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Abstract: The interaction of G-quadruplex DNA with the macrocyclic compound BOQ1, which possesses
two dibenzophenanthroline (quinacridine) subunits, has been investigated by a variety of methods. The
oligonucleotide 5'-A(GGGT,A);G3s, which mimics the human telomeric repeat sequence and forms an
intramolecular quadruplex, was used as one model system. Equilibrium binding constants measured by
biosensor surface plasmon resonance (SPR) methods indicate a high affinity of the macrocycle for the
quadruplex conformation (K > 1 x 107 M~1) with two equivalent binding sites. The affinity of BOQ1 for
DNA duplexes is at least 1 order of magnitude lower. In addition, the macrocycle is more selective than
the monomeric control compound (MOQ?2), which is not able to discriminate between the two DNA structures
(Kauplex ~ Kguadruplex &~ 10® M~2). Strong binding of BOQ1 to G4 DNA sequences was confirmed by fluorometric
titrations with a tetraplex-forming oligonucleotide. Competition dialysis experiments with a panel of different
DNA structures, from single strands to quadruplexes, clearly established the quadruplex binding specificity
of BOQ1. Fluorescence resonance energy transfer (FRET) T, experiments with a doubly labeled
oligonucleotide also revealed a strong stabilization of the G4 conformation in the presence of BOQ1 (ATn
= +28 °C). This AT, value is one of the highest values measured for a G-quadruplex ligand and is
significantly higher than observed for the monomer control compounds (AT, = +10—12 °C). Gel mobility
shift assays indicated that the macrocycle efficiently induces the formation of G-tetraplexes. Strong inhibition
of telomerase was observed in the submicromolar range (ICsp = 0.13 uM). These results indicate that
macrocycles represent an exciting new development opportunity for targeting DNA quadruplexes.

Introduction cancer cell$. The enzyme is normally inactive in somatic cells
) and, thus, presents a new and potentially very specific thera-
.Although the structurallcomplexny of RNA has been recog- peutic target for drug developmeh€ompounds for targeting
nized from the early studies of tRNA to the recent structure of {he reverse transcriptase activity of the enzynitss RNA

the ribosome, there is increasing understanding of the importanceomponent, or the DNA substrafehave been reported. Te-
of structural polymorphism of DNA. Sequence-dependent
structural flexibility of DNA and its importance for DNA (2) (a) Wang, Y.; Patel, D. Btructure1993 1, 263-282. (b) Greider, C. W.
function and specific interactions are now clearly documehted. ﬁ_”;”E‘;I-afifbE;g?%‘?”ﬂﬁgﬁfshfégfg’t-_ég)o'a"%i‘:"%gﬂ‘és'\"é_J(-a;ﬂr\jlib‘ﬁ'é‘;?f'

The structural variations of chromosomal telomeres present a  Jordan, J. L.; Cross, G. A; de Lange, T.; Griffith, J. EMBO J.2001,

more recent example of DNA polymorphism that is critical for %%55_27865‘8323(5, %%gﬁ%ff?oxsat{(ﬁ?stjﬁ’oéi ‘ﬁ,‘?f‘[gg; f\,,l\.B',fllf',\c,e’?&gssl

biological functior? The study of telomeres and the telomerase Nature 2002 417, 876-880.
. i ; . K (3) (a) Kim, N. W.; Piatyszek, M. A.; Prowse, K. R.; Harley, C. B.; West, M.
enzyme that maintains their length has acquired importance ™ D Ho, P. L. C.; Coviello, G. M.; Wright, W. E.. Weinrich, S. L.; Shay,

i ity i J. W. Sciencel994 266, 2011-2015. (b) Hahn, W. C., Stewart, S. A.;
through the discovery of telomerase activity in most types of Brooks M. W.. Shoshana, G. .. Baton, E - Kurachi. A: Beijersbergen.
R. L.; Knoll, J. H. M.; Meyerson, M.; Weinberg, R. Alat. Med.1999 5,
1164-1170. (c) Hanahan, D.; Weinberg, R. &ell 200Q 100, 57—70.

(d) Greider, C. W.Harvey Lect.2001, 96, 33-50. (e) Granger, M. P.;

T College de France.
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Museum National d’Histoire Naturelle. (4) (a) Herbert, B. S.; Pitts, A. E.; Baker, S. I.; Hamilton, S. E.; Wright, W.
I'Georgia State University. E.; Shay, J. W.; Corey, D. RProc. Natl. Acad. Sci. U.S.AL999 96,

(1) (a) Lebrun, A.; Lavery, RCurr. Opin. Struct. Bial1997, 7, 348-354. (b) 14276-14281. (b) Mergny, J.-L.; Riou, J.-F.; Mailliet, P.; Teulade-Fichou,
Gilbert, D. E.; Feigon, JCurr. Opin. Struct. Bial1999 9, 305-314. (c) M.-P.; Gilson, E.Nucleic Acids Re2002 30, 839-865. (c) McCaul, J.
Williams, L. D.; Maher, L. JAnnu. Re. Biophys. Biomol. Struc200Q A.; Gordon, K. E.; Clark, L. J.; Parkinson, E. Kancet Oncol2002 3,
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lomerase activity is also present in a number of disease-causing O >
parasitic microorganisnisand the enzyme offers a possible site _N N_ ; < S=T TS
for the targeting of these organisms that causes such serious(—r«| N ﬁ”” ””HN
. . . . NH HN
and widespread diseases for which few drugs are available. & AN v NN?\ N

The telomere DNA consists of a single-stranded G-rich 3
terminal sequence, (GGTTAGN humans, and a duplex region
where the G-rich sequence base-pairs with a Wat&nick
complementary C-rich strand and connects with the chromo-
somal duplex. In the nonreplicative state the single strand can
invade the telomere duplex to form a t-loop structure that
appears to be important in stabilizing the ends of chromos8mes.
For telomerase activity this t-loop must dissociate to present
the G-rich single strand to the enzyme. A novel idea for
anticancer drug design is to use small molecules that bind to
G4 tetraplexes to drive this single strand into a stable tetraplex
that can inhibit the telomerase enzyfi&everal classes of small
molecules that selectively bind to DNA tetraplexes and inhibit
telomerase have been descridédl.There are also G-rich
sequences in the transcription control regions of important
oncogened! Targeting of G4 structures has taken on increased

importance on the basis of recent evidence that the transcrip-

tional activity of these oncogenes can be modulated through
small molecule induction and/or stabilization of G4 tetrapléXes.
Given the wide distribution of guanine-rich sequences in
chromosomal DNA? and the possible existence of four-stranded

(5) (a) Fletcher, T. M.; Salazar, M.; Chen, SBtochemistry1l996 35, 15611
15617. (b) Gomez, D. E.; Tejera, A. M.; Olivero, O. Biochem. Biophys.
Res. Commun1998 246, 107-110. (c) Murakami, J.; Nagai, N.;
Shigemasa, K.; Ohama, Keur. J. Cancer1999 35, 1027-1034. (d)
Fletcher, T. M.; Cathers, B. E.; Ravikumar, K. S.; Mamiya, B. M.; Kerwin,
S. M. Bioorg. Chem2001, 29, 36-55.

