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ABSTRACT: Bisnaphthalimides represent a promising group of DNA-targeted anticancer agents. In this
series, the lead compounds elinafide and bisnafide have reached clinical trials, and the search for more
potent analogues remains a priority. In the course of a medicinal chemistry program aimed at discovering
novel antitumor drugs based on the naphthalimide skeleton, different dimeric molecules containing two
tetracyclic neutral DNA intercalating chromophores were synthesized. The naphthalimide unit has been
fused to a benzene ring (azonafide derivatives), an imidazole, a pyrazine, or, as reported here, a furan
ring which increases the planar surface of the chromophore and enhances its stacking properties. We
report a detailed investigation of the DNA binding capacity of the dimeric moldd@&335 composed

of two furonaphthalimide units connected by a 12 A long amino alkyl linker H)gMNH-(CHy)s-NH-

(CHy)7] identical to that of elinafide. Qualitative and quantitative binding studies, in particular using surface
plasmon resonance, establish that the dimer binds considerably more tightly to DNA (up to 1000 times)
than the corresponding monomer and exhibits a higher sequence selectivity for GC-rich sequences. DNase
| footprinting experiments attest that the dimer, and to a lesser extent the monomer, preferentially intercalate
at GC sites. The strong binding interaction between the drugs and DNA perturbs the relaxation of
supercoiled DNA by topoisomerases, but the test compounds do not promote DNA cleavage by
topoisomerase | or Il. Despite the lack of poisoning effect toward topoisomerdgk€CIB335 displays

a very high cytotoxicity toward CEM human leukemia cells, with agli@ the low nanomolar range,

~4 times inferior to that of the reference drug elinafide. Confocal microscopy observations indicate that
the monomer shows a stronger tendency to accumulate in the cell nuclei than the dimer. The extremely
high cytotoxic potential oMCI3335 is attributed to its enhanced capacity to bind to DNA and to inhibit
DNA synthesis, as evidenced by flow cytometry experiments using the BrdU assay. The results provide
novel mechanistic information that furthers the understanding of the struciatity relationships in

the bisnaphthalimide series and identMCI3335 as a novel lead compound for further preclinical
investigations.

Bisnaphthalimides represent a group of promising antitu- lead compounds in the series are the drugs called bisnafide
mor agents targeting DNA and topoisomeradesd). These (DMP-840) @—6) and elinafide (LU 79553)7) which have
compounds bear two intercalating tricyclic ring systems been tested in the clinic for the treatment of solid tumors
connected by a linker of variable length and rigidity. The (8—12). They contain the same naphthalimide units but differ

in the structure of the linker between the two imide functions
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Ficure 1: Structures of amonafide, mitonafide, azonafide, elinafide (LU 79553), bisnafide (DMP-840), and the two compounds used in
this study.

Various attempts have been made to modify the naphthal-established on the basis of biochemical (viscometrid) (
imide unit to reinforce its DNA binding capacity. In the and spectroscopy (NMR) datd5). Interestingly, the two
monomer series, the substitution of an anthracene for thestudies independently indicated that the aminoalkyl linker
naphthalene leads to the development of the drug azonafidechain connecting the two naphthalimide units resides in the
(Figure 1) which was found to be more cytotoxic than major groove of DNA to establish molecular contacts with
amonafide 22, 23), presumably because of the higher affinity GC base pairs.
of azonafide for DNA than of amonafid@4). In our continued efforts to develop DNA-binding antitumor

Dimers of azonafide have also been designed, and theagents, we report here the synthesis (Scheme 1) and
bisdibenzfle hlisoquinoline-1,3-dione derivative incorporat- molecular pharmacology of two novel naphthalimides con-
ing the aforementioned (G3-NH-(CH,)s-NH-(CH,), bridge taining one or two furonaphthalimide chromophores (Figure
was found to be extremely efficient against melanoma in 1). The monomeric compour&i(MCI3334) bears a dime-
vivo (25, 26). This compound, now designated bibenoline thylaminoethyl chain identical to that of amonafide and
(Figure 1), has been selected for preclinical development. mitonafide. The aforementioned (Gj#NH-(CHz)s-NH-
More recently, various analogues containing an imidazole (CH), bridge has been preserved to build the dimeric
(27) or a pyrazine 28) ring fused to the naphthalene moiety compounds (MCI3335). The DNA binding characteristics
were synthesized and evaluated as cytotoxic agents. Hereof these two molecules were examined using a range of
again, bisintercalation was clearly established for the com- biochemical and biophysical methods, and their effects on
pounds possessing the linker indicated above. Highly cyto- DNA topoisomerases and cytotoxic potential were investi-
toxic agents were found in the pyrazine series, encouraginggated.
tsk;eriztsafarch for novel drug candidates in the blsnaphtha“mldeMATERIALS AND METHODS

DNA and topoisomerases represent privileged targets for Chemistry. The synthesis of anhydridd, from which
all these naphthalimide compounds. The topoisomerase IInaphthalimides4 (MCI3334) and 5 (MCI3335) were
inhibitory activity of amonafide and mitonafide has been prepared, was carried out following the method described
extensively characterized29—32). Bisnafide also Kills by Patten 85) and outlined in Scheme 1. Thus, dimethyl
eukaryotic cells by stabilizing the cleavage complex of homophthalate was treated with 2-furaldehyde in the presence
topoisomerase Il with DNA33), and elinafide has also been of NaH to yield estel. Irradiation of this latter one in the
shown to interfere with the activity of topoisomerase), ( presence ofJlbrought about the oxidative photocyclization
although in this case cell killing is likely due to the inhibition  of the stylbene type system. The product formed was not
of other enzymes and/or transcription factors that act on DNA isolated, but it was directly converted into the corresponding
(13). DNA is obviously an ideal bioreceptor for all these anhydride3 by hydrolysis of the ester group present in the
mono- and bisnaphthalimide derivatives. The capacity of molecule (1 M NaOH), followed by dehydration (X2/A).
amonafide and mitonafide to form intercalation complexes Mononaphthalimidg was synthesized by treatment3ivith
has long been recognized4). The propensity of elinafide  an equimolecular amount dfN-dimethyl-1,2-ethanediamine
to bisintercalate into duplex DNA has also been firmly in EtOH and toluene at reflux temperature. Bisnaphthalimide
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a(a) 2-Furaldehyde in THF, then NaH (80%); (b) @hv, EtOH, (i) 1 M NaOH, (iii) saturated NaHS£(iv) Ac,0, A; (c) NHz(CHz)N(CHs)z;

(d) NHx(CHy)2:NH(CH;)sNH(CH,),NH..

5 was obtained by a similar procedure, starting frérand
N,N'-bis(2-aminoethyl)-1,3-propanediamine in a 2:1 ratio.

