
Replication protein A (RPA) is a stable complex of

three subunits—RPA70, RPA32, and RPA14 [1]—with

very conservative primary structure in eukaryotes [2].

RPA forms very stable complex with single�strand DNA

(ssDNA) [3] and is required for DNA replication, repara�

tion, recombination, and cellular response to DNA dam�

age and other cellular processes [2, 4]. RPA contains six

OB�fold domains, a typical domain for ssDNA�binding

proteins [5]. A fragment of ssDNA not shorter than 30

nucleotides (nt) is required for polar binding of one RPA

molecule with high (up to 0.1 nM) affinity. In a complex,

RPA heterotrimer has an elongated conformation [1, 2].

Binding of RPA in globular conformation to 8�10 nt

ssDNA fragments is also known [1, 2]. RPA has a transi�

tion conformation when it forms a complex with 13�22 nt

fragment of ssDNA [3]. Binding of the globular form of

RPA to DNA is cooperative, but this cooperativity is not

strong [3]. Also, RPA has some preference to pyrimidine�

rich DNA sequences and may interact with non�canoni�

cal structures, like G�quadruplexes that are formed by

telomeric sequences [6]. RPA interacts with many pro�

teins that take part in DNA metabolic processes [2].

Regulation of RPA binding to DNA and dissociation of

the protein from various complexes in the cell, as well as

RPA interactions with other DNA�binding proteins are

investigated very intensively [2].

Data concerning the role of RPA in telomere length

maintenance started to accumulate recently. It was shown

that RPA from Saccharomyces cerevisiae interacts with

proteins associated with telomerase complex and recruits

telomerase to telomeres [5], and in Shizosaccharomyces

pombe yeast it participates in telomere length mainte�

nance [7]. RPA is able to bind human telomere DNA in

vitro [2], and furthermore it could disrupt G�quartet

structure at least in in vitro experiments [6]. RPA co�

localizes with telomeres in vivo in Leishmania [8].

Addition of RPA to an in vitro telomerase activity system

from Thermus thermophila has a negative effect [9]. Data

about the participation of RPA in regulation of telom�

erase activity in humans are lacking. In our work, we

investigated the influence of RPA on human telomerase

activity over a large range of protein concentration.
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Abstract—Our aim was to investigate how replication protein A (RPA) in a wide range of concentration can regulate the

activity of human telomerase. We used an in vitro system based on human cell extracts with or without RPA. It has been

shown that removal of RPA leads to loss of telomerase activity and addition of RPA restores telomerase activity and at the

same time promotes telomerase processivity. However, high excess of RPA inhibited telomerase processivity and caused the

synthesis of relatively short DNA fragments (about 50�100 nucleotides). We assume that, together with other telomere�bind�

ing proteins, RPA may take part in activation of telomere overhang elongation by telomerase at a certain stage of a cell cycle

as well as in regulation of telomere length.
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MATERIALS AND METHODS

Preparation of S100 cellular extracts. Approximately

2·108 cells were used for each extract. Cells growing in

monolayer were harvested by scrapping with a rubber

policeman and centrifuged for 10 min at 500g at 4°C. The

pellets were rinsed twice with cold PBS (1.7 mM

KH2PO4, 5.2 mM Na2HPO4, 150 mM NaCl) followed by

centrifugation for 3 min at 700g at 4°C. The resulting pel�

let was rinsed in cold 2.3× Hypo�buffer (1× Hypo�buffer:

10 mM Hepes, pH 8.0, 3 mM KCl, 1 mM MgCl2, 1 mM

DTT, 10 units/ml RNasin (Helicon, Russia), Complete

Protease inhibitor cocktail tablets (Roche, England)),

centrifuged for 5 min at 700g at 4°C, and resuspended in

0.75 volume of 2.3× Hypo�buffer. After incubation on ice

for 10 min, the sample was transferred to an ice�cold 7 ml

Dounce homogenizer and homogenized on ice (0°C)

using a B pestle.

After further 30�min incubation on ice, the sample

was centrifuged for 10 min at 10,000 rpm at 4°C in a

5415R table�top centrifuge (Eppendorf, Germany). One�

fiftieth volume of 5 M NaCl was added to the clarified

extract and the sample was centrifuged for 1 h at 100,000g

in a Beckman (USA) L8�50 M/E centrifuge (SW50.1

rotor) at 4°C. Glycerol was added to a final concentration

of 20%, and the extract was aliquoted (50�100 µl) and

stored at –70°C [10]. The final volume of the extract

preparation was 1 ml. Thus, 1 µl of S100 preparation con�

tains extract from 2·105 cells. Protein concentration

determined by the Bradford method was 3�4 mg/ml.

Preparation and characterization of RPA protein.
Recombinant human RPA protein was purified from pro�

ducing Escherichia coli strain as in [11] with modifica�

tions. It did not contain nucleases. Protein concentration

was measured using a Bradford method kit (Bio�Rad,

USA) and BSA solution as a standard for calibration.

RPA concentration was ~2.7 mg/ml. More than 95% of

the protein was active as it was determined by polarization

anisotropy of fluorescence [12]. All experiments were

done taking in consideration these data.

