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Abstract: The G-rich strand of human telomeric DNA can fold into a four-stranded structure called
G-quadruplex and inhibit telomerase activity that is expressed in 85—90% tumor cells. For this reason,
telomere quadruplex is emerging as a potential therapeutic target for cancer. Information on the structure
of the quadruplex in the physiological environment is important for structure-based drug design targeting
the quadruplex. Recent studies have raised significant controversy regarding the exact structure of the
guadruplex formed by human telomeric DNA in a physiological relevant environment. Studies on the crystal
prepared in K* solution revealed a distinct propeller-shaped parallel-stranded conformation. However, many
later works failed to confirm such structure in physiological K* solution but rather led to the identification
of a different hybrid-type mixed parallel/antiparallel quadruplex. Here we demonstrate that human telomere
DNA adopts a parallel-stranded conformation in physiological K* solution under molecular crowding
conditions created by PEG. At the concentration of 40% (w/v), PEG induced complete structural conversion
to a parallel-stranded G-quadruplex. We also show that the quadruplex formed under such a condition has
unusual stability and significant negative impact on telomerase processivity. Since the environment inside
cells is molecularly crowded, our results obtained under the cell mimicking condition suggest that the parallel-
stranded quadruplex may be the more favored structure under physiological conditions, and drug design
targeting the human telomeric quadruplex should take this into consideration.

Introduction Animal cells maintain high concentration offK150 mM)

Tandem repetitive guanine-rich DNA can fold in the presence and low N& (5—15 mM) intracellularly? Recently, investiga-
of KT or Na' into a four-stranded structure named G-quadrup]ex tions on the structure of the intramolecular human telomere
via Hoogsteen hydrogen bondihgQuadruplexes formed by  duadruplex in physiological K solution raised extreme con-
human telomeric DNA have become a focus of attention in troversy. The quadruplex in Nissolution is well-characterized
recent years because of their role in important biological pro- by NMR to adopt antiparallel-stranded conformation (Figure
cesses, such as aging and ca@erd potential as a therapeutic  1A,B).® The structure in K solution had not been as well-
target for Cance?‘lThe intramolecular quadrup|exes of human identified as that in Nasolution and was Suggested to contain
telomere can adopt a variety of folding topologies according to both antiparallel and parallel arrangemehts. In 2002, a
the relative orientations of the four strands held together by the fundamentally distinct propeller-like parallel-stranded structure
G-quartets (Figure 1). Accurate information on the exact con- (Figure 1C) was resolved for the crystal of the human telomere
formation that the human telomere quadruplex adopts underduadruplex made in Ksolution* which evoked intense interest
physiological condition is important not only for understanding in exploring the structure of the human telomere quadruplex in

its biological function but also for structure-based drug design noncrystalline state in physiological'Ksolution. However, a
to succeed. large number of studies that followed reported results incon-
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(A) (B) well represent the favored structure that the human telomere
Antiparallel Antiparallel qguadruplex adopts under physiological conditi_on. Moreover,
Chair Basket such a quadruplex was found to have dramatically enhanced
stability. To exemplify its potential biological relevance, we
3’ show that the unusually stable parallel-stranded quadruplex
@G 5 4 greatly decreases telomerase processivity.
eT 3 b} .
° A X Materials and Methods
Oligonucleotides. Regular oligonucleotides were purchased from
Sangon Biotech (Shanghai, China) or TaKaRa Biotech (Dalian, China).
Oligonucleotides containing fluorescent analogue 2-aminopurine (Ap)
were purchased from IDT (Coralville, 1A). The concentration of
oligonucleotide was determined from absorbance and extinction coef-
(C) (D) ficient at 260 nm. The extinction coefficient fors@AG3)s (215 000
i M~1cm™1) was calculated by the nearest-neighbor method as des€ribed
Parallel Parallel/Antiparallel and that for the Ap-containing oligonucleotides (202 000*Mm2)
Propeller Hybrid was provided by the manufacturer. Experiments were all carried out
in buffer containing 10 mM Tris-HCI, pH 7.4, 1 mM EDTA, 150 mM
5’ 5 of salt indicated in the absence or presence of PEG 200. All samples
) Y were heated at 98C for 5 min and then slowly cooled to room
temperature before analysis unless otherwise indicated.
Circular Dichroism Spectroscopy.CD spectra were collected from
320 to 220 nm on a Jasco J-810 spectropolarimeter using 1-nm
+ bandwidth. Temperature was controlled using a digitized water bath
3 5 integrated with the instrument.

