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ABSTRACT intramolecular G-quadruplex structutes). Here we show that

) BSU-1051, by virtue of its interaction with G-quadruplex DNA,
We have developed and characterized an assay for enhances the block of DNA synthesis by the G-quadruplex
G-quadruplex-interactive compounds that makes use structure in the presence of K
of the fact that G-rich DNA templates present obstacles
to DNA synthesis by DNA polymerases. Using Taq CH,OH
DNA polymerase and the G-quadruplex binding 1 y “BC\ND I-
2,6-diamidoanthraquinone BSU-1051, we find that /\i O‘O Y
BSU-1051 leads to enhanced arrest of DNA synthesis - N N °
in the presence of K * by stabilizing an intramolecular C;*c'jH 0

G-quadruplex structure formed by four repeats of either
TTGGGG or TTAGGG in the template strand. The data
provide additional evidence that BSU-1051 modulates
telomerase activity by stabilization of telomeric MATERIALS AND METHODS
G-quadruplex DNA and point to a polymerase arrest
assay as a sensitive method for screening for

BSU-1051

DNA oligonucleotides

G-quadruplex-interactive agents with potential clinical The DNA primer extension sequence P1STE®ATACGACT-

utility. CACTATAG-3) and the template sequences shown in Table
were synthesized using a PerSeptive Biosystems Expedite 8909

INTRODUCTION synthesizer and purified with denaturing polyacrylamide gels.

The template DNA was diluted to 5 pyand dispensed into
G-rich DNA is known to assume highly stable structures formedmall aliquots.
by Hoogsteen base pairs between guanine resitli#@sThese
structures, known as G-quadruplexes, are stabilized in th&@MS methylation protection assay

presence of Kand may have biological roles that are yet to be o 326 151 6leq PQ74 and HT4 templates were denatured by
determined 5). One patrticular region of the genome Whereheating at 90C for 5 min and then cooled down to room

these structures may play a significant biological role is at t %mperature in 50 MM Tris—=HCI buffer with or without 100 mM

ends of chromosomes where G-rich DNA is normally foung, - . . i ;
(e.g. TTAGGG and TTGGGG tandem repeats in human cells aWa. One microliter of 1:4 ethanol-diluted dimethylsulfate (DMS)

. . " s added tofilg (300ul) of annealed DNA. Aliquots were taken
ciliate Tetrahymenarespectively),6,7). In addition, a number "0 pointligés %ld)icated in the figuresq and modification
g;geipﬁzg%rgg'nnm?o Go'ggg ggﬁﬁs\/g_ﬁsﬁ Qédﬁ)rgg'ﬁt;?ﬁiﬂg}[eactions were stopped by adding 1/4 vol. of stop buffer containing

prop . 9 [B-mercaptoethanol and 1.5 M sodium acetate. The modification
genes may regulate gene expression by forming G-quadrupls%ducts were ethanol precipitated twice and treated with

structures &11). One potential biologically relevant role of .~~~ = o
i h ' . . piperidine. After ethanol precipitation, the cleaved products were
G-quadruplex DNA is as a barrier to DNA synthesig)(This r%%olve d on a 16% polyacrylamide gel.

barrier has been thoroughly investigated and has been found to
K* dependent](3). This observation strongly suggests that th .
formation of G-quadruplex species is responsible for the observet';:)ci\I A synthesis arrest assay
effect on DNA synthesisL{). This assay is a modification of that described by Weitzmann and
We have recently shown that the 2,6-diamidoanthraquinorem-workers {4). Briefly, primers (P18, 24 nM) labeled wig$2P
BSU-1051 modulates human telomerase activity by a mechanismere mixed with template DNA (12 nM) in a Tris—HCI buffer
that is dependent on elongation of the telomeric primefl0 mM Tris, pH 8.0) containing K(5 mM for the PQ74
d(TTAGGGY) to a length that is then capable of forming antemplate and 50 mM for the HT4 template) and denatured by
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Table 1.DNA template sequences used in this study

