
Telomeres are DNA–protein structures that are

localized at the ends of eukaryotic chromosomes. They

protect the linear ends of eukaryotic chromosomes

against degradation and fusion, thus maintaining genome

stability. The cell replication apparatus is not able to pro-

vide for complete replication of chromosome ends; also,

telomeres are subject to the action of nucleases and other

destructive factors. As a result, telomeres shorten during

each cell division (Fig. 1). In most organisms the main

mechanism of telomere length maintenance is comple-

tion of DNA telomere repeats by telomerase [1]. This

enzyme elongates the chromosome 3′-end, whereas the

complementary strand is completed by DNA polymeras-

es.

Telomerase is a ribonucleoprotein complex [2]. The

core enzyme includes telomerase reverse transcriptase

and telomerase RNA containing a template site for DNA

elongation. The telomerase complex also contains a num-

ber of auxiliary components that provide for functioning

of telomerase in vivo. Some of these components are nec-

essary for telomerase attachment to the telomere at a cer-

tain cell cycle phase [3], while others are required for reg-

ulation of telomerase activity [4]. Some proteins are nec-

essary for maturation of the telomerase complex and

degradation of its components [5]. The amount of telom-

erase in the different types of cells undergoes fine regula-

tion [6, 7]. This is important because telomere shortening

in human cells and finally senescence will result in

restriction of cell division potential [8]. There are data

showing that activation of telomerase is associated with

the development of cancer [9], and that it is active in cells

exhibiting potential for unlimited division. It is known

that telomerase is active in 85% of cancer tumors, while

in the other 15% of cases different mechanisms of telo-
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mere length maintenance based on recombination are

active [10]. It should be noted that telomerase activity is

not found in usual somatic tissues. As a result, already

beginning from the first years of investigation of telom-

erase the enzyme was considered as a universal target that

could be used in the development of anticancer therapy.

So the search for an efficient inhibitor of telomerase

activity became relevant to therapies for malignant prolif-

erative diseases.

During recent decades the appearance of new and

somewhat successful anti-telomerase strategies has been

observed. The presence of active telomerase in gametes

and stem cells is a stumbling-block on this way. However,

it should be noted that telomeres in tumor cells are signif-

icantly shorter than in gametes and stem cells. Telomere

shortening causes death of tumor cells when telomerase

activity is inhibited much earlier than that of normal stem

cells. This suggests that there is a “therapeutic window”

for safe usage of telomerase inhibitors, and these might be

selective and universal antitumor drugs. Human cancer

cells can be much more sensitive than normal cells to

damaging effects of telomerase inhibitors, and telomeres

of these cells are more rapidly reduced to critical length.

Short telomeres stimulate cell senescence. Such directed

induction of tumor cell senescence became an attractive

therapeutic strategy for tumor patients upon which not

only active spreading of tumor cells is blocked, but it

results in tumor cell death [11]. Apoptosis eliminates

tumor cells immediately and irreversibly. Therefore,

chemotherapy directed toward cell senescence in malig-

nant tumors is increasingly developed. An increase in

sensitivity of telomerase activity testing technologies and

improvement of methods for sample preparation has

made it possible to extend the possibilities of telomerase

activity determination. Telomerase activity has been stud-

ied in all types of tissues [12]. Besides increase in telom-

erase activity observed in tumor cells, it is supposed that

the enzyme can also function in “normal cells” with very

precisely adjusted regulation [13]. Although telomere

length reduction and following initiation of senescence is

the usual fate of somatic cells, it is possible that the lack

of certain telomerase components results in early pheno-

typic senescence with loss of function at the cellular and

system levels [14].

The main criterion of telomerase efficiency is the

number of telomeric repeats at the ends of telomeres.

Telomere length reduction is a symptom of many diseases

and can be both the result of primary telomerase dysfunc-

tion (like those caused by mutations in the main telom-

erase components, hTERT, hTR, or by disturbance in

telomere-organizing systems) and the result of premature

telomere loss induced by different factors. Inborn dysker-

atosis is of the first type. It was the first identified human

genetic disease caused by disturbance in the system of

telomere length maintenance [15]. This disease is charac-

terized by skin hyperpigmentation, epithelium kera-

tinization, nail dystrophy, and progressive aplastic ane-

mia. In most cases autosomal diseases are due to muta-

tions in the H/ACA region of human telomerase RNA

[16], while X-chromosome-linked cases emerge due to

mutations in protein dyskerin leading to disturbance in

telomerase complex assembly. The recently discovered

mutation in the telomerase reverse transcriptase domain

is associated with the dominated form of disease, which

emphasizes the importance of telomerase functioning

during the development of this disease [17].

Mutations in telomere-binding proteins result in

chromosome instability and premature senescence syn-

drome. The presence of short telomeres is also an impor-

tant symptom of different genetic diseases.

There are cases when telomere shortening is the sec-

ondary effect of the disease. Acquired immune deficiency

syndrome is among these [18]. Recently diseases of the

cardiovascular system have also been associated with

telomere length-dependent senescence [19], and telom-

ere length reduction in coronary endothelial cells has

been found in patients with heart ischemia [20] while

telomere shortening was also detected in patients with

keloid diseases [21]. These data make understandable the

increasing interest of researchers and pharmacologists in

this enzyme [22]. It would be ideal to learn how to regu-

late telomerase in certain tissues and at different times to

compensate in this way telomere shortening.

Not so much shortening in itself but rather the

impossibility to maintain definite structure of the telom-

ere DNA–protein complex at the expense of shortening

results in cell division cessation at a certain stage (senes-
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cence phenotype). This is characteristic of somatic tissue

cells of mammals and other multicellular organisms

exhibiting a definite number of divisions, the Hayflick

limit [23]. Telomere length correlates with the cell prolif-

erative potential. The existence of the enzyme preventing

telomere shortening was predicted long before its discov-

ery by the Russian scientist A. M. Olovnikov [24]. He

suggested naming this enzyme telomerase.

It is impossible to cover in a review everything

presently known about different aspects of telomerase

and telomere functioning. By the present time over 10

thousand papers with key words “telomere” and “telom-

erase” are published. Since it is impossible to consider all

of them, we shall analyze in more detail the telomerase

complex composition and structure concentrating our

attention on comparison of numerous data for evolution-

arily remote organisms such as yeasts and humans. We

shall briefly discuss structural features of telomeres,

because they are the main substrate of telomerase, and

methods for estimation of telomerase activity. The avail-

able data on telomerase structure and function are ana-

lyzed in the light of the action of known enzyme inhibit-

ing or activating pharmacological agents, which is neces-

sary for understanding principles of creation of artificial

telomerase regulators such as its inhibitors and activa-

tors.

TELOMERASE STRUCTURE AND FUNCTION

As mentioned above, telomerase is a particular

reverse transcriptase working in a complex with special

telomerase RNA. Telomerase substrates in its reaction are

deoxynucleotide 5′-triphosphates and the telomere 3′ ter-

minus (in tests in vitro it is DNA-oligonucleotide con-

taining the sequence corresponding to telomeric repeats

of chromosomes). The particular property distinguishing

telomerase from different RNA-dependent DNA poly-

merases is the use of a fixed region of special telomerase

RNA as template for telomere elongation. Telomerase

RNA interacts with telomere not only at this template

region, but additionally in the so-called “anchor site”.

Telomerase is able to add several telomeric repeats during

a single act of attachment to oligonucleotide substrate

[25].

The cycle of in vitro telomerase reactions (Fig. 2)

includes the following stages: primer binding, elongation,

translocation, and dissociation. In the case of consecutive

Fig. 2. Telomerase reaction cycle. TERT, catalytic subunit (gray circle points to anchor site); TER, telomerase RNA with template site (gray

rectangle). Figures in the frame designate telomerase position relative to the primer at different stages: 1) enzyme is not bound to primer; 2)

primer annealing; 3) elongation stage; 4) completion of a single telomeric repeat synthesis. Dotted arrows point to possible processes of primer

dissociation during enzyme functioning.
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transition of the enzyme from condition (1) through con-

ditions (2) and (3) to condition (4), telomerase adds one

telomeric repeat to the primer. Transition (4)-(2) corre-

sponds to translocation II, i.e. to addition of several

telomeric repeats without separation from the primer

(transition (4)-(1) in Fig. 2).

This figure shows translocation processes I and II.

The ability for translocation is connected with enzyme

processivity. Two types of telomerase processivity are dis-

tinguished [26]. Processivity I is the telomerase capabili-

ty for RNA–DNA duplex translocation in the active cen-

ter after each nucleotide addition at the stage of elonga-

tion. Processivity II is telomerase capability for transloca-

tion relative the bound DNA primer after addition of one

telomeric repeat, after which the primer again becomes

capable of elongation (transition (4)-(2) in Fig. 2). The

two types of processivity differ from each other in princi-

ple. If in the first case there is simultaneous translocation

of RNA–DNA duplex relative the enzyme active center,

then in the other 3′ terminus of DNA should change its

position relative to the RNA template.

The efficiency of translocation stages I and II in in

vitro reaction is different for telomerases from different

organisms and can vary depending on isolation conditions

of the fraction exhibiting telomerase activity [27-29].

Yeast telomerase in vitro makes pauses and stops

primer elongation after addition the next nucleotide.

Thus, it is possible to speak about inefficient transloca-

tion I and absence of translocation II. The observed het-

erogeneity of telomeres in S. cerevisiae, added by telom-

erase, is associated with type I processivity [30].

Human and protozoan telomerases in vitro exhibit

type II processivity. They are able to add hundreds of

nucleotides to telomeric substrate via multiple comple-

tions of telomeric repeats along their RNA template [31,

32]. Telomerases of a number of different organisms such

as mouse [33] and various yeasts [34, 35] do not exhibit

type II processivity in vitro. It was shown for S. cerevisiae

telomerase that after telomeric primer elongation the

enzyme remains bound to its own substrate [36].

