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ABSTRACT. The abasic site is a common lesion in DNA that is also formed as an intermediate in the base
excision repair of damaged bases. We have previously reported the adeaiiténe conjugate that

was designed to bind to the abasic site and interfere with the repair process. High-field NMR had shown
that1 forms specific complexes with a DNA duplex containing an apurinic abasic site model. We report
here the dynamics of the interaction of the nitroxide-labeled anal8gii¢he conjugatel with the same
apurinic oligonucleotide and with the parent unmodified duplex. Identical study of the labeled acridine
subunit5 used as a reference is also reported. In the presence of the apurinic duplex and depending on
the concentrations and drug ratios, three species are observed: the radical “free in solution”, the
“intercalation” complex characterized by its similarity to that observed in the presence of the parent
unmodified duplex, and the “abasic-site-specific” complex which is the sole species visible at low drug
ratios. The experimental data reinforced by molecular modeling of the complex and theoretical calculation
of correlation times suggest (i) the most immobilized form corresponds to that observed by NMR and (ii)
complexation of the drug is little or not modified by the spin-label. We also show that the abasic site
constitutes a binding site for the propylaminoacridine intercalator

Abasic sites (apurinic/apyrimidinic sites: ABites) are and constitute lethal lesion8)( Translesional DNA synthesis
common lesions in DNA and also constitute important may also occur with low frequency, resulting in mutation
intermediates in the repair of DNA base damagBs AP (9, 10).
site lesions are produced spontaneously by hydrolysis of the | view of the biological significance of AP sites as
N-glycosidic bond under physiological conditior.(The intermediates in the repair of damaged DNA and as toxic
purine glycosidic bond is most susceptible to hydrolysis, and |esjons created notably by alkylating anticancer agents, there
guanine is released slightly more rapidly than aden8)e (s considerable challenge in targeting this lesion by synthetic
Chemical modification of the bases by carcinogens, or by qecules. In a general program aimed at designing mol-

aIkyIatng agents 1), or t.)y. lonizing radiation 4) thgt ecules that could recognize specifically the abasic site in
desta}b|l|;es the N-glycosidic bond prpmotes fqr ”.‘a“on of DNA and possibly interfere with the repair process, we

abaS|c_S|tes. For example, b_y al_kylat|on .Of purinic bases, prepared a series of molecules that mimic the action of AP-
essentially at N-7, the depurination rate is accelerated by o460 cleases of the AP-lyase class, i.e., molecules that

ca. 16-fold (1). Some alkylating anticancer agents, such as recognize the abasic site and incise DNA h§-alimination

the nitrosoureas, produce abasic sites at high frequencies i%echanism 11-15). The molecules include an acridine

tsri]t(ae ?oerllh:tri]gntg)e 'Lg”s('i?:g;rzsa?seoene?;srggzt(;izw'r;haﬁggls'cintercalating moiety for strong interaction with DNA, a
: 9 y Y nucleic base as recognition unit to pair with the base opposite

as intermediate_s_ in the re_pair of damaged or abno_rmal base%he abasic site, and a polyamino linking chain endowed with
in the base excision repair (BER) process. Two major classes !

of repair enzymes incise DNA at abasic sites. Class | AP- two functions, ionic binding to the phosphates involving one

endonucleases, also known as AP-lyases, cleave ‘the 3 protonated amino site and cleavage catalysis through one
phosphodiester’ bond of the AP site byﬂa;alimination unprotonated nitrogen (Scheme 1). The number of methyl-

mechanism, leaving am—f unsaturated aldose 5-phosphate tevces ?el!oe:;atr'::? rt]hz arm?no fu?rz:t![(r)]nslicn?(r;ttrols_lllﬁgqir;het
(6). Class Il AP-endonucleases cleave hydrolytically the o aforementioned amines in the . The ost
phosphodiester bond %o the AP site, producing a-®H efficient molecules cleave plasmid pBR322 DNA containing

nucleotide and a'sphosphate deoxyribose residug. (f not an averflzlge of 1-7tak;f’*3'c SIIzsﬂ:n 'ti ‘:}260 bp lsequenge.at
repaired, abasic sites are strong blocks to DNA synthesis_nanomo ar concentrations anc thus benave as lyase mimics
in terms of selectivity and efficiencyl8). More recently

t This work was supported by the Association pour la Recherche these molecules were shown to act as inhibitors of the base

sur le Cancer (ARC), the Ligue Nationale contre le Cancer, and the €Xcision repair (BER) mechanism and quite interestingly to

