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The bisnaphthalimide, with high affinity toward G-quadruplex DNA, is able to inhibit

the growth of lung cancer A549 cells selectively over non-cancerous MRC-5 cells.
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Abstract

Four bisnaphthalimides derivativéda, 3b, 5a and 5b with polyamine linkage have been
synthesized and characterized. Different spectmedechniques, including UV-Vis spectroscopy,
fluorescence spectroscopy, circular dichroism dmatéscence resonance energy transfer (FRET),
have been used to explore the interaction of tbesgounds with G-quadruplex structures (Htelo,
c-myc, c-kit). The compound3a, 3b and5b show high affinity toward Htelo, c-myc and c-kit
G-quadruplexes (K> 4.42x16 M™), and exhibit more than 40-fold selectivity foethquadruplex
versus CT DNA. Binding oBa, 3b to telomeric and oncogenic G-quadruplexes inducengt
enhancement of the fluorescence intensity (18 ttoRlj, whereas the duplex CT DNA induces
much weaker fluorescence enhancement (around R-f@deing fluorescent, the cellular
localization of3a, 3b can be conveniently tracked by fluorescence imagiing results indicate
that3a, 3b can readily be taken up by A549 lung cancer cMislecular docking studies indicate
that3a, 3b, 5a and 5b mainly bind in the groove and/or loop region of ¥8-quadruplexes, and
hydrogen bonding plays an important role in thenattion of bisnaphthalimide derivatives with
G-quadruplexes. CD spectroscopy and FRET meltirmpyasndicate thaBa, 3b and 5b can
promote the formation and the stabilization of hon@omeric and c-myc G-quadruplex DNA.
The compoundb can inhibit the growth of A549 cells (§¢= 0.15uM), with a much higher
antitumor activity than amonafide.

Keywords: G-quadruplex; bisnaphthalimide; anticancer drugto®ock; fluorescence probe



1. Introduction

The Guanine-rich nucleic acid sequences are pnavale human genes, especially in

telomere ends and promoters of some functionalfyomant proto-oncogenes [1-3]. The guanine

tracts in these sequences can fold into G-quadtepléG4) via Hoogsten hydrogen bonds. There

are evidences that G4s are involved in a varietpiolfogical processes [4,5]. Human telomeric

DNA consists of tandem repeats of the sequencé TAIGGG)-3’, which protects chromosomes

from degradation and is essential for ensuring gencstability. The telomerase is selectively

expressed in the majority of human cancer celld,isnactivation is thought to be a critical stap i

cellular immortalization and tumorigenesis. Theometric G4 stabilizing ligands can inhibit

telomerase activity and induce growth arrest inceancells [6]. On the other hand, the

proto-oncogenes play critical roles in the regolatof programmed cell death or apoptosis. The

abnormal overexpress of the proto-oncogenes hamnttgdeen shown in tumors. For example,

the c-myc proto-oncogene, overexpressed in up % 8Dsolid tumors, such as gastrointestinal,

ovarian and breast cancer tumors [7,8]. The pratmgenes can be transcriptionally repressed by

targeting a putative G4 with small molecules [9,]arge number of small molecules and metal

complexes, such as phorphyrin derivatives, careaz#grivatives, quindolines, peptide and

guarflxoxin can bind G4s and modulate the geneesgion [11-16]. Thus, G4s are considered as

a promising new class of targets for the desiganditancer drugs [17-20].

Naphthalimide derivatives, as a class of DNA-bigdagents, have been extensively explored

as antitumor agents [21]. However, naphthalimideedaanti-tumor drugs may cause serious side

effects, including central neurotoxicity and doseding toxicity. In order to improve their

potency and reduce the side effects, naphthaliodizatives, modified with fused aromatic rings,



side chains and imide substituents have been sindte[22-26]. Recently, the studies of the
sequence-specific binding of naphthalimides to Oié&e been an important topic in the design of
novel drugs [27]. The trisubstituted naphthalimitigivatives can bind telomeric G-quadruplexes
with high affinity and show antiproliferation adtiy against various cell lines [28]. We have also
synthesized a series of naphthalimides modifiedh vthiourea, imidazole and terpyridine

complexes, which possess high affinity, (K 1 M™) and reasonable selectivity for telomeric
G-quadruplex DNA over duplex DNA [29-31].

It has been reported that the bisnaphthalimidasalie and elinafide present potent cellular
cytotoxicity and excellent in vivo antitumor actigiand have been selected for clinical trials [32]
The substituents at naphthalimide skeleton andeiiplay crucial roles in determining the
sequence selectivity, photophysical properties agtbtoxic activity of bisnaphthalimides
derivatives [33-38]. However, to the best of ouokiedge, there is no report about the interaction
between bisnaphthalimide and G-quadruplexes. & s$hidy, the bisnaphthalimides with alkyl
amino linkages are synthesized. The flexible polpaabridge can facilitate the electrostatic
interactions with the loops and grooves of the phate backbone of G4 DNA [39]. The
morpholine and 1,2,3-triazole moieties are incoapent at the 4-position of the bisnaphthalene
ring to enhance their G4 binding ability and cyxtoactivity [40,41]. The association of
bisnaphthalimides with telomeric and oncogenic mian G4s, including c-myc and c-kit
qguadruplex, is investigated in detail by spectrpgcdechniques and molecular docking studies.
Systematic investigation of the interaction betwdmanaphthalimde and G4s can provide
structural insight into recognition of G-quadruplex naphthalimides, and can be helpful for the

design of G-quadruplex targeting agents.