However, the same enzyme in vivo is able to add to the

telomere more than 100 nucleotides during a single cell

cycle [37]. This contradiction can be explained by the fact

that in vivo the enzyme exhibits type II processivity or by

non-processive elongation resulting in multiple dissocia-

tion of the enzyme and new association with the telomere

again for new elongation.

It was shown that yeast telomerase is able to elongate

for more than one repeat primers containing non-telom-

eric sequence in the region remote by 4-6 nucleotides

from the 3′ end. In this case the enzyme does not add sev-

eral telomeric repeats similarly to the type II human and

protozoan telomerases, but slips further along the tem-

plate [38].

However, there is a different opinion concerning dif-

ference in processivity between telomerases of yeast and

other organisms. It is supposed that the difference in pro-

cessivity is not qualitative but rather quantitative [39].

Chang et al. [40] created a special system for in vivo

investigation of the yeast telomerase processivity and of

the mechanism of efficient elongation of the shortest

telomeres. In the case of simultaneous expression of the

wild-type telomerase RNA and RNA with mutated tem-

plate region the telomere elongation was followed in a

single round of the cell cycle. Telomeric repeats inserted

with involvement of two types of telomerase RNA were

distinguishable, and their frequency makes it possible to

draw a conclusion concerning the character of telomerase

functioning. It was found that on the average telomerase

is not processive. However, processive elongation was

detected on the shortest telomeres, which appeared to be

dependent on a mammalian AMP ortholog, Tel1p kinase.

It should be added to processes shown in Fig. 2 that

enzyme-associated nuclease activity was found in yeast

[41, 42], protozoan [27], and human [43, 44] telomerases.

Main Components of Telomerase Complex

Telomerase RNA (TER) contains template region

and different functionally important secondary structure

elements involved in template region restriction, protein

subunit binding, and partially carrying out catalytic and

other functions [2, 45]. Telomerase reverse transcriptase

(TERT) contains a catalytically important domain

resembling that of reverse transcriptases, as well as only

telomerase-specific domains necessary for TER and

DNA substrate binding and for functional activity of

telomerase [2, 46]. TER and TERT form the core

enzyme. These components are enough to provide func-

tional activity of telomerase in vitro. In vivo functioning

requires auxiliary proteins, some of which are included in

the holoenzyme. Despite high interest in telomerase and

importance of its study in applied aspect, structural data

on TERT, TER, and other telomerase proteins have

become available relatively recently due to complication

of telomerase investigation (very low intracellular enzyme

content, difficulties in isolation of its components in sol-

uble form and in sufficient amount, etc.). In this section

dealing with TER and TERT the main attention is given

to recently obtained results.

Telomerase reverse transcriptase (TERT). Domain

structure. The amino acid sequence of telomerase catalyt-

ic subunits is similar to that of reverse transcriptases.

Conservatism of amino acid residues responsible for

catalysis, nucleotide binding, and ribo- and deoxynu-

cleotide recognition is found in viral reverse transcrip-

tases [25].

The reverse transcriptase domain TERT differs from

corresponding domains of reverse transcriptases by the

IFD site localized between A and B′ motifs conservative

for reverse transcriptases (Fig. 3). This site is important
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for the functioning of yeast telomerase in vivo. Mutations

in it result in lowering of the enzyme activity in vitro [47].

The search for functionally important regions in pro-

tein primary structure and the detection in them of amino

acid residues whose replacement disturbs any telomerase

property in most works were based on homology between

TERT of different organisms [48-50]. Approaches not

using such homology (e.g. single gene evolution [51])

gave similar results.

Functional protein domains and sites within them

have various names. On the whole, four functional

domains can be distinguished within the TERT structure:

(i) N-terminal domain containing moderately conserva-

tive GQ block (hypomutable domain I according to the

classification in [51]) that is now called the TEN domain

[52]; (ii) RNA-binding domain (TRBD domain) with

conservative motives CP, QFP, and T (hypomutable

domains II, III, and IV); (iii) reverse transcriptase

domain (RT domain) containing seven conservative

domains and an IFD site; (iv) lowly conserved C-termi-

nal domain (CTE domain).

It is a rather complicated problem to obtain soluble

TERT in amounts sufficient for crystallization, which

makes difficult structural investigations of this protein.

Therefore, there are still only few data on the protein

structure. In general there are no data on structural

organization of the whole complex. Pronounced progress

has been recently achieved in TERT studies because there

appeared structures of separate TERT domains [52, 53]

and of the whole TERT molecule, without the TEN

domain [54], obtained by X-ray analysis. Thorough bio-

chemical investigations combined with directed mutage-

nesis, based on new structural data, have significantly

extended concepts concerning the mechanism of TERT

functioning [39, 55]. It became possible to crystallize the

catalytic subunit of red flour beetle Tribolium castaneum

whose genome has been recently sequenced [56]. TERT

of T. castaneum does not contain a TEN domain. The

other domains (TRBD, RT, CTE) form a ring. Motifs

involved in substrate binding and catalysis are localized

within the ring. From 7 to 8 base pairs of RNA–DNA

duplex can be localized within the ring. The whole struc-

ture has much in common with structures of retrovirus

reverse transcriptases, viral RNA polymerases, and B

family DNA polymerases [54].

Structural differences between various TERT mainly

concern N- and C-terminal sites. These data seem espe-

cially interesting because no significant TERT sequence

conservatism is observed in terminal regions in various

organisms.

Let us consider known structural aspects and func-

tions of TERT domains.

Reverse transcriptase domain (RT). In accordance

with affiliation to reverse transcriptases, TERT contain

seven reverse transcriptase-specific conservative motifs in

this domain. The distinctive feature of telomerases is a

large insertion between motifs A and B, the IFD. When

following the analogy of telomerase being in the “right

hand” form, these two motifs will be localized in the

“palm” and “fingers” domains. The IFD site got its name

because it appeared to be an insertion in the “fingers”

domain (Insertion in Fingers Domain [56]). The affilia-

tion of TERT to reverse transcriptases has been con-

firmed in numerous works [32, 57, 58]. Conservative

amino acid residues responsible for catalysis were found.

These are three aspartic acid residues localized in motifs

A and C [58].

The RT domain in T. castaneum TERT consists of

two subdomains (“palm” and “fingers”) constructed of

β-sheets and α-helices, which is characteristic of retrovi-

ral reverse transcriptases, virus RNA polymerases, and B

family DNA polymerases. The polymerase “thumb”

domain corresponds in this structure to the CTE domain.

Comparison of T. castaneum TERT structure with

that of HIV reverse transcriptase was indicative of their

high similarity with the exception of the presence in

TERT of the IFD motif. This motif consists of two

antiparallel α-helices playing an important role in struc-

tural arrangement of the two other helices, possibly being

involved in direct contact with RNA–DNA duplex.

The probable position of a nucleotide-binding region

was detected by comparison of TERT and HIV reverse

transcriptase structures and by identification of conserva-

tive residues. The region is localized at the junction of the

“palm” and “fingers” subdomains.

TERT of different organisms were analyzed using

mutagenesis. Interesting mutations causing telomere

elongation [59] were found in the RT domain Est2p

(yeast TERT domain) in addition to mutations disturbing

enzyme function and complex assembly [47-51].

Mutations in motif E increase processivity concerning

addition of nucleotides [59]. There are mutations in sub-

domain “fingers” (motifs 1 and 2) after which telomerase

is not inhibited in vivo by helicase Pif1p [60]. In general,

it is known that helicase Pif1p activity removes telom-

erase from the telomere. This has been shown in vitro

upon introduction of Pif1p into the reaction of primer

elongation by telomerase [61]. In this case telomerase

processivity decreases. A similar effect of mammalian

helicase (PIF1) on in vitro telomerase activity was also

shown for human telomerase [62]. In the yeast strain

pif1∆, telomeres in vivo are longer than those in the wild-

type strain. This elongation is telomerase-dependent [61].

motifs

domains

Fig. 3. TERT domain structure.
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Overexpression of Pif1p, on the contrary, stimulates

telomere shortening [63]. Such interesting Pif1p function

as inhibition of telomere addition by telomerase to dou-

ble-stranded breaks was found as well [64]. Mutations in

Est2p, disturbing Pif1p action in vivo, are indicative of

interaction of these proteins, perhaps indirectly [60].

TEN domain. Interaction of TERT with DNA sub-

strate. Already before crystallization of the TEN domain

of the Tetrahymena thermophila telomerase TERT there

existed proofs showing that the TEN domain in yeast and

human TERT represents a separate structural domain

[49, 65]. The N-terminal domains necessary for telom-

erase functioning in vitro and in vivo do not exhibit simi-

larity with any regions in other proteins; therefore, it is

impossible to submit a possible structure of this region on

the basis of homology proceeding only from amino acid

sequence.

Recently the TEN domain of T. thermophila TERT

has been crystallized [52]. It appeared to have a new

structural domain. Conservative amino acid residues have

been identified and their functional importance was

shown. Most of these residues are grouped in the groove

on the domain surface. These residues are necessary for

telomerase catalytic activity, and some of them are

involved in specific interaction with single-stranded

region of DNA substrate for elongation by telomerase.

Positively charged residues at the domain C terminus are

involved in unspecific interaction with RNA. Features of

the whole TEN domain are interaction with single-

stranded RNA as well as its ability to bind RNA, which is

necessary for functioning of telomerase.

Now we shall consider in more detail what is known

about the interaction of TERT with DNA substrate.

Telomerase interacts with substrate not only in the place

of its 3′-end annealing in the TER template region, but

also with its 5′ end in the so-called “anchor site”. It is also

supposed that the 3′ end of the primer directly interacts

with TERT. In human [66], yeast [67], and protozoan

[27] telomerases the remote anchor site (~16-21

nucleotide residues from the primer 3′ end localized in

the catalytic site) and the near anchor site localized clos-

er to the primer 3′ end (~4-14 nucleotide residues from 3′

end). Quite a number of data show that the anchor site is

localized in the TEN domain. This is confirmed using

chemical cross-linking [52, 68] as well as by mutagenesis

[52, 66].

