“Acridine and quindoline oligomers linked through a 4-aminoproline backbone prefer G-
guadruplex structures” Ferreira, R., Artali, R., Farrera-Sinfreu, J., Albericio, F., Royo, M.,
Eritja, R., Mazzini, S. Biochim. Biophys Acta, 181(B), 769-776 (2011).

doi: 10.1016/j.bbagen.2011.04.013

Acridine and quindoline oligomers linked through a4-aminoproline backbone

prefer G-quadruplex structures

Rubén Ferreira®, Roberto Artali®, Josep Farrera-Sinfrelf, Fernando Albericio®, Miriam
Royd®, Ramon Eritja®", Stefania Mazzinf"".

4nstitute for Research in Biomedicine, IQAC-CSICJBER-BBN Networking Centre on
Bioengineering, Biomaterials and Nanomedicine, Baldeixac 10, E-08028 Barcelona, Spain.
(Email: ruben.ferreira@irbbarcelona.omgcgma@cid.csic.gs

bFaculty of Pharmacy, Istituto di Chimica Farmacea# Tossicologica “Pietro Pratesi”, Universita
degli Studi di Milano, Via Mangiagalli, 251-2013Blilano, Italy, (Email:roberto.artali@unimi.jt

“Combinatorial Chemistry Unit, Barcelona SciencekPa&IBER-BBN Networking Centre on
Bioengineering, Biomaterials and Nanomedicine, Baldeixac 10, E-08028 Barcelona, Spain.
(Email: mroyo@pcb.ub.cat

Ynstitute for Research in Biomedicine, UniversifyBarcelona, CIBER-BBN Networking Centre
on Bioengineering, Biomaterials and NanomedicingldBi Reixac 10, E-08028 Barcelona, Spain.
(Email: albericio@irbbarcelona.oyg

°Dipartimento di Scienze Molecolari Agroalimentauiniversita degli Studi di Milano, via Celoria
2, 20133 Milano, Italy, (Emaiktefania.mazzini@unimi.jt

Corresponding author:

Dr. Stefania Mazzini

Dipartimento di Scienze Molecolari Agroalimentari
Universita degli Studi di Milano

via Celoria 2, 20133 Milano, Italy

Tel.: 0039 02 50316824

Fax: 0039 02 50316801

Email: stefania.mazzini@ unimi.it




Abstract

Background DNA-intercalating drugs are planar molecules vadveral fused aromatic rings that
form stacks between DNA base pairs, reducing theniog and unwinding of the double helix.
Recently, interest on intercalating agents has havehe search for new ligands to G-quadruplex
structures.

Methods The DNA binding properties of 4-aminoproline aligers functionalized with one, two or
three units of acridine and/or quindoline have besralyzed by competitive dialysis. A
NMR/molecular dynamics study was performed on Gdauplex telomeric sequence and the 4-
aminoproline dimer carrying two quindolines. A mbaé the complex with the telomeric DNA
guadruplex is described.

Results and conclusiona selectivity of quindoline 4-aminoproline oligars for G-quadruplex
and triplex structures was observed, especiallytfose quadruplex sequences found in telomeres
and in the promoter regions of c-myc and bcl-2 geoes. In this model the quindoline dimer is
stabilized byr—r stacking interactions between the aromatic rirfgb® ligand and the nucleobases
of the telomeric sequence that are located aboddealow the molecule.

General significanceThe results of this work can be used for the gilesif new molecules with

high affinity to telomeres which may have anticanu®perties.
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1. Introduction

DNA-intercalating drugs are planar molecules forrhgdseveral fused aromatic rings that form
stacks between DNA base pairs, thus reducing teaing and unwinding of the double helix. Each
intercalating drug binds strongly to particular égmirs due to several interactions, ranging from
van der Waals interactions to the formation of lbg#m bonds with adjacent nucleobases [1, 2].
The selectivity of intercalating drugs may be immd by linking several intercalating units.
Various authors have described the synthesis of drigris-intercalating drugs with promising
activity and selectivity [3, 4].

