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ABSTRACT

Telomere G-quadruplex is emerging as a promising
anti-cancer target due to its inhibition to telomer-
ase, an enzyme expressed in more than 85%
tumors. Telomerase-mediated telomere extension and
some other reactions require a free 30 telomere end in
single-stranded form. G-quadruplex formation near
the 30 end of telomere DNA can leave a 30 single-
stranded tail of various sizes. How these terminal
structures affect reactions at telomere end is not
clear. In this work, we studied the 30 tail size-
dependence of telomere extension by either tel-
omerase or the alternative lengthening of telomere
(ALT) mechanism as well as telomere G-quadruplex
unwinding. We show that these reactions require
a minimal tail of 8, 12 and 6 nt, respectively. Since
we have shown that G-quadruplex tends to form at
the farthest 30 distal end of telomere DNA leaving a
tail of no more than 5 nt, these results imply that
G-quadruplex formation may play a role in regu-
lating reactions at the telomere ends and, as a
result, serve as effective drug target for intervening
telomere function.

INTRODUCTION

Human chromosomes are protected at both ends with re-
petitive T2AG3 tracks that terminate with a �200-nt
single-stranded G-rich overhang beyond the double-
stranded region (1–4) Telomere DNA in human cells
shortens during each round of chromosome replication
due to the end-replication problem (5,6). In >85%

cancer cells, the telomere shortening is compensated by
telomerase that add nucleotides to telomere ends to
maintain telomere length and the proliferative potential
of the cells (7). Using a minimum of four T2AG3 repeats
telomere DNA can fold into a four-stranded structure
known as G-quadruplex that can inhibit telomerase (8).
For this reason, stabilization of G-quadruplex by small
molecule drugs is regarded as a promising anti-cancer
therapy (9). Due to the repetitive nature of telomere
DNA, a telomere overhang may carry a single-stranded
G-rich 30 tail of zero to three intact T2AG3 repeats at the 3

0

side of the farthest distal G-quadruplex (10). Although
G-quadruplex per se is inhibitory to telomerase activity,
how G-quadruplexes with 30 tails of different sizes are
processed by telomerase and other enzymes has not been
studied. Apparently whether a 30 tail is extendable by tel-
omerase may well depend on the tail size. A G-quadruplex
at the very 30 end may fully inhibit extension while a
G-quadruplex away from the 30 end with sufficient 30 tail
length may not be inhibitory (Figure 1). Besides the
telomerase-mediated telomere extension, the G-quadru-
plex position at the 30 end may also affect other reactions
that require a free 30 telomere end and, as a consequence,
influence the relevant biological functions.
In this work, we studied how the size of a 30 telomere

tail flanking a telomere G-quadruplex affects telomere ex-
tension by telomerase and the alternative lengthening of
telomere (ALT) mechanism, as well as the unwinding of
quadruplex by helicase. Our results show that these reac-
tions require a minimal 30 tail of 8, 12 and 6 nt, respect-
ively. We have shown previously that G-quadruplex
preferentially forms at the very 30 end of telomere DNA
with higher occurring frequency when it can form at
multiple positions (10). Since a G-quadruplex at the
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farthest possible 30 end of telomere DNA will have a 30 tail
of no more than 5 nt (TTAGG), our results argue that
G-quadruplex formation on telomere overhang can inhibit
such telomere end processing reactions that require a free
30 tail. Therefore, we propose that G-quadruplex can play
a role in regulating telomere end processing and, as a
result, serve as effective drug target for intervening
telomere function.

MATERIALS AND METHODS

Telomere extension by telomerase

Telomerase activity was assayed using reconstituted
human telomerase (11,12) and the TRAP-G4 method
(13) with a TSNT internal standard (IS) (14,15). Briefly,
hTR RNA was transcribed using the T7 transcription kit
(Fermentas, Lithuania) and double-stranded (dsDNA)
template amplified from nucleotides +1–+388 in the
plasmid pUC119-hTR(+1–451) with sense primer 50-CC
CCAGGCTTTACACTTTATGC and antisense primer
50-ACTCGCTCCGTTCCTCTTCC. hTERT was expressed
using the TnT quick coupled transcription/translation kit
(Promega, USA) with the pET-28b-hTERT plasmid.
Both plasmids were kind gift from Dr Lea Harrington at
the Department of Medical Biophysics, University of
Toronto, Canada. Reconstitution was carried in a 50-ml
volume containing 40 ml of TnT Quick Mix, 2 ml PCR
enhancer, 1 ml of 1mM methionine, 1 mg
pET-28b-hTERT plasmid. After incubation at 30�C for
90min, 2 ml 0.5 mg/ml purified hTR RNA was added to
the reaction mixture, and the incubation extended for
another 90min.
Telomerase extension was carried out with 0.05 pmol

