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ABSTRACT: Two-dimensional N M R  methods were used to model the possible solution structure of an 
intercalative complex of 9-aminoellipticine (Aell), a polycyclic pyridocarbazolamine, covalently bound to 
an apurinic ring-opened deoxyribose site of a duplex DNA fragment in the reduced Schiff base form. The 
required oligonucleotide single strand containing covalently attached aminoellipticine was obtained by 
reductive amination in the presence of sodium cyanoborohydride. The combined NMR-energy minimization 
methods were employed to refine the model structures of two distinct forms, intrahelical and extrahelical, 
of a control 9-mer duplex DNA, d(CGTG-dr-GTGC)*d(GCACTCACG), which contains an apurinic site 
positioned opposite a d T  residue on the complementary strand. The model structure of an aminoellipticine 
conjugate with the same DNA sequence, derivatized via the aforementioned covalent attachment, was also 
obtained by incorporating intermolecular drug-DNA and intra- and internucleotide NOE-derived proton- 
proton distance estimates as restraints in energy minimization routines. The indole ring system of 
aminoellipticine, which is inserted a t  the apurinic site, intercalates between and is parallel to flanking G C  
base pairs. The pyridinic ring of aminoellipticine, in protonated form, also stacks between cytidine and 
thymidine bases on the complementary strand, which is consistent with the observation that the normal 
sequential N O E  connectivity a t  the 5’-C13-T14 step is broken and indeed diverted through the ellipticine 
moiety, e.g., C13-Aell-T14 connectivities through the Aell-H4/C5Me protons. Interestingly, the partial 
stacking of the pyridinic ring is observed only between the 5’-CT step vs an adjacent 5’-TC step, owing to 
inherently weak stacking interactions associated with the former. In the absence of any potential groups 
that can participate in electrostatic or hydrogen-bonding interactions with the nucleic acid, n-n stacking 
and hydrophobic contacts a t  the intercalation site appear to be the important factors in determining stability 
and conformation of the aminoellipticine-DNA conjugate. Stacking interactions in such a bistranded 
intercalative complexation of aminoellipticine apparently govern the formation of a single intrahelical form 
of a right-handed B-type DNA duplex. The overall structural features lead us to propose working models 
for an enzyme-like DNA cleavage activity of 9-aminoellipticine and the observed inhibition of the A P  
endonuclease-dependent DNA excision-repair pathway. 

Several aspects of DNA processing in biological systems 
have been exploited as attractive targets for intervention by 
therapeutic agents, and a number of DNA-binding agents 
that presumably inhibit replication and transcription are in 
clinical use (Potier, 1992; Propst 8i Perun, 1992; Lown, 1993). 
Another potential and yet unexplored target is the DNA repair 
systems, which are largely responsible for the repair of DNA 
lesions induced spontaneously or through exogenous assault 
by ionizing radiation and chemically reactive alkylating agents, 
etc. (Lindahl, 1993). The repair of naturally or chemically 
damaged DNA in both prokaryotes and eukaryotes is usually 
controlled by specific enzymes which are able to recognize 
particular DNA lesions or a nucleic acid local structure 
containing such lesions. These repair systems use a diverse 
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combination of key enzymes for various transformations 
(Lindahl, 1982; Sancar & Sancar, 1988; Wallace, 1988). 

The DNA excision-repair pathway is an exampleof removal 
of a damaged nucleobase involving a glycosylase enzyme that 
detects an individual unnatural base and cleaves it from the 
deoxyribose sugar, initially leaving the sugar-phosphate 
backbone intact (Friedberg, 1985; Lindahl, 1982,1993). The 
gap created by the loss of a nucleobase is called an AP site 
(for apurinic or apyrimidinic) which in turn is recognized by 
an AP endonuclease that cuts the backbone to afford a primer 
end from which DNA polymerase initiates synthesis to replace 
the missing nucleotide along with a few adjacent nucleotides. 
Knowledge of how AP endonucleases recognize these specific 
DNA lesions is central to an understanding of such efficient 
repair processes. It is also important to know the detailed 
three-dimensional structure of the abasic site-containing DNA 
sequences to understand the possible roles of precise confor- 
mational features. However, few reports are available 
concerning structural details of the nicked duplex structure 
(Cuinasse et al., 1990; Kalnik et al., 1988, 1989; Withka et 
al., 1991). Complementary information toward these goals 
can also be obtained through characterization of DNA-ligand 

0006-2960/94/0433- 10271 !§04.50/0 0 1994 American Chemical Society 



10272 Biochemistry, Vol. 33, No. 34, 1994 

complexes, particularly with agents that influence the repair 
processes by directly interacting with the abasic sites. 

Ellipticines are a general class of coplanar annelated 
polycyclic compounds that interact with DNA in a primarily 
intercalative mode and possess in vitro as well as in vivo 
cytostatic activity (Potier, 1992). A number of synthetic 
ellipticine derivatives have been reported in an effort to 
rationally design potent biologically active analogues. Ami- 
noellipticine (Aell), or $1 l-dimethyl-6H-pyrido[4,3-b]car- 
bazol-9-amine, is one such agent that has been used as a 
mechanistic probe for enzymes involved in the base excision- 
repair pathways, wherein Schiff base formation with the 
apurinic sites leading to covalent adduct formation has been 
implicated as evidence for a selective inhibition of the AP 
endonuclease activity of Escherichia coli exonuclease I11 
(Bertrandet al., 1989a; LefranGoiset al., 1990). Thereaction 
of Aell, together with that of other primary amines and other 
reagents reactive toward the ring-opened aldehydic forms of 
the sugar at the abasic sites (Liuzzi et al., 1987; Livingstone, 
1964; Vasseur et al., 1987, 1988), also serves as a model for 
the cleavage activity of AP endonuclease via a @elimination 
of 5'-phosphonomonoesters of double-stranded DNA (Ber- 
trand et al., 1989a). 

The present study was undertaken in an attempt to 
understand the structural characteristics of a specific duplex 
DNA-aminoellipticine conjugate and its plausible role in the 
mechanisms of DNA cleavage at AP sites by aminoellipticine 
and of inhibition of the DNA repair process and why only 
minor modifications of this agent result in significant changes 
in activity (Malvy et al., 1986). We report on the model 
solution structure of a DNA oligomer duplex containing a 
covalently attached 9-aminoellipticine, in the form of a reduced 
Schiff base, at a specific abasic site positioned opposite a dT 
residue on the complementary strand. These are the first 
definitive experimental results which establish that the covalent 
attachment of aminoellipticine at such a gap formed by an 
AP site is characterized by insertion of the coplanar 4-ring 
ellipticine system into the DNA helix in an intercalative mode 
with additional evidence of partial stacking of the pyridinic 
ring between the dipyrimidinic 5'-CT step on the partner 
strand. 

MATERIALS AND METHODS 

Oligonucleotide Syntheses 

In the procedures described below, all the reactions, 
handling, and storage of the derivatives containing the 
photosensitive o-nitrobenzyl group were carried out in the 
absence of light. Purifications by preparative high-perfor- 
mance liquid chromatography (HPLC) were performed using 
a Nucleosil (5 pm) column (250 X 10 mm2) obtained 
from SFCC-Shandon (France). The HPLC system (Waters, 
Millipore) employed a two-pump gradient controller interfaced 
with a NEC APC IV computer system. Analytical HPLC 
analysis employed the same system and a Beckman c18 XL- 
ODS (3 pm) column (70 X 4.6 mm2). Solvents for chro- 
matography were of HPLC grade and used without further 
purifications. The 2-cyanoethyl N,N-diisopropylphosphora- 
midite of o-nitrobenzyl 2-deoxy-~-ribofuranoside in its 5'- 
dimethoxytrityl-protected from (1) was prepared from 3,s- 
ditoluoyl-2-deoxyribofuranosyl chloride in four steps as 
described previously (PCoc'h et al., 1991). Thedesiredproduct 
was isolated by silica gel chromatography and its purity 
confirmed by 'H and 31P NMR spectroscopy. 

d(GCACTCACG). This nonamer deoxyribonucleotide was 
synthesized on an Applied Biosystems 38 1A synthesizer using 
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/3-cyanoethyl phosphoramidites and 10 pmol columns. The 
oligonucleotide was deprotected and purified by ion-exchange 
chromatography on a DEAE-Sephadex A25 (Pharmacia) 
column using triethylammonium hydrogen carbonate buffer 
(pH 7.5) as eluent (150 mL of a 0.5 M solution followed by 
a linear gradient from 0.5 to 1 M). 