7.41 (d, 1HJ= 8.2, ArH), 7.26 (s, 1H, ArH), 7.01 (dd, 1H,
J=8.2and 7.7, ArH), 6.67 (m, 1H, FuranH), 3.88 (t, 2H,

Except for the SPR experiments, the drugs were dissolvedJ = 6.6, CH,), 3.10 (t, 2H,J = 6.6, CH,), 2.79 (s, 6H, 2Ch);

in DMSO at 5 mM. The stock DMSO solutions of drugs
were kept at—20 °C and freshly diluted with water to the

13C NMR (D;0) 6 165.2, 164.8, 151.23, 151.18, 131.5,
130.4, 130.2, 127.7,125.2,123.8, 120.5, 117.0, 116.4, 107.0,

desired concentration immediately prior to use. For the SPR55.7, 44.2, 36.1. Anal. (fg8H16N203°HCI-1.5H,0) C, H, N.
experiments, the furonaphthalimides (methanesulfonate salts) (2) N,N-Bis[2-(4,6-dioxo-5,6-dihydro-4H-benz[de]furo-

were directly dissolved in water.
Experimental Melting points (uncorrected) were deter-
mined on a Stuart Scientific SMP3 apparatus. Infrared (IR)

[3,2-glisoquinolin-5-yl)ethyl]-1,3-propanediamineb)( A
suspension of anhydrid&(227 mg, 0.95 mmol) in toluene
(5 mL) was treated withN,N'-bis(2-aminoethyl)-1,3-pro-

spectra were recorded with a Perkin-Elmer 1330 infrared panediamine (77 mg, 0.48 mmol) in absolute EtOH (2 mL).

spectrophotometetH and*3C NMR spectra were recorded
on a Bruker 300-AC instrument. Chemical shifty) @re
expressed in parts per million relative to internal tetrameth-
ylsilane; coupling constantsl)(are in hertz. Mass spectra

The mixture was heated at reflux temperature until the
reaction was completed (TLC). The precipitated solid was
filtered and recrystallized from absolute EtOH and toluene
to provide bisnaphthalimidd (241 mg, 84%) as a yellow

were recorded on an HP 5989A spectrometer. Elementalsolid: mp 167168°C; IR (KBr) 3400, 1685, 1645 cr;
analyses (C, H, N) were performed on a Perkin-Elmer 2400 *H NMR (CRCO,D) 6 8.89 (br s, 2H, ArH), 8.74 (d, 2H]
CHN apparatus at the Microanalyses Service of the Univer- = 7.4, ArH), 8.73 (d, 2HJ = 8.0, ArH), 8.18 (br s, 2H,

sity Complutense of Madrid (Madrid, Spain); unless other-
wise stated, all reported values are withit®.4% of the
theoretical compositions. Thin-layer chromatography (TLC)

ArH), 8.00 (dd, 2H,J = 8.0 and 7.4, ArH), 7.52 (br s, 2H,
ArH), 4.87 (br s, 4H, 2CkN), 3.90 (t, 4H,J = 5.3, 2CHN),
3.33 (t, 4H,J = 7.3, 2CHN), 2.59 (m, 2H, CH). This

was carried out on Merck silica gel 60 F-254 plates. Unless compound was suspended in absolute EtOH, and methane-

stated otherwise, starting materials were high-grade com-

mercial products.

(1) 5-[2-(Dimethylamino)ethyl]lbenz[de]furo[3,2-gliso-
quinoline-4,6(5H)-dione4). A suspension o8 (80 mg, 0.34
mmol) in toluene (3 mL) was treated witk,N-dimethyl-
ethylenediamine (29 mg, 0.34 mmol) in absolute EtOH (0.5
mL). The mixture was heated at reflux temperature until the
reaction was completed (TLC). The precipitated solid was
filtered and recrystallized from absolute EtOH and toluene
to provide mononaphthalimide (74 mg, 70%) as a yellow
solid: mp 186-183°C; IR (KBr) 1680, 1650 cm!; *H NMR
(CRCO.D) 6 8.96 (s, 1H, ArH), 8.83 (d, 1H] = 8.7, ArH),
8.77 (d, 1HJ = 7.4, ArH), 8.21 (s, 1H, ArH), 8.05 (m, 1H,
ArH), 7.58 (s, 1H, ArH), 4.89 (br s, 2H, Gi 3.85 (br s,
2H, CH), 3.28 (s, 6H, 2CH). A suspension of the free base
(95 mg, 0.31 mmol) in absolute EtOH (10 mL) was saturated
with HCI (g) for 2 h, and the solid that formed was filtered
to give the corresponding HEL.5H,0 (76 mg, 71%): mp
>300°C; IR (KBr) 2550, 2450, 1690, 1655 cr *H NMR
(D20) 6 7.66 (m, 1H, FuranH), 7.48 (d, 1Hd,= 7.7, ArH),

sulfonic acid (0.04 mL, 0.60 mmol) was added. The
corresponding dimethanesulfonate dihydrate (146 mg, 77%)
was isolated by filtration and washed with diethyl ether: mp
151 °C dec; IR (KBr) 3410, 2750, 1690, 1645 cin H
NMR (DMSO-dg) 6 8.90 (d, 2HJ = 7.9, ArH), 8.80 (br s,
2H, ArH), 8.58 (br s, 4H, 2Nkt), 8.55 (m, 4H, ArH), 8.00

(m, 2H, ArH), 7.94 (m, 2H, ArH), 4.40 (t, 4HJ) = 5.5,
2CHN), 3.48 (br s, 4H, 2CBN), 3.00 (br s, 4H, 2CBN),

2.30 (s, 6H, 2CH), 1.90 (m, 2H, CH); **C NMR (DMSO-

ds) 6 164.0, 163.9, 151.3, 150.5, 130.5, 129.1, 128.9, 127 .4,
125.6, 124.7, 122.6, 118.7, 116.6, 107.1, 45.3, 44.3, 39.6,
36.5, 22.1; MS (ESIin'z601 (M + H]*). Anal. (GsH2aN4Os
2CH;SO;H-2H,0) C, H, N, S.