G-quadruplex or control substrate (Figure 2A) in a
volume of 44 ml containing 20mM Tris–HCl (pH 8.3),
100mM dNTP, 1.5mM MgCl2, 63mM KCl, 1mM
EGTA, 0.005% Tween 20, 100 mg/ml bovine serum
albumin (BSA) and 5 ml diluted telomerase. After 5min

incubation at 25�C, the reaction was terminated by heating
at 94�C for 5min followed by addition of 6ml PCR mixture
containing 14pmol of upstream primer 50-TTGATTGGGA
TTGGGATTGGGTT-30 and 15 pmol of downstream
primer 50-GTGCCCTTACCCTTACCCTTACCCT-30

for the extended products, 8.3 pmol of primers TS (50-A
ATCCGTCGAGCAGAGTT-30) and NT (50-ATCGCTT
CTCGGCCTTTT-30), 1 amol of TSNT (50-AATCCGTC
GAGCAGAGTTAAAAGGCCGAGAAGCGAT-30)
template for internal standard, and 1U of Taq DNA poly-
merase (Ex Taq HotStart, TaKaRa, Dalian, China). The
samples were subjected to 34 PCR cycles of 94�C for 30 s,
55�C for 30 s. Ten microliter PCR products were resolved
on 12% polyacrylamide gel with an Acryl/Bis ratio of 19:1
(w/w), stained with ethidium bromide and recorded on a
ChemiImager 5500 (Alpha Innotech, USA). The telomer-
ase products for each substrate were normalized to the
co-amplified internal standard and the activity ratio of
G-quadruplex over control substrate was calculated to
judge the effect of G-quadruplex on telomerase activity.

Dimethyl sulfate footprinting

Footprinting was carried out essentially as described (16).
FAM-labeled oligonucleotide was made in 10mM Tris–
HCl (pH 7.4) buffer containing 1mM ethylenediaminete-
traacetic acid (EDTA) and 150mMKCl or LiCl, heated at
95�C for 5min and then cooled on ice for 10min. Ten
picomoles of FAM-labeled oligonucleotide in 100 ml
volume were then mixed with 4 ml of 10% (v/v) dimethyl
sulfate (DMS) in ethanol and incubated for 6min at room
temperature. The reaction was stopped by addition of
100 ml stop buffer (0.6M NaOAc, 0.1M b-mercapto-
ethanol, 20 mg sperm DNA). After a phenol/chloroform
extraction and ethanol precipitation, the oligonucleotide
was dissolved in 50 ml water and mixed with 50 ml of 20%
(v/v) piperidine in water. The samples were heated at 90�C
for 30min, followed by phenol/chloroform extraction and
ethanol precipitation. The precipitated oligonucleotide was
dissolved in 50% (v/v) deionized formamide in water,
denatured at 95�C for 5min and resolved on a denaturing
15% polyacrylamide gel.

Telomere strand invasion and extension

Telomere strand invasion and extension were analyzed as
previously described (17,18) with modifications, using a
pGEM-T plasmid carrying 80 T2AG3 repeats. Double-
stranded human telomeric DNA was obtained by PCR
amplification using synthetic primers 50-(T2AG3)5-3

0 and
50-(C3TA2)5-3

0 as described (19) and inserted into the
plasmid pGEM-T Easy (Promega). The construct was
transformed into Escherichia coli TOP10 and verified by
sequencing. The plasmid (120 ng/ml) was incubated for
15min at 25�C in extension buffer of 50mM HEPES,
pH 7.9, containing 100 mg/ml BSA, 1mM DTT, 2%
glycerol, supplied with 150mM KCl, 15mM MgCl2,
100 mM dTTP, 100 mM dATP, 200 nM Cy5-ddGTP (GE,
USA) in a volume of 9 ml. Telomeric G-rich oligonucleo-
tide (Figure 3A) in extension buffer was heated at 95�C for
5min, cooled on ice for 15min. Then 2 ml of 500 nM
(Figure 3) or 3 mM (Figure 4) oligonucleotide and 1 ml of