Gel Electrophoresis.Native gel electrophoresis was run on 16%
Figure 1. Folding topologies of intramolecular human telomeric G- polyacrylamide gel containing 40% (w/v) PEG 200 and 150 mM KCI
qua?wrulglfxesihm ebac?hStrUCfturekv tg‘e IfOUf GthipE:testtsfa(?gg gztégrg‘hlt;isf;easr)] at 4 °C, 12,5 V/icm in TBE buffer containing 150 mM KCI.
are held together ree stacked planar G-qu : : , : :

connected %y threeyTTA loops (curvped Iines).q(A) Antiparallel cha%’ type cbllgonu.cleotlldes were&nd-labeled Wlth)[_s.ZP]ATP using T4 poly-
with three lateral loops. (B) Antiparallel basket with one diagonal and two nucleotide kmase (Fermentas, Vilnius, L|thu_an|a). Denatgr_mg gel
lateral loops. (C) Parallel propeller with three external loops. (D) Parallel/ €lectrophoresis was run on 19% polyacrylamide gel containing 7 M
antiparallel hybrid with one external and two lateral loops. urea. Gels were autoradiographed with X-ray film.

Fluorescence ExperimentsMeasurements were carried out at 25
sistent with the crystal structuté:18 In 2006, three laboratories  °C on a Spex Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon,
reported a new hybrid-type structure irf Kolution with mixed Villenfegve d’Ascq, France). Emission spectra of gligonu.cle.otides
parallel/antiparallel strands within the quadruplex (Figure 1D), containing Ap were Collt_ected from 320 to 420 nm WI'Fh excitation at
which was proposed as the favored conformation adopted under‘o_>05 nm. F_or ascorblg acid _quenchmg, Ap.OI'gonUdeO“de solution was

. . T titrated with ascorbic acid stock solution, and fluorescence was
physiological conditio#?-21 It was suggested that the parallel-

tranded tal f fi iaht h b lected und measured at 370 nm with excitation at 305 nm.
Stranded crystal contormation mig ave been selected under 1o, merase Processivity Assaylelomerase extract was prepared

the particular condition associated with the preparation of crystal rom cultured HeLa cells as previously descriffedith an additional
and thus may not present th? b|0|09|93”y relevant form of the 409 ammonium sulfate precipitation. The pellet was resuspended to
human telomere quadruplex infksolutiont” 5000 cellsiL of lysis buffer and frozen at80 °C until use.

In this work, we show that the intramolecular human telomere A modified version of the telomeric repeat amplification protocol
quadruplex adopts parallel-stranded conformation in the non- assay specifically designed for analyzing telomerase proce$8iwias
crystalline state in K solution under molecular crowding used as described with a TSNT internal standard{i$je extension
condition as the K crystal quadruplex does. Such a structure reaction was performed using extract of 25 000 cells in the absence or
was supported by circular dichroism (CD), gel electrophoresis, p(rjgsenc;e of 40% (w/v) PEG 200. Aﬁ?r eXtenS'c(’j”* alg_sampleshwer(?
and fluorescence analysis. Because the intracellular environmenfdjusted to contain same amount of .PE.G and subject to phenol-
. . chloroform extraction and ethanol precipitation. Recovered oligonucle-
is molecularly crowded with macromolecules of up to 40% (w/

. Lo . otide was redissolved in 2€L of buffer, and 3uL was used to provide
v) in concentratiorf? we propose that such a conformation may templates for PCR amplification in a 3f- volume containing 0.xM

NT (5-ATCGCTTCTCGGCCTTTT-3 as the return primer for TSNT.