Yeast telomerase exhibits increased efficiency in

elongation of short primers (~9 nucleotides) and primers

with “mutations” (non-telomeric sequence) in the region

of near the anchor site [67]. This is due to the fact that

upon dissociation from primer telomerase is released

from the stable complex with it and again becomes active

and capable of a new primer elongation. This effect prac-

tically disappears at decreased primer concentration.

Telomerase of T. thermophila exhibits increased abil-

ity to elongate short primer [69]. Apparently, like telom-

erase of S. cerevisiae, it easily dissociates from short sub-

strates after elongation, and therefore it is able to elongate

more primer molecules in unit time when it is in excess

[68]. Similar primer length effects on its elongation effi-

ciency were also found for human telomerase [66].

The contribution of the near and remote anchor sites

to the interaction of processive human and protozoan

telomerases and of non-processive yeast telomerase with

primer is different. It is found that the remote anchor site

of yeast telomerase only slightly influences primer bind-

ing. Thus, yeast telomerase [67], unlike the human

enzyme [70], practically does not elongate primers with

enough extended (8-15 nucleotides) non-telomere

sequence at the 3′ end and telomere sequence at the 5′

end (15 nucleotides). There are not enough data on the

functional role and localization of the remote anchor site.

Perhaps it is formed not at the expense of TERT but at the

expense of other components of the complex.

Endogenous and in vitro reconstructed T. thermophila

telomerase behave differently. It appeared that type II

processivity in endogenous enzyme increases upon

primer elongation, but this is not characteristic of the

reconstructed enzyme. It is possible that the remote

anchor site, restraining primer from dissociation and

stimulating its processive elongation, is involved in

endogenous T. thermophila telomerase functioning [71].

Interaction in the remote anchor site (20-22 nucleotides

from the primer 3′ end) of telomerase of the protozoan

species Euplotes aediculatus was directly confirmed using

chemical cross-links [72].

There are facts showing that the primer 3′ end direct-

ly interacts with TERT. It is known that the primer bind-

ing by human telomerase depends on its 3′ end position

on the RNA template [73]. Euplotes aediculatus telom-

erase is able to elongate chimeric primers with non-

telomeric 3′ end. Chimeric primers cannot form duplex

with RNA template. Elongation of these primers starts

from the beginning of the template region [74]. This may

happen at the expense of the interaction of the primer 3′

end with TERT and its positioning relative the RNA tem-

plate. Yeast telomerase inefficiently binds and elongates

primers in which the last two nucleotides at the 3′ ends are

non-telomeric (non-complementary to the template)

[36]. In this case interaction of primer 3′ end with TERT

may be disturbed.

It has been recently shown directly by fluorescent

analysis of single molecules that DNA substrate in the

absence of TER forms a stable complex with human

TERT [75].

Removal of the TEN domain from TERT makes

telomerase practically inactive [52, 76]. Some conserva-

tive residues in the TEN domain play a structural role.

Most of them are grouped at opposite sides of the domain

surface. At one side they form a deep groove, while the

other side consists of α-helices whose conservative

residues are mainly acidic or hydrophobic.
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For T. thermophila telomerase, interaction of DNA

primer with the TEN domain was found using the chem-

ical cross-linking technique [52, 55]. This unstable inter-

action is not fixed by such methods as binding on filters

and electromobility shift assay [55]. It was shown that

TERT free of the TEN domain interacts with DNA

primer, and the efficiency of this interaction corresponds

to one third of the efficiency of the interaction of the full-

sized TERT [55]. This shows that the TEN domain is not

the only place for binding DNA primer. Amino acid

residues responsible for binding are localized close to

each other in domain structure. They are grouped in the

neighborhood of a groove at one side of the domain sur-

face. Interesting data have been obtained showing that the

function of the TEN domain is not limited only to bind-

ing DNA primer. A mutation was found that has no effect

on primer binding but influences the enzyme activity

[55]. Contact of the DNA primer with Trp187 localized at

the periphery of the TEN domain was found. This contact

was detected at any one of three primer 3′-end positions

on the template (at the beginning of template region, in

the middle, or closer to its 5′ end). Taking into account

that the primer is not able to stretch upon elongation and

the enzyme active center remains in the same place, this

result can be explained only with the assumption that due

to mobility of the TEN domain, the position of the latter

relative to the active site changes [55]. These data are

especially interesting because there is no full-sized TERT

structure including the TEN domain. Taking into account

the supposed length and geometry of RNA–DNA duplex

in the active site, it can be concluded that the distance

between Trp187 and Asp residues in the active center

changes from 17 to 27 Å depending on the primer 3′ end

position on the template region [55]. Data on the struc-

ture of this domain suggest that the mobility of the TEN

domain is achieved due to flexibility of its C terminus

[52]. Owing to such mobility, RNA–DNA duplex can

undergo translocation in the active center upon primer

elongation. All supposed variants of primer interaction

with telomerase are shown in Fig. 4.

Although the Trp187 residue of T. thermophila TERT

directly interacts with DNA primer, it is not necessary for

catalytic activity [55]. Deterioration of the interaction

with primer is found upon mutation of different amino

acid residues located at a distance from Trp187 [55],

which influences the telomerase activity. It is supposed

that a wide variety of amino acid residues are involved in

DNA primer binding. They are localized on the surface of

the TEN domain in the groove region, which is confirmed

by mutagenesis and analysis of the domain structure [52].

The TEN domain interacts nonspecifically with

RNA [77, 78]. It is supposed [52] that the nonspecific

interaction of the TEN domain transforms to specific

interaction within the whole enzyme structure.

Based on proposed structures, homology, and calcu-

lations and taking into account electrostatic interactions,

a structure for the yeast TEN domain in which the posi-

tion of conservative residues with confirmed involvement

in the yeast telomerase anchor site formation was

designed [39].

A number of mutations in TERT intended to influ-

ence the ability of telomerase to interact with DNA in the

anchor site were designed on the basis of the T. thermophi-

la TEN domain structure [52] and then investigated [79].

One mutation (L14A) resulted in the loss of type II

enzyme processivity but had no effect on the interaction of

the enzyme with primer and addition of nucleotides to the

end of the template region. Replacement of the residue

next to L14A resulted in 50% decrease in processivity.

Recently a model has been proposed that explains the role

in processivity of the anchor site and, in particular, of

found residues [79]. The processivity is provided due to the

interaction of the TEN domain with the primer 5′ end and

catalytic domain during elongation. This interaction is dis-

turbed at the moment of translocation, and then it emerges

again. It is supposed that L14A is involved in this process.

Mutations resulting in telomere elongation com-

pared to the wild-type strain were also found in the yeast

TEN domain Est2p [80]. These mutations do not influ-

ence the telomerase enzymatic properties in vitro. The

only participant of the process of telomere elongation by

telomerase, Tel1p, is necessary for more pronounced

telomere elongation. It is supposed that the N-terminal

domain Est2p somehow interacts with Tel1p upon telom-

ere elongation by telomerase [80]. Mutations resulting in

changes in the association of the telomeric protein Rap1p

with double-stranded telomeric DNA were also found

among mutations in the TEN domain Est2p [81]. The

mechanism of this is not yet clear.

TRBD domain. First of all, TERT differs from other

reverse transcriptases by its ability to use internal RNA

template upon addition of telomeric repeats. In human

telomerase TEN domain (RID1 by a different classifica-

tion) interacts with pseudoknot TER, while the TRBD

domain (RID2 according to another classification) inter-

acts with P6.1 hairpin of the CR4-CR5 domain. The lat-

ter interaction is critical for enzyme assembly [82].

The structure of the isolated TRBD domain of T.

thermophila has been determined [53]. The RNA bindingFig. 4. Interaction of primer with telomerase.
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TRBD domain contains mainly helical motifs. This

structure is unique. Motif QFP is not involved in RNA

binding but has a structural function, while conservative

motifs CP and T directly participate in RNA binding.

Conservative amino acid residues are arranged so two

pockets were formed at the surface. One pocket is narrow,

restricted by hydrophobic residues, and specific for sin-

gle-stranded RNA binding (T pocket), while the other is

wider and can bind RNA duplex (T-CP pocket) [53]. It is

supposed that the TRBD domain interacts with helix I in

T. thermophila TER structure as a double-stranded RNA

and with 5′-boundary element of T. thermophila TER as a

single-stranded RNA.

The detailed pattern of amino acid residue positions

explains effects of the above-described mutations in the

TRBD domain of TERT [53]. Both RNA-binding pock-

ets cover the perimeter of the whole domain surface.

It is known that in addition to the TRBD domain,

motif CP2 at the boundary of the TEN and TRBD

domains is involved in binding TER, also called the 5′-

boundary element [83, 84]. It is not clear how the TRBD

domain and CP2 motif binding is regulated and what the

functional importance of the interaction of the 5′-bound-

ary element with CP2 motif is.

It is difficult to draw conclusions based of the T.

thermophila TRBD domain structure concerning the

interactions in yeast and human telomerases necessary for

enzyme assembly and activity. The point is that RNA ele-

ments interacting with TERT differ in different organ-

isms, although different TERT exhibit homology between

each other. We shall go back to this problem in a section

dealing with TER.

The interesting nucleolar protein PinX1p, compet-

ing with TLC1 RNA (TER of yeast S. cerevisiae) for

interaction with Est2p (TERT of yeast S. cerevisiae), was

found among proteins interacting with telomerase com-

plex components [85]. A human homolog of yeast PinX1p

was also found, protein PinX1 [86, 87]. This protein is a

negative regulator of telomerase and interacts with

hTERT. TERT may interact with PinX1 via the same

domain as with TER, i.e. the TRBD domain. The role of

the interaction of TERT with PinX1 is still unknown. It is

supposed that in this way TERT not bound to TER is

“preserved” in an inactive state [85].

CTE domain. In the T. castaneum TERT structure

the CTE domain is accurately positioned relative the

other domains and represents the so-called “thumb”

according to generally accepted classification of poly-

merase domains. The domain structure is not similar to

structures of corresponding reverse transcriptase

domains. It was shown that the CTE domain of TERT is

a new structural domain [54]. Within the structure the

CTE domain is structurally close to the TRBD domain.

