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ABSTRACT. Double-stranded DNA is a therapeutic target for a variety of anticancer and antimicrobial
drugs. Noncovalent interactions of small molecules with DNA usually occur via intercalation of planar
compounds between adjacent base pairs or minor-groove recognition by extended crescent-shaped ligands.
However, the dynamic and flexibility of the DNA platform provide a variety of conformations that can

be targeted by structurally diverse compounds. Here, we propose a novel DNA-binding template for
construction of new therapeutic candidates. Four bisphenylcarbazole derivatives, derived from the combined
molecular architectures of known antitumor bisphenylbenzimidazoles and anti-infectious dicationic
carbazoles, have been designed, and their interaction with DNA has been studied by a combination of
biochemical and biophysical methods. The substitutions of the bisphenylcarbazole core with two terminal
dimethylaminoalkoxy side chains strongly promote the interaction with DNA, to prevent the heat
denaturation of the double helix. The deletion or the replacement of the dimethylamino-terminal groups
with hydroxyl groups strongly decreased DNA interaction, and the addition of a third cationic side chain
on the carbazole nitrogen reinforced the affinity of the compound for DNA. Although the bi- and tridentate
molecules both derive from well-characterized DNA minor-groove binders, the analysis of their binding
mode by means of circular and linear dichroism methods suggests that these compounds form intercalation
complexes with DNA. Negative-reduced dichroism signals were recorded in the presence of natural DNA
and synthetic AT and GC polynucleotides. The intercalation hypothesis was validated by unwinding
experiments using topoisomerase |. Prominent gel shifts were observed with the di- and trisubstituted
bisphenylcarbazoles but not with the uncharged analogues. These observations, together with the
documented stacking properties of such molecules (components for liquid crystals), prompted us to
investigate their binding to the human telomeric DNA sequence by means of biosensor surface plasmon
resonance. Under conditions favorable to G4 formation, the title compounds showed only a modest
interaction with the telomeric quadruplex sequence, comparable to that measured with a double-stranded
oligonucleotide. Their sequence preference was explored by DNase | footprinting experiments from which
we identified a composite set of binding sequences comprising short AT stretches and a few other mixed
AT/GC blocks with no special AT character. The variety of the binding sequences possibly reflects the
coexistence of distinct positioning of the chromophore in the intercalation sites. The bisphenylcarbazole
unit represents an original pharmacophore for DNA recognition. Its branched structure, with two or three
arms suitable to introduce a structural diversity, provides an interesting scaffold to built molecules
susceptible to discriminate between the different conformations of nucleic acids.

Recently, a series of heathead bisphenylbenzimidazoles (1). The potent cytotoxic activity of these compounds was
was identified as a promising new class of antitumor agents associated with their capacity to bind selectively to AT-rich

o . od b s (o CB) 1 e Li sequences in the minor groove of DNA. These molecules
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Ficure 1: Structures of the drugs mentioned in this study.
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from Aldrich. The drugs were dissolved in DMSO at 5 mM.
The stock DMSO solutions of drugs were kept-&20 °C
and freshly diluted with water to the desired concentration
immediately prior to use.

Absorption Spectroscopy and Melting Temperature Stud-
ies Absorption spectra and melting curves were measured
using an Uvikon 943 spectrophotometer coupled to a Neslab
RTE111 cryostat. Titrations of the drug with DNA, covering
a large range of DNAphosphate/drug ratios (P/D), were
performed by adding aliquots of a concentrated DNA to a
ligand solution at a constant concentration (20). The T,
measurements were performed in BPE buffer at pH 7.1 (6
mM NaHPQ, 2 mM NaHPQO,, and 1 mM EDTA). The
temperature inside the cuvette (10 mm path length) was
increased over the range-3000 °C with a heating rate of
1 °C/min. The “melting” temperatur&, was taken as the
midpoint of the hyperchromic transition.

Circular Dichroism (CD) CD spectra were recorded on
a J-810 Jasco dichrograph. Solutions of drugs, nucleic acids,
and their complexes (1 mL in 1 mM sodium cacodylate
buffer at pH 7.0) were scanned in 1 cm quartz cuvettes.
Measurements were made by progressive dilution of the
drug—DNA complex at a high P/D (phosphate/drug) ratio
with a pure ligand solution to yield the desired drug/DNA
ratio. Three scans were accumulated and automatically
averaged.