Absorption Spectra and Melting Temperatuidelting
curves were measured using an Uvikon 943 spectrophotom-
eter coupled to a Neslab RTE111 cryostat. For each series
of measurements, 12 samples were placed in a thermostati-
cally controlled cell holder, and the quartz cuvettes (10 mm
path length) were heated by circulating water. Measurements
were performed in BPE buffer (6 mM MNdPO,, 2 mM
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NaH,PQ;, and 1 mM EDTA) at pH 7.1. The temperature r = (NKC;ed/(1 + KCioo
inside the cuvette was measured with a platinum probe; it
was increased over the range of-2I00 °C with a heating whereK, the microscopic binding constant, is one variable
rate of 1°C/min. The “melting” temperaturelf,) was taken  to fit, r represents the moles of bound compound per mole
to be the midpoint of the hyperchromic transition. The of DNA hairpin duplex 88), Cyec is the concentration of
Uvikon 943 spectrophotometer was also used to record thethe compound in equilibrium with the complex and is fixed
absorption spectra. by the concentration in the flow solution, ands the number
Immobilization of DNA and Surface Plasmon Resonance of compound binding sites on the DNA duplex and is the
Two 5-biotin-labeled DNA hairpins (PAGE-purified; Eu- second variable to fit. The values are calculated by the
rogentec) were used in surface plasmon resonance studiesatio RU/RUna, Where RU is the steady-state response at
(hairpin loop underlined): d(biotin-CATATATATCCCCAT-  each concentration and Rktis the predicted RU for binding
ATATATG) and d(biotin-CGCGCGCGTTTTCGCGCGCG). of a single compound to the DNA in a flow cell. Global
Samples of hairpin DNA oligomers in HBS-EP buffer at 25 kinetic fits to the sensorgrams to obtain association and
nM were applied to flow cells in streptavidin-derivatized dissociation kinetic constants were done using BlAevaluation
sensor chips (BIAcore SA chips) by direct flow gzR/min software and an equivalent site interaction model.
in a four-channel BIAcore 3000 optical biosensor system. Electric Linear Dichroism ELD measurements were
The sensor chips were conditioned with four consecutive 1 performed with a computerized optical measurement system
min injections & 1 M NaCl in 50 mM NaOH and three  using the procedures previously outlined9,( 40). All
consecutive 15 s injections of 0.1% SDS in 3.5 mM EDTA, experiments were conducted with a 10 mm path length Kerr
followed by extensive washing with buffer. Nearly the same cell having an electrode separation of 1.5 mm. The samples
amounts of all oligomers were immobilized on the surface were oriented under an electric field strength varying from
by noncovalent capture, leaving one of the flow cells blank 1 to 14 kV/cm. The drug being tested was present atNiO
as a control. Manual injection was used with a flow rate of together with the DNA at 20@M unless otherwise stated.
2 uL/min to achieve long contact times with the surface and This electro-optical method has proved to be most useful in
to control the amount of DNA bound to the surface. All determining the orientation of the drugs bound to DNA. It
procedures for binding studies were automated as methoddhas the additional advantage that it senses only the orientation
using repetitive cycles of sample injection and regeneration. of the polymer-bound ligand: the free ligand is isotropic
Steady-state binding analysis was performed with multiple and does not contribute to the sign4ll.
injections of different compound concentrations over the  DNA Relaxation ExperimentSupercoiled pKMp27 DNA
immobilized DNA surfaces for a 15 min period at a flow (0.4xg) was incubated with 4 units of human topoisomerase
rate of 20uL/min and 25°C. Drug solutions with known 1 or Il (TopoGen Inc.) at 37C for 1 h inrelaxation buffer
concentrations from 1.5 nM to 1.6M were prepared in  [50 mM Tris (pH 7.8), 50 mM KCI, 10 mM MgGCl 1 mM
filtered and degassed buffer by serial dilutions from a stock dithiothreitol, and 1 mM EDTA] in the presence of varying
solution and were injected from 7 mm plastic vials with concentrations of the drug under study. Reactions were
pierceable plastic crimp caps (BlAcore Inc.). In all cases, terminated by adding SDS to a concentration of 0.25% and
the DNA surface was regenerated by buffer flow over the proteinase K to 25@g/mL. DNA samples were then added
course of 30 min without additional regeneration agents. to the electrophoresis dye mixture4B) and electrophoresed
The instrument response (RU) in the steady-state regionin a 1% agarose gel at room temperatuneZd at 120 V.
is proportional to the amount of bound drug and was Gels were stained with ethidium bromideu(@/mL), washed,
determined by linear averaging over a 80 s time span. Theand photographed under UV light. Similar experiments were
predicted maximum response per bound compound in theperformed using ethidium-containing agarose géB.(
steady-state region (Rld) is determined from the DNA DNase | Footprinting The 117 and 265 bp DNA frag-
molecular weight, the amount of DNA in the flow cell, the ments were prepared by-ZP end labeling of th&cdRl—
compound molecular weight, and the refractive index gradi- Pvull double digest of the pBS plasmid (Stratagene) using
ent ratio of the compound and DNA&®, 37). In the present  [a-*P]dATP (Amersham, 3000 Ci/mmol) and AMV reverse
case, the observed RU values at high concentrations ardranscriptase (Roche). The two 198 bp fragments were
greater than Ry, pointing to several binding sites in these obtained from plasmids pMS1 and pMS2 (kindly provided
DNA sequences. The number of binding sites was determinedby K. R. Fox, University of Southampton, Southampton,
from Scatchard plots derived from plots of RU/concentration U.K.) after digestion with the restriction enzymekndlll
versus RU using linear regression analysis (data not shown).and Xba (43). In each case, the labeled digestion products
The RUnax value is required to convert the observed response were separated on a 6% polyacrylamide gel under nonde-
(RU) to the standard binding paramete(moles of drug naturing conditions in TBEbuffer [89 mM Tris-borate (pH

bound per mole of DNA hairpin) using the equation 8.3) and 1 mM EDTA]. After autoradiography, the requisite
band of DNA was excised, crushed, and soaked in water
r = RU/RU, . overnight at 37°C. This suspension was filtered through a

Millipore 0.22um filter, and the DNA was precipitated with
Average fitting of the sensorgrams at the steady-state level€thanol. After washing with 70% ethanol and vacuum drying
was performed with the BlAevaluation 3.0 program. To Of the precipitate had been carried out, the labeled DNA was
obtain the affinity constants, the results from the steady- resuspended in 10 mM Tris (adjusted to pH 7.0) containing
state region were fitted with a multiple-equivalent site model 10 mM NacCl.
using Kaleidagraph for nonlinear least-squares optimization
of the binding parameters with the following equation: 1 Abbreviation: TBE, Tris-borate-EDTA.
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Bovine pancreatic deoxyribonuclease | (DNase I, Sigma ug/mL. Samples were analyzed on a Becton Dickinson
Chemical Co.) was stored as a 7200 units/mL solution in 20 FACScan flow cytometer using the LYSYS Il software
mM NacCl, 2 mM MgCh, and 2 mM MnC} (pH 8.0). The which is also used to determine the percentage of cells in
stock solution of DNase | was kept at20 °C and freshly the different phases of the cell cycle. Pl was excited at 488
diluted to the desired concentration immediately prior to use. nm, and the fluorescence was analyzed at 620 nm on channel
Footprinting experiments were performed essentially as FI-3.

PreViOUSly deSCfibem@). Brieﬂy, reactions were conducted Bromodeoxyuridine (BrdU) |ncorporationCe||S were

in a total volume of 1QuL. Samples (L) of the labeled  cyltured in complete RPMI 1640 medium with the test drug
DNA fragments were incubated with/d. of the buffered ¢ different concentrations for 24 h prior to harvesting and
solution containing the ligand at appropriate concentration. then pulse labeled with 1M BrdU for 60 min in complete
After incubation for 30 min at 37C to ensure equilibration  medium. Following two washes in phosphate-buffered saline
of the blndlng reaction, the digestion was initiated by the (pH 73) with 0.1% sodium azide, cells were fixed in 70%
addition of 2uL of a DNase I solution whose concentration ethanol and incubated fd h at 4°C. Following another