(12) Redon, S.; Bombard, S.; Elizondo-Riojas, M. A.; Chottard, IN@leic

Acids Res2003 31, 1605-1613. The PCR products were resolved on 12% polyacrylamide gel, stained
(13) Ying, L.; Green, J. J.; Li, H.; Klenerman, D.; BalasubramaniarRr8c. with ethidium bromide, and recorded on a Chemilmager 5500 (Alpha
(14) ﬁﬁi‘n{*;?qr'_;Sggtg,;sb’fzg_",i,#_’%ﬁ:nﬁ?%§§§§§~125 15021-15027. Innotech, San Leandro, CA). Telomerase activity was quantified as
(15) D'Isa, G.; Galeone, A.; Oliviero, G.; Piccialli, G.; Varra, M.; Mayol, L. percent of the control, with the PCR efficiency calibrated against the

Bioorg. Med. Chem. LetR004 14, 5417-5421. internal standard.

(16) Qi, J.; Shafer, R. HNucleic Acids Res2005 33, 3185-3192.
(17) Li, J.; Correia, J. J.; Wang, L.; Trent, J. O.; Chaires, JNBcleic Acids

Res.2005 33, 4649-4659. (22) Zimmerman, S. B.; Trach, S. Q. Mol. Biol. 1991, 222, 599-620.
(18) He, Y.; Neumann, R. D.; Panyutin, I. Sucleic Acids Re2004 32, 5359~ (23) Borer, P. N. InfNucleic Acids3rd ed.; Fasman, G. D., Ed.; Handbook of
5367. Biochemistry and Molecular Biology; CRC Press: Cleveland, OH, 1975;
(19) Ambrus, A.; Chen, D.; Dai, J.; Bialis, T.; Jones, R. A.; YangNbdcleic pp 589-595.
Acids Res2006 34, 2723-2735. (24) Kim, N. W.; Piatyszek, M. A.; Prowse, K. R.; Harley, C. B.; West, M. D.;
(20) Xu, Y.; Noguchi, Y.; Sugiyama, HBioorg. Med. Chen2006 14, 5584~ Ho, P. L.; Coviello, G. M.; Wright, W. E.; Weinrich, S. L.; Shay, J. W.
5591. Sciencel994 266, 2011-2015.
(21) Luu, K. N.; Phan, A. T.; Kuryavyi, V.; Lacroix, L.; Patel, D. J. Am. (25) Szatmari, |.; Aradi, INucleic Acids Re2001, 29, E3.
Chem. Soc2006 128 9963-9970. (26) Kim, N. W.; Wu, F.Nucleic Acids Resl997, 25, 2595-2597.
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Figure 2. Conformational conversion of the s@2AGs)s quadruplex This fact suggests thats@,AG3)3 adopted a parallel-stranded

induced by PEG 200 assessed by CD spectroscopy. Quadruplex prepareqopobgy in solution as in the Kcrystalline staté! Even though

in solution containing 150 mM (A) Kor (B) Na" in the absence or presence . h b dwh . llel drupl

of PEG at the concentrations indicated. exceptions have been reported where an antlpara_ el quadruplex
formed by some sequences also showed a positive peak near

Results 260 nm3%4! typical of a parallel quadruplex, it is very unlikely

for the G(T2AG3); to fall into this exception because the

antiparallel structure of the human telomere quadrifpiex

known to display a positive peak near 295 rather than 260

lecul 10 400 /&3 T ine the struct ; nm’81° as is shown in Figure 2B. PEG did not alter the
macromolecules (up to g/k).10 examine the structure o conformation of the quadruplex in Naolution, which agreed

the human telomere quadruplex in a more physiologically with previous studies where the effect of PEG on human
relevant environment, CD spectroscopic analysis was conductedtelornere sequence was examined inNalution17:36

n
in K dand Net Stoliué'gnz'gothle: prese;ceTﬁfa mostl widely uiedt The PEG-induced conformational conversion was further
growtlngdageg led t ( |gurte )- te sa{np es Wer?h te?h studied by gel electrophoresis (Figure 3). In this experiment,
enatured and cooled to room temperature o ensure tha * quadruplex samples were first prepared ifi Kolution

structures were formed under the intended environment beforecontaining no PEG with heat denaturation and renaturation, then

