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ABSTRACT. The single-stranded (TTAGGG)ail of human telomeric DNA is known to form stable
G-quadruplex structures. Optimal telomerase activity requires the nonfolded single-stranded form of the
primer, and stabilization of the G-quadruplex form is known to interfere with telomerase binding. We
have identified 3,4,9,10-perylenetetracarboxylic diimide-based ligands as potent inhibitors of human
telomerase by using a primer extension assay that does not use PCR-based amplification of the telomerase
primer extension products. A set of NMR titrations of the ligand into solutions of G-quadruplexes using
various oligonucleotides related to human telomeric DNA showed strong and specific binding of the
ligand to the G-quadruplex. The exchange rate between bound and free DNA forms is slow on the NMR
time scale and allows the unequivocal determination of the binding site and mode of binding. In the case
of the B-TTAGGG sequence, the ligarddNA complex consists of two quadruplexes oriented in a tail-
to-tail manner with the ligand sandwiched between terminal G4 planes. Longer telomeric sequences,
such as TTAGGGTT, TTAGGGTTA, and TAGGGTTA, form 1:1 liganduadruplex complexes with

the ligand bound at the GT step by a threading intercalation mode. On the basis of 2D NOESY data, a
model of the latter complex has been derived that is consistent with the available experimental data. The
determination of the solution structure of this telomerase inhibitor bound to telomeric quadruplex DNA
should help in the design of new anticancer agents with a unique and novel mechanism of action.