Figure 1. Extension of telomere by telomerase depends on the size of
single-stranded tail at the 30 side of the farthest distal G-quadruplex on
telomere overhang. A telomere tail of less than four T2AG3 repeats
(0–23 nt) will stay in single-stranded form. Those with tails long
enough but unable to form G-quadruplex can be extended (top)
while others without or with too short tails may not be extended
(bottom).
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5U Klenow fragment (exo-) (Fermentas, Lithuania) were
added to the sample, respectively. After incubation at
25�C for 3.5min, reaction was terminated by the
addition of 1 ml of 10 mM (Figure 3) or 14 mM (Figure 4)
50-(C3TA2)3C3-3

0 to bind the free G-rich strand and 0.5M
EDTA to inactivate the Klenow polymerase. For analyz-
ing oligonucleotide uptake, 4 ml of sample was mixed with
1.5 ml of 400 nM (Figure 3) or 2 ml of 1.5 mM (Figure 4)
50-Cy3-GCAGCAGTGACCTA-GTCGACGTTTCGTC
GACTAG-30 and 2 ml of 25% Ficoll, electrophoresed on
1% agarose at 4V/cm and Cy3 fluorescence scanned on a
Typhoon 9200 scanner (GE, NJ, USA). The same gel was

then stained with ethidium bromide (EB) and recorded on
a ChemiImager 5500 (Alpha Innotech, USA) for visual-
izing plasmid. To quantitate extension, 4 ml aliquot from
the same sample was mixed with 8 ml of 3 mM
50-T2G(T2AG3)3-3

0 in deionized formamide, heated at
95�C for 5min and electrophoresed at 20V/cm on a
19% denaturing polyacrylamide gel containing 8M urea.
Fluorescence of incorporated Cy5-ddGTP was scanned on
a Typhoon 9200 scanner. Gel analysis was carried out
using the ImageQuant 5.2 software.

G-quadruplex unwinding

G-quadruplex unwinding was carried out with a truncated
BLM variant, BLM642–1296 as recently described (20) on a
Spex Fluorolog-3 spectrofluorometer (HORIBA Jobin
Yvon, France) at 20�C in a 2ml volume of 150mM or
indicated K+ solution with 5 nM DNA substrate.

KF measurement of G-quadruplex on overhang

Measurements were carried out as described in 150mM
K+ solution at 37�C using two ssDNA/dsDNA hybrid
constructs shown in Figure 6. Details of measurement
can be found in ref. 21.

RESULTS

Telomerase requires a minimal 8 nt 30 tail beyond a G-
quadruplex to extend telomere

In the telomerase-mediated telomere extension, the 30 end
of a telomere G-rich strand has to align with the RNA
template in the telomerase before being extended (Figure 1)
(22). The dependence of telomere extension on the size of
the 30 tail is given in Figure 2. The telomerase activity
assays adopted a TRAP-G4 method (13) and used a set
of G-quadruplex substrates modified to carry a
single-stranded 30 tail of various sizes with proper muta-
tions to prevent them from participating in G-quadruplex
formation and binding PCR primer (Figure 2A) (23,24).
Since human telomerase can use non-telomeric DNA as
substrate (25), the control substrates without
G-quadruplex were all efficiently extended (Figure 2B,
bottom image). In contrast, extension of G-quadruplex
substrates was only obvious in those with 8 nt or longer
tail (Figure 2B, top image). Using the control substrates to
calibrate the effect of sequence variation at the 30 end, the
result clearly shows that human telomerase required a
minimum of 8 nt tail to extend G-quadruplex substrate
(Figure 2C). From this result, it is inferred that formation
of G-quadruplex at the very 30 end ensures inhibition of
telomerase activity.
The G-quadruplex substrates differ not only in their tail

sizes but also in their 30 terminal sequences (Figure 2A).
The influence of tail size on substrate extension is obtained
by calibrating the influence of sequence variation with
the control substrates that had the same terminal se-
quences as their corresponding G-quadruplex substrates.
Another concern regarding the minimum tail requirement
comes from the fact that human telomerase processes
nucleolytic activity that can remove multiple residuals