(6) (a) Pitts, A. E.; Corey, D. RProc. Natl. Acad. Sci. U.S.A998 95, 11549
11554. (b) Pruzan, R.; Pongracz, K.; Gietzen, K.; Wallweber, G.; Gryaznov,
S. Nucleic Acids Re2002 30, 559-568.

(7) (a) Raymond, E.; Soria, J.; Izbicka, E.; Boussin, F.; Hurley, L. H.; Von
Hoff, D. D. Invest. New Drug=200Q 18, 123-137. (b) Kerwin, S. M.
Curr. Pharm. Des200Q 6, 441-471. (c) Kelland, L. RAnticancer Drugs
200Q 11, 503-513. (d) Sun, D.; Hurley, L. HMethods EnzymoR00],
340, 573-592. (e) Perry P. J.; Arnold, J. R. P.; Jenkins, TEXpert Opin.
Investig. Drugs2001, 10, 2141-2156. (f) Neidle, S.; Parkinson, ®lat.
Drug Disca. 2002 1, 383-393. (g) Rezler, E. M.; Bearss, D. J.; Hurley,
L. H. Curr. Opin. Pharmacol2002 2, 415-423.

(8) (a) Cano, M.; Dungan, J.; Agabian, N.; Blackburn, ERrbc. Natl. Acad.
Sci. U.S.A1999 96, 3616-3621. (b) Bottius, E.; Bakhsis, N.; Scherf, A.
Mol. Cell. Biol. 1998 18, 919-925.

(9) Griffith, J. D.; Comeau, L.; Rosenfield, S. D.; Stansel, R. M.; Bianchi, A,;
Moss, H.; de Lange, TCell 1999 97, 503-514.

(10) (a) Sun, D.; Thompson, B.; Cathers, B. E.; Salazar, M.; Kerwin, S. M.;
Trent, J. O.; Jenkins, T. C.; Neidle, S.; Hurley, L. HMed. Chem1997,

40, 2113-2116. (b) Perry, P. J.; Gowan, S. M.; Reszka, A. P.; Polucci, P;
Jenkins, T. C.; Kelland, L. R.; Neidle, 8. Med. Chem1998 41, 3253—
3260. (c) Mergny, J.-L.; Hene, C.Nat. Med.1998 4, 1366-1367. (d)
Harrison, R. J.; Gowan, S.; Kelland, L. R.; Neidle BSoorg. Med. Chem.
Lett 1999 9, 2463-2468. (e) Han, H.; CIiff, C. L.; Hurley, L. H.
Biochemistryl999 38, 6981-6986. (f) Hurley, L. H.; Wheelhouse, R. T;
Sun, D.; Kerwin, S. M.; Salazar, M.; Fedoroff, O. Y.; Han, F. X.; Han, H.;
Izbicka, E.; Von Hoff, D. D.Pharm. Ther200Q 85, 141-158. (g) Perry,

P. J.; Jenkins, T. QMed. Chem2001, 1, 1—41. (h) Han, H.; Langley, D.;
Rangan, A.; Hurley, L. HJ Am Chem Sq&001, 123 8902-8913. (i)
Koeppel, F.; Riou, J. F.; Laoui, A.; Mailliet, P.; Arimondo, P. B.; Petitgenet,
D. O.; Hdene, C.; Mergny, J. LNucleic Acids Re2001, 29, 1087-1096.

() Alberti, P.; Ren, J.; Teulade-Fichou, M. P.; Guittat, L.; Riou, J. F,;
Chaires, J.; Héne, C.; Vigneron, J. P.; Lehn, J. M.; Mergny, J.JLBiomol.
Struct. Dyn.2001, 19, 505-513. (k) Kerwin, S. M.; Sun, D.; Kern, J. T,;
Rangan, A.; Thomas, P. WBioorg. Med. Chem. LetR001, 11, 2411~
2414. () Gavathiotis, E.; Heald, R. A.; Stevens, M. F. G.; Searle, M. S.
Angew. Chem., Int. EQ001, 40, 4749-4751. (m) Read, M.; Harrison, R.
J.; Romagnoli, B.; Tanious, F. A.; Gowan, S. H.; Reszka, A. P.; Wilson,
W. D.; Kelland, L. R.; Neidle, SProc. Natl. Acad. Sci. U.S.2001, 98,
4844-4849. (n) Tuntiwechapikul, W.; Jeong, T. L.; Salazar, M.Am.
Chem. Soc2001, 123 5606-5607. (0) Kim, M. Y.; Vankayalapati, H
Shin-Ya, K.; Wierzba, K.; Hurley, L. HJ. Am. Chem. SoQ002 124
2098-2099. (p) Kern, J. T.; Thomas, P. W.; Kerwin, S. Biochemistry
2002 41, 11379-89; and references cited in the above.

(11) (a) Rangan, A.; Siddiqui-Jain, A.; Grand, C. L.; Bearss, D. J.; Hurley, L
H. Proc. Natl. Acad. Sci. U.S.£002 99, 11593-11598. (b) Fedoroff, O.
Y.; Hurley, L. H. J. Biol. Chem 2001, 276, 4640-4646. (c) Simonsson,
T.; Pecinka, P.; Kubista, MNucleic Acids Resl998 26, 11671172.

BOQ, Open

MOQp, R=H
MOQ,, R= NH(CH,),CH3
MOQ,, R= NH(CH)sN(CH3),

NN YJ)
f)\ JHNG NS

G-quartet

MMQ,, R= NH(CH,),CHj;

Figure 1. Chemical structures of the macrocycle BOQ1, in the open and
semiclosed conformations, and the monomer compounds are shown. A
G-quartet is also shown for an approximate size reference.

RNAs[2 it is reasonable to expect that further regulatory
functions of nucleic acids tetraplexes will be found sébn.

General features of molecules that bind to G4 tetraplexes
include a large flat aromatic surface and cationic chafges.
These compounds are generally similar to intercalators or are
derivatives of well-known intercalatot8.Such a molecular
motif can stack with the terminal G quartets and form specific
electrostatic contacts. This binding mode was initially inferred
from steric and geometric considerations and has been supported
by NMR and modeling studi€’$:'> Terminal stacking, thus,
constitutes a “consensus binding model” that is also compatible
with the different forms of quadruplexé32 However, many
compounds studied so far that adopt the terminal stacking mode
suffer from poor or insufficient preference for quadruplexes over
duplexes. The discovery of new G4-specific compounds is thus
of utmost importance for a more comprehensive understanding
of the biological implications of these structures and for
designing new drugs with enhanced activity and minimized
undesired toxicity.