Telomeres are important multifunctional nucleoprotein DNA contains a double-stranded region made from the
structures found at the ends of eukaryotic chromosomes.simple repeat sequence TTAGGG and a single-strantded 3
They ensure the complete replication of chromosomal DNA end overhang 3). The single-stranded tail of human
and protect the chromosome ends from fusion and degradatelomeres is surprisingly long, averaging more than 150 bases
tion (reviewed in refsl and2). In vertebrates, telomeric i, |ength, and may be involved in controlling telomerase
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Scheme 1 heated under reflux for 6 h, and the solvents were removed
o ) under reduced pressure. The residue was dissolved in 100
C Q mL of distilled water, and insoluble components were
\q\ ® —N O N @ﬁ removed by filtration. The pH of the resulting solution was
IT_/_ O O _\—Il\‘ adjusted to~3 with the addition of HCI, and the solution
H o 0 H was allowed to stand overnight. Precipitated impurities were
removed by filtration, and the resulting solution was adjusted
tial, and as a prerequisite, they must maintain stable telomericiq pH 12 with the addition of NaOH. The precipitated
length @, 6). The major mechanism of telomere length nroduct was isolated by filtration, washed with deionized
maintenance is the reactivation of telomerase, a specific\yater, dried under vacuum, and characterizedHhyNMR
reverse transcriptase with an endogenous RNA tem@ate (- and high-resolution chemical ionization mass spectrometry.
11). A high level of telomerase activity has been associated pnA oligonucleotides were synthesized on a.d scale
with cancer cells and may be essential for their immortality. op g Perseptive Biosystems Expedite 8909 automatic DNA
Therefore, telomerase, and in a broader sense, the telomergymhesizer, purified by reverse-phase HPLC on a C18
itself, has been proposed_as a potential chemotherapeutiGolymn (Dynamax-300A), and dialyzed extensively, first
target for noncytotoxic anticancer agentd14). ~ against 10 mM KClI solution and then against deionized
A detailed three-dimensional structure of telomera_se IS water. Solid supports and phosphoramidites were purchased
unknown, but structural precedent and all the available f\om Glen Research and Perseptive Biosystems.
experimental data ppint to normal Watse@ri(_:k pairing NMR SpectroscopyNMR experiments were performed
between the DNA primer and RNA template in the core of o 3 varian UNITYplus 500 MHz spectrometer. Al titration
the elongated telomerase complekl,(15). Thus, the  gxperiments were carried out at 30 in a 90% HO/10%
optimal conformation of the primer substrate should be the D,O solution containing 150 mM KCI, 25 mM KO, and
unfolded single-stranded DNA with all functional groups 1 mMm EDTA (pH 7.0). A standard1 echo pulse sequence
available for template binding. However, the single-stranded \yith 2 maximum excitation centered at 12.0 ppm was used
guanine-rich DNA molecules are well-known to form a or water suppression. Thirty-two scans were acquired for
variety of G-quadruplex structures, with (TTAGG@eing  each spectrum with a relaxation delay of 2 s. 2D NOESY
no exception16-18). Stabilization of folded G-quadruplex  gpactra of exchangeable protons were collected at 35 and
structures in telomeric sequences has been shown to interfergg oc in TPPI mode with a mixing time of 200 ms using
with telomerase activity19) and is a new paradigm for  ogsg complex points in, and 1024t; experiments. One
anticancer drug developmerit4). . known feature of G-quadruplex DNA is a very slow
Telomeres are not the only DNA segments in the human gychange rate of imino protons involved in tetrad formation
genome that have been shown to form G-quadruplex (1g). Even at 5(°C, all guanine imino protons had narrow
structuresin vitro, and possiblyin vivo. G-quadruplex jine widths and were easily assigned following the published
structures have been implicated in the mechanism of Ig C|a53assignment procedure for parallel quadruplexss @9).
swi.tc.h recombination0) and regulation of transcriptipnal NOESY and DQF-COSY spectra of nonexchangeble protons
activity of some promoters2(—23). Moreover, a variety  \yere collected at 56C in a phase-sensitive mode using 2048
of proteins bind to quadruplex DNA with high affinity and complex points irt, and 512 pairs of real and imaginaty
specificity (for a recent review, see re#). G4 DNA can experiments. Four mixing times of 100, 200, 300, and 400
also serve as a substrate for DNA topoisomerase3),(  ms were used in the NOESY experiments. NMR data were
Xrnlp/Kem1l nucleas&, 27), and other enzymes involved  hrocessed and analyzed using the FELIX program (Molecular
in DNA me'tabol.|sm 28). The emerging ewdenc_e fOf 'the Simulations, Inc.). Nearly all nonexchangeble DNA protons
functional biological role of G4 DNA begs for the identifica-  f the [dTTAGGG} and [AITAGGGTTA} complexes, except
tion and development of new low molecular weight ligands  for several HSHS" pairs, were assigned by routine sequen-
specific for G-quadruplex structures. Such ligands might {i5 assignment proceduredd 39). Assignments were
be useful for studying the biological role of G-quadruplexes yerified by monitoring exchange peaks between protons of
and may serve as leads for the development of a new clasgree and complexed DNA in the NOESY spectrum of a
of antiproliferative therapeutic drugs. Several studies have partially titrated sample (not shown). The studied oligo-
reported the spectroscopic investigations of drug interactionsy,cleotides do not contain any cytosine residues, and the
with G-quadruplexes, but no definite structural information  5romatic protons of PIPER could be easily assigned as the
has been so far availabld4 28-32). Here we present  gnly protons producing a COSY cross-peak in the downfield
structural studies of parallel G-quadruplex binding by the gpectral region. Taking these protons as a starting point,

telomerase-inhibiting compounil,N-bis[2-(1-piperidino)-  the remaining drug protons were assigned by analyzing
ethyI_]-3,4,9,10-pery|enetetracarboxyl|c diimide (hereafter ab- NOESY and COSY spectra. Assignments of piperidine ring
breviated PIPER) (Scheme 1). protons were nonstereospecific.

