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ABSTRACT: Two novel imidazopyridinium cations formed by exhcyclic azonia aromatic
system have been synthesized. Spectrofluorimétirations, circular dichroism measurements,
theoretical simulations and fluorescence-basedmalerdenaturation experiments on these
materials have shown the interesting fluorescenmpgrties and DNA-binding ability by
intercalation, with a marked preference for AT-rggquences. CompouBdgresents the highest
fluorescence quantum yield (0.32 in 5% DMSO/watet @.46 in MeOH) and affinity for DNA
(binding constant of 4.5 x 10> M™). Moreover, the potential of these compounds felf c
staining has been investigated in living HeLa célis confocal microscopy imaging. This
analysis showed the remarkable capacity of bothpooimds for uptake and accumulation by

living cells.

KEYWORDS: Imidazopyridinium cations, azonia aromatic hetguobes, DNA intercalation,

cell staining
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1. Introduction

Polycyclic heteroarenes are usually regarded agseptative DNA intercalators, especially if
they possess electron-deficient or charged aroncaties: This class of DNA-binding ligand

can affect many biological properties of DNA, indilng replication and transcription, and they
therefore have potential as chemotherapeutic drlige. binding of these molecules to DNA is
characterized by the insertion of planar aromatigs between the DNA base pairs, which in
turn enables ther-stacking interaction. On the other hand, a pasittharge enhances the
propensity of a molecule to bind to DNA due to thssociation results in cation release from
the DNA backbone and the solvation of these catioriee aqueous solution contributes to the
overall binding energy.In most cationic dyes, this positive charge isalelighed by an

exocyclic ammonium functionality or by an endocgdghyridinium moiety. However, cationic

dyes with an endocyclic quaternary bridgehead g@moatom represent a promising platform

for the design of DNA-binding ligands.

Coralyne is probably the most widely studied exangdlthis latter kind of polyaromatic azonia
cation.® Interest in this synthetic alkaloid analog is dige several significant properties
associated with its structure, a penta-substitutdgnzop,glquinolizinium system, such as
cytotoxicity? intercalative DNA bindind,potent topoisomerase inhibitiémnd applications as
a fluorescent prob&This interest has also led to a significant amoointesearch on the
synthesis and study of coralyne analogs and o#flated azonia aromatic heterocycles that
contain a quinolizinium system as the core hetatlecy In this sense, recent significant
contributions by Ihmels and cdf.Becq and col*? and u&® have shown that these cations are a
representative family of DNA intercalators with ghescence properties, with some examples

used as fluorescent probés.



X =CH, Y = Br (1)
X=N,Y =MSTS (2)

Figure 1. Structure of coralyne (A), the general structureyoiholizinium-based azonia cations (B) and

imidazopyridinium cationg and2.

Less attention has been paid to other polyaronag#ania cations that contain a quaternary
bridgehead nitrogen atom in the core heterocyabe.ifstance, imidazopyridinium derivatives

constitute an interesting family of cations whosdlAbinding capacity has hardly been

studied'® As part of our research in this ar@aye report here the synthesis of two novel
imidazopyridinium derivatived and2, which have shown relatively high fluorescencergusn

yields and DNA-binding ability by intercalation.

Both compoundare formed by a hexacyclic azonia system. Althoungthe literature a fused
bicyclic system is considered to be the minimurne diar this type of compound,results
obtained previously by our group show that a mimmmumber of four fused rings is needed to
produce an interaction with DNA in these systems¢hva quaternary bridgehead nitrogen
atom!®'® This observation can be explained by an enhanctetaction between DNA base
pairs and ther system, so the extent of tlesystem is a key parameter that determines the
strength of the DNA association. The systems diffehe presence of an additional nitrogen in
the latter compound, a change that should provigthdr information about the effect of

replacing a methylene group next to the quaternarggen atom of quinolizinium with another



nitrogen. Similar binding constants have usuallgrbéound in compounds with this structural

difference’

Moreover, the capacity for cell staining of compd@was investigated in living HeLa cells by
confocal microscopy imaging. The results of thiglgsis show a remarkable capacity of this

cation for live-cell uptake and staining of inteagk nuclei and metaphase chromosomes.
2. Methods, materials and protocols
2.1. Synthetic procedures

2.1.1. General informationReagents of the highest commercial quality wereclmsed and
used without further purification, unless stateHeotvise. Reactions were monitored by thin-
layer chromatography (TLC) carried out on 0.25 mmMerck silica gel plates (60FS-254)
using UV light to visualize the compounds. Colunmnaznatography was performed using silica
gel (60 F254, 70-200 mm) as the stationary phakenditing points were determined in open
capillary tubes on a Stuart Scientific SMP3 meltpawjnt apparatus and are uncorrected. IR
spectra were obtained on a Perkin-Elmer FTIR spet000 spectrophotometéH and**C
NMR spectra were recorded with either Varian MeycuiX-300, Varian Unity 300 or 500
MHz spectrometers at room temperature. Chemicéissiie given in ppmd) downfield from
TMS. Coupling constants (J) are in hertz (Hz) aigdas are described as follows: s, singlet; d,
doublet; t, triplet; br, broad; m, multiplet; agparent etc. High-resolution analysis (TOF) was
performed on an Agilent 6210 time-of-flight LC/MS-Methylimidazo[1,5a]pyridine (3)* and
O-mesytilenesulfonylhydroxylamine (MSHf were prepared following the procedures

described in the literature.
2.1.2.2-(2-Ethoxy-2-oxoethyl)-3-methylimidazo[1,5a]pyridin-2-ium bromide (4)