Région Rtime-Alpes. sensitive cells to the alkylating antitumor agent BCNU whose
» To whom correspondence should be addressed. __ mode of action has been associated with its ability to create
Abbreviations: AP, apurinic/apyrimidinic; BER, base excision S . . .
repair, BCNU, N,N'-bis(2-chloroethyl)N-nitrosourea; EDTA, ethyl- aba_15|c S'te§ at high frequelnmes in the celh( It '5_W0rth
enediaminetetraacetic acid; DMSO, dimethyl sulfoxide. noting that in the whole series of molecules examined, those
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Scheme 1 single strands, double-stranded A, B forms, and hairpin loops
(333). Z-DNA conformations were also detected by EPR
(33b). In all these studies, the nature of the nitroxide spin-
label and the position, size, and nature of the tether on the
nucleic base are critical for the spin-label to correlate its
motion with that of the attached base and report the global
tumbling of the oligo- or polynucleotide29). For example,

in a 14-mer duplex containing a spin-labeled quinolone
derivative, the 7.6 ns correlation time was in good agreement
with the 7 ns value predicted by hydrodynamic the@#)(
Hearst 82) has shown that for 25-mers, the approximation

H2

> Abasicsite i ©ny, of isotropic rotation is very poor in this case. For quantifying
/L ! > recognition the motion of spin-labeled bases within DNA, two models
RN b e have been used: a dynamic cylinder model and a base disk
b Phosphate binding o model @0). In each model, the nitroxide motion consists of
or (protonated) ol global and internal contributions. The interactions of non-
(F::> s.elmgsr.g&.:l:atg;ysis ®0 covalently bound drug molecules with DNA have also been
W examined by EPR using spin-labeled analogues, including

acridine derivatives3s, 36, propidium @7), ethidium 38),
oxazolopyridocarbazol&9), ruthenium complexe<(), and
carcinogenic aromatic aminedl 42. Correlation times
varying in a wide range (240 ns) were determined

SN 0—R
o | DNA targeting

|
H

2 oy NS ™ depending on the position of the label on the drugs and on
>23< the relative motions of the drugs and the DNA to which they
& are bound. Different modes of binding (intercalative and

surface) corresponding to different correlation times (re-

two derivatives,1 and 2, that show the highest cleavage spectively 3 and 2 ns) could be evidenced in the interaction
efficiency equally behave as the best inhibitors of the base of nitroxide-substituted ruthenium complexes with DN,
excision pathwayX3). To get a clear picture of the mode of EPR spectroscopy necessitates spin-labeling of the drug to
interaction of moleculesl and 2 at the abasic site, we be examined with the requirement that the label modifies to
conducted a high-field NMR study of the complex formed a lesser extent the interaction properties of the drug. We
with a synthetic oligonucleotide possessing a stable analoguerecently observed that replacement of the methyl group in
of the abasic site and a thymine residue opposite the apurinic2-methoxy-6-chloro-9-aminoacridine derivatives by a meth-
site (L8). The 500 and 600 MHz NMR coupled to molecular ylene pyrroline-1 oxyl group at carbon C-2 (Scheme 1) only
modeling examination of the drugs in association with the modifies slightly the association constant of the molecule
oligonucleotide indicated the presence of two complexes in with calf thymus DNA é3). The spin-labeled adenine
which the purine base of the drug inserts into the abasic acridine conjugate3 can thus be considered as a good
pocket pairing with thymine in the opposite strand, most analogue of the unlabeled drdgthat has been shown to
probably in the HOOGSTEEN mode, the acridine intercalates complex quite selectively at the abasic site by high-field
at a two base pair distance ® the abasic site, and the NMR spectroscopy1(9).
polyamino chain lies in the minor groove. The two com-  We report in the present paper the EPR study of the
plexes differ by a 180rotation of the acridine ring around interaction of the spin-labeled molecusewith the abasic
the C9-N bond (9). Thermal denaturation studies monitored oligonucleotide previously examined by NMRS] that we
by UV spectroscopy also demonstrated stabilization of the note “duplex TX". The target oligonucleotide possesses the
abasic duplex by conjugatels and 2, indicating specific following structure:
binding to the abasic site(). To get dynamic information 5'd(CGCACXCACGC)3
of those complexes, we turned to EPR spectroscopy. 3d(GCGTGTGTGCG)5