Electric Linear Dichroism (ELD)Poly(dAT), and poly-
(dGC), were purchased from Sigma. Calf thymus DNA
(Pharmacia) was deproteinized with sodium dodecyl sulfate
(SDS) (protein content 0.2%). All nucleic acids were
extensively dialyzed against 1 mM sodium cacodylate
buffered solution at pH 7.0 prior to the ELD measurements

prompted us to design a series of related compounds forPerformed with a computerized optical measurement system
which the central bisbenzimidazole unit has been replacedUsing the procedures previously outlinetP). All experi-
with a carbazole core. The reason for the choice of this planarments were conducted with a 10 mm path-length Kerr cell

tricyclic system derives from our long-term interest in the
chemistry of indoles and carbazolés §) coupled with the
known capacity of certain 3,6-disubstituted carbazoles to
recognize preferentially AT-rich DNA sequences. Indeed, a
high AT selectivity can be achieved with 3,6- (and 2,7-)
substituted diamidino and bisimidazolidine carbazoles, which

also have a potential therapeutic value for the treatment of

opportunistic infectionsA—9). These carbazole and bisbenz-

imidazole compounds are believed to exert their biological
action via tight binding to AT sequences in the minor groove
of DNA and subsequent inhibition of DNA-directed enzymes,
possibly helicasesl() but not topoisomerased)(

Various bisphenylcarbazole derivatives substituted with
polar side chains have been synthesizEl),(and here, we
report the results of our pharmacological study aimed at
elucidating, at least partially, the molecular mechanism of
action of these compounds. Four molecules4 in Figure
1) were selected, and their DNA-binding properties were
investigated by means of complementary biochemical and
biophysical methods to compare their relative DNA-binding
affinity, mode of DNA interaction, and sequence selectivity.

MATERIALS AND METHODS

Chemicals and Biochemical$he synthesis of the diphe-
nylcarbazoles together with their cytotoxic properties will
be reported separatelyy). Camptothecin and etoposide were

having a 1.5 mm electrode separation. The samples were
oriented under an electric field strength varying from 1 to
14 kV/cm. Unless specified, 10M of the tested drug was
incubated with 20tM of DNA. This electro-optical method
senses only the orientation of the polymer-bound ligand; free
ligand is isotropic and does not contribute to the sigha).(

DNase | Footprinting.The complete procedure has been
recently detailed ¥4). The 265-bp DNA fragment was
prepared by 3[*?P]end labeling of th&caRI—Puull double
digest of the pBS plasmid (Stratagene) usinf?P]JdATP
(Amersham, 3000 Ci/mmol) and AMV reverse transcriptase
(Roche). The labeled digestion products were separated on
a 6% polyacrylamide gel under nondenaturing conditions in
Tris-borate-EDTA (TBE) buffer (89 mM Tris-borate at pH
8.3 and 1 mM EDTA). After autoradiography, the requisite
band of DNA was excised, crushed, and soaked in water
overnight at 37°C. This suspension was filtered through a
Millipore 0.22um filter, and the DNA was precipitated with
ethanol. The labeled DNA was then washed with 70%
ethanol, vacuum-dried, and resuspended in a solution con-
taining 10 mM Tris at pH 7.0 and 10 mM NacCl.

Bovine pancreatic deoxyribonuclease | (DNase I, Sigma
Chemical Co.) was stored as a 7200 units/mL solution in 20
mM NacCl, 2 mM MgC}, and 2 mM MnC} at pH 8.0. The

1 Abbreviations: SPR, surface plasmon resonance; TBE, Tris-borate-
EDTA.
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stock solution of DNase | was kept at20 °C and freshly 0.8
diluted to the desired concentration immediately prior use. g 1
Footprinting experiments were performed essentially as g 06 f\
previously describedlf). Briefly, reactions were conducted g 0.4 /;“g.,:\\\
in a total volume of 1QuL. Samples (2:L) of the labeled 2 /) gy
DNA fragments were incubated with8_ of the buffered < 02 l \\\
solution containing the ligand at the appropriate concentra- \
tion. After incubation for 10 min at room temperature to 0.0 T T T
L - : ) . 250 300 350

ensure equilibration of the binding reaction, the digestion
was initiated by the addition of 2L of a DNase | solution wavelength (nm)
whose concentration was adjusted to yield a final enzyme 0.8
concentration of about 0.03 unit/mL in the reaction mixture. o
After 3 min, the reaction was stopped by freeze drying. 2 06
Samples were lyophilized and resuspended,ith. ®f a 80% E 2
formamide solution containing the tracking dyes. The DNA g 04
samples were then heated at@for 4 min and chilled in 2 02 l
ice for 4 min prior to loading.