Model Building and Molecular Dynamics Refinemefihe
MATERIALS AND METHODS starting structure for molecular modeling of PIPEgua-
Sample Preparations. NMNBis[2-(1-piperidino)ethyl]- druplex complexes was the published crystal structure of the
3,4,9,10-perylenetetracarboxylic diimide (PIPER) was syn- parallel quadruplex TGGGGT (PDB entry 244d0). The
thesized and purified following the published proced3®.( necessary replacements and additions of residues were carried
Three grams of 3,4,9,10-perylenetetracarboxylic dianhyride out using the INSIGHTII program (Molecular Simulations,
was mixed with 2.5 mL of 1-(2-aminoethyl)piperidine in 10 Inc.). Restrained molecular dynamics (10 ps at 250 K) and
mL of DMA and 10 mL of 1,4-dioxane. The mixture was mechanics (2000 cycles conjugated gradient minimization)
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were subsequently used for energy refinement of the models
(DISCOVER program with AMBER force field, Molecular
Simulations, Inc.). After initial refinement of the free DNA
structure, the drug molecule was manually placed in the
proposed binding site. The PIPERNA complex model
was subjected to a combination of restrained molecular
dynamics (20 ps at 250 K) and conjugate gradient refinement.
Twenty independent runs were performed for better sampling
of conformational space. The distance restraints were taken
from build-up curves of NOESY cross-peaks and assigned
as either strong (2:62.8 A), medium (2.5-4.0 A), or weak
(3.5-5.5 A). The intensities of the H+H2' cross-peaks
were used as reference peaks, since the-H2' distances

of the deoxyribose ring are largely independent of the sugar
conformation (2.+2.2 A range). The isolated spin ap-
proximation was used to estimate distances. The obtained
values were then extrapolated to 0 ms mixing time to take
into account spin diffusion. No attempts were made to
employ the relaxation matrix refinement. Any attempts to
derive distance restraints more accurately could produce
misleading and potentially biased results due to the highly
dynamic nature of the PIPERjuadruplex complexes (see
later).

Circular Dichroism Spectra.Spectra were recorded on a
Jasco J600 spectropolarimeter. The same buffer was used
as for NMR spectroscopy. Experiments were performed at
20°C in a 0.5 cm path length cell.

Telomerase AssayThe assay was performed by using
5'-end biotinylated d[TTAGGG]as the telomere primet 4).
Reaction mixtures (2@L) containirg 5 L of cell lysate (S-
100), 50 mM Tris-OAc (pH 8.5), 50 mM KOAc, 1 mM
MgCl,, 5 mM BME, 1 mM spermidine, uM telomere
primer, 1.54M [o-3?P]dGTP (800 Ci/mmol), 1 mM dATP,
and 1 mM dTTP were incubated at 3C for 1 h, and the
reactions were terminated by addition of 20 of a [*°P]-
ATP-labeled streptavidin-coated Dynabeads suspension con-
taining 10 mM Tris-HCI (pH 7.5), 1 mM EDTA2 M KClI,
and a 500 cpm biotinylated internal control. Streptavidin-
coated Dynabeads bind selectively to the desired target (5
biotinylated primer), forming a magnetic bead-targeted
complex. The complex was separated from the suspension
using a Dynal MPC magnet and washed several times with
2x SSC buffer containing 0.1% SDS to eliminate-$P]-
dGTP background. Telomerase reaction products were
separated from the magnetic beads by protein denaturation
with 5.7 M guanidine hydrochloride at 9GC for 30 min.
After ethanol precipitation, products were resolved on
denaturing 10% polyacrylamide gel.

DNA Synthesis Arrest Assay.he assay was a modifica-
tion of the procedure described by Weitzmann and co-
workers @3). Briefly, primers (24 nM) labeled with
[y-32P]JATP were mixed with template DNA [STCCAAC-
TATGTATAC(TTGGGGUTTAGCGGCACGCAATTGC-
TATAGTGAGTCGTATTA-3] in a Tris-HCI buffer (10 mM
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A [TTAGGGTTI,
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G4 G5G6 01

12.0 11.0 10.0 9.0
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G4* Gs*  G6*

2:1

G4 G5 G6 0:1

12.0 11.0 10.0 9.0
(ppm)

C. [TTAGGG],
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12.0 11.0 10.0 9.0
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D. [TAGGGTTA],