Such organization of TERT domains results in formation

of a central “hole” of sufficient width for accommodation

of double-stranded 7-8 bp long nucleic acids, which well

agrees with experimental data on the length of duplex in

the telomerase active center [88]. Gillis et al. [54] mod-

eled the RNA–DNA duplex position in the predicted

TERT structure. According to this model, one helix of

the CTE domain interacts with the small groove of

RNA–DNA duplex. The accuracy of this model is sup-

ported by earlier experimental facts based on mutagenesis

[89, 90].

It was supposed previously that the CTE domain is

not important for yeast telomerase functioning in vivo

[51]. However, later data are indicative of the importance

of this domain for Estp2 protein stability and efficiency of

DNA substrate elongation [59, 89]. In human telomerase

mutations in the CTE domain disturb telomerase func-

tioning similar to some mutations in the TEN domain

[91, 92].

Nuclease activity of telomerase. Telomerases exhibit

nuclease activity towards oligonucleotide substrates.

Endonuclease activity was detected in yeast telomerase

fraction that had been purified by several stages using dif-

ferent kinds of affinity chromatography [41]. In vitro

reconstructed human [43, 44] and protozoan [93] telom-

erases also exhibited nuclease activity. Nuclease activity

of yeast telomerase depends on nucleotide concentration

[41]. However, the telomerase domain responsible for

nuclease activity has not been identified.

Telomerase probably introduces a break at the border

of paired and unpaired bases of primer and of the TER

template region [41, 43]. Human telomerase is even capa-

ble of complete cleavage of telomeric oligonucleotide

depending on its position on the template upon annealing

[43]. It should be noted that if nonhydrolyzable internu-

cleotide bonds are introduced into preferable cleavage

sites, then the enzyme is able to cleave DNA substrate in

different places [41, 44]. Chimeric primers can also be

destroyed relatively far from the 3′ end, at the border of

telomeric and non-telomeric regions [41, 44]. The

remaining telomeric ends are then elongated by the

enzyme. As mentioned above, yeast telomerase, unlike

the human enzyme, is not able to elongate primers with

sufficiently extended 3′-terminal non-telomeric

sequence. Such primers are also poor substrates for

nuclease activity. It may be that in human telomerase the

remote anchor site is involved in the interaction with such

primers [44].

Transferase activity. It was shown that in the presence

of Mn2+ yeast and human telomerase can work as termi-

nal transferase, i.e. it is able to join nucleotides independ-

ently of template [94]. Even in such unusual role, telom-

erase prefers GT-rich substrates that are telomere-like at

the 5′ ends. The terminal-transferase activity explains a

number of physiological processes. Thus, it is known that

overexpression of mammalian telomerase reverse tran-

scriptase provokes premature cell senescence and cancer,

which cannot be explained by the effect of the protein on

telomere length. Among possible explanations for this is



TELOMERASE: STRUCTURE, FUNCTIONS, AND ACTIVITY REGULATION 1571

BIOCHEMISTRY  (Moscow)   Vol.  75   No.  13   2010

the supposition that TERT overexpression reveals usually

concealed terminal-transferase protein activity and, as a

result, it has a destructive effect on cell physiology. It is

not known whether the intracellular concentration of

Mn2+ is high enough for such telomerase transformation

in normal or pathological conditions. On the other hand,

it is possible that there are still unidentified small mole-

cules that could produce the same result [94].

Protective functions of telomerase. An interesting phe-

nomenon was found in a number of works. Mutants of

core components of yeast and human telomerase influ-

enced cell growth and phenotype independently of their

effect on telomere length [38, 95]. The Nobel Prize win-

ner of 2009 Elizabeth Blackburn suggested the following

explanation of this phenomenon: in addition to elonga-

tion of telomere ends, telomerase exhibits functions pro-

tecting telomeres [96]. By now rather many works have

appeared showing that not only telomere shortening

results in senescence, but rather disturbance of their

structure and protection. The disturbance of telomere

structure is accompanied by appearance of G-rich pro-

truding ends, the emergence of which is indicative of dis-

turbance of the telomere protecting function and degra-

dation of the C-rich strand [97, 98]. The phenotype of G-

rich protruding ends is observed upon disturbance of pro-

tective telomeric proteins (Cdc13p, Ku70/Ku80) [98-

100].

It was shown for the yeast Candida albicans that

removal of EST2 genes (yeasts C. albicans are diploid)

results both in telomere shortening and increase in

amount of G-rich protruding telomere ends [101]. Unlike

this, deletions of C. albicans genes EST1 and EST3,

homologous to genes of S. cerevisiae, result in telomere

shortening but not in disturbance of their structure and

appearance of G-rich protruding ends [101].

Protective functions of C. albicans telomerase were

also confirmed in experiments showing that catalytically

inactive TERT is able to inhibit accumulation of G-rich

protruding ends, and it appeared that not only TERT but

TER as well is involved in the C. albicans telomerase pro-

tective function [102]. The mechanism of this process is

still not clear.

The fact that, unlike for C. albicans, removal of the

TER- and TERT-encoding genes from S. cerevisiae does

not disturb telomere structure can be explained either by

very rapid transition of these yeasts to senescence or by

existence in them of some alternative mechanisms of

telomere structure protection [102].

Telomerase activity independent of catalytic activity

is also observed in mouse tissues after removal of TER. In

this case stimulation of cell proliferation by TERT was

noted [103]. This was recently explained. It appears that

TERT is involved in transcription of genes of the Wnt-β-

catenin signal pathway that stimulates proliferation of

embryonic and stem cells [104]. In fact, this function of

TERT consists in coordination of the telomere mainte-

nance apparatus in dividing cells using telomerase with

expression of genes necessary for proliferation.

Telomerase RNA (TER). Secondary structure and its

individual components. In different organisms (protozoa,

yeasts, vertebrates) TER significantly differ by size and

sequence. The processed mature TER of yeasts S. cere-

visiae (TLC1 RNA) consists of 1167 nucleotide residues

(n.r.) while unprocessed TER consists of approximately

1300 n.r. [105, 106]. TER of protozoa and mammals are

noticeably shorter, about 150 [107] and 450 n.r. [108],

respectively. Despite differences in the RNA size and

sequence of nucleotide residues, total TER function

makes researchers to look for structural elements in com-

mon. Phylogenetic analysis made possible to identify

TER secondary structures for all above-mentioned types

of organisms: protozoa [107] and vertebrates [108], as

well as yeasts S. cerevisiae [105, 106, 109, 110].

In addition to template region, TER contains second-

ary structure elements necessary for catalytic functions,

type I and II processivity, as well as elements necessary for

maturation, telomerase stability, and TER localization.

All structures contain the so-called central domain

including pseudoknot, template, and 5′-boundary ele-

ment (in protozoa TBE, template boundary element).

Protozoan TER also contains template recognition ele-

ment (TRE), the element of recognition by catalytic

TERT subunit of the beginning of the template region.

All TER also contain a site that binds proteins responsi-

ble for TER maturation and stability. These elements dif-

fer because these proteins and TER maturation pathways

differ as well.

The TER of yeasts differ from protozoan and human

TER by larger size, and it is also found that about 50% of

the structure is not associated with its in vivo activity.

Importantly, the element present in protozoan and

human TER, the so-called trans-activating domain, is

not found in TER of yeasts. The large size and the high

degree of TLC1 RNA evolutionary variability for a long

time made it difficult to determine its spatial structure.

Decoding of nucleotide sequences of genomes of yeasts

closest to S. cerevisiae opened the way to works on deter-

mination of the TLC1 RNA secondary structure on the

basis of phylogenetic analysis [105, 106, 109]. It appeared

that in the case of so pronounced evolutionary variability

of the whole sequence, less than half of TLC1 RNA

nucleotides (about 500 n.r. of 1200-1300 n.r.) are impor-

tant for telomerase functioning in vivo [111].

From the above we conclude that despite the differ-

ence in the sequence of TER from various organisms,

there are common structural elements necessary for the

function, and their presence was confirmed by the analy-

sis of TER from various evolutionarily distant organisms

like protozoan Tetrahymena [107], yeast Saccharomyces

[105, 106], mammalian, and human [108].

TER structural elements responsible for catalysis and

TERT binding. All TER contain elements interacting with
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TERT. First we shall consider elements arranged in the

central domain. Most of them are common for TER of

different organisms.

TER not only serves as template for catalysis, but

also take part in it. In mammalian and protozoan telom-

erases TER contribute to telomerase processivity [29,

112]. It was shown that nucleotide residues in the TLC1

RNA pseudoknot also make their contribution by direct

involvement in catalysis.

Template site. Interaction of TER with DNA primer.

Usually the length of the TER template site is approxi-

mately equal to the length of one and a half copies of the

telomeric repeat, but it can be longer or shorter [26]. The

TER template region itself and its limits are defined by the

TER secondary structure. At the 3′ end of this region there

is the primer annealing site, while at the 5′ end there is a

boundary element separating the template region from the

rest of the molecule. The TRE element is also described in

the T. thermophila TER [113], which serves for TER tem-

plate site recognition by the TERT catalytic subunit.

The template region plays an important role in cataly-

sis. Some mutations in it can result in significant change in

enzyme activity in vivo and in vitro. Trinucleotide substitu-

tions in different places of the TLC1 RNA template region

decrease the enzyme activity, sometimes up to its complete

loss. Mutation causing “slipping” along the template dur-

ing primer elongation is also found [38]. Point mutations in

the template site of T. thermophila TER result in inaccurate

insertion of nucleotides and early primer dissociation.

It should be noted that in some cases mutations in

the TER template region have no effect on enzymatic

activity. Thus, upon replacement of the whole template

region of T. thermophila TER the telomerase activity is

retained but its in vitro processivity is lost [114]. It is sup-

posed that nucleotide-specific TER–TERT interactions

in the template region are not obligatory for the ability of

T. thermophila telomerase to elongate primer within the

limits of a single telomeric repeat. However, if DNA tem-

plate is used instead of RNA template, then non-proces-

sive telomerase can be obtained with very low efficiency

of primer elongation [115].

