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Effect of DNA Secondary Structure on Human Telomerase Acfivity
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ABSTRACT. Telomeres are specialized DNArotein complexes located at the chromosome ends. The
guanine-rich telomeric sequences have the ability to form G-quadruplex structures under physiological
ionic conditions in vitro. Human telomeres are maintained through addition of TTAGGG repeats by the
enzyme telomerase. To determine a correlation between DNA secondary structure and human telomerase,
telomerase activity in the presence of various metal cations was monitored. Telomerase synthesized a
larger proportion of products corresponding to four, five, eight, and nine full repeats of TTAGGG in 100
mM K* and to a lesser extent in 100 mM Nahen a d(TTAGGG) input primer was used. A more

even product distribution was observed when the reaction mixture contained no addeat IK4.
Increasing concentrations of Ceesulted in a loss of processivity but not in the distinct manner observed

in K*. When the input primer contained 7-deaza-dG, the product distribution resembled that of reactions
without K* even in the presence of 100 mM"K Native polyacrylamide gel electrophoresis indicated

that d(TTAGGG), d(TTAGGG), d(TTAGGG), and d(TTAGGG) formed compact structures in the
presence of K. The oligonucleotide d(TTAGGG)had a UV spectrum characteristic of that of the
G-quadruplex only in the presence of Kand Na. A reasonable explanation for these results is that
four, five, eight, and nine repeats of TTAGGG form DNA secondary structures which promote dissociation
of the primer from telomerase. This suggests that telomerase activity in cells can be modulated by the
secondary structure of the DNA template. These findings are of probable relevance to the concept of
telomerase as a therapeutic target for drug design.

Telomeres are specialized DN#rotein complexes lo- A B
cated at the ends of chromosomes. They are proposed to
be responsible for chromosome stabilizatidh 4nd to be
involved in interactions with other chromosom@sg). There 1
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is also evidence that telomeres are associated with the nuclear I 3 H N Y
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envelope and nuclear matri®{6). At least three separate Rd,M-H‘-- y H Rd. N\’(N-H--. 4 Y H
structural domains are present in telomeres (depending on )< \o_.jh: e }b’io_pz,\ H
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their length). In cells with long telomeres, the domain most H M‘H ;'{ i $ \T{ LI '_
distal to the end of the chromosome has a chromatin structure N.("Ji NN " Neg RN
containing regularly-spaced nucleosomeésg) and histone 1N j’““’NH N Ny
H1. Further towards the end, the chromatin structure is more Ra" H R H

heterogeneous and telomere binding proteins are present ( Ficure 1: (A) Reverse Hoogsteen base-pairing in the G-tetrad.
11) forming a heterochromatic region termed the “telosome”. (B) Loss of hydrogen bonding when 7-deaZad2oxyguanine
Finally, a 3 overhang of the guanine-rich strand exists which replaces guanine. Mrefers to the metal cation that coordinates
; e S .+ with O6 of the guanine bases.

can interact specifically with single-stranded telomere binding
proteins (2—17). G-quadruplex formation is dependent both on DNA sequence

These single-stranded “tails” containing guanine-rich te- and the cations present. For example, it is known that the
lomeric sequences from a variety of organisms including sequence d(TTAGGGforms an intramolecular G-quadru-
Tetrahymena18, 19, Oxytricha (20, 3, Saccharomyces plex structure in K with N7 of the guanine base involved
(21), and human 22—24) can form unique secondary in reverse-Hoogsteen base pairing within each G-tetrad
structures, G-quadruplexes, based on the G-tetrad. The(Figure 1), whereas d(TTAGG&loes not23). This struc-
G-tetrad is formed by a Hoogsteen-type base pairing betweerture can be disrupted by the presence of 7-deaza-dG within
four guanines and chelation of a metal cation. Consequently,the sequence2@). The stability of G-quadruplex structures

is also sensitive to the type of cation present. Coordination
t Supported by NCDDG Grant RFA CA 9408 from the NCI. of O6 of the guanine bases within the G-tetrad requires a
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FIGURE 2: Telomerase time course reactions with either 0 (A1),
50 (B1), or 100 mM (C1) K. Reaction time points for lanes 1, 2,