d(CGTG.X.GTGC), where X Represents an o-Nitrobenzyl 
2-Deoxy-~-ribofuranoside Residue. This DNA sequence was 
prepared using a solid-phase phosphoramidite synthetic cycle 
starting with a DMT-protected dC attached to a DPG support 
on a 10 pmol column. After sequential couplings and the 
usual protocol for extending the chain with dG, dT, and dG, 
respectively, the phosphoramidite building block of o-ni- 
trobenzyl2-deoxy-~-ribofuranoside (1) was introduced in the 
fourth cycle, and further extension continued to afford efficient 
and site-specific incorporation of a protected deoxyribose 
residue (without the nucleobase) within the 9-mer oligo- 
nucleotide. After the application of the usual deprotection 
procedure, the oligonucleotide was passed through an ion- 
exchange DEAE-Sephadex A25 (HCOs form; Pharmacia) 
column (20 X 1.7 cm2). The column was eluted with a linear 
gradient of triethylammonium bicarbonate buffer (OS - 1 .O 
M; pH 7.5) at a flow rate of 1 mL/min. Fractions 
corresponding to the main peak (at 254 nm) were collected, 
combined, and evaporated to dryness. The residue was 
dissolved in water (5 mL) and passed through a Dowex 50W 
(Na+ form; Fluka) column. Elution with water afforded 
fractions with UV 254 nm absorbance which were combined 
and lyophilized. Purity (in excess of 97%) of the sodium form 
of the o-nitrobenzyl-protected abasic oligomer was estimated 
by HPLC analysis. 

Abasic d(CGTG.dr.GTGC). A solution of the preceding 
oligomer (19.7 mg, 6.7 mmol) in 0.05 M aqueous HOAc (6 
mL) was degassed, distributed into two thermostated (21-24 
"C) quartz cuvettes, and irradiated with a high-pressure 
mercury lamp (HPK, 125; Phillips) through a pyrex filter (3 
mm thickness) for 20 min. The solutions were combined and 
lyophilized to afford a residue which was gel filtered through 
a Sephadex G-25 column (70 X 2 cm2) using 5 mM aqueous 
HOAc as eluent. The fractions containing the desired abasic 
nonamer were combined, passed through a 0.45 pm filter, and 
lyophilized to afford the product in 58% yield and 94% purity 
as determined by HPLC analysis. 

Aminoellipticine-DNA Conjugate d(CGTG.Aell.GTGC). 
To a 0.7 mM aqueous solution (7  mL) of the preceding abasic 
oligomer was added a freshly prepared 0.25 M solution (2 
mL) of NaCNBH3 in 1 M aqueous NaOAc (pH 5) followed 
by a 8 mM solution (1 mL) of 9-aminoellipticine in 20 mM 
aqueous HCl. The resulting mixture was stirred for 1 h at 
37 OC and centrifuged. The supernatant was further passed 
through a 0.45 pm filter, and the filtrate was concentrated to 
a final volume of 4 mL. This solution was loaded in five 
portions onto a preparative reverse-phase HPLC column and 
eluted with a linear gradient of acetonitrile (5-20%) in 0.05 
M triethylammonium acetate (pH 7). Fractions correspond- 
ing to the main peak ( R ,  15.9 min) were combined and 
lyophilized to afford a residue which was dissolved in water 
and passed through a Na+ Dowex SOW column. The fractions 
indicating a HPLC purity in excess of 98% were combined 
and lyophilized to afford the desired modified oligomer in 
90% yield. Owing to a slow degradation of this conjugate at 
pH 7, all further manipulations and handling of this compound 
in the solution state were done in pH 5.8 buffer. 



Aminoellipticine-Linked Abasic DNA Heteroduplex 

N M R  Spectroscopy 

NMR samples were prepared by dissolving 12.4 mg of the 
9-mer oligonucleotide d(GCACTCACG) in 600 FL of 10 
mM phosphate buffer (pH 5.8)  containing 10 mM sodium 
chloride and 0.1 mM NaZEDTA. The solution was divided 
into two equal portions. Heteroduplex I containing the abasic 
site was prepared by annealing one of these portions with an 
equivalent amount of oligonucleotide 3 added in the form of 
a 0.3 mL solution in the same buffer as above. Heteroduplex 
I1 was obtained by similar treatment of the second portion 
with a 0.3 mL solution of the single-stranded aminoellipticine- 
DNA conjugate 4. The annealing to the double-stranded forms 
was checked by comparing NMR spectra of the samples with 
those of the single-stranded forms. In each case, the sample 
was lyophilized to dryness and, for NMR experiments carried 
out in DzO, further lyophilized twice from 99.9% D2O and 
finally redissolved in 0.65 mL of 99.96% D20. For experiments 
in H20, the solid was redissolved in 0.65 mL of 9: 1 H20/D20 
mixture. 

All NMR experiments were performed on a Varian Unity 
500 spectrometer, interfaced with a Sun workstation, at 499.2 
MHz lH frequency, All experiments were temperature 
regulated by the spectrometer-interfaced computer and cooling 
units using a dry ice bath; the temperature was monitored via 
a thermocouple implant in the probe. The experiments 
performed in the 9: 1 H20/D20 mixture utilized a Sklenar- 
Bax water suppression pulse sequence (Sklenar & Bax, 1987) 
with a 90’ pulse of 8.5 ps and a sweep width of 10 kHz. The 
delay time between the 90’ pulses was optimized to 7.4 ms 
with a spin-lock pulse of 2 ms duration, in order to maximize 
the HOD suppression and the selective detection of the 
exchangeable imino proton signals. The data were Fourier 
transformed with a 3 Hz  line broadening. 

The two-dimensional NOESY spectra with mixing times 
of 50, 80, 150, 250, and 400 ms were acquired in the phase- 
sensitive mode using the hypercomplex method (States et al., 
1982). The water (HOD) resonance was presaturated during 
the 2.2 s delay between scans. Sixty-four scans for each of 
the 512 tl values were collected with 2K data points. The 
spectral windows in F1 and F2 were adjusted to cover the 
entire spectral region that contained the resonance signals. In 
all experiments, the free induction decay, fid, along t l  was 
zero filled to 2K data points prior to Fourier transformation 
to give a final 2K X 2K data matrix with digital resolution 
of 3.2 Hz/pt in each dimension. Data processing for each 
experiment was optimized using interactive sine-bell apodiza- 
tion and shifted sine-bell constants in t l  and t 2  for resolution 
enhancement and a first-order polynomial drift correction in 
both F1 and F2 dimensions. The longer mixing time NOESY 
spectra were analyzed for the purposes of complete assignment 
of the nonexchangeable proton signals, while the interproton 
distances were estimated from the magnitude of cross peaks 
in NOESY spectra, acquired with a relatively long recycle 
time of 5 s and a relatively short mixing time of 150 ms, and 
using the isolated spin pair approximation (ISPA) relationship: 

The cross peak volume integrals were determined for the 
individual cross peaks by evaluating the averaged volumes 
(peak height X area) for a series of equally sized rectangles 
circumscribing the peak which accounted for corrections 
(usually less than 10% of the peak volume) due to base line 
fluctuations. The cytosine H5-H6 interproton vector was 
taken to be a reference distance of 2.46 8, (Gronenborn & 

Biochemistry, Vol. 33, No. 34, 1994 10273 

Clore, 1985), and the distance estimates were accurate 
compared with other fixed distances in the molecule, e.g., 
thymidine H6-Me and intraresidue H2’-”’’, etc. 

Computations and Restrained Molecular Modeling 

A normal B-DNA duplex, d(CGTGAGTGC).d(GCAC- 
TCACG), was constructed using the assisted molecular 
building and energy refinement program AMBER 4.0 (Pearl- 
man et al., 1991) and Arnott’s coordinates (Arnott & Selsing, 
1975) and further transformed into either heteroduplex I or 
I1 as follows. 

In order to obtain the coordinates for the abasic residue in 
heteroduplex I, those of the adenosine residue at position 5 
in the first strand were imported from the AMBER 4.0 
database into the program Macromodel V3.5X (Still, 1992) 
followed by deletion of the purine base atoms except for the 
N9 nitrogen atom of the glycosidic bond, which was replaced 
by an oxygen atom while retaining the @-configuration at the 
anomeric center. The ring-closed hemiacetal form of the 
abasic sugar residue was obtained by adding a hydrogen atom 
to this new oxygen. The resulting coordinates were minimized 
using the MM2 force field parameters (Still, 1992) and further 
optimized using the program MOPAC ESP 5.0 (Besler et al., 
1990). The data on the final geometry and electrostatic 
potential charges of the abasic residue were used to generate 
an input file to be incorporated back for modeling the 
heteroduplex I in AMBER 4.0. 