Ethyl bromoacetate (0.081 mL, 0.75 mmol) was addeal solution of3 (88.1 mg, 0.67 mmol)
in dry acetone (2 mL). The reaction mixture wagresti and heated under reflux for 4 h. The

reaction mixture was cooled down to room tempeeaturd the product was filtered off to give
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a pale brown solid. This solid was washed sevemsg with acetone and & to give the
desired product in 60% yield (120 mg). M.p: 212—2€C4 IR (KBr)v cmi™: 3106, 2907, 1737,
1655, 1226, 1026, 748, 43844 NMR (300 MHz, DMSOdq) & 8.48 (dd,J = 7.1, 1,1 Hz, 1H),
8.17 (d,J = 0.9 Hz, 1H), 7.86 (dd)} = 9.0, 1.1 Hz, 1H), 7.35-7.09 (m, 2H), 5.58 (s),2H22 (q,
J=7.1Hz, 2H), 3.32 (s, 3H), 1.25 {t= 7.1 Hz, 3H)**C NMR (75 MHz, DMSQOd;) & 165.8,
135.3, 127.5, 123.5, 122.5, 117.8, 116.5, 113.37,649.0, 13.4, 8.6. HRMS (ESI-TOF) for

C1oH1sN,0," m/z (Calc.): 219.1125y/z (Found): 219.1127.
2.1.3.2-Amino-3-methylimidazo[1,54]pyridin-2-ium 2,4,6-trimethylbenzenesulfonate (5)

A solution of MSH (242 mg, 1.12 mmol) in dry GEl, (4 mL) was added dropwise to a
solution of3 (99 mg, 0.74 mmol) in dry Ci€l, (4 mL). The reaction mixture was stirred at
room temperature for 5 h. The solid was filteretl asfd washed with C}l, and petroleum
ether to give compounsl in 67% yield (172 mg). M.p: 241-244 °C. IR (KBrcnm™: 3254,
3053, 2926, 1646, 1559, 1379, 1081, 860, BAMNMR (300 MHz, DMSOd,) & 8.37 (d,J =
7.1 Hz, 1H), 8.04 (s, 1H), 7.72 @= 9.0 Hz, 1H), 7.30-7.15 (m, 3H), 7.09Jt 6.2 Hz, 1H),
6.70 (s, 2H), 2.80 (s, 3H), 2.47 (s, 6H), 2.143(d). °C NMR (75 MHz, DMSOdg) & 142.1,
135.7, 135.3, 132.9, 129.3, 125.9, 123.1, 122.4,.21115.6, 112.0, 22.2 (2C), 19.8, 7.8.

HRMS (ESI-TOF) for GH1oN3" m/z (Calc.): 148.0857vz (found): 148.0859.
2.1.4.Dibenzoff,h]pyrido[1',2":3,4]imidazo[1,2-blisoquinolin-16-ium bromide (1)

9,10-Phenanthrenequinof@4 mg, 0.4 mmol) and g (0.055 mL, 0.4 mmol) were added to a
suspension o# (120 mg, 0.4 mmol) in EtOH (5 mL). The reactionxtare was stirred and
heated under reflux for 24 h. The solvent was readdw vacuoto give a residue, which was
triturated with EfO. The residue was washed with,&tand cold acetone. The product was
purified by flash column chromatography (98:2 £H/MeOH) on alumina to give the target
compound as a yellow solid in 30% yield (47.5 nig)p: 280 °C (decomposition). IR (KB¥)
cm™: 3397, 3026, 1654, 1534, 1427, 1220, 750, MMNMR (500 MHz, DMSOds) § 10.51 (s,
1H), 9.92 (s, 1H), 9.48 (d,= 7.0 Hz, 1H), 8.82 (d] = 8.4 Hz, 1H), 8.71-8.48 (m, 4H), 8.01 (d,
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J=9.3 Hz, 1H), 7.75-7.51 (m, 5H), 7.25J& 6.9 Hz, 1H)’3C NMR (126 MHz, DMSQd) 5
152.2, 146.6, 142.1, 138.8, 135.9, 135.5, 133.9,31332.9, 132.1, 131.6, 129.4, 129.2, 128.9,
128.8, 126.5, 126.3, 125.8, 125.1, 124.5, 124.3,9,2123.7, 122.3, 119.7, 22.3 (2C), 19.9.

HRMS (ESI-TOF) for GsHisN," vz (Calc.): 319.12303vz (Found): 319.1232.

2.1.5. Dibenzolf,h]pyrido[1',2":3,4]imidazo[1,2-b]cinnolin-10-ium 2,4,6-

trimethylbenzenesulfonate (2)

9,10-Phenanthrenequinof#3.2 mg, 0.21 mmol) and sodium acetate (17 ni{, Gimol) were
added to a suspension Bf(60 mg, 0.17 mmol) in EtOH (4 mL). The reactionxture was
stired and heated under reflux for 24 h. The reactmixture was cooled down to room
temperature. The solvent was remowedsacuoto give a residue, which was triturated with
cold water and filtered off. The residue was washét cold water and EtOAc several times.
The resulting solid was dissolved in the minimunoant of MeOH and cold ED was added
with cooling (ice bath) until a precipitate had rfed. The solid was filtered off to give
compound? in 50% yield (44.2 mg). M.p: 177-179 °C. IR (KBrcn™ 3044, 1648, 1602,
1519, 1446, 1318, 1187, 1085, 758, 6 ¥ NMR (500 MHz, DMSOdg)  10.52 (s, 1H), 9.53
(dd,J = 6.9, 0.7 Hz, 1H), 9.34 (s, 1H), 8.95 (dd: 8.1, 1.2 Hz, 1H), 8.81 (d,= 8.5 Hz, 1H),
8.72-8.70 (m, Hz, 2H), 8.19 (d= 9.2 Hz, 1H), 7.91-7.87 (m, 1H), 7.84-7.77 (m),4H58 (t,