2 Experimental
2.1 Materials

1-(4,5-Dimethyl-2-thiazolyl)-3,5-diphenylformazan MT{T), 4,6-diamino-2-phenylindole
(DAPI), calf thymus DNA (CT DNA) and 4-bromo-1,8ptathalic anhydride were purchased
from Sigma-Aldrich. The Htelo strand (5-GGG-TTA-@&STTA-GGG-TTA-GGG-3’) was used
for the human telomeric studies. The oligomer stran
(5-TTG-AGG-GTG-GGT-AGG-GTG-GGT-AA-3) and
(5-AGG-GAG-GGC-GCT-GGG-AGG-AGGG-3') were used formyc and c-kit G4 studies,
respectively. All DNA oligomers were purchased fr&angon (Shanghai, China) and purified by
Waters 2695 Alliance HPLC (U.S.A). Other chemicafsanalytical grade were obtained from
Beijing Chemical Plant. The organic solvents wasslibd prior to use.

Unless otherwise stated, spectroscopic titratiqggearments were performed in HEPES
buffer (10 mM, pH 7.4). Stocking solutions of biph#halimides (1 mM) were prepared in
dimethyl sulfoxide (DMSO).

2.2. Instrumentation

'H NMR spectra were measured on a Bruker Avance sfiictrometer*C NMR
spectra were measured on a Bruker Avance 600 gpeeter. Chemical shifts were given
in parts per million (TMS as internal standard)edty state absorption and fluorescence
spectra were recorded using a Hitachi UV-3010 U¥-%pectrophotometer and a Hitachi
F-4600  spectrofluorimeter, respectively. For quantu yield calibration,
9,10-diphenylanthralene in ethanol was measure@tiet same excitation and detection

conditions (fluorescence quantum yield of 9,10-dipylanthralene in ethanol is 0.95) [42].



2.3 Synthesis
2.3.1 4-morpholine-1-yl- 1,8-naphthalic anhydrideZ)

The morpholine (0.94 mL, 10.8 mmol) was added suspension of 4-bromo-1,8-naphthalic
anhydridel (1.5 g, 5.4 mmol) in ethylene glycol (10 mL). Timeture was heated to reflux for 24
h under N atmosphere. The solvent was removed under vacliiem the residue was purified by
column chromatography on silica gel eluting with FBHCE (1/4, v/v) to give 1.33 g yellow
solid (yield, 86%)*H NMR (CDCk, 400 MHz)&: 8.60 (d, 1HJ = 7.2 Hz), 8.54-8.48 (m, 2H),
7.78-7.75 (m, 1H), 7.29-7.26 (m, 1H), 4.07—4.054Ht), 3.36-3.33 (M, 4H).
2.3.2N,N’-Bis[2-((4-morphine-1-yl)-naphthalimide)ethyl]propane-1,3-diamine (3a)

To a hot suspension of compou@d(0.5 g, 1.75 mmol) and triethylamine (0.5 mL) in
1,4-dioxiane (5 mL),N,N-bis(2-aminoethyl)propane-1,3-diamine (140 mg, B.8Wmol) was
added dropwise. The reaction mixture was refluwad4B8 h in dark. The solvent was removed
under vacuum. The residue was purified by colummmiatography on silica gel eluting with
CH3OH/CHCE (1/9, viv). The yellow solid was obtained of 0.4¢5yield of 63.3%H NMR
(CDCls, 400 MHz)$: 8.57 (d, 2HJ = 7.2 H2, 8.54 (d, 2HJ = 8.0 H2, 8.42 (d, 2HJ = 8.4
Hz),7.72 (m, 2H), 7.23 (d, 2H = 8.0 H2, 4.28 (m, 4H), 4.02 (m, 8H), 3.25 (m, 8H), 2.960
(m, 4H), 2.757 (m, 4H), 1.86 (s, 2H), 1.69 (m, 2tfC NMR (CDCE, 150 MHz) (ppm):
164.5, 164.0, 155.5, 132.5, 131.2, 130.0, 129.9.11,2125.8, 123.2, 117.1, 114.9, 66.9,
53.4, 47.9, 47.7, 39.7, 30.0. MS (MAIDI-TORM] " 691.6 calcd for GgH4:N¢Os, 690.8.
2.3.3 N,N’-Bis[2-((4-morphine-1-yl)-naphthalimide)ethyl]-N,N’-dimethylpropane
-1,3-diamine (3b)