3, and 4 were 10, 20, 30, and 60 min, respectively. The numbers
(3), (4), etc., beside the gel refer to telomerase synthesizing
d(TTAGGG)ttag or three full repeats of TTAGGG, d(TTAGGfag

or four full repeats of TTAGGG, etc. The 19-base marker added
to the telomerase reactions and in the lane marked M consisted of
a 5 biotinylated d(TTAGGG) that was 3 labeled with {1-32P]-
cordycepin and terminal transferase. Telomerase reactions and
sample processing were carried out according to procedures in
Materials and Methods. Panels A2, B2, and C2 are the quantitation
of Al, B1, and C1, respectively, showing the increasemf 4,
()5 @) 6, )7, (@8, (4a)9, (O) 10, and ) 11 TTAGGG
repeats with time in 0 (A2), 50 (B2), and 100 mM"KC2).
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Ficure 3: Telomerase time course reactions with no added monovalent cations (A1) and with 100 m{@1)l@nd 100 mM K (C1).

Reaction time points for lanes 1, 2, 3, 4, 5, and 6 were 10, 20, 30, 40, 50, and 60 min, respectively. Panels A2, B2, and C2 are the

guantitation of Al, B1, and C1 respectively, showing the increaslipf((®) 5, Q) 6, () 7, (@) 8, (a) 9, (O) 10, and 4) 11 TTAGGG
repeats with time with no added monovalent cations (A2) and with 100 mM(B2) and 100 mM K (C2). Numbers in parentheses at
the right of the gel refer tm, the number of d(TTAGGGitag repeats.

Native Polyacrylamide Gel Electrophoresi§?P-5-End-
labeled oligonucleotides (12M) were incubated in the
specified amount of KCI-, NaCl-, or CsCl/40 mM Tris-borate
and 1 mM EDTA at pH 8 (TBE) solutions for 2 min at 90
°C. Samples were allowed to renature &tClfor 30 min
before addition of luL of loading dye (5% bromophenol

added (Figure 2, A2). However, in the presence of 50 mM
K, the rate at which 6 and 7 full TTAGGG repeat products
were formed was reduced relative to that of 4 and 5 (Figure
2, B1 and B2). This effect was more pronounced when 100
mM K* was present in the reaction mixture (Figure 2, C1
and C2). In addition, the amount of products pertaining to

blue, 5% xylene cyanol, and 60% sucrose) and loaded on8 and 9 full TTAGGG repeats was slightly enhanced with a
the gels. The samples were run on 15% (29:1 acrylamide: relative reduction in products pertaining to 10 and 11 full

bisacrylamide) native polyacrylamide gels at 7 V/cnf()
until the bromophenol blue had run 30 cm in the gel<24

TTAGGG repeats. Interestingly, this effect was observed
for telomerase products that have a difference in length of

30 h). Before running, the gels were equilibrated for 30 min exactly 4 TTAGGG repeats.

in the running buffers containing the appropriate monovalent

cations.

Ultraviolet SpectroscopylUV spectra and melting profiles
were obtained using the Beckman DU 640 YWsible

Comparison of Telomerase Aty in K*, Nat, and Cs.
To further investigate the effect of DNA structure on
telomerase, telomerase activity was monitored in the presence
of cations that stabilize G-quadruplex structures to varying

spectrometer. Melting temperatures were determined by degrees. In Figure 3, the effects of 0 and 100 mMdad

varying the temperature at a rate of@/min using a Peltier

temperature controller with a six sample cell holder (Beck-

man). Samples contained 2 mM Tris-HCI, 0.1 mM,Na
EDTA, 2—6 uM d(TTAGGG), oligonucleotide, and 0 or 100
mM KCI, NaCl, or CsCI.

RESULTS

Effects of K on Telomerase Aatfity. Since it is known
that K™ stabilizes G-quadruplex structures, the effect of K
on telomerase activity was addressed by observing a chan

Na' on the telomerase ladder were compared. The presence
of 100 mM Na" appeared to cause effects similar to those
caused by K (Figure 3, B1 and B2). However, inKthe
increase in the 4 and 5 TTAGGG repeats appeared at earlier
time points. Another monovalent cation,’Chad a dramatic
effect on the pattern of the telomerase ladder (Figure 4). In
contrast to the distinct effects on the individual bands caused
by the addition of K and N&, Cs" caused an overall
decrease in processivity with a profound enhancement of the
ggarly extensions. The striking reduction in telomerase

in banding pattern in sequencing gels that correlates with Processivity in the presence of increasing @ss could be
particular sized telomerase synthesis products. The telom-due t0 @ DNARNA conformational change in the presence
erase activity in the absence of added monovalent cationsOf CS' that destabilizes binding of telomeric DNA within
(Figure 2, A1 and A2) showed a ladder representing the the telomerase active site. In this regard, it is known that

products pertaining to additions of d(TTAGGExg by
telomerase onto the d(TTAGG&ElIomeric primer 80, 31).
These products increased with time at approximately th

Cst can cause structural changes in duplex DI3&34).