J = 6.9 Hz, 1H), 6.70 (s, 2H), 2.47 (s, 6H), 2.1338). **C NMR (126 MHz, DMSOds) &
146.3, 142.3, 135.6, 135.3, 131.9, 131.8, 131.0,41329.9, 129.2, 129.0, 128.4, 128.3, 127.7,
125.4, 124.9, 124.7, 124.5, 124.3, 123.7, 123.4,512117.2, 115.7, 113.8, 108.6, 22.2 (2C),

19.7. HRMS (ESI-TOF) for §H14N3" mvz (Calc.): 320.1182y/z (Found): 320.1159.
2.2. Ligand-DNA binding

2.2.1. InstrumentationAbsorption spectra were recorded on a UV-Vis Uvilg#l (Kontron
Instruments) spectrophotometer. Steady-state fhoerece measurements were carried out using
a PTI Quanta Master spectrofluorimeter equippedh @itXenon flash lamp as a light source,
single concave grating monochromators and Glan—plsom polarizers in the excitation and
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emission paths. Detection was performed with agrhattiplier cooled by a Peltier system. Slit
widths were selected at 6 nm for both excitatiod emission paths and polarizers were fixed at
the ‘magic angle’ condition. Fluorescence decay susanents were performed on a time-
correlated single-photon-counting FL900 Edinburgmstiuments Spectrometer. A
monochromatic NanoLed (Horiba) emitting at 335 nraswused as the excitation source.
Double concave grating monochromators were emplaydmbth excitation and emission paths.
Photons were detected by a red-sensitive cooletbphultiplier (by a Peltier system). The data
acquisition was carried out by using 1024 chanwoéla multichannel analyzer with a time
window width of 200 ns. A total of 10,000 countstlie maximum peak channel were taken for
each measurement. The instrumental response fangtie regularly achieved by measuring the
scattering of a Ludox solution. Intensity fluoresce profiles were fitted to multi-exponential
decay functions by using the iterative deconvohutimethod?' Right angle geometry and

rectangular 10 mm path cells were used for albtisorption and fluorescence measurements.

Circular dichroism spectra at 25 °C were obtained a0 JASCO-715 spectropolarimeter.
Recorded spectra were the average of 3 scans #kespeed of 50 nm-mirwith a 0.125 s
time response. The sensitivity and resolution wixed at 20 mdeg and 0.5 nm, respectively.
Measurements were performed on samples in a 0 @m) path quartz cell while monitoring

the CD (ICD) spectra in the region where DNA (ligamainly absorbs.

2.2.2. Thermodynamic3he association constant K of a fluorescent ligérdto n effective
binding sites of large molecule (M) under the agstion that these n binding sites of M per
ligand (L) are independent and equivalent and earelated to the fluorescence intensity (1) by

the following equation:

)x(1+nK[L]O+K[M]0)—\/(l+nK[|-] #KIM] ,)74nK fL] Ml 1)

|:|0+(Ioo_|0 2Kn[L]0

where [M} and [L}are the initial concentrations of M and L.



The normalized difference between the fluorescamemsity (1) for L in the presence of M and

in its absence (), can by written as:

Al (11, (LI, + K +K R) =L/ [L] o+ nK + K. R)* ~4nK * R )
Lo, 2K n

whereR is the [M}/[L] o molar ratio. As M corresponds to DNA, [Mk the DNA concentration
per mol of base pairs and n is the number of bags per bound ligand molecule. Equations

are derived in the ESI.

2.2.3. Modeling.The minimum binding energy (MBE) structure for thidNA complex was
obtained by sequentially approaching each ligampi@ted inFigure 1) to a DNA fragment
containing twelve CGCGAATTCGCG sequence nucleot{gescent of the ctDNA bases) by the
major groove, with their center of mass on theig axa coordinate system as depicted in Figure 2.
The possibility of binding to grooves was not cdesed as a result of the ICD spectra intensity and
sign obtained. Optimized MBE structures for fleand2/DNA complexes were used as starting
conformations for Molecular Dynamics (MD) simulatso Histories of several parameters related
to the structure of the complexes were obtainea fitee analysis of MD trajectories. Calculations
were performed with Sybyl X-Z®and the Tripos Force FieldiFurther details and protocols for

these calculations are described in the suppdrifogmation and elsewhef&'%*

minor groove ;
major groove

v




Figure 2. Cartesian system used to define the L-to-DNA apgitoThe pair of central AT and TA bases were

almost parallel to the xy ligand plane. The mogbfable L orientation is depicted.