EPR is a technique that proved successful to study dynamicin which X is a “classical” model abasic site, i.e., the
processes in the milli- to nanosecond time regime. The first 3-hydroxy-2-hydroxymethyltetrahydrofuran moiety replacing
studies in the nucleic acid field involved spin-labeled tRNA deoxyribose for stability reasons (Scheme 2). For compari-
(21, 22). DNA dynamics were next examined using both son, we present the EPR data of the complex formed with
enzymatic and chemical incorporation of the spin-label in the parent “natural” duplex, noted [TA]. The same study was
the polymer 23—25). More recently, development of achieved with the labeled acridine sububitused as a
automated chemical oligonucleotide synthesis allowed in- reference (Scheme 3). We show that the EPR data are quite
corporation of spin-labeled nucleosides at preselected posi-complementary to the NMR data. In addition, EPR indicates
tions in the sequenc@6—31). Covalently attached nitroxide  the presence of minor complexes that could not be detected
spin-labeled psoralen derivatives were also evaluated asin the NMR analysis.
probes for DNA oligonucleotide dynamic studie82).
Information on the structure and local environment could MATERIALS AND METHODS
thus be obtained through anisotropic motion of the spin-labels Materials Molecules1—6 (13, 43 and the abasic site-
detected by EPR. Characteristic line shapes for particularcontaining DNA undecamerlg) were synthesized and
nucleic acid conformations could be observed, including purified as reported previously.
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Scheme 2 easily corrected by base-line subtraction made in the
5' program.
T EPR Line Shape Thearyhere are three parameters useful
O0=R-O" in nitroxide spin-label spectra: thg tensor, the nitrogen

0] 0] hyperfine coupling tensak, and the widths of the individual
\p EPR lines.

Analysis of rigid-limit X-band spectra gives values for the
o) principal tensor element&;; andgzz. These values can be
' obtained since the upfield and downfiefdturning points
do not overlap with the other resonance peaks.
l 3 The EPR spectra are sensitive to nitroxide rotational
motions. For example, in a nonviscous solvent, EPR spectra
Abasic site analog (X) of nearly all nitroxides have three sharp lines of nearly equal
height. This is due to rapid isotropic tumbling motion which
Scheme 3 averages away all anisotropic effects. In the casé'1€9<
7. < 1079 s, the EPR spectrum gives dynamic information
by measuring the heights and peak widths of the lines using

N
l: \> Kivelson's formula 44): 7. = CAHy[\/h1/hqy —1].

O—-R N AH4y) is the peak-to-peak line width expressed in gauss of
= ) . . . . . .
O (FHZ)Z the derivative of the low-field absorption line (corresponding
a G NH to the nuclear magnetic momem = +1). hi:qy) and -y

(igHz)a are the corresponding peak heights for the low- and high-
4 R=cH, NH field lines, respectively. The consta@tcan be calculated
from the principal values afj andA tensors of the nitroxide
radical,C = 6.6 x 1071 using published data for dért-
NH, butylnitroxide @5). This value does not change much
6 between various nitroxide radicals. For large correlation
times, Kuznetsov et al46) base their calculations of the
spectra of a radical in a viscous isotropic medium on the
assumption that changes in the orientation of the radical occur
Electron Paramagnetic Resonance (EPR)e EPR spec- Py means of random jumps. The time between two consecu-
tra were performed on a Bruker ESP 300 E spectrometertive jJumps is taken as the rotational correlation time. The
operated in the continuous wave (CW) mode. For oligo- low-field extremum of the first-derivative spectrum is shifted
nucleotide binding studies, compour@and5 were solu- N the slow motional region, and it is convenient to use the
bilized in DMSO and then diluted in buffer (25 mM Tris- ParameteX = [H(ze) = H(ze — 0)l/[H(ze0) = H(ze —
HCI, pH 7.0, 0.1 M NaCl, and 0.2 mM EDTA); the final 0)] whereH(zc) is the pqsmpn of the low-field maximum
concentration of DMSO was 2%. The concentration of (M= 1) of the first-derivative spectrum art{z.—c0) and
oligonucleotide duplex (TA) was 1.08 10 5or 4.56x 1075 H(z:—0) are the positions of this maximum for the two
M, and that of the tested dru@varied from 0.5x 1075 to limiting values ofz.. It is possible to obtain the rotational