G3* G4+ G5*

N
_____M/LL__A______
I VY O

G3 G4 G5
12.0 11.0 10.0 9.0

(ppm)

Tris, pH 8.0) containing 10 mM MgGland heated at 99C FIGURE 1: Titration of (A) [dITTAGGGTT}, (B) [dTTAGGGT-

for 4 min_. After the solution was cooled at room_tempergture TA]4, (C) [dTTAGGG], and (D) [ATAGGGTTA} with PIPER.

for 15 min, PIPER was added at the concentrations indicatedThe imino proton region of the 500 MHz NMR is shown with

in Figure 6B. The primer extension reactions were initiated incéeézirllgbarln?]unts_o]‘ Ii?and added at°& In (A—C)hG4.d_GS,

by addition of dNTP (final concentration, 1) and Taq ~ an abel the original imino proton resonances that disappear
. - . - from the spectra with increasing amounts of ligand. G4*, G5*, and

DNA pOIymerase (2.5 unit/reaction, Boehrlnggr Mannheim). G6* represent resonances of the final ligamgiadruplex com-

The reactions were performed at 55 for 15 min and then  plexes. The corresponding labeling of imino protons in (D) is G3,

stopped by addition of an equal volume of stop buffer (95% G4, and G5.
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formamide, 10 mM EDTA, 10 mM NaOH, 0.1% xylene 4.
cyanol, 0.1% bromophenol blue). The products were s
separated on a 12% polyacrylamide sequencing gel.

E
T a
RESULTS AND DISCUSSION 0 “‘je
Complex Formation and Stoichiometrylhe choice of £ hi%
DNA sequences for the present study was dictated by our — @ Ny
motivation to discover compounds that will selectively inhibit
human telomerase by targeting unique telomeric DNA Asg o
structures, especially G-quadruplexes. (TTAGEEN form ”
both intermoleculari6) and intramolecular complexe$7), a4 81 7.2 6.9

depending on sequence length and environm8&x ( In-
termolecular-type structures might have less biological
relevance than an intramolecular foldover G-quadruplex,
although they have been proposed to ocaurvivo in
recombination, telomere pairing, etc. The NMR spectra of
the intramolecular G-quadruplex formed by d[(AGGG)d-
(TTAGGG)] are quite complexX7). Moreover, long human
telomeric sequences with more than one GGG block usually r . T . . .

. . I . . . 8.4 8.1 7.8 7.5 7.2 6.9
exist in equilibrium involving several folded forms with HE6/H8 (ppm)
different topology and intermolecular aggregates of ill-
defined sizes (data not shown). This has made it difficult C.
to interpret the ligangintramolecular G-quadruplex interac-
tions by NMR, which is why we concentrated on studying
much simpler intermolecular G-quadruplex structures formed
by shorter oligonucleotides such as TTAGGG and TAGGGT-
TA. Nevertheless, UV and NMR titration experiments
(results not shown) indicate that PIPER also interacts with Al 8
a foldover intramolecular quadruplex, although a detailed by @
structural characterization has so far been unsuccessful. . . ,

8.4 8.1 7.8 7.5

The 1D NMR spectra recorded during the titration of HE/H8 (ppm)
[dTTAGGGTT]“.WIth PIPER are shown in Figure 1.A' 'The Ficure 2: Sections of the 2D NOESY spectrum of the 2:1
original NMR signals of Hoogsteen-bound guanine imino [gTTAGGGL,—PIPER complex at 50C. (A) H6/H8—H2'/H2"
protons (16-12 ppm range) gradually disappear during the spectral region with intraresidue cross-peaks connected by vertical
titration, and a new set of reciprocal upfield-shifted imino lines. H2’ peaks are labeled with residue numbers. G6 &t
proton resonances appears. Separate proton resonances f612" have identical chemical shifts, and peak E is an intermolecular
the free DNA and the PIPERDNA complex indicate slow cross-peak between either of,these protons and the ligand. (B)