2.2.4. Materials for titrationsStock concentrated solutions of ligariddand2 were dissolved in
DMSO (Aldrich, HPLC grade) and diluted with a phieafe-buffered saline solution (PBS)at =

7.4 to reach concentrations in thellolar concentration range. The final solutionstaimed 5%
DMSO. A 2 mg/mL calf thymus DNA (ctDNA, high moldan weight sodium salt, Aldrich)
solution was prepared in Milli-Q water. For titratipurposes a ctDNA of 2.36 x f@nol/per base
pair stock solution was prepared in the buffer fittv previous solution. This concentration (per
pair of bases) was determined by UV-\issgm= 13,200 M'cn™).? For titrations, aliquots of this
stock DNA solution were added to a 10 mm quartzttawcontaining 2.5 mL of the above ligand
solution. After each addition the content was atirfor approximately 10 minutes. The titration
reachedl/ and2/DNA base pair molar ratios of approximately 1:d dr3, respectively. The effect

of the ligand dilution never represented more &arerror on the ligand concentration.
2.3. Thermal denaturation experiments

Melting curve studies were carried out followingeyiously described procedur€§® 26
Synthetic oligodeoxynucleotides with one straneerd labeled with the fluorophore 6-
carboxyfluorescein (6-FAM, F) and the complementatyand 3end labeled with the
fluorescence quencher tetramethylrhodamine (TAMRY), were synthesized by Bonsai
Technologies Group S.A. (Avda. Valdelaparra 27,08Alcobendas, Madrid, Spain) on either
the 0.2 or 1 umol scale and were purified by highfgrmance liquid chromatography to give a
single peak. Annealing of each F oligonucleotidéhwis complementary Q oligonucleotide at a
final duplex concentration of 0.1 uM in TAE buff@.08 M Tris-acetate, 2 mM EDTA, pH 7.5)
was accomplished in a PTC-100 thermocycler (MJ &ebe Inc. Waltham, MA) by first
heating to 95 °C for 5 minutes and then graduafigliag to 20 °C at a rate of 1 °C min
Correct annealing was confirmed because when figeralcleotides form a double-stranded
structure, F and Q are placed in proximity so tie fluorescence of F is quenched. The

melting reactions were carried out in 96-well piatbbaded with the double-stranded
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preannealed oligonucleotides in a total volume®f{12 of TAE buffer at a final concentration
of 0.1 pM either in the absence or in the preseoicéhe compound under study. The
compounds were dissolved in dimethyl sulfoxide aedally diluted in the same solvent to
yield final concentrations in the range froni’l® 10° M. The mixtures were incubated in all
cases for 60 minutes at 37 °C before the meltirsgyasvas started in a 7500 Fast Real-Time
PCR System (ABI Prism, Applied Biosystems) by iasiag the temperature in small steps of 1
°C min* up to 95 °C. Upon heating, a temperature is rehehavhich the double strand melts
so that groups F and Q are separated and the $kemee increases. By recording the changes
in fluorescence at 517 nm in the FAM channel olgdims a function of temperature and
calculating the midpoint of the transition.{jT we were able to estimate the increases in ngeltin
temperaturesAT,) brought about by ligand binding at increasingatig concentrations. The
following oligonucleotides were used: '-B-d(CAATTAAATATAAC) and 5-F-
d(GCGCGGCGTCCGGGCC), together with their respectB«-labeled complementary
strands. These sequences were designed to prozaity ll of the possible subsequences of
four bases formed by A and T or G and C, respdgtithat could be recognized by the
compound while at the same time minimizing the figy of incorrect annealing. The raw
data recovered from the instrument for each platesisted of an array of FAM fluorescence

values for each of the 96 wells at each temperature
2.4. Live-cell studies

HelLa cells were maintained at 37 °C and 5%, @ODulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum an@O0 lunits/mL penicillin and
streptomycin. For live-cell staining, cells weregn on coverslips and stained by addition of
the compound under the conditions indicated in ead®. Static images and time-lapse video
recordings were obtained using a BioRad confocalastope. Cytotoxicity experiments were
carried out using the standard 3-(4,5-dimethylthii@zyl)-2,5-diphenyltetrazolium bromide
(MTT) assay’’ The cells were seeded into a 24-well plate atraitieof 1.5 x 16.cells per well

and incubated in medium containing the compounceustudy at different concentrations for
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24 or 48 hours. To each well, 100 uL of MTT waseatldnd the plates were incubated at 37 °C
for 4 hours to allow MTT to form formazan crystals reacting with metabolically active cells.
The medium with MTT was removed from the wells.rdctllular formazan crystals were
dissolved by adding 100 pL of DMSO to each well #mel plates were shaken for 10 minutes.

The absorbance was recorded using a multiwell péstder.
3. Results and discussion
3.1. Synthesis of catiodsand2

Compoundsl and 2 were readily obtained in three steps from commébyciavailable 2-
aminomethylpyridine. In this way, this starting ewal was treated with acetic anhydride and
p-toluensulfonic acid to give the methylimidazopymiel 3,° which was aminated usin@-
(mesitylsulfonyl)hydroxylamine (MSHj to give derivative4 or alkylated using ethyl
bromoacetate to give derivatiBeFinally, 4 and5 were reacted witB,10-phenanthrenequinone
and base in a Westphal condensation to give thigedeshromophored and2. It is worth
noting that the Westphal reactiondproduced product with loss of the ester group as a result

of in situhydrolysis and decarboxylatidff

Br\)J\ N O

OEt R NEt,
/ acetone, reflux, 4 h | N BF EtOH, reflux |
60% = 30%
NH, I "{ 4
p-TsOH | N
N N T 0,
O (0} _ 3 NH 50%
- PP 67% N EtOH, reflux
0 \ CHCly, rt - AcONa
3h, 100°C N
98Y% 0 | r SN
0 It ) MSTS

Scheme 1Synthesis of cationsand2
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3.2. Ligand-DNA binding