5 x 1075 M. The concentration of abasic duplex (TX) was CcOrelation time by plotting the dependence of the
0.91x 1075 or 2.36x 105 M, and that of the tested drug parameter orr.. The small hydrodynamic anisotropy of a

5 R=CH,

3 varied from 0.1x 10°5t0 5 x 10" M. For drug5, the 11-mer suggests that a model assuming isotropic rotational
concentration Was % 105 M. and the. concentrat’ion of Motion may be reasonable. A more detailed and accurate
oligonucleotide TX was 0.9k ’105 or 4.55% 10-5 M and analysis based on anisotropic tumbling was not performed

that of TA was 4.56x 10°° M. Analysis of spectra in this study 47). To estimate the hydrodynamic properties

; ; ; ; of DNA, the DNA oligomers can be modeled as rigid
corresponding to several species was monitored using the™ . ) e
Compare Menu of ESP 300E: when recording a spectrumcyr:'nd?\lrs. V\t";h a ra%m:*Rf—b 12 A a.n: a2Ieng|:]ththof 3N A ¢
of several species with different mobilities and having the whereN is the number of base pairdg, 29. In the presen

spectra of the individual pure species, the pure spectra cancase of the drug/11-mer complex, we used the value

be successively subtracted from the mixture. When the line 12, considering that _contrlbut|on ofthe |_nt_ercalat|ng drug to
. . . , the length of the cylinder could be assimilated to that of a
shapes are different, if oversubtraction of the sharp lines ;
i T . base pair.
corresponding to free species in buffer solution, for example,

occurred, the sharp lines are phase-reversed. In this caseétMOtleCUIar_ mol(_jeh(r;g calcullgm)nssv%eor(e)oc;éﬁedcout a?d
the end point is relatively precise. When the line shapes are ructures visualized on an - - L-omputer

related more closely, the end point becomes progressivelyrunning DISCOVER and Insight Il version 95.0 (M.S.1., Parc

harder to estimate. To obtain the integrated intensity of an Club Orsay University 91830) were used.

EPR signal, double integration must be performed using the RESULTS

Integrate Menu of ESP 300 E. The integrated intensity is

fairly immune to noise. The random fluctuations tend to  Interaction of3 and 5 with the Natural TA DuplexThe
cancel under integration. Integration, however, is very EPR spectra of the labeled aminoacridinend the AP-lyase
sensitive to base-line effects. Fortunately, such effects aremimic 3 were registered in buffered aqueous solution at room
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7. = 9 x 10! s is within the range of values generally
observed for tricyclic intercalating agen82( 37. The higher
correlation time observed for the adenireeridine conjugate

3 is in accordance with the larger size of the molecule
compared tcb.

In the presence of the natural TA oligonucleotide duplex,
the spectra of the two molecules exhibit identical changes
(Figures 1b and 2b) that are interpreted as resulting from
the addition of two spectra: that of a new immobilized
species which superimposes to that of the radical free in
solution. Subtraction of the spectra corresponding to the free
species from the experimental gives for the two molecules
a broad and asymmetric spectrum (Figures 1c and 2c)
characteristic of species undergoing restricted motion (indeed,
identical spectra corresponding exclusively to the same
immobilized species were obtained when operating at low
drug-to-oligonucleotide ratios and at relatively high concen-
trations of duplex). The spectra are similar for the two labeled
molecules3 and5. A rotational correlation time, = 3 x
10 % s was calculated for the two systems using Kuznetsov's