On replacing the template region in TLC1 RNA by

the template region of human TER, homogeneous

repeats corresponding to the new template are found in

telomeres. This suggests that the base sequence in the

TLC1 RNA template is responsible for heterogeneity of

telomeric repeats in yeast chromosomes; different vari-

ants of primer annealing are possible on this sequence

upon primer binding for elongation [30].

The role of base sequence in the telomeric primer

annealing site in enzyme processivity seems interesting

[32, 111]. Unlike non-processive mouse telomerase, the

human enzyme in which this region is longer (five

nucleotides) than in mouse telomerase (two nucleotides)

exhibits type II processivity in vitro. This difference is

explained by efficiency of primer annealing upon translo-

cation: the sequence in the primer annealing site should

coincide with the 5′-terminal sequence of the template

[29]. However, processivity is defined not only by the

primer annealing site. For example, this site in yeast

telomerase is extended enough (five nucleotides), but the

enzyme does not exhibit type II processivity in vitro [29].

It seemed quite likely that the length of the duplex

region between template and primer increases as

nucleotides join the primer, but this supposition was dis-

proved by a number of works. In E. aediculatus and

human telomerases [73] there is no correlation between

the number of base pairs in the duplex that can be poten-

tially formed by primer with template site and with effi-

ciency of its binding by the enzyme. It was shown by

chemical testing of the TLC1 RNA template site that in

yeast telomerase the number of paired bases between sub-

strate and RNA template site remains constant and equal

to seven upon primer elongation [88]. In this case, as

elongation proceeds new pairs are formed from the

primer 3′-end, while the chain untwists from the 5′-end.

It was shown for the human enzyme that the interac-

tion of the primer with telomerase depends on the posi-

tion of the primer on the template upon annealing [73]. It

is supposed that this is due to the interaction of the primer

3′ end with TERT.

5′-Boundary element. This element in the TER struc-

ture retards primer elongation beyond a certain region on

the template site. It is a helix restricting the single-strand-

ed region (of yeast [109, 116] and human [132] telom-

erase) or specific sequence (protozoan telomerase [84]).

Are the mechanisms of action of 5′-boundary TER

elements in different organisms similar? In protozoa this

element is a specific, efficiently TERT-binding

nucleotide sequence, while in yeasts and mammals it is a

stem and hairpin in RNA secondary structure [116, 117].

The yeast 5′-boundary element binds TERT and is direct-

ly adjacent to the template site. There may be different

mechanisms of action of 5′-boundary element in proto-

zoa, yeasts, and mammals. This structure restricts mobil-

ity of the TER template site within the protozoan telom-

erase active center due to RNA–protein interactions.

Such template site mobility is necessary during primer

elongation because template position relative to active

center should change upon addition of each nucleotide.

In human telomerase, mobility of the TER template site

is restricted due to RNA–RNA interactions in secondary

structure. It is supposed that in yeast the telomerase 5′-

boundary element restricts not only RNA mobility, but

also the accessibility of the single-stranded region

because the hairpin stem in 5′-boundary element in TER

is directly adjacent to the template.

The TER of the yeast Schizosaccharomyces pombe,

TER1, was recently found [118, 119]. This RNA 1213 n.r.

in length independently interacts with SpEst1 and SpEst2

(orthologs Est1p and Est2p of S. cerevisiae). The 5′-

boundary element of this RNA was analyzed. Like for S.
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cerevisiae telomerase, not nucleotide sequence of this site

was important but rather formation by it of double-

stranded RNA helix, which mechanically prevents further

primer elongation. However, it appeared that a part of

paired region within the helix includes a template region,

i.e. 5′-boundary element comprising double-stranded

RNA, which has to be partly untwisted upon elongation.

Heterogeneity of telomeric repeats of some yeasts is asso-

ciated with this peculiarity.

Pseudoknot in TER structure. Interaction of TER with

TERT. A pseudoknot in the secondary structure of TER

of different organisms is localized identically relative to

the template site [45]. It was found that not only second-

ary TER structure is important for telomerase function-

ing, but rather nucleotide sequence of highly conservative

sites within the pseudoknot and single-stranded sites

among them [45, 109, 120].

Recently several works appeared reporting the tertiary

structure of some protozoan and human TER elements.

In the central domain of human TER helices P2b

and P3 as well as loops J2b/3 and J2a/3 form a pseudo-

knot. The tertiary structure of the pseudoknot in the TER

central domain and its correlation with experimental data

obtained on the basis of mutagenesis were first established

directly in 2005 for human telomerase [121]. Structural

and mutation analyses indicated the presence of a triple

helix in this region. Telomerase activity strictly correlates

with the stability of the triple helix. In this case, if some

data are in favor of the dynamic pseudoknot structure

[122], others point to its static nature [120].

Recently formation of triple helix in the central

domain has also been shown for TLC1 RNA of S. cere-

visiae [110]. Distortion of this structure resulted in

decrease in in vitro telomerase activity and telomere

shortening in vivo. In this case binding to Est2p did not

change. The hypothesis was put forward and confirmed

experimentally that triple helix is not important for Est2p

binding, but it is involved in catalysis due to the template-

primer helix orientation using 2′-OH groups. Similar par-

ticipation in catalysis of pseudoknot in human telomerase

RNA was shown. The role of triple helix is not restricted

to catalysis; its much more important function is as a

structure drawing together the template site duplex and

primer with the active center of TERT.

In telomerase RNA of yeasts S. cerevisiae and K. lac-

tis a pseudoknot interacts with the catalytic protein sub-

unit. In mammalian TER not only the pseudoknot but

another conservative structure in a region remote from

the pseudoknot, hairpin P6.1 of highly conservative

domain CR4-CR5, are necessary for TERT binding and

in vivo and in vitro telomerase functioning. No similar

structure was found in TLC1 RNA. Domain CR4-CR5

together with hairpin P6.1 are classified as so-called

“trans-activating domains”.

Localization of helices P6a and P6b as well as of loop

J6 between them was detected in the tertiary structure of

the CR4-CR5 domain [123]. The most important for

telomerase functioning hairpin P6.1 contains at the loop

end three nucleotides whose base residues are exposed to

the solution. In vivo chemical testing of their structure has

shown that they are inaccessible for modification. This

suggests that they are involved in interactions with protein

or RNA.

In mammalian [120, 124] and protozoan TER a

pseudoknot in secondary structure is necessary for pro-

cessivity upon primer elongation, and in the case of pro-

tozoan telomerase not only pseudoknot, but also hairpin

IV are important. It is interesting that in human TER the

replacement of the pseudoknot by the analogous structure

from T. thermophila telomerase results in formation of in

vitro non-processive enzyme with low activity. It is sup-

posed that such replacement disturbs the interaction of

remote hairpin P6.1 with the pseudoknot structure and

possibly with TERT.

NMR spectroscopy of short protozoan TER analogs

revealed the structure of hairpins II and IV [125, 126]. In

hairpin II the very base of the hairpin is necessary for

telomerase functioning and restriction of synthesis along

the template for TERT binding, while the hairpin end is

not important for activity. Hairpin IV is necessary for

interaction with TERT and auxiliary protein p65 and for

enzyme processivity [112, 127, 128]. Hairpin IV is con-

sidered as a TERT trans-activating domain; due to

unpaired GA looping-out, it forms a strongly bent struc-

ture [125, 126].

Features of TER functioning in different organisms. It

has been found for protozoan telomerase of T. thermophi-

la that the TEN domain of TERT interacts with hairpin

IV and element TRE, while the TERT domain TRBD

interacts with 5′-boundary element TBE [126]. Complex

assembly and hairpin IV bending in the region of GA

looping out are stimulated by protein p65. These data

draw researchers closer to understanding the mechanism

of telomerase action, but by now only a model of assem-

bled telomerase can be proposed. Pseudoknot TER of T.

thermophila, conservative among different TERs, does

not play an important role in binding of TER to TERT.

Although some analogy between protozoan and

mammalian telomerase concerning the existence of

remote TER elements necessary for interaction with

TERT can be followed, common character of their func-

tion is not very obvious. Unlike protozoa, in mammals

and humans the pseudoknot of TER is involved in inter-

action with TERT, and in this case it interacts with the

TEN domain of TERT, while remote element CR4-CR5

interacts with the TRBD domain [78]. The opposite situ-

ation is observed in protozoan telomerase: the TEN

domain interacts with remote hairpin IV and the TRBD

domain interacts with 5′-boundary element TBE of the

central TER domain.

The problem of the principal difference between

mammalian and yeast TERs is still not solved. Many
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authors try to find analogies and to determine a general

mechanism of telomerase functioning in different organ-

isms [109, 129].

During investigation of K. lactis TER structure it was

proposed to consider a new element in telomerase RNA

structures, namely the point of junction of three helices,

TWJ (Three Way Junction), in the terminal RNA arm

[129]. It was shown that this element is important for

telomerase activity, mutations in it resulting in telomere

shortening. Some mutations in this site, remote from the

template site, result in loss of in vitro telomerase activity.

Overexpression partially inhibits in vivo the effect of

mutation in TWJ. Brown et al. [129] compared this struc-

tural element with CR4-CR5 of mammalian TER. As

already stated above, telomerase RNA of yeasts and high-

er eukaryotes differ not only by length but by the presence

in mammalian TER of the TERT firm binding site (CR4-

CR5 with P6.1 hairpin) localized separately from the cen-

tral domain that also binds TERT. An analogy may be

possible, but no direct interaction between the TWJ ele-

ment of the terminal arm with TERT was found.

The proposed analogies of elements in yeast and

mammalian telomerase RNA structure are disproved by

the following fact. As mentioned above, Cech et al. [130]

obtained in their laboratory RNA called miniT (short-

ened TLC1 RNA (500 n.r.)) that functioned in vivo, but

telomeres were shortened. This RNA together with Est2p

was used for the first time for yeast telomerase in vitro

reconstruction [130]. An even shorter microT can also be

used for in vitro reconstruction of functional telomerase,

and in this case it is actually represented by only the cen-

tral domain of TLC1 RNA. It was shown for mammalian

enzyme that the “minimal” TER necessary for in vivo

reconstruction of active telomerase must include, in addi-

tion to the central domain, the CR4-CR5 domains [120].