Recently, interest on intercalating agents has whawethe search for new ligands to G-
quadruplex structures [5]. This structure motifdemed by the planar association of four guanines

in a cyclic Hoosgsteen hydrogen bonding tetrad. M@warich sequences are able to form G-



guadruplex structures which have been found inmeles [6] and in transcriptional regulatory
regions of important oncogenes suchcasy¢ andc-kit, [7, 8]. Ligands that selectively bind and
stabilize these structures have become intereatiigancer drugs [9]. G-quadruplex stabilization
occurs in most of the cases oyt stacking and electrostatic interaction. G-quadrapigands are
normally planar aromatic molecules that are pranstacking with G-tetrads [10]. Some of them
are also positively charged or have hydrophilicugto favour electrostatic interaction [11].

In previous papers we have described the preparaticsequence specific oligomers of
DNA-intercalating drugs using protocols based olidgghase synthesis in an attempt to facilitate
the preparation of compounds with improved DNA-mgdselectivity [12, 13]. The preparation of
several acridine oligomers linked through 2-amihglgflycine units by solid-phase synthesis
protocols was also described [14]. These compowhdsv a clear affinity for several DNA G-
guadruplex structures. Here we describe the DNAlibop properties of a complete series of 4-
aminoproline oligomers carrying up to three units arridine and quindoline molecules.
Competitive dialysis experiments show a very hiffiméy of quindoline 4-aminoproline oligomers
for G-quadruplex especially those quadruplex sege®riound in the promoter regions @myc
[15] andbcl-2 [16, 17] oncogenes. A detailed NMR / moleculgnamics study was performed on
G-quadruplex telomeric sequence and the dimer glimetquindoline which is the oligomer with
higher affinity for quadruplexes. A model of thengalex that explains the affinity of the quindoline
dimer with the DNA quadruplex is described.

2. Materials and Methods

2.1. Compounds

(1) Acridine-9-carboxylic acid, (2) 2-(acridine-9-carboxamide) acetic acid3) 10H-

Indolo[3,2b]quinoline-11-carboxylic acid,(4) 2-(10H-Indolo[3,2b]quinoline-11-carboxamide)
acetic acid and(5-18) acridine and quindoline 4-aminoproline backbonegmhers were

synthesized according to published procedures Tt8ir formulas are shown in Fig. 1.

2.2. Oligonucleotide Synthesis.

All the standard phosphoroamidites and reagent®fA synthesis were purchased from Applied
Biosystems and from Link Technologies. The syntheéithe oligonucleotides was performed at 1
pumol scale on an Applied Biosystem DNA/RNA 3400 thgsizer by solid-phase 2-
cyanoethylphosphoroamidite chemistry. The followseguences were prepared: T20: d(5'-TTT
TTTTTT TTT TTT TTT TT-3’), 24bclc: d(5'-CCC GCC CC TTC CTC CCG CGC CCG-3)), 6-




mer: d(5-CGA TGC-3’), Dickerson: d(5-CGC GAA TTGCG-3’), ds26: d(5-CAA TCG GAT
CGA ATT CGA TCC GAT TG-3'), GA triplex : d(5-GAA A GAG GAG GCC TTT TTG
GAG GAG AAG-3) + d(5-CCT CCT CTC TTT C-3), TC iplex: d(5- CCT CCT CTC TTT
CCCTTT TTC TTT CTC TCC TCC-3) + d(5- GAA AGA GAGAG G-3), TGAT: d(5-TGG
GGT-3’), TBA: d(5’- GGT TGG TGT GGT TGG-3'), HT24d(5'- TAG GGT TAG GGT TAG
GGT TAG GGT-3'), T2AG3: d(5-TTA GGG-3’), 24hcl: 8(- CGG GCG CGG GAG GAA GGG
GGC GGG-3'), cmyc: d(5'- GGG GAG GGT GGG GAG GGT G&AA GGT GGG G-3)). The
resulting oligonucleotides were purified by HPLCdadesalted in a Sephadex (NAP-10) G25

column.

