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ABSTRACT. The macrocyclic bisacridine (CBA) has been reported previously to specifically recognize
single-stranded nucleic acid structures, especially DNA hairpins. The binding of the drug with an abasic
site-containing oligonucleotide, was investigated!byNMR and molecular modeling. We have used a
DNA undecamer, the d(@2C3A405X6C7A8C9610C11)'d(612C13G14T15G16T17GlgT19G20C21G22) duplex in

which the X residue is a stable analogue of the abasic site [3-hydroxy-2-(hydroxymethyl) tetrahydrofuran].
Analysis of the NMR data reveals that the bisacridine molecule forms two different intercalation complexes
in a 80/20 & 10) ratio. For the major complex, a molecular modeling study was performed guided by
nineteen intermolecular dragdNA restraints, determined from NOESY spectra. In this model, the ligand
interacts in the threading binding mode with an acridine ring intercalated between-tifg @nd Tis—

G base pairs, while the other acridine ring resides in the abasic pocket. The two linker chains are positioned
in the minor and in the major groove, respectively. A comparable study was performed to evaluate the
interaction of CBA with the parent unmodified duplex in whiclk Was replaced by an adenine residue.

No complex formation was observed when operating in identical conditions. This shows the selective
binding of CBA to the abasic site and its potential interest to target the abasic site lesion.

Abasic site formation, i.e., release of a nucleic base leaving hydrolytically the phosphodiester bond on tHeskle of the
a Z-deoxyribose residue is the most frequent DNA damage abasic site 12). Being noninformative lesions, abasic sites
that may occur in the cell by a variety of processes. are mutagenic or lethall8—15). Abasic sites repair is thus
Depurination occurs spontaneously with the highest fre- a critical cellular activity. Indeed anticancer drugs possessing
guency (), a reaction that is markedly accelerated under alkylating properties such as nitrosoureas have been reported
the action of alkylating drug2( 3) and ionizing radiations  to create abasic sites at high frequency in tumor cells, a
(3, 4). Abasic sites are also produced in vivo in the base property that is considered to be related to the mode of action
excision repair (BER) pathwayp{8) by specific glycosy- (16, 17). It is thus of high interest to design molecules
lases as intermediates in the repair of damaged or modifiedcapable of interacting specifically at abasic sites in DNA,
bases. The abasic sites so generated are removed enzymaigither as probes for the detection of the damage, or as drugs
cally by AP-endonucleases by cleavage of the DNA strand to interfere with the repair process, and explore the abasic
at both sides of the abasic site followed by insertion of the site as a possible target for antitumor agents. Different types
proper nucleotide unit in the gap so produced. Two major of compounds have been reported along these lines. 9-
classes of AP-endonucleases are known. Class | AP-Aminoellipticines (L8, 19), 3-aminocarbazole2Q, 21), the
endonucleases, or AP-lyasé&s-(L1), cleave the phosphodi- tripeptide Lys-Trp—Lys (22—24), different polyamines25)
ester bond on the' 3ide of the abasic site by/&elimination have been studied as incising agents at abasic sites mimicking
mechanism leaving am, S-unsaturated carbonyl derivative the AP-lyase activity. Hybrid molecules, including a reporter
at the 3-terminus. The class Il AP-endonucleases cleave moiety linked to an oxyamino unit, have been engineered
by us @6) and othersZ7) as probes to detect abasic sites,
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in parts per million; NOE, nuclear Overhauser effect; NOESY, two- trials. We recently reported molecules (DTAc and ATAc
dimensional nuclear Overhauser effect spectroscopy; DQFCOSY, ) . L . . . ’
double-quantum-filtered correlation spectroscopy; TOCSY, total homo- Chart 1) that recognize abasic sites with high selectivity and

nuclear correlated spectroscopy; rMD, restrained molecular dynamic. cleave abasic plasmid DNA at nanomolar concentrations
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Chart 1 Chart 3 DNA Duplex Containing the Tetrahydrofuran
Analog X (top) and the Parent Unmodified Oligonucleotide
NH, NH,
N N (bottom).
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Chart 2 Chemical Structure and Numbering Scheme of
Bisacridine (CBA).
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nucleotide (23-mer) containing an abasic site have shown
that CBA incises DNA at the site of the lesion with moderate
efficiency as compared to the AP-endonuclease mimics
ATAc and DTAc @5). This suggests interaction at the abasic
site. Unequivocal data, however, were obtained by examining
the binding of CBA to the duplex oligonucleotide that
contains a stable analogue of the abasic site X (Chart 3) in
the middle of the sequence. This analogue X is known to
retain the biological properties of the “true” abasic sité)(

A melting temperature increasAT, = + 14 °C was
measured at a 1/1 ratio of drug per oligonucleotide and no
further variation of the melting temperature was observed