Effects of K on the Telomerase Ladder with a 7-Deaza-
e 2'-deoxyguanine-Containing Oligonucleotid&o determine

same rate regardless of the number of TTAGGG repeatswhether the changes in telomerase activity observed in the
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I{E]I FIGURe 5: Telomerase time course reaction using a TTAGGGT-

TAGGGTTAGGG-containing input primer (where € 7-deaza-
dG) with no added monovalent cations (A1) and with 100 mM K
(7} (B1). Incubation times for lanes-36 were 10, 20, 30, 40, 50, and
60 min. Numbers in parentheses on the right of the gel refer to
the number of d(TTAGGG]tag repeats. Panels A2 and B2 are
{f".:‘ the quantitation of A1 and B1, respectively, showing the increase
of (W) 4, ()5, @O 6, ()7, (@) 8, (a)9, O)10, and ) 11
TTAGGG repeats with time with no added monovalent cations (A2)
(5) and with 100 mM K (B2).

such as d(TTAGGG) where n = 5, have yet to be
(4) determined. Since this is the size range of the telomeric
products where we observed changes in the presencé of K
and Nd, it was essential that the secondary structure be
(3) analyzed. Thus, the secondary structure of d(TTAGGG)
oligonucleotides, whene = 3—9, was analyzed on the basis
of the rates of migration in 15% non-denaturing polyacryl-
FiGURe 4: Effect of Cg on telomerase activity. Increase in amide gels in the presence of TBE only} KNa', and C¢,
concentration of Cswhere lanes 16 refer to 0, 6.25, 12.5, 25,  asiillustrated in Figure 6, panels A, B, C, and D, respectively.
50, and 100 mM respectively. Numbers in parentheses at the right, the gel containing no added cations, a line could be drawn
of the gel refer tan, the number of d(TTAGGGitag repeats. that connected the oligonucleotides d(TTAGG®) d(T-
TAGGG),. The oligonucleotides d(TTAGG@)and d(T-
previous figures are truly due to secondary structure rather TAGGG), showed only a slight deviation from the line. Also,
than cation effects, the telomerase activity ifi Mtilizing d(TTAGGG), was composed of a species that ran along the
the primer, d(TTAGGGTTAGGGTTAGGG), where G is line plus another species that ran slightly faster. However,
7-deaza-dG, was determined. Both G-quadruplex and hairpinin both 50 (Figure 6B) and 100 mM K(data not shown),
formation of guanine-rich oligonucleotides involve nitrogen d(TTAGGG) had a dramatically greater mobility that is
7 (N7) in reverse Hoogsteen base-pair hydrogen bonding.suggestive of a more compact structure than single-stranded
Replacement of N7 with a carbon greatly destabilizes DNA. The d(TTAGGG) oligonucleotide also had a sig-
secondary structure even in the presence of the appropriataificantly increased mobility in K. The oligonucleotides
cations. Figure 5 illustrates that there was a change in thed(TTAGGG) and d(TTAGGG) also had increased mobili-
telomerase ladder in the presence of 100 mM Kn general, ties relative to that with no monovalent cations but to a much
more products were produced in the presence 6f K lesser extent than what is observed for d(TTAGG&)d
However, the large drop in activity between products d(TTAGGG). This suggests that d(TTAGG&and d(T-
belonging to 5 and 6 TTAGGG repeats and between 9 and TAGGG), form relatively less compact structures in the
10 TTAGGG repeats illustrated in Figures 2 and 3 was not presence of K or Na". Interestingly, a line could still be
observed. drawn through d(TTAGGG) d(TTAGGG), and d(T-
Evaluation of Secondary Structure of TTAGGG Oligo- TAGGG),. The mobilities in the presence of Nawere
nucleotides with Natie Polyacrylamide Gel Electrophoresis. similar to what was observed with*K In contrast, all
Although the secondary structures of human telomeric oligonucleotides, with the exception of d(TTAGGShoved
sequences such as dfiGsz)s, d(GsT2A)3Gs, d(GsTLAGS), close to the diagnoal line in the presence of Gaiggesting
(22) and d(AG(T-AG3)3) (24) have been extensively char- that in Cs, only d(TTAGGG), could still form a secondary
acterized, the structures of longer human telomeric repeatsstructure at 4°C. The oligonucleotides dgG.), and
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Ficure 6: One-dimensional 15% native polyacrylamide gel electrophoresis with (A) no added monovalent cations or with (B) 50 mM K
(C) 50 mM Na', or (D) 50 mM C¢, containing 532P-labeled primers with 3, 4, 5, 6, 7, 8, and 9 TTAGGG repeats loaded, from left to
right, for each gel. The numbers 3* and 4* in gel B refer to TTAGGGTTAGGGTTAGGG and TTAGGGTTAGGGTTAGGGTTAGGG,
where G is 7-deaza-dG. The arrow indicates the direction of electrophoresis. Gel B was run for 24 h. Gels A, C, and D were run for 30 h.