The aminoellipticine-derivatized sugar residue for hetero- 
duplex I1 was constructed using Macromodel V3.5X and the 
preceding abasic residue. In this case, the (21’-01’ bond of 
the deoxyribose sugar and the glycosidic Cl’-N9 bonds were 
broken and the 9-Aell molecule was attached through its amino 
group to the C1’-position of the ring-opened sugar. Hydrogen 
atoms were added in compliance with the chemical structure 
shown in Figure IC. Minimization of the Aell-derivatized 
sugar residue using MM2 parameters followed by optimization 
using MOPAC ESP 5.0 provided the final geometry and 
electrostatic potential charges that were employed to build 
the input file on the Aell residue of heteroduplex I1 for 
subsequent AMBER 4.0 simulations. 

The model intra- and extrahelical conformations of the 
heteroduplex I were simulated and minimized using the 
AMBER 4.0 package. The initial intrahelical conformation 
was obtained by replacing the coordinates for the adenosine 
residue at position 5 in the normal B-DNA duplex with those 
obtained above for the abasic residue. The extrahelical 
conformation, where both dr5 and the dT14 residue on the 
complementary strand are protruding out of the helix, was 
generated using MidasPlus (Ferrin et al., 1988), by rotating 
these two residues approximately 180’ through the major 
groove around the helical axis. The transformed coordinates 
were then brought back in AMBER 4.0. All simulations 
utilized the all atom parameters (Weiner et al., 1984), except 
for angle OS-CT-OH, which was defined from the similar 
angle CT-CT-OH (Table S1, supplementary material). 

Typically, minimizations were first done in vacuo with a 
distance-dependent dielectric constant until the rms deviation 
was less than 0.1 kcal/mol A. The method of steepest descent 
was used for the first 100 cycles and for 10 cycles after each 
update of the nonbonded pair list; all subsequent cycles 
employed theconjugategradient method. In order to attenuate 
the charge on the phosphate groups, 16 sodium counterions 
were then added to the model, each positioned at a distance 
of 3.0 8, from the phosphorus atoms within the phosphate 
0-P-0 planes. The now charge-balanced system was 
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Scheme 1: Syntheses of the Single-Strand DNA Sequences Containing True Abasic Lesion Site 3 and Its Covalently Modified 
Aminoellipticine Conjugate 4a 

0 (9 (i i i )  
( i i)  

I - d-’[CGTG.X.GTGCI3’ - ~-’[CGTG.~PGTGC]’ 
‘Pr \N/P~OCH~CH&N 

2 3 I 
’Pr 

I 1 

5’-O-dimethoxytrityl-3’-O-(2-cyanoethyl)- 
-N+V-diisopropyl) phosphoramidite 
derivative as building block of o-nitro- 
-benzyl 2deoxy-~-D-ribofuranoside 

t 
d-S[CGTG,Aell.GTGC]3’ 

4 

0 (i) Incorporation of 1 in the fourth cycle of an automated solid support DNA synthesizer cycle starting with 5’-DMT-dC; (ii) deprotection, 
purification by ion-exchange chromatography, and conversion to the Na+ form (for details see Materials and Methods; X = o-nitrobenzyl 2-deoxy- 
8-o-ribofuranoside); (iii) hv, 20 min, 0.05 M acetic acid; dr = 2-deoxy-D-ribofuranoside; (iv) 9-aminoellipticine in the presence of NaBHsCN, NaOAc, 
pH 5, 1 h, 37 OC; Aell represents the covalent adduct formed between the abasic site dr and aminoellipticine via its NH2 group as shown in Figure 
I .  

reminimized in vacuo under the same conditions as above. 
The solvation of the resulting models was accomplished by 
immersion in a box of TIP3P water molecules with a minimum 
solvent shell thickness of 10 8, from DNA and counterions. 
The solvated models were then subjected to a “belly” 
minimization and molecular dynamics at constant volume 
followed by molecular dynamics at constant pressure and 
reminimization (Dr. William Ross, University of California 
at San Francisco, private communication). In the first solvated 
minimization, a “belly” is placed on the DNA and counterions 
so that they are “frozen” and only the surrounding water 
molecules are allowed to move. This was done for 200 cycles 
with a 9.0 A cutoff (all solvated simulations use this value), 
switching from the method of steepest descent to that of 
conjugate gradient after 100 cycles. The next 1000 cycles 
(0.001 ps step size), intended to allow free movement of the 
water molecules around the DNA and counterions, involved 
raising the temperature from 10 to 300 K at 5 K intervals, 
under constant volume conditions. After such randomization 
of water, the velocities were discarded and the simulations 
continued, without the “belly” constraints, by raising the 
temperature over the first 10 ps as before and increasing the 
time step to 0.002 ps. This was followed by 40 ps of productive 
dynamics under the same conditions, while the temperature 
was kept regulated at 300 f 5 K. The final complex without 
the “belly” was reminimized as above until the rms deviation 
was <0.1 kcal/mol A. 

Simulations and minimizations on the aminoellipticine- 
derivatized heteroduplex 11, both with and without the 
experimental NOE distance constraints, were also performed 
using the AMBER 4.0 package and general procedures 
illustrated above. The positively charged form of the ami- 
noellipticine moiety, in compliance with the NMR assignments 
(vide infra) that indicate protonation of the pyridinic ring at 
the N2 position, was used. Several new parameters were 
developed on the basis of those in the all atom force field 
(Table SI, supplementary material). Similar energy values 
were chosen from those already existing, and the angles were 
defined according to the geometry of the Aell-derivatized sugar 
residue obtained from MOPAC ESP 5.0, as discussed above. 
The first model of heteroduplex I1 was simulated without the 
NOE distance constraints. In the second case, these con- 
straints were introduced gradually, beginning at the 5 ps mark, 

during equilibration dynamics and maintained at this level 
until the end of simulation. The models obtained were energy 
minimized again after removing the ”belly” until the rms 
devication was less than 0.1 kcal/mol 8,. 

RESULTS 

Synthesis of d(CGTG.dr.GTGC) and 
d(CGTG.Aell.GTGC) 

The synthesis of two nonadexoyribonucleotide strands 
containing a true abasic site and a aminoellipticine attached 
covalently to the same abasic site, respectively, is outlined in 
Scheme 1. Oligonucleotide 2 was synthesized using the 
automated solid-phase phosphoramidite method with high 
yields for the coupling reaction at the stage of introducing the 
o-nitrobenzyl 2-deoxy-D-ribofuranoside phosphoramidite 1. 
After photolytic cleavage of the o-nitrobenzyl group using a 
high-pressure mercury lamp, the desired abasic oligonucleotide 
3 was purified by gel filtration. 

Derivatization of the same aldehydic abasic oligomer with 
aminoellipticine via a covalent attachment was accomplished 
efficiently by carrying out their coupling reaction in the 
presence of sodium cyanoborohydride to selectively reduce 
the imine intermediate to obtain the aminoellipticine-DNA 
conjugate 4 (Bertrand et al., 1989a). 

NMR Analyses 

The two duplex DNA sequences chosen in this study are 
shown in Figure 1 together with the numbering schemes. The 
structures of the modified sites are also indicated. The 
particular sequence context with a high GC content was 
selected to maximize stability, and its non-self-complementary 
asymmetric nature precludes possible complications due to 
self-association of individual strands. It is important to note 
the use of a true abasic site with the sugar residue in the same 
oxidation state as it is presumed to occur in the damaged AP 
sites of native abasic DNA intermediates. 

Before describing the results, it should be mentioned that 
the properties of DNA duplexes containing analogues of the 
abasic site have been studied by NMR in previous investiga- 
tions (Cuniasse et al., 1987, 1990; Kalnik et al., 1988, 1989). 
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5'. C' - GZ 9 G4 dr5 G6 T7 G8 C9 
Heteroduplex I: 3,- ~ 1 8  c17 ~ 1 6  c 1 5  ~ 1 4  e13 ~ 1 2  cll ~ 1 0  

5'- C' GZ 9 G4 Aeil' G6 T' G8 C9 
Heteroduplex 11: 31- ~ 1 8  c17 ~ 1 6  cl5 ~ 1 4  c 1 3  AIZ c l l  ~ 1 0  

Numbering and structures at individual nucleotide units are shown below for: (a) general as; 
(b) abasic residue d?; and (c) covalently modified aminoellipticine residue Ael15 

p\ 

5:*Base 2" 

0 
\ 
P 

[a1 

p\ 
0 

0 
\ 
P 

[bl 

0 
\ 

P 
rci _ _  

FIGURE 1: Heteroduplex DNA sequences used in this study, with the numbering schemes and the chemical structures of the abasic lesion 
site and the covalently modified 9-aminoellipticine adduct thereof. The degenerate sets of methylene protons are indicated in c as single labels 
1' and 2'. 