Name Sequence

0 11 12 13 14 15 16

5-TCCAA CTATG TATACTTG GG GTTG GG ETTG GG CTTC G E ETT-

PQ74 AGCGGCAC GCAAT TGCTA TAGTG AGTCG TATTA 3

11 12

5"- TCCAA CTATG TATAC TTAG G GTTAG G GTTAG C CTTAG C &-

HT4 ACATATCGAT GAAAT TGCTA TAGTG AGTCG TATTA -3

7-deaza- | 5-TCCAA CTATG TATAC TTGgGgTTGGGGTTGgGgTTGGGGTTI-
dG-PQ74 AGCGGCAC GCAAT TGCTA TAGTG AGTCG TATTA-3"

7-deaza- | 5°- TCCAA CTATG TATAC TTAGgGTTAGGGTTAGgGTTAGGG-

dG-HT4 ACATATCGAT GAAAT TGCTA TAGTG AGTCG TATTA -3°

G, deoxyguanine; g, 7-deaza-deoxyguanine. The G-rich telomeric sequences are shown in bold letters.

heating at 90C for 5 min. After cooling down to room a Conrel _ 100 mM K* B
temperature, BSU-1051 was added at various concentrations a = jame et 202 U 204, Tine ()

incubated at room temperature for 15 min. The primer extensic
reactions were initiated by adding dNTP (final concentratior

100uM), MgCl, (final concentration 3uM) and Taq DNA = = r T T
polymerase (2.5 Ulreaction; Boehringer Mannheim). For _r|= gs b N Y
sequencing reactions, the TagTrack Sequencing System (Prome |- S ==& = | ] e e
was used. The sequencing reaction buffer was changed to 50 n ™| ~ %: :5 = Sleg, (' b7 S o] %
Tris—HCI, pH 9.0, 10 MM MgGland 50 mM K. The reactions  ,[|=3ZZ8% = sl
were stopped by adding an equal volume of stop buffer (95¢ 4 % =2 B G : T
formamide, 10 mM EDTA, 10 mM NaOH, 0.1% xylene cyanol, [|-2==%% . Gy AT .
0.1% bromphenol blue). For the temperature-dependent expe ! 'L bk Pt BE T

ments, the ligand concentration was fixed and the prime t = 1

b

extension reactions were carried out at the temperatures indicat
in Figure4. The products were separated on a 12% polyacryl
amide sequencing gel. The gels were then dried and visualized -
a Phosphorimager (Molecular Dynamics model 445 S1).

b

e e

-

[ ]

Lane 1 2 3456 7 8010
RESULTS

i ; Figure 1. DMS methylation protection of the PQ74 template in bffer.
The G-rich regions of the PQ74 and HT4 templates form (A) Autoradiogram of a denaturing PAGE gel showing the DMS methylation

. . +
intermolecular G'quadrUpleX structures in K* buffer pattern in TE buffer (lanes 1-5) and 100 mM (Kanes 6—10). Brackets -1V

. indicate the four telomeric repeat sequen@$(oposed G-quadruplex model
To determine the nature of the G-quadruplex structures formed BY;med by the PQ74 temma'?e_ a op a P

the template sequences used in this study (TadEMS was used

to probe the accessibility of N7 of guanine in the DNA templates

(16). As shown in FigurelA, when the PQ74 template was propose a model for the G-quadruplex structure formed by the
methylated in % TE buffer, there was no apparent protection of5-rich region of the PQ74 sequence consisting of d(TTGGGG)
any guanine N7. However, with the exception of the first guaninia this model, the first guanine of the first repeat (G1 in Table

in each of the four TTGGGG repeats, all the guanines in thtend Fig.1B) is located in the'Soverhang region and is therefore
G-rich region of the PQ74 template are protected from reactirgpen to DMS methylation. However, the first guanines of the
with DMS in 100 mM K buffer, whereas guanines locatedsecond, third and fourth repeats (G5, G9 and G13, respectively)
outside the four repeats react strongly with DMS. This DM&re located in the loop regions of the G-quadruplex. Although the
protection pattern for the G-rich region of the PQ74 template iIN7 groups of these three loop guanines are mathied in