The compounda (100 mg, 0.145 mmolvas suspended in 10 mL of ice-cold methanaol,



followed by the addition of glacial acetic acid P6 g, 2.10 mmol), sodium
cyanoborohydride (62.9 mg, 1.0 mmol), and leftrstg in the ice bath for 20 min. An
aqueous solution of 39% (v/v) formaldehyde (0.11, 43 mmol) in 3 mL of methanol
was added dropwise to the reaction mixture oveemod of 30 min. The ice bath was
removed and the reaction mixture was stirred atréemperature for 5 h. To adjust the pH,
25 mL of NgCO; solution (2%) was added, and the mixture was etéchwith chloroform
three times (820 mL). The extract was washed with a saturatedtisol of NaCl, dried
over MgSQ, concentrated under vacuuriihe solid obtained was purified by column
chromatography (C¥OH/CHCL=1/25, v/v). The yellow solid was obtained of 70,nygeld of
42.6% "H NMR (CDClk, 400 MHz)&: 8.58 (d, 2HJ = 7.2 H2, 8.52 (d, 2HJ = 8.0 H2),
8.41 (d, 2HJ = 8.4 Hz),7.69 (m, 2H), 7.23 (d, 2H = 8.0 H2, 4.26 (m, 4H), 4.02 (m, 8H),
3.25 (m, 8H), 2.67 (m, 4H), 2.47 (m, 4H), 2.33 §s{), 1.66 (s, 2H)*C NMR (CDC},
150 MHz) (ppm): 164.3, 163.8, 155.5, 132.4, 131.29.9, 129.8, 126.1, 125.8, 123.3,
117.2, 114.9, 66.9, 55.7, 54.6, 53.4, 42.3, 379%67,225.1. MS (MAIDI-TOF){M]* 719.7
calcd for G1H4sNgOg, 718.8.

2.3.4 4-(4-Phenyl-[1,2,3]-triazol-1-yl)-1,8-naphthiic anhydride (4)

The compound! was prepared according to the literature withhslipodification [43]. To a
suspension of 4-bromo-1,8-naphthalic anhydrid¢1.0 g, 3.61 mmol) in 30 mL N-Methyl
pyrrolidone (NMP) was added a solution of sodiund@Z0.70 g, 10.8 mmol) in water (3 mL).
The mixture was stirred vigorously for 5 h at 80, and the solution was poured into ice water.
The precipitated yellow solid was filtered to giazido-1,8-naphthalic anhydride.

The crude product 4-azido-1,8-naphthalic anhydade ethynylbenzene (0.37 g, 3.61 mmol)



were suspended in DMF (10 mL). To this solutiorpper(ll) sulfate pentahydrate (21.0 mg, 0.08
mmol) was added, followed by sodium ascorbate (§30riL7 mmol). The mixture was heated at
60 °C for 14 h and poured into ice water. The pobduas collected by filtration. After washing
the precipitate with cold water and methanol, tesiréd product was obtained (0.98 g, 80 % vyield)
as a yellow powdefH NMR (DMSO-ds, 400 MHz, ppm): 9.38 (s, 1H), 8.73-8.67 (m, 2H%63-
8.44 (m, 1H), 8.24 (d, 1H,= 8 Hz), 8.06-8.02 (m, 3H), 7.58-7.54 (m, 2H) 6~A.43 (m, 1H).
2.3.5N,N’-Bis[2-(4-(4-Phenyl-[1,2,3]-triazol-1-yl)-naphthalmide)ethyl]propane- 1,3-diamine
(5a)

The procedure was similar to that of compodag except that the compourdwas used in
place of compoun@. Yield: 52.8%.'H NMR (DMSO-dgs, 400 MHz) (ppm): 9.30 (s, 2H), 8.64—
8.59 (m, 4H), 8.34-8.29 (m, 2H), 8.15 (d, 2H; 8.0 Hz), 8.03-8.01 (d, 4H,= 8.0 Hz), 7.97—
7.93 (m, 2H), 7.55-7.52 (m, 4H), 7.44-7.41 (m, 2#)19-4.16 (m, 4H), 2.88-2.85 (m, 4H),
2.70-2.67 (m, 4H), 1.60-1.56 (m, 2C NMR (DMSOds, 600 MHz) (ppm)s: 163.30, 162.77,
147.05, 137.53, 131.50, 130.38, 129.92, 129.04,0129.28.81, 128.41, 128.35, 125.64, 125.50,
124.05, 124.02, 123.41, 122.61, 47.00, 46.39, 428742. MS (ESI-MS): calcd for&H3gN1004,
806.87.

2.3.6 N,N’-Bis[2-(4-(4-Phenyl-[1,2,3]-triazol-1-yl)-naphthalmide)ethyl]-N,N’-
dimethylpropane-1,3-diamine (5b)

The procedure was similar to that of compo@bdexcept that the compouhad was used in
place of compoun@a. Yield: 53.0%."H NMR (DMSO-ds, 400 MHZz)$: 9.22 (s, 2H), 8.59-8.53
(m, 4H), 8.24 (d, 2HJ) = 8.0 Hz), 8.09 (d, 2H] = 8.0 Hz), 7.99 (d, 4H] = 8.0 Hz), 7.89-7.85 (m,

2H), 7.53-7.50 (m, 4H), 7.43-7.39 (m, 2H), 4.07341, 4H), 2.48-2.45 (m, 4H), 2.35-2.26 (m,



4H), 2.15 (s, 6H), 1.46 (s, 2H}’C NMR (DMSO4ds, 600 MHz) (ppm)s: 163.02, 162.49, 146.99,
137.54, 131.53, 130.44, 129.90, 129.43, 128.99,7628.28.40, 128.30, 125.58, 125.50, 123.96,
123.92, 123.21, 122.44, 54.85, 53.89, 42.13, 37187/%3. MS (ESI-MS): 835.1M calcd for
CioH4N1004, 834.92.