. p Assignment of DNA H6/H8-H3' protons. Peak D is an intermo-
exchange on the NMR time scale between free and boundjecular cross-peak between G6'H@d the ligand. (C) Sequential
states, which is usually interpreted as an indication of tight walk assignment of the DNA H6/H8H1' protons. Intrastrand peaks

and specific binding. Surprisingly, at a 1:1 ligand:quadruplex are labeled with residue numbers. Peaks A and C are intermolecular

stoichiometry, another set of new proton signals can be NOES between the ligand and G6 H8 and Hibtons, respectively.
. . o . Peak B is an intramolecular cross-peak between aromatic protons
observed, which become dominant with increasing drug of the ligand.

concentration. Continuous titration to a 2:1 ligand:DNA ratio
results in the total disappearance of both the original and gonucleotides were evaluated. From a comparison of the
first set of new signals. Further titration beyond this point tjtration spectra, it appears that the relative affinities of two
led only to broadening of the proton resonances without any pytative binding sites can be modified by varying the length
substantial changes in the spectrum. The most logical of 5- and 3-overhangs. For example, titration of [dT-
explanation for the observed behavior is the presence of twoTAGGGTTA], produces a cleaner NMR spectrum at a 1:1
drug binding sites with slightly different affinities. Atalow p|pPER:DNA ratio, with a much smaller fraction of the 2:1
ligand to DNA ratio, ligand molecules first occupy the complex (Figure 1B). Among the eight sequences we tested,
strongest binding site. However, if the binding affinities of only the drug complexes with the [dTTAGGand
the first and second binding sites are of the same order of [ITAGGGTTA], quadruplexes produced simple spectra with
magnitude, the principle of mass action would dictate that 3 single species in solution (Figure 1C,D). However, while
at a hlgher |Igand concentration the blndlng to the second the expected 1:1 |igaﬁdquadrup|ex Comp|ex is formed with
site would become detectable even before the binding to the[TAGGGTTA],, a 1:2 ligand-quadruplex complex is
first site is saturated. formed with [dTTAGGG]}, since there were no detectable
Reliable structural determination Bt NMR requires the ~ free [dITTAGGG], molecules at a 0.5:1 ligand:DNA ratio.
presence of a single, well-defined structure in solution with The recurrent spectral feature of all studied ligaadadru-
relatively narrow proton resonances. The spectra of the plex complexes is a severe line broadening of the imino
PIPER-[dTTAGGGTT], complex were found unsuitable for  proton of the last guanine (G5 in [dTAGGGTTAdnd G6
this purpose. Therefore, other G-quadruplex-forming oli- in [dTTAGGG],), indicating that PIPER binds near this site.

4.8

o
(ppm)

5.2
H3’

©
6.3
(ppm)

HY’

0
©

T iQ::g
2 6.9
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Scheme 2
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This peak sharpens with increasing temperature, indicating
the dynamic nature of the PIPERONA complex (see later).

As with any positively charged ligand, PIPER is capable of
binding nonspecifically to nucleic acid33). However, this
binding is apparently much weaker than binding to G-
guadruplexes since titration of PIPER into solutions of
several double-stranded DNA oligonucleotides produced only
general peak broadening at high drug concentration, with
no resemblance to the spectral changes observed with the
G-quadruplex samples (data not shown).