was adjusted to yield a final enzyme concentration0f01  \ash in phosphate-buffered saline, cells were denatured in
unit/mL in the reaction mixture. After 3 min, the reaction 2 N HCI for 15 min at 37°C (or for 30 min at room
was stopped by freeze-drying. Samples were lyophilized andtemperature) under gentle stirring. The pH was adjusted by
resuspended in bL of an 80% formamide solution contain- 3 short incubation (5 min) in 3 mL of 0.1 M N&,O; (pH
ing tracking dyes. The DNA samples were then heated atg 5) before centrifugation (5 min at 5§@nd 4°C). The
90 °C for 4 min and chilled in ice for 4 min prior to  cell pellet was then washed with 5 mL of buffer containing
electrophoresis. PBS, Tween 0.05%, and 0.1% BSA (bovine serum albumin
DNA cleavage products were resolved by polyacrylamide fraction V), resuspended in 5L of this buffer, and then
gel electrophoresis under denaturing conditions (0.3 mm jncubated with the fluorescein isothiocyanate (FITC)-
thick, 8% acrylamide containgn8 M urea). After electro-  conjugated anti-BrdU monoclonal antibody (Becton Dick-
phoresis 2.5 h at 60 W and 1600 V in a Tris-Borate- inson, San Jose, CA) for 30 min at room temperature in the
EDTA-buffered solution), gels were soaked in 10% acetic dark. For the negative controls, the pellet was incubated
acid for 10 min, transferred to Whatman 3MM paper, and without antibody. All cell pellets were washed with 1 mL
dried under vacuum at 8. A Molecular Dynamics 425E  of puffer containing PBS, Tween 0.05%, and 0.1% BSA.
Phosphorimager was used to collect data from the storagecells were collected by centrifugation and counterstained
screens exposed to dried gels overnight at room temperatureyith 10 ug/mL propidium iodide and treated with RNase (1
Baseline-corrected scans were analyzed by integrating all theug/mL)_ Samples were analyzed on a Becton Dickinson
densities between two selected boundaries using ImageQuantACScan flow cytometer using the LYSYS Il software.
version 3.3. Each resolved band was assigned to a particular Confocal MicroscopyThe cells (7x 10F cells/mL) were

bon_d_ within t_he DNA fragm_ents by comparison of its i pated at 37C with the test compound at 10 or 20/
position relative to sequencing standards generated by

for 4 h. The medium was removed, and cells were rinsed
treatment of the DNA with dimethyl sulfate followed by ium w v w I

ineridine-induced cl h dified ine b with ice-cold PBS (10 min) prior to the fixation with a 2%
ﬁ}'pgm'“'n(g'_?raléck‘; cleavage at the modified guanine asesparaformaldehyde solution for 20 min at'€@. After being

i ) washed, the cells were incubated with the fluorescent probe
Cell Cultures and Suiival Assay Human CEM leukemia  pinc, (150 nM, 3,3-dihexyloxacarbocyanine iodide, Mo-

cells were obtained from the American Tissue Culture o0 ar probes Inc.) for 5 min at 3T in the dark, washed

Collection. Cells were grown at 37C in a humidified  545in twice with PBS, and then incubated with a solution of

atmosphere containing 5% @Gn RPMI 1640 medium, — oronigium iodide (0.5:g/mL) for 5 min at room temperature.
supplemented with 10% fetal bovine serurglutamine (2 " q4ron of anti-fade solution was added, and the treated

mM), 1.5 g/L sodium bicarbonate, 4',5. Q/L glucose, 10 mM portion of the slide was covered with a glass coverslip. The
HEPES, 1 mM sodium pyruvate, penicillin (100 IU/mL), and  ,5rescence of the drugs was detected by confocal micros-
streptomycin (100ug/mL). The cytotoxicity of the test oy sing a Leica DMIRBE microscope controlled by a
compounds was assessed using a cell proliferation assay gjca TCS-NT workstation (Leica Microsystems, Bensheim,
developed by Promega (CellTiter 96 AQsone solution G armanyy with a 63« 1.32 NA oil objective, equipped with
cell prohferatlon assay). Br|'efly, X 1O4.exponent|ally 75 mW argon-krypton and Coherent Innova-90-UV laser
growing cells were seeded in 96-well microculture plates |i,o5 The emission signal was observed through a dichroic
with various drug concentrations in a volume of 100.  nior (DD488/568) followed by a filter set (RSP 580, BF
After incubation for 72 h at 37C, 20uL of the tetrazolium 30/30, BP 600/30, and BP460/30 for UV-excited probes).
dye was added to each well and the samples were incubateG, otical sections were obtained in @axis and stored

for a furthe 2 h at 37°C. Plates were analyzed on a . the computer with a scanning mode. In all cases, the
Labsystems Multiskan MS (type 352) reader at 492 nm. operating conditions were such that detectable images could

Cell Cycle Analysis-or flow cytometric analysis of DNA ot he ghtained for cell samples not treated with drugs.
content, 10 cells in exponential growth phase were treated

with graded concentrations of the test drug for 24 h and thengresyLTS

washed three times with citrate buffer. The cell pellet was

incubated with 25QuL of trypsin-containing citrate buffer Absorption spectral titrations faviC13334 andMCI3335

for 10 min at room temperature and then with 200 of reveal quite significant differences in behavior (Figure S1).
citrate buffer containing a trypsin inhibitor and RNase (10 There is a large hypochromism (56%) and a clear isosbestic
min) prior to adding 20@L of propidium iodide (PI) at 125  point at 403 nm with the DNA complexes of the monomeric
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Table 1: Binding Constants and Kinetic Parameter for Drug Binding to BNA

compound sequence Keg(M™1) ka(M™ts™) ki (s79) ko/ks (M™Y) n

MCI3334 [AT]4 4.6 x 10 80.9 1.3x 1072 6.31x 10 8—10
[CCla 1.38x 10° 4.33x 10° 1.1x 1072 3.83x 10° 3—-4

MCI3335 [AT]4 1.44x 107 —b —b —b 5
[CCla 1.83x 1¢° 2.12x 10° 1.45x 10°3 1.46x 1C° 1-2

a Experiments were performed in HBS-EP buffer at®’25 The DNA sequences show one strand of the duplex stem of the hairpin used in the
BlAcore SPR experiments. The number of compound binding sites on the DNA duplexes is indijatedot indicated, fitting not satisfactory.