DNA cleavage products were resolved by polyacrylamide 0.0 T T T
gel electrophoresis under denaturating conditions (8% acryl- 250 300 350
amide containig 7 M urea). After electrophoresis (about 2 wavelength (nm)

h at 60 W in TBE-buffered solution), gels were soaked in FiGuRe 2: DNA titration of 1 and2. To 1 mL of drug solution at

10% acetic acid for 10 min, transferred to a Whatman 3MM ggﬂmf?ﬁeagﬁggpﬁﬁgﬁmﬁgﬂffmrc?feefsgglgrg%néu; ggA
paper, .and dried under vacuum at 80. A Molecular (top to bottom curves, at 260 nm). Measurements were performed
Dynamics 425E Phosphorimager was used to collect datajn BPE buffer at pH 7.1 (6 mM N&PO,, 2 mM NakPO,, and 1

from the storage screens exposed to dried gels overnight amM Na,EDTA). Spectra are referenced against DNA solutions of
room temperature. Baseline-corrected scans were analyzegxactly the same DNA concentration and were adjusted to a
by integrating all of the densities between two selected ommon baseline.

boundaries using ImageQuant versio_n 3.3 softwar_e._Eachand degassed buffer that contained a final concentration of
resolved band was assigned to a particular bond within the 1% DMSO. Different concentrations of the samples were

DNA fragments by comparison of its position relative 10 ,onareq by serial dilution from the stock solutions to keep
sequencing standards generated by treatment of the DNAye p\so” concentration in all samples and the running
with dimethyl su_lfate foIIov_ved by plp_er|d|ne-|nduced cleav- i ffer the same. The same running buffer was used for
age at the modified guanine bases in DNA (G track). regeneration of the surface. Samples were injected at a flow
Biosensor Surface Plasmon Resonance (SPR) Bindingrate of 20uL/min by using the KINJECT command for
StudiesBlAcore 2000 SPR measurements were performed steady-state experiments. Double-referencing subtractions
with four channel streptavidin-coated sensor chips (SA). To were used for data analysis. The first reference subtraction
prepare sensor chips for use, they were conditioned with threeeliminates the bulk refractive index change of the injection
consecutive 1-min injectiond @ M NaCl in 50 mM NaOH noise, whereas the second subtraction of a blank buffer
followed by extensive washing with buffer'-Biotinylated injection eliminates any systematic changes that are char-
DNA samples (human G4, biot-d[AG3(TTAG3)3] and a acteristic of a particular celll®). The results were converted
duplex, 3-biot-d[CGAATTCG-TCTC-CGAATTCG]) in to equilibrium binding constants by using previously de-
Hepes buffer at pH 7.4 [0.01 M Hepes, 0.15 M NaCl, 3mM scribed methodsl6—19).
EDTA, and 0.005% (v/v) surfactant P20] were immobilized = Topoisomerase InhibitiorThe experimental procedure has
on the surface by noncovalent capture to streptavidin. Onebeen previously detailed2(). Supercoiled pKMp27 DNA
of the flow cells was left blank in the experiments and served (0.2ug) was incubated with 4 units of human topoisomerase
as a control for subtraction. Manual injection was used with /Il (TopoGen Inc.) at 37C for 1 h inrelaxation buffer (10
25 nM DNA and a flow rate of 2«L/min to achieve long mM Tris-HCl at pH 7.9, 100 mM NaCl, 1 mM EDTA, 0.1%
contact times with the surface and to control the amount of BSA, 0.1 mM spermidine, and 5% glycerol) in the presence
the DNA bound to the surface. The human G4 DNA folded of varying concentrations of the drug under study. Reactions
into a quadruplex in the SPR experiments in the presence ofwere terminated by adding SDS to 0.25% and proteinase K
K™ (BlAcore HBS-EP buffer, filtered and degassed with 0.01 to 250 ug/mL. DNA samples were then added to the
M HEPES at pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% electrophoresis dye mixture (A ) and electrophoresed in a
surfactant P20 supplemented with 0.2 M KCI). Folding with 1% agarose gel at room temperature Zch at 120 V.Gels
respect to time was checked by a series of melting/cooling were stained with ethidium bromide gb/mL), washed, and
experiments assessed by both CD and UV methods inphotographed under UV light.
solution. All procedures for binding studies were automated
by using repetitive cycles of sample injection and regenera- RESULTS

tion as previously described §, 17). Interaction with DNA: Spectral Changes on Complex
All ligand samples were dissolved in DMSO (1 mM) and Formation. (a) U\-Visible Absorption Spectral Changes

then diluted as a stock solution to<110°5 M in the HEPES and the DNA Melting Temperature StudyNA induces

buffer at pH 7.4. Samples of each were prepared in filtered significant shifts in the UW-vis spectra of the carbazolés
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FIGURE 3: Melting temperature variatioAT,, (T,dug-DNA complex

— TpPNAalone in °C) of poly(dAT), after incubation with the
diphenylcarbazoles. Th&;, measurements were performed at a
constant drug/DNA-phosphate ratio of 10 (2M drug and 2Q:M
DNA—nucleotide)T,, measurements were performed in BPE buffer
at pH 7.1 (6 MM NaHPQ,, 2 mM NaH,PQy, and 1 mM EDTA),

in 1 cm quartz cuvettes at 260 nm with a heating rate t€/min. -10 T T 1
The T, values were obtained from first-derivative plots. 250 300 350 400

wavelength (nm)
and2 (Figure 2). These experiments were performed in BPE Figyre4: CD spectra ol and2 in the presence of graded amounts
buffer, and similar spectral changes were observed whenof calf thymus DNA. DNA titrations of the drugs were performed

using the cacodylate buffer (as used for the CD and ELD in 1 mM sodium cacodylate buffer at pH 7.0. To 3 mL of drug