We found the one by Cuniasse et al. (1 990) to be very useful 
and most relevant for interpretations in the present work due 
to the same DNA sequence context as heteroduplex I (Figure 
l) ,  despite the difference in the nature of the abasic lesion 
site. The model sugar residue in that study, namely 1,4- 
anhydro-2-deoxy-~-ribitol or also termed the tetrahydrofuran 
analogue by some (Withka et al., 1991), did not feature the 
aldehydic oxidation state at the C1'-position. We focused 
our attention on the general structural features in that study 
that were proposed in relation to the abasic sites and the nature 
of the base residues on the complementary strand. Two such 
models for the systems with pyrimidine bases opposite the 
abasic site were considered (Figure 2). These two differ in 
the general configuration of the model sugar residues a t  the 
selected abasic lesion sites and illustrate a 'normal' DNA-like 
intrahelical conformation and a second distorted conformation 
where both the abasic residue and the residue positioned 
opposite it are displaced out of the helix. 

In order to compare the possible structures for the true 
abasic site-containing sequence (heteroduplex I) and the 
aminoellipticine-derivatized duplex (heteroduplex 11) under 
similar conditions, the NMR analyses were undertaken at pH 
5.8, where the aminoellipticine-DNA conjugate was found to 
be stable toward degradation. 

NMR Analysis of the Abasic Site-Containing Sequence 

In making the assignments for the proton resonances of 
d(CGTG.dr.GTGC).d(GCACTCACG) under the conditions 
of our NMR experiments (10 "C;  pH 5.8 buffer), we were 
aided by the general trends and assignments reported previ- 
ously for the same sequence with an analogue of the abasic 
site at 15 "C and pH 7 (Cuniasse et al., 1990). All 
nonexchangeable proton resonances (except for heavily 
overlapping signals due to 5' and 5/' protons) were assigned 
in a sequential manner from 2D NOE, at mixing intervals of 
100, 200, and 400 ms, and DQF-COSY spectra in DzO 
following the well-established strategy for oligonucleotides 
[Feigon et al., 1983; Hare et al., 1983; Scheek et al., 1984; 
reviewed by Reid (1 987)]. For example, the correlation cross 
peaks in the regions 7.0-8.5 and 5.0-6.5 ppm of 2D NOE 
spectra were used to assign aromatic and sugar C1' proton 
resonances, and those in the 1 .O-3.0 ppm region were used for 
the assignment of TMe and sugar C2'"'' protons (Table S2, 
supplementary material). A predominantly B-form geometry 
for the duplex at 10 "C was confirmed from the relative 
intensities of the NOE cross peaks between base protons and 
their own and 5'-flanking sugar Hl', H2', H2", and H3' 
protons, which provides the basis to distinguish between A- 
and B-type duplex helices. A complete map of B-DNA-type 
connectivities could be drawn out for the entire length of strand 
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linlra: abasic site 
and T14 intrahelical 

Ieara: both abasic site 
and T14 extrahelical 

Heteroduplex sequence II: lntrahelical 
incorporation of Aminoellipticine at the 
abasic site opposite the T14 residue 
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FIGURE 2: Two early models for the heteroduplex I, depicting the (a) intrahelical and (b) extrahelical arrangement of the abasic deoxyribose 
site and the oppositely positioned dT residue on the partner strand, on the basis of preliminary structures proposed by Cuniasse et al. (1990). 
Model c is a gross representation of the heteroduplex I1 used in this study and corresponds to the modified lesion site in the form of a covalently 
attached aminoellipticine as shown in Figure 1. 

containing the unpaired T14 residue, consistent with T14 being 
a part of the helix. 

The chemical shift value of 3.90 ppm for the glycoside HI '  
proton at  the abasic residue suggests that the sugar at  the 
abasic residue exists predominantly in the cyclic deoxyribose 
(hemiacetal) form, since the H1' proton in a ring-opened 
aldehydic form would be expected to show up at  8-10 ppm. 
Previous NMR work using specific IT-labeled derivatives 
(Manoharan et al., 1988) has also unequivocally established 
that there is minimal contribution (< 1%) from the ring-opened 
aldehydic form of the sugar to the equilibrium mixture in 
solution. The ring-closed hemiacetal form can also equilibrate 
between the two anomeric forms due to a- or @-configuration 
of the O H  group. However, a fast exchange of the O H  group 
with solvent does not permit a firm distinction between the 
two configurations from 'H NMR measurements. 

The NOESY spectra recorded at  temperatures higher than 
10 "C required careful inspection of the NOE cross peaks, 
associated with the central trinucleotide segment containing 
the abasic site, for comparing the results with thosein a previous 
NMR investigation of the same sequence with a chemically 
different abasic sugar moiety (Cuniasse et al., 1990). That 
study, employing the anhydro sugar analogue of the abasic 
site, had indicated an additional structurally distinct extra- 
helical form of the duplex predominating at  35 OC (in buffered 
solution containing 150 mM NaCl; pH 7) and where both the 
abasic sugar analogue and the oppositely positioned dT residue 
on the partner strand are located outside the regular helix. 
Theoverall conformation of this extrahelical form of the DNA 
heteroduplex was characterized by a doubling of resonances 
corresponding to the centrally located unpaired T14 residue. 
Such a feature was not observed under the conditions of our 
NMR experiments (pH 5.8; 10 mM NaCl), even upon 
warming the solution to 25 OC. Experiments performed above 
this temperature resulted in a degradation of heteroduplex I, 
possibly owing to a hydrolytic 0-elimination reaction at  the 
abasiclesionsite (Bailly & Verly, 1987). Although thesolution 
and experimental conditions employed in this study are also 

different from those in the previous study (Cuniasse et ai., 
1990), the results are qualitatively similar in terms of the 
gross conformational features associated with the extrahelical 
form. This is indicated in our interpretation in the form of 
a compression of the same strand that contains the abasic 
residue dr5, which was characterized by NOES between the 
flanking G4 and G6 residues on either side of the lesion, e.g., 
those corresponding to G4H 1'-G6H8 and G4H2"-G6H8 at 
temperatures >20 OC, which may be explained by stacking 
of residues G4 and G6 to force the intervening dr5 residue out 
of the helix. The minor differences between the results from 
the two studies may also arise from differences in the nature 
of the sugars at the abasic sites. As pointed out earlier, sugars 
in the aldehydic oxidation state were employed in this work, 
whereas the reduced 1,4-anhydro-2-deoxy-~-ribitol form was 
used previously (Cuniasse et al., 1990). This, and the use of 
different solution conditions, may account for the observed 
diversity in the nature of interconversion between intra- and 
extrahelical forms. Nevertheless, such marked conformational 
perturbation of duplex DNA at an abasic site could be 
responsible for the initial recognition and cleavage of such 
apurinic lesions by the DNA repair enzymes. 

N M R  Analysis of the 9 -  Aminoellipticine-DNA Adduct 

A three-tier analysis of the experimental NMR data 
primarily in the form of NOE information was performed to 
obtain the most favored solution conformation of heteroduplex 
sequence I1 which contains a covalently attached aminoel- 
lipticine at  the abasic site. The first two levels address the 
assignment of the resonances due to the Aell and DNA protons. 
These assignments were used to identify specific intermo- 
lecular NOE contacts between the ligand and DNA protons 
in what constitutes the last principal task in the analysis of 
both noncovalent and covalent ligand-DNA complexes in order 
to define the geometry and orientation of the ligand compo- 
nents. 

Assignment of Aminoellipticine Proton Resonances in the 
Adduct. Two pairs of directly coupled aromatic spin systems, 
H3-H4 and H7-H8, were first identified via their respective 



Aminoellipticine-Linked Abasic DNA Heteroduplex 

cytosine H5-7 

5.51 

6.5‘ 

H3-H4 

8.5 7 0  5 5  
FI ( w m )  

FIGURE 3: Selected region of a 500 MHz DQF-COSY spectrum of 
heteroduplex 11, showing scalar-coupled cross peaks for aminoel- 
lipticine proton pairs in a region distinct from those containing the 
cytosine H6-H5 cross peaks. 