3.2.1 Absorption and emission spectiehe values for the absorption maxima and molar
absorptivities at the excitation wavelength) used for monitoring the emission spectrd ahd2

in a 5% DMSO/water mixture and in methanol are jolew inTable 1 The absorption spectra for
dilute solutions of ligand% and2 in a 5% DMSO/water mixture at 25 °C are showFRigure 1S
(ESI). The spectra iRigure 3 represented bglashed lines (also in Figure 2S of E&drespond

to ligandsl and2 in very dilute (3.0 x 10 and 2.31 x 10 mol/L concentrations, respectively)
buffer (5% DMSO) solutions witi., of 440 and 470 nm, respectively. The spectruni of
contains a band @b15 nm and this is accompanied by a shoulder at488n the case &,
however, a single band centered 888 nm can be observed. The fluorescence quaneldsyi
are summarized in Table 1 and these were obtaisied @ Rhodamine 101 (inner salt, Sigma-
Aldrich, for fluorescence) solution in ethanol ganslard for both compounds in 5% DMSO/water

and methanol at 25 %€,

[DNA] =0

[DNA] = 0.142 mM

Fluorescence Intensity (a.u.)
Fluorescence Intensity (a.u.)

A (nm) A (nm)

Figure 3. Emission spectra at 25 °C for ligariddeft) and2 (right) in buffer solutions ([] = 3.0 and 2.31
-5
x 10 mol/L, respectively) and upon the addition of atits of DNA.

Hardly any shift of the emission maxima was obsgrygon DNA addition during the titration
experiments for any of the ligands. However, assshim Figure 3, significant changes in the

fluorescence intensity were observed. A fluoreseeechancement was observed during the
13



titration of 1 whereas intensity quenching was observed®fdfurthermore, the spectrum bf
exhibited a new band @482 nm, the intensity of which increased upon aaldibf DNA. A
small shoulder was also evident [@60 nm, but this also appeared in the spectrun. of
Excitation spectraFigure 3S ESI) recorded at the maximum emission intensftiesl and?2
exhibited features similar to those in the corresjiog absorption spectra; an increase and a
decrease in the intensity of the spectra were wbdeupon DNA addition forl and 2,

respectively.

The observations outlined above indicate a binduteyaction for both ligands with DNA. The
normalized variation of the fluorescence intensityt and2, as (I — §)/1, (I is the integral of the

emission band and the subscript zero signifiehénabsence of DNA), versus DNA/L molar
ratios is depicted ifrigure 4. Similar representations obtained from the inte¥ssmeasured at the
maximum of the low energy bands from the excitatipactra ofl (440 nm) an® (460 nm) are

depicted in the supporting information (Figure 38yure 4Sin the supporting information also
shows the variation of the fluorescence anisotnofgg 10S ESI), monitored at the emission

maximum upon excitation at the same wavelength evfiee emission spectra were collected,

versus molar ratios at 25 °C.

1.6
.
1.4 L
,/.
1.2 l
Al/l o] b
u
n
084 ™ .
Q“"
b
0.64 i
3
041 ®
%D
0.2—@
.
0.04{®m
0 1 2 3 4 5 6 7

molar ratio
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Figure 4. Normalized variation of the fluorescence intensdy ligands1 (@) and2 (O) in 5% DMSO
and 95% buffer solutions] = 3.0 x 10°and P] = 2.31 x 10° mol/L) at 25 °C versus DNA/ligand molar
ratios R) during titrations.

The r values for solutions ol and 2 at 25 °C in the absence of DNA denote different
orientations of the absorption and emission tramsinoments, molecule sizes and/or rotational
diffusion in a low viscosity aqueous solvent at 5 Ther values forl and 2 increased
significantly with [DNA], which is a typical trendor the formation ofl:DNA and 2:DNA
complexes whose rotational relaxation times argelawhen compared to those of the free

ligands1 and2.?

The curves depicted iRigure 4 for titrations of 1 and 2 are the result of the fitting of the
experimental data to equation 2. This provideslaevior the binding constant of ca. (6376) x

10" M for 1. This value is of the same order of magnitudehase for some other derivatives of
quinolizinium DNA intercalators previously reportbgl us and others:® The average number of
nucleic base pairs per bound ligand was0.4. However, compoun® exhibited an association
constant of (451.1)x 10° M™, which is one order of magnitude larger, and @rising n value of
0.60.1, which denotes strong DNA-interactions. The curves shown Kigure 3S in the
supporting information were obtained from excitatipectra and these reproduce the adjustment to

equation 2 by using and n values previously obtained from analysth@femission spectra.

Table 1. Selected photophysical daba 5% DMSO/water and in methanol (parentheses)Zat@
Fluorescence quantum yieldg) (vere obtained by using Rhodamine 101 in ethanalsiandard®

Absorption e (M~lem™) (0} Aem, max
spectra (nm)
Code Structure (peaks and in 5% DMSO/water akex atAex

shoulders)Ae
(in methanol at 458 nm)

244(p),280(p),

299(s),340(s),

365(p),385(p), 2580 (3,440) 0.17 (0.16) 528
416(s),

440(p),463(s)
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246(p),279(s),
314(p),340(s),
358(s),441(s), 8940 (5,570) 0.32 (0.46) 536
470(p),485(s)
470

Fluorescence intensity decay profiles for ligaridsaand 2 were fitted to double exponential
functions with lifetime components of 6.9 ns (99) and 17.1 ns (26.1 ns) for ligahd2) and a
weighted average lifetime () of 8.9 ns (10.0 ns) (see ESI far<definition)*® The presence of
DNA makes the profiles more complex (the sum oéehexponential decays). In addition, a
decrease in & with the DNA/L molar ratios was observed for batimplexes, as shown by the

data inTable 2 This decrease is more significant for lig&nd

Table 2. Lifetime for the ligands in 5% DMSO and 95% buffalutions in the absence and in the presence
of DNA at different DNA/ligand molar ratios at 2&8.°A NanolLed emitting at 335 nm was used as the
excitation source.