2.4 Determination of lipophilicity (logP)

To obtain octanol-saturated water (OSW) and wadtrrated octanol (WSO), 100 mL of
water was stirred with 100 mL of octanol for 24fbllowed by centrifugation for 5 min. The
bisnaphthalimides were dissolved in 5.0 mL of OS)attypical concentration of 0.05 mM and
then mixed with 5.0 mL WSO. The samples were mistiched for 24 h at room temperature and
then centrifuged for 5 min. The layers were separatarefully, and the concentrations of
bisnaphthalimides in WSO and OSW were determined U¥Vis spectroscopy. Partition
coefficients of bisnaphthalimides were calculatsthg the equation (egn (1)):

logP = log ([compoungl]so/[compounddsw) (1)

where [compoungsoand [compound]sw was the concentration of bisnaphthalimides in WSO
and OSW, respectively.
2.5 Fluorescence titration

To further investigate the interactions &k and 3b with DNA, fluorescence titration
experiments were carried out, in which the con@in of 3a and3b is fixed at 10uM.
The changes in the emission were monitored by itreion of different concentration of
DNA.

2.6 UV-Vis absorption titration of DNA with bisnaphthalimide
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A typical titration of naphthalimide derivatives HEPES buffer was performed by
using a fixed concentration of 2@M, to which the DNA stock solution was gradually
added up to saturation. After each addition, thkuteam was mixed and allowed to
re-equilibrate for 15 min before the absorptioncéewere recorded. The binding constant
Ka was determined from a Bé¢,, vs D plot according to the following equation (e(@))
[44]:

D/Agap = DIAe +1/[(Ae)Kd]  (2)

where D is the concentration of DNAga, = fa —&e, ea = Agpd[COmpound] Ae = feg —
er|, andeg andeg correspond to the extinction coefficients of thAdcompound adduct
and unbound compound, respectively.

2.7 Circular dichroism (CD) studies

The oligonucleotides were dissolved in water tddyi@ 100uM stock solution, and
then diluted using 10 mM Tris-HCI (pH 7.4) with eithout KCI. Prior to use in the CD
assay, the DNA solution was annealed by heatir@btdC for 5 min and slowly cooled to
room temperature, and stored at 4 °C overnight.erAfthat, 400uL of 40 uM
bisnaphthalimide was mixed with the annealed DNAe Tfinal concentrations of
oligonucleotides and bisnaphthalimides were 102hgM, respectively. The solution was
incubated at room temperature for 2 h before exatiun.

2.8 Fluorescence resonance energy transfer (FRET)alting assay

The FRET experiments were carried out in 10 mMiditih cacodylate buffer (pH 7.2)
containing 10 mM KCI and 90 mM LiCl. The fluorestigniabeled oligonucleotide strand
FHtelo (5-FAM-GGG-TTA-GGG-TTA-GGG-TTA-GGG-TAMRA-3 and Fmyc
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(5-FAM-TTG-AGG-GTG-GGT-AGG-GTG-GGT-AA-TAMRA-3') wee used as the

FRET probe, in which FAM and TAMRA was 6-carboxydhescein and

6-carboxytetramethylrhodamine, respectively. FH&hol Fmyc were diluted from 2M

stock solution to 0.24M, and then annealed by heating to 90 °C for 5 rfolpwed by

slowly cooling to room temperature. After that, raphthalimides were mixed with the

annealed fluorescently labeled oligonucleotide. Tinal concentrations of fluorescently

labeled oligonucleotide and bisnaphthalimides wé& and 1.0uM, respectively.

Measurements were performed on a Hitachi F-460(0 weicitation at 492 nm and

detection at 516 nm. The temperature of the salutvas increased from 27 to 96 °C at

intervals of 0.5 °C/min, maintaining a constant pemature of 3 min before each

measurement. Final analysis of the data was cawigdusing Origin 9.0 (OriginLab

Corp.). The melting results were the average ofraicates.

2.9 Molecular docking studies

Docking studies were carried out using AutoDock m¥en 4.2). The

bisnaphthalimides were optimized by Density Fun@loTheory (DFT/B3LYP) method

with 6-31G basis sets. The optimized structuresewesed to do the docking. The crystal

structures of the telomeric, c-myc and c-kit G-quptexes were obtained from the Protein

Data Bank (PDB). AutoDock Tools 1.5.6 was useddialgish the Autogrid points and to

visualize the docked structure of G-quadruplextdjaomplex. In order to explore the

entire conformation of nucleic acids, the 3D gridxbdimensions had been defined

including the entire DNA macromolecules.

2.10 Fluorescence imaging

12



For the purpose of staining and imaging, A549 celeye seeded onto 35 mm cell
culture dishes and cultured for 24 h (cell confeemust be over 80%). The cells were
incubated with naphthalimides and/or DAPI for 2ZThe unbound molecules were washed
three times with PBS. Cells were imaged using amipls 1X70 fluorescence microscope
(Olympus Corporation, Japan). The fluorescence APDwas excited by a 405 nm laser
and collected from 425 to 475 nm; the fluoresceotc@aphthalimides was excited by a
488 nm laser and collected from 500 to 600 nm.ddoent images were processed using
the Olympus FV10-ASW 1.6 viewer software.

2.11 Cytotoxicity assay

All tissue culture media and reagents were obtafrmd Hy-Clone, Thermo Scientific A549
and normal human lung fibroblast MRC-5 cells weraintained in bulbecco’s modified eagle
medium (DMEM) containing 10% fetal bovine serum.485and MRC-5 cells were plated at
2x10 per well in a Nunc 48 well plate and allowed towrfor 24 h. The cells were exposed to
increasing concentrations of bisnaphthalimides iandbated for 48 h. The loading medium was
then removed and the cells were fed with mediumtainimg MTT. Cell viability was then
measured by reading the absorbance at 570 nm asihgrmo MK3 Multiscan microplate reader.
The signal was normalized to 100% viable (untréateglls. Growth inhibition by
bisnaphthalimides was evaluated bydJdQoncentration of a drug causing 50% inhibitioncefl
growth). Each growth inhibition experiment was rafeel at least three times and the results were
expressed as mean + standard deviation (SD).