2.3. Competitive Dialysis Assays.

A total 200 mL of the dialysate solution containihgM compound was used for each
competition dialysis assay. A volume of 100 1pL %QuM monomeric unit of each of
oligonucleotide sequence was placed in dialysid. uddtassium phosphate buffer containing
185mM NacCl, 185mM KCI, 2mM NajP0O4, 1mM NaEDTA and 6mM NaHPO, at pH 7 was
used for all experiments.

The samples were allowed to equilibrate with camdims stirring at room temperature
overnight. Dialysis samples were removed to an B@p#d tube. In order to measure the compound
entered in the dialysis unit, dialysis samples weggraded to liberate the derivate as described
previously [14].

Finally, the fluorescence of each samples was med$itx andie,, Were set to 252 and 435 nm in

acridine derivates and 276 and 500 nm in quindaler@vates) and normalized for each compound.

2.4 NMR Spectroscopy

The NMR spectra were recorded Byuker AV-600 spectrometer operating at a frequency
of 600.10 MHz for*H. H spectra were recorded at variable temperaturgirrgrirom 5°C to 75°C.
'H chemical shifts §) were measured in ppm and referentedxternal DSS (2,2-dimethyl-2-
silapentane-5-sulfonate sodium salt) set at 0.00. gpstimated accuracy for protons is within 0.02
ppm.

The samples for NMR measurements were dissaivé00 pl HO/D,O (9:1) containing 25 mM
KH,PQ,, 150 mM KCIl and 1 mM EDTA (pH 6.7) for the quadiex d(5-TTA GGG-3’), and
containing 10 mM KHPQ,, 70 mM KCI and 0.2 mM EDTA (pH 7.0) for the doubielix d(5'-
CGA TCG-3). The final concentration of the oligonucleotiddusions ranged between 0.6-0.7



mM. A stock solution oP and3 was prepared in DMSOsét the concentration of 6 and 12.5 mM,
respectively.

NMR titration was performed by adding increasingoamts of drugs to the oligonucleotides
solution at R= [ligand]/[DNA] ratio from O to 0.7&fter this value the drug precipitates) $oand
from O to 3.0 for3.

Standard homonuclear 2D-NMR experiments were pedrto assign the resonances of
the complexes, including DQF-COSY, TOCSY and NOHS, 19]. The mixing times were set at
150 ms and 300 ms for NOESY and 60 ms for TOCSY. gammples in bD, the excitation
sculpting sequences from standard Bruker pulseranodjbraries were employed.

Typically, 2048 x 1024 data points were acquiredgid PPl and transformed to a final 4K
x 4K real data matrix after apodisation with a @@t 90°-shifted sine-bell squared function in f2-
and fl1-domain, respectively. Baseline correctios aehieved by a 5th-degree polynomial function.

The sequential assignments in free and bound aligjentides were performed by applying
well established procedures for the analysis obtostranded and quadruplex structures.

The program Sparky [20] was used to assign the NO&8ss-peaks. The d(5’-TTA GGG-3'and
d(5’-CGAT CG-3', NMR spectra were previously assigned [21, 22].

2.5 Molecular Modelling

The structure of compounfl was built using a Silicon Graphics 4D35GT workistat
running the Insight Il and Discover software andsvggnerated using standard bond lengths and
angles. Molecular mechanics (MM) and molecular dyieca (MD) was carried out using both
CVFF and AMBER forcefield Molecular docking experiments were performed onAgple®
QuadXeon MacPro workstation with Autodock 4.0. Tkisftware uses an empirical scoring
function based on the free energy of binding [2&]. Among the stochastic search algorithms
offered by the Autodock suite, we chose the LamarciGenetic Algorithm (LGA) which combines
global search (Genetic Algorithm alone) to locakrsé (Solis and Wets algorithm [25]). Genetic
algorithms are based on the evolutionary concepthiith the solution to an adaptive problem is
spread among a genetic pool. In molecular dockimg,'solution’ corresponds to the best binding
position for the ligand, and it is represented bychromosome’ file containing translation,
orientation, and torsion ‘genes’. Basically, a ganelgorithm creates a randomly placed population
of individuals (ligands) and then applies cyclegenetic operators (mutation and crossover) giving
rise to new generations until a suitable solut®md¢hieved. The ‘solutions’ are evaluated through
their free energy of binding and (f6) looking at their agreement with the NOE data. Shaall