DNAV/L ratios <t>,ns DNA/ ratios <>, ns

L=1 L=2
0 8.9 0 10.0
0.4 7.9 0.5 8.4
0.8 7.6 1.0 8.3
1.2 7.4 15 7.5
1.6 7.4 2.5 5.5
24 7.4 4.0 5.8
3.1 7.3

3.2.2 Circular dichroism measuremente circular dichroism (CD) spectrum in the regifthe

DNA absorption provides information about altenasion its secondary structure upon L to DNA
interaction®™ As can be seen iRigure 5, ctDNA shows the typical B-form CD spectrum with
positive and negative Cotton effects centere@aB and245 nm. Bands are attributed to base

stacking and right-handed polynucleotide helicitgspectively. Changes in both bands are
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usually sensitive to the mode of interaction withe§ molecule$? Some authors state that while
groove binding and the electrostatic interactiorsmwiall molecules with DNA show little or no
perturbations in both bands, intercalation duertang base stacking interactions and stable DNA
conformations usually enhances their intensitiesmé other authors, however, assert that
intercalated complexes that disrupt interactionsvéen bases should cause a decrease in the
observed band intensiti&sAs depicted irFigure 5, the intensities of both bands decrease upon
increasing the concentration bfCompound, however, exhibits a decrease in the intensithef

band located at 245 nm and an increase in thedd&2B nm.

15 15

—— Only DNA
---1:20

—— only DNA
""" 1-20
1-10
- 15
—es 1-2.5

1:10
- == 15

-104 - 125

DNA

-15 T T T T T T -15 T T T
230 240 250 260 270 280 290 300 240 260 280 300

A (nm) A (nm)

Figure 5. CD spectra (ellipticityf) in the region of DNA absorption at 25 °C for hgis1 (left) and2 (right)
in 5% DMSO and 95% buffer solutions in the presesfd®NA ([DNA] = 7.20 x 10°M and 6.70 x 10M,
respectively) at several ligand/DNA molar ratios.

However, as ligand& and2 both also absorb in this region, an ICD signaimfrthe DNA/L
complex would also appear in this zone. This isoubtedly observed in the CD spectra for
ligand/DNA solutions at very low DNA concentratiofisgure 5S of ES). As a consequence, we
believe that the CD spectra in this region corgfighe overlapping of both CD and ICD spectra
from DNA and L complexed, respectively, which cakisibt on previous conclusions reported by
other authord?® The observation of an ICD spectrum\at 300 nm, i.e., in the region whete
and 2 predominantly absorb and DNA does not, is a caresgze of ligand complexation with
DNA. The magnitude and sign of the ICD spectrumedels on the orientation of the transition
moment inside the intercalation site and on therddidisplacements of the intercalator relative to
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the helix axis. An intercalator exhibits a weak ateg ICD when the transition moment for the
corresponding absorption band is oriented alondpting axis of the binding DNA pocket (parallel

to the bisector of the base pairs or perpendidoldhe pseudo-dyad axis). However, a positive
strong ICD is expected when the transition momeperpendicular to the long axis of the binding

pocket. The ICD signal for a groove-bound ligangdsitive and one or two orders of magnitude

larger than for an intercalated ligafitf>*
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Figure 6. Ellipticity @for ligandsl and2 in 5% DMSO and 95% buffer solutions in the pregeotDNA
(IDNA] = 7.20 x 10*M and 6.70 x 10 M, respectively) at several ligand/DNA molar ratiais25 °C.

The CD spectra, represented as molar ellipticity,saperimposed. Also superimposed are the absorpti
spectra for ligand& and?2 (---, black).

The ICD spectra for isolatedl and2 in solution and in the presence of DNA at différerDNA
molar ratios, at constant [DNA], are shownFigure 6. No signals were observed for isolated
and2. However, CD spectra fa/DNA or 2/DNA solutions at any of the ratios used exhibittGo
effects, albeit with relatively low intensity, witlthe intensities depending on the ligand
concentration. The spectra fBiDNA and2/DNA solutions at any of the ratios are also cdasis
with the absence of exciton coupling, which exctuddigand aggregation during association to

DNA.”** Molar ellipticity [£] allows visualization of the ICD spectra in twdfeient regions and
18



these correspond to distinguishable bands thabappée absorption spectra. For ligandne of
these bands, which is negative, extends béR&d nm; the other one, which is almost zero, covers
wavelengths greater thaB50 nm. However, this wavelength limit betweentthie bands occurs
at around 380 nm fdt. The ICD spectrum for the high energy ban@ &f also negative, whereas
the signal for the low energy bands is slightlyitfheess Assuming that the transition moments of the
bands that appear at lower wavelengths are alnegiepdicular to the long ligand axis, the
negative sign of the ICD bands reveals an intetioaleof ligandsl and 2 with their short-
molecular axis preferentially parallel to the DNAnding pocket.*'****However, the virtual
absence or slight positive sign of the ICD sigalthe low energy band (attributed to interaction
with the ligand transition moment oriented neailyng the long ligand axis) must agree with a
transition moment oriented at nearly 45° (or shigk#d5°) to the base pair binding pocket. The
absence of large positivé values also excludes the presence of groove rignidjand/DNA

interactions.
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Figure 7. Total binding energie€{) and van der WaalgY) and electrostatic{) contributions as a function

of the 00' distance measured along theoordinate for ligand4 and2 approaching DNA as intercalators.