€D rgcording. Antiparallel structure 'S characterized by a PEG was added to 40% (w/v), and the mixtures was incubated
negative peak near 260 nm and a positive peak near 295 NMMytor various periods of time without further heat denaturation

while parallel stru_c_ture displays a negat;vg peal: near_240 "M and renaturation before electrophoresis. The conformational
followed by a positive peak_ near 265 rir#.%In K™ solution, conversion, which took more than 24 h to complete, is clearly
the spectrum of &T2AGg); in the absence of PEG showed a 4404 by the appearance of a new band/@EG quadru-
small negative peak near 240 nm and a positive peak near 290 blex) and the disappearance of the old oné @uadruplex).

nm V\{['t?j? sit}?ulr(]jer at $7|O nm (';gNLX?ngQ),I St'.mllglg(igtgose The slower migration of the KPEG quadruplex relative to that
reported for the human tefomere insoiution: of the K* quadruplex indicates that the parallel-stranded

PEG induced a conformational conversion as manifested by the . -

. " LmT uadruplex is less compact than the hybrid-typeggiadruplex.
emerging of a positive peak at 265 nm and the diminishing of g P P Y Y P
the peak at 290 nm with increase in PEG concentration. When (33) Hardin, C. C.; Henderson, E.; Watson, T.; Prosser, Bi#chemistryL991,

0 30, 4460-4472.
PEG reached 40% (w/v), the peak at 290 nm disappeared, (34) Jin. R Gaffney, B. L.: Wang, C.. Jones, R. A Breslauer, KPshc.

We used G(T.AG3)s, the core sequence of the G-rich strand
of human telomere DNA. Intracellular environment is character-
ized by high concentration of both *K (150 mMy and

resulting in a spectrum similar to those of the parallel quadru- Natl. Acad. Sci. U.S.AL992 89, 8832-8836.
plexes formed by many nonhuman telomere sequeh®e® (39) é\"dgzsféaDle"é'ftfﬁugm”ra S.: Nakano, S.; SugimotoJNAm. Chem. Soc.
(36) Miyoshi, D.; Karimata, H.; Sugimoto, NAngew. Chem., Int. EQ2005
(27) Giraldo, R.; Suzuki, M.; Chapman, L.; Rhodes,Moc. Natl. Acad. Sci. 44, 3740—3744
U.S.A.1994 91, 7658-7662. (37) Fernando, H.; Reszka, A. P.; Huppert, J.; Ladame, S.; Rankin, S;
(28) Hazel, P.; Huppert, J.; Balasubramanian, S.; Neidld, 8m. Chem. Soc. Venkltaraman A R Neldle S.; BalasubramanlarBﬁchem|stry2006
2004 126, 16405-16415. 45, 7854—7860.
(29) Kan, Z. Y.; Yao, Y.; Wang, P.; Li, X. H.; Hao, Y. H.; Tan, Angew. (38) Cogoi, S.; Xodo, L. ENucleic Acids Res2006 34, 2536-2549.
Chem., Int. Ed2006 45, 1629-1632. (39) Dapic, V.; Bates, P. J.; Trent, J. O.; Rodger, A.; Thomas, S. D.; Miller, D.
(30) Chen, F. MJ. Biol. Chem.1995 270, 23090-23096. M. Biochemistry2002 41, 3676-3685.
(31) Miyoshi, D.; Nakao, A.; Sugimoto, NBiochemistry2002 41, 15017 (40) Dapic, V.; Abdomerovic, V.; Marrington, R.; Peberdy, J.; Rodger, A.; Trent,
15024. J. O.; Bates, P. Nucleic Acids Re2003 31, 2097-2107.
(32) Petraccone, L.; Erra, E.; Nasti, L.; Galeone, A.; Randazzo, A.; Mayol, L.; (41) Jing, N.; Rando, R. F.; Pommier, Y.; Hogan, M. BEiochemistry1997,