molecule compounds3(and 9) and the quadruplex (obtained from Protein DatankBa



[http://Iwww.rcsb.org], PDB code 1NP9) were processsing the Autodock Tool Kit (ADT) [26].
Gasteiger—Marsili charges [27] were loaded on thalsmolecules in ADT and Cornell parameters
were used for the phosphorous atoms in the DNAvedioin parameters were added to the final
macromolecule structure using Addsol utility of Adock. Each docking consisted of an initial
population of 50 randomly placed individuals, a maxm number of 200 energy evaluations, a
mutation rate of 0.02, a crossover rate of 0.86,amelitism value of 1. For the local search,dbe
called pseudo-Solis and Wets algorithm was appigdg a maximum of 250 iterations per local
search. The probability of performing local seaochan individual in the population was 0.06 and
the maximum number of consecutive failures befaebting or halving the local step size was 4.
Fifty independent docking runs were carried outdach ligand. The grid maps representing the
system in the actual docking process were calaltaith Autogrid. The grids (one for each atom
type in the ligand, plus one for electrostatic liattions) were chosen to be sufficiently large to
include the entire width of the DNA fragment in whithe original inhibitor was posed, together
with a portion of minor and major grooves. The gien intermolecular energy function based on
the Weiner force field in Autodock was used to scitre docking results. Results differing by less
than 1.0 A in positional root-mean-square deviationsd) were clustered together and represented
by the result with the most favourable free enesfipinding. Since we could not use rmsd as the
only accuracy criterion, we opted for a more sulbjecyet more representative criterion, which was
to classify the resulting binding mode by consiseewith the NOE results and visual inspection as
intercalation, minor groove binding, or others (aragroove binding, interaction with phosphate

groups and so on).

Results and discussion

3.1. Competitive Dialysis Studies

To evaluate the selectivity and the affinity ofidore and quindoline derivates for different DNA
structures, we performed a competive dialysis erpart using 11 nucleic acid structures [14].

As models for single stranded structures we use@l artl 24bclc. As duplexes we used the self-
complementary sequences Dickerson-Drew dodecamekgiBon) and a 26 mer (ds26). A parallel
triplex (TC triplex) and an antiparallel triplex AQriplex) were also prepared by mixing a hairpin
Watson-Crick sequence and the corresponding trfaaxring sequence. Finally, the following G-
guadruplex sequences were prepared: the tetrantaieparallel G-quadruplex T [28], the

antiparallel thrombin-binding aptamer (TBA) [29%et human telomere sequence (HT24) [30], and



the promoter sequences of c-myc (cmyc) [15] anekbi@4bcl) [16, 17]. The amount of the bound
ligand was directly proportional to the binding stant for each DNA structure [31, 32].

Fig. 2 displays the oligonucleotide affinity forabacompound. Fig. 2A showed the results for
acridine derivateqd, 2, 5, 6 and7. Acridine-9-carboxylicl interacts only with duplex ds26, the
derivate2 with a glycine residue, induced a change in thHaigf showing a slight quadruplex
preference, in particular for cmyc and 24bcl. Or ttontrary, the acridine 4-aminoproline
oligomers5, 6 and7 only interacts with quadruplex structures.

Fig. 2B shows that quindoline-11-carboxylic a@d quindoline-11-carboxamide acetic acid
monomer8 and trimerl0 derivatives do not present any selectivity. THenay and selectivity for
the quadruplex structures increases up in the dédn&he oligonucleotide affinity and selectivity
drop down in the mixed dimetkl and12 (Fig. 2C). No selectivity and affinity improvemeate

observed for the mixed trimet8-18 (Fig. 2D) compared with the mixed dimers.
3.2.'H NMR experiments and molecular modeling on S8(T2AG3),] complex

On the basis of dialysis studies compo@mdemonstrated the higher affinity and selectivay the
quadruplex structures studied in this work. In orttestudy in depth this binding, compoufd
which had the higher affinity for quadruplex sturets, was titrated into a solution of quadruplex
model (T2AG3) contained in the human telomere sequence and e$dting mixtures were
analyzed by'"H-NMR. T2AG3 is short model sequence contained 24 oligonucleotide. This
oligonucleotide has been used previously for NMRrahterization of drug binding on telomeric
DNA sequences [33]. The short oligonucleotide hanae simple NMR spectrum than HT24
sequence facilitating the study of the interactiohthe drug with the DNA sequence.