3310 3350 3380 method. This is a crude value, keeping in mind the isotropic
. Gauss ; , motion approximation. These spectra and the corresponding
E;_G'U;‘fg,lo_ f';fﬁggﬁt:ﬁfé? ril\f;l XEllchrA I\\fv’itﬁszaMDlTvlrgc_)t%)’ 7 value can be confidently ascribed to the intercalated form
2.5x 10°5 M, in the presence of oligonucleotide TA, 4.5610 of the labeled acridine. Aminoacridines are well-known DNA
M; (c) subtraction of spectrum 1a from spectrum 1b. intercalators that have been the object of numerous studies,
and we have recently reportgd3) that the association

constant of the labeled propylamino acridibefor calf

2a thymus DNA,K = 3 x 10* M1, differs only slightly from
that of the unlabeled analogdeK = 6.4 x 10* ML This
strongly favors the hypothesis of an identical intercalative
mode of interaction for the labeled and unlabeled molecules.

Due to weak solubility ob, it was not possible to measure
the affinity constant with the TA duplex. By double
integration of the EPR spectra corresponding to the inter-
calated form of the conjugat® we obtained experimental
data which were fitted according to the McGhee and Von
Hippel treatment(49); the association constant for the
undecamer TA duplex was calculatedkag = 4 x 10* M1,

with n = 2, wheren is the number of excluded sites (Figure
3a).

2 Interaction of 3 with the Abasic TX DuplexThe EPR
c :
spectra of molecule8 and5 were equally measured in the
presence of the TX duplex that contains the abasic site X
opposite to a thymine base. The results are quite different

for the two molecules. The EPR spectrum registered for

molecule 3 that contains the adenine recognition moiety
A corresponds to an addition spectrum of up to three species:
e i) the radical free in solution; (ii) the radical intercalated in

FIGURE 2: EPR spectra of (&5, 2 x 105 M, in 25 mM Tris-HCI, (i) the rag ' : . .

pH 7.0, 0.1 M NaCl, and 0.2 mM EDTA with 2% DMSO; (8) DNA similar to that observed in the interaction with the TA

2 x 105 M, in the presence of oligonucleotide TA, 4.56107° duplex in the preceding experiment; and (iii) a hew more

M; (c) subtraction of spectrum 2a from spectrum 2b. immobilized form that was identified as the “abasic site-

temperature. The three-lines spectra obtained for bothPound species” (see further in the text).

compounds (16 G splitting) result from anisotropic interac-  Figure 4a shows, for example, the spectrum registered for
tion between the unpaired electron and the nuclear spin ofmolecule 3 present in excess relative to the TX duplex.
the nitrogen atom. The spectra are characteristic of nitroxide Subtraction of the spectrum characteristic of the free species
radicals undergoing relatively rapid motion (Figures 1a and gives Figure 4b from which the spectrum of the intercalated
2a). Kivelson’s equation was used exclusively to calculate drug can be subtracted to give Figure 4c characteristic of
7. Of the free species in buffered aqueous solution. From the “abasic site bound” form. Using Kuznetsov’s treatment,
the relative peak heights and using Kivelson's equation, a rotational correlation time; = 6 x 10°° s was determined
rotational correlation times, = 1.3 x 1071°s andr, = 9 x (the value was indeed calculated from an accumulate
10 % s were calculated for molecul8sand5, respectively; spectrum due to the noisy character of spectrum 4c). It must

-
o

+ L
YT

b

2b

-

3310 3350 3380
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Ficure 3: McGhee and Von Hippel treatmemnt= ratio of bound

drug per oligonucleotide as a function of efiatio of total drug

per oligonucleotide). (a) TA duplex, concentration expressed in base

pairs: 1.13x 107° M; (b) TX duplex, concentration expressed in

moles of duplex, i.e., in abasic site: 0.9110°5 M. L 1 L L Lol L 1
3310 3350 3380