compound, whereas the extent of hypochromism is lower kinetics. The dissociation oMCI3334 from DNA is
(34%) with the dimeric analogue. However, at low DNA extremely rapid, whereas slow dissociation kinetics are
concentrations, the decrease in the absorbance peak at 37@bserved withMCI3335. However, in both cases, the
nm is more pronounced with the dimer than with the dissociation of the drugDNA complexes was achieved by
monomer and the bathochromic shift is larger (7 and 4 nm injection of a buffer solution, without detergent.
for the dimer and monomer, respectively). The lack of  The steady-state SPR binding results allow us to determine
isosbestic points witMCI3335 when titrated with a DNA  and compare DNA binding affinities as well as the stoichi-
solution can be explained by the existence of two binding ometry of the interaction. SPR data were analyzed by plotting
modes (mono- and bis-intercalation for example), and/or by r versus drug concentration and fitting the binding results
a stronger tendency of the dimeric compound than of the as described in Materials and Methods to determine the
monomer to self-associate. Stacking interactions are fre-macroscopic binding constants and stoichiometries. The best
quently observed with planar aromatic drug molecu#s,(  fit of the binding results gave thigeq values listed in Table
and one might intuitively expect stronger stacking interaction 1. With the monomer, the binding constant for the AT
with a dimeric compound than with a monomeric molecule. sequence is 3 times lower than for the CG sequence. The
To support this idea, we recorded the absorption and difference is more pronounced for the dimer, witk&C®/
fluorescence spectra of the drugs in the absence and presenae. AT ratio of 12. This reflects a clear preference for CG
of the detergent sodium dodecy! sulfate (SDS). Addition of over AT sites, in agreement with the footprinting experiments
1% SDS to a solution oMCI3334 andMCI3335 induces  (see below). The affinity of the dimer for DNA is extremely
significant perturbation of their absorption and fluorescence high, in the 16—10° M~ range, what corresponds to a 1000-
spectra (Figure S2). The spectral changes induced by SDSold increase compared to that of the monomer. There is no
are particularly important for the dimer, with significant doubt that the two moieties of the dimer contribute to the
hypsochromic and hyperchromic effects and a 6-fold increase DNA binding process.
in the fluorescence intensity compared to that in the SDS-  aq expected for intercalating drugs, the predicted maxi-
free drug solution. Stacking interactions likely occur in both  um response per bound compound in the steady-state
cases, but they are much more pronounced for the dimerregion (RUnay is in all cases lower than the RU values
than for the monomer. obtained at high drug concentrations. This points to the
The interaction of the two drugs with calf thymus DNA  existence of several binding sites in these DNA sequences.
was also investigated by thermal denaturation analySiS. Plots Considering the |ength of the hairpin oiigonucieotides and
of the relative absorbance change at 260 nm versus temperihe size of the drug molecules, we can estimate that each
ature (Figure S3) show that the dimer stabilizes the double- pNA can offer approximately three or four drug intercalation
helix structure of DNA much more strongly than the pinding sites for the monomer and probably not more than
monomer ATy, (Tyyue-DNAcomplex — T, DNAalong values of 6.5 two for the dimer. This prediction is consistent with the
and 24.3°C were measured witMCI3334 andMCI3335, experimental observations for the drugs interacting with the
respectively, for a drug:DNA phosphate ratio of 0.1. The [CG], sequence. With the [AT]sequence, higher values
high thermal stability of DNA observed in the presence of \yere calculated%4), and this must reflect the existence of
MCI3335 provided the first indication that both moieties of = 5 secondary binding mode, probably an external electrostatic
this dimer participate in the DNA binding reaction. interaction as has been observed with other cationic DNA
Surface plasmon resonance (SPR) was used to evaluatéigands @6). The fitting of the SPR data for MCI3335 bound
more accurately the strength of the interaction of the drugs to the [AT], sequence with a one-site model is not ideal
with specific DNA sequences. The biosensor analysis was (Figure S4), but a two-site model did not give a better result.
performed with the monomeric and dimeric compounds, both The unusual shape of the AT sensorgrams must reflect a
water soluble, using a streptavidin-coated sensor chip (SA) complicated binding process, which we have not yet properly
and two hairpin oligomers containing an [ATgr a [CG}, dissected. However, it is essential to note that with both AT
tract. and CG sequences, the number of binding sites determined
A set of SPR sensorgrams at different concentrations of with the monomer is about twice that calculated with the
MCI3334 and MCI3335 binding to both DNA sequences dimer. This is again another indication suggesting that the
is shown in Figure 2. As can be seen, the monomeric two halves of the bidentate molecule are engaged in the DNA
compound binds poorly to both the AT and CG sequences. recognition process.
The interaction is considerably weaker than that to the dimer  The analysis of the kinetic parameters also revealed large
which shows well-resolved binding to the DNA sequences differences between the two drugs. Visual inspection of the
in a concentration-dependent way. There are also considerbinding sensorgrams in Figure 2 is sufficient to conclude
able differences between the two compounds in terms of that the dimer exhibits much slower dissociation rates in both
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Ficure 2: SPR sensorgrams for binding iCI3334 andMCI3335 to the [AT], and [CG}, DNA hairpin oligomers in HBS-EP buffer at
25 °C. The concentration of the unbound ligand in the flow solution varies from 1 nM in the bottom curve #d2ir5 the top curve.

the AT and GC interactions than the monomer. A global 450 nm negative band reflects the orientation of the fu-
equivalent site model was used to fit the experimental SPR ronaphthalimide chromophore along the electric field. The
curves and provided satisfactory results (with very small variations in AA/A with the electric field strength were
residuals, data not shown). We were able to calculate therecorded at a DNA:drug ratio of 20 when the drug molecules
association and dissociation kinetic constants (Table 1), are fully bound to DNA (Figure 3b). The fact thatA/A
except for the dimer interacting with the AT sequence which depends similarly upon the field strength for the dr@NA
gave a nonsatisfactory fitting regardless of the binding model complexes at 380 nm and the DNA bases at 260 nm in the
that was used. Due to the lack of confidence in the calculated absence of ligand (Figure 3c) indicates that in both cases
ka andky values with the dimerAT complex, we decided the drug chromophores are oriented perpendicular to the
not to take them into account. The dissociation of the electric field as expected for an intercalative binding. The
monomer from the [CG]sequence is more than 1 order of binding of the drugs to DNA likely induces a stiffening
magnitude faster than that of the dimer. The difference is effect, explaining the higher reduced dichroism value mea-
more pronounced at the association level. With the GC sured in the absorption band of the drugs than in the DNA
sequence, thddmerk,monomer ratio amounts to 50 which  absorption band. Similar ELD data were obtained with the
reflects a significant gain of stability for the DNA complexes synthetic polynucleotides poly(dAZand poly(dGC) (data
with the bidentate molecule, and this probably accounts for not shown). These spectroscopic measurements strongly
the stronger footprints seen with the dimer compared to the suggest that the two drugs intercalate into DNA, but mono-
monomer. The binding constants determined bykifig ratio and bis-intercalation cannot be differentiated by the ELD
are relatively close to the values determined using the steady-method.
state fitting method, at least for the GC oligonucleotide. The  \ye tried to use a DNA unwinding assay based on the
Keqandkd/ks values concur that the dimeric molecule exhibits re|axation of supercoiled plasmid DNA in the presence of
an extremely high affinity for the [CG]sequence. topoisomerase | to distinguish mono- versus bis-intercalation.
Electric linear dichroism (ELD) is an electro-optical Supercoiled DNA was treated with topoisomerase | in the
method well suited to defining the orientation of small presence of increasing concentrations of the test drugs. The
molecules bound to nucleic acidgllj. Here we have DNA relaxation products were then resolved by agarose gel
exploited this spectroscopic technique by employing a electrophoresis (Figure S5). BolhCI3334 andMCI3335
polarized light to define more precisely the binding process affect the relaxation of DNA by topoisomerase I. Here again,
for MCI3334 and MCI3335. The measurements were the effect is more pronounced with the dimer than with the
performed in a low-ionic strength buffer [L mM sodium monomer. The gel shift induced by the dimer (due to strong
cacodylate buffer (pH 7.0)] because of the high electric field binding) perturbs the electrophoretic migration of the DNA
applied to the DNA samples (up to 14 kV/cm). The ELD species, and therefore, a direct comparison is difficult. The
spectra ofMCI3334 and MCI3335 bound to calf thymus  two compounds unwind closed circular duplex DNA, but a
DNA show negative reduced dichroisthA/A) values in the guantitative estimation of the unwinding angle is not possible
drug absorption band (Figure 3a). In both cases, the-300 by this method. Nevertheless, this topoisomerization assay
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Ficure 3: Dependence of the reduced dichroia®/A on (a) the
wavelength, (b) the DNA phosphate:drug ratio (P:D), and (c) the
electric field strength: @) MCI3334, (O) MCI3335, and (») DNA
alone. The conditions were as follows: (a) 13.6 kV/cm and £/D
20 (200uM DNA and 10uM drug), (b) 380 nm and 13.6 kV/cm,
and (c) 380 nm and P/E- 20 for the DNA-drug complexes and
260 nm for the DNA alone, in 1 mM sodium cacodylate buffer
(pH 7.0).

shows once again that the dimer binds tightly to both the
supercoiled and nicked DNA forms of the plasmid, as
indicated by the important shift of these two DNA bands
(Figure S4).