The MBE structures fol and2 are represented and, once minimized again, these used as starting
conformations for the MD simulations.
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3.2.3 Molecular mechanics and molecular dynanmiibe total energy binding energy is depicted in
Figure 7 along with the van der Waals and electrostaticrimrttons forl and2, with the most
favorable orientation intercalating the DNA by tmajor groove parallel to the plane bases as a
function of theoo' distance along thg coordinate. Intercalation takes place with no iicant
potential barriers. It can be seen freigure 7 that electrostatic interactions are mostly resjpbas

for the stabilization. Minima binding energy (MBEYuctures foll/DNA and 2/DNA complexes
obtained by MM calculations are also depicted. Gaunpl 1 intercalates in such a manner that its
main axis is oriented around 45° to the TA and Ant@l basis binding pocket and is slightly
outside the major groove face. However, the mang laxis of2 is almost parallel to the bases

pocket axis and slightly outside the minor grocaeet

Analysis of the 1.0 ns MD trajectories at 300 Ktha water-solvated MBE optimized structures
depicted inFigure 7 showed that ligand-DNA interactions are favoralde oth intercalations
throughout the whole trajectorizigure 6S, ES). As with MM, the most important contributions
to stabilization are electrostatic. The van der M/aantribution represents barely 10% of the total

binding energy.
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Figure 8. (Left panel) Histories for thg coordinate (bottom lines) for the centerlofblack) and2 (gray)
ligands (0") and the end-to-end DNA helix distapeenucleotide unit (upper red lines) fIdDNA (red) and
2/DNA (light red) complexes obtained from the analys the 1 ns MD trajectory at 300 K starting fr¢ime
minimized MBE structures. Dashed lines are theeslior the initial structures. (Middle and righinpés)
Histories for the averaged angles between the gihheth AT and TA pairs of bases and the plantel
(middle) or2 (right) ligand rings (red) and the angle betwdenlisector of pocket bases and the long ligand
axis (blue) from the analysis of the MD trajecterie

The histories for thg coordinates of the center of ligands are depittetie left-hand panel of
Figure 8. The MBE structure at time zero and at the ertietrajectory for th&/DNA complex is

represented iRigure 9. Thel (2) intercalator tends to move early inside the Ipadepocket close
20



to they coordinate zero and is slightly outside the méyanor) groove side. The averages ofyhe
coordinate throughout the MD trajectories were B.9+and —2.3+0.9 A, respectively. This
movement also involved some rotation in the casg ahd a subsequent increase in the angle
between the binding pocket axis and the long akis. dn fact, after~0.45 nsl was oriented
almost perpendicular to the pocket with the phdmwane group lying slightly outside the pocket by
the major groove face (s€tgure 9) to decrease the angle slightly at the end ofrtjectory. The
average of the binding pocket axis and the long argle throughout the trajectory was 64+20°,
which is reasonably consistent with the weak negdtigh energy band whose transition moment
was assumed to be nearly perpendicular to thedgisgpf 1. The average of the angle between the
binding bases pocket and the long axis of the tigarhowever, was 8+5°, which means that it
does not reproduce the signs and intensity of #meld monitored in the ICD spectrum fIDNA

solutions.

time =1ns

Figure 9. Snapshots of the 1 ns MD trajectory at 300 K shguine location of ligand at time = 0 ns and at
1 ns from the beginning of the trajectory. Detdittee location of ligand. at the end of the 1 ns trajectory
(right).

In addition, the angles between the AT and TA Ipaseplanes and the plane of both ligahdsd

2 were close to zero (averages of 12+6° and 11e3pectively) — as one would expect for ligands
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that intercalate. Another characteristic upon gakation is the distortion of the DNA double helix
and a slight unwinding and lengthening of the DNWaios. In fact, from the initial DNA
fragment, whose end-to-end DNA distance per nudeainit was 4.1 A, the intercalation led to an
increase in this value to 5.8+0.5 A and 4.9+0.2A1fDNA and2/DNA complexes, respectively.

The latter values correspond to the averages beaatitire trajectory.

A longer trajectory of up to 3 ns complex was perfed for2/DNA. The analysis showed how
the average of the angle between the binding haseset and the long axis @fincrease with
time (Figure 7S ESI). Indeed, aftef?2 ns of the trajectory ligan? rotated slightly in such a
manner that the angle between the long axis antitiaéng pocket increased and even reached
values of(J70°. The average of this angle during the last secmnd of the trajectory was

4049.0°. The structures for ttDNA complex at the end of the 3 ns trajectory stnewn in

Figure 8Sof the ESI.

3.3. Thermal denaturation experiments
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Figure 10. Melting curves (left panel) and plot of the expsgntal AT, versus ligand concentration on a
logarithmic scale (right panel) obtained for reactmixtures of compound and double-stranded DNA
oligonucleotides of different base compositions aeduences. Oligonucleotide AT (blue line).- 5'-
CAATTAAATATAAC-3' and its complementary. Oligonucddéde GC (orange line).- 5'-
GCGCGGCGTCCGGGCC-3' and its complementary. Each gaint is the average of two separate
experiments. Ligand concetrations (M): 1.95 E-0813E-08, 7.81 E-08, 1.56 E-07, 3.13 E-07, 6.25 E-
07, 1.25 E-06, 2.5 E-06, 5.0 E-06, 1.0 E-05 andE205.
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DNA binding studies on compourl were carried out by FRET-based thermal denaturatio
experiments using custom synthetic oligonucleotiéh defined AT- or GC-rich sequences
(Figure 10). The duplex containing the GC-rich sequence (@GYyluced a simple monophasic
profile with a melting temperature g¥ of 62 °C, which changed slightly and graduallyonp
addition of increasing concentrations2fin fact, at a ligand concentration of @M, the AT,
reached a maximum of ~10 °C. In contrast, theofr'the AT-rich oligo, AT, rapidly increased
upon addition o and the melting curve was shifted by almost 2&af@e same concentration
of 20 uM (Figure 10). This difference suggests a preferenc@ fdr DNA sequences that are

rich in AT base-pairs.
3.4. Live-cell studies

The toxicity of compound4 and?2 on living cells in culture was determined by thanslard
MTT assay using the HeLa cell line after 24 andhd8rs of exposure. The apparent lethal dose

50% (LDso) is close to 1.& 107 in all cases (see ESI).