Gauss

be considered as a rough value as a consequence of th ) 105 M. i

isotropic motion approximation. Fioune &, BPR spocta of (9,15 < 10 i the presence o
Analysis of the spectra registered in different conditions pH 7.0, 0.1 M NaCl, and 0.2 mM EDTA with 2% DMSO; (b)

of concentration and at different drug-to-oligonucleotide ;Subtractio? of Sgectrum 1bat (C()t_rresp?ndin?tbeelin the bUffef)d,

ratiosr allows quantitative determlnatluon of Fhe forms pr.e.s?nt t(r)orsp if]?;%;ﬁjar?edfl 'fr((;:r)nslliigtrjerlg lgg: 0(OBS,IOS-C;l>J<ml(TC5 ((l\:AcTrriﬁst;?]c;n "

in sol_ut|on. At Iovy ratiosr < 0.4, thg abasic site s_pecmc presence of oligonucleotide TX, 2.36 105 M (r = 0.21).

form is the sole immobilized species, accompanied or not,

depending on the concentrations, by the free species. Figurgpolyamino chain to interact ionically with the phosphate

4d shows, for example, the spectrum registered at low ratio backbone and an adenine moiety to insert into the abasic

r =0.21 and at “relatively” high concentration in TX duplex pocket and pair with the opposite thymine. No change in

(2.35 x 10°° M). This spectrum is that of the abasic site- the spectra was observed on addition of a 50-fold excess of

specific form only. It is similar to spectrum 4c obtained from 6.

two successive subtractions (the sole difference resides in All these data can be compared to the results obtained by

the lower intensity of the signal in the subtraction spectrum the high-field NMR study of the unlabeled analogueith

4c, that reflects only a fraction of the radical in solution). the same TX oligonucleotide. This study performed at a one-

At higher ratios,r = 0.6, contribution of the intercalated to-one ratio of drug per duplex molecule, at 10M

and free species to the experimental spectrum is clearlyconcentration, had shown that the drug binds at the abasic

observable. Double integration of the spectra correspondingsite exclusively (at the precision of the NMR technique) with

to the “AP-site specific” form (i.e. the spectra are registered the base inserted in the abasic pocket and the acridine

at concentrations where the latter species is the sole formintercalated at a two base pair distan¢edsthe abasic site

present in solution with the free form) allows determination in two geometries corresponding to a 180tation of the

of the association constant of dr@dor the duplexKrx = acridine unit around the CON bond, positioning the-OCH;

1.5x 1® M1, n= 1 (Figure 3b). This value measures the group alternatively in the minor groove for the major

binding of the drug at the abasic site specifically. This value, complex (70%) and in the major groove for the minor

which is 40 times higher than the affinity constant measured complex (30%).The most immobilized form observed in the

for duplex TA Kra = 4 x 100 M7Y), reflects the high present study that was identified as “the abasic site-bound”

tendency of molecul8 to bind selectively to the abasic site  species can most probably be ascribed to these complexes

rather than intercalate between any of the base pairs in theevidenced by NMR.

duplex. We looked for possible displacement of the drug by  Molecular modeling calculations were performed to as-

the triaminopurine derivative6 that possesses both a certain this hypothesis and evaluate the modifications brought
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FIGURE 6: EPR spectra of (&, 2 x 1075 M, in the presence of

oligonucleotide TX, 4.55< 10°5 M, in the buffer; (b) subtraction

of Figure 2a (corresponding t® free in the buffer) from Figure

5a; (c) subtraction of Figure 2c (correspondingbtintercalated)
from Figure 5b.

rotational correlation time of a spherical molecytl) is
given byz. = V(n/kT), whereV is the hydrated volume and

7 is the viscosity of the medium. This equation is generally
used to calculate. values for small DNA oligomers although
FiGURE 5: Stereoview of the model for thi@-DNA complex in it gives only crude values due to the poor approximation of
the Hoogsteen conformation with the label part protruding in the the sphere model. The hydrated volume for the duplex
minor (A) or major groove (B). Molecul8 is shown in boldface  oligonucleotide was calculated with the rigid-cylinder for-
lines. mula (48, 30).A theoretical valuer, = 5.8 x 107° s was