. solution at 5uM were added aliquots of a concentrated calf thymus
measurements). Addition of calf thymus DNA to both DNA solution. The spectrum of the final complex corresponded to

coefficient at the peak wavelength centered at 260 and 293changes induced by adding DNA.

nm, and the later peak is shifted to a longer wavelength. In

the 260 nm band, the two compounds behave differently. (b) CD. CD spectra were recorded at a fixed drug
With 2, the absorbance at 260 nm decreases and thenconcentration in the presence of increasing amounts of DNA,
stabilizes at a constant level, whereas wittthe decrease  in both the 256-300 nm region where DNA absorbs and
is followed by a marked increase as the DNA concentration the 306-400 nm region where only the drugs absorb (Figure
is increased. There was practically no shift witand only ~ 4). The positive-induced CD detected wittand 2 around

a modest hypochromic shift with(spectra not shown), much 320-330 nm is d_ue to induced _CD in the bound carbazole
weaker than that observed withand 2. The low capacity ~ Molecules. As with the absorption spectra results, the CD
of the OH compound8 and 4 to interact with DNA was tltfat|onfs are quite different fat and2, .|nd|cat|ng a distinct
also noticed from the melting temperatufie,) experiments, orler?tatlon of the bqund molecules Wlt'h respect to the DNA-
where it is obvious that these two uncharged molecules doPinding pockets. Witf8, there was no induced CD, and the

not augment th@, of calf thymus DNA, in marked contrast ggzw‘é)e CD band at 320 nm was weak wif(spectra not

to the cationic derivatived and 2 (Figure 3). These two ‘ -

compounds with two or three dimethylaminoethyl side chains (€) ELD. To evaluate the binding mode, the drigNA
strongly stabilize DNA against heat denaturation. Thef complexes were oriented in an electric field and the position

. . of the DNA-bound molecules was probed by a linearly
the alternating polynucleotide poly(dAdincreases from 42 ) X
°C to more thgaﬁ 7)(/3(: in the pr%sé/gc?d); or 2, at a drug/ polarized light. The ELD spectra dfbound to calf thymus

~ i . X DNA, poly(dAT),, and poly(dGG)are very similar and gave
D_I:Ir,]Ab Tﬁileogge ratt|)(_) gf 0.1. Itrr]1 Iact, _tthe me_ltltng fggvgs negative-reduced dichroismAQ/A) signals in the drug
Wld 72“ anl ?jriglp 3S7K::nglf r2an5| I((j)nt ponts 3f ) absorption band around 320 nm (Figure 5). NegativéA
and 75.4 for Land 46 and /1.5 1or 2, as determined Irom i 415 \vere obtained with all four compounds, but the

the first derivative plots of the melti'ng curves. There is no magnitude of the ELD values vary significantly from one
doubt that these two compounds bind strongly to DNA, in .omn6und to another. Figure 6 shows the dependence of

sharp contrast to the hydroxylated derivatives. Unsurpris- o p/a on the electric field strength for the four dra@NA
ingly, the replacement of the terminal OH groupsdofith complexes. The values are very weak withmost likely
dimethylamino groups strongly promotes binding to DNA, pecause of the poor affinity of this compound for DNA.
and the incorporation of a third dimethylaminoethyl side Compound3 bound to DNA gave ELD identical to those
chain on the carbazole nitrogen further reinforces the capacityrecorded with DNA alone, whereak and 2 gave more

of the molecule to interact with its DNA target. The npegative values. The negative ELD signals of intensity equal
hypochromic and bathochromic shifts observed wiitand  or superior to those of DNA indicate that the drug molecules
2 reflect the strong interaction of the diphenylcarbazole are oriented more or less parallel to the plane of the DNA
aromatic system with DNA base pairs, and the addition of a base pair (i.e., perpendicular to the DNA axis or the electric
supplementary side chain directly on the central pyrrole ring field direction). It is quite frequent that intercalating agents
must induce a different interaction, which perturbs the give AA/A values superior to those of DNA, and this is
orientation of the carbazole system with respect to the DNA generally attributed to drug-induced structural perturbation
base pairs. of the DNA double helix 13). The unwinding of the helix

CD[mdeg]




DNA Recognition by Diphenylcarbazoles

-0.0- —o—1+ CTDNA
—a— 1 + poly(dAT),

0.2 —+ 1 + poly(dGC),
< U7
<
<

-0.4-

(a)
-0.6

) ] ] 1
270 290 310 330 350
wavelength (nm)

Ficure 5: ELD spectra ofl bound to calf thymus DNA or the
alternating polymers poly(dA%)and poly(dGC). ELD spectra were
recorded at a 13.5 kV/cm and at a P/D ratio of 25 (250 DNA
and 10uM drug), at room temperature (Z€) in 1 mM sodium
cacodylate buffer at pH 7.0.