(31—38). These molecules were more recently shown to act in the presence of excess drug. No modification of the
as inhibitors of abasic site repair and potentiate the action Mmelting temperature could be detected for the parent
of the anticancer drug BCNB) (N,N '-bis(2-chloroethyl)-  unmodified duplex (Chart 3) in the same conditioaS)( In
N-nitrosourea). They bind to abasic DNA by inserting the addition, CBA displaces the labeled heterodimer ATAc
nucleic base unit inside the abasic pocket, the acridine moietyNO* (Chart 1) from the abasic duplex as evidenced by EPR
intercalating at a two base pairs distantérém the abasic ~ Spectroscopy4®). Alternatively irradiation of &P-labeled

site with the polyaminolinker lying in the minor groovag). oligonucleotide (23-mer) containing the model abasic site
Quite interestingly, these molecules were also shown to bind X in the presence of CBA leads to selective photocleavage
uracyl bulges in RNA structureg(). in the abasic site regiod¥). In the present paper, we report

Bulges and abasic sites in duplexes share the commor©n the structure of the complex formed between CBA and
feature of presenting an extra base in one strand devoid ofth€ duplex oligonucleotide containing the stable analogue
complementary base in the opposite strand. We recentIyOf the abasic site X in the middle of the sequence. The abasic

reported that the cyclobisacridine (CBA) recognizes unpaired Sit€ is flanked by two cytosine residues and is located
bases in DNA41) being able to discriminate between single- ©PPOsite thymine. High field NMR spectroscopy and re-
and double-stranded structurd@€44). This suggested CBA  Strained molecular dynamics show that CBA behaves as a
as a novel candidate structure for targeting the abasic sitethréading bisintercalator that forms a major specific 1/1
lesion. CBA (Chart 2) is a member of a new class of artificial complex at the site of the lesion. The molecule penetrates
receptor molecules cyclo-bisintercalands, in which two DNA- Petween the base pairs of the duplex, sandwiching in the
intercalator subunits are linked by two polyammonium chains intércalation mode the €C base pair on‘3to the abasic

in such a geometry that small planar substrates can inserite, With the two polyamino linkers lying respectively in
and stack between the two acridine units that constitute theth® minor and in the major groove.

vv_a!ls of the macrocyclic cavity. On that pa5|s, the_: cy_clo- MATERIALS AND METHODS

bisintercalator can accommodate a nucleic base in single-

stranded DNA, while binding to a duplex structure is severely =~ Sample Preparatianlhe abasic site-containing undecamer
disfavored by the strain that would result from insertion of was synthesized and purified as described previously (
the two intercalating units between two successive base pairsand the parent unmodified duplex was purchased from
(nearest neighbor exclusion principle) and by steric clashesEurogentec and purified like the abasic DNA duplex. The
of the two linkers with the sugatphosphate backbone. oligonucleotide duplexes were chromatographed over chelex
Cleavage experiments conducted or#?R-labeled oligo- 100 resin to remove dicationic metal ions. The NMR samples



Interaction of Bisacridine with AP-site in DNA

were lyophilized once from water, twice from 99.96%@

and finally dissolved in 60@L of 99.99% DO, containing

20 mM sodium phosphate buffer at pH 5.8. For NMR
experiments involving exchangeable protons, the oligomers
were dissolved in 90 ¥D/10% DB,O. The final duplex
concentrations were about 1.5 mM.

The bisacridine (2, 5, 8, 21, 24, 27-hexaaza(9, 9)(2, 7)-
acridinophane) was synthesized as reported previodd)y (

A dilute stock solution was prepared by dissolving 1.3 mg
of this drug in 65uL of 99.96% DO. Known amounts of
bisacridine were added to the sample containing duplex DNA
in 0.25 molar equiv per increment and the complete complex
formation was monitored by 1D NMR.

NMR ExperimentsNMR data sets were recorded on a
Varian Unity Plus 500 and Varian Unity 600 spectrometers
at temperature of 1 or 1. Chemical shifts were referenced
to the chemical shift of water, which had been calibrated
relative to the 3-(trimethylsilyl)propionate-2, 2, 3d3{TSP-
ds). All 2D NMR experiments in RO were performed using

the standard pulse sequences with presaturation of the

residual HOD signal during the relaxation delay and during
the mixing time for the NOESY. The NOESY spectra with
mixing times of 90 and 250 ms were obtained using 2048
complex points irt,, and 300t; increments with 64 or 128
scans for each; value. The TOCSY experiment with a
mixing time of 60 ms was acquired with 2048 complex points
in t; and 300 increments i with 64 transient for each FID.
The DQFCOSY spectrum was run with 2048 pointszn
400 points int;, and 128 scans for eadh values. The
NOESY in 90% HO was carried out by replacing the first
pulse of the standard sequence with a”2@@mposite pulse
(48) and the observation pulse with a1 jump and return
pulse to suppress the solvent signd®)( A total of 4092
complex points were collected i3, 300 points int;, and
128 scans for each FID.

All the data were processed with a Gaussian window
function prior to Fourier transformation and zero-filled in
t1.