) ) thus obtained that can be compared to the experimental value
by the nitroxide label to the geometry of the complexes. The 7. = 6 x 10°° s extracted from the spectrum. Keeping in

structures of the compl_exes formed_ between the unlabeledying the approximation of the calculation, good agreement
moleculel and the abasic duplex derived from 2BNMR  ig gptained between the calculated movement of the abasic
were used to predict the interactions of the spin-label with duplex and the experimental motion of the label. This
DNA. The N-O spin-label was modeled as the hydroxyl- g, gqests that the rotational freedom of the nitroxide group
amine(50). The methyl group of acridine was replaced by s jimited by its complexation within the oligonucleotide and
the methylene pyrroline-1 hydroxy substituent in the two ¢ its movement is close to that of the duplex, in accordance
configurations observed in the NMR, i.e., with the label \yith the results of molecular modeling.
protruding in the minor groove (major complex) and in the  yteraction of5 with the Abasic DuplexThe spectrum of
major groove (minor complex). The energy was then the |apeled propylaminoacriding was monitored in the
minimized. Figure 5 is a stereoview of the two complexes. presence of the abasic duplex. Figure 6a shows the spectrum
Inspection of the model led us to conclude that the attaChmemregistered at a drug-to-oligonucleotide ratie= 0.44. The
of the relatively bulky spin-label would not introduce steric spectrum is again an addition spectrum from which the
clashes with the surrounding DNA for the two complexes. gifferent components were analyzed by successive subtrac-
The situation is energetically slightly more favorable when tjons as was done previously. In the range of concentrations
the label is in the minor groove where interactions with the |;5eq (4.55< 1075 M in duplex oligonucleotide), the major
walls of the DNA duplex induce no conformational distor-  gpecies present in solution (830%) is the intercalated form
tion. The rigid five-membered unsaturated nitroxide-bearing :haracterized previously in the interaction of the drug with
ring is expected to have only slight internal conformational e natural duplextt, = 3 x 10-° s) accompanied by a very
mobility in the complex relative to the acridine ring. On the  minor proportion of the free species estimated to ca. 3%. A
other hand, when the label is located in the major groove, pnew species, not observed in the preceding experiments,
we may expect a motion of the spin-label independent of 4ccounts for ca. 10% of the total (Figure 6¢). This value is
the motion of DNA itself. appreciated with poor precision as it is difficult to quantitate
To evaluate the motion of the label in the complex relative species with similar line shapes in the fast motional domain.
to that of the DNA duplex, we calculated the theoretical In addition, Figure 6c is a difference spectrum corresponding
correlation time for the overall motion of the duplex. The to a species of intermediate mobility and present in a small
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amount,which accounts for its poor character. Nevertheless,conjugate3 may exist as three different forms: (i) the radical

it shows relatively sharp lines indicating less retarded motion, free in solution; (ii) the intercalation complex already
from which the rotational correlation time was calculated identified and characterized in the interaction with “normal”
using Kivelson’s equatior, = 6 x 1071°s. On adding the ~ DNA; and (iii) the abasic site-specific complex which is the
triaminopurine derivativé (50-fold excess relative to drug  most immobilized form and which is the major form
5), a new spectrum was obtained which after subtraction of observed at a 1:1 ratio of drug per oligonucleotide and at
the intercalated species gave a base line. The new species ithe highest concentrations. All data indicate that it corre-
thus totally displaced from the oligonucleotide. The inter- sponds to the complex observed by high-field NMR spec-
pretation of the data is that the labeled acridine interacts troscopy for the parent unlabeled conjugatateracting with
nonspecifically between the base pairs in the usual inter- the same abasic duplex. In this complex, the three subunits
calative manner as observed in the interaction with the naturalof the conjugate are ideally located for interaction, the
duplex. The complexes are characterizedrpy 3 x 10°° acridine intercalates with the amino group protruding in the
s. However, a small proportion of the drug inserts into the minor groove, the polyamino linker extends in the minor
abasic site, forming a weakly immobilized complex identified groove, and the adenine base locks inside the abasic pocket
by a lower rotational correlation time, = 6 x 1070 s. It facing thymine in the opposite strand probably in the
seems reasonable to postulate that this complexation correHoogsteen mode. Molecular modeling and calculation of an
sponds to partial insertion of the acridine into the abasic approximate correlation time suggest that the geometry of
pocket with only partial stacking of the acridine ring between the complex is not significantly modified by the nitroxide
the flanking bases. One can anticipate high rotational freedomlabel and rotation of the label is restricted. The structural
of the nitroxide label and weak stability for such a complex, complementarity between the conjugate drug and the abasic
which can explain both the small rotational correlation time DNA accounts for the restricted mobility and for the high
observed and the displacement of the drug by the triami- association constant of the drug at the abasic site. It also
nopurine moleculé. accounts for the fact that the conjugate is not displaced from