We performed competitive dialysis experiments witbmpound 9 including the T2AG3
oligonucleotide (Figure 1S supplementary sectidhg affinity of compoun® for HT24 is slightly
higher than T2AG3 but it is in the range of thethadfinity group that includes quadruplex forming
oligonucleotide: HT24, cmyc and 24bcl sequences

Moreover, the buffer conditions used in the conipetidialysis experiments are not appropriate for
NMR studies as the salt concentration is too higRIR experiments were performed in 25 mM
KH,PQO, 150 mM KCI and 1 mM EDTA. Competitive dialysispetiments for quindoline dimer,
9, in both (dialysis and NMR) buffer conditions aneluded in the supplementary section (Figure
1S). There are small changes but essentially thive affinities are similar in both buffer

conditions.



The spectra in pD showed three signals, in the region of 11-12 ppelonging to Hoogsteen-
bound guanine imino proton of the G quartets (B)g. The addition 09 to the quadruplex solution
till a ratio R= PJ/[(T2AG3)4]=0.75 basically didn’t change the imino protonaesnces but causes
the appearance of two new down field signals (4fp&) belonging to a bound species in low
chemical exchange. Unfortunately the very low bidity of 9 in water precluded to continue the
titration experiment. The non-exchangeable protnthe oligonucleotide showed the appearance
of two new signals at 7.80 and 7.26 ppm, belongintihe drug, together with a signal at 8.40 ppm
attributed to H8A3 in the bound species (Fig. 18he spectrum of th@ without oligonucleotide,
because of the high symmetry of the molecule shawyl4 signals on the aromatic protons region
(Fig. 2S).

Despite this, NOESY spectra werguaed atR = [9)/[(T2AG3),4] = 0.5 and 0.75 that
revealed few but significant contacts®fvith T2, A3, G4, G5 and G6 protons indicating ading
to the quadruplex. Some examples are reportedgn4-and Table 1 lists the NOE data and the
distances values of the final structure obtainedy. All the protons of the bound species were
attributed and the assignments are reported ineTabl

A slight stabilization of the complex was provedaynelting experiment that resulted in an
increase of the melting temperature, (jTin comparison with the free oligonucleotide (F39.

The dimer structure d® was built using the fragment library in Insightahd Discover.
Each fragment was optimized by conjugate algoritand the resulting monomer was also
optimized. The dimer was built by joining two moners and the final structure was optimized
once more. Analysis of the resulting geometriexeaéad that the energetically most favorable
conformation was that in which the two aromatiogsradopt a folded structure (Fig. 6) with a
angle between aromatic systems around 60°, shoavtrggack arrangement.

The so-derived structure was then used as a gfgstimt to study its interaction with the
guadruplex by using a molecular docking experimBetause of the interaction between the dimer
structure o and the quadruplex, all the conformation of thaeli obtained by molecular docking
were found to be different than the structure presiy optimized and used as a starting point in the
calculation. Moreover, none &quadruplex complexes resulting from the calcufatias shown
the ability of the9 molecule to intercalate within the quadruplex,aioly due to steric hindrance
caused by the large size of the dimer.

The analysis of the best solution obtained fromeauoolar docking shows that the dimer
molecule binds externally on the two opposite sioliethe same strand, stabilized oyt stacking
interactions between the two aromatic rings of theer and the aromatic systems of the

nucleotides, clamping one strand of the quadrufder fig. 7). By adopting this conformation, the



ligand is able to interact with T2, A3, G4 and (G5various strands, a situation which leads to a
significant stabilization of the complex in accarglithe melting experiment. The complex is further
stabilized by the presence of a strong hydrogerd dmiween the ligand amide nitrogen and the
OP2 oxygen belonging to G4, at a distance of 2.25A.