These data show that yeast telomerase RNA can be in

general free of CR4-CR5 domain analog. Then how can

one explain the fact that each telomerase is active if their

TER noticeably differ from each other, and, on the con-

trary, TERT are sufficiently homologous? Since theoreti-

cally in telomerase reconstructed in vitro no components

except TER and TERT should be necessary for enzyme

activity, it is reasonable instead of looking for general

motifs in RNA to search for differences in proteins. It is

also possible that components of rabbit reticulocyte lysate

(RRL), in which reconstruction is carried out, are

involved in activity of in vitro reconstructed telomerases.

Besides, still unidentified components should be consid-

ered in analysis of mechanisms of telomerase activity.

Thus recently new components have been found which

are involved in enzyme assembly and associated with it

from lysate [131]. These are ATPases pontin and reptin.

TER secondary structure elements necessary for its

maturation and stability as well as for in vivo assembly with

TERT. TER biogenesis. As stated above, TER secondary

structure elements interacting with proteins necessary for

maturation, stability, and assembly with TERT differ in

different organisms. Pathways of TER maturation and

stabilization are also different.

The initial protozoan TER transcript is synthesized

by RNA polymerase III and is not processed in this case.

In the protozoan T. thermophila TER interacts with p65

protein included in telomerase [128, 132, 133]. This pro-

tein contains N-terminal La-motif (RNA binding motif),

RRM, and C-terminal domains. All of them interact with

stem I/stem IV elements in TER. Protein p65 stimulates

the interaction of TER and TERT, i.e. it stimulates

telomerase complex assembly as well as stabilization of

TER. In another protozoan E. aediculatus TER also binds

protein p43 containing La-motive. It was shown that

upon in vitro complex reconstruction protein p65 signifi-

cantly stimulates formation of active telomerase [5, 128].

Protein p65 interacts with conservative GA looping out

from hairpin IV, thus promoting its bending.

In mammals initial transcript is synthesized by RNA

polymerase II, then TER is capped at the 5′ end, modi-

fied, and processed at the 3′ end [134, 135]. TER pro-

cessing and stability depend on H/ACA motif localized at

the 3′ end of the molecule. Motif H/ACA is also included

in small nucleolar RNA involved in posttranscriptional

modification of noncoding RNA. Four proteins necessary

for RNA accumulation and stability—dyskerin, NHP2,

NOP10, and GAR1—interact with this motif. All these

proteins are included in telomerase complex [15, 136-

138]. Disturbance of human TER maturation is associat-

ed with such genetic disease as inborn dyskeratosis. And

TER also contains the CAB motif responsible for TER

localization in Kayala bodies [135].

TER of S. cerevisiae (TLC1 RNA) resemble in many

parameters small nuclear RNA (snRNA) involved in

splicing. Initial transcript is synthesized by RNA poly-

merase II, is polyadenylated, TMG cap is added to the 5′

end, and then it is processed to the mature molecule with

removal of the poly(A) end [139, 140].

Polyadenylated precursor of TLC1 RNA comprises

about 5-10% of the total TLC1 RNA [140, 141]. TLC1

RNA contains uridine-rich consensus motif RAU4-6GR

(R is a purine base) of yeast snRNA, which interacts with

Sm proteins. The same motif was found in noncoding

small nuclear RNA of yeasts (snRNA). Mutation in the

Sm-protein binding site in TER or decrease in amount of

one of them (for example, Sm D1) results in sharp

decrease in amounts of TLC1 RNA and telomerase. It

was shown that Sm proteins are included in the holoen-

zyme [139].

TLC1 RNA undergoes 3′-terminal processing [105,

106]. Several forms of this RNA differing in the length of

the 5′-terminal part have been found. The possibility of

modification of base C651 in vivo was shown. Details of

TLC1 RNA biogenesis are not clear yet, but there are data

showing that during biogenesis this RNA can migrate

between the cell nucleus and the cytoplasm [142, 143].
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TER1 of Schizosaccharomyces pombe has much in

common with TLC1 RNA of S. cerevisiae [118, 119].

Recently the process of biogenesis in S. pombe was decod-

ed, and it appears that complete splicing is not necessary

for TER1 maturation, but only its first stage without fol-

lowing exon ligation [144]. Such incomplete splicing was

described for the first time. A similar process may also be

responsible for maturation of different telomerase RNA.

Additional Proteins of Telomerase Complex

Additional proteins have been identified in telom-

erase complex of different organisms that are necessary for

its functioning. For example, telomerase complex of S.

cerevisiae consists not only of catalytic subunit (Est2p) and

the RNA molecule (TLC1) serving as template for reverse

transcription, but contains additional subunits Est1p and

Est3p [145]. They are not required for in vitro telomerase

activity but are necessary for its activity in vivo [146].

Potential RNA-recognizing motif RRM is present in

the primary structure of Est1p [147]. This protein along

with Est2p establishes contact with telomerase RNA near

the template site, which points to its involvement in for-

mation of the enzyme active center. Est1p is able to form

a stable TLC1-containing complex even in the absence of

Est2p or Est3p. It was also shown that Est1p interacts

with the 3′-terminal region of telomeric DNA [148].

However, in vivo Est1p is able to bind telomeric DNA

only in complex with Cdc13p. Thus, Est1p is a mediator

connecting telomeric complex with Cdc13p [149]. Est3p

is a constant component of telomerase complex, and

moreover the association of Est3p with the enzyme

requires intact condition of the catalytic center. The

interaction of Est3p with Cdc13p significantly increases

the accessibility of telomerase to the telomere [150].

Besides TERT and TER, additional telomerase

components were also found in human telomerase. The

human genome contains three Est1 orthologs, two of

which (Est1A, Est1B) encode proteins involved in telom-

erase regulation [150]. No orthologs of Est3 have been

identified.

TELOMERE-BINDING PROTEINS

Proteins specifically binding telomeric sequence and

factors interacting with these proteins form a dynamic

ribonucleoprotein structure. This structure has a protec-

tive role; it participates in telomere length regulation and

is responsible for gene silence at telomeric and telomere-

side sites. Also, telomere structures serve as targets for

inhibitors that prevent telomerase binding to telomere

[151, 152].

Yeast telomere DNA consists of a 250-350 bp long

double-stranded region with C1-3A/TG1-3 sequence and a

short single-stranded protruding end with TG1-3

sequence. Yeast telomeric repeats ((TG)0-6TGGGT-

GTG(G))n [30]) are heterogeneous, unlike the homoge-

neous repeats of mammalian telomeres (TTAGGG)n

[153].

In yeasts the telomere double-stranded region

directly binds protein Rap1p [154], and the single-strand-

ed region binds Cdc13p [155]. Rap1p interacts with com-

plex of Sir (silent information regulators) proteins that

are responsible for heterochromatin formation in the sub-

telomeric region. Protein Rap1p also interacts with

telomere proteins Rif1p and Rif2p. These proteins are

associated with the telomere during the whole cell cycle

and are negative regulators of telomerase [156].

Protein Cdc13p interacts with the 3′ protruding sin-

gle-stranded end. This protein regulates telomerase

access to the telomere. It is known to be able to interact

with two different protein complexes oppositely influenc-

ing the ability of telomerase to elongate telomeres. As

stated above, Cdc13p is necessary for attachment of

telomerase to the telomere. This function involves inter-

action with the telomerase component Est1p [61]. On the

other hand, Cdc13p interacts with protein complex

Stn1p–Ten1p inhibiting telomere elongation by telom-

erase. Similarity between Rpa2p and Stn1p structures and

between biochemical characteristics of the whole com-

plex Cdc13p–Stn1p–Ten1p with RPA protein complex

(Rpa1p–Rpa2p–Rpa3p, respectively) was found [157].

The heterotrimer Cdc13p–Stn1p–Ten1p interacts with

complex of DNA polymerase α necessary for synthesis of

complementary C strand in telomeric DNA [158].

Heterodimer of Ku-proteins binds at the border of

single-stranded and double-stranded telomere regions.

Ku-proteins are involved in different ways in mainte-

nance of telomere length. They protect the ends of telom-

eres. Due to interaction with Ku-proteins of specific

stem-loop region of TLC1, the catalytic subunit of telom-

erase appears to be bound to telomeres in the G1 phase of

the cell cycle [159].

In mammals telomeric DNA is more closely packed

in nucleosomes compared to other eukaryotes, and some

nucleosomes carry heterochromatin markers [160].

Proteins TRF1 and TRF2 interact with double-stranded

telomeric DNA, and protein POT1 and its partner

TPP1 interact with the single-stranded region. Protein

TRF2 binds RAP1. Proteins binding single-stranded and

double-stranded DNA interact with each other via TIN2

protein interacting with TRF1 and TRF2 as well as with

TPP1 protein. This overall structure on mammalian

telomeres was named shelterin because it carries out pro-

tective functions [161].

Telomeres of dividing S. pombe cells are more similar

in arrangement to telomeres of higher eukaryotes com-

pared to telomeres of S. cerevisiae [162]. Rap1p of S.

pombe does not directly bind double-stranded telomeric

DNA but interacts with telomere-binding protein Taz1p,



1576 ZVEREVA et al.

BIOCHEMISTRY  (Moscow)   Vol.  75   No.  13   2010

whereas protein Pot1p is bound to single-stranded region.

The 3′-protruding end on telomeres of ciliate protozoa

binds proteins TEBPα and TEBPβ. These proteins are

orthologs of proteins POT1 and TPP1, respectively [162].