These observations mean notably that the abasic sitethe abasic duplex by a 50-fold excess of triaminoadefiine
constitutes a binding site for the propylaminoacridine inter- All these data point to the role of the adenine unit in the
calator5. However, the proportion of drug molecules bound conjugate3 to direct the binding selectively at the abasic
to this site (ca. 10% in the conditions of the experiment Site facing thymine in the opposite strand.

Figure 6) compared to the intercalated molecules in equi- The comparison with the behavior of the triaminoacridine
librium between the different intercalation sites in the duplex derivative 5 that possesses the acridine and polyamino
(85—-90%) does not suggest any marked preference for anysubunits present i, but is devoid of the adenine base, is

site (taking into account the statistical factor that measuresinstructive. The molecule binds at the abasic site and also at
the number of intercalation sites vs abasic site in the the intercalation sites. The complex at the abasic site shows

undecamer duplex). increased mobility compared to the intercalated species. It
is displaced from the abasic duplex on addition of a 50-fold
DISCUSSION excess of the triaminoacridir

It is interesting to note that EPR spectrocopy furnishes

With the ultimate goal of studying base excision repair jnformation on the number and dynamics of species in
(BER) inhibition by drugs that specifically bind to abasic jnteraction with the DNA duplex that is remarkably in
sites in DNA and may thus pOtentiate the action of antitumor accordance and Comp|ementary to the data extracted from
drugs that create multiple abasic damage in cells, we havethe T,, measurements in the UV and from high-field NMR
examined by EPR spectroscopy the interaction of the spin-spectroscopy and restrained molecular dynamics. The NMR
labeled acridine-adenine conjugat8 with a duplex oligo-  study of the interaction of conjugaBawith the abasic duplex
nucleotide containing a stable analogue of the abasic site.yas monitored at a 1:1 ratio, requiring relatively high
The labeled conjugatd is an analogue of the drufjthat  concentrations of materiai(L0-3 M). Very precise informa-
had been shown previously By, measurements and high-  tjon was extracted about the geometry of the complex to the
field NMR spectroscopy to bind selectively at the abasic site. extent that essentially one single complex exists in these
For better Interpretation of the EPR data, we also studied conditions. EPR spectrocopy, on the other hand, requires low
the interaction of3 with the parent unmodified TA duplex  concentrations in drug and DNA so that a large number of
and compared the behavior of this labeled conjugate spectra could be registered allowing variations in a range of
that of the aminoacridine suburst concentrations and ratios. This permitted identification and

The labeled conjugatgexhibits in water an EPR spectrum  quantitative evaluation of up to three species present in
characteristic of a nitroxide radical undergoing relatively solution: the conjugate free in solution, the “intercalation
rapid motion ¢. = 1.3 x 10719s). As expected, this value complex”, and the “abasic site-specific complex”. This was
is slightly higher than that exhibited by the propylaminoacri- possible as each individual species in solution is characterized
dine subunit (7. = 9 x 101! s). The conjugat8 binds to by a different rotational correlation time. This opens the
“normal” DNA (TA duplex), forming a complex character-  possibility of studying the interaction of the labeled conjugate
ized by an important mobility decrease of the nitroxide label. 3 with different abasic DNA duplexes possessing the
The complex most probably involves intercalation of the different nucleotide bases opposite the abasic site to evaluate
acridine moiety as the spectra are similar to those observedthe specificity of the recognition of the abasic site by the
for the propylaminoacridine suburfit In the presence of  base of the drug. This study is currently under way. Such
abasic DNA (TX duplex) and depending on the concentra- studies constitute the structural basis to further evalutate the
tions and on the drug-to-oligonucleotide ratio used, the interest of such conjugates of general structure “babain—
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intercalator” to recognize specifically the abasic site in DNA
and interfere with the repair process of the abasic damage.
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