Immunoprecipitation of RPA. Polyclonal anti�RPA

antibodies from serum of an immunized rabbit was puri�

fied by affinity chromatography and given to us by P. P.

Laktionov (Institute of Chemical Biology and Fundamen�

tal Medicine, Siberian Division of the Russian Academy

of Sciences). Extract was depleted of RPA using a modi�

fied immunoprecipitation method [13]. S100 extract was

diluted by PBS to protein concentration ~1 mg/ml. Anti�

RPA antibodies (5�10 µl) were added to 400 µl of diluted

extract, and the mixture was incubated for 1�2 h at 4°C

with rotation. A mixture of 200 µl of protein G�Sepharose

(Protein G Sepharose 4 Fast Flow; Amersham Biosci�

ences, USA) and 50 µl of S100 extract was incubated for

10 min at 4°C and centrifuged at 1000g. Then 400 µl of

the mixture of extract and antibodies was added to protein

G�Sepharose and incubated for 1�2 h at 4°C with rotation

and then centrifuged at 1000g for 5 min. The supernatant

was collected, aliquoted, and stored at –70°C.

Western�blotting. RPA�depleted and native S100

extracts were subjected to 15% SDS�PAGE and trans�

ferred to nitrocellulose membrane (Schleicher & Schuell,

Germany). Visualization was done using antibodies

against corresponding proteins (anti�RPA, anti�actin)

and a set of reagents for Western�blot (Amersham ECL

Plus; GE Healthcare, USA). We used commercial prepa�

ration of actin (DPC Biermann) and anti�actin antibod�

ies (serum from rabbit with reactivity to human actin;

Sigma, USA).

TRAP�assay. TRAP�assay was done as described pre�

viously [14] with some modifications [15]. Reaction mix�

ture of 1× TRAP�buffer (5× TRAP�buffer: 20 mM Hepes�

KOH, pH 8.3, 1.5 mM MgCl2, 63 mM KCl, 1 mM

EGTA, 0.1 mg/ml BSA, 0.005% Tween�20 (v/v)), 20 µM

dNTPs except for dATP, 4 µM dATP, 1.6 µM oligonu�

cleotide TS (aatccgtcgagcagagtt), ≤1 µl S100 extract, and

RPA or SSB (single�strand binding protein) (USB Co.,

USA) in various quantities was incubated for 30 min at

30°C in a 45 µl volume. (For the negative control, 1 µl (10

mg/ml) of RNase A (Helicon) was added to 10 µl of native

extract. The mixture was incubated for 20 min at room

temperature prior to telomerase reaction.) Further 2 units

of Taq DNA�polymerase (Helicon), 0.1 µg of oligonu�

cleotide ACX (gcgcggcttacccttacccttaccctaacc), 2 µCi [α�
32P]dATP (3000 Ci/mmol; GE Healthcare), and MgCl2

up to concentration 1 mM was added to the reaction mix�

ture. PCR was done using following parameters: 35 sec at

94°C, 35 sec at 50°C, 90 sec at 72°C (30 cycles) (amplifier

Mastercycler (Eppendorf) was used). PCR products were

purified by phenol extraction followed by separation in

10% denaturing PAGE. Radioactive products were detect�

ed using a phosphoimager (Fuji, Japan).

RESULTS

Preparation of RPA�depleted cellular extracts.
Cellular extracts depleted of RPA were prepared by

immunoprecipitation [13]. S100 extract from HeLa cells

was treated with polyclonal antibodies against RPA and

complexes of protein and antibody were precipitated by

Protein G�Sepharose. The amount of RPA was substan�

tially reduced in the immunodepleted extract.

Completeness of RPA removal was checked by Western�

blot analysis shown in Fig. 1. RPA is readily detected in a

native extract, and it is lacking in the immunodepleted

extract (Fig. 1a, lanes 1 and 2). Other proteins are present

in the same amount in the depleted extract. This is shown

by Western�blot analysis using antibodies against actin

(Fig. 1b, lanes 1 and 2).

Detection of telomerase activity. Telomerase activity

was detected by a standard method—TRAP�test [14]. The

first step of this method is elongation of the primer by cel�
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lular telomerase that is present in an extract. The prod�

ucts of telomerase activity are amplified by PCR in a sec�

ond step. We used an equal amount of DNA�primer and

different dilutions of native and RPA�depleted cellular

extracts. The amount of extract in each experiment is

normalized as number of cells, which was varied from five

to 1000. The telomerase activity is substantially decreased

in extracts from 100 and lower numbers of cells. At the

same time, telomerase activity is detected in native

extracts even from five cells (Fig. 2).

We added purified recombinant RPA to restore its

concentration in extract and to exclude other possibilities

of telomerase activity reduction following RPA immuno�

depletion, such as telomerase inactivation or inactivation

or co�precipitation with RPA of other proteins important

for telomerase. We did not detect telomerase activity in

RPA�depleted extracts from 20 cells up to RPA concen�

tration 0.1 mM. The telomerase activity can be detected

when concentration of RPA is 0.2 mM and higher. Extract

prepared from 20 cells has high telomerase activity (Fig.