Distance Restraints and Molecular Modelingntermo-
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Ficure 1: 1D NMR spectra corresponding to the aromatic and
thymine methyl regions of the abasic site-containing DNA upon
the addition of CBA in RO, at 10°C and at pH 5.8. The molar
drug—DNA ratios are indicated for each spectrum. The solid lines
follow some representative DNA resonances during the titration.
The peaks denoted with dots are from the drug molecule.

complex was initially energy-minimized using 100 and 2000
cycles of steepest descent and conjugate gradients, respec-
tively. Then, 32 ps of restrained molecular dynamics with
the following temperature profile was applied: 600 K for 4

ps cooled to 250 K in 50 K steps of 4 ps each. The system
was maintained at 250 K for an additional 4 ps. The final
structure was then energy minimized using conjugate gradient

lecular NOE cross-peaks were integrated and converted toUnder restrained conditions. Finally, the structure was
distance restraints in the two-spin approximation. There has'éléased from all constraints and subsequently energy-

not been performed any attempt to correct the NOEs for the
presence of spin diffusion. A total of 19 intermolecular
drug—DNA NOEs were measured and classified semiquan-
titatively into three categories: strong (2:8.0 A), medium
(3.0-4.0 A), and weak (4.65.0 A). Energy minimizations
and restrained molecular dynamics (rMD) were performed
using the Discover version 97.0 software (Biosym/Molecular
Simulation) 60) with the AMBER force-field potentialg1).

In the dynamic calculations, the ends of the duplex (i.e5 C
Gy to Ay—Tig and G—Gy4 to Ci1—Gyp) were fixed in
B-DNA conformation. Distance restraints with a force
constant of 100 kcal mot A-2 were included to enforce
Watson-Crick hydrogen bond for £-G;g and A—T1s. No
force constant was introduced to ensure-G;¢ base pairing.

An upper and lower bound force constant of 25 kcal Thol
A-2was assigned for experimentally derived NOE restraints
and a distance-dependent dielectric functior ef 4r was
used to account for solvent effects. First, the canonical
B-form (52) of the intercalation site-containing oligonucle-
otide was built using the Builder module of Insight Il. Then,
the drug was manually docked into the DNA duplex. The

minimized to a maximum derivative of 0.01 A. No distance
violation greater than 0.2 A was observed.

The final structure was analyzed using the CURVES
version 5.1 §3, 54) software.

RESULTS

CBA-DNA Complex FormationOne-dimensionalH
NMR spectra of the aromatic and methyl regions of the
complex, at different drugDNA ratios, are shown in Figure
1. Progressive addition of CBA led to doubling of resonances
over much of the spectrum. With an increasing amount of
drug, resonances from the original undecamer spectrum
decreased, disappearing completely when a 1/1 ratio was
reached, while new resonances increased. This effect was
particularly clear for the thymine methyl groups and for many
of the aromatic base protons. The different spectra shown
in Figure 1 were obtained at 1TC and indicated a slow
exchange regime. The three original methyl resonances were
replaced by two new signals showing unequal intensities.
The first at 1.40 ppm integrated for more than two methyl
groups and the second one at 1.20 ppm for less than one
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methyl group. This and other features in the spectrum provedrapie 1: 1 Chemical Shift and NOESY Cross-Peaks of CBA in
that two different complexes were present in solution. the Major 1/1 CBA-DNA Complex

_Furthermore, several exchange cross-peaks were .obsgrveoproton free . bound ASP CBA_DNA NOES
in the 250 ms NOESY and TOCSY spectrum. This implies AcrHIA 784 741 o043
slow exchange on the chemical shift time scale between the er ' ‘ :

; _ . Acr-H3A 7.57 7.69 0.12
two different 1/1 drug-DNA complexes. It is worth noting  Acr-H4A 7.86 7.60 —0.26 G—H2 (s)
that the base pairs undergoing chemical exchange were thosécr-H5A 7.86 7.30 —0.56
adjacent to the abasic site and those located on 'ts&l8 ﬁcr'ngﬁ ;-2‘71 ;-‘Ig *8-613;
i — — i cr- . . —0.
(i.e., A;—Tig to Gip—Cig). Integration of many exchange AG-HO9A 871 812 088 Gs—H1 (M) Gie—H1 (m)

cross-peaks in the TOCSY spectrum indicated a proportion CH,-10 4.04 4.33 +0.29

of 80/20 & 10%) between the two complexes at°Id This CHr11 3.29 3.39 +0.10

corresponds to a difference in stability of abddAG® = CHx-12  3.11 3.28 +0.17

—3 kJ mol. The exchange rate between these two com- CHZji g%g g'é§/3'09+0 24

plexes was estimated from the line width of the methyl group CHo15 4.04 4.29/4.10 +0.2540.06 T.e—CHs m)

at 1.20 ppm relative to the line width of original DNA. It CH,-16 4.04 4.54/4.49 +0.50H4-0.45 Ag—H4' (m) Ag—H1' (s)
was assumed that the broadening of this peak was essentialljcHz-17  3.29 3.28

due to kinetic effect and short lifetime of the drug at a g:ﬁg gﬂ 3.1213/3.02 GHI' ()
particular site. Thus, this measure gave an upper limit of CH§-20 329 338

the exchange rate. Using the relatidm = (7)1, where CHx21 4.04 4.33/4.28 +0.29H-0.24