Barone, G.; Giancola, @nt. J. Biol. Macromol.2003 31, 131-137. 36, 12498-12505.
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Figure 4. Gel electrophoretic analysis of intramolecular folding afT- 2 $
AGs)s in 150 mM K* solution containing 40% (w/v) PEG 200. (A) g 0.6 PEG
Denaturing gel. (B) Native gel. (C) Native gel showing the quadruplex 2 0.4
formed by G(T2AG3)s in the presence of 2iG3(T2AG3)s. Samples in (A) gL
were prepared and electrophoresed without addeckd PEG. Those in g 0.2
(B) and (C) were prepared and electrophoresed in the presence afidk T
PEG.
0- L L L i
) . ) 920 340 360 380 400 420
In a previous study where experimentally determined and Wavelength (nm)

calculated sedimentation coefficients of human telomere qua- _. o ) i i
. Figure 5. Fluorescent emissions of 2-aminopurine (Ap) substitutes at

_drUp|eX were compared, it was found that, for the quadruplex gifferent positions in the GT2AG3); quadruplex. Sample treatment before
in Na' solution, the calculated value based on the NMR- emission measurement: (A) heated at°@5for 5 min in the presence of
determined structure was in excellent agreement with the 150 mM K*f' ihS%n C&O:fd tg 4230(/3?((%) ;?%tédzﬁtog?f for 5 Im'dnt'”%ge

. . _presence [} m an o (Wiv , then cooled to 3
experimentally gletermlned value. In sharp contrast, the calcu- ;| (C) heated at 95C for 5 min in the presence of 150 mM*cooled
lated value derived from the Kcrystal structure was 24.9% 1o 25 °C, then PEG 200 was added to 40% (w/v) 5 min before the
smaller than the experimentally determined value for the measurement.
structure in K solution!” which also shows that the parallel-
stranded quadruplex is less compact than the hybrid-type K
qguadruplex. Therefore, the slower migration of thé/REG

Tetrahymendelomere DNA TB(G4T2)3G,,%6 the stoichiometry
of the human K/PEG quadruplex was analyzed by gel

. e ’ electrophoresis (Figure 4). Folding into the intramolecular
quadruplex seen in our electrophoresis is in agreement with theq, 4 4ryplex results in increased mobility of oligonucleotide in

: . iy "
smal_le_r sedlrr_]gntanon coefficient of the"kerystal structure, gel electrophoresi?2 The much faster migration of the 'K
providing additional support to the parallel-stranded conforma- pgg quadruplex relative to that of the length-matched 21mer

i -+

tion of the K"/PEG quadruplex. _ _ poly-T (Figure 3) suggests that the"PEG quadruplex was
The slow conversion seen in the electrophoresis experiment, . “intramolecular structure. In Figure 4A,B, the mobility of

demonstrates that heat denaturation and renaturation treatmenttas(-l-zAGs)3 was compared with several reference oligonucle-

is necessary in preparing samples such that the structures arg;qas \Without forming a secondary structure, th§TGAGs)s

formed in the intended environment. In a previous work by Li o4 (AG3). (N = 2, 3, 4) in denaturing gel displayed mobilities
et al. where the sequence AB2AGs)s was used, PEG 400y ersely proportional to their sizes (Figure 4A) as previously

was found to induce a developmeqt of a pqsitive CD peak at reportect®42 Formation of the K/PEG quadruplex by €T

265 nm?7 Such a structural conversion was incomplete in that AG3); and (LAGy), resulted in increased migrations that were
the 290-nm peak did not decrease and the 265-nm peak was, ep faster than that of the 12mer poly-T in native gel (Figure
still lower than the 290-nm peak even at 1.4 M (56% w/v) of 4By \yhich can be interpreted as intramolecular quadruplex
PEG. It seems that their samples were not heat-denatured G mation by the two oligonucleotidésTo further exclude the
ensure that the.structures were formed under thg new Cond't'onpossibility of intermolecular quadruplex formationy(@,AG3)3

with PEG. This prevented them from revealing the true | < mixed with B4Gs(T2AG3)s to prepare the quadruplex.