Figure 2. Effect of 30 tail size on the extension of G-quadruplex substrate
by telomerase assayed by the TRAP-G4 method. (A) G-quadruplex and
control substrates used. In the control substrates, the 50 distal GG was
mutated to TT to prevent G-quadruplex formation. (B) Telomerase
products obtained with G-quadruplex substrates (top image) and
control substrates (bottom image). (C) Ratio of telomerase activity on
G-quadruplex over control substrate as a function of 30 tail size.
Reaction buffer contained 63mM K+.
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from the 30 end (26). This might result in a possibility that
the minimal required tail size did not represent the actual
minimal tail. To clarify this possibility, the sequence of the
tails in the substrates was arranged in such a way
that cleavage from the 30 end of a substrate would result
in substrates matching those of shorter tails. It can be
deduced that the extension of the 8-nt tail substrate was
not generated from its nucleolytic products because the
substrates with shorter tails were not extended. Similar
tail size requirement has been reported of duplex DNA
substrate for which human telomerase required 6–9 nt
overhang for extension (27).

Invaded telomere strand requires a minimal 12 nt 30 tail
beyond a G-quadruplex for extension

In certain telomerase-negative cells, telomere extension is
fulfilled by the ALT pathway in which the 30 end of a
telomere strand invades the duplex region of telomeric

DNA and hybridizes to the C-rich strand for extension
(Figure 7B, right) (28). The strand invasion of telomere
DNA has been studied in vitro by analyzing the uptake of
single-stranded G-rich oligonucleotide into plasmid con-
taining telomere sequence (17,18). By incubating G-rich
telomere strands with a plasmid containing 80 T2AG3

repeats, we studied how the 30 tail size could affect their
uptake and subsequent extension by the Klenow polymer-
ase. The G-rich strands were of identical length carrying a
G-quadruplex at different positions to produce a 30

single-stranded tail of 0–20 nt (Figure 3A). G-quadruplex
formation was constrained to four consecutive TTAGGG
repeats at intended positions by a G to A mutation
in the two neighboring repeats and confirmed by DMS
footprinting in which the guanines participated in
G-quadruplex formation was protected from methylation
resulting in less cleavage relative to those in the control
(Figure 3B). A more intense band for the guanine at the

Figure 3. Effect of 30 tail size on the invasion and extension by Klenow polymerase of G-rich telomeric oligonucleotide with G-quadruplex into
telomere plasmid. (A) Oligonucleotides used. Lowercase ‘a’ indicates mutation to fix G-quadruplex formation at desired positions (blue letters).
Underlined region is for stacking hybridization with a Cy3-labeled probe to visualize uptake on gel. (B) G-quadruplex formation in three
representative oligonucleotides (0, 10, 20) revealed by reduced cleavage of guanines (blue diamonds) in the (TTAGGG)4 region (blue dotted box)
in DMS footprinting in K+ versus in Li+ solution. G-quadruplex forms in K+ but not in Li+ solution. (C) Gels from top to bottom show plasmid
stained by ethidium bromide (EB), uptake of G-rich telomere DNA (labeled with Cy3-probe) and extension by Klenow polymerase (labeled by
Cy5-ddGTP incorporation), respectively. The two major bands in EB staining represent the relaxed (RL) and super coiled (SC) plasmid, respectively.
The lane ‘P-’ was the same of the 20 nt lane, but without plasmid. (D) Oligonucleotide uptake in relaxed (RL) and super coiled (SC) plasmid
normalized by the amount of plasmid. (E) Quantitation of oligonucleotide extension relative to uptake as a function of 30 tail size. Reaction buffer
contained 150mM K+.
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30 end of G-quadruplex was noticed. This might be caused
by effects similar to those that produce hypercleavage to
the guanine at the interface of structural transition of
DNA in DMS footprinting (29). Although formation of
G-quadruplex with TTAGaGTTA or longer loops could
not be excluded, our previous study showed that such
quadruplexes have very low stability and should be in
much smaller amount comparing to the G-quadruplex
with only TTA loops (10).
The uptake was probed with a Cy3-labeled hairpin