cross peaks in a phase-sensitive COSY spectrum (Figure 3) 
in a region distinct from those containing the cross peaks from 
the cytosine H6-H5 spin systems of the DNA fragment. The 
cross peak corresponding to the H7-H8 pair was further 
assigned to Aell-H7 at 7.31 ppm and AelLH8 at 7.04 ppm on 
the basis of chemical shift arguments and by analogy with our 
previous assignments on a trinucleotide segment containing 
covalently modified aminoellipticine (Bertrand et al., 1989a). 
The resonance signal at 8.55 ppm was assigned to AelLH3 
according to its coupling relationship with the Aell-H4 
resonance at 7.79 ppm, which in turn also correlates (via NOE) 
with the Aell-C5Me resonance at 2.79 ppm in the 2D NOESY 
spectra. The pyridinic Aell-H1 proton appears most downfield, 
at 9.72 ppm, and could also be confirmed by its NOE cross 
peak with the Aell-C1 1 Me signal at 2.38 ppm. The pyridinic 
ring of aminoellipticine (N2 position; Figure 4) is also believed 
to be in a protonated form under the slightly acidic conditions 
(pH 5 . 8 )  used for the experiments. This is evident from a 
downfield shift by -0.5 ppm of the Aell-H1 and -H3 
resonances compared with 9-aminoellipticine itself and is 
consistent with the experimentally determined pK, values of 
4.5 and 6.7 for protonation of the 9-NH2 and pyridinic N2 
groups, respectively, in aminoellipticine (Dr. C. Malvy, private 
communication). The labile amine and indole N H  protons 
of aminoellipticine could not be assigned even from the 
experiments performed in 9: 1 H2O/D20, presumably because 
of fast exchange with solvent protons. The nonexchangeable 
proton resonances of the covalently attached aminoellipticine 
in the modified duplex are shown in Figure 4. A comparison 
of the chemical shift values obtained here in the case of 
aminoellipticine attachment, flanked on either side by G 
residues, with those from our previous analysis of aminoel- 
lipticine inserted between two T residues (Bertrand et al., 
1989a) indicates a general upfield shift of all resonances 
associated with the indole ring system as a result of ring- 
current contributions from the flanking purine aromatics. This 
trend can be further attributed to an intercalative geometry 
for the aminoellipticine ring system between two GC base 
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FIGURE 4: Proton resonance assignments for protonated aminoel- 
lipticine in its conjugated form in heteroduplex 11. 

pairs, as described below, from NOE observations and 
molecular modeling. 

Nonexchangeable DNA Proton Resonances in the Modified 
Duplex. The well-established strategy of delineating sequen- 
tial magnetization-transfer pathways in the 2D NOESY 
spectra of oligonucleotides [reviewed in Gronenborn and Clore 
(1 985); Reid, 1987; van de Ven & Hilbers, 19881 was employed 
to obtain the assignments of nonexchangeable proton reso- 
nances in the aminoellipticine-DNA conjugate. This se- 
quential mapping strategy for B-type DNA structures 
essentially relies on the relatively short (3-5 A) distances 
between glycosidic protons (Hl’, H2”, and H2’) and aromatic 
base protons (purine H8 and pyrimidine H6) on the same 
residue and to the ones on their 3j-neighbor residues. 
Additional cross checks on the assignments are provided by 
sequential connectivities involving thymine methyl and cytosine 
H5 via their proximity to protons on their respective 5’- 
neighbors. 

The selected H8/H6-H1’ and H8/H6-H2”/H2’/TMe 
regions of a 250 ms mixing time NOESY spectrum are shown 
in Figure 5 .  For illustrative purposes, the NOE connectivity 
correlating base protons with the sugar H1’ protons is traced 
from GIo to GI8 on the unmodified strand and from C1 to C9 
on the modified strand (Figure 5A) containing the covalently 
attached aminoellipticine. Also shown in Figure 5B are the 
cross peaks for interactions with sugar H2’”’’and thymidine 
methyl groups in the upfield regions. The assignments for 
the nonexchangeable proton resonances obtained in this 
manner are provided in Table 1. Selected NOE enhancements 
between the protons on aminoellipticine and proximal DNA 
protons are labeled in the NOESY contour plots and discussed 
below. 

The sequential NOE connectivity data acquired at 25 OC 
(shown in Figure 5 )  exhibits two important breaks (marked 
by X) reflecting structural perturbations associated with the 
incorporation of aminoellipticine at the abasic lesion site in 
the nonamer duplex. Thus, the NOEcross peak corresponding 
to intern~cleotideC~~Hl’+T~~H6 is lost, as is theonebetween 
G4Hl’and G6H8. Note that the NOESY spectrum acquired 
at the same temperature for the heteroduplex I containing an 
abasic residue did show an NOE cross peak correlating G4- 
H1’ and G6H8, which was attributed to a collapsed helical 
DNA structure with an extrahelical protrusion of the abasic 
residue. In contrast, such a temperature-dependent confor- 
mational change is not observed for heteroduplex I1 containing 
the covalently attached aminoellipticine. 

Intermolecular NOE Contacts and Distance Constraints 
for  the Modified Lesion Site. The apparent broken connec- 
tivities in both the modified strand and its complement in the 
immediate vicinity of the aminoellipticine-containing lesion 
required further close inspection of the NOE relationships 
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FIGURE 5:  Expanded contour plots of the NOESY spectrum at 500 
Hz of the heteroduplex I1 in D20, at 25 OC and pH 5.8. Part A 
corresponds to the expansion showing the NOE interactions between 
the aromatic base protons and the H1’/H5 protons. Sequential 
connectivities are traced from the residues CI to C9 in strand A (solid 
lines) and from GI0 to GI8 in strand B (broken lines). Peaks labeled 
by X refer to breaks in the sequential NOE connectivity patterns, 
between G4 and G6 for the primary strand (along solid lines) and 
between CI3 and TI4 for the parner strand (along broken lines). Cross 
peaks labeled H8 and H10 refer to the NOE interactions between 
Aell-H8 - G4Hl’ and Aell-H10 - G4Hl’, respectively. Part B 
shows the H6/H8-H2’/H2”/Me region. Peaks along the labels H8, 
H7, H4, and H1 correspond to the NOE interactions between 
aminoellipticine and DNA. Specifically peaks are labeled as: along 
the label H8 (7.04 ppm), AelLH8 - G4H2” (2.67 ppm) and G4H2’ 
(2.60 ppm); along the label H7 (7.31 ppm), Aell-H7 - G4H2” (2.67 
ppm); along the label H4 (7.79 ppm), AelLH4 - Aell-C5Me (2.79 
ppm) and C13H2” (2.52 ppm); and along the label H1 (9.72 ppm), 
Aell-H1 -G4-H2”(2.67 ppm),G4H2’(2.60ppm), and Aell-C11Me 
(2.38 ppm). 

between the aminoellipticine protons and the surrounding 
DNA protons. A number of such close intermolecular NOE 
contacts were identified on the basis of assignments obtained 
above for aminoellipticine and DNA resonances (Figure 6). 
Among these were specific contacts between the aminoellip- 

Table 1:  Sequence-Specific Assignment of IH NMR Resonances 
(at 500 MHz) for the DNA Heteroduplex 11, 
d(CGTG.Aell.GTGC).d(GCACTCACG), at 25 O C  in 10 mM 
Phosphate Buffer (pH 5.8) Solution Containing 10 mM NaCl and 
0.1 mM NazEDTA 

H8/H6 H5/CH3 H1’ H2” H2’ 
Strand A 

C’ 7.72 5.99 5.73 2.49 2.04 
G2 8.10 - 5.91 2.77 2.74 
T3 7.12 1.42 5.85 2.43 1.98 
G4 8.05 - 5.98 2.67 2.60 
AelP - - 3.56O 2.24b 2.24b 
G6 7.92 - 5.76 2.70 2.53 
T7 7.26 1.32 5.71 2.44 2.08 
G8 7.96 5.99 2.78 2.53 
c9 7.47 5.46 6.07 2.52 2.14 

Strand B 
GI0 7.95 - 6.07 2.67 2.53 
C” 7.54 5.70 5.50 2.43 2.12 
A’Z 8.36 - 6.28 2.94 2.84 
C’3 7.36 5.32 5.86 2.52 2.02 
TI4 7.50 1.60 6.09 2.59 2.26 
C’5 7.65 5.74 5.70 2.51 2.27 
AI6 8.44 - 6.18 2.97 2.75 
0 7  7.39 5.45 5.82 2.41 1.96 
GI8 8.02 - 6.24 2.62 2.35 

- 

Degenerate sets of methylene protons. 

ticine ring system and the protons from the complementary 
DNA strand, e.g., the resonance due to the Aell-H4 proton 
at 7.79 ppm showed NOE cross peaks with C13H2” (2.54 
ppm) and C13H6 (7.36 ppm), as well as with T14H6 (7.50 
ppm). Similarly, the Aell-C5Mesignal at 2.79 ppmcorrelates 
with both C13 (5.32 ppm for H5; 7.36 ppm for H6) and TI4 
(1.60 ppm for Me) residues. The aminoellipticine protons 
that lie close to the covalent linkage (H7, H8, and H10) also 
exhibit NOES to individual DNA protons within the strand 
that contains the modification, e.g., with sugar Hl’, H2’, and 
H2” protons of the G4 residue. These NOE interactions 
together with the enhancements observed between the me- 
thylene protons corresponding to the modified site itself, 
namely the reduced Schiff base, and the aromatic base proton 
of the G6 residue on the 3’-side of aminoellipticine suggest an 
intrahelical conformation at  the modified lesion site in such 
a way that the aminoellipticine ring system is stacked between 
G4Q5 and G 6 0 3  base pairs. Thus, one part of the heterocycle 
introduced into theduplex helixis interconnected with flanking 
G4 and G6 residues, while the other pyridinic part distal to the 
linkage site extends into the partner strand and lies between 
its C13 and T14 residues. 