K* buffer suggests that only three guanines in each of the foydrogen bonds, steric inaccessibility may protect them from DMS
TTGGGG repeats are involved in G-tetrad formation. This DM$nethylation. The DMS footprinting pattern shows that while they
reaction pattern is different from that observed previously bgre partially protected from DMS methylation, this protection is
Henderson and co-workersl7j with the d(TTGGG& less than that for the other guanines in the repeat.
G-quadruplex, in which only the first guanine of the third repeat The TTAGGG repeats in the G-rich region of the HT4 template
(corresponding to G9 in the PQ74 template) is hypersensitive &so showed high DMS methylation protection inbffer (data
DMS methylation. On the basis of the results from our study, weot shown). In this particular case, all three guanines in each
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Figure 2. BSU-1051 concentration-dependent blockTaf polymerase DNA synthesis by the G-quadruplex structure formed on the PQ74 templéte. at 55
(A) Autoradiogram of a sequencing gel showing enhanced DNA synthesis pausing at the G-quadruplex site with increasingosmdéfdtil051 (lanes 1-8).
Arrows indicate the positions of the full-length product of DNA synthesis, the G-quadruplex pausing site and the fre@)p@Quantifation of the gel using
ImageQuant software. Tlyeaxis shows the ratio of radiation volume of pausing sites to total radiation volume of the |aFeg Jdigmerase activity is normalized
by the total primer extension products, including premature products, G-quadruplex pausing products and full-length products.

repeat were almost evenly protected from methylation, indicatingfranded template DNA (Figs\ and 3A, lanes 7 and 8). At a
that all of them are involved in G-tetrad formation. This DMSBSU-1051 concentration of 10QM, primer extension is
methylation pattern is consistent with the intramoleculacompletely inhibited due presumably to non-specific interactions
G-quadruplex structure proposed by Patel and co-workers for thetween BSU-1051 and the single- and/or double-stranded DNA
d[AG3(T2AG3)3] sequence based on NMR studi&8)( or between BSU-1051 and the polymerase itself. In addition to the
primary pausing site at the beginning of the G-quadruplex site,
BSU-1051 binds to G-quadruplex DNA and blocks DNA two other secondary pausing sites at the second and third G-rich
synthesis in a concentration-dependent manner repeats are observed at high BSU-1051 concentrations. These
) pausings are probably induced by other structures formed by this
Although it has been shown that G-quadruplex structures blog rich sequence. Given the fact that secondary pausing beyond
primer extension by DNA polymerase in &-dependent manner the first G-tetrad is not seen in the sequencing lanes that contain
(14), we are unaware of any reports showing enhanced blockagg mm K, it is likely that these secondary pausings are caused
by G-quadruplex-interactive agents. To determine if BSU-105@y nhairpin structures that are stabilized by BSU-1051 but hot K
binding to G-quadruplex enhances the block to DNA synthesishjs suggests that BSU-1051 has a relatively higher affinity for

primer extension reactions were carried out in the absence a@tguadruplex DNA over other DNA secondary structures or
presence of BSU-1051. Figur2& and3A show the results of = single- and double-stranded DNA.

Tag DNA polymerase primer extension on DNA templates

containing four repeats of either TTGGGG (PQ74, Bi. or ; _ e

TTAGGG (HT4, Fig3A) in the presence of different concentrationsEONrﬁplsg; tg‘:;;gg%it t?])é tgtztﬁlisty Olfciﬁ(la g (?uuz::jdr:;upﬁ :;z(

of BSU-1051 at 55C. In these experiments}Kvas added at low structure

concentrations (5 mM Kfor the PQ74 template and 20 mM fér

the HT4 template) in order to prevent overwhelming polymeras€o further evaluate the ability of BSU-1051 to stabilize
pausing due to formation of highly stable G-quadruplex structure&-quadruplex DNA,Tagq DNA polymerase primer extension