[dTTAGGG], Forms a Stable Tail-to-Tail Quadruplex
Ligand—Quadruplex Complex2D NMR spectra at the 1:2
PIPER:DNA titration point were collected at 3G and used
for structure determination. The standard sequential DNA
connectivities can be traced between aromatic and sugar
protons (H1, H2/2", and H3) (Figure 2). Moreover, when
the spectra of free DNA and the ligar®NA complex are
compared, drug binding shows little if any effect on the
intensities of almost all DNA intra- and interresidue NOE
cross-peaks. Thus, the structure of the DNA quadruplex in
the complex appears to be virtually identical to the structure
of the free DNA quadruplex, with all residues in the anti
conformation with standard backbone geomet§)( Drug
binding causes perturbations in the chemical shifts of the
G6 protons, and most importantly, it results in the appearance
of intermolecular NOE cross-peaks between ligand and DNA.
All observed PIPERDNA NOEs were assigned to G6
protons only (Figure 2). Thus, the most reasonable model
that can explain the NMR data is a sandwich-type complex,
with the ligand molecule stacked between the planes of
terminal G6 tetrads (Figure 3). This model is consistent
with all observed NOEs and explains the 1:2 PIPER:DNA
stoichiometry. The strongr—x stacking between two
guanine tetrads and the drug chromophore is likely to be
the major energetic factor in stabilizing the ligariois—
qguadruplex complex. Further support for this model is the
Ficure 3: NMR-based model of the 2:1 [dTTAGG&]PIPER fact that the drug-free [dTTAGGGalreadyexists as a back-
complex. The ligand molecule is sandwiched between two G6 to-back dimer in solution 16). The dimeric form of
guanine tetrads with positively charged side chains located in the G-quadruplexes with a blunt-ended guanine motif at the 3

grooves. Guanine residues are in yellow, thymine and adenine are di domi tf t hiah salt trati
in purple, and the ligand molecule is in green. The interproton €Nd IS @ dominant form at nigh sait concentrations (more

distances corresponding to intermolecular cross-peaks shown inthan 50 mM KCI) and is characterized by a strong upfield
Figure 2 are in the 2:54.5 A range. shift of imino protons in comparison with'-8xtended
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Ficure 4: Sections of the 2D NOESY spectrum of the 1:1 [ITAGGGTFAPIPER complex at 50C. (A) Sequential walk assignment

of the DNA H6/H8-HY' protons. Intrastrand peaks are labeled with residue numbers. Peak A is an intermolecular NOE between the ligand
and either of the overlapping G5 Hdr T6 H1 protons. (B) H6/H8-H2'/H2"'/TMe spectral region with intraresidue cross-peaks connected

by vertical lines. H2 peaks are labeled with residue numbers. Peaks B, C, and D are intermolecular NOEs between the ligand dnd G5 H2
H2', and T6Me, respectively.

G-quadruplex sequencesf. Indeed, the chemical shifts
of upfield-shifted imino protons of [dTTAGGG]in our
sample (compare Figure 1C with Figure 1A,B,D) correspond
to assignments of the dimer rather than the monorhéy. (

The parallel G-quadruplex DNA has, symmetry, with
all four strands being equal, while the ligand molecule has
only C, symmetry. Since half of the guanine bases would
be oriented parallel and half would be orthogonal with respect
to the drug molecule (Scheme 2 and Figure 3), we might
expect a doubling of at least some resonances upon druc
binding. However, only a single set of resonances was
observed in the NMR spectra (Figures 1 and 2), indicating
a fast reorientation of the bound drug molecule on the NMR
time scale. NMR signals broaden significantly at lower
temperatures and sharpen with increasing temperature, with
the G6 protons being the most affected, which is also
consistent with both the binding site localization and the
dynamic nature of the liganequadruplex complex.

PIPER Binds to [dTAGGGTTA]at the GT Step by a
Threading Intercalation Mode Assuming parallel G-qua-
druplexes actually exisin vivo, they would most likely
contain 3-overhang sequences, decreasing the relevance oi
the blunt-ended [dTTAGGGJas a model system. Among Ficure 5: NMR-based model of the 1:1 [dTAGGGTTATPIPER

. . complex. The ligand molecule is in blue, the DNA guanine residues
the ligand-quadruplex complexes that we studied, the best are in yellow, and the adenine and thymine residues are in purple.

quality NMR spectra were obtained for [ITAGGGTTA]  The interproton distances corresponding to intermolecular cross-
This sequence was chosen for detailed structural studies evempeaks shown in Figure 4 are in the 28.0 A range.

though the similarity in chemical shift changes suggests an

identical binding mode for all studied parallel quadruplexes, molecule does not intercalate within the G-quadruplex itself
regardless of the exact length of the &nd 3-overhangs. but rather stacks on the surface of tHe&minal G-tetrad.