3a, lane 1) and lacks it after immunoprecipitation (Fig. 3a,

lane 2). RPA (0.1�0.5 mM) restores telomerase activity

(Fig. 3a, lanes 3�6). Low concentration of RPA (0.1�

0.3 mM) stimulates processive telomerase activity, and we

can see longer DNA fragments (Fig. 3a, lanes 3 and 4).

Further increase of RPA concentration in the reaction

mixture causes preferable synthesis of short length (50�

60 nt) products (Fig. 3a, lanes 5 and 6). In the native S100

extract, low concentration of RPA stimulates and high

concentration inhibits telomere DNA synthesis (Fig. 3a,

lanes 7�9). Telomerase activity inhibition and preferable

synthesis of short products could be detected at high

excess of RPA (Fig. 3a, lanes 5, 6, and 9). Nonspecific

product of PCR reaction is also detected, as in the case of

telomerase inactivation by RNase A (Fig. 3a, lane 2).

To check cross�species complementation, we added

E. coli SSB protein to the human cell extract in the same

quantity as RPA. SSB is a ssDNA binding protein partic�

ipating in replication, repair, and other activities like RPA

Fig. 1. Immunodepletion of RPA from HeLa cells extract. a) Western�blot analysis of presence of RPA in extracts: 1) extract before immuno�

precipitation; 2) after immunoprecipitation; 3) purified RPA. b) Western�blot analysis of presence of actin in extracts: 1) extract before

immunoprecipitation; 2) after immunoprecipitation; 3) purified actin.

S
1

0
0

1                        2                         3

S
1

0
0

�R
P

A

R
P

A

a

S
1

0
0

1                     2                        3

S
1

0
0

�R
P

A

A
ct

in

b

Fig. 2. TRAP�assay analysis of telomerase activity in extracts: 1�

8) telomerase activity of RPA�depleted extract corresponding to

1000, 500, 200, 100, 50, 20, 10, and 5 cells, respectively; 11�18)

the same for native extract; 9, 19) telomerase activity in native

and immunodepleted extracts after RNase A treatment (control);

10) reaction without extract (control for TRAP�test specificity).
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[16]. SSB blocked telomerase activity in extracts from 20

cells. Even small amounts of SSB changed the set of

telomerase reaction products in a native extract from 50

cells, while excess of SSB blocked telomerase activity

completely (Fig. 3b).

DISCUSSION

In our work, we have shown that lack of RPA has a

negative effect on the ability of telomerase to elongate

DNA�primer in extracts from HeLa cells. A small

amount of RPA restores telomerase activity in processive

form, but excess of RPA inhibits the telomerase reaction.

Prokaryotic SSB protein does not stimulate telomerase

activity like RPA, but in contrast inhibits it.

A set of proteins binds 3′�end of telomere in eukary�

otes, and one of them is POT1. POT1 is a protein partic�

ipating in telomere length maintenance in vivo [17]. This

protein binds protruding 3′�end of telomere and protects

it from degradation and recombination. It is able to facil�

itate [18] or prevent telomerase binding to telomeres [19].

A set of proteins is needed for telomerase binding to

telomeres and its activation [17]. It is known that repeat�

ed G�rich sequences, such as human telomeres, are able

to form stable G�quartet structure [6]. This was shown by

fluorescent microscopy using antibody against G�quartet

for some eukaryotic organisms [20]. Many proteins are

known to interact with G�quartet structures [21], and

with these structures on telomeres [20].

Consequently, processes regulated by binding of

telomerase to telomeres might be very complicated and

need a huge set of proteins. It was supposed that telomere

lengthening occurs at the end of S�phase, at G2�check�

point [22], when DNA replication is completed. RPA

synthesis continues at this time, but the amount of

ssDNA decreases and the amount of free RPA increases

in the nucleus. It is possible that RPA participates in

telomere replication at the stage of telomerase working as

well as in a process of complement strand synthesis. It is

known that RPA can bind DNA with telomere sequences

and promote unfolding of G�quartet in vitro. It was pro�

posed that for this process cooperative binding of several

RPA molecules to DNA is needed [6]. RPA may promote

processive synthesis of telomere DNA by telomerase

because it may displace telomere�binding proteins from

telomeres and promote disruption of non�canonical

structure of telomeric DNA. Increase in telomerase activ�

ity caused by increase of the RPA�depleted extract con�

centration in the reaction mixture is much sharper than

those for increase of native extract concentration.

Addition of purified RPA protein to the RPA�depleted

extract causes dramatic increase in telomerase activity,

which could be explained by cooperative RPA binding to

DNA. RPA binds DNA very strongly in case of large

excess of protein and like SSB could displace telomerase

from the complex with DNA. DNA fragments with dis�

tinct length are accumulated in our experiments because

RPA binds DNA by an SSB�like mechanism.

Consequently, the competition between RPA, POT1, G�

quartet binding, and other proteins may be crucial for

regulation of the length of ssDNA synthesized by telom�

erase, and regulation of length of newly synthesized

telomere.
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