oligonucleotide via stacking hybridization (30) and the
templated extension was labeled by incorporation of
Cy5-ddGTP (Figure 3C). They were then resolved on
agarose and denaturing polyacrylamide gel, respectively,
and quantitated by the fluorescence of the two dyes
calibrated to the amount of oligonucleotide uptaken.
While the tail size had a minor influence on the uptake
(Figure 3D), the extension clearly showed a requirement
of a minimal tail of 12 nt (Figure 3E). The ddGTP was
used to ensure that each extended oligonucleotide was
labeled by a single Cy5 dye. The major extension band
was followed by a weak one on the gel (Figure 3C,
bottom image). This could be caused by possible dGTP
contamination from the other two dNTPs. It is noted that
the uptake by the supercoiled plasmid was significantly
greater than that by the relaxed plasmid (Figure 3D).
This result suggests that the annealing of oligonucleotide
was facilitated in the former structure and is consistent
with the observation that the telomere dsDNA-binding
protein, TRF2, which increases the superhelical density
of telomere plasmid, enhanced strand invasion (17).
To further examine how the presence of G-quadruplex

affect the extension by Klenow polymerase, uptake and
extension were also assayed using oligonucleotides with
the (TTAGGG)4 region mutated so they did not form
G-quadruplex (Figure 4A). In contrast to those in
the previous experiment, these oligonucleotides associated
with the plasmid in the gel displayed large variation
(Figure 4B), which correlates with the calculated �G,
the change of free energy reflecting the stability of hybrid-
ization between the oligonucleotides and plasmid (Figure
4C). The decreased association of oligonucleotides with
tails around 14 nt can be explained by their dissoci-
ation during later sample processing such as electrophor-
esis, because the 24-nt mutation segment was unable to
anneal with the plasmid. While the uptake and extension
were permitted in a few minutes, the sample processing
followed took much longer time. After the uptake and
extension reaction was stopped, the presence of excessive
amount of C-rich oligonucleotide prevented further uptake
of G-rich oligonucleotides and trapped those dissociated
from plasmid. The dissociation was more difficult to occur
for the G-quadruplex-forming oligonucleotides. After the
reactions were stopped, the G-quadruplex in them might
unfold and anneal with the plasmid because it cannot
compete with duplex formation in dilute solution (16);
therefore, these oligonucleotides could remain associated
with the plasmid during sample processing. For these
reasons, it is rational to assume that the mutated oligo-
nucleotides were uptaken in similar amount and the ex-
tension normalized on plasmid amount given in Figure 4D

Figure 4. Effect of 30 tail size on the invasion and extension by Klenow
polymerase of G-rich telomeric oligonucleotide without G-quadruplex
into telomere plasmid. (A) Oligonucleotides used, which are the same as
those in Figure 3 except that the (TTAGGG)4 region was mutated into
(AGTCAT)4 to abolish formation of G-quadruplex. (B) Gels from top to
bottom show plasmid stained by ethidium bromide (EB), uptake of
G-rich telomere DNA (labeled with Cy3-probe) and extension by
Klenow polymerase (labeled by Cy5-ddGTP incorporation), respective-
ly. The two major bands in EB staining represent the relaxed (RL) and
super coiled (SC) plasmid, respectively. The lane ‘P-’ was the same of
the 20nt band, but without plasmid. (C) Uptake of oligonucleotide
normalized by the amount of plasmid and �G of oligonucleotide hybrid-
ization with plasmid (calculated using the online Hetero Dimer tool of
OligoAnalyzer at http://www.idtdna.com/). (D) Oligonucleotide extension
normalized by the amount of plasmid. Reaction buffer contained
150mM K+.
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should largely reflect the actual extension efficiency of
these oligonucleotides. The requirement of about a 12-nt
tail for extension seen in both Figures 3E and 4D in the
presence and absence of G-quadruplex implies that the
Klenow polymerase itself required a minimal size of
priming for extension and G-quadruplex formation at
the 30 end can limit extension by affecting the size of
priming.