In the absence of BSU-1051, there is only a slight pausing of theactions were carried out at five different temperatures in the
TaqDNA polymerase when it reaches the8d of the G-rich site  presence and absence of BSU-1051. As shown in FHdyra

on the template DNA at 3% (Figs 2A and 3A, lanes 1). the absence of BSU-1051 polymerase pausing on the PQ74
However, upon increasing the concentration of BSU-105Xemplate containing four repeats of TTGGGG is almost lost at
enhanced pausing is observed at the same site as that seen b C (lane 4), which is presumably the melting point of the
low K* concentrations. This suggests that BSU-1051 enhanc&squadruplex structure formed by this G-rich region in the
the polymerase pausing by stabilizing the G-quadruplex structuemplate DNA. On the other hand, in the presence qiN0
formed in the K buffer. At high BSU-1051 concentrations, we notBSU-1051, the G-quadruplex structure is further stabilized and
only observed enhanced pausing at trend of the G-quadruplex significant pausing is observed up t& T4 In the HT4 template

site but also increased premature termination resulting frowontaining four repeats of TTAGGG, in which the G-quadruplex
non-specific interactions between BSU-1051 and the singletructure formed is presumably less stable, pausing fades out at
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Figure 3. BSU-1051 concentration-dependent blocKTaf] polymerase DNA synthesis by the G-quadruplex structure formed on the HT4 templat€.at 55
(A) Autoradiogram of a sequencing gel showing enhanced DNA synthesis pausing at the G-quadruplex site with increasingnerdd®idtil 051 (lanes 1-8).
Arrows indicate the positions of the full-length product of DNA synthesis, the G-quadruplex pausing site and the fre@)pfuantitation of the gel using
ImageQuant software is the same as in Figure 2B.

55°C in the absence of the ligand (F8, lane 3). However, in the intramolecular structure. Using DMS methylation, we conlcude
presence of BSU-1051, pausing is observed up 1€ §big.4B,  that four repeats of TTGGGG or TTAGGG within a non-G-rich
lane 9). Thus, for both DNA sequencas,, upon addition of sequence are capable of forming an intramolecular G-quadruplex
20 uM BSU-1051 isLR0°C. structure in K buffer. Furthermore, the DMS methylation results
In order to confirm that the pausings seen in Fige#eand3A  indicate that of the possible types of G-quadruplex structures that
result from the formation of a G-quadruplex structure on theould be formed by d(TTGGG®)a structure consisting of three
template DNA, certain guanines in the templates were substitutedtetrads is the predominant species in 100 nivbiffer. The
with 7-deaza-dG. Since N7 of guanine is involved in hydrogeproposed G-quadruplex structure formed by d(TTGGGG)
bonding_ in th_e formation of a G-quadruplex structure, su_bstitutioghown in FigurelB has a diagonal loop, but an alternative
of guanine with 7-deaza-dG should preclude the formation of amjtramolecular G-quadruplex structure formed by foldover
G-quadruplex structure and allow for uninterrupted primepajrpins consisting of three G-tetrads is also possible,Q0).
extension on the template blaq DNA polymerase in the However, we could not differentiate between these two different
presence of either’Kor BSU-1051. As shown in Table tWo  tynes of intramolecular G-quadruplex structures by the DMS
guanines in the TTAGGG repeat region of the HT4 template angethylation pattern alone.
four guanines in the TTGGGG repeat region of the PQ74 G_rich sequences that are capable of forming G-quadruplexes
template were replaced with 7-deaza-dG. This change would yiitro can be found in telomeric sequences-£3), immuno-
allow the formation of no more than two intramolecular G-tetradgopulin switch regionsg), the insulin gene9), the control
and should lead to destabilization of the intramoleculafggion of the retinoblastoma susceptibility 'gerlé))( the
G-quadruplex structure. The primer extension results with these- - region of the myc gene (1), fragile X synarome
7-deaza-dG substituted templates indicate that no signific let repeats 424) and HIV-1 RNA '25)_ Although direct
pausing occurs in either template in the presence of up o 20 mikjence for the existence of G-quadrupleregivois lacking,
K™ or at BSU-1051 concentrations of up to 8@ (data not =y ity of these important sequences to form G-quadruplex
shown). Thls_result provides strong support for the conclusion th ucturesin vitro suggests that G-quadruplex DNA may play
BSU-1051 binds to and stabilizes intramolecular G'quadrUplqﬁ]portant roles in several biological events. For instance, it has