full TTAGGG repeats. Moreover, there was an equivalent
loss in formation of 10 and 11 TTAGGG repeats. These
results corresponded directly with the observation that
d(TTAGGG), d(TTAGGG), d(TTAGGG), and d(T-
TAGGGY), formed more compact structures iri4€ontaining
native polyacrylamide gels. Although d(TTAGGAlso
formed species with greater mobility in gels containing'Na
and Cg, itis clear from the much lower melting temperatures
that secondary structures formed in these salts are less stable
than in K. A likely secondary structure that these sequences
can form is the intramolecular G-quadruplex, a compact
secondary structure that is sensitive to cation type. The
formation of intramolecular G-quadruplex structures could
explain the relatively slight increase in mobility of d(T-
TAGGG) and d(TTAGGG; in polyacrylamide gels upon
addition of K or Nat. If four sets of TTAGGG are required
for forming an intramolecular G-quadruplex, it is possible
that d(TTAGGG) and d(TTAGGGy contain one set of
TTAGGG that is single-stranded, resulting in less compact
structures compared to d(TTAGGENd d(TTAGGGy. The
combination of a dependence on cation type (Figures 3 and
4) and the requirement of N7 (Figure 5) for the telomerase
banding patterns produced is suggestive of DNA secondary
(Figure 6B, 4*). This oligonucleotide ran much slower than structure, most likely G-quadruplexes, modulating telomerase
the d(TTAGGG) in K*. In fact, its migration is what would  activity. Furthermore, G-quadruplex stabilizing compounds
be expected for a single-stranded 24-base oligonucleotidehave been shown to cause changes in the human telomerase
lacking secondary structure. product distribution that greatly resemble those caused by
Analysis of Secondary Structure through UV Spectroscopy. K™ (28).

The melting profiles of (TTAGGG)in each cation were It has been shown that the transition to the G-quadruplex
decidedly different (Figure 7). The structure formed ih K is highly favored over the DNARNA hybrid, d(GGT-
melted at about 16C higher than that in Ng which melted TAGGGTTAG)r(cuaacccuaacc), in the presence o6f(R5).
almost 5°C higher than that in Cs In addition, the K However, it is important to note that this study concerned
profile had a very sharp transition compared to both the Na  ap, intermolecular G-quadruplex. Nevertheless, it is conceiv-
and the Cs profile, which implies a greater enthalpic aple that when telomerase synthesizes 4, 5, 8, and 9 full
contribution to the stabilization of the structure(s) in.K repeats of TTAGGG, a transition from DNRNA hybrid
to intramolecular G-quadruplex results in dissociation of the
DISCUSSION growing strand from the enzyme. This is consistent with
Using a modified primer extension assay, we have the finding that G-quadruplex formation inhibi@xytricha
demonstrated for the first time that the concentration and telomerase initiation7). In this case, d(TTTTGGGGWwas
type of monovalent cation can affect human telomerase in aa less efficient substrate in the presence ofrHost likely

P SR WA NN S NN TR ST SR RS |

0.82

26 33 40 47 54 61 68 75 82

Temperature (°C)

Ficure 7: UV melting profile of d(TTAGGG) monitored at 260
nm in K* (@), Na (O), and Cg (a). Curves were plotted as the
absorbance at various temperatu3), divided by the absorbance
at 81°C, A(81 °C) vs temperature®C).