conformation tha}t forms.in PEG-containing solution, but rather Gs(T»AGs); carrying a nonquadruplex-forming sequence at the
led to a conclusion against the parallel-stranded quadruplex. 5 anq forms a quadruplex with similar CD characteristics as
Since PEG 200 has been reported to induce a transition from

the intramolecular quadruplex to multimolecular G-wire in (42) Murchie, A. I; Lilley, D. M. EMBO J.1994 13, 993-1001.
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Figure 6. Accessibilities of 2-aminopurine (Ap) substitutes at different
positions in the GT2AG3); quadruplex in solution containing (A) 150 mM
K* and (B) 150 mM K and 40% (w/v) PEG 200 assessed by ascorbic
acid quenchingFo and F are the fluorescence intensities of Ap in the
absence and presence of ascorbic acid, respectively.

G3(T2AG3)3.43 If the two oligonucleotides could form a multi-
meric intermolecular quadruplex, hybrid quadruplexes of in-
termediate sizes would be expected in the mixture of tieth.
The gel in Figure 4C shows that this was not the case.

Temperature (°C)

Figure 7. CD-melting profiles of the &T2AGgs)s quadruplex in 150 mM

(A) K* or (B) Na" solution in the absence and presence of 40% (w/v)

PEG 200. Denaturation was monitored at (A) 265 nm (with PEG) or 290
nm (without PEG) and (B) 295 nm while temperature was increased from
20 to 80°C at 1.0°C/min. The numbers by the curves are the melting

temperatureTy,) values of the corresponding curves.

(Figure 5B), which agrees with the predicted structural symmetry
(Figure 1C) that should provide similar local environment for

the adenine residues. This result was not a direct effect of PEG
on Ap fluorescence but reflected the conformation conversion

The parallel-stranded intramolecular quadruplex predicts jnquced by PEG. This is because when PEG was added to the

structural symmetry for the three external TTA loops (Figure
1C)1 To further verify the parallel-stranded conformation of
the K*/PEG quadruplex, studies were carried out usin(le

AG3)3 with 2-aminopurine (Ap) substitutions at different adenine

K* quadruplex and the sample was measured within several
minutes without heat denaturation and renaturation, the order
and relative magnitude of fluorescence intensity of the three
Ap’s showed little change (Figure 5C vs 5A). In this case, the

residues (Figure 5, Ap6, Apl2, Apl8). Ap is a fluorescent guadruplex remained in theKconformation within the short
adenine isomer that has been widely used to probe localperiod in the presence of PEG because of the extremely slow

conformational changes in DN&: 8 Specifically, substitution

conformational conversion (Figure 3). The environment of Ap’s

of adenine in quadruplex with Ap has been shown to provide a \yas also assessed by fluorescence quenching with ascorbic acid

sensitive tool for probing loop environment without altering
overall quadruplex conformatidi:#%% In our study, the
fluorescence intensities of the Ap’s in thetKquadruplex
followed the order Ap6> Apl8 > Apl2 (Figure 5A) as
previously reported for the same structéifdhe large differ-

that has been used to probe solvent accessibility of Ap in the
quadruplex® While the Ap’s in the K quadruplex showed a
large difference in accessibility (Figure 6A), those in the/ K
PEG quadruplex were almost identical (Figure 6B), further
supporting the parallel-stranded topology in th&/REG qua-

ences in fluorescence emission between the Ap’s reflected theqgryplex (Figure 1C). The Ap6 in the *Kquadruplex is hosted

heterogeneity of the TTA looping conformations in the K
quadruplex. In contrast, the fluorescence intensity of the Ap’s
in the K'/PEG quadruplex became very similar to each other

(43) Kan, Z.-y.; Lin, Y.; Wang, F.; Zhuang, X.-y.; Zhao, Y.; Pang, D.-w.; Hao,
Y.-h.; Tan, Z.Nucleic Acids Re2007, 35, 3646-3653.

(44) Baran, N.; Pucshansky, L.; Marco, Y.; Benjamin, S.; ManorNicleic
Acids Res1997 25, 297—-303.