-0.0
-0.14 = CTDNA
‘é -0.24 o :;
-0.3- °
o +3
-0.44 A +4
'05 L] L} L] T L} L} 1
0 2 4 6 8 10 12 14
E (kV/cm)
< m poly(dAT),
3] o +1
o +2
o +3
A +4
0.5 T T T T T T 1
0 2 4 6 8 10 12 14
E (kV/cm)
m poly(dGC),
g o +1
< o +2
o +3
A +4
0.5 —

0 2 4 6 8 10 12 14
E (kV/cm)
Ficure 6: Dependence of the reduced dichroigy&/A on the

electric field strength for the diphenylcarbazoles bound to (a) calf
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= 20 (200uM DNA and 10uM drug); 320 nm for the different
drug—DNA complexes and 260 nm for the DNA alone. All
measurements were performed at room temperaturé@20n 1
mM sodium cacodylate buffer at pH 7.0.
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Similar ELD experiments were carried out with the
alternating polymers poly(dA%)and poly(dGC) (Figure 6).
With the AT polymer, the results are relatively similar to
those obtained with calf thymus DNA: a very low level of
binding for4; 3 behaves like the unbound polymer; and the
two other compoundd and 2 both give slightly more
negativeAA/A values. The situation is different with the GC
polymer because, in this case, the binding of the two
dimethylaminoethyl compounds remains strong, whereas the
hydroxyethyl compoun® now binds weakly to givAA/A
values as low as those obtained wdtiHowever, in all cases,
the AA/Avalues are negative, suggesting that the compounds
can intercalate into both AT and GC sequences, at least under
the experimental conditions of the ELD experiments (low
ionic strength). From this set of data, binding of the drugs
to the minor groove of DNA is totally excluded. Minor-
groove binders always give positiveAV/A values, as previ-
ously reported with diamidine compounds in the carbazole
and diphenylfuran serie®9,(21).

Sequence Selegiiy. The selective recognition of DNA
sequences was studied by DNase | footprinting using a 265-
bp restriction fragment derived from plasmid pBS. This DNA
substrate has been commonly used in footprinting experi-
ments with a great variety of small molecules, both inter-
calators and groove binders. The electrophoresis gel shown
in Figure 7 indicates that onl{y and?2 affect the cleavage of
DNA at certain sites by the endonuclease. The uncharged
compounds3 and4 have no effects on DNase | cleavage,
whatever the drug concentration tested, most likely because
their affinity for DNA is too low or because the kinetics of
binding is too fast to interfere with the access of the enzyme
to the DNA. Preferential binding of the two dimethylami-
noethyl compounds to different sites along the DNA
sequence is clearly revealed by the footprints where the
extent of cleavage by the nuclease is reduced. Five drug
binding sites were identified with both and 2, essentially
at sequences containing consecutiveTAbase pairs but not
exclusively. The two molecules recognize the same se-
guences, but the extent of footprint is slightly higher with
compared to2. This is more clearly evident from the
differential cleavage plots presented in Figure 8. In this type
of graph, the negative values refer to sites protected from
DNase | cleavage by the test compound, whereas the positive
values refer to sites where the cutting of DNA by the
nuclease has been promoted by the drug, most likely as a
result of drug-induced perturbation of the DNA helix
structure, thereby facilitating the access of the enzyme to its
cleavage sites. The stimulation of enzymatic cleavage at or
adjacent to the ligand-binding site may be indicative of
preferred ternary complex (draddNA—DNase |) formation.
Three of the binding sites coincide with AT stretches (5
ATTA, 5'-TAAA, and 5-AAAA). The two other sites, 5
GCATG and 5CTAGA, have no special AT character, and

induced by the sliding of the drug chromophore between two they also correspond to high-affinity receptors for both
consecutive base pairs facilitates its orientation in the electriccompounds. It seems that the carbazole molecules can
field, and in addition, the drug may also rigidify the accommodate different sequences. At present, no precise
macromolecule receptor so as to favor its capacity to orient molecular rule can be determined to rationalize these
parallel to the electric field. The results obtained here with footprinting information. Experiments with a wide range of
the diphenylcarbazole compounds are directly reminiscent sequences would be needed to better comprehend the rules
to those previously obtained with other series of intercalating that dictate drug binding to DNA.

agents, in the diphenylfuran seri€d) and in the carbazole
diamidine series for drugs interacting with GC sité} (

Biosensor SPR Analysis of DNA Interactioms.quantify
the interaction, the binding of the carbazole compouhds
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strongly than the dication under these conditions, in agree-
ment with the other data. Because of the weak binding, the
fitting results have a larger error than with compounds that
can approach saturation binding. The best fits were obtained
with an equivalent site model with two sites for compound
binding to the G4 sequence ane-2 sites for the duplex
(Table 1). The di- and trisubstituted compounds have similar
binding constants for the duplex and quadruplex DNAs. As