3. Results and Discussion
3.1 Synthesis and photophysical properties of bispathalimides

13



The bisnaphthalimides have been known to posseassigstDNA-binding affinity and
anticancer activity [45,46]. In the present stuiibyr bisnaphthalimideSa, 3b, 5a and 5b are
synthesized (Scheme 1). Reaction of 4-bromo-1,8uhatic anhydride with morpholine in the
presence of 2-ethoxyethanol affords compofntdihe bisnaphthalimide3a is synthesized by the
reaction of the corresponding polyamine N,N-bisf@reethyl)propane-1,3-diamine ardin a
1:2 ratio. The compoungk can be converted &b by reductive amination with formaldehyde.

Reaction of 4-bromo-1,8-naphthalic anhydride withodiam azide results in
4-azido-1,8-naphthalic anhydride. Click reactionetiiynylbenzene with 4-azido-1,8-naphthalic
anhydride is performed in DMF at 60 °C for 14 Hpading 4. The bisnaphthalimides 5a and 5b
are synthesized according to a similar procedurthatsof 3a and 3b. The lipophilicity (logP)
increases in the order &a (0.45) <5a (0.60) <3b (0.67) <5b (0.89), demonstrating that
N-methylation of the linkage can enhance the liplopty of bisnaphthalimide [47]. All these
compounds are isolated and purified by flash chtography on silica gel, and are structurally
characterized bjH NMR, **C NMR and mass spectrometry (Fig. S1-S12).

The spectroscopic properties34d, 3b, 5aand5b in various solvents, including THF, ethanol
and HEPES buffer, are summarized in Table 1. In,T#HE absorption spectra 8&a and 3b
display two bands centered at 258 and 387 nm, lanérhission spectra show a peak around 512
nm (Fig.S13). The emission spectra3afand3b are red shifted in polar solvents (Fig.S13b and
Table 1), which can be attributed to the intramolac charge transfer (ICT) between the
morpholine group and the naphthalimide ring sysi8j). For the triazole derivativeésa and5b,
the absorption spectra and the emission spectrensleghtly affected by the solvent polarity,
indicating relatively low charge transfer efficignbetween triazole and naphthalimide moiety

14



[49,50].

The quantum yields da and3b are moderate in THF (Table 1), and decrease dieatigtin
polar solvents. On the other hafd and5b are weakly fluorescent in all solvents. Theseltesu
indicate that the substituent groups at the 4-oositan affect the photophysical properties of
bisnaphthalimides.

3.2 UV-Vis absorption titration studies

It is well known that the naphthalimides are capati binding to duplex DNA through the
major groove and/owia intercalation interaction. The interaction 8§ 3b, 5a and 5b with
different DNA samples is investigated by absorptgpectroscopy. In HEPES buffer solution
containing 100 mM KCI, the addition of CT DNA toethsolution of3a and 3b leads to
considerable hypochromicity (Fig. 1). By using atpbf D/Ae,, versus D (Fig. la insets)
according to the Scatchard equation, the bindifigigf (K ;) toward CT DNA can be determined.
The results are summarized in Table 2. Thevddues of3a, 3b and5b with CT DNA are in the
range of 5.72x19-1.08x18 M, similar to that of the 4-substituted bisnaphthédie [51]. No
obvious spectral shift can be observed in suchesyssuggesting that these bisnaphthalimides
bind with CT DNA through groove interaction. As fba, addition of CT DNA leads to weak
decrease in the absorbance (within 5%), indicatiregk interaction betweeba and CT DNA
(Fig.S14).

Upon incremental addition of the preannealed Htelmyc and c-kit G4s, the absorption
spectra of3a, 3b and5b show 12.9~44.0% hypochromism without obvious reift,sindicating
that3a, 3b and5b interact with G4 through external binding modeg(F$15-S17). As shown in
Table 2,33, 3b and5b show high affinity toward Htelo, c-myc and c-kid& (K, > 4.42x16 M%),

15



comparable to those of reported good quadrupledens such as platinum complex, ruthenium
complex, tetraazaperopyrene, phthalocyanine andngpitieroline derivatives [52-55]. The
compounds3a, 3b and5b exhibit more than 40-fold selectivity for quadrexés versus duplex in
the presence of potassium, similar to that of Pdimplexes [56]. As foba, it also shows good
affinity toward Htelo and c-kit quadruplexes, bowl affinity toward c-myc (Table 2, Fig. S16c).
These results suggest that subtle structure matdit, such as N-methylation of linkage, can
affect the binding affinity of bisnaphthalimidestiwiG4s.
3.3 Fluorescence titration studies