It should be mentioned that it remains a notoriously 
challenging problem to accurately obtain the quantitative 
distance estimates from the NOESY experiments due to the 
uncertainties on spin diffusion effects at  a given mixing time 
interval (Reid et al., 1989). In general, the spectra acquired 
with shorter mixing times yield cross peaks for only those 
nuclei with a high correlation rate (internuclear distance 2-3 
A), while cross peaks corresponding to lower cross relaxation 
rates, with interproton distances of up to 5 A, are manifested 
at relatively longer mixing intervals. We have adopted the 
approach of performing the NOESY experiments at several 
mixing periods to determine 150 ms as the minimum length 
of the mixing delay required to observe all the intermolecular 
(Aell-DNA) NOE correlations listed in Table 2. The buildup 
curves for the corresponding cross peaks and the H S H 6  pairs 
of the Ci i  and C13 residues were observed to be nearly linear 
in the range of 50-150 ms for the mixing interval. Distance 
estimates for these close contacts were obtained from the 
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FIGURE 6:  Experimentally observed intermolecular NOE interactions, indicated by arrows, between the covalently attached aminoellipticine 
heterocycle and the DNA protons in heteroduplex 11. 

Table 2: Experimentally Observed Proton-Proton NOE Contacts 
between the Covalently Attached Aminoellipticine Moiety and DNA 
Components from the 2D NOESY Spectra (Mixing time 150 ms; 
recycle time 5 s) of the Heteroduplex 11“ 
~~~~ ~ 

strand A strand B 
Aellb-H1’ - G6H8(A) 
Aell-HI - G4H2” (B) 
Aell-H1 - G4H2’ (B) 
AelLH7 - G4H2” (B) 
Aell-H8 - G4Hl’ (B) 
Aell-H8 - G4H2’’ (A) 
Aell-H8 - G4H2’ (B) 
Aell-HI0 - G4Hl’ (B) 
Aell-HI0 - G4H8 (B) 
Aell-CllMe - G4H8 (B) 
Aell-C11Me - G4Hl’ (B) 

Aell-H4 - C13H6 (B) 
Aell-H4 - TL4H6 (B) 
AelLH4 - CI3H2” (A) 
Aell-C5Me - CL3H5 (B) 
Aell-C5Me - C”H6 (A) 
Aell-C5Me - TL4Me (B) 

* Distance constraints estimated for these contacts are classified as 
strong (A), medium (B), and weak (C) as given in parentheses, which 
correspond to the range of distances as 2.75-3.50,3.50-4.50, and >4.50 
A, respectively. b Corresponds to two degenerate CH2 protons. 

measured volume integrals of the NOE cross peaks in a 150 
ms NOESY spectrum acquired using a recycle delay of 5 s 
between consecutive increments, using isolated spin pair 
approximation and the fixed-distance cytosine H5-H6 vector 
as a reference (Gronenborn & Clore, 1985). Only those 
distance constraints that relate to the protons of aminoellip- 
ticine were used in the restrained molecular modeling 
refinements described below. The calculated values were 
arbitrarily classified (Table 2) by ranking the relative 
intensities of thecross peaks in three distance ranges, A (strong 
NOEs, 2.75-3.50 A), B (moderate NOEs, 3.50-4.50 A), and 
C (weak NOEs, >4.50 A). In view of the fact that such a 
classification assumes the validity of isolated spin pairs and 
does not explicity account for spin diffusion effects that may 
be prevalent with the use of moderately long 150 ms mixing 

intervals for NOESY experiments, we must point out that the 
final model structures obtained with the use of distance 
information therefrom may represent certain limitations in 
terms of the “exactness” of the structures. Further improve- 
ments in the quality of the starting model structures derived 
from NOE distances would require extensive computations 
and corrections for the spin diffusion contributions, which 
were not at  tempted. 

RESTRAINED MOLECULAR MODELING 
REFINEMENTS 

Our approach to model the possible most favored solution 
structure of the aminoellipticine-DNA conjugate starts with 
the selection of two different models for molecular dynamics 
and energy minimization. The difference between these two 
is in terms of using the experimental NOE distance constraints. 
In the first case, the intermolecular NOE contacts were 
employed only to constrain the aminoellipticine moiety in 
approximately the right position but were not used to drive 
the positions of the atoms during simulation. In the second 
model, the constraints were enforced in a time-averaged 
manner to actually drive the simulation to the final model for 
heteroduplex 11. The results on energy calculations from these 
experiments are given in Table 3. For comparison, two 
additional models of the unmodified abasic site duplex DNA 
were also considered. These two relate to d(CGTG. 
dr.GTGC).d(GCACTCACG) containing the ring-closed 
hemiacetal form of the abasic sugar (dr5) residue and differ 
in terms of the orientation of the lesion site and its 
complementary base on the partner strand, namely, T14. The 
intrahelical model contains the dr residue at  position 5 in an 
intrahelical orientation (similar to normal DNA), while in 
the extrahelical model, the residues dr5 and T14 are both 
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simulation of the unconstructed model vs the constrained model 
structure guided by experimental evidence. The aminoellip- 
ticine, in principle, can be envisioned to act as an adenine 
substitute and form a normal base pairing withT14 by hydrogen 
bonding through its nucleophilic pyridinic nitrogen. However, 
after preliminary modeling efforts to investigate such interac- 
tions, it was not feasible to simply position Aell in an adenine- 
like configuration due to the lack of space for this extended 
tetracyclic heterocycle. The constrained model (Figure9)was 
furnished by incorporating experimental NMR evidence on 
the partially intercalative geometry of the aminoellipticine 
system between G4 and G6 residues of the same strand and 
between C13 and T14 residues on the complementary strand, 
as indicated by break down and diversion of the normal 
internucleotide NOE connectivities discussed above. In both 
the models, an overall B-type conformation of DNA could be 
maintained with accommodation of aminoellipticine's steric 
bulk in an intercalative configuration. In the absence of any 
hydrogen-bonding interactions, this intercalative insertion at 
the lesion site is evidently governed by hydrophobic a-a 
stacking forces and sterically forces T14 to a new position in 
which it is capable for forming a hydrogen bond with G4 across 
the strand. 

The energy differences between the two models of the 
aminoellipticine-DNA conjugate highlight the small changes 
due to the inclusion of constraints. Addition of penalties for 
the differences in the distances between the ideal and time- 
averaged values imparts a significant amount of energy. Much 
less favorable interactions are seen in both the van der Waals 
and electrostatic components for the constrained structure, 
which can be attributed, in large part, to the conformation of 
the T14 residue. The steric bulk of the Aell-C5Me group 
displaces the TI4 residue into the major groove in both models 
with slight differences in the degree of displacement. In the 
unconstrained model, the T14 base is displaced approximately 
45O from the helix axis, while in the constrained model, this 
angle is closer to 90' (Figure 9). Consequently, a transmitted 
displacement of the nearest 3'-neighbor C15 residue is also 
observed. A significant decrease in the van der Waals energy 
component, evidently due to a loss of stacking interactions 
between Aell and T14, contributes to an overall difference of 
5.8 kcal/mol between the two models. In addition, a 
consequence of bending T14 relative to the helix axis is that 
new hydrogen bonds are possible in the unconstrained model 
but not in the constrained model where normal base pairing 
on the adjacent residues, G4.Cl5, is maintained. In terms of 
the contribution from the electrostatic term to the energy 
differentials, the constrained model is destabilized by 35.8 
kcal/mol, presumably due to a 90° rotation of T14 from the 
helical axis, that precludes the formation of any new hydrogen 
bonds (Table 3). The structural differences between the two 
models had to be considered since it was intended to model 
the most favored structure by matching the experimental 
evidence and since the theoretical modeling could not ac- 
curately predict the structure for the aminoellipticine-DNA 
conjugate. 

Table 3: Results from Restrained Molecular Mechanics 
Calculations Showing Energies (kcal mol-') of the Heteroduplex I 
and I1 Models 

model total energy vdwA elstatb net totalC 
Heteroduplex I 

intrahelical -50 856.5 115.3 -695.1 -579.8 
extrahelical -51 751.8 154.9 -666.6 -511.7 

Heteroduplex I1 
without constraints -48 164.3 124.7 -792.4 -667.7 
with constraints -46 130.1 130.5 -756.6 -626.1 

van der Waals or steric contributions. b Electrostatic contributions. 
CThe net energy is the addition of contributions from footnotes a and b. 

projected out of the helix into the solvent and away from the 
rest of the DNA nucleotides. 

Although the exact numerical values of Table 3 can not be 
directly compared, certain trends are nevertheless evident. 
Thus, the intrahelical form is preferred for the abasic site 
heteroduplex I over the extrahelical form by 68.1 kcal/mol. 