1 . 2 ‘ 3 -4 _ compounds, such as a macrocyd@)(and ditercalinium16)
J5 __: J5 _--c-:-o g _: g "";"' € that we have investigated with these sequences. The increased
OO0~ wrAO-1wrAO-1w-NO- 1 = g SPR response with the trication indicates that it binds more
11

ﬁg_ E."’ g g expected, the trisubstituted compound binds more strongly
’!_ 1 | than the disubstituted derivative, but both compounds bind
100- : - g weakly to the duplex and G4 sequences under the high-salt
5 90- .ll;.ip-'ﬂ-”—-—"-‘ e B e 55511 conditions (200 mM K) of these experiments.
£ I-ii-! CLLLELELAERLEL LI L] Effects on Topoisomerase&.conventional DNA relax-
é |80— .__ e s = O B e e ation assay was used to investigate the effect of the
=2 i i- M YT FITHrIrr carbazoles on hL_Jman DNA topmsomerase;. In t_hese experi-
3 ik g‘ Lad | SESZZERR ‘-g; ments, supercoiled DNA was treated with either topo-
I gges--pe= oo f: Aok 4244 ) isomerase | or Il in the fi i trati
il presence of increasing concentrations
g 60_._-:== 33 1 FEAck-E R g -8 8 k- of the test drug (up to 5@M) and the DNA relaxation
UI aB= EEs-rElasdananan products were then resolved by electrophoresis on agarose
§ ‘ gels. Representative gels are shown in Figure 10a (topo 1)
0 R EBE2=BE8 == 3S3 82883 and Figure 10b (topo Il). The drug does not promote DNA
5 I !;; ittt -k Stk £ cleavage by topoisomerases. No significant increase in the
o 8= --:2222‘:2:‘::-!:225; amount of nicked (for topo 1) or linear (for topo II) DNA
40- sg==== -~ 5 species was observed in the any of the diphenylcarbazoles,
BB88aROT ST ECCRIT NS in contrast to what is observed with the reference drugs
- '_'_' : L cmae e camptothecin and etoposide, which produce a high level of
= 1§ ¥ 1S sedpedrotoniip i b freriptiodi single- or double-strand breaks, respectively. The minor
Q I 30- am==- SSer-—anaassasasss effects observed witl3 .and4 on topqsomerase | and tq a
(3} a=- s~ aStssseagueteEs lesser extent on topoisomerase Il (increase of the nicked
e - e - —m——---—---e DNA band) were not reproducibly observed. These com-
pounds must therefore not be considered as a topoisomerase
’ S22z _=_2 e Sk poisons. However, it is interesting to see once again in these
¥ BBETTSSTSSozmez=gesee gel experiments that the affinity of the two dimethylamino
FiGURE 7: DNase | footprinting ofl—4 on the 265-bpEcoRI— compounds and2 is much higher than that of the uncharged

Puull DNA fragment from pBS. The DNA was'3nd-labeled with analogue$8 and4. These two later molecules do not reduce
[a-32P]dATP in the presence of AMV reverse transcriptase. The the electrophoretic migration of the supercoiled DNA, in

products of nuclease digestion were resolved on an 8% polyacryl- contrast to the analogues with two or three charged branches,

amide gel containig 8 M urea. The concentration (micromolar) of . . . i
the drug is shown at the top of the appropriate gel lanes. Control Whlch both .'”duc? mgr_ked . gel Sh'ft.s’ af‘d .thls is also
tracks (Cont.) contained no drug. The track labeled “G” represents consistent with their efficient intercalative binding to DNA.

dimethylsulfate piperidine markers specific for guanines. In fact, when we performed identical gels in the absence of
ethidium bromide during electrophoresis (gels stained with

and 2 to DNA was examined by SPR techniques with ethidium after electrophoresis), we could detect the unwind-

immobilized oligonucleotides. Parallel experiments were ing of DNA resulting from the intercalation of the drug

performed with the duplex sequence d(CGAATTG@h between base pairs. This is shown in Figure 10c ®ithhe

the form of a hairpin) and the telomeric quadruplex sequencetopoisomer population is shifted to the top part of the gel at

d[AG3(TTAG3)3). The choice of this later sequence derives 5 uM (relaxation) and higher drug concentrations; the DNA

from the recent work of Chang et aR3), showing that a  becomes positively supercoiled because of intercalation; and

3,6-vinylcarbazole structurally related to our carbazoles binds then it starts to migrate faster in the gel. Together with the

selectively to quadruplex DNA. It was therefore appropriate ELD data, this result attests thateffectively intercalates

to evaluate this interaction. Experiments were performed into DNA.