We investigated the changes in fluorescencaind 3b in the presence of G-quadruplexes,
as well as CT DNA. Fig. 2a presents the steadg-$labdrescence spectra & in the presence of
different amount of c-myc. In the absence of c-n8a&js weakly fluorescent in buffer solution.
Upon addition of c-myc, the fluorescence intengigreases gradually, with an increase of about
27.2-fold eventually. As foBb, addition of c-myc also leads to a fluorescendeaanement of
about 20.2-fold at saturation (Fig. 2b). The emisgieaks blue-shift obviously with the addition
of G4 DNA, suggesting that the naphthalimide moiety3a and 3b may penetrate into the
hydrophobic environment of G-quadruplex (Fig.S13-fB¥]. The titration curves with different
DNA reveal that the degree of fluorescence enhaanestrongly depends on the types of DNA
(Fig. 2c and 2d). The telomeric and oncogenic Gdaualexes induce strong enhancement of the
fluorescence intensity (18 to 27-fold, Table 3).andas the duplex CT DNA induces much weaker
fluorescence enhancement (around 2-fold). In ceht@the linear structure of double-stranded
DNA, intramolecular G4s are globular structureswast from the sequence-dependent folding of
single-stranded DNA. The special structural chamstics make3a and3b interact with G4s with
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high selectivity [58,59]. These results indicatattBa and3b can serve as a light-up fluorescent
probe with good sensitivity and excellent seletfivoward G-quadruplex over duplex DNA (Fig.
S20). Forb5a and5b, the addition of G-quadruplex and duplex DNA réesuh a much smaller
enhancement, maybe due to the low fluorescencetgmayield of5a and5b in organic solvents
and buffer solution (Fig. S21).

3.4 Circular dichroism (CD) spectra studies

The CD spectroscopic studies are carried out toesasghe structural changes of
G-quadruplexes upon interaction wih, 3b, 5a and5b. In the presence of 'Kions, ¢c-myc and
c-kit exhibit a parallel structure, with a positiband at 265 nm and a negative band at 240 nm
(Fig. 3a and Fig. S22a) [60]. The CD spectra ofyc-rand c-kit are almost unaffected upon
addition of3a, 3b, 5a and5b, indicating that c-myc and c-kit maintain theiméarmations upon
interaction with3a, 3b, 5aand5hb. In the case of Htelo, it shows a strong positigad at 295 nm,
with two weak positive peaks at 250 and 270 nm .(R#), characteristic of mixed
parallel/antiparallel-stranded G-quadruplex streetf61]. Compound$8a, 5a, and5b induce a
comparable stabilization of the mixed—hybrid stiwetas proved by the increase in the positive
peaks at 290 and 270 nm. However, additioBlolieads to an increase in the positive band around
290 nm and an obvious decrease in the positive BaB880 nm, suggestirgp can convert Htelo
into antiparallel G-quadruplex [62].

In the absence of Kions, c-myc, Htelo and c-kit exhibit two positipeaks at about 255 and
295 nm (Fig. 3c-d and Fig. S22b), indicating thexgstence of unfolded sequence and quadruplex
structure [63]. For c-kit, the peak position of ttend remains unchanged upon additioBaf3b,
5a and 5b, suggesting that these compounds could not inthedormation of c-kit quadruplex
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(Fig. S22b). As for c-myc, the positive peak at 285is enhanced, and a negative peak at 240 nm

appears when interacting wiga and 3b and5b, suggesting that the parallel structure of c-myc

can be induced b¥a, 3b and5b (Fig. 3c) [64]. Regarding Htelo, the intensitytbé positive band

at 295 nm increases and a negative band at 265ppernes upon addition &a, 3b and 5b,

suggesting thada, 3b and5b can efficiently induce the formation of antipaghifjuadruplex (Fig.

3d) [56]. On the other hand, the CD spectra of c-anyd Htelo show some changes after addition

of 5a. However, the resulting CD spectra are differeoif the characteristic CD spectra of

parallel c-myc quadruplex and antiparallel telomemuadruplex. No induced CD spectra (ICD)

can be observed in the range of 300-400 nm, indgdhat3a, 3b, 5a and5b may interact with

c-myc, Htelo and c-kit through external binding radé5].

3.5 Molecular docking studies

To gain further insight into the binding mode 34, 3b, 5a and 5b with the G-quadruplex,

Molecular docking studies are carried out [66]. Kamy crystal structures of the telomeric (PDB

ID: 1KF1), c-myc (PDB ID: 1XAV) and c-kit (PDB ID203M) are docked with the DFT

optimized molecular structures 88, 3b, 5a and 5b using AutoDock 4.2. The docking results of

3a, 3b, 5a and 5b in various binding site of G4s are showing in Fi§23-25. These

bisnaphthalimides mainly bind in the groove anddop region of the G4s, in agreement with the

UV-Vis titration and CD experimental results. Tlepresentative docking results are shown in Fig.

4-5 and S26.

For the telomeric G-quadruplex (PDI ID: 1FK1), thest docked poses 88, 3b, 5a and5b

have been shown in Fig. 4. The naphthalimide nmesedf3a and3b are directed into the channel

formed between the TTA loop and G-tetrad. Hydrogend is formed between quadruplex and
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the polyamine linkage iBa or the carbonyl groups Bb (Fig. 4a-b). The naphthalimide moieify

3b can enter the loop more deeply than tha8afwhich may arise from the larger lipophilicity of

3b than3a [67]. Similarly, the naphthalimide moietf 5b can penetrate into the loop of Htelo,

while that of5a can't (Fig. 4c-d). The triazole side-chainsSafand5b are properly directed into

the DNA grooves and filled the groove space, whinhy help lock the ligand onto the

G-quadruplex. The triazole moiety fm and5b interacts with the groove through hydrogen bond

[68]. These results suggest that the increaseeniplophilicity by N-methylation of the linkages

can affect the binding model of bisnaphthalimidé -quadruplex.