In our search for promising compounds for selective targeting
of G4 tetraplexes, our attention was drawn to cationic macro-
cycles (Figure 1) for several reasons. Cyclobisintercaland
compounds are a family of macrocyclic compounds constituted
of two intercalative-type moieties bridged by polyammonium
linkers and were originally designed on the basis of supramo-
lecular concepts for molecular recognition of nucleotiffes.

(12) (a) Arthanari, H.; Bolton, P. HChem. Biol 2001, 8, 221—230. (b) Keniry,
M. A. Biopolymers2001, 56, 123-146.

(13) (a) Kim, J.; Cheong, C.; Moore, P. Blature 1991 351, 331-332. (b)
Deng, J.; Xiong, Y.; Sundaralingam. ®roc. Natl. Acad. Sci. U.S.2001,
98, 13665-13670. (c) Darnell, J. C.; Jensen, K. B.; Jin, P.; Brown, V.;
Warren, S. T.; Darnell, R. BCell 2001, 107, 489-499. (d) Schaeffer, C.;
Bardoni, B.; Mandel, J. L.; Ehresmann, B.; Ehresmann, C.; Moine, H.
EMBO J.2001, 20, 4803-4813.

(14) Unrau, P.; Johnson, J. B. Theor. Biol 1995 177, 73—86.

(15) (a) Mergny, J.-L.; Mailliet, P.; Lavelle, F.; Riou, J.-F.; Laoui, A.;letee,
C. Anti-Cancer Drug Des1999 14, 427-439. (b) Read, M. A.; Neidle,
S. Biochemistry200Q 39, 13422-13432. (c) Fedoroff, O. Y.; Salazar, M.;
Han, H.; Chemeris, V. V.; Kerwin, S. M.; Hurley, H. Biochemistry1998
37, 12368-12375. (d) Han, F. X.; Wheelhouse, R. T.; Hurley, L. H.
Am. Chem. Sod 999 121, 3561-3570.

(16) Baudoin, O.; Teulade-Fichou, M.-P.; Vigneron, J.-P.; Lehn, J}\Org.
Chem 1997, 62, 5458-5470.
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BOQ1, which contains two large pentacyclic units (dibenzo- respectively. All FRET measurements with the F21T oligonucleotide
[b,j]-1,10-phenanthroline, referred to as quinacridine) has shown were performed on a Spex Fluorolog DM1B instrument, with a
the ability to selectively trap GG base paifsThis property bandwidth of 1.8 nm and 0.2« 1-cm quartz cuvettes, containing 600
was attributed to the crescent-shaped and large surface of thetlk of solutionina 0.1 M I|_th|um chloride/10 mM sod_lum_ cgcod_ylate
quinacridine ring suitable forz-orbital overlap with two buffer, pH 7.2. The experiments were.performed with lithium ion to
guanines paired by Hoogsteen hydrogen bdfid&Likewise, keep theTn, values of the complexes in the measurable range. The

h . f th . idi if K | temperature of the circulating water bath was recorded at regular time
the propensity of the quinacridine motif to stack on large jyepai5. All measurements were performed as previously desc¥ibed.

aromatic areas should in part contribute to the affinity for | mopilization of DNA and Surface Plasmon Resonance Bind-
G-quadruplexes as observed for the members of the 2,10-jng. Surface plasmon resonance (SPR) measurements were performed

disubstitutedm-quinacridine series (dibenzmf]-1,7-phenan-  with a four-channel BIAcore 3000 optical biosensor system (Biacore
throline derivatives) recently reporté¥iMoreover, cyclobisin- Inc.) and streptavidin-coated sensor chips (Biacore SA-chip). Samples
tercalands display preferential binding to nucleic acids motifs of biotin-labeled DNA oligomers were applied to flow cells in
that contain exposed bases such as hairpin 18#sThis streptavidin-derivatized sensor chips as previously desctifetady-

selective behavior is attributed to their cyclic framework that State binding analysis was performed with multiple injections  of
disfavors their insertion into a DNA double helix. Compound different compound concentrations over the immobilized DNA surface
BOQ1 (Figure 1), which combines large subunits that are able at 25°C. DNA binding experiments were performed in HBS-EP buffer

to stack G tet and li ffold likelv t (sterile filtered and degassed buffer obtained from BlAcore: 0.01 M
0 stack @ a & quartet and a macrocyclic scarnold likely 10 pepeg hH 7.4, 0.15 M NaCl, 3 mM EDTA, and 0.005% surfactant

have favorable groove/loop interactions (Figure 1), thus appearedp,q) sypplemented with 0.2 M KCI. Compound solutions were prepared
to be a very promising potential candidate for binding to in filtered and degassed HBS-EP/KCI buffer by serial dilutions from
G-quadruplexes. This hypothesis was tested here with BOQ1stock solution and were injected from 7 mm plastic vials with pierceable
and four control monomers, shown in Figure 1. A broad panel plastic crimp caps (BlAcore Inc.). Buffer flow alone was sufficient to
of biophysical and biochemical techniques was applied to dissociate the DNA complexes.

evaluate their interactions with telomere sequences and their The instrument response (RU) in the steady-state region is propor-
effects on telomerase activity. We have found that BOQ1 has tional to the amount of bound drug and was determined by linear
very strong binding with significant specificity for quadruplex ~averaging over a 80 s time span. The predicted maximum response
over duplex interactions. This compound thus presents a newPe" Pound compound in the steady-state regioni(RUs determined

. . . . from the DNA molecular weight, the amount of DNA on the flow cell,
motif for the design of potential telomere-targeted anticancer ; - . .
drugs the compound molecular weight, and the refractive index gradient ratio

of the compound and DNA, as previously descriBgth most of the
cases, the observed RU values at high concentrations are greater than
RUmax pointing to more than one binding site in these DNA sequences.
Compounds and OligonucleotidesThe syntheses of dibenzophenan- The number of binding sites was determined from Scatchard plots of
throlines MMQ1, MOQG-2, and BOQ1 have been described previ- RU/concentration vs RU plot by a linear regression analysis. Thg,RU
ously2¢ Oligodeoxynucleotide probes were synthesized by Eurogentec Vvalue is required to convert the observed response (RU) to the standard
(Belgium). Purity was checked by gel electrophoresis. All concentrations binding parameter (moles of drug bound/moles of DNA hairpin):
were expressed in strand molarity with a nearest-neighbor approximation
for the absorption coefficients of the unfolded speéfesl] polynucle-
otides were from AmersharPharmacia. F21T [&3(TTAG3)3] is a
doubly fluorescently labeled 21-base-long oligomer that mimics the
telomeric guanine-rich strand. Threelbotin-labeled oligomers (Eu-
rogentec, PAGE-purified) were used in surface plasmon resonance
studies: the [AATT] duplex d(biotin-CGAATTCGTCTCCGAATTCG), ~ Parameters:
the [CG], duplex d(biotin-CGCGCGCGTTTTCGCGCGCG) (hairpin r = nKGC,oJ(1+ KCqeod
loops underlined), and the G4 quadruplex d(biotin-pd AG3)s]. Two