In the case of heteroduplex I1 containing aminoellipticine, the 
unconstrained model is preferred over the constrained system 
by 41.6 kcal/mol. Such comparisons were made for the final 
model structures obtained by simulations in the presence of 
counterions and solvating water molecules, and the quoted 
values correspond to the contributions from van der Waals 
and electrostatic terms (i.e., net total term in Table 3). The 
total energy values provided in Table 3 can not be compared 
directly due to varying degrees of solvation of the intra- and 
extrahelical forms of heteroduplex I and of the T14 residue 
that is displaced out of the plane for heteroduplex 11. 
Examination of the hydrogen-bonding networks of the lesion 
sites (dr and Aell, respectively) and the rest of the DNA 
residues (Table S3, supplementary material) reveals significant 
changes that have occurred during the molecular dynamics. 
All the models were obtained from the same initial coordinates 
corresponding to a normal DNA with the adenine residue at 
position 5. The residues dr and Aell were then substituted for 
this adenine, and as the molecular dynamics runs proceeded, 
the geometries evolved to form new interactions. 

The intra- and extrahelical forms of the abasic heteroduplex 
have been characterized here and in a previous study (Cuinasse 
et al., 1990). The purpose of modeling is to postulate the 
most favored solution structure for this interesting DNA 
oligomer. In the intrahelical model (Figure 7) ,  the overall 
conformation of DNA is maintained as the B-type with the 
sugar residues in C2'-endo configurations, which is consistent 
with the experimental NMR work outlined above. In the 
extrahelical form (Figure 8), the structure of DNA com- 
pensates for the exclusion of dr5 and T14 residues from the 
helix by contiguous T-a stacking interactions via contraction 
of the space between the base pairs on either side of these 
residues. The intrahelical form also exhibits better van der 
Waals (A39.6 kcal/mol) and electrostatic interactions (A28.5 
kcal/mol). As pointed out above in the comparison of the 
combined energy terms, a clear preference is shown for the 
intrahelical form. In the final refined model structure for the 
intrahelical form, a single hydrogen bond is observed between 
the anomeric OH of the dr5 residue in the hemiacetal form 
and the N3 nitrogen of the preceding G4 residue on the same 
strand. 

The slight difference between the two models for the 
modified aminoellipticine-DNA conjugate in terms of the 
use of experimental NOE distance constraints is also important 
in terms of reinforcing the predictive effects of the molecular 
modeling procedures for this complex, e.g., a theoretical 

DISCUSSION 

Mechanistic diversity in the biological DNA repair systems 
is an important problem of current research focus. Several 
types of damage are known to cause structural alterations in 
the DNA double helix, e.g., bulky groups attached to nucleic 
acid bases and spontaneous or chemically induced cleavage 
of the nucleobase-sugar glycosidic bond, etc. (Friedberg, 1985; 
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FIGURE 7: A steroview along the long axis, into the minor groove, of the intrahelical heteroduplex I model, obtained from restrained molecular 
modeling. 

FIGURE 8: A stereoview of the model extrahelical conformation of heteroduplex I. Note the out of helix displacement of the abasic site and 
the thymidine base on the complementary strand. 

Lindahl, 1982,1993). One of the efficient repair mechanisms 
is the prereplicative excision-repair pathway which induces 
an initial introduction of chain breaks and a subsequent 
removal of the DNA segment containing the damaged sites. 
A group of enzymes, such as DNA glycosylases and AP 
endonucleases, are used for specific reactions involving the 
lesions (Lindahl, 1982; Sancar & Sancar, 1988; Wallace, 
1988). In all these cases, the substrate specificity appears to 
arise from the recognition of an apparent deformation of the 
altered region in the DNA double helix. Thus it is important 
to understand the structural features of the altered DNA 
substrates, containing such damaged sites or derivatives 
thereof, as a first step toward delineating enzymatic mecha- 
nisms of damaged-site recognition and repair. 

In this study, we have a chosen a duplex DNA sequence 
containing a true abasic site on one strand and positioned 
opposite a deoxyribothymidine (dT) residue on the comple- 
mentary strand. The same sequence containing an analogue 
of the abasic sugar residue was also employed in a previous 
NMR study (Cuniasse et al., 1990). The authors reported 
on a comparative analysis of DNA oligomers containing lesions 
in the form of model abasic sites to show preliminary but 
distinct structural features due to the location of the model 
anhydroribitol form of the sugar at the abasic site opposite 
all four (dA, dG, dT, and dC) residues in a 9-mer duplex 
DNA. The proposed structure were characterized by a regular 
right-handed B-type DNA geometry for the oligomers 
containing the abasic site opposite purine residues A and G, 
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FIGURE 9: The model energy-minimized structure, in stereo, of the aminoellipticine-DNA conjugate (heteroduplex 11) that was derived by 
incorporating distance constraints obtained from the experimental NOE data. 

while those against pyrimidinic residues T and C induce an 
additional form of a collapsed duplex DNA helix which is 
characterized by an extrahelical arrangement of both the 
abasic site and the opposite residues. Further, the system 
comprising the abasic residue positioned against the dT residue 
is shown to be an equilibrium mixture of the extrahelical form 
(Figure 8) and the evidently predominant intrahelical form 
(Figure 7)  with characteristics of a B-DNA conformation. 
Our analysis of the heteroduplex d(CGTG.dr.GTGC).d- 
(GCACTCACG) and the model structures derived for the 
intra- and extrahelical forms emphasizes those earlier ob- 
servations and shows that the displacement of the abasic residue 
out of the helix is apparently driven by the stacking of G4 with 
G6. The significance of the discrepancy on whether the 
displacement of T14 positioned opposite the abasic site 
accompanies the conformational change in the primary strand 
is not clear at this time, and presumably arises from the 
differences in the nature of the abasic sugar residues and the 
experimental conditions used for NMR. 

The synthesis of phosphoramidite derivatives which can be 
directly used in the solid-phase synthetic methods is central 
to our strategy (Scheme 1) for preparing oligonucleotides 
containing a true abasic site and to covalently attach 
aminoellipticine at such sites via a reductive amination reaction 
(Bertrand et al., 1989a; PBoc’h et al., 1991). This approach 
obviates the need for elaborate procedures of solution-phase 
oligonucleotide synthesis and minimizes the degradation at 
aldehydic abasic sites due to &elimination of the 5’- 
phosphonomonoester of 3’-residues. Additionally, the avail- 
ability of o-nitrobenzyl 2-deoxyribofuranoside phosphora- 
midites, their efficient and convenient incorporation in the 
solid-phase synthetic protocol, and a selective photolytic 
cleavage of the o-nitrobenzyl group in essentially quantitative 
yields provide an extremely useful strategy without any 
restrictions on the length or sequence context of the desired 
abasic site-containing oligonucleotide chain. Preparation of 
the aminoellipticine-DNA conjugate is also facile for such 
abakic oligomer via a coupling reaction in the presence of 
NaCNBH3 for a selective reduction of the imine intermediate 
to afford covalent attachment of aminoellipticine at the C1’ 
position of abasic sugar residue. 

The present study is primarily directed at probing the effect 
of covalently incorporating aminoellipticine on the structural 
features of a double-stranded DNA and detecting specific 
perturbations in the structure due to the presence of amino- 
ellipticine in theinterior of a duplex DNA sequencecontaining 
a “hole” in the form of an abasic site. Thus, we have focused 
on the comparison of the abasic site-containing duplex with 
an aminoellipticine-derivatized counterpart. The derivati- 
zation of the abasic site by aminoellipticine has implications 
for an understanding of key enzymes involved in DNA 
excision-repair pathways in terms of the structural and enzyme 
recognition factors. 

The evidence for Schiff base intermediates in the reaction 
of the aldehydic form of sugar at the abasic sites with 
aminoellipticine and related agents has been presented 
previously (Bertrand et al., 1989a,b; Livingston, 1964; Vasseur 
et al., 1987, 1988, 1989). Due to the chemical instability of 
imine species, we have focused on the covalently modified 
aminoellipiticine-DNA conjugate which was shown by theo- 
retical computations to be a good model system (Letellier et 
al., 1991). The structural and conformational properties of 
the DNA-ellipticine conjugate may provide the basis for 