BLM helicase requires a minimal 30 tail of 6 nt beyond a
G-quadruplex for unwinding

DNA helicases are motor proteins involved in resolving
DNA secondary structure, which is required in processes
such as DNA replication and transcription. We examined
the influence of the 30 tail size on the unwinding of
G-quadruplex by the BLM helicases using a real-time
method we recently reported (20). BLM is a member of
the RecQ family of DNA helicases that unwind DNA in a
30!50 direction by consumption of ATP as an energy

source (31). It requires a single-stranded region for
loading itself onto substrate before executing unwinding
(32) and G-quadruplex DNA is a preferred substrate (33).
Unwinding assays were first performed with a duplex sub-
strate carrying 30 (T2AG3)4 tail (Figure 5A) by monitoring
the increase in fluorescence upon the separation of the
duplex (Figure 5B) (20). In the absence of K+, the tail
did not form G-quadruplex such that the helicase could
load onto it to unwind the duplex. G-quadruplex is ex-
pected to prevent the loading of helicase and, as a result,
the unwinding of duplex as well (Figure 5B). Indeed, when
G-quadruplex formation was promoted by increasing con-
centration of K+, the unwinding became increasingly in-
hibited (Figure 5C). This result showed that G-quadruplex
without a tail is not substrate for the BLM helicase.

We then added additional tail of various sizes to the 30

side of the G-quadruplex forming region and carried out
unwinding assays in 150mM K+solution. The added tails
were of random sequence so that the substrate here was a

Figure 5. Effect of 30 tail size on the unwinding of G-quadruplex by BLM helicase. (A) Duplex substrate flanked by a 30 (T2AG3)4 tail capable of
forming G-quadruplex in the presence of K+. (B) Scheme showing expected effect of G-quadruplex formation on the unwinding of duplex.
Unwinding of duplex releases the probe labeled with a fluorescent dye tetramethylrhodamine (TMR). The dye is quenched in duplex by the
guanine at the opposite strand and becomes fluorescent upon duplex unwinding. (C) Unwinding kinetics of duplex at various concentrations of
K+. Li+was supplied to make the final concentration of mono cations to 150mM. (D) G-quadruplex substrates with single-stranded 30 tails of 0, 2, 4,
6, 8 and 10 nt and unwinding scheme. Unwinding of G-quadruplex followed by a duplex leads to increase in TMR fluorescence as a result of reporter
releasing. (E) Unwinding kinetics of G-quadruplex carrying a 30 tail of indicated size. Percent of unwinding was calculated as 100��F/�Fmax, where
�F is the increase in fluorescence at a given time and �Fmax the difference of fluorescence between the reporter in the bound and fully released
form (20).
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G3(T2AG3)3 G-quadruplex with a duplex at the 50 side
carrying a fluorescent reporter and a single-stranded tail
of various sizes at the 30 side (Figure 5D). Successive un-
winding of the G-quadruplex and duplex was reflected by
the increase in fluorescence when the fluorescent reporter
was released. The results showed that the unwinding
remained low for substrates with of 0–4 nt tails, but dra-
matically jumped to high efficiency when the tails
increased to 6 nt or longer (Figure 5E). This result indi-
cates that the helicase required a minimum of 6 nt tail for
efficient unwinding of the telomere G-quadruplex. Taken
together, our results on the unwinding assays show that
G-quadruplex at the very 30 end will be resistant to the
unwinding activity of the BLM helicase and likely other
resolving activities working with similar mechanisms.

Folding equilibrium constant of G-quadruplex at the 30 of
telomere overhang

We have previously reported that telomere G-quadruplex
tends to form at the very 30 end of telomere overhang (10).
The above-mentioned results show that such G-quadru-
plex formation inhibits the extension of telomere by either
telomerase or the ALT mechanism, as well as its unwind-
ing. To obtain more quantitative information on the pos-
sibility of adopting a folded or relaxed state by telomere
DNA when it is liberated, we further measured the folding
equilibrium constant KF of telomere G-quadruplex at the 30

end of telomere overhang in an ssDNA/dsDNA construct
that mimics the chromosome end structure (Figure 6A)
using an isothermal differential hybridization (IDH)
method (21). The IDH method uses a probe oligonucleo-
tide to hybridize the major part of the G-quadruplex-
forming region of an analyte oligonucleotide and the
same region of a reference oligonucleotide that is unable
to form G-quadruplex because of the mutation outside of
the hybridization region. The formation of G-quadruplex
in the analyte oligonucleotide leads to a reduced hybrid-
ization relative to that of the reference oligonucleotide.
The KF of the G-quadruplex can then be obtained from
the difference in hybridization between the analyte and
reference oligonucleotide.