oligonucleotides (Eurogentec, PAGE purified) were used for fluoro- whereK, the microscopic binding constant, is one variable tofit;
metric titration: 22A, d[SAGs(TTAGs)s], and the 17-bp duplex d(5 represents the moles of bound compound per mole of DNA hairpin
ATCCAGTTCGTAGTAAC)/d(B-GTTACTACGAACTGGAT)? duplex;Cree is the concentration of the compound in equilibrium with
Fluorescence Resonance Energy TransfeERET can be used to  the complex and is fixed by the concentration in the flow solution;
probe the secondary structure of oligodeoxynucleotides mimicking andn is the number of compound binding sites on the DNA duplex
repeats of the guanine-rich strand of vertebrate telomeres, provided aand is the second variable to fit.
fluorescein molecule (donor) and a tetramethylrhodamine derivative  Accelerated Assembly of G QuadruplexesThe purified Tr2 (5
(acceptor) are attached to thednd 3 ends of the oligonucleotide, TACAGATAGTTAGGGTTAGGGTTA) and Ox-1T (5ACTGTCG-
TACTTGATAGGGGTTTTGGGGAATGTGA) oligodeoxynucleotides
7) Baudoin,ho.; Gonnhet, F.; Teulade-Fichou, M.-P.; Vigneron, J.-P.; Tabet, were 3-end-labeled and used at a final strand concentration.d¥18
(18) féa%c’lol_ig, B_Jlﬁr:\_/lé:. Tei:?-:‘éil'zs?ﬁhiig?sgi‘t?PZgl\?IZEﬁZiz,l'Paris, France, 1008, 1N solution was heated to 98 for 5 min in a TE buffer containing

(19) Mergny, J.-L.; Lacroix, L.; Teulade-Fichou, M.-P.; Hounsou, C.; Guittat,
L.; Hoarau, M.; Arimondo, P. B.; Vigneron, J.-P.; Lehn, J.-M.; Riou, J.-  (24) Mergny, J.-L.; Maurizot, J. CChemBioChen2001, 2, 124-132.

Materials and Methods

r = RU/RU,,,

To obtain the affinity constants, the results from the steady-state region
were fitted with a multiple equivalent-site model, and Kaleidagraph
was used for nonlinear least-squares optimization of the binding

F.; Garestier, T.; Hene, C.Proc. Natl. Acad. Sci. U.S.2001, 98, 3062— (25) (a) Wang, L.; Bailly, C.; Kumar, A.; Ding, D.; Bajic, M.; Boykin, D. W.;
3067. Wilson, W. D.Proc. Natl. Acad. Sci. U.S.£00Q 97, 12—-16. (b) Wang,
(20) Slama-Schwok, A.; Teulade-Fichou, M.-P.; Vigneron, J.-P.; Taillandier, L.; Carrasco, C.; Kumar, A.; Stephens, C. E.; Bailly, C.; Boykin, D. W.;
E.; Lehn, J.-M.J. Am. Chem. Sod995 117, 6822-6829. Wilson, W. D.Biochemistry2001, 40, 2511-2521. (c) Mazur, S.; Tanious,
(21) Blacker, A. J.; Teulade-Fichou, M.-P.; Vigneron, J.-P.; Fauquet, M.; Lehn, F. A.; Ding, D.; Kumar, A.; Boykin, D. W.; Simpson, I. J.; Neidle, S.;
J.-M. Bioorg. Med. Chem. Lettl998 8, 601-606. Wilson, W. D.J. Mol. Biol. 200Q 300, 321-337. (d) Nguyen, B.; Tardy,
(22) Cantor, C. R.; Warshaw, M. M.; Shapiro, Biopolymers197Q 9, 1059- C.; Bailly, C.; Colson, P.; Houssier, C.; Kumar, A.; Boykin, D. W.; Wilson,
1077. W. D. Biopolymers2002 63, 281-297. (e) Lacy, E. R.; Le, N. M.; Price,
(23) Serva, S.; Weinhold, E.; Roberts, R. J.; Klimasauska®yusleic Acids C. A,; Lee, M.; Wilson, W. DJ. Am. Chem. So2002 124, 2153-2163.
Res 1998 26, 3473-3479. (26) Davis, T. M.; Wilson, W. DAnal. Biochem200Q 284, 348—353.
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0.1 M KCI and slowly cooled to room temperature. Compounds were
added (6-20 uM) and reaction mixtures were then incubated for 1 h

at room temperature and loaded on a native 12% acrylamide vertical

gel in a 0.5¢ TBE buffer supplemented with 20 mM KCI. The gel
was run at 4C for 6 h, dried, and analyzed with a Phosphorimager.

Quadruplex formation by some derivatives is shown by the appearance

of a new band of retarded mobility.

Competition Dialysis Experiments.Dialysis conditions have been
described previousl¥. Briefly, a buffer consisting of 15 mM sodium
cacodylate, 10 mM MgGJ and 185 mM NacCl (pH 6.5) was used for
all experiments. A portion (400 mL) of the dialysate solution containing
1 uM ligand was used for each competition dialysis assay. A volume
of 200uL at 754M monomeric unit (nucleotide, base pair, base triplet,

Table 1. Tetraplex DNA Binding Parameters and Telomerase
Inhibition

ATy? TRAP® G4 band® AmaxF4

compound (°C) (ICs0, uM) Tr2/0x-1T (%) (nm)
BOQ1 28 0.13 31/76 462
MMQ1 11.5 0.3 7121 424
MOQ1 12.5 0.5 21/50 rid
MOQ2 10 0.9 nd 462

MOQO 0 >10 1/0 né

a Stabilization of the F21T oligonucleotide (Q:21) measured by FRET,
for a dye concentration of ZM in a 10 mM sodium cacodylate buffer, pH
7.2, containing 0.1 M LiCl. Th@, of the DNA alone was 44C, and the
heating rate in the experiments was@/min.? ICsp against telomerase.
¢ Accelerated assembly of G-quadruplexes, as shown by nondenaturing

or quartet) of each of the DNA samples was pipeted into a separate polyacrylamide gel electrophoresis. The percentage shown corresponds to

Dialyzer unit (Pierce). All 19 dialysis units were then placed in the

beaker containing the dialysate solution. The beaker was covered with

Parafiim and wrapped in foil, and its contents were allowed to
equilibrate with continuous stirring at room temperature<{22 °C)
overnight. At the end of the equilibration period, DNA samples were
carefully transferred to microfuge tubes and treated with 1% SDS. The

the fraction of radioactivity whose migration corresponds to the quadruplex
species formed in the presence of 201 ligand. The first number
corresponds to the results obtained with the Tr2 oligonucleotide; the second
number, with the Ox-1T oligomef.Position of fluorescence emission
maximum.® Not determined.

Results

ligand concentration in each sample was determined by fluorescence FRET Melting Experiments. Fluorescence can be used to

(excitation at 320 nm).

