated that PCNA physically in-
teracts with pols B and A [16, 17].

The influence of hPCNA on TLS-activity of pols 8
and A was estimated as described above. It turned out,
that hPCNA doesn’t influence the TLS efficacy of both
pols using 5-foU-containing DNA substrates (Tables 1
and 2). These data are consistent with already publi-
shed results: it was found, that PCNA increase the affi-
nity of pol A to the 3'-end of the primer, stabilize the for-
mation complex between the DNA substrate and enzy-
me, which allows to increase the processivity of DNA
synthesis using undamaged DNA but doesn’t change
the enzyme affinity to ANTP and the efficacy of correct
nucleotide incorporation [ 18]. At the same time, no alte-
ration of the interplay between pol f and damaged DNA
in the presence of PCNA was obtained [4].

Absence of cumulative effect of hRPA and hPCNA
on TLS-activity of pol B across 5-foU was shown (Tab-
le 1). In contrast, combine presence of two protein fac-
tors lead to increase of accuracy of TLS catalyzed by
DNA pol A mainly due to the increasing of the incorpo-
ration of correct AAMP (Table 2).

Therefore, hRPA has stimulated the efficacy of non-
mutagenic TLS catalyzed by pol A at the incorporation
of ANMP opposite to 5-foU and didn’t have influence
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Table 1
The efficacy of ANTP incorporation by pol B (k,./K,, uM™'s™)
Mg* Mn*
dNTP o o
- Refpl'ca“"“ +hRPA +hPCNA hRPA/hPCNA ~ Replication +hRPA +hPCNA hRPA/hPCNA
actor factor
dATP 0.051 0.055 0.049 0.052 12.6 12.9 12.1 12.9
dGTP 0.005 0.006 0.006 0.006 0.31 0.33 0.29 0.35
(Keal K)incor 0.101 0.099 0.119 0.108 0.024 0.026 0.024 0.027

(keal Kin)eor™

cat

The values shown were obtained under the conditions when replication factors were present at the maximal concentrations; *(k, /K, ), ./(k../K.)

© cor

values in the presence or absence of replicaton factors. Note: the results are presented as the average value of three independent experiments.

Table 2

The efficacy of ANTP incorporation by pol Lin the presence of Mn’" ions

dANTP — Replication factor + hRPA + hPCNA hRPA/hPCNA — Replication factor** + hRPA**

dATP 0.111 0.108 0.116 0.401 - -

dGTP 0.302 0.008 0.287 0.365 0.137 0.126
(ko Koincod _ _
ko JK) 2.72 0.08 2.47 0.91

The values shown were obtained under the conditions when replication factors were present at the maximal concentrations; *(k,, /K, ), ../ (k../K,) e
values in the presence or absence of replicaton factors; **the efficacy constant values for DNA synthesis using DNA with + 1 primer length. Note:
the results are presented as the average value of three independent experiments. Standard error was estimated as 10 %.

on the reaction if the synthesis starts from the 0 position
relative to the damage.

Combined effect of hRPA and hPCNA analogously
increase the accuracy of TLS across 5-foU catalyzed by
pol A mainly due to the increasing of the incorporation
of correct ANMP.

Basically, obtained results are in accordance with
the published data. Indeed, it was shown using 5'-ex-
tended DNA substrates that TLS-activity of pol A ac-
ross oxidative damages can be modulated by hRPA [4,
19-21]. At the same time, hRPA didn’t display any ef-
fect on the TLS-capacity of pol B across oxidative da-
mages [4].