The capacity of compoundsand? for live-cell staining, uptake and intracellulastdbution
was studied by confocal microscopy imaging and {iapse video recording, using HelLa cells
grown on coverslips in Dulbecco’s Modified Eaglé&edium supplemented with 10% fetal
bovine serum (DMEM, 10% FBS). The analysis showeel temarkable capacity of both
compounds for uptake and accumulation by livindsc&ells treated with compouridshowed
a disruption of internal structures and a fluorescetaining compatible with apoptotic
fragmentation of the nucleuBi@ure 11, upper panels). On the other hand, compduskowed
a clear staining pattern of interphase nuclei amdaphase chromosomeBigure 11, lower

panels).
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Figure 11. Living HelLa cells in culture after 1 hour of expos to compound4 and?2. Upper panels:
compoundl, 12.80 mM in DMSO, diluted 1:400 in culture mediu@2 uM final). Lower panels:
compound?, 56.70 mM in DMSO, diluted 1:400 in culture medigt42 uM final). Confocal microscopy
images (excitation argon laser 488 nm, emissiaerfb00-575 nm). Left panels: wide field with carne
marks indicating the area magnified on the rightwer right panel: detail of a region with two celts
mitosis (arrows) showing bright fluorescent chroomes in metaphase plates stained with comp@&und
The scale bar represents 50 pum in all panels.
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The uptake and intracellular distribution of compd@ appears to be a complex process and is
apparently due to active biological accumulatioiheathan passive diffusion and binding. The
final staining is strongly concentrated inside theclei. Mitotic metaphase chromosomes are

also brightly stainedrjgure 11, lower panel).

The intracellular and nuclear staining patternsenesmplex and clearly change at different
incubation times. After experiments at fixed inclifna times, it was decided to investigate the
complete dynamic process by time-lapse video regrasing a confocal microscope equipped
with a thermostatic chamber. A composition madén\sitlected frames in order to follow the

changes in a set of cells is showrFigure 12

5h00 oh15 = 6h00 7h00
» & ¢

@‘3 D
=

Figure 12. Frames selected from a time-lapse, confocal videwoscopy recording of living HelLa cells
in culture exposed to compourd 56.70 mM in DMSO, diluted 1:1000 in culture medi56.7 pM
final). The complete sequence was recorded at raefsaper minute. Excitation argon laser 488 nm,
emission filter 500-575 nm, gain settings were kgpistant during the recording.

In the initial steps, the fluorescence is accunedlain disperse, vesicle-like cytoplasmic
structures, which is compatible with an active eytic mechanism rather than passive
diffusion of the compound through the plasma memdrad progressive increase is clearly
visible in the time-lapse video recording. The eusl is initially not differentiated but the
fluorescence subsequently begins to increase insitke nuclei become very brightly stained,
with a reproducible pattern of fluorescence accatimh in the periphery and defined internal
areas, apparently concentrating most of the congbowithin the cell. The stained nuclei
undergo dramatic structural changes. Initially tappear to collapse and acquire a round shape,
with an apparent reduction in diameter followingragressively homogeneous, compact and

bright staining. After a short time the diametettlté nuclei begins to increase and the internal
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fluorescence gradually fades away. At this stagectintent of the nuclei appears homogeneous,

with an apparent loss of all internal structuresviithout signs of apoptotic fragmentation.

The same process occurs in all of the cells arldvislthe same sequence and timing, but it is
not synchronous in different cells. A clear exangae be seen in the two cells near to the lower
edge of the frames iRigure 12 This feature indicates the participation of samgve cellular
process in the uptake and accumulation rather thample diffusion and binding of the

compound.

Once the compound enters the nucleus, very likelgugh the nuclear pores, the fluorescence
pattern suggests strong binding to DNA and a pssive accumulation radiating from the entry
points until saturation of the complete contenttleé nucleus is achieved. The dramatic
morphological changes in the nuclei suggest a pssive disorganization of the chromatin as

compound accumulates, possibly due to a massive displaceohgmoteins bound to DNA.

Conclusions

Photophysical and DNA binding experiments have shtivat novel imidazopyridinium cations
1 and 2 exhibit interesting fluorescence properties andAElhding ability by intercalation.
Compound?2 presents the highest fluorescence quantum yieRR (lh 5% DMSO/water and
0.46 in MeOH) and affinity for DNA (binding constaaf (4.5 x 10° M™), with a significant
preference for AT-rich sequences. Moreover, thakegtand intracellular distribution of these
compounds by living cells has been investigateadnyfocal microscopy static and time-lapse
imaging. This analysis showed disruption of intéreuctures and a fluorescent staining
compatible with apoptotic fragmentation of the mwd for compound and a clear staining
pattern of interphase nuclei and metaphase chramesdor compound®. The findings
described here with both parent heterocycles stidpather studies on some representative

derivatives in order to modulate the promising ertips found fol and2.
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