A panel of 19 different nucleic acids structures was Wdde TC,
GA, and GT triplexes result from the association of two strands of
different lengths (13 and 30 nucleotid@%)'he 24GA duplex (sample
5) results from the self-association of a (GApligonucleotide. The

parallel-stranded duplex (psD, sample 6) results from the association

of two AT strands: 5SAAAAAAAAAATAATTTTAAATATT and5 '
TTTTTTTTTTATTAAAATTTATAA. The 24 CTG (sample 7) mimics
eight repeats of the trinucleotide unit (CTGils26 (sample 11) is a
26-base-long duplex formed with a self-complementary oligonucleotide.
22CT [sample 13, '5(CCCTAA);CCCT] is an oligonucleotide that
mimics the cytosine-rich strand of human telomeres and forms an
i-DNA structure, whereas 22AG (sample 14) is an oligonucleotide that
mimics the guanine-rich strand of human telomeres:-A5
(GGGTTAXRGGG. 24G20 (3GgoT2, sample 15) may form an inter-
molecular quadruplex.

TRAP Assay. The TRAP reactioft was performed in a 20 mM
Tris HCI buffer, pH 8.3, containing 63 mM KCI, 1.5 mM Mgg£lI1
mM EDTA, 0.005% Tween 20, 0.1 mg/mL BSA, 0 dTTP, dGTP,
and dATP, 1QuM dCTP, 0.1ug of the TS and CX primers, 5 ng of
the TN primer, 0.05 ng of the TSNT primer, 2 units of Taq polymerase,
40 uCiltube 0-dCTP?? and 200 ng of A549 CHAPS extracts. After
telomerase elongation for 15 min at 3G, 30 cycles of PCR were
performed (94°C for 30 s, 50°C for 30 s, and 72°C for 90 s).

Telomerase extension products were then analyzed on a nondenaturin

12% polyacrylamide & TBE vertical gel (2 h at 400 V).
Fluorometric Titration. Fluorescence measurements were per-

formed on a Spex Fluoromax spectrophotometer equipped with a

Hamamatsu R928 photomultiplier (PM); the data were corrected for

probe the secondary structure of a quadruplex-forming oligode-
oxynucleotidé* in a manner related to “molecular beacoRy”.
The melting of the G-quadruplex is monitored in the presence
of putative G-quadruplex-binding molecules by measuring the
fluorescence emission of the donor. A quadruplex-specific ligand
should increase the apparent melting temperatlxg ¢f the
F21T quadruplex (5Fluo-GGGTTAGGGTTAGGGTTAGGG-
3'-Tamra), displacing the equilibriusingle strand-quadruplex

to the right. This is a qualitative but rapid and convenient initial
method to identify promising G4 ligand¥:1%24 A series of
monomeric dibenzophenanthroline compounds have previously
been shown to increase the melting temperature of the G-
quadruplex by 619 °C at 1 uM dye concentratiod?® Tp,
increases of 1812 °C were measured with the monomers
MOQ1-2 and MMQ1, whereas compound MOQO, lacking the
aminoalkyl side chains, showed no effect (Table 1). BOQL1, at
1 uM concentration in the standard fluorescefigeassay, gave
a+28°C stabilization of the quadruplex and is one of the most
potent compounds tested to date in this assay.

BlAcore Surface Plasmon Resonance ExperimentsA
more detailed study of the draddNA binding interaction was
performed by means of surface plasmon resonance, a powerful
%echnology to monitor molecular reactions in real time with the

arget immobilized on a sensor cHip® We have previously
used this technology to investigate the binding of a variety of
compounds to duplé&3! and quadruple®®™ DNAs. Three
oligonucleotides, including the human telomeric tetraplex G4

the response of the PM. Each Samp|e was prepared ina0.01M Hepe§equence, were |mm0b|l|zed |n dlffel’ent ﬂOW Ce||S on the same

buffer (pH 7.4, containing 0.2 M KCl and 0.15 M NacCl) at a constant
dye concentration of 13 M. A temperature of 20C was kept constant
with thermostated cell holders. Oligonucleotide 22AG was heated at
90 °C for 5 min in 0.01 M Hepes buffer containing 0.2 M KCI and
then cooled in ice in order to favor the intramolecular G4 conformation
by kinetic trapping. The 17-bp duplex was renatured following the
standard protocol.

(27) Alberti, P.; Hoarau, M.; Guittat, L.; Takasugi, M.; Arimondo, P. B.; Lacroix,
L.; Mills, M.; Teulade-Fichou, M.-P.; Vigneron, J.-P.; Lehn, J.-M.; Malilliet,
P.; Mergny, J.-L. I'Small molecule DNA and RNA binders: from synthesis
to nucleic acid complexe®emeunynck, M., Bailly, C., Wilson, W. D.,
Eds.; Wiley VCH: in press.

(28) Mills, M.; Arimondo, P.; Lacroix, L.; Garestier, T.; #Hme, C.; Klump, H.
H.; Mergny, J.-L.J. Mol. Biol. 1999 291, 1035-1054.

sensor chip, and a range of compound concentrations were
injected to monitor the interactions with DNA. Suitable blank
control injections with running buffer were also performed and
the resulting sensorgrams were subtracted from the compound
sensorgrams to obtain the final concentration-dependent graphs
(Figure 2).

The experimental conditions were optimized for each binding
reaction so that RU values could be obtained for each sensor-
gram in the steady-state region. Determination of binding

(29) Tyagi, S.; Kramer, F. RNat. Biotechnol1996 14, 303—308.

(30) Malmqvist, M.Nature 1993 361, 186-187.

(31) Carrasco, C.; Faconipiid.; Chisholm, J. D.; Van Vranken, D. L.; Wilson,
W. D.; Bailly, C. Nucleic Acids Res2002 30, 1774-1781.
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Figure 3. Scatchard binding plots/Cree VST) used to determine the affinity

constants for BOQ1€) and MOQ2 M) complexed with the tetraplex [A&

(TTAGs3)3). To construct these plots, RU values from the steady-state region

of the SPR sensorgrams presented in Figure 2 were converte@noles

of drug bound/moles of DNA hairpin) at each compound concentration in

Table 2. Binding Constants Determined by SPRa the flow solution. The lines in the figures are linear least-squares fits to the
- data with a model for two equivalent binding sites on the tetragfeand

0 500 1000 1500 2000 2500 3000 3500

Time (s)

Figure 2. SPR sensorgrams for binding of BOQL1 to the immobilized duplex
(CG) (upper panel) and the tetraplex [AGTAG3)3] (lower curve) in HBS-
EP/KCI buffer at 25°C. The concentration of the unbound ligand in the
flow solution varies from 1 nM in the bottom curve to 1M in the top
curve in each panel.