2D NMR spectra of the 1:1 liganequadruplex complex  This binding mode can be classified as a threading intercala-
were collected at 50C. Inspection of the NOESY spectra tion in the case of G-quadruplexes witlr@serhang se-
revealed intermolecular NOEs between ligand protons andquences, and as in the case of the [dTTAG&HIPER
protons of G5 (the third guanine in the GGG block) and T6 complex, the single set of proton resonances implies a fast
(see Figure 4). As for the TTAGGG sequence, the structure structural transition between the two orthogonal drug orienta-
of the actual [GGG]quadruplex core remains unperturbed tions. Thymine imino protons were not detected for either
by ligand binding since the intensities of the observed intra- the free or ligand-bound DNA at temperatures higher than
residue NOEs are virtually unchanged. Thus, the ligand 10 °C. Moreover, the sequential NOEs in the TTA tail are
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all very weak, implying weak stacking interactions. Appar- A
ently, the structure of the TTA tail is relatively loose and CTT—
does not significantly impede the reorientation of the ligand. B | B
The structural transitions inside the complex are fast on the ! TT—
NMR time scale and should occur without drug disassocia- E Full product —» [ e = & = T ]
tion from the complex. This is evident from the much slower - =—
exchange between ligand-bound and free DNA observed 4= T =
during titration and from the 2D NOESY spectra of partially et <R
titrated samples (data not shown). 6 —»|=m : il
The highly dynamic nature of the ligangjuadruplex e - ="_r. Gqudnplex —> | & = # BB E S
complex makes the precise structural characterization ex- > '!"_i s
tremely difficult. Each ligand DNA cross-peak results from S b= i
NOEs between ligand and both parallel and perpendicularly ~ 2 —>|[=F=== "~
oriented DNA bases (Scheme 2). Therefore, the cross-peak, - _ = Ty
intensity cannot be traced accurately to a particular inter- comol —> =SS S @ ®e Pimer —> | S S SS S |

proton distance. Thus, we resorted to using very conserva-Ficure 6: (A) Effect of increasing concentrations of PIPER on
tive distance restraints in order to avoid artifacts during the inhibition of telomerase-catalyzed extension of a d[TTAG&G]

molecular modeling. Due to this limitation, the precise Primer (1xM concentration). Lane C is the control (no ligand
truct in t f d and NOREfact ' tb added), and lanes—16 are the products of the telomerase reaction
structure (in terms of rmsd an actor) cannot be in the presence of 0, 5, 20, 50, 75, and 100ligand. The numbers

determined; nevertheless, the proposed model (Figure 5) isio the left of the gel refer to the telomerase extensions (in bases).
accurate within its limitations and explains all the available (B) Effect of increasing concentrations of PIPER on inhibition of

experimental data. Additional structural information can be lgge%f;lyglneﬁz& ;N% Sgrf;thtﬁseis- r';)%faectg ic?f tPheeC?en;I:%'Ow%i%ﬁgd
obtained from the circular dlchro'lsm (.CD) spectrum. 'lee presenée 0f0.1,0.5,1, 2,5, and?llﬂ ligand. The arrows indicate
many other small molecular weight ligands, PIPER is an e sjtes of full product, G-quadruplex formation on the DNA
achiral molecule and does not have an intrinsic CD spectra.template, and primer.