The goodness of this conformation wasiomed by NOE data with the distance calculated
on the basis of the modeling obtained (Table 1).

We built the model of compourddand the quadruplex. It was energy-minimized and
subjected to a restrained molecular dynamics catlicuis (MD). The resulting structure was used to
obtain a prediction for the complex with the quaudiex structure, using again a molecular docking
experiment. Unlike the previous case, the compdibhdhaves as a true intercalating agent, fitting
completely within the quadruplex, in the pocketetn the A3 and G4 units belonging to the four
strands (fig. 8). These results agree with theraution between 5-N-Methyl quindoline derivatives
and the same quadruplex structure already desdrikthé literature [33, 34].

The resulting complex is only stabilized tyrt stacking interactions between the aromatic ring of
the ligand and the rings of bases that are locaibede and below the molecule. The ability of 3he
to fit within the quadruplex, and then to behave dsie intercalating agent, indirectly proves what
has been stated before, namely that in the cageeafimer9, this possibility is precluded only by

steric factors and not by structural and/or elegtraharacteristics of the molecule

3.3.'H NMR Experiments on th&]f[d(5-CGA TCG-3'),] complex

The increase in the line broadenaigthe resonances of NHGs, NHA3T4 imino,
aromatic and anomeric protons can easily be folklbaering the titration experiments wifh as
shown in Fig. 9. The imino proton NHG;s is difficult to monitor because of the fraying whi
involve the base pairs terminal ends. A slight Isliig at maximum of 0.09 ppm was shown for the
aromatic protons. The protons were attributed tedassignments are reported in Table 2. The
addition of9 into double stranded oligonucleotide producesreer®ized line broadening. Thi
NOESY spectra of the complex withsuggest, even with few number of NOEs interactidhs,
binding at the level of G2, C5 bases (H8G2/Har, ibHG6C5/Har).

The same titration experiment perfedmvith3 shows no line broadening of imino proton
resonances and no chemical shift variations (F&).SBipporting Information) even at hig8] [/
[d(5-CGA TCG-3')] ratio. These observations suggest that compd@&iddes not interact with
short double helix oligonucleotides as it was atsofirmed by 2D NOESY experiments which

don’t show any contact points between drug andaligleotide.

Conclusions



In summary we have used competitive dialysis expenis in order to determine the DNA
binding properties of a complete series of 4-amialdpe oligomers carrying up to three units of
acridine and quindoline molecule. A high selecyivt quindoline 4-aminoproline oligomers for G-
quadruplex and triplex structures was observedec8eity for quadruplex was also found for some
acridine oligomers but the affinity was lower comgzhwith quindoline oligomers. The affinity of
acridine 4-aminoproline oligomers was similar te #ffinity described for acridine oligomers built
on the 2-aminoethylglycine backbone [14] indicatihgt both backbones provide similar DNA-
binding properties to the resulting oligomers.

A detailed NMR / molecular dynamics study on G-quigtex telomeric sequence and the 4-
aminoproline dimer carrying two quindolines showe teasons of the affinity of the quindoline
dimer with the telomeric DNA quadruplex. First throst stable conformation of the quindoline
dimer alone adopts a structure in which the tworatic rings stack with an angle around 60°. This
structure fits on the quadruplex clamping one stsagnd the complex is stabilized foyt stacking
interactions between the aromatic rings of thendgand the nucleobases of the telomeric sequence
that are located above and below the molecule.rédglts of this work and specially the model of
the complex can be used for the design of new mtdeavith high affinity to telomeres which may

have anticancer properties.
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Table 1. Intermolecular NOE interactions and inter-protostainces (A) for the complex 6fwith

(T2AG3)?