In the case of c-myc quadruplex (PDB ID: 1XAV), riheare three loops bridging three

G-tetrad layers and connecting adjacent paraliehds [69]. The best docked pose8af3b and

5b have been shown in Fig. 5. Hydrogen bonds areddrbetween c-myc quadruplex and the

polyamine linkage irBa, 3b and the triazole moiety ifb, respectively. The docking results also

show that hydrogen bond exists between bisnaphittas and c-kit quadruplex (Fig. S24 and Fig.

S26).

3.6 FRET melting assay

The ability of bisnaphthalimide3a, 3b, 5a and 5b to stabilize the G-quadruplex is further

evaluated by the FRET-melting assay. As shown gn &&,3a and3b appear as relatively strong

telomeric G-quadruplex stabilizers, with an incee@s the melting temperaturaT,) of around

10 C (Table 4). In contrast, thAT,, induced by5a and 5b is around 3°C. For c-myc, a

moderate increase in,alues AT, ~4.7-7.4°C) is obtained after the addition 84, 3b and5b

(Fig. 6b). Addition ofbaresults in a small change in thg -0.3 ‘C), suggesting thaia weakly

interacts with c-myc G-quadruplex. The compoudaand3b possess good interaction properties
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with G4 strands, with similar change in melting parature of the G4s as that of polyaromatic

compounds [15] and previous reported mono-napmtiddis [28-31].

3.7 Cellular location studies

Being fluorescent, it is convenient to track thdlutar localization of 3a and 3b by

fluorescence imaging. Fluorescence microscopy esl is study the localization &a and3b in

A549 lung carcinoma cells. A convenient and reabNA-specific nuclear stain, DAPI is chosen

for costaining. As shown in Fig. 7, after incubatet 37 °C for 2 h3a, 3b and DAPI have entered

living cells. The green fluorescence 34, 3b and blue fluorescence of DAPI are observed. The

merged images show thaa and 3b can readily be taken up by A549 lung cancer cbllg,not

just localize in the nucleus.

3.8 Cytotoxicity of bisnaphthalimides

The cytotoxicity of3a, 3b, 5a and 5b against non-small cell lung cancer cell line Al

noncancerous cells MRC-5 is assessed using the &83dy (Fig. S27a). As shown in Tablg&,

3b, 5aand5b show good anticancer activities against the ASBlines, with the 1G values in

the range of 0.15 to 1.04M. All the compounds are more effective in killidp49 cancer cells

than the standard drug amonafide. In partic@lais up to 25 times more effective in killing A549

cells than the reference drug. Importandlg, 3b, 5aand5b exhibit significantly less cytotoxicity

against a noncancerous human embryonic lung fiasblaells MRC-5 cells (Fig. S27b), with the

ICs values in the range of 0.98/ to 2.22uM. These results indicate thaa, 3b, 5aand5b are

promising anti-proliferative agents.

4. Conclusion

In conclusion, four bisnaphthalimides have beersitigated for their potential G-quadruplex
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binding. The compound8a, 3b and 5b display high affinity for telomeric and oncogenic
G-quadruplexes. On the other hard only show high affinity for the c-kit and telomeri
quadruplex (K > 1 M™), and interact with c-myc quadruplex and duplex DNA weakly.
Molecular docking analysis suggests tBat3b, 5aand5b interact with the groove and/or loop of
the G-qudruplex through hydrogen bonding. Fluoreseeintensity of3a and 3b is enhanced
dramatically in the presence of G-quadruplex. Fdgoence imaging further indicate tt3atand

3b can readily enter A549 cells. These compoundsieffily inhibit the growth of A549 cancer
cell lines with low cytotoxicity toward noncancesuoell MRC-5. These results indicate that the
bisnaphthalimide with G-quadruplex binding propestimay possess tumor cell-selective

cytotoxic activity, which is helpful to design ndvephthalimide anticancer agent.
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Table 1 The photophysical properties &4, 3b, 5aand5b

Compounds Jabs[NM] (& [x10" L.mol™*.cmi’]) Aem [NM] (@er)
3a HEPES 409 (1.42) 547 (0.005)
ethanol 394 (1.83) 532 (0.022)

THF 258 (2.35), 387 (2.02) 512 (0.19)

3b HEPES 408 (1.56) 546 (0.003)
ethanol 388 (1.96) 531 (0.041)

THF 258 (2.28), 387 (1.87) 512 (0.16)

5a HEPES 355 (2.25) 406 (0.003)
ethanol 345 (3.59) 388 (0.005)

THF 246 (4.91), 345(3.81) 390 (0.012)

5b HEPES 355 (2.04) 406 (0.002)
ethanol 345 (3.36) 389 (0.003)

THF 246 (4.48), 345 (3.41) 390 (0.012)

Table 2 Association constants gKl\/I'l) of 3a, 3b, 5aand5b with CT DNA, Htelo, c-myc and
c-kit determined by UV-Vis spectroscdpy

3a 3b ba 5b

CT DNA 8.75x10 1.08x10 N.D. 5.72x10
Htelo 6.86x16 6.60x16 7.55x16 4.42x16
c-myc 7.78x10 7.87x16 N.D. 1.99x10
c-kit 1.21x10 4.57x10 1.85x10 6.27x16
Hteloy /T PNAK 78.4 61.1 N.D. 77.3
myqe /T PNAK 88.9 72.9 N.D. 347.9
ek JCTONAK 138.3 42.3 N.D. 109.6

N.D. means not detected.
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Table 3Effects of double-stranded CT DNA and G-quadruptexe the fluorescence

enhancement (F§Fof naphthalimide derivativs

DNA 3a 3b
c-myc 27.2 20.2
Htelo 25.2 20.7
ckitl 19.1 18.6
CT DNA 1.80 2.38

4The concentration @a, 3bis 1QuM, and the concentration of DNA is 1/5/.