The 3′ protruding G-rich strand can form on com-

plex structures of telomeres, the G-quadruplexes [163,

164]. These are G-quartets in stacking conformation

(packed in parallel), i.e. planar structures of four guanines

forming Hoogsteen pairs and localized in the same DNA

strand. Formation of such structures on telomeres can be

a problem for DNA replication and telomere elongation

by telomerase. Telomeric DNA of vertebrates can form in

addition to G-quadruplexes a complex loop-like struc-

ture. T-Loop is formed when 3′-single-stranded end pen-

etrates the double-stranded region where the displaced

second strand forms an internal D-loop [165, 166].

Unlike yeast protein Cdc13p, mammalian protein

POT1, depending on its position relative to the 3′ end,

when binding to DNA not only does not prevent but even

stimulates telomere elongation by telomerase. If POT1 is

not localized at the very end of the DNA, then it destroys

G-quadruplexes and allows telomerase to elongate telom-

eres [167].

Despite differences in character of binding of protein

complexes to telomere ends, an interesting similarity was

found between telomere complexes of different organ-

isms. Mammalian TPP1 contains an OB-fold domain

resembling protozoan protein domain TEBPβ, while

POT1 contains another OB-fold domain resembling pro-

tozoan protein domain TEBPα working in tandem with

TEBPβ. So, there seems to be similarity of protozoan

TEBPα–TEBPβ complexes and mammalian POT1–

TPP1 complexes. The recently discovered similarity

between OB-fold domain of S. cerevisiae protein Est3p

and an analogous domain in TPP1 protein [168] seems

even more interesting. Extending this analogy, one can

propose Est1p for the role of POT1. No other analogies

have been yet found between Est3p and TPP1 for attrac-

tion of telomerase to telomere, but this fact requires

attention and makes reasonable further search of such

analogies.

An interesting fact was recently found. In S. cerevi-

siae [169], human [170], and mouse [171] cells poly-

merase II transcribes telomeric repeats and RNA prod-

ucts called TERRA (Telomere Repeat-Containing RNA

or telomeric RNA) are formed. TERRA is transcribed

from C-rich strand and is associated with telomeric chro-

matin. Increased amount of TERRA in human cells cor-

relates with telomere loss, whereas in yeasts this inhibits

telomerase. The mechanism of TERRA functioning and

its association with telomeres and role in oncogenesis are

still not clear (see more detail about TERRA in [172]).

In yeasts telomeres are assembled in clusters and

associated with nuclear membrane. The significance of

such localization has not been finally elucidated, but it

may be associated with telomere replication and essential

for correct assembly of this intricate DNA–protein com-

plex after replication [172].

TESTING OF TELOMERASE ACTIVITY

Knowledge of structural and functional features of

telomerase opens the way for the search for telomerase

inhibitors and activators. First of all the question arises

concerning ways of measuring changes in telomerase

activity. This was not a simple problem in the past, but

recently new methods based on physical principles of

detection have simplified the testing of telomerase activity

[173]. In the first step any measurement of telomerase

activity is based on detection of products of its activity

upon specific oligonucleotide elongation using deoxyri-

bonucleoside triphosphates as monomers [174]. The

oligonucleotide has a sequence of one and the half telom-

ere repeat, which allows the oligonucleotide to serve as a

good substrate for elongation by telomerase. To exclude

the activity of DNA-dependent DNA polymerases a con-

trol reaction with pre-processing RNase for splitting the

RNA is used, since after the removal of the RNA-template

the activity of telomerase cannot be detected. A specific

feature of telomerase is the low copy number per cell [175]

and hence low activity even in tumor cells where telom-

erase is activated by different pathway [176]. At first sight,

it seems simpler to measure effects of inhibitors on activi-

ty of isolated enzyme. However, such direct test for kinet-

ic studies is not generally available because it is suitable

only for cell extract with an increased amount of telom-

erase by overexpression of telomerase components in the

cell or by concentration with antibody to a telomerase

component [177]. Direct assay involves the use of α32P-

labeled deoxyribonucleoside triphosphates as monomer

[174]. Total radioactivity of label attached to specific

oligonucleotide is proportional to telomerase activity. The

reaction mixture can be analyzed by electrophoresis,

which gives additional information about enzyme proces-

sivity. Due to the inconvenience of using α32P-labeled

nucleotides with high specific activity and by low sensitiv-

ity, the method is not widely used. There are several other

methods for telomerase activity determination, and there

are commercially available kits for measurement of its

enzymatic activity. These methods are indirect and based

on signal enhancement of specific primer extension by

telomerase using polymerase chain reaction (PCR) or

other methods. PCR was first used by Kim and Wu for

enhancement of signal from products of telomerase activ-

ity [178]. The method was called the TRAP-test. Using

information about low telomerase specificity to the sub-

strate, they replaced oligonucleotides with natural telom-

ere sequence by substrate primer (TS) with partially

telomeric sequence. This made it possible to enhance the

signal in the PCR pitch from telomerase-dependent elon-

gation of oligonucleotide substrate without the pseudo-
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positive signal, e.g. like that due to formation of PCR

products caused by primer self-annealing or internal

repeat annealing. This method is not quantitative, but

nevertheless owing to its sensitivity and reproducibility it

has become most widespread [179]. Then, at the stage of

signal amplification real time PCR was used, which made

it possible to achieve quantitative estimation and design

protocols (for review see [179]). Using the PCR-based

methods of telomerase activity measurement for investiga-

tion of telomerase inhibitors, one should bear in mind that

telomerase is a specialized DNA polymerase. Thus, there

is a chance that the studied substance of supposed telom-

erase inhibitor can also inhibit the process of primer elon-

gation catalyzed by DNA-dependent DNA polymerase in

PCR, and therefore additional controls are necessary.

Three different modern sensing platforms for the

analysis of telomerase activity in human cells have been

described [173]. The first method involves the incorpora-

tion of hemin into the G-quadruplex structure generated

by the extended specific telomeric oligonucleotide associ-

ated with CdSe-ZnS quantum dots and the resulting elec-

tron transfer quenching by the hemin units. The second

method involves the electronic detection of the extended

telomerase substrate on a field effect transistor device.

The third method includes surface plasmon resonance

detection for the amplification of the signal by the bind-

ing of Au nanoparticle labels to the telomeres. The sensi-

tivities of methods are from hundreds to tens of cells per

microliter.  It makes these novel methods able to compete

with previous direct assay of telomerase activity and

opens new possibilities for screening substances as telom-

erase activity regulators.

ACTIVATION OF TELOMERASE

The mechanisms of telomerase activation in cancer

progression are diverse, and they have been analyzed in

review [176]. We will focus here on low molecular weight

activators that may in the future be a basis for anti-aging

therapeutic interventions involving transient somatic

activation of endogenous telomerase to restore telomere

length [180].

The main restriction in use of low molecular weight

compounds directly interacting with telomerase and

enhancing its activity is the necessity for retention of

residual telomerase activity in tissue where a potentially

therapeutic effect of such compounds can be revealed. A

possible target for such compounds is stem cells of regen-

erating tissues characterized by constant moderate telom-

erase activity. Another target can be lymphocytes also

having their own low level of telomerase activity. This

process has been recently considered in detail [181].

Molecules increasing telomerase activity could restore

proliferative ability of blood cells along with some other

functions.

Among the most promising telomerase activators are

low molecular weight compounds similar to a major

saponin extracted from the root of Astragalus mem-

branaceus – cycloastragenol (referred before as TAT2)

and its derivatives. For TAT153 derivative now developed

by the Geron company there is positive data on its oral

availability in an animal model of idiopathic pulmonary

fibrosis (http://www.geron.com).

TA-65, a telomerase activator originally isolated

from the Chinese plant Astragalus, was tested in a health

maintenance program and exhibited at low nanomolar

levels moderate activation of telomerase in human ker-

atinocytes, fibroblasts, and immune cells. Analysis of bio-

markers of aging suggests improvements in the cardiovas-

cular system, metabolism, and bone mineral density

[182].

Mitochondrial dysfunction increasing the content of

reactive oxygen species (ROS) was considered as the main

determinant of telomere-dependent aging at the single

cell level [183]. Antioxidants delay the beginning of vas-

cular aging in a telomere-dependent pathway. In vitro

ROS decrease the level of nuclear protein hTERT and

telomerase activity in endothelial cells. This is accompa-

nied by early emergence of senescence phenotype, while

incubation with antioxidant N-acetylcysteine blocks the

nuclear export of hTERT to the cytosol [184].

Tocopherol, a known antioxidant, also inhibits telomere

length reduction and retains the level of telomerase activ-

ity in cells of brain capillary vessels [185].

Extracts of natural objects are also used for telom-

erase activation. Thus, extract of Ginkgo biloba delayed

the beginning of aging due to stimulation of telomerase

formation via transduction of signals of the PI3k/Akt

pathway Moreover, pretreatment with PI3K inhibitor sig-

nificantly attenuated the Ginkgo biloba extract-induced

telomerase activity [186].

During the last ten years no new low molecular

weight telomerase activators were reported. Even for

known substances the molecular mechanism of action

remains unknown. Elaboration of methods for therapy of

degenerative diseases should include searching for ways to

regenerate tissue that can be stimulated by telomerase-

activating substances [187]. So, there is an urgent need

for more investigations of telomerase that will promote

creation of new activators that can be used in therapy of

degenerative diseases in the near future.

INHIBITION OF TELOMERASE

Inhibition telomerase in by regulation in the cell is

summarized in review [176]. The main focus here is rela-

tively low molecular weight components that may serve as

a basis for anticancer action.

All presently available inhibitors of telomerase activ-

ity can be divided into three groups based on their action
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and chemical properties. They are nucleoside and

nucleotide (nucleos(t)ide) analogs working as substrate

inhibitors, various low molecular weight compounds with

different mechanisms of action, and oligonucleotide-

based inhibitors blocking producing of active telomerase

complex. Let us consider all three groups.