Av is the line width increase andthe lifetime of the drug, Acr-H1B 7.84 6.20 —1.64 Tis-H2" (s)

we found at 10°C a value of 30 ms as lower limit for the ~Acr-H3B 7.57 7.50 TsCHs (s)

litati f the d ) e bindi T f Acr-H4B 7.86 7.43 —0.43 Tis-CHs (m)

ifetime of the drug in a specific binding site. Because of Ac.1sg 786 6.52 Y G-H2 (W) Cr-H2" (w)

extensive broadening of the resonances, we could not rule Cr-HI'(W) Cr-Hs (W)

out the presence of other complexes that could represent less Cr-He (W)

than 10% of the total. Acr-H6B 7.57 6.24 —-1.53 G-H2' (w) C-H2'" (m)
Proton Assignments of Free CBFhe resonances of CBA .\ 1105 784 769 015 CrHL (W)

appeared to be very dependent on pH. Thus, proton assignacr-Hog 8.71 7.88 —0.83 As-H2 (m)

ments were carried out at pH 5.8 similar to that used for the —; H,0 is referenced at 4.97 ppm. Proton assignments are €10
drug-DNA complex study. Because of the symmetry of the v A = [s(complex) — 6(CBA)] = 0.10 ppmEs = strong, m=
molecule, thetH NMR spectrum of the free CBA is solely  medium, and w= weak intensity.
constituted of four CH aromatic and three methylene protons.
However, when bound to DNA, it is expected that all these clear evidence of intercalation of one acridine unit between
protons could be in different environments with different the G—G;¢/As—T1s base pairs. Identification of &and Ge
chemical shifts. Resonances of the free drug were unambiguwwas not easily performed at this stage since no internucleotide
ously assigned by a combination of 1.2 s NOESY and spin NOE was observed for these two nucleotides. Thusy&s
decoupling experiments. The attributions are given in Table assigned on the basis of its strong H36 cross-peaks
1. present in the NOESY and DQFCOSY spectra, whilg G
Nonexchangeable Proton Assignments for the Major was identified as the remaining base not yet attributed and
CBA-DNA Complex.NMR assignments for the free un- presenting intranucleotide correlations only. The-A2 and
decamer have been reported in an earlier wdfg.( As—H2 protons were readily distinguished from the other
The proton resonances of the oligonucleotide in the base protons in a one-dimensional inversiogecovery
complex were assigned in a sequential manner usingexperiment (data not shown). The abasic sugar resonances
NOESY, DQFCOSY, and TOCSY spectra following the were assigned from DQFCOSY and NOESY spectra. The
well-established strategy described for right-handed DNA H1'/H1" protons were identified at 4.19 and 4.09 ppm,
duplexes $5—57). The attributions are listed in Table 2. respectively on the basis of their cross-peak intensities with
Figure 2 shows the aromatic and sugar region for the the abasic H3proton in the 90 ms NOESY spectrum.
nonexchangeable protons of a 250 ms NOESY spectrum Interaction of CBA with the duplex resulted in dramatic
from which the sequential assignment was deduced. It wasline broadening and variation of chemical shifts, relative to
possible to follow the distance connectivities monitoring the free DNA. However, the greatest changes occurred at the
NOEs between the base (H8 or H6) protons and their own central part of the sequence, i.e., around the abasic sjte (C
and 3-flanking sugar protons. Furthermore, sequential base G;gto Ag—T1s). For example, one of the most striking effects
base connectivities were also observed in the aromatic regionwas the upfield shift of the £-H6 and H5 protons that have
and confirmed the proposed attributions. However, two moved by 0.36 and 0.85 ppm respectively, when compared
interruptions of the sequential connection were noticed in to free DNA. A similar behavior was observed for the-A
the oligonucleotide. Obviously, due to the lack of a base at H2 proton that was shielded by 1 ppm, with respect to the
the Xs site, the X% base to G-H1' NOE was missing. free DNA. From the variations of the nonexchangeable
Nevertheless, NOEs, weaker than similar patterns wereproton chemical shifts, it remained impossible to position
detected for the F—H1'/G1s—H8 counterpart, located on the second acridine ring.
the opposite strand. This result testified that the distance The CBA protons in the complex were assigned following
between the €and X% residues remained relatively short. analysis of the NOESY, TOCSY, and DQFCOSY data sets
On the other hand, no internucleotide NOE was detectedin D,O solution. As expected, binding of the drug to the
between G—H1'/As—H8 and T;s—H1'/G;6—H8, which is a DNA duplex caused both the acridine and the methylene
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Table 2. 'H Chemical Shift Assignments of the DNA Resonances in the Major 1/1 CBA-DNA Corhplex

residue H8 H6 H5/Me/H2 H1 H2' H2" H3' H4' iminoP aming

c1 7.63 5.90 5.74 1.99 2.42 4.72 4.08 na

G2 7.96 5.87 2.66 2.78 472-0.29) 4.27(0.11) 13.04

c3 7.35 5.41 5.58 2.04 2.35 4.84 4.360,14) 8.32/6.48
(=0.12/-0.11)