compound sequence Keg (M7Y) n stoichiometry values determined in this manner are collected in Table 2.
BOQ1 [AATT] 1.1x 100 2
[G4C]4 1152x £ g The equilibrium binding constant of BOQL1 for the two double-
MOQ2 ‘[?AATT] i1 >X< 10 1 strande_d sequences [AATT] and [C@ about 10 times weaker
[GCla 1.9x 10F 1-2 than with the tetraplex. In sharp contrast, compound MOQ2
G4 1.4x 10° 2 interacts with the duplexes and the tetraplex with roughly the
MMQ1 [éACTT] 4.7 x 18: 3 same affinity, and therefore it must be considered as nonselective
[G4 l g'%i 105 4_2 under these conditions. The third compound used in the SPR
study, MMQ1 with the two aromatic nitrogens on the opposite
~ @Experiments were performed at 2€ in HBS-EP buffer contain- side of the pentacyclic planar chromophore, presents a modest
g%ﬁszcMG?%cTchg Ai.?'%r(‘;f"dg(‘é”gé'g‘étggéﬁﬁrggché%jcaé)e’ gr(]g' selectivity for the tetraplex, with a binding constant to the G4
d([AGH(TTAG3)], designated [AATT], [GCJ, and G4, respectively. structure about 2 times higher than the equilibrium constants

measured with the duplexes (Table 2). This compound is also

constants from this experimental region eliminates mass transportless selective than BOQ1 and its binding affinity for the
associated problems with the surface. An important parametertelomeric sequence is 1 order of magnitude lower than that of
that arises naturally from the RU at saturation in SPR experi- BOQ1. In other words, linking of the MOQ subunits to give
ments is the binding stoichiometry, represented byntkalues ~ the macrocycle BOQ1 provides a compound with considerably
in Table 2. During the SPR titration, the increase of RU values improved affinity and selectivity for the quadruplex DNA
is directly proportional to the amount of drug bound to DNA sequence.
molecules immobilized on the sensor chAtprhe number of Fluorescence Spectroscopic Studiehe interaction of these
drug molecules interacting with the DNA target can be compounds with G4 DNA was also evaluated by monitoring
experimentally determined for each sequence. As indicated inthe spectroscopic properties of these molecules in the presence
Table 2, the telomeric G4 sequence was found to bind two or absence of a DNA quadruplex. Quinacridines are strongly
molecules of BOQ1l and MOQ2. The SPR results were fluorescent compound§;l”a property that is particularly useful
converted to Scatchard plots (Figure 3) and affinity constants for performing quantitative titrations. Although BOQ1 has a
were determined by linear fitting. Fitting of directyersusCee, quantum yield that is lower than that of the monomeric
plots with standard equations presented in the Materials andderivatives (MOQ2, MMQ1) as expected from a stacked dimeric
Methods section gave similar results (not shown). The binding structure'® the quantum vyield is sufficient for quantitative
plots shown in Figure 3 point to a highly preferential binding titrations. Binding of BOQ1 and MOQ2 to G4 DNA was
of BOQL1 to the telomeric tetraplex G4 sequence. The mono- monitored by recording the fluorescence variation induced by
meric compound MOQ2 binds more weakly to the quadruplex addition of gradual quantities of the 22AG oligonucleotide.
and it has similar affinities for the quadruplex and the duplex Titrations were performed in triplicate at high salt concentration
sequences. in order to stabilize the quadruplex and to reproduce the

The quantitative SPR results summarized in Table 2 provide experimental conditions used for SPR measurements. Finally,
strong evidence for a greater binding affinity of BOQ1 for the the spectral variations were analyzed by a nonlinear least-squares
human telomeric tetraplex structure compared to the duplex. fitting procedure®?
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Figure 4. (A) Fluorescence spectra of BOQ1 (QuM; Aexc 316 nm) 0 2 4 6 8 10
recorded at increasing concentration of oligonucleotide 22A. (B) Experi- R

mental @) and calculated titration curve obtained for the 1:2 stoichiometry;

R = DNA/ligand molar ratio. Figure 5. (A) Fluorescence spectra of MOQ2 (0uM; Aexc 360 nm)

recorded at increasing concentration of oligonucleotide 22A; DNA/
) ligand molar ratio. (B) Experimenta®) and calculated titration curves
A strong quenching (50%) of the fluorescence of BOQ1 was obtained for the 1:2 stoichiometry.

observed upon addition of increasing concentration of the human
G4 sequence (Figure 4A). These variations in the emission for the macrocycle, the difference in the affinities of the two
intensity reflect strong interactions between the macrocycle and compoundsKgooKmogz2 = 2.8) was not so pronounced as that
the quadruplex. An isoemissive point at 421 nm supports the observed by both the SPR measuremeis §/Kmvog2 = 8.6)
existence of only two species in equilibrium. The fitting curve and the dialysis experiments (see below). These differences are
(Figure 4B) indicates the formation of a 2:1 complex (two probably due to the difficulty of determining the very high
ligands for one G4) with two closely equivalent binding sites, binding constants of BOQ1 with its lower quantum yield and
as also observed in the SPR experiments (Figure 3). Calculationsmaller fluorescence changes on titration with DNA. Altogether,
of the affinity constant from the curve gave a value of (£0 these results point to the higher sensitivity of the SPR and
0.3) x 10" M~ per binding site, which also is in the same range dialysis methods for this system as well as the importance of
as that determined by SPR (see Table 2). The rather largeemploying various techniques to improve the precision of
uncertainty of the< is due to the low concentration of ligand  parameter estimates.
used for the titration that magnifies the problem of adsorption | jgand-Mediated Induction of G4 DNA. The ability of the
of the dye on the quartz cuvetttConversely, the addition of  ginenzophenanthroline to promote intermolecular G4 DNA
a 17-bp duplex to BOQ1 under the same conditions resulted in {5 :mation was investigated in an electrophoresis*&gthe Tr2
only a slight decrease of the fluorescence. The variation of the 54 Ox-1T oligonucleotides were incubated under conditions
signal was not sufficient to allow a quantitative analysis, but \here jittie quadruplex structure is obtained in the absence of
the comparison with the experiment of Figure 4 clearly 4 |igands (20C in a 100 mM KCI buffer). Adding increasing
demonstrates the preferential binding of the macrocycle to the amounts of MOQ1, MMQL, or BOQ1 (from 1 to 2M) to
G4 DNA structure. The selective binding of BOQ1 as exhibited 1 115 o Ox-1T oligonucleotides led to the progressive
by the fluorescence measurements is fully in line with the results appearance of a new band of slower mobility, corresponding
Obt?me,d from the SPR measurements. to the formation of a bimolecular quadruplex structti€This

Titration of MOQ2 with the quadruplex DNA caused a large g jjystrated at the top of Figure 6 and it can be seen that only
decrease in fluorescence intensity (90%, Figure 5A) with an o ey hand is obtained on addition of the ligand. Similar
Isoemissive point at 420 nm. The fitting Of_ the exp_enr_nent_al results were obtained for the other compounds. The quantifica-
data demonstrated the existence of two equivalent binding SiteSyon of the gels is shown in the lower part of Figure 6. As