Nucleos(t)ide analogs are well known inhibitors for

DNA-polymerases. Inhibition of DNA polymerization is

due to the impossibility of incorporation of the next

nucleotide residue because of competitive binding of

these substances in the enzyme active site. Since the cat-

alytic subunit of telomerase is RNA-depended DNA-

polymerase or a reverse transcriptase and there are

antivirus preparations such as those for therapy of HIV-

infections blocking reverse transcriptase, the idea to

check inhibitory activity of such preparations towards

telomerase became apparent. The most widely used

inhibitor of HIV reverse transcriptase is azidothymidine

(AZT). AZT was the first nucleos(t)ide analog tested for

telomerase inhibition. Positive effect was observed if

leukemia T cells were treated with AZT, which was

indicative of expediency of this nucleoside as an anti-

telomerase agent [188]. Such treatment resulted in loss of

telomerase activity and in telomere length reduction.

Since pharmacological properties of AZT were already

well studied, it was possible to complete investigation in

this field during treatment of patients with T cell

leukemia/lymphoma. Studies of nucleoside analogs as

telomerase inhibitors continued in numerous works (a

table of comparison is given in review [22]). The most

active inhibitors of this class are, according to analysis of

patents, acrylated nucleosides and guanine derivatives

[189].

Another class of telomerase inhibitors consists of a

group of low molecular weight compounds with struc-

tures different from nucleos(t)ides. This group includes

substances influencing mainly hTERT [190]. Some of

them are used in HIV therapy. There is a lot of informa-

tion about function and inhibition of retroviral reverse

transcriptases [191], a logical continuation of these inves-

tigations was testing of telomerase inhibition by compo-

nents targeting retroviral reverse transcriptases:

rubromycin and similar compounds [192]. Rubromycins

and purpuromycin appeared to be powerful inhibitors

(50% inhibitory concentrations are as low as 3 µM).

Additional efforts to develop more effective antiviral

agents target other specific enzymes in the virus replica-

tion cycle. It was reported that some quinolines form a

family of integrase inhibitors [193]. The antiviral activity

of quinolines became the basis for testing anti-telomerase

activity of these compounds [194]. The mechanism of

action of this class of compounds is now well understood,

because it was shown that benzo(h)quinoline derivatives

work as G-quadruplex binding agents [195]. Good exam-

ples of quinolones—floxacin and levofloxacin—moder-

ately inhibited telomerase activity [196]. The rhodocyan

dye analog MKT077, which accumulates in tumor cells

and in mitochondria, was used as a basic structure for

design of a more powerful telomerase inhibitor named

FJ5002 (IC50 = 2 µM) [197]. The long-term cultivation of

human leukemia cell line at high FJ5002 concentration

was accompanied by progressive loss of telomeres, stimu-

lation of aging, and cell crisis.

A current hypothesis concerning the mechanism of

action of these compounds suggests stabilization of spe-

cial quadruplex structures at telomere ends, blocking

telomerase binding to its substrate [198, 199]. These

inhibitors block telomerase either due to disturbance of

protein−nucleic acid interactions supporting telomere

structure, or due to blocking the substrate (telomere)

binding to enzyme (telomerase). Unfortunately, quadru-

plexes can be formed not only on telomeres but also in

different G-rich genome regions, and therefore it is often

impossible to predict the effect of G-quadruplex DNA

structure blocking by selective ligands. Because of this,

the synthesis of such inhibitors is not now considered as a

promising direction. However, many new inhibitors have

been identified on the basis of quadruplex stabilization

[200]. BIBR1532, a simple synthetic compound, a naph-

thalene derivative of benzoic acid (IC50 is 93 nM), is a

promising non-nucleoside telomerase inhibitor, which

stabilizes quadruplex structures [201]. Treatment of can-

cer cells with this preparation devoid of high cytotoxicity

results in progressive telomere reduction. After long-term

treatment with this substance cell proliferation arrest and

emergence of aging symptoms, including morphological,

mitotic, and chromosomal disturbances, were observed.

The BIBR1532 preparation was active under natural con-

ditions; its introduction into nude mice lowered tumori-

genic potential of preliminarily inoculated tumor cells.

In 2005 it was shown that the natural lactone hele-

nalin is a telomerase inhibitor [202]. The mode of action

of this cytostatic agent is not clear. Perhaps helenalin

affects telomerase activity through its interaction with

nuclear factor κB and regulation of hTERT level.

Curiously, polyunsaturated fatty acids inhibit telomerase

via direct interaction with the catalytic subunit, and at the

same time they switch off expression of the hTERT gene

[203].

A unique approach to telomerase inhibition was

recently proposed—the use of  low molecular weight sub-

stances involved in recognition of RNA/DNA heterodu-

plexes formed upon the interaction of telomerase RNA

with chromosome ends [204].

It was shown [205] that the main catechin of green

tea (Epigallocatechin gallate) not only directly inhibits

telomerase in a concentration-dependent manner, but

also induces apoptosis in cells of tumor of head and neck

via inhibiting the telomerase activity.

The most interesting potential inhibitor was found

upon screening of 16,000 organic compounds [206]. It is

an isothiozolin derivative (50% inhibition is achieved at
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1 µM concentration) that is a noncompetitive inhibitor

relative to substrate and deoxynucleotide triphosphates. It

possesses remarkable selectivity. It simultaneously has no

effect on DNA polymerase and HIV reverse transcriptase.

Glutathione and dithiothreitol enhance its inhibitory

activity. This fact suggests telomerase inhibition by affect-

ing cysteine residues in the catalytic subunit.

The third class of inhibitors is oligonucleotides. The

main components for targeting telomerase by oligonu-

cleotides are hTR and messenger RNA for hTERT. The

template region hTR serves as the target for antisense

oligonucleotides. Complete accessibility of this region

was demonstrated during investigation of its secondary

structure [122, 207]. New technologies, namely the use of

siRNA, ribozymes, and aptamers open great possibilities

for design of inhibitors based on oligonucleotides. There

are two main problems for usage of oligonucleotides as

therapeutic substances: (i) problems of their delivery and

(ii) their low stability in cell. These problems were solved

in part by creation of chemically modified oligonu-

cleotides retaining the bulk of biological activity. The

detailed description of chemical modifications of

oligonucleotides is beyond the framework of this review

(see reviews [208, 209]).

Despite the large amount of information on telom-

erase inhibitors, transition from telomerase inhibiting

compounds obtained by researchers to successful intro-

duction of preparations into clinical practice proceeds

slowly.

For the telomerase inhibitor Imetelstat (oligonu-

cleotide GRN163L complementary to the template part

of telomerase RNA) clinical trials were supported by

Geron Corporation (California). In 2010 they began

phase II trials for four different malignancies. Its safety

was proved and optimal doses were selected. 

Thus, the relatively few clinical trials that have been

performed have given encouraging results. The develop-

ment of the field of anticancer therapy on the basis of

telomerase inhibition becomes a promising direction.

Significant progress was achieved only in therapy using

oligonucleotides. Other low molecular weight inhibitors

are waiting their time.

An alternative possibility is the use in the nearest

future of hTERT regulatory functions [210]. The hTERT

or telomerase RNA regulatory properties, independent of

polymerizing activity, are still not completely studied, but

already interesting results have been obtained that can be

used to develop anticancer therapeutic agents. Already

used telomerase inhibitors may affect different telomerase

functions (in addition to maintenance of telomere

length). Understanding of these functions will allow elab-

oration of more efficient inhibitors.

Two different effects were described for in vitro culti-

vated tumor cells in the presence of different kinds of

telomerase inhibitors. Sometimes certain substances

exhibited the long-term effect reducing the telomere

length, whereas in other cases telomerase inhibition

resulted in rapid loss of telomere length. There is an expla-

nation for these at first sight contradictory observations. If

an inhibitor plays the role of a substance affecting telom-

erase as DNA polymerase and does not concern any other

non-canonical enzyme function [211] or telomere struc-

ture, then the long-term treatment should cause telomere

reduction and stimulation of aging or apoptosis. However,

if the cell already has short telomeres or if the inhibitor

also influences alternative telomerase functions or telom-

ere structure, then rapid response is observed. Inhibition

of hTERT telomerase activity using siRNA directed

against hTERT mRNA is of the second type of inhibition

resulting in rapid inhibition of cancer cell growth [212].

Telomere length correlates with the cell proliferative

potential [23]. A hypothesis by Olovnikov [24] suggests

that maintenance of telomere length is responsible for the

proliferative potential. However, telomere length is con-

nected with telomere structure. This parameter is influ-

enced not only by active telomerase, but also by amount

and ratio of the telomere structural proteins and by all

regulatory proteins as well [213]. Modulation of binding

properties of these proteins can change access of telom-

erase to telomeres and influence their structure and cell

proliferative potential. In particular, proteins directly

interacting with components of telomerase core enzyme

also influence the cell proliferative potential. It is found

that dyskerin is an essential component of active telom-

erase. Data on its interaction with telomerase and with

telomerases activity are summarized in the recently pub-

lished review by Mason et al. [214]. It is possible that

searches for inhibitors directly interacting with dyskerin

and preventing its binding to telomerase will begin in the

near future. In other words, the complex processes of

telomerase assembly, regulation, and modification of

telomere structure open many ways for designing telom-

erase activity modulators.

CONCLUSION

Telomerase has recently become the basis for devel-

opment of different therapies. This review considers fea-

tures of telomerase structure and functioning for evolu-

tionarily rather remote organisms like human and yeast as

well as some inhibitors and activators of the enzyme that

might be used for therapy in the future.

Recently different ways of blocking the telomerase-

catalyzed process of telomere length maintenance were

found on the basis of fundamental investigations of the

mechanism of telomerase activity. The first is direct inhi-

bition either of the catalytic subunit (hTERT) or the

RNA component of telomerase complex (hTERC). The

second is blocking telomere binding to telomerase.

The search of telomerase activators is a relatively new

field. Development of modern directions in medicine
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associated with application of stem cells in therapy may

soon make such activators a center of enhanced attention.

So far only a few substances exhibiting such properties

have been identified.

Further search and creation of new compounds

modulating telomerase activity can be successful only

with fuller understanding of the general mechanism of

enzyme function and the extension of concepts concern-

ing the telomerase structural components, which is

impossible without generalization of already accumulated

data and new investigations in this field.
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