A4 8.07(0.21) 7.54¢0.28) 6.06 (0.18) 2.47 (0.22) 2.73 (0.16) 4.83(0.20) 4.19 (0.73)

c5 6.96 (-0.36) 4.40 {-0.85) 5.51{0.41) 2.23 2.45(0.25) 4.68-0.18) 4.18 7.37/6.00
(~0.73/~0.57)

X6 4.09/419 2.21(0.22) 2.30(0.31) 4.82(0.24)

(0.10/0.29)

c7 7.54(-0.12) 5.58(0.33) 5.82(0.26) 2.28(0.30) 2.49 4.83 78811
(—0.97/-0.8)

A8 8.40 6.86 (0.98) 6.00 £0.18) 2.70 2.84 4.8940.93) 4.36

co 7.24 5.15¢0.18) 5.48 {0.11) 1.97 2.30 482 4.19 7.99/6.48
(—0.26/-0.19)

G10 7.82 5.94 2.58 2.73 4.8%0.19) 4.26 12.9940.15)

c11 7.36 5.28 6.13 2.20 2.20 451 4.00 na

G12 7.93 5.95 2.63 2.78 484 427 na

C13 7.35¢0.15) 5.28 (0.11) 5.73 2.10 2.41 4.83 451 (0.28) 8.33/6.48
(—0.17/-0.14)

Gl14 7.80 (0.18) 5.88 (-0.13) 2.56 (-0.10) 2.66 (0.12) 4.88 (-0.12) 4.35 12.4840.44)

T15 7.05¢0.11) 1.20¢0.31) 6.06(0.27) 2.11(0.21) 2.40(0.14) 4.35(54) 4.26 12.5841.34)

G16 7.96(0.12) 5.96 2.69 2.69 4.85 4.19 16.072.55)

T17 7.29 (-0.10) 1.40 £0.18) 5.92 2.31(0.25) 2.52(0.23) 4.93 na

G18 8.03 6.00 2.72 2.79 4.450.49) 4.36 11.880.85)

T19 7.29 1.40 5.7240.15) 2.22 2.52 482 434(0.12) 13.570.25)

G20 7.88 5.82 2.62 2.71 4.830.17) 4.36 12.6740.15)

c21 7.35 5.43 5.72 1.92 2.36 4.84 4.51 (0.31) 8.47/6.66

G22 7.93 6.14 2.63 2.37 4.70 418 na

aH,0 is referenced at 4.97 ppm. Proton assignments are &€,19H 5.8 (at 600 MHz). Values in parentheses represent chemical shift changes
from free undecamee0.10 ppm A6 = d(complex) — 6(DNA)). P Assignments of H1 imino protons of guanine and of H3 imino protons of
thymine.© Assignments of hydrogen-bonded amino protons and exposed amino protons of cytdsisignments of Hland H1' protons of the
abasic site® Assigned at I°C. na= Not assigned.

protons to become nonequivalent, thus having different observed. As a general feature, we noticed that all resonances
chemical shifts. The aromatic region of the DQFCOSY have moved upfield relative to free DNA.
spectrum displayed four sets of vicinal coupling connectivi-  The imino and amino protons were assigned following
ties corresponding to the Acr-H3, H4, and Acr-H5 and H6 analysis of the NOESY spectrum of the complex recorded
protons of the two acridine moieties. The Acr-H1 and Acr- in H,O at 10°C. The chemical shift values are given in Table
H8 protons were identified on the basis of their long-range 2. The observed cross-peaks permitted correlation between
coupling constants with the Acr-H3 and H6 protons, respec- the guanine imino with the hydrogen-bonded and exposed
tively. The two Acr-H9 protons were assigned from their cytosine amino protons, which in turn showed NOEs with
NOE cross-peaks to both Acr-H1 and H8 protons. The the nonexchangeable H5 cytosine proton. The thymine
methylene protons of the linker chains were identified by iminos exhibited strong NOEs with the adenine H2 protons
combined use of TOCSY and NOESY cross-peaks. The CH-and weak NOEs with their corresponding methyl protons.
10 and CH-21 methylene protons gave intense NOEs to theThese cross-peaks are characteristic of normal WatSoick
Acr-H1A, H3A and Acr-H6A, H8A protons, respectively, base pairing. Additional imineimino NOEs between flank-
thus providing a convenient starting point for assignment of ing base pairs were also noticed throughout the duplex.
the chain resonances. Similar correlations were observed forHowever, these sequential connectivities were disrupted at
the second acridine ring. the abasic site and betweer<G;6 and As—T1s. In fact, at
Upon complexation, most of the acridine peaks were atemperature of 18C the Ggimino signal was dramatically
broadened and moved upfield up to 1.6 ppm. These changegxchange broadened and could not be assigned. This signal
are typical of intercalation in the duplex. became sharper when decreasing the temperature°@ 1

To monitor the effect of CBA on the stability of the
oligonucleotide, we followed the chemical shift variations
of the thymine methyl protons as a function of temperature.
We found a melting profile transition of 6 corresponding
to a value approximately 18C higher than that obtained
for this duplex in the absence of drug (47) (data not show).