(45) Weisman-Shomer, P.; Naot, Y.; Fry, M.Biol. Chem200Q 275 2231
2238

(46) Neely, R. K.; Daujotyte, D.; Grazulis, S.; Magennis, S. W.; Dryden, D. T ;
Klimasauskas, S.; Jones, A. Bucleic Acids Re2005 33, 6953-6960.

(47) Kimura, T.; Kawai, K.; Majima, TChem. Commun. (Cambridge, U.K.)
2004 268-269.

(48) Shchyolkina, A. K.; Kaluzhny, D. N.; Borisova, O. F.; Hawkins, M. E;
Jernigan, R. L.; Jovin, T. M.; Arndt-Jovin, D. J.; Zhurkin, V. Bucleic
Acids Res2004 32, 432-440.

(49) Kimura, T.; Kawai, K.; Fujitsuka, M.; Majima, TChem. Commun.
(Cambridge, U.K.2004 1438-1439.

(50) Kimura, T.; Kawai, K.; Fujitsuka, M.; Majima, TChem. Commun.
(Cambridge, U.K.2006 401—-402.

in an external loop according to the recently identified con-

formation®-21 (Figure 1D) and its higher extent of fluorescence

guenching (Figure 6A) indicates that it was more accessible
than the other two Ap’s in the lateral loops. The conversion of
the two lateral loops into external by PEG was accompanied
by increased quenching for the two Ap’s (Figure 6B).

The quadruplex inhibits telomerase activity in vitro and has
been suggested to act as a negative regulator of telomere
elongation in vive®>521t can be conceived that the inhibition
will depend on the stability of the quadruplex. Stabilization of
the quadruplex by many small molecules has been shown to

(51) Fletcher, T. M.; Sun, D.; Salazar, M.; Hurley, L. Biochemistry1998
37, 5536-5541.

(52) zahler, A. M.; Williamson, J. R.; Cech, T. R.; Prescott, D.Mature1991
350, 718-720.
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Figure 8. Effect of PEG on telomerase processivity and overall catalytic activity. Assays were carried out in the absence or presence of 40% (w/v) PEG
200. Extension products were amplified by PCR and resolved by gel electrophoresis. (A) Representative gel showing ladders of telomeraseoektetssion p
Telomerase processivity is reflected by the sizes of the extension products. Ctrl indicates assay using heat-inactivated telomerase ektrabaaddbfS

internal standard. The numbers below the lanes are the mean relative catalytic activity of three experiments with standard deviation (irsparkathese

final concentration of K in the assays was 63 mM. (B) Profiles of telomerase extension obtained by digital scan of the gel. Numbers above the peaks
indicate the number of TTAGGG repeats added.

inhibit telomerase activity® Since the parallel-stranded human overall catalytic activity of the telomerase, resulting in an
telomere quadruplex has not been reported in solution stateincrease in the integrated band intensity compared to that in
before, we analyzed the thermal stability of the quadruplex the assay without PEG. Therefore, the decreased processivity
formed by G(T,AG3)s in the presence and absence of PEG by with PEG is explained by the increased stability of the
CD melting. The results in Figure 7A show that the/REG quadruplex. In these assays, a hontelomeric sequence was used
quadruplex had an unusual stability with a melting temperature as substrate in large excess of telomerase. Since quadruplex
(Tm) much greater than 88C. In contrast, the K quadruplex formation requires four TTAGGG repeats, it is expected that
had aT, of only 68.4°C. The stabilization induced by PEG in  quadruplex stabilization by molecular crowding would take
K* solution far exceeded that by PEG in Nsolution where effect when four or more repeats were added to the substrate.
the Ty, increased by only 5.2C (Figure 7B) and those in a  This would lead to an increased dissociation of telomerase from
recent work in which PEG was reported to increaseThef the substrate; however, the enzymes seemed efficiently trans-
the quadruplex formed by the thrombin DNA aptamen &,- located to other substrates to continue catalysis. For the large
TGTG,T,G; by 4.6°C in Kt and 12.5°C in Na" solution>* amount of input substrates containing no quadruplex, their
For the thrombin DNA aptamer, the stabilization of the extension might be more effective, and as a result lead to the
quadruplex by PEG was attributed to the altered dehydration increased overall catalytic activity.