It is important to mention at this point that the two
compounds affect topoisomerase | activity via DNA inter-
calation but they do not inhibit the catalytic activity of the
enzyme. The drugs do not promote DNA cleavage by
topoisomerase | or Il, in contrast to the reference inhibitors

Biochemistry, Vol. 42, No. 14, 20031143

able tetranucleotide sequences*j(2 + (4*9/2 = 136].
These two fragments, MS1 and MS2, contain the same
sequence of 136 bp but cloned in the opposite orientation
(5 — 3 and 3— 5, respectively). With each fragment, the
products of digestion by DNase | in the absence and presence
of the test drugs were resolved by polyacrylamide gel
electrophoresis. Typical DNase | digestion patterns observed
in the absence and presence of the test compounds are
illustrated in Figure 4. Significant differences between the
dimeric compound and the monomeric analogues can easily
be seen. Intense footprints are detected wWitl@13335,
whereas the effects are much less pronouncedM@B334.
However, the monomer does alter the DNase | cleavage
profiles and appears to bind to the same type of sequences
as the dimer, but with a reduced affinity. A typical example
can be seen with the MS1 fragment where a solid footprint
develops around nucleotide position 60 with the dimer and
to a lower extent with the monomer. This well-resolved
binding site corresponds to a GC-rich sequence. The differ-
ence between the two drugs is also clearly visible with the
265-mer (Figure 4C). In this case, the monomer modestly
inhibits DNase | cleavage whereas the dimer produces several
footprints separated by regions where the DNase | cleavage
is strongly enhanced. These regions where there is more
cutting by the enzyme are commonly attributed to drug-
induced structural changes in the vicinity of the binding sites,
as a result of the intercalative proced3)( A densitometric
analysis of the different patterns was performed to estimate
the location and relative strength of binding at particular
DNA sites. Figure 5 shows the differential cleavage plots
for the four DNA fragments in the presence of the two
compounds. The dips in these plots (negative values) indicate
sites of protection from DNase | cleavage, whereas peaks
(positive values) indicate regions of drug-induced enhance-
ment of nuclease cleavage. All binding sites identified for
the dimer coincide with the position of GC-rich sequences.
AT-rich sequences, in particular, runs of consecutive A and
T bases, are excluded from the binding sites and often appear
in regions of enhanced cleavage by DNase |. The most
intense footprints are detected at GC sites. The sequence
mentioned above around position 60 on fragment MS1, 5
CGTCCGGTGGG, provides a strong receptor for the dimeric
molecule. Similarly, the sequences-GCAGG and 5
CGGGA on fragment MS2 show full protection with
MCI3335 only. Several other similar sequences@CGG,

camptothecin and etoposide (Figure S4). The intensity of the 5-AGCC, 3-GGGCG, 5CGCC, and 5CGGCCAG) are

band corresponding to nicked DNA (for topoisomerase 1)
and linear DNA (for topoisomerase Il) is not amplified in

identified as preferential binding sequences.
A tetrazolium-based assay was applied to determine the

the presence of these naphthalimide derivatives. Neitherdrug concentration required to inhibit the growth of CEM

MCI3334 nor MCI3335 stabilizes DNA-topoisomerase |l
covalent complexes.
The DNase | footprinting methodology was employed to

human leukemia cells by 50% after incubation in the culture
medium for 72 h (Figure 6). The dimer proved to be
considerably, more than 100 times, more cytotoxic than the

compare the sequence selectivity of the monomeric andmonomer, with G, values of 0.6:M and 4.9 nM determined

dimeric naphthalimide compounds. Four DNA restriction
fragments were prepared by-énd radiolabeling with#?P.

for MCI3334 andMCI3335, respectively. Flow cytometric
analysis of propidium iodide-labeled CEM cells revealed that

On one hand, we used a 117 bp and a 265 bp DNA fragmentMCI3334 induces a slight accumulation of cells in the G2/M

from plasmid pBS with random DNA sequences. These two phase which is concomitant with a decrease of the GO/G1
pieces of DNA have been used previously to study sequencecell population. The percentage of cells in the S phase
recognition by amonafide and elinafideé4j, and therefore,  increases from 32 to 40% (Figure 7). The din€I3335

the binding sites can be compared. On the other hand, weshowed little effect on cell cycle progression. In fact, this
prepared two designed fragments of 198 bp termed “universalcompound binds so tightly to DNA that a dose-dependent
footprinting substrates™4@3) containing all 136 distinguish-  decrease in the level of the PI labeling occurs, as illustrated
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Ficure 4: Sequence selective bindingdfC13334 andMCI3335. The gels show DNase | footprinting with three DNA restriction fragments

of (A) 117, (B) 198, and (C) 265 bp. The 117-mer and 265-faull —EcoRI fragments were cut from the plasmid pBS. The 198-mer
Hindlll —Xba fragment was obtained from plasmid pMS1. In each case, the DNA weasdlabeled at th&caRlI or Hindlll site with
[a-32P]dATP in the presence of AMV reverse transcriptase. The products of nuclease digestion were resolved on an 8% polyacrylamide gel
containirg 7 M urea. Control tracks (marked Ct) contained no drug. Guanine-specific sequence markers obtained by treatment of the DNA
with dimethyl sulfate followed by piperidine were run in the lanes marked G. Numbers on the side of the gels refer to the standard numbering
scheme for the nucleotide sequence of the DNA fragment.

in Figure 7. To obtain a more precise view of the drug effect cell nuclei and to label DNA in cytometry studies, whereas
at the S phase level, cells were labeled with bromodeoxy- DiOCs which binds selectively to mitochondria (possibly to
uridine (BrdU), a thymidine analogue which is incorporated reticulum also) was used here to stain the cytoplasm of CEM
into newly synthesized strands of DNA. As shown in Figure cells in green. The three colors, blue, green, and red, can be
8, many fewer BrdU cells, labeled in the S phase at the easily differentiated by confocal microscopy. The high-
time of treatment, were detected after incubation for 24 h resolution fluorescence pictures presented in Figure 9 show
with MCI3335 than withMCI3334 compared to the control  that the monomeMCI3334 selectively accumulates in the
cell population. The dimer is significantly more potent than cell nuclei whereas with the diméiCI3335 (which is less

the monomer at inhibiting the incorporation of BrdU into fluorescent than the monomer), the blue fluorescence is more
DNA. The enhanced DNA binding capacity MCI3335 uniformly distributed in both the cytoplasm and the nucleus
likely accounts for the potent inhibition of DNA synthesis of the cells. The marked purple fluorescence seen in the cells
which is probably at the origin of the increased cytotoxicity doubly stained withMCI3334 and Pl suggests that a

of this dimeric molecule. significant proportion of the drug molecule must be bound
to genomic DNA. In contrast, th#CI3335 blue signal
clearly colocalizes with both the DiQQ@reen signal and
the PI red signal. The dimer shows a reduced nuclear uptake
capacity compared to the monomer, but a massive nuclear
accumulation in the cell nuclei is not absolutely required for
the dimer to exert its high cytotoxicity.