Exchangeable Proton Assignments for the Major CBA
DNA ComplexFigure 3 shows the one-dimensional NMR
spectrum corresponding to the imino proton region of the
free and complexed DNA. Severe line broadening arising
from the equilibrium between competing complexes was

enabling its assignment in the NOESY spectrum as for the
other imino protons.

It is noteworthy that the imino protons of three base pairs
display large upfield shifts. Indeed, thed5T15, and Ge
imino resonances are shifted upfield by 0.8, 1.3, and 2.5 ppm,
respectively. These findings account for bis-intercalation of
CBA. One of the two acridine moieties is inserted in the
abasic pocket betweens€G;s and G—Gj and the other is
intercalated between€ G and A—Tis, the G—Gy6 base
pair being sandwiched between the two drug chromophores.
The G imino proton displays medium NOEs with reso-
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Ficure 2: Expanded NOESY map (250 ms, 600 MHz) showing
the aromatic to sugar protons region (A) and the deoxyribose H1
to H2 region (B). Selected intermolecular drdBPNA cross-peaks

are indicated.
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Ficure 3: 1D NMR spectra (500 MHz, 1%C) of the imino protons

Jourdan et al.

This result indicate that the/€G,6 base pair is stabilized

at least partially by WatsenCrick pairing. The T7 imino
proton was not detected nor were the exchangeable protons
of the drug.

Intermolecular Contacts Between CBA and DNoFam-
plete assignment of the drug and oligonucleotide resonances
provided the basis for identifiying dragDNA contacts, and
thus for deducing the mode of binding of CBA. The NOESY
spectrum shown in Figure 2 displayed several intermolecular
drug—DNA cross-peaks that allowed identification of the
binding site. In the major complex the NOE contacts were
found between the drug and the centrgt-Gig to Ag—Tis
base pairs. This indicated that the interaction site of CBA is
in the abasic site region. Several NOE cross-peaks were
observed between Acr-H3B and Acr-H4B protons and the
Tis methyl group. The Acr-H5B and Acr-H6B protons
presented, in turn, NOE contacts with the &ucleotide.
These NOEs were consistent with intercalation of one
acridine dye between the;€G,s and As—Tis base pairs.
Fewer NOE contacts were detected for the other acridine
residue. These involved the Acr-H4A proton with the C
nucleotide on one hand and the Acr-H9A and Acr-H1A
protons with the @—H1 imino proton, on the other hand.
These interactions indicate that the second acridine moiety
is located inside the abasic site pocket. The,aH protons
of one linker chain exhibited NOEs with the anomeric and
H4' protons of A. Similar NOEs were observed between
the CH-19 protons on the same chain and the anomeyic C
proton (Figure 2). These data indicate that this chain is
located in the minor groove. The other chain, i.e.,€1l3,
displayed interaction with the 1§ methyl group, which
requires the second chain to be placed in the major groove.

Table 1 presents the intermolecular NOESY cross-peaks
and their relative intensities observed for the major erug
DNA complex.

Structural Characterization of the Minor CBADNA
Complex.The 250 ms NOESY spectrum of the 1/1 CBA
DNA solution displayed a second set of connectivities
possessing lower intensities corresponding to a minor
complex. Several exchange cross-peaks were observed
between the two complexes. The nucleotides involved in this
exchange were those corresponding to the Pyg to Gyo—

Ci3 part and no exchange cross-peaks were detected between
the G—Gy, to G—Gyo base pairs. However, it was not
possible to follow the sequential connectivities due to low
abundance and to important line broadening. For the same
reasons, no intermolecular drd®NA NOES were observed.

It is noteworthy that in the minor complex thesAH2
resonance exhibits a chemical shift value equivalent to that
of A,—H2. In other words, the shielding effect observed in
the major complex for A-H2 and arising from intercalation
of the acridine ring is no longer observed in the minor form.
Furthermore, close inspection of the 250 ms NOESY
spectrum run in KO revealed also a second set of connec-
tivities for the imino/amino resonances corresponding to the
minor form (Table S1, Supporting Information). In this

corresponding to the free DNA (A) and to the CBA-DNA complex  spectrum, we observed exchange cross-peaks between the
(B). Resonances due to the minor complex are marked with two complexes for the A-Tig to Cs—Gig base pairs and

asterisks. Note the upfield shifts of thasT Gig and Gg, imino

protons.

for the Ag—T15t0 Gio—Cy3 residues. In the minor complex,
the imino proton of G—Ggs is shielded by 1.6 ppm, while

nances at 7.38, 6.11, and 5.58 ppm, which were assigned tdhose of the A—Tis to Gio—C;3 part have moved upfield

the aminos and H5 proton of the; @esidue, respectively.