. - - h o .

of high aﬁ'mty [K y 3'4 i .0'3) x 10° M~ (Figure SB). expected from their sequences, both oligonucleotides are prone
Although this value is significantly lower than that measured to quadruplex formation. BOQ1 efficiently promotes intermo-

1 0, -
(32) Binstead, R. A.; Zubefitter, A. D. Specfitversion 2.10Q Spectrum Software Ie_cular quaqupleX formation. . Up to 76% of th? Ox-1T
Associates: Chapel Hill, NC, 1993. oligonucleotide was converted into a quadruplex (Figure 6B).
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Figure 6. Drug-induced formation of intermolecular quadruplex DNA. The graphs show the G4 induction with (A) the Tr2 oligonucleotide and (B) the

Ox-1T sequence. Note the differencesyinaxis between the two graphs. Examples of representative nondenaturing gels are shown at the top of each panel

for BOQL1. Over 20 independent gels were performed to quantify the extent of quadruplex indumji®0Q1; (v) MOQ1; (@) MMQ1; (O) MOQO.

poly rA (19) [T T T rigorous competition dialysis procedure introduced by Ren and
= Chaires® In this method, different nucleic acid structures are
p;‘tlng; t:g} dialyzed against a common ligand solution. More ligand
msim; accumulates in the dialysis tube containing the structural form
22CT (13) ] with the highest ligand binding affinity. This is a simple method
polydC (12) ] g g . g p .
£ ds26 (11) to evaluate specificity toward quadrupleXés® As shown in
§°"’DT,1§‘,‘;$§'?5‘}3; Figure 7, BOQL1 displays a strong preference for binding to
s
b7

G-quadruplexes, with a slight preference for the parallel tetraplex
structure 24G20. BOQ1 binds strongly to 22AG, which corre-
sponds to the human telomeric G-rich motif, while little or no

Al binding to single strands is observed. The affinity for double
(;?'21 i:g:i 591-‘; : ] strands is lower than the affinity for quadruplexes or triplexes.
0 Py ey — Overall, these studies confirm that B_OQl binds preferentially

Bound dye (uM) to quadruplexes as compared to single- or double-stranded

Figure 7. Competition dialysis experiments with BOQ1. The amount of S,equences' The compound also binds re,asonab,ly Wel,l to the
drug bound to the various nucleic acid structures (Table 3) is shown as a tliple-stranded sequences, though the interaction with the
bar graph. The free ligand concentration in the experiment wad,land pyrimidine (T,C) motif is weak compared to that with the purine
the total concentration of each nucleic acid conformational form was 75 (G,T) and (G,A) motifs. These equilibrium dialysis measure-

uM (expressed in nucleotides, base pairs, triplet, or té¥yad@ihe stronger . -
binding to tetraplex relative to duplex sequences is easily seen in the ments nicely complement the SPR data to indicate that BOQ1

comparison (samples 14 and 15, solid bars). The compounds also binde€Xhibits a significant preference for the tetraplexes as opposed
relatively well to several triplex DNA sequences (sampled 2dotted bars). to the duplexes.
. . . Telomerase Inhibition. Once G4 stabilization and induction
In contrast, MOQO, which lacks the lateral aminoalkyl side was established for BOQ1, it was important to test whether the
chain, gave very little of the retarded band. These observationsmolecule inhibits telomerase activity in a modified TRAP
are in good agreement with the G4-stabilizing effects shown assay034 The assay clearly shows that BOQ1 is a potent
by other methods; the ligands that have significant G4 interac- inhibitor of telomerase with activity in the submicromolar range
tions efficiently promote quadruplex formation. The larger (ICso= 0.13uM, Figure 8). The compound is a weaker inhibitor
effects of the compounds on the Ox-1T oligonucleotide are due of Taq polymerization as shown by the disappearance of the
to the greater stability of the G4 structure with this sequence.
. . . . (33) (a) Ren, J. S.; Chaires, J. Biochemistry1999 38, 16067-16075. (b)
Competition Dialysis Experiments. The sequence and Rﬁn,a,;Chaires, J. B"'ﬁth‘)ds EnzymoR001, 340, 99-108. (c) Ren, J.;
Wi ; H indi Chaires, J. BJ. Am. Chem. SoQ00Q 122 424-425.
structural seleqtlvny of various different DNA binding age_nts 34) Krupp. G.. Kuhne. K. Tamm. S.: Kiapper, W.- Heidorn, K.: Rott, A
has been previously explored by use of a thermodynamically Parwaresch, RNucleic Acids Resl997, 25, 919-921.
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Table 3: Nucleic Acids Structures Used for Dialysis? DNA with its associated proteins is now recognized to play a
no. name type® (length) structure ¢ (M-t em?) variety of important cellular roles. It is also clear that the
1 TC triplex oligos (30+ 13) _ triplex 377 700 telomerase enzyme that produces telomere DNA is active in
2 GAtriplex oligos (30+ 13)  triplex 425000 many cancer cells as well as in several disease-causing parasitic
i SJ)}(réipAl()e')(Zpoly( - 8'(;?;5 (30t 13) ttrr'i‘;'lf;; 319322&? microorganisms. Inhibition of this enzyme, which is inactive
5 GA duplex oligo (24) “dupleXt 281500 in most normal human cells, could thus provide a selective
6 psduplex oligos (36-30) “duplex® 530 700 therapeutic strategy. Telomere DNA can form a number of
. SﬁﬁL%A_T)] pﬂiso (24) dlﬂ;gfﬂ 00 interesting structures, including quadruplexes composed of G4
9 poly[d(G-C)] poly duplex 16 800 tetrads? This structure is readily formed in vitro in the presence
ig dCst%NA %‘;i'go 26) dgﬁr'ﬁé‘x 1225222000 of cations such as Kand Na by G-rich strands such as the
12 poly(dC) poly i-DNA 7400 human -(TTAGGG) telomere repeat. Several studies now
13 22CT oligo (22) ss/i-DNA 193 700 indicate that driving the telomere G-strand into a quadruplex
ig giég‘o %'I'%%(éi)) %‘L 2223%56%% can result in inhibition of the telomerase enzyfiéldentifica-
16  poly(dT) poly single-str 8520 tion of classes of compounds that can selectively stabilize
ig Pg:yE?S)) Pg:y ng:g:zg gggg G-quadruplexes is an active research area that has importance
19 gog(rA) go@/ Sing|e_str 9800 for therapeutic development as well as for development of a

better understanding of DNA interactioHs.

aNineteen different nucleic acid structures were used (samples labeled Quadruplex DNA structure polymorphism leads to uncertain-
1-19, left column).? poly = polynucleotide; olige= oligonucleotide; oligos

= structure formed by the association of two different oligonucleotides. ti€S about the binding mode of compounds that target the
The length of the oligomer(s) is shown within parentheses. Polynucleotides quadruplex, making the rational design of G4-directed small
are >100 bases-long:For polynucleotides, the extinction coefficient (in molecules difficult. Although a relatively small number of
italic type) is given per base [for single strands and poly(dC)] base pair .