However, upon binding to DNA, a weakly induced CD signal

for PIPER can be detected (data not shown). The signal quadruplex binding, not only for perylene-based compounds
follows the shape of the UV absorbance curve, indicating a but for other molecules with G-quadruplex DNA intercalation
nondegenerative dipole coupling mechanis8i)( The potential 4, 32).

observed weak intensity of the induced CD is typical for  Biochemical Effects of PIPER Binding to the DNA
DNA intercalators and rules out the groove binding mode, Quadruplex. Recently, our laboratory identified several
which should result in a signal at least an order of magnitude G-quadruplex-interactive compounds as potent telomerase
stronger 83). Even at a high ligand concentration, we did inhibitors (14, 32). PIPER also shows good telomerase
not detect the exiton-coupled CD spectra of the ligand inhibition activity in a standard primer extension assay that
chromophore. This may indicate a significant spatial separa- does not use the PCR-based amplification of the telomerase
tion between bound ligand molecule31). According to primer extension products (Figure 6A). Interestingly, at low
the NMR data, the strongest binding site for PIPER is the micromolar concentrations, PIPER has no effect on the first
3'-boundary of the G-quadruplex. Among the guanine imino several rounds of telomeric repeat addition but inhibits
protons, the proton of the'-8erminal guanine is the most telomerase activity when the product length reaches a certain
affected upon ligand binding, followed by a smaller chemical point, in accordance with our previous results with a 2,6-
shift change of the central guanine imino proton, with the disubstituted anthraquinon&4) and a porphyrin32). Itis
5'-guanine being affected the least. The binding of a secondtempting to speculate that longer TTAGGG repeats have a
ligand molecule is characterized by a reverse in the order of higher propensity to form G-quadruplex structures, which
chemical shift changes: the chemical shift of theyGanine upon binding by PIPER are poor substrates for telomerase.
imino proton changes most, while the chemical shift of the It has been shown that DNA sequences with quadruplex-
3'-end guanine imino proton is almost unaffected by the forming potential present obstacles to DNA synthesis by
binding of a second ligand molecule (Figure 1). Therefore, DNA polymerases and reverse transcriptases in a K
we propose that the second molecule binds at the oppositedependent manne2f). The K"-dependent block to DNA
end of the guanine quadruplex, i.e., at the “top™€8d) of polymerase occurs only on DNA sequences containing
the G-tetrad block. The apparent weaker affinity of the stretches of guanine residues and is used as a selective and
secondary binding site can be attributed to a stronger stackingsensitive indicator of the formation of G-quadruplex struc-
of the AG step at the'Eend of the quadruplex, compared to tures 86). We have adapted this assay to further demonstrate
GT stacking at the'3end. This localization of the binding the stabilization of G-quadruplex DNA by small molecules
sites is also consistent with the fact that we can manipulate (38). In this assay PIPER does not cause general polymerase
their relative binding affinities simply by changing the inhibition at the concentrations tested; however, addition of
lengths of the 3 or 5-overhangs (Figure 1). The G- the ligand to the reaction mixture causes a sequence-specific
quadruplex is an extremely stable and rigid structure, and polymerase arrest (Figure 6B) immediately before the
distortion of quadruplex integrity, necessary for intercalator G-quadruplex site. At a 1@M drug concentration, poly-
binding between G-tetrads inside the quadruplex, should merase arrest is so strong that full-length product is barely
involve a very high energy cost. Thus, stacking of the drug detected. Our results suggest that the ligand-stabilized
on the outer planes of G-tetrads appears to be an energeticallys-quadruplex is a formidable obstacle for the polymerase
more attractive alternative and may be a paradigm for reaction. Together with the high specificity of binding to
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the G-quadruplex, this makes PIPER an interesting lead 12.
candidate for the study of the role of G-quadrupleixes v0
and suggests that it is not necessarily limited to telomerase 14
inhibition.

Telomerase is an attractive target for cancer chemotherapy 15

(13, 37, but the presence of non-telomerase mechanisms

13.

for telomere length maintenance in some human cancer cells 16.
(38) can undermine its clinical validity. Alternative ap-

proaches for affecting the telomere length may be necessary.

In this respect, the ability of G-quadruplex-stabilizing
compounds to block polymerase synthesis on guanine-rich g

sequences (the human telomere is a primary example of such

17.
18

a sequence) may prove these compounds to be of value as20.
antiproliferative drugs.
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