d(T4G4)4 also form compact structures in Cwith greater
mobilities in native polyacrylamide gel8)(

To investigate the requirement of N7 in the faster moving
species formed by d(TTAGGG)in K*, oligonucleotide
d(TTAGGGTTAGGGTTAGGGTTAGGG), where G is
7-deaza-dG, was also run in a native gel containing K

distinct manner. In the presence of Kons there was a
reduction in activity in the formation of 6 and 7 full

because an intramolecular G-quadruplex structure was
favored over the DNARNA duplex. Binding of telomeric

TTAGGG repeats in relation to an enhancement in 4 and 5 DNA to the putative “anchor site”36—41) may also be
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effected by DNA secondary structure as suggested by 14.Nugent, C. I, Hughes, T. R, Lue, N. F., and Lundblad, V.

Blackburn et al.42). With the recent cloning of the catalytic

unit of human telomerase48, 49, the effect of DNA

structure on binding affinities of telomeric DNA to telom-

erase can be further explored.

In light of the finding that telomeres from a variety of
human cell types have G-strand overhangs that are hundreds
of bases in length4f), there is a strong possibility that
G-quadruplex structures exist at the ends of human chro-
mosomes. The results in this study suggest that one form
of regulation of telomerase activity could be through the
structures formed by the' ®verhang of the telomere. In
addition, proteins that bind to and stabilize the overhang in

its single-stranded form such as cdc13 in ye48t (4 and
TEP in Tetrahymeng17) or Oxytricha (15, 16, 4§ may

actually promote telomerase activity by preventing G-

quadruplex formation. With respect t@xytricha the

(1996) Science 274249-252.
15. Price, C. M., and Cech, T. R. (198Bjochemistry 28769~
774.
16. Raghuraman, M. K., Dun, c. J., Hicke, B. J., and Cech, T. R.
(1989)Cell 67, 807-814.
Sheng, H., Hou, Z., Schierer, T., Dobbs, D., and Henderson,
E. (1995)Mol. Cell. Biol. 15 1144-1153.
Henderson, E., Hardin, C. C., Walk, S. K., Tinoco, I. J., and
Blackburn, E. H. (1987¢ell 51, 899-908.
19. Wang, Y., and Patel, D. J. (1998jructure 2 1141-1156.
20. Wang, Y., and Patel, D. J. (1995)Mol. Biol. 251 76—94.
21.Venczel, E., and Sen, D. (1998ipchemistry 326220-6228.
22. Balagutumoorthy, P., and Brahmachari, S. K. (19R48iol.
Chem. 26921858-21869.
Murchie, A. I. H., and Lilley, D. M. J. (1994§MBO J. 13
993-1001.
24. Wang, Y., and Patel, D. J. (199Sjructure 1 263—-282.
25. Giraldo, R., Suzuki, M., Chapman, L., and Rhodes, D. (1994)
Proc. Natl. Acad. Sci. U.S.A. 97658-7662.

17.

18.

23.

presence of the telomere binding protein does not appear to 26. Fang, G., and Cech, T. R. (1993ll 74, 875-885.

prevent access of telomerage). Moreover, a G-quadru-

plex-specific nuclease has been discovered in yeast which,

27. Zahler, A. M., Williamson, J. R., Cech, T. R., and Prescott,
D. M. (1991) Nature 350 718-720.

when deleted, causes telomere shortening and senescence8- Sun. D., Thompson, B., Cathers, B. E., Salazar, M., Kerwin,

(48, 49. Conversely, RAP1 irsaccharomyces cersiae
promotes G-quadruplex formatio25). Interestingly, the

S., Trent, J. O., Jenkins, T. C., Neidle, S., and Hurley, L. H.
(1997)J. Med. Chem. 402113-2116.

29. Kim, N. W, Piatyszek, M. A., Prowse, K. R., Harley, C. B.,

B subunit of theOxytricha telomere protein alone also
facilitates G-quadruplexe2@). Taken together, these studies

suggest that G-quadruplexes play an active role in telomere
maintenance and function. Small molecules that have a very

strong affinity for G-quadruplexes over duplex or single-

stranded DNA may both be useful as anticancer agents that 3o

target telomerase and provide further insight into the function
of these unique structurés vivo.
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