(for duplexes) or base triplets (for triplexes) as suggested by Ren and Mmolecules are currently known that selectively target telomere
Chaires® For oligonucleotides, the extinction coefficient corresponds to quadruplexes, analysis of their structures and consideration of
the oligonucleotide or the sum of the two different oligonucleotides (TC, : . _
GA, and GT triplexes and parallel duplex) for the unfolded species, macrocycle-DNA m_teractlons strongly suggested that macro
according to the manufacturer (Eurogentec, Belgiutiihese three duplexes  cycles could selectively target quadruplexes. Such compounds

involve the for_mation of n_onclassical base pair22CT may form an i-DNA are more similar in size to the G-quartet than classical
structure but is mainly single-stranded at Zn intercalators (Figure 1). As a first step in the analysis of the
interaction of macrocyclic compounds with quadruplexes, the
ability of BOQL1 to raise thél, of a labeled quadruplex was
evaluated in a FRET-based assay. FRET melting experiments
have been extensively validated for rapid, qualitative identifica-
tion of compounds as G4 binding agettd1924In the FRET
assay, the charged monomers in Figure 1 stabilize a quadruplex
based on the human telomere sequence byl1P0°C. The
macrocycle BOQ1, which is directly related to the monomer
s : structures, stabilizes the DNA by a much larger °Z8 This

result clearly shows that the macrocycle is one of the strongest
G4-stabilizing agents discovered to date.

Multiple DNA competition dialysis is a method, recently
developed by the Chaires’ laboraté#to compare binding of
compounds to a broad panel of DNAs and RNAs for rapid
evaluation of binding sequence and structural specificity. A
strong interaction of the macrocycle with G4 structures and weak
interaction with all single-stranded and duplex DNAs is easily
visualized from the results of this assay (Figure 7). Binding to
: duplex natural DNAs as well as synthetic polymers composed
i < I1TAS completely of either AT or GC is significantly weaker than for
Figure 8. Telomerase inhibition by BOQ1. The gel shows the effect of the tW_O G4 structures Incmd?d in the as.say' The macrocycle
increasing concentrations of compound BOQ1 on telomerase activity. High &/SO binds strongly to some triplex DNAs including theAfT
concentrations (310 «M) of the macrocycle lead to the disappearance of triplex where the bases are completely different than with the
a"| PCR qf%%ueﬁtiss- :ftfeigigam%zteogﬁg%eg;fﬁioﬁeﬁﬁgt’;"r)]d%r;g(this) " G4 quadruplexes. Since triplex DNA structures are not major
Eﬁd?g?éz.??esults fora healt-inath)ivated extract are shown in the right lane. _componen'_[s of Cel_lma_‘r D_NA’_ t”pl_ex interactions should not

interfere with G4 binding in biological systems. These results

internal PCR standard (ITAS) band aroundNI. The ICs for with DNAs of quite different base composition suggest that the

the internal standard was determined to be /@\8 for Tag, stacking ability, rather than direct base interactions, of the
significantly higher than the 1§ against telomerase. macrocycle is the key feature responsible for its selectivity with
quadruplex and triplex DNA structures.
The binding affinity and stoichiometry of the macrocycle to
As described in the Introduction, in addition to its well-known quadruplex and duplex DNAs has been evaluated with more
roles in protecting the ends of chromosomal DNA, telomere detailed studies by biosensor-SPR and fluorescence titration

BOQ1

Telomerase inactivated

Control

21 030201005003

Telomerase ladder
A

Discussion
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methods. Values for stoichiometry arise naturally from the SPR phobic interactions. It should also be noted that the semiclosed
results through analysis of the maximum RU values observed conformation of BOQ1, which has the two quinacridine units
as saturating concentrations of the compound with the targetheld in a parallel orientation (Figure 1), is similar to the dimers
DNA sequence are approached. The SPR results indicate twoformed by minor-groove binders such as distamycin and related
essentially equivalent binding sites for the macrocycle with derivatives. Therefore, possible binding of the semiclosed form
quadruplexes based on the human telomere (Figure 3), andof BOQ1 in the grooves of the G4 DNA should also be
fitting of fluorescence titration results also agrees with two sites cgonsidered as an alternative or additional possibility to the end-
per quadruplex. Both SPR and fluorescence results predict astacking mode observed for most planar aromatic compounds.
BOQ1 binding constant of YOM~* or larger for the human ¢ would appear then that molecular flexibility may play a key
quadruplex sequence. Binding constants for duplex sequencesge in the G4 binding specificity of BOQL. It is possible that
are at least 10 times lower as suggested by the competitiony,g fiexipility of the macrocycle as well as the internal mobility

dialysis c%mpansons. BOIIndIPg consftalnésl for th? mohnorr:ler cont(;tzl of G4 DNA allows the two partners to assemble in an unusual
compounds are around a factor o ower for the human complex structure in which the specificity might originate.

sequence than for BOQ1 (Figure 3). The monomers and the . f . Il indi hat th
macrocycle have similar binding constants with duplex DNAs, In summary, a variety of experiments all indicate that the

however, and the macrocycle thus has much greater quadruplenacrocycle BOQ1 binds significantly more strongly to qua-
binding specificity. druplexes than to duplexes and more strongly to the quadruplex

The two strong and equivalent binding sites for the macro- than the monomer compounds. Although this is of fundamental
cycle are consistent with the quadruplex tetrad stack, with two interest for understanding molecular interactions of quadru-
ends available for stacking interactions. The observation is Plexes, design of G4 targeting compounds is of particular interest
unusual for G4 binding compounds, however. Most compounds for their potential to inhibit telomerase and cancer progression.
discovered to date that target quadruplexes either stack on onlyA number of small ligands have been discovered to inhibit the
one end of the structure or stack much more strongly on one function of telomerase by stabilizing G4 DNA structufes?
end than the othéf NMR studies of interstrand quadruplexes These ligands appear to function by locking a telomeric G-strand
based on the human (TTAGG{Xequence, however, indicate into a folded conformation that cannot be extended by telom-
that a methylacridinium compound can also stack well at both erase. BOQ1 was evaluated in a TRAP assay to determine its
ends of the G4 structuré! Similar studies with perylene-based ability, relative to other compounds, to inhibit telomerase. The
G4 binding compounds indicate that they prefer to stack at the excellent 1G for telomerase inhibition by BOQ1 (0.18M) is
GT quadruplex terminu¥P15These results suggest that both  in the range expected from its binding constaat( 10" M~2).
ends of the quadruplex are potential sites for stacking of large It is clear that macrocycles represent an exciting new develop-
aromatic cations and the macrocycle is able to bind simulta- ment opportunity for targeting DNA quadruplexes.
neously and strongly to both. This may be a feature of the type
and shape of ring system present in the compounds in Figure Acknowledgment. This paper is dedicated to the memory of
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