only slightly with respect to free DNA. Since no exchange
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cross-peak involving the exchangeable protons gf G, {3on Caon ™
to A;—T1o residues was detected, we concluded that in the < N
minor complex an acridine moiety is intercalated in the abasic )3—{ G18 || cs5 ’—<:(
pocket, whereas the position of the second acridine could

not be defined. P P

Interaction Between CBA and the Parent Unmodified '
Duplex.To study the binding selectivity of CBA toward the

abasic site we added the drug to parent undecamer possessing P
identical sequence in which the abasic site is replaced by
adenosine. We used the same experimental conditions as

those used for the abasic site-containing oligonucleotide. The p

IH NMR spectrum showed neither significant line broadening

nor variations in the chemical shifts of the DNA and CBA T1s || A8

resonances. It can be confidently concluded that no binding /' ]
occurs between the drug and “regular” DNA. .- OH ) (¥ ou“}
DISCUSSION FiGure 4. Schematic representation of the major CBBNA

complex. The chromophores thread through the helix with the linker

Because of the presence of competing complexes and®hains lying in either groove.
because of the few intermolecular NOEs available, it is not 5;most in a same plane. Further evidence of CBA intercala-

possible to make a quantitative study. However, we per-tion s given by the differences in chemical shifts of the
formed a molecular modeling study guided by NMR  gr5matic protons in the free and bound molecules. On
restramts to obtain a model of CBA bmgimg mode that would complexation, all acridine resonances, except Acr-H3A, are
agree with the NMR data. The most important results can ghjtted upfield up to 1.6 ppm, which is characteristic of an

be summarized as follows. intercalative binding mode (Table 1).

Sequence Specificity and Multiple Conformatiohisalysis Linker Chains BindingThe NMR data indicate that the
of the NMR spectra reveals that CBA forms two different two linker chains bind in opposite grooves. Intermolecular
intercalation complexes with the abasic site-containing NOEs are detected between one of the chains and ghe A
undecamer. These complexes are present in a 88/20%) H1',H4, and G—H1' resonances, which are minor groove
ratio and are in slow to intermediate exchange on the markers. On the other hand, NOE contacts between the other
chemical shift time scale. The exchange rate between thejinker and the Ts methyl group are observed, which allowed
two complexes has been estimated from line width analysis positioning of the second chain in the major groove. These
to be less than 337 (i.e. lifetime higher than 30 ms). CBA  findings suppose a threading binding mode for CBA, which
binds exclusively in the £-Gig to Ag—Tas region of the s further supported by the intermolecular NOEs noticed for
DNA duplex. This is supported by the fact that the greatest the two intercalating chromophores.

DNA proton chemical shift differences were detected inthe  Structure of the Major CBA-DNA CompleRineteen

abasic site region. This specificity was further confirmed by intermolecular distance restraints have been determined from
the fact that no interaction between the drug and the fully the NOESY spectra. These were used for performing a
paired undecamer was observed. molecular modeling study to obtain a model of CBA binding
Intercalation Sites of CBAlhe NMR results for the major  mode that would agree with the NMR data. However, the
complex show clear evidence that one of the two acridine presence of competing complexes and the small number of
residues (ring B) intercalates between the-Gig—As—T1s molecular NOEs available prevented complete quantitative
base pairs, while the other acridine moiety (ring A) inserts analysis. A schematic representation of the complex is shown
between the £-G;s and G—G;g base pairs. As aresult, the in Figure 4 and the structure obtained after dynamics
Gis, T15, and Ggimino protons are shielded by 0.8, 1.3, and calculations is given in Figures 5 and 6. The various views
2.5 ppm, respectively, as compared to free DNA. The in Figure 6 show that the two acridine rings have quite
dramatic upfield shift experienced by thgs@mino proton different positions relative to their flanking base pairs. The
is rationalized on the basis of combined ring-current effect long axis of the acridine moiety intercalated between-C
of the two flanking acridine moieties. Detection of NOEs G, and A—T;s is oriented parallel to the long axis of the
between T; and Ggreveals that the second acridine moiety Ag—T;sresidues. This chromophore stacks partially over its
(ring A) does not stack between these two bases. On theadjacent @ nucleotide, while no stacking is observed with
other hand, no NOE is observed betweepn-H6 and Ge— the Gg residue. By contrast, the major axis of the second
H1',H2, due to severe overlapping. On the complementary acridine moiety located in the abasic site pocket forms
strand, similar overlapping does not allow observation of approximately a 90angle with the major axis of thes&
NOE between €and X. Nevertheless, these observations Ggbase pair. In fact, this chromophore stacks with the bases
do not indicate that CBA is stacked betweery and Gg, located on one strand (i.e.s@nd G) and not with their
since an intermolecular contact is detected between the drugcomplementary counterpart (i.e.;d&nd Gg). Similar partial
and the Gg imino proton. Furthermore, the upfield shift of overlap involving stacking of the drug with the two flanking
0.8 ppm naticed for this proton is most likely the result of bases on the same strand only has been described previously
a close drug-DNA interaction, which would not be consis- for threading intercalators such as nogalamyd&a8).( The
tent with an intercalation occurring betweens@nd T;7. In two acridine moieties are oriented with the ring nitrogens
fact, at the abasic site level the acridine ring and are pointing toward the major groove and the linking chains
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ppm and the Ty imino is shielded by 0.4 ppm. This result
gives clear evidence that an acridine moiety is located in
the abasic site. The chemical shift of thgg@nino proton

for the minor form is quite different from that observed for
the major form pointing out a different complexation
geometry for the two complexes. A possible minor form is
the one with one of the two chromophores intercalated in
the abasic site and the other ohside, i.e., between A