Table 4 FRET-melting assay results 84, 3b, 5aand5b binding with G-quadrupléx

Compounds AT,
FHteld Fmyd
3a 9.8 55
3b 10.3 7.4
5a 2.4 -0.3
5b 3.7 4.7

®The concentration of G-quadruplex and bisnaphthidémare 0.2 and 1M, respectively’AT,,
means the difference in melting temperatisd.,,, = [T(FHtelo+compound) - J(FHtelo)]. Ty
value of FHtelo is 52.7C. ATy, = [Tm(Fmyc+compound) - J{Fmyc)]. T, value of Fmyc is

59.3 C.
Table 5Antiproliferative activity of3a, 3b, 5aand5b in A549 and MRC-5 cell lines (kg

uM)®
compounds A5 Cqg MRC3ICs
3a 0.51+0.13 1.30 £0.23
3b 0.15+0.03 0.95+0.19
5a 0.89 + 0.07 1.35+0.43
5b 1.04 £ 0.07 2.22 +0.49
Amonafide 3.84 +0.31 0.99 +0.10

®Data are collected after 48 h of exposure to thig.dr
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Scheme 1Synthetic route of morpholine and triazole modifi@snaphthalimides. Reagents and
conditions: (a) morpholine, 2-ethoxyethanol, reflux 24 h; (b)
N,N-bis(2-aminoethyl)propane-1,3-diaminegNEt 1,4-dioxiane, reflux, 48 h; (c) GB, AcOH,
NaBH:CN, MeOH, room temperature, 5 h; (d) NaNNMP, 60 °C, 5 h; (e) ethynylbenzene,

sodium ascorbate, Cu(ge6H,0, DMF, 60 °C, 14 h.
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Fig. 1. UV-Vis titration of (a)3a and (b)3b with CT DNA in HEPES buffer (10 mM, pH 7.4)
containing 0.1 M KCI. The arrows indicate the chesmxgipon addition of DNA. Inset: Plot of
D/Aeap versus D. D is the concentration of DNAg,, = Ea — €f|. ea = Aopd[Naphthalimide],er

corresponds to the extinction coefficients of theaund nanphthalimides3d] = [3b] = 20 uM.
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Fig. 2. Fluorescence emission spectra of3af10uM) and (b)3b (10 uM) in HEPES buffer (pH
7.4, 10 mM) containing 0.1 M KCI upon addition ofnyc G-quadruplex2ex = 400 nm).
Fluorescence intensity of (8a and (d)3b in the presence of various DNA structures detegohin

from fluorimetric titrations. [c-myc] = 0, 0.1, Q.R.3, 0.4, 0.6, 0.8, 1.0, 1.4, 1.8, 2.2, 2.6, 3.6,

4.2,4.8,5.6,6.4,7.4,84,9.4,10.0, 11.4, 1745 15.5uM (from bottom to top).
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Fig. 3. CD spectra of (a) c-myc and (b) Htelo oligomepsmu addition of3a, 3b, 5a and 5b in

Tris-HCI buffer (pH 7.4, 10 mM) containing 100 mM KCD spectra of (c) c-myc and (d) Htelo

oligomers upon addition da, 3b, 5a and5b in Tris-HCI buffer (pH 7.4, 10 mM) without K

[c-myc] = [Htelo] = 10uM, [3a] = [3b] = [58] = [5b] = 20 uM.
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Fig. 4. Overall view of the energy minimized structure fpossible binding sites of (&g, (b) 3b,
(c) 5aand (d)5b with telomeric G-quadruplex (PDB ID: 1KF1). Par&mlargement of molecular
models of (e)3a, (f) 3b, (g) 5a and (h)5b with telomeric G-quadruplex. The red dotted line

represents the length of the hydrogen bond.

Fig.5. Overall view of the energy minimized structure possible binding sites of (&g, (b) 3b
and (c)5b with c-myc G-quadruplex (PDB ID: 1XAV). Partial langement of molecular models
of (d) 3a, (e)3b, and (f)5b with c-myc G-quadruplex. The red dotted line représ the length of
the hydrogen bond.
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Fig. 6. FRET melting assay of (a) FHtelo and (b) Fmyhwvidisnaphthalimid&a, 3b, 5a and5b

in 10 mM lithium cacodylate buffer (pH 7.2) contiaig 10 mM KCI and 90 mM LiCl.

Fig. 7. Double Staining of A549 with (8a (10 uM), (d) 3b (10 uM) and DAPI (5uM) at 37 'C

for 2 h. Compound8a, 3band DAPI are excited with a 488 and 405 nm lasspectively.
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High Lights

1. The synthesized bisnaphthalimides possess tumor cell-selective cytotoxic activity.

2. The bisnaphthalimides show high affinity for G-quadruplex (G4) DNA (K, > 10°M™).
3. The bisnaphthalimides can promote the formation and stabilization of G4.

4. Aturn-on effect is observed upon interaction of G4 with bisnaphthalimide.