The scheme given in Figure 6A shows the two sets of
hybridizations with the analyte and reference oligonucleo-
tides, respectively. The two hybridization curves are given
in Figure 6B, which yielded a KF of 110.9 for the analyte
oligonucleotide. Compared with the free G3(T2AG3)3 that
showed a KF of 807.5 in our previous work (21), this much
smaller KF indicates that the G-quadruplex in the over-
hang was significantly destabilized due to the presence of
flanking structures. This property is in agreement with the
observation that adjacent association with protein desta-
bilizes G-quadruplex (21). A human cell processes 92
telomere ends. A KF of 110.9 for the G-quadruplex on
overhang would mean that less than one telomere 30 end
in a cell would by itself assume an unfolded form when
liberated free. The intracellular environment is crowded
with mass of biomolecules. Molecular crowding can
dramatically enhance the thermal stability of telomere
G-quadruplex (16,34,35) by as much as 20�C (16).
Therefore the KF for the G-quadruplex at the 30

telomere end in vivo may be even greater to disfavor the
unfolded form.

DISCUSSION

With a repeating unit of T2AG3 and four such repeats
being able to form G-quadruplex, human telomere
overhang can, in principle, end with a single-stranded 30

tail ranging from 0 to 23 nt. Our data show that the tel-
omerase and Klenow polymerase require a minimal 8 and
12 nt tail for extending telomere DNA, respectively, and
the BLM helicase requires a minimal 6 nt tail for unwind-
ing G-quadruplex. The preferential formation of
G-quadruplex at the farthest 30 end (10) minimizes the
tail to no more than 5 nt that is shorter than the
required minimal tail size of the above reactions we
studied (Figures 2–5). If G-quadruplex would form ran-
domly along the G-rich overhang, then the majority of
telomere ends would not be inhibitory. The preferential
formation of G-quadruplex at the 30 telomere end and a
sufficiently large KF (Figure 6) apparently provide a mo-
lecular basis for the inhibition of these end-processing
reactions.

Figure 6. Measurement of KF for G-quadruplex formed by
G3(T2AG3)3 on the 30 end of single-stranded G-rich overhang in a
ssDNA/dsDNA hybrid construct by the IDH method (21). (A)
Scheme of reactions. A 5-carboxyfluorescein (FAM, star) labeled
C-rich DNA probe (purple) was hybridized to the G(T2AG3)2T2AG2

region in the G-quadruplex-forming (G21) and the non-G-quadruplex
forming (TT-G21) overhangs, respectively, in 150mM K+ solution.
Hybridization quenched the fluorescence of the FAM at the 50 end of
the C-rich DNA. (B) Representative hybridization curves from which
the dissociation constant KDq and KD was derived, respectively. The KF

was obtained as KDq/KD� 1 (21) and expressed as the mean of three
measurements.
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The 30 preference of G-quadruplex formation may have
implications in two aspects (Figure 7). First, it may
provide G-quadruplex the ability to play regulatory roles
in those reactions where a free telomere 30 end is required.
The presence of telomere G-quadruplex in vivo has been
supported by several evidences (36–38). G-rich sequences
in genomic DNA have been shown to form G-quadruplex
structures during RNA transcription even when they are
constrained in DNA duplex (16). Human telomere
G-quadruplex can be unfolded by several proteins
(39,40) or destabilized by adjacent protein (21). The co-
ordination between G-quadruplex formation at the 30 end
and their unfolding by proteins may determine the avail-
ability of the telomere 30 end in events such as telomere
extension and unwinding. Second, the preferential forma-
tion at the very 30 end makes G-quadruplex a unique
target for the disruption of telomere length maintenance
in cancer cells. While the majority of tumor cells rely on
telomerase for telomere maintenance, a small fraction uses
the ALT mechanism. Thus, targeting telomerase may risk
inducing or selecting for activation of the ALT mechanism
(28). Since G-quadruplex at the 30 telomere end is inhibi-
tory to both telomerase and the ALT mechanism, the
above concern may be avoided when G-quadruplex is
targeted.
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