under experimental conditions suitable for G-quadruplex

formation. Sensorgrams for the two compounds binding to DISCUSSION

the human G4 sequence are shown in Figure 9. A relatively DNA is a remarkable bioreceptor for a vast number of

large (micromolar) concentration of the compounds was small moleculesZ3), and it remains a biological target of

required to yield a significant SPR signal, and saturation of major interest for the design of anticancer aged#. DNA

the binding sites was not achieved at the highest concentra-intercalating agents have been studied for several decades,

tions (up to 5uM) used in the experiments. Similar results and a few representatives (anthracyclines, acridines, and

were observed for duplex binding. It is clear that these anthraquinones) are routinely used in the clinic for the

compounds bind significantly more weakly than other treatment of cancers. DNA minor-groove binders have been
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Ficure 8: Differential cleavage plots comparing the susceptlblllty of the 265-mer DNA fragment to DNase | cuttlng in the presence of 20
uM 1 or 2. Negative values correspond to a ligand-protected site, and positive values represent enhanced cleavage. Vertical scales are in
units of In(fa) — In(fc), where fa is the fractional cleavage at any bond in the presence of the drug and fc is the fractional cleavage of the
same bond in the control, given closely similar extents of overall digestion. Each line drawn represents a three-bond running average of
individual data points, calculated by averaging the value of In{fdi(fc) at any bond with those of its two nearest neighbors. Only the

region of the restriction fragment analyzed by densitometry is shown.

Time (second) Time (second)

FicurRe 9: Set of SPR sensorgrams for binding of the carbazole compduandd?2 to the human G quadruplex at 26 in HEPES buffer.

The unbound compound concentrations in the flow solution werg @M from the lowest curve to the top curve. The lines are linear best

fits to the steady-state RU (response unit) values, which are directly proportional to the amount of bound compound, and were used to
determine the RU for each free ligand concentration. The RU values from the steady-state region were used to determine binding constants

in Table 1.

Table 1: Carbazole Binding Constants to Duplex and Quadruplex ZO|E§, ‘?‘nd benzopyrimidocarbazole's)?(O., 3D). Therefore]
DNA& a priori, there are good reasons to believe that the diphe-

CGAATTCG human G4 nylcarbazole aromatiq system can represent a DNA-binding
_— —_— template for construction of new therapeutic candidates. The
compound K K experiments reported here support this idea.
% 51 x 18‘; é-g x ig The four diphenylcarbazole derivatives used in the present
el il study exhibit different levels of DNA binding. The two
“Binding results were analyzed Wita 2 equiv site model as  hydroxy compounds and 4 show little interaction with
previously described for G4 interactions§( 17). DNA, in contrast to the two analogues equipped with two
or three dimethylamino ethyl side chains, which both bind
also studied for a long time, but their development as tightly to DNA. This is not surprising because the protonation
therapeutic agents have met limited success. However,of the terminal nitrogen at neutral pH must greatly facilitate
significant progresses have been made recently with thethe interaction with the anionic DNA polymer. The Y-shape
design of diphenylfuran derivatives, which represent promis- compoundl with three alkyl chains bind slightly more tightly
ing antiparasitic agents2p), and bis/terbenzimidazoles to DNA than the V-shape analog2e but the difference is
endowed with potent cytotoxic activitied,(26—28). The not large. From the biological point of view, the presence
promising antitumor activity recently reported with a series of two side chains is sufficient to confer solubility and
of head-head bisphenylbenzimidazoles),( coupled with activity (2 is three times more cytotoxic thdron P388 cells)
their interesting DNA-binding propertie®), prompted us (12). Similar compounds substituted witi\adimethylami-
to design a novel series of structurally related DNA-binding noalkyl side chain have been reported in the polyamide series
agents incorporating a central carbazole unit. The carbazole(the microgonotropens designed by Bruice and co-workers),
tricycle has been used to construct DNA minor-groove but the gain of DNA affinity generally does not correlate
binders active against different parasités 9), and it is also with the biological activity 82, 33).
frequently encountered in DNA-intercalating agents, includ-  Initially, our goal was to maintain the AT-preference
ing inhibitors of topoisomerase I (e.g., indolocarbazoks) ( characteristic of most DNA minor-groove binders, in par-
or topoisomerase Il (e.g., pyrrolocarbazoles, pyridocarba- ticular, the aforementioned diamidinocarbazoles and bisbenz-
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= Ficure 11: Schematic representation of the three-dimensional
Nck-» — = e *s conformation of the diphenylcarbazole system (adapted from the
- - crystal structure of the methoxy derivative )fas reported in ref
e = 37).
O e et nanaa-

: resulting from theT, measurements indeed suggest the
occurrence of two distinct binding modes to the poly(dAT)
polymer. At first sight, a groove-binding process could be