Finally, we studied the intracellular distribution of the
compounds in the CEM cells by means of confocal micros-
copy, taking advantage of the intrinsic fluorescence of the
furonaphthalimide nucleus (Figure 9). In recent studies, we
have shown that this approach is very useful in distinguishing
the nuclear versus cytoplasmic distribution of DNA-targeted
drugs 68—50). The cells were treated with the monomer or
dimer compound at 5, 10, or 20M for 4 h at 37°C, washed, DISCUSSION
fixed with 2% paraformaldehyde, and then counterstained The monomerMCI3334 and the dimerMCI3335 are
with the green fluorescent dye 3,3-dihexyloxacarbocyanine characterized by a furan ring fused to the naphthalene moiety.
iodide (150 nM DiOG), and/or with the red fluorescent dye This additional heterocycle distinguish&CI3335 from
propidium iodide (0.5¢g/mL). PI is routinely used to stain  elinafide, the rest of the molecule being identical, in
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Ficure 5: Differential cleavage plots comparing the susceptibility of the different DNA fragments to DNase | cutting in the presence of
MCI3334 andMCI3335 at the indicated concentrations. Negative values correspond to a ligand-protected site, and positive values represent
enhanced cleavage. Vertical scales are in units &f)Ir{ In(f.), wheref, is the fractional cleavage at any bond in the presence of the drug
andf; is the fractional cleavage of the same bond in the control, given closely similar extents of overall digestion. Each line represents a
three-bond running average of individual data points, calculated by averaging the valug) of Im(f;) at any bond with those of its two
nearest neighbors. Only the region of the restriction fragments analyzed by densitometry is shown.

particular, the nature of the aminoalkyl linker between the employed to study two types of bis-intercalating drugs,
two planar units. The range of biochemical and biophysical sandramycing5) and ditercalinium§6), but this is the first
data reported here demonstrates that the dimerization of thecase in which the technique is fully developed to compare a
furonaphthalimide system considerably reinforces the capac-pair of monomeric and dimeric molecules. The monomer
ity of the drug to bind to DNA. A qualitative analysis of the MCI3334 displays considerably faster association rates than
DNA binding reaction by means of absorption and melting the dimer at both the [AT]and [CG} sequences. Thky
temperature measurements provided the first indications thatvalues are also quite distinct for the monomer and dimer.
binding strength was markedly enhanced for the dimer The rate of dissociation oMCI3335 from the [CG}
compared to that for the monomer. A full quantitative sequence is~7 times slower than that dICI3334. The
analysis, by means of the surface plasmon resonancedimer, which exhibits a significant degree of self-stacking
technology, gave more precise information, revealing that in agueous solution, forms long-lived DNA complexes, and
the affinity of the dimer for DNA is~1000 times higher  this effect no doubt accounts for the intense footprints
than that of the monomeKgq in the 10—1C8 and 16—10° detected with this compound.

M~!ranges foMCI3335 andMCI3334, respectively). The The SPR data concur with the footprinting experiments
use of this sophisticated technique to study DNA interaction to indicate that the dimeric compound presents a pronounced
with small molecules is highly valuable, at least for water selectivity for GC-containing sequences. Although binding
soluble molecules, not only for measuring accurate binding to AT sequences is far from negligible, the complexes formed
constants but also for estimating the kinetic parameters of at GC sites dissociate more slowly and the longer residence
the interaction §1). The method has been extensively time must facilitate inhibition of DNA cleavage by the
exploited by Wilson and co-workers in the study of extended endonuclease. Interestingly, the sequence selectivity of
small molecules that fit into the minor groove of DNA and MCI3335 is not identical to that of elinafide. A comparison
RNA (37, 52), and more recently, we started applying it to of the footprinting data presented here with those reported a
mono-intercalating drug$8, 54). SPR has been previously few years ago with elinafide reveals that the newly designed
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Ficure 6: Cell growth inhibition curves. CEM leukemia cells were g o o o
treated with the indicated concentrationswif3334 or MCI3335. Ficure 8: Modification of bromodeoxyuridine incorporation in
Cell survival was assessed by a MTS assay after continuous drugCEM cells treated wittMCI3334 or MCI3335. Cells were treated
exposure for 72 h. for 24 h with the test drug at the indicated concentrations prior to
labeling with the BrdU-FITC conjugate fol h and counterstained
2564 MCI3334 2564 MCI3335 with propidium iodide (P1).
| crucial role in determining DNA sequence-specific reading
A 0 by bis-intercalatorsH9, 60).
w128 £128 Il . . o .
8 8 | At this point, it is useful to refer to the antitumor drug
| DACA and related acridine 4-carboxamide derivatives which
ol > ol el behave like the naphthalimides. Crystal structures of different
0 0 pl—> 508 acridine 4-carboxamideDNA complexes have revealed that

three parameters are essential to the formation of very stable
complexes at CpG sites: (i) stacking interaction between the
tricyclic chromophore and the GC base pairs, (ii) a planar
carboxamide group stabilized by an internal H bond and
allowing contacts with a proximal DNA phosphate residue
via a water bridge, and (iii) H bond interactions between
the cationic side chain and the O6 and N7 atoms of guanine
in the DNA major groove §1—64). Much the same
parameters can be invoked to explain the similar behavior
FIGURE7: Cell cycle analysis of CEM human leukemia cells treated Of the naphthalimide. The reinforced stacking properties of
for 24 h with (top) 2uM MCI3334 or MCI3335 and (bottom) MCI3335 are expected to contribute to the enhanced
increasing concentrations MCI3335. Cells were analyzed with  temporal stability of the drugDNA complexes. The imide

the FACScan flow cytometer. ring of 9-amino-DACA can be assimilated to the planar H
bond-stabilized pseudoring, as illustrated in Figure 10a. This
H bond-stabilized conformation, which serves to orient the

ation >

concentr

furonaphthalimide dimer exhibits an enhanced selectivity

toward GC sites compared to the parent compound. With amino alkyl side chain toward the major groove of DNA,

the bis-tricyclic compc_Jund, a preference _for mixc_ad nucl_eo_tiqle can be formed with either the protonated acridine nitrogen
sequences characterized by an a_llternatlng purlne-pyr|m|d|neand the G=O group of the adjacent amide bond (Figure 10a)
molif, particularly those containing GpT (ApC) and PG or the nonprotonated neutral form of the N acridine and the
(CpA) steps, was deducedl4). In this case, the bis-

tetracyclic molecule exhibits a different behavior with a NH group of the proximal amide bond (Figure 10b). In each

marked preference for GC sites. The footprinting patterns Ea,\‘j’i’ trf s |_dekcha|n tls pushed I%W?rd ltheﬂr]najo:_grpov% of
produced byMCI3335 rather resemble those obtained with chainV:;f Iglinlzfi d”;;"; 1%;‘;%'?9;63 ﬁaa Sh?halee :1:: Ic?iir;fidstlase
acridine 4-carboxamide derivative57§ and more recently 65. 66). The reali ;’at'on that similar stzr'c and electronic
with bis-dihydrodipyridopyrazines incorporating aminoalkyl ]S » 66). zall >Imil Ic oni
linkers similar to that ofMCI3335 (58). The different ~ [actors control the GC-selective intercalation of acridine
behavior of elinafide anCI13335 suggests that the furano 4-car_t)qxam|de anq modified naphthgllmldes will be useful
fing of the bis-tetracyclic dimer plays a part in determining " 9iding the design of novel dimeric compounds.