9 d(TTAGGG), d°

H (7.80 ppm) 1-H As 4.60 |
8-H G 5.06 Il

2-H G 5.20 II

2““H G 4.38 1l

3-H Gs 5.61 Il

A-H Gs 3.58 |

A-H Gg 4.95 |

CH: T, 2.86 |

H(7.26 ppm)| 1-H A 3.921I
1-H As 5.18 |

CH3 T 3.75 1

Distance violations (>0.3A)

& Acquired at 25°C, pD-D,O (90:10 v/v), pH
6.7, 25 mM KHBPQ,, 150 mM KCl and 1 mM
EDTA. 2’-H and 2"-H stand for low field and
up field proton, respectively.

b Obtained from the best structures of the
complex resulting from the molecular docking
studies. The distances are referred to theGs

also in different strands (I and II).
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Table 2 'H chemical shift values for the complexes d(5’-TG&G-3")? and d(5’-CGA TCG-

3" with 9.

Protons (TTAGGG)4/9 Protons (CGATCG)/9

NH G4 11.60 NHGGs n.d.

NH G5 11.20 NHGCs 12.92

NH G6 10.51 NHAT,4 13.66

6H T1 7.40 NHC; 8.28, 7.07

6H T2 7.29 NH Cs 8.63, 7.07

8H A3 8.42 6H G 7.67

2H A3 8.05 8H G 8.03

8H G4 7.76 8H A 8.34

8H G5 7.48 2H A 7.93

8H G6 7.34 8H G 8.00

CHs T 1.67 6H T, 7.25

CHs T> 1.75 6H G 7.53

ITHT1 5.99 5H G 6.00

1THT2 6.22 5H G 5.70

1'H A3 6.24 CHT, 1.45

1'H G4 6.00 1'HG 5.76

1'H G5 6.00 ITHG 5.91

1'H G6 6.09 ITHA 6.36

227H T, 2.33, 2.08 IHT 6.00

227H T, 2.33, 2.03 IHG 5.77

22’H A3 2.85, 2.85 IHG 6.20

22’H G4 2.80, 2.56 22"H G 2.45, 1.93

22"H G5 2.86, 2.69 227H G 2.89, 2.78

22"H Gg 2.83, 2.60 227H A 3.02, 2.75

3HT; 4.65 22"H T, 2.48, 2.07

3HT; 4.72 2'2"H Cs 2.40, 2.08

3'H A3 5.08 2'2"H Gg 2.68, 2.41

3'H G4 4.98 3HG 4.63

3'H Gs 5.02 3HG 5.04

3'H Gg 4.85 3HA 5.07

4H T, 3.98 SHT, 5.08

4H T, 4.05 3HG 4.86

4'H A3 4.44 3HG 4.72

4H Gy 4.49 4H G 4.17

4'H Gs 4.30 4H G n.d.

4'H Gg 4.47 4H A 4.53
5'5"H C1 4.02
55"H G, 4.02, 4.02
55"H Cs 4.20, 4.17
55"H Gg 4.12, 4.06
55"H A3 4.28,4.14
55"H T4 4.34, 4.22

*Measured at 25°C in pprd)(and referenced from external DSSCH D,O

(90:10 v/v), pH 6.7, 25 mM KpPQs, 150 mM KCl and 1 mM EDTAPMeasured
at 15°C in ppmd) and referenced from external DSS. Solves®HD,O (90:10 v/v);
pH 6.7, R =9]/[DNA] =1.
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FIGURES

Fig. 1: Structure of the acridine and quindoline\dees.

R H
\ N
900 $
>
) )
N
1: R= COOH 3: R=COOH
2 R= CONHCHCOOH 4: R= CONHCHCOOH

Rl Rq
11: R,= Acridine, R= Quindoline 13: Ri= Acridine, R= Acridine, R= Quindoline
12: Ry= Quindoline, R= Acridine 14 R.= Acridine, R= Quindoline, R=Acridine

1:5”;= Quindoline, B= Acridine, R= Acridine
16. R;= Acridine, R= Quindoline, R= Quindoline
17 Ri= Quindoline, B= Quindoline, B= Acridine