Combining the obtained results with published data
it can be conclude, that pol A plays an important role in
TLS across 5-foU during genomic replication on the
leading strand.
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Axrusnicts JJHK-nonimepas B 1 A npu cuntesi JHK-cyGcrparis, siki

MICTATH S-GOpMinypuIuH

Pestome

Mema. /locnioumu akmuenicmo TLS JTHK-nonimepas B3 i h aroounu na
JIHK-0ynnexcax, siki micmsamo 5-popminypuoun (5-foU) ma imimyroms
iHmepmediamu pennikayii 1ioupyouoeo ranyioza cenomuoi JJHK, a ma-
Kooic 6naus Ha Hei penaikamusHux gpaxmopie hRPA u hPCNA. Memo-
ou. «3ampumxa 6 eeniy (EMSA), hepmenmamuena xinemuxa. Pe3ynp-
mamu. Bugueno 30amuicme [JHK-nonimepas 3 i hakmugysamu cunmes
JTHK yepes 5-foU. Busnaueno KinemuyHi Xapaxmepucmuxu ybo2o npo-
yecy 3a eiocymnocmi ma 6 npucymuocmi o6inkosux ¢paxmopie hRPA i
hPCNA. Bucnosku. I[lokazano, wo 1) obudsa ¢hepmenmu modxcymo e-
cmu TLS na suxopucmanux J{HK-cy6cmpamax nesanesicno 8io ymos
peaxyii, oonax [{HK-nonimepasa h euasunacs mouHivium gepmeHmom;
2) hRPA cmumynioe epexmusnicmos nemymazennozo TLS, kamanizosa-
noeo JJHK-nonimepasoio A, 6e3nocepeonvo npu 66y008y8anHi HyKkieo-
mudy Haenpomu 5-foU i ne Oie na epexmuenicme ybo2co npoyecy y
MOMY pasi, KOIU ROWKOONCEHHs 3cyHyme 6 oynaekchy wacmuny JTHK;
3) hPCNA ne ennusace Ha echekmusnicms TLS, kamanizosanozo oboma
Gepmenmamu.

Kmiouosi cnosa: cunmes J[HK uepes nowxooxcenns, JJHK-nonime-
pasu B u A, 5-gpopminypuoun.
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AxtusHoctb JIHK-nonumepas  u A npu cunrese JIHK-cydcrpatos, co-
JepKammx 5-GpopMIITy pUIHH

Pesrome

Lens. Uccneoosams TLS-akmusnocms JJHK-nonumepas P u A uenoge-
xa na JJHK-oynnexcax, cooepocawux 5-cpopmunypudun (5-foU) u umu-
MUPYIOWUX UHMepMeouamsl PenJukayuy uoupylowen yenu 2eHom-
nou [IHK, a maxawce enusnue Ha Hee peniukamuenvlx paxmopos hRPA
u hPCNA. Memoowt. «3adepoicka 6 zene» (EMSA), pepmenmamusnas
xkunemuxa. Pesynemamot. H3zyuena cnocobnocms JJHK-nonumepas B u
A kamanusuposams cunmes J{HK uepes 5-foU. Onpeodenenvi kunemu-
yeckue XapakmepucmuKy 3mo20 npoyecca ¢ OMmcymcmeue u 6 npucym-
cmeuu benkosvix pakmopoe hRPA u hPCNA. Bwieoowt. Ilokasano,
umo: 1) oba epmenma cnocobnvl eecmu TLS Ha ucnonvb3osanuvix
JIHK-cyb6cmpamax Hezagucumo om ycroguii peakyuu, ooHaxo /JTHK-
noaumepasa h oxazanacs bonee mounvim pepmenmon, 2) hRPA cmu-
mynupyem s¢pgexmusnocms nemymazennozo TLS, kamanusupyemozo
JIHK-nonumepasoii h, nenocpeocmseenio npu 6CmpausaHuy HyKieo-
muoda nanpomug 5-foU u ne enusem na s¢ghgpexmugrnocmes 3moeo npo-
yecca 6 mom cyudae, K020d nOGpedNcOeHue cOBUHYMO 8 OYNIeKCHYIO
uacmo JIHK; 3) hPCNA e eénusiem na s¢ppexmusnocms TLS, kamanu-
3uUpyemozo oboumu gepmenmamu.

Kntouesvie cnosa: cunmes JJHK uepes nospexcoenue, [JHK-nonu-
mepaszol B u A, S-popmunypuoun.
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