Ti9 and G—Gys. However, since the position of the second
acridine moiety could not be defined precisely, it can also
lie in the major or in the minor groove. Since neither the
T17nor the Ggimino protons could be detected for the minor
Ficure 5: Molecular modeling based structure of the major CBA form, intercalation of the second acridine ring betwe@ﬁx
DNA complex. The drug is drawn in CPK. Left: view from the 117 @nd G—Gae cannot be ruled out, the,7base being
major groove. Right: the same representation after a@@le sandwiched between the two chromophores. Formation of
rotation. the minor complex could result from intercalation of the first
acridine ring in the abasic site, the second acridine ring
remaining outside the duplex. Opening of the-G; base
pair allows insertion of the second acridine ring between the
C:;—Gy6 and As—T1s nucleotides giving the major complex.
This seems a reasonable hypothesis, since the opening of a
single base pair was previously demonstrated to be a rapid
event, the imino proton half-lives being typically in the 40

ms range %9, 60).

CONCLUSION

Combined high-field NMR spectroscopy and restrained

FIGURE 6: View looking down to the helical axis of the complex-  mpglecular dynamics calculations shed light on earlier ob-

ation site. These drawings emphasize the overlap geometries ; ; e hind ; g
between the acridine moieties and their flanking base pairs. For servations showing specific binding of the cyclobisacridine

clarity, only one acridine moiety is displayed in each picture. (A) CBA to abasic site structures in DNAE). CBA incises
Position of the acridine ring in the abasic pocket. (B) Position of DNA at the abasic site as demonstrated on a synthetic-labeled

the acridine ring at the £As (T15:G16) Step. oligomer. All collected data obtained with duplex oligo-
N _ _ nucleotide containing the stable analogue X of the abasic
positioned in the middle of each groove. site clearly indicated 1/1 complex formation. Strong stabi-

In the DNA duplex, the abasic sugar is pushed out away lization of the abasic site-containing duplex was observed
from the minor groove, while the 1F residue is slightly in the presence of CBA. This molecule displaced the abasic
shifted toward the major groove, stacking partially witisG  site specific EPR probe ATAENO" from the abasic site-
(Figure 6A). The glycoside torsion angle ofi;/Tremains containing duplex. The structure of the major CBBNA
roughly anti. The @Gy base pair that is sandwiched complex as detailed by the present NMR study explains these
between the two acridine rings exhibits substantial buckling observations. The abasic lesion represents a site of strong
up to 36 (Figure S1, Supporting Information). This con- thermodynamic destabilization for the duplex and of en-
formation is likely to allow better stacking of the; @ase hanced flexibility. CBA inserts at this site, penetrating the
with the acridine ring situated in the abasic site pocket double helix, leading to stabilization as a resultzadtacking
(Figure 5). interaction of the acridine rings with the base pairs and

Detailed inspection of the refined structure reveals the electrostatic interaction between the protonated amines of
possible existence in the minor groove of one hydrogen bondthe linkers in the drug and the floor of the grooves. This
between Go—NH," and G—02 (2.20 A). In the major  gives rise to a unique structure of the threading intercalation
groove, two hydrogen bonds can be present betwggn C  mode for the complex. In addition, this geometry totally
NH,* and Ge—N7 (2.13 A) and between g-NH," and explains the photocleavage experiments that showed the
Ti7—04 (2.34 A). In addition to these intermolecular G—C base pairs on both sides of the lesion to be selective
hydrogen bonds, other electrostatic interactions between thecleavage sites in thé?P-labeled oligonucleotide (23-mer)
positively charged side chains and the negatively chargedcontaining the stable analogue of the abasic €. (
functional groups of the nucleotides in both grooves can

contribute to the stabilization of the complex. These interac- ACKNOWLEDGMENT

tions may involve G-02 (3.56 A) and G—N2 (3.26 A) We thank Professor Jacques Reisse (Univetsliee de

in the minor groove and G—06 (3.46 A) in the major Bruxelles, Belgium) for fruitful discussions and for giving
groove. us access to the 600 MHz Varian spectrometer. We also

Determination of the Minor CBA Complekhe detection thank Miss Veonique Gineste for secretarial help.
of intercalation site in the minor complex is more speculative.
Analysis of the imino chemical shift indicates that no SUPPORTING INFORMATION AVAILABLE
intercalation occurs between the-&3;5t0 C1— Gy residues. One table listing the proton chemical shift for the minor
In contrast, the & imino proton is shifted upfield by 1.7 CBA-DNA complex and a schematic representation using
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CURVES of the DNA duplex. This material is available free
of charge via the Internet at http://pubs.acs.org.
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