GC selectivity. It seems that the origin of the sequence Despite its limited capacity to accumulate in the cell nuclei,
selectivity resides, at least in part, in stacking interactions the dimerMCI3335 turned out to be considerably more
between the furonaphthalimide chromophore and DNA base cytotoxic to CEM leukemia cells than the monorw€I13334.
pairs. Since the monomeric compound exhibits a similar Although there is no indication that this can be attributed to
selectivity for a GC-rich sequence, but a weaker affinity, the enhanced affinity for DNA per se, it is not uncommon
we can conclude that the aminoalkyl linker chain essentially to see a correlation between DNA binding strength and
serves as a hook to maintain the stability of the drDiNA cytotoxicity in the naphthalimide series. Recently, for
complexes and limit the dissociation. The furano ring is likely example, the antiproliferative activity of bisnaphthalimi-
the principal determinant of GC selectivity for the dimer dopropyl polyamine derivatives toward human breast cancer
MCI3335, possibly via hydrogen bonding interactions with  MCF-7 cells was found to be correlated with their binding
the amino group of guanine residues within the minor groove. affinity (67). Similar examples have been described with
Hydrogen bonding and stacking interactions usually play a other dimeric intercalator$8).
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Ficure 9: Fluorescence micrographs of CEM leukemia cells stained with the indicated compousall @&ch in blue), with propidium
iodide (Pl in red), or with 3,3-dihexyloxacarbocyanine iodide (DidCgreen). Images on the right side of the figure show the overlay of
the naphthalimide compounds with PI (blue and red) or with DjQ@fue and green). The cells were incubated with the drug for 4 h,
washed, fixed with 2% paraformaldehyde, and then labeled with PLraL Pl) or DiIOG (150 nM) prior to the microscopy observation
(63x%).

@ furonaphthalimide derivatives studied here. The mecha-
\@@‘” nism of cell killing by MCI3335 is a priori topoisomer-
@ ase ll-independent. We are inclined to believe that the loss

_&‘&
A of the anti-topoisomerase |l activity is attributable to the

O o additional heterocyclic ring fused to the naphthalim-
H+majorgroove ide system because, in another recent study, we found

[s] . . . . .. . .
oo that tetracyclic bispyrazinonaphthalimides also fail to in-
4G

hibit topoisomerase Il, despite their potent cytotoxic activi-
ties. A bispyrazinonaphthalimide derivative [incorporating
the same (ChH-NH-(CH,)s-NH-(CHy). linker as elinafide
and MCI3335] was found to exhibit promising cytotoxic
activities against different cell lines, and this was also
associated with a tight bisintercalative binding to DNA, but
not to topoisomerase inhibitior2®). Related to this, it is
FIGURE 10: (a) Schematic representation of the binding to DNA Worth mentioning that similarly, the substitution of the fused
of the acridine 4-carboxamide derivative (9-amino-DACA) and the furane ring ofMCI3335 for an imidazole ring also provides
furonaphthalimideéMCI3334. In both cases, the planar chromophore  compounds inactive toward topoisomerase Il (unpublished
would intercalate between GC base pairs and the appended cationi(aata)_ Therefore, it may be a general rule that the fusion of

side chain is directed toward the major groove. The dark ring L .
illustrates the common planar structural motif which is supposed a heterocycle to the naphthalene 3 or 4 position abolishes

to orient the cationic linker in the same direction. (b) Superimposi- the inhibitory activity of the drugs toward topoisomerase II.
tion of the acridine (red) and naphthalimide (blue) structures. In In other words, this side of the molecule may be required
this case, the acridine nitrogen is shown in its unprotonated form. for interaction with the enzyme or access to the topo-

See the text for more details. isomerase H-DNA interface.

The lack of a poisoning effect of the two test drugs against ~ Stacking interactions can be invoked to try to explain the
topoisomerases is surprising and interesting. In particular, 10ss of the anti-topoisomerase Il seen Wili€13335. This
the fact that neitheMCI3334 nor MCI3335 promotes DNA ~ bis-tetracyclic compound has a stronger tendency to self-
cleavage by topoisomerase Il contrasts with the well- associate than the bis-tricyclic parent molecule elinafide. The
documented topoisomerase Il poisoning activity exhibited increased size of the two planar chromophores must favor a
by related monomers such as amonafide and azonafje (  stacking interaction with DNA base pairs, but reinforcing
29, 30), and dimers, including elinafide and bisnafidg (  the capacity of the drug to form bis-intercalation complexes
33). Nevertheless, despite the absence of enzyme inhibition,may be detrimental to topoisomerase Il inhibition. Bisnafide
MCI3335 is extremely potent at inhibiting the growth of potently inhibits topoisomerase 18g), but this compound
CEM leukemia cells, and the calculateds¢@alue is even  has appeared to be only a mono-intercalei@).(In contrast,
3 times lower than that measured with elinafide under elinafide does form bis-intercalation complexé4,(15) but
identical culture conditions (I& values of 4.9 and 16.5 nM  only weakly inhibits topoisomerase IF). A cytotoxicity
for MCI3334 and elinafide, respectively). This observation study with a pair of Jurkat leukemia cell lines sensitive or
raises questions about the role of topoisomerase Il inhibition resistant to the topoisomerase Il inhibitor amsacrine has
in the expression of the cytotoxic potential of these bisnaph- indicated that elinafide does not exploit topoisomerase Il to
thalimides. Nitiss and co-workers have concluded that the kill cancer cells. The fusion of the naphthalene moiety with
bisnafide causes cytotoxicity by its action against eukaryotic a furane or a pyrazine heterocycle reinforces the stacking
topoisomerase Il. The same conclusion is not valid for the properties and the capacity of the drug to intercalate into
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DNA, but this is apparently at the expense of topoisomerase
Il inhibition. Whether other DNA binding enzymes (e.g.,
helicases, telomerase) are implicated in the cell killing
mechanism oMCI3335 will be the subject of continued
examination.

The lack of a poisoning effect oMCI3335 against 8
topoisomerase Il is consistent with the cytometry analysis
showing that the dimer does not block cell cycle progression
at a specific phaseviCI3335 inhibits the incorporation of

BrdU into newly synthesized DNA. Whether this is linked g

to DNA binding remains to be determined. Many factors
other than the strength of the interaction to the double-
stranded DNA bioreceptor combine to influence the potency
of a drug in a cellular environment. It remains possible that
selective binding of the drug to GC-rich sequences in specific
genes represents the initial molecular event which then
triggers the cytotoxic activity. DNA is perhaps not the unique
but nevertheless is likely the critical biochemical target of
MCI3335 and related bisnaphthalimide®lCI3335 might

be a novel candidate for further preclinical investigations.

12.
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