2 (uM) proposed from the CD measurements because of the positive-
< © — - T induced CD signals measured in the drug absorption band
S5 222598 _ 4 534858 in the presence of DNA. Positive-induced CD is usually a
ririririririririaraarrirrirrirarririr

signature of minor-groove binders, but CD data should be
interpreted with caution because a slight movement of a

chromophore intercalated between base pairs suffices to
b - ' significantly change the intensity and sign of the induced
SS83222%

isomers

e

.. ™~ g CD signals 84, 35). The ELD data strongly argue against
Rel+ @ - the implication of a minor-groove-binding process for the
diphenylcarbazoles. We always measured negative-reduced
dichroism signals with the drug bound to poly(dA®y poly-
Ficure 10: Effect of increasing concentrations of the test com- (dGC)Z.’ Where.as classical mlnor-groqve bilnders a"".’ays give
pounds on the relaxation of plasmid DNA by human topoisomerases OPPOSite, positive\A/A values under identical experimental
I (a) and Il (b). Native supercoiled pKMp27 DNA (0.1&) (lane conditions @, 21, 36). The unwinding of supercoiled DNA
DNA) was incubated with 4 unjts of topoisome(asg in the absence induced by compoun@ observed in the experiments with
(lane Topo) or presence of a given drug at the indicated Concentra'topoisomerase | is also consistent with an intercalative

tion (micromolar). The camptothecin (lane CPT) and etoposide (lane , .~ .. . o
Etop.) were used at 50M. Reactions were stopped with SDS and binding mode for this molecule. In fact, the substitution of

treatment with proteinase K. DNA samples were separated by the central carbazole ring at positions 3 and 6 with the phenyl
electrophoresis on agarose gels containing ethidium bromidg/(1  group confers an important curvature to the compound. which
mL). (c) Gel performed with topoisomerase | in the presence of js not well-adapted for an insertion into the narrow minor

increasing concentrations 8f and in this case, the DNA samples  o.,6ve of AT tracts. A crystal structure has been published
were run on an agarose gel in the absence of ethidium bromide.

This fluorescent dye was added after the electrophoresis by soaking(37) for a diphenylcarbazole structurally equivalent to
the gel in a solution of ethidium bromide. The gels were compound3 (OH replaced with OCk). This methoxy
photographed under UV light. Nck, nicked; Lin, linear; Rel, relaxed; compound, designed as a component for liquid crystals,
and Sc, supercoiled DNA. projects the two phenyl ring at a right angle (93\8ith

o ] ) ) ~ pseudoC2v symmetry, as depicted in Figure 11), and the
imidazoles. Interestingly, our diphenylcarbazole still retains o phenyl rings are twisted out of the plane of the central
a pronounced sequence selectivity, but the sequences prefegrpazole moiety by-39.7 and—40.2 (Figure 11). These
erentia”y reCOgnized are not eXClUSively AT-rich. An unusual molecules have Strong Stacking properties that facilitate
duality of sites has been identified by DNase | footprinting. crystal packing with the formation of key NHx interac-
Carbazoled and2 protect DNA from cutting by the enzyme  tions, which stabilize the architecture of the crys8)( The

at two types of sequences: AT stretches composed of 4same properties can be invoked to explain the facile
consecutive AT base pairs and mixed sequences encompass-ntercalation of our diphenylcarbazole between DNA base
ing two A-T pairs flanked by GC base pairs (SCATG and pairs. The absence of a fully planar aromatic system is not
5'-CTAG). At present, we have not been able to provide a an obstacle for intercalation. There are examples in the
rational basis for this dual binding preference. The possibility literature of nonplanar molecules that adapt their conforma-
that the carbazoles exhibit two distinct binding modes, minor- tion to a pseudoplanar configuration upon binding to DNA
groove binding at AT sites and intercalation at (G/C)(AT/ (398).

TA)(G/C) sites, has been considered, but the ELD measure- The V-shaped diphenylcarbazole system can be viewed
ments do not support this hypothesis. The biphasic curvesas two mesogenic alkoxybiphenyl moieties maintained in a
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fixed orientation by a pyrrole (Figure 11). This novel generic
structure can be exploited for the recognition of duplex DNA
sequences and possibly other DNA structures. Recently, a
related 3,6-vinylcarbazole has been characterized as a highly
selective ligand for quadruplex DNA2). This observation
prompted us to investigate the interactionloénd 2 with

telomeric quadruplex DNA. We used SPR to evaluate and 15

quantify this interaction, under experimental conditions
previously validated with other small molecules interacting
with quadruplex DNA 16, 17). In both cases, an interaction
was detected but it is weak. For example, the affinity constant
for compoundl interacting with the G4 sequence is 100
times lower than K measured with ditercalinium under
strictly identical conditions. Compoundsand 2 bind with

the same affinity to the human telomeric DNA sequence
d[AG3(TTAG3)3] and the d(CGAATTCG) duplex. Alto-
gether, the results indicate that the V-shaped diphenylcar-
bazole system represents a novel pharmacophore for DNA
recognition.

17.
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