of DNA and cations and no structural conversion was observed

for the quadruplex in either Kor Na" solution5* Thus, the  Discussion

structural conversion may have contributed to the much greater

I : ! : : 2 In this work, we observed that the reported parallel-stranded
stabilization by PEG in K solution seen in our study in addition P P

to dehvdrati conformation adopted in the crystalline state was also adopted
OG? yara '%n' | stability of the ¥PEG druol in the solution state under molecular crowding condition in K
¢ r:ven sueh uguiua sta “éoff € | qua TUp ex, web solution by the human telomere intramolecular quadruplex.
urther examined how it would affect telomere e ongatlor! DY parallel-stranded structure has been found in nonhuman telomere
telomerase. Wwe useq a PCR-based method Fh'at was Spe,(?'f'cal%uadruplexes mostly in intermolecular fof#4-3855and only
deS|gned for analyzing telomerase prqcessmty ('Fhe ability to in multimeric intermolecular quadruplexes formed by human
continuously add telomere repeats without leaving the sub- telomere DNA of less than four repekt&6-58 before the first
s : . .

strate)? W? 'nC“_Jd_ed in the assay an internal standard so that report of the parallel-stranded crystal conformation by Neidle’'s
the .c.atalytlc activity (the amount of overa]l te_lomere repeat groupl Knowing the correct structure that human telomere
?hdc:ltlon)l coulld also b(;—:. asse.s§éifc'.l'.he tI’IESl(,;F[S n Flggr? ? show quadruplex adopts under physiologically relevant condition is

at molecular. crowaing significantly depressed lelomerase important not only for a better understanding of its biological
processivity as judged from the sizes of the extension prOdUCtS‘implication, but also for successful drug designing. Because of

In the absence of PEG, extension of up to 30 TTAGGG repeatsthe molecular crowding nature of the intracellular environment,

Wats dettlactzble ﬁnlthe gfl' LtO”%eT product:ts were preTen{ Zmour work suggests that the parallel-stranded conformation may
not resolved Wetl. In contrast, obvious extension was Imit€d o 1he more favored structure in a biologically relevant
to about 10 repeats in the presence of PEG, but the band

intensity of smaller products was elevated. PEG enhanced the

(55) Phan, A. T.; Modi, Y. S.; Patel, D. J. Am. Chem. So@004 126, 8710~

8716.

)
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2113-2116. 2003 334, 25-36.
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environment than the other types of quadrupleXe3his deficient conditior?? This finding demonstrates that molecular
information should be useful for drug design targeting the human crowding has a fundamental influence on the quadruplex since
telomere quadruplex. The properties associated with the parallel-it has long been accepted that quadruplex formation requires
stranded structure may also have biological implications, as metal ions. The conformational conversion induced by PEG
exemplified by the restriction on telomerase processivity. observed in this work further demonstrates the impact of the
Quadruplex conformation is sequence-dependent and can beeffect of molecular crowding and emphasizes the importance
affected by environmental factors. Molecular crowding has been of studying the human telomere quadruplex under physiologi-
reported to induce transition from antiparallel to parallel cally relevant conditions. Under true intracellular condition, the

G-quadruplex inOxytricha naa telomeric DNA in Na presence of proteins may also affect the formation and confor-
solutior?! and transition from intramolecular G-quadruplex to mation of the quadruplex. Whether telomere DNA can form a
long multistranded G-wire ifetrahymendT,G,)3T»G, but not quadruplex and what conformation it adopts under such condi-

in human G(T,AG3)3 telomeric DNA3® The controversy about  tion still awaits more investigations.
the physiological conformation of the human telomere quadru-
plex apparently arose from the different experimental conditions
used in previous studies. While the majority of previous studies
were carried out in dilute solution, we have shown that
molecular crowding can induce quadruplex formation under salt- JA0730462
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