g'_\(lqﬁééfjgllg)? sitt% iﬁr?r? eo lcj)n;?r? al %'Elﬁ‘chsfe%hg;se Sfarrest at th%een sugggsted by S_en and Gil.bert that telomeri(; DNA sequences
may associate to initiate the alignment of four sister chromatids
DISCUSSION by forming parallel guanine quadruplex&§)( Furthermore, the
discovery of G-quadruplex-forming sequences in the promoter
G-rich sequences such as telomeric DNA and triplet DNA hawegion of certain genes suggests that G-quadruplex structures
been reported to form parallel or antiparallel G-quadruplexnay play a role in the transcription regulation of these genes.
structures in the presence of monovalent cations such astlli.  Another possible role of G-quadruplex DNA is the regulation of
Williamson and co-workers observed very strong intramoleculdelomere length, since a telomeric overhang that forms a
UV crosslinking for the sequence d(TTGGG®)a 50 MM K G-quadruplex structure would not be a good substrate for
buffer (5). Their results indicate that this sequence forms atelomerase 47,28). We have recently demonstrated that
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Figure 4. Temperature-dependent block of DNA synthesis by the G-quadruplex structure formed on the PQ74 and HT4 templates in trepedsamue of

BSU-1051. A) Autoradiogram of a sequencing gel showing enhanced temperature resistance of G-quadruplex pausings in the prelseB&&Je1@51 (compare

lanes 1-5 with lanes 6-10). Arrows indicate the positions of the full-length product of DNA synthesis, the G-quadruplessifeaasidgthe free primer.
(B) Autoradiogram of a sequencing gel showing G-quadruplex pausings at higher temperatures in the presghtB8U20051. Arrows indicate the positions
of the full-length product of DNA synthesis, the G-quadruplex pausing site and the free primer.

BSU-1051 inhibits primer extension by telomerase only when theequences are capable of forming G-quadrupléxesitro
substrate (telomeric DNA) reaches four or more repeats in lengfparticularly some cancer-related genes and sequences such as
(15). In this report, we show that BSU-1051 is able to bind to andmycand telomeres), G-quadruplex promises to be a potential
stabilize the intramolecular G-quadruplex structure formed btarget for anticancer chemotherapy. The DNA synthesis stop
four telomeric repeats. Thus, it is reasonable to postulate thegsay described in this report provides a simple and rapid method
BSU-1051 inhibits telomerase by interacting with its substratéor the identification of G-quadruplex-interactive agents as
(G-quadruplex-forming telomeric repeats) rather than telomeragotential lead compounds. This polymerase stop assay also
itself. If G-quadruplex structures play important roles in otheallows an internal comparison for the relative binding of potential
biological processes, then G-quadruplex-interactive compounésquadruplex-interactive compounds with single- and double-
such as those described here, which stabilize these structures, stegnded DNA targets. This is an important comparison that may
have a variety of biological effects. A series of 2,6-diamidoanthrgrovide clues as to the relative cytotoxicity of these compounds.
quinones, including BSU-1051, has been reported to moderaté/Ve have successfully used the present assay in the identification
conventional cytotoxicity in a range of tumor cefi§,80) andto  and characterization of other G-quadruplex-interactive compounds
inhibit human telomerase3]). The G-quadruplex binding thatare also telomerase inhibitdd&,33). However, since not all
property of those compounds provides a possible mechanism fefomerase inhibitors are G-quadruplex-interactive compounds,
their action, although other mechanisms involving targeting dhe utility of the present assay is not primarily as a screen for
duplex DNA are also likely. telomerase inhibitors and it is not meant to substitute for a direct

Despite the lack of unequivocal evidence for the structure of thessay of telomerase inhibition. Rather, this assay can be used to
BSU-1051-G-quadruplex complex, we have recently proposeddentify other G-quadruplex-interactive compounds with potential
model for a perylene—-G-quadruplex complex based on NMHBinical utility or of practical use in the study of transcription,
evidence §2). By analogy with this structure and that proposedecombination, generic disorders and other biological processes
for a TMPyR—G-quadruplex structur@9), it seems most likely where G-quadruplex structures may be involved.
that the binding site of BSU-1051 is external to the lower G-tetrad
and within the diagonal loop.
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