18R;= Quindoline, B= Acridina, R= Quindoline
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Fig. 2. Results obtained by the competitive dialyssay. The amount of ligand (Figure 1) bound to

each DNA structure is shown as a bar graph. Theermuacid names are given on the left, and

structures are described in material and methoiibsed he values are normalized for each

compound. A) acridine derivatives: monom#rg, 5, acridine dime6 and acridine trimer. B)
quindoline derivatives: monome3s4, 8, quindoline dime® and quindoline trimet0. C) dimers

carrying acridine and quindolirfel, 12. D) trimers carrying acridine and quindolihg-18.
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Fig. 3. Low field region ofH NMR spectra of (T2AG3) 9 complex in HO, 25 mM KHPO;, 150
mM KCI, 1 mM EDTA (pH 6.7), 25°C at different R ][/ [(T2AG3),]. The resonances belonging

to the bound species are indicated by an asterisk.

1 n n
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Fig. 4. 2D NOESY spectrum of (T2AG3)9 complex at R = 9J/[(T2AG3),]=0.75, 25 mM
KH2PQ,, 150 mM KCI and 1 mM EDTA (pH 6.7) at 25°C. Intaad inter residues interactions
were shown. Extra aromatic protons 8fand (T2AG3) contacts were observed with: (a) £71,
(b) H2'G5, (c) H2'G4 (d) CHT2.
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Fig. 5: Thermal denaturation of the parallel (T2AG8uadruplex structure (25 mM KRGO, 150
mM KCI and 1 mM EDTA, pH 6.7). On the left is showe spectrum of DNA alone and on the

right the spectrum of the complex wih

T=60C
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L -
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D -
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Fig. 6:Energy minimized structure 6f
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Fig. 7: Lateral (left) and upper (right) views diet9-quadruplex best-solution obtained from
molecular docking calculations. Both moleculesramresented by their solvent accessible surfaces

(SAS), green for the molecule and yellow for the quadruplex (PDB coti#2®).
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Fig. 8: Schematic drawing of the lowest energyroca&ation complex3-quadruplex obtained from
molecular docking calculation. The ligand is represd in stick, while quadruplex is in rings style,

surrounded by the solvent accessible surface
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Fig. 9: Imino and aromatic protons region‘sf NMR spectra of d(5'-CGA TCG-33J9 complex in

H,0, 10 mM KHPO;, 70 mM KCl and 0.2 mM EDTA (pH 7.0), 15°C at diféat R =pJ/[d(5"-
CGA TCG-3)).
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Figure 1S. Competitive dialysis assay for compou@dA) 185 mM NacCl, 185 mM KCI, 2 mM
NaH,POQ,, 1 mM EDTA and 6mM NgHPO, (same conditions than competitive dialysis
experiments shown in FigureB) 25 mM KH,PQ, 150 mM KCl and 1 mM EDTA (same
conditions than NMR studies). The oligonucleotidmgence JAG3 used in NMR studies is
included in addition to the oligonucleotides shawirigure 2.
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Figure 2S.Aromatic protons region dH NMR spectra of (T2AG3) 9 complex in HO, 25 mM
KH,PQ,, 150 mM KCI and 1 mM EDTA, pH 6.7, 25°C at diffateR = P]/[ (T2AG3),4): () 0, (b)
0.25, (c) 0.5, (d) 0.75.

Figure 3S. Aromatic protons region dH NMR spectrum o8 in DO, 25 mM KHPO,, 150 mM
KCland 1 mM EDTA, pH 6.7, 25°C.

27



G2 G6H2A3
NHA{T" i_NHGZCS AJ\I N ! 1 T4

i N\l €5

R=3.0 NHC%GG '| '
|

R=2.0 “ A

R=1.0
R=0.50

1
14 13 ppm 9.0 8.5 8.0 7.5 7.0 6.5 6.0 ppm

Figure 4S.Imino and aromatic protons region i NMR spectra of (CGATCG) 3 complex in
H,O, 10 mM KHPQ, 70 mM KCI and 0.2 mM EDTA (pH 7.0), 15°C at diffat R = BJ/[
(CGATCGY)).
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