understanding how 9-aminoellipticine acts to specifically 
accelerate the cleavage of abasic sites via a 8-elimination 
mechanism (Malvy et al., 1986; Vasseur et al., 1989) and also 
how the aminoellipticine-modified DNA duplex could afford 
very good protection against hydrolytic AP endonuclease 
activity (Figure S4, supplementary material) and in turn inhibit 
the excision-repair pathways (Lefrangois et al., 1990). 

Well-resolved cross peaks in the two-dimensional NOESY 
spectra of the modified heteroduplex I1 have permitted 
assignment of the nonexchangeable DNA base and sugar 
protons and aminoellipticine protons (Table 1). In contrast 
with the parent abasic heteroduplex I, where two structurally 
distinct intra- and extrahelical forms exist, the aminoellipticine- 
linked heteroduplex I1 appears to adopt an intrahelical 
conformation exclusively, which was characterized on the basis 
of sequential NOE patterns. NOE interactions associated 
with the central (G4-Aell-G6).(C13.T14.C’5) trinucleotide 
segment and specific aminoellipticine-nucleotide NOES 
provide strong evidence for an occupancy of the abasic gap 
by the indole ring system between dG4.dC15 and dG6.dC13 
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FIGURE 10: Schematic representation of two possible orientations for the intercalative geometry of the 9-aminoellipticine-DNA conjugate. 
The experimentally observed complex corresponds to a with the pyridine ring of the aminoellipticine ring system stacked between the 5'-CT 
step. 

base pairs. A key feature of such intercalative geometry for 
the tetracyclic ellipticine is that the pyridinic ring of ellipticine 
further extends across into the complementary strand and lies 
between the dC13 and dT14 residues (Figure 6). This alignment 
accounts for the observed break in the sequential NOE 
connectivity at the C13-T14step and a reestablished connectivity 
pathway through AelLH4 and -C5Me protons in the new 
C13.Aell.T14 stacked arrangement. It is important to note 
that two dipyrimidinic steps, dCl3-dTI4 and dTl4-dClS, should 
be equally accessible for an across the strand stacking of the 
pyridinic ring of ellipticine. Nevertheless, the observed 
preference (Figure 10) for the former suggests the inherently 
weaker stacking interactions for a 5'-CT step compared to a 
5'-TC step as also shown by previous theoretical calculations 
(Kollman et al., 1981). 

Proximities between the Aell-H10/H7/H8 protons of the 
indole ring system and the G4/G6 residues within the modified 
DNA strand and those between Aell-H4/C5Me and the C13/ 
T14 residues on the complementary strand are observed in the 
form of intermolecular NOE contacts (Table 2). Restrained 
molecular modeling calculations by incorporating these NOE 
constraints provide the most favored model structure which 
shows an overall B-type DNA conformation and intercalative 
geometry for the ellipticine ring spanning across both the 
strands. A significant structural change can be seen in the 
T14 residue positioned opposite the aminoellipticine modifica- 
tion (Figure 9). The thymidine base is displaced into the 
major groove from coplanarity with the adjacent C13/C1s 
nucleobases in both simulations. However, the magnitude of 
this change is closer to 90" out of the normal plane of base 
pairs in the constrained structure while the same angle is only 
45" out of the plane in the unconstrained model. Thermal 
melting investigations (Rayner and Imbach, unpublished 
results) on analogous aminoellipticine-modified sequences 
indicate a significant increase in duplex stability relative to 
the unmodified abasic site sequences (Bertrand et al., 1989b), 
as determined by an increase in the transition temperature by 
20-25 "C. To our knowledge, there is only one other example 
of the displacement of DNA bases at the expense of 
accommodating a covalently linked polycyclic aromatic system 
intercalatively, and this has been reported recently for an 
adduct of a benzo[a]pyrene epoxide with a deoxyguanosine 
residue in DNA (Cosman et al., 1993). 

The base-displaced intercalation-type structure for the 
aminoellipticine-DNA conjugate also offers attractive pos- 

sibilities for further functionalization of an aminoellipticine 
pharmacophore by appending sequence-selective DNA-bind- 
ing agents. The orientation of aminoellipticine shows that 
Aell-HlO/CllMe/Hl protons that lie on one edge toward 
the minor groove (Figure 6) are potential positions where a 
sequence-selective minor groove-binding agent, e.g., netropsin 
and/or distamycin with AT base pair specificities [for review 
see Bailly and Hhichart (1991), Dervan (1986), Lown (1990), 
and Zimmer and Wahnert (1986)], could be attached. 
Similarly, elaborations at Aell-H3/H4/CsMe/NHs/H7/ 
H8 positions on the opposite edge pointing toward the major 
groove with triplex-forming oligonucleotides would afford new 
hybrid agents (HblBne, 1991; Thuong & HBlbne, 1993). This 
will provide excellent examples whereby the selective abasic 
site-directed reactivity of aminoellipticine is reinforced by 
binding/recognition selectivity of the groove-binding agents. 

Implications for  the Observed Inhibition of DNA 
Excision-Repair Pathways by Aminoellipticine 

It was envisaged that the structural characteristics of such 
conjugates would provide information on the essential features 
of the observed inhibitory activity of aminoellipticine toward 
the AP endonuclease component of the excision-repair 
pathway in E. coli (LefranGois et al., 1990). On the basis of 
our model structural studies, several hypotheses can be put 
forth to rationalize the structural and functional role of the 
high abasic site-directed reactivity of aminoellipticine. 

The first step in the DNA excision-repair pathway is 
proposed to be the recognition of an altered region or a defect 
in the double-helical structureofDNA (Lindahl, 1982; Sancar 
& Sancar, 1988; Wallace, 1988). An abasic site could serve 
as the recognition signal in the form of a conformational 
distortion of the double helix as a result of the created 
nucleobase-free gap. One possible form of this change is an 
extrahelical arrangement of the abasic residue, possibly 
accompanied by the protrusion of the opposite residue on the 
partner strand, in the helix as shown in this NMR study, as 
well as in a previous NMR investigation of the same nonamer 
duplex sequence containing an analogue of the basic site 
(Cuniasse et al., 1990). Both intra- and extrahelical con- 
formations have been observed for this sequence only when 
an apurinic site is positioned against pyrimidinic residues dT 
and dC. 

The modification of the AP site in the form of a covalently 
attached aminoellipticine gives rise to only the intrahelical 



10284 Biochemistry, Vol. 33, No. 34, 1994 Singh et al. 

Scheme 2: 
9-Aminoellipticine 

Proposed Chemical Basis for the Observed Inhibition of AP Endonuclease and DNA Excision-Repair Pathway by 

9-Aminoellipticine Mediated Production of Reactive Electrophile That May 
Alkylate AP Endonuclease 
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I 
form of DNA where the ligand is able to stack inside the 
helix. Aminoellipticine is known to inhibit the repair process 
associated with AP endonuclease by forming metastable Schiff 
base intermediates in its reaction with the aldehydic abasic 
sites (Bertrand et al., 1989a; Lefranpoise et al., 1990). Such 
imine species, possibly in the cyclic hemiaminal forms, is 
assumed, on the basis of a theoretical study (Letellier, 1991), 
to be structurally similar to the covalently modified amino- 
ellipticine-DNA adduct studied here. The observed oc- 
cupancy of the abasic gap by the ellipticine pharmacophore, 
its unusual mimicry of a normal AT base pair, at least in 
terms of shape, and the attachment in the form of a covalent 
deoxyribose C1'-N bond thus provide a strong rationale in 
terms of a masked local structure of the modified site toward 
initial recognition by the enzyme(s). 

A second step in the mechanism of damage-AP site 
recognition has also been proposed which implicates an 
aromatic amino acid residue at the active site of AP 
endonuclease in its catalytic action of the basis of enzyme-like 
catalytic activities of the oligopeptides Lys-Trp-Lys and Lys- 
Tyr-Lys (Helene, 1985; Toulmk & Saison-Behmoaras, 1985) 
and a similar site-directed reactivity of aminoellipticine (Malvy 
et al., 1986). The covalent modification of abasic sites by 
aminoellipticine and the consequent stability of an intercalative 
complex with a duplex DNA may also inhibit AP endonuclease, 
presumably by blocking the entry of the critical aromatic 
peptide residue required for the repair activity. 

Covalent attachment to 
enzyme vio renctive 

intermediate 
" A L KY L ATING 1,4 - ACC EPTO R " 

Alternatively, a chemical basis for the inhibition of DNA 
excision-repair pathways by aminoellipticine is conceivable 
(Scheme 2). Current evidence suggests that the nucleobase- 
free deoxyribose residues exist in an equilibrium between the 
major cyclic hemiacetal form and about 1% of the chemically 
reactive acyclic aldehyde form (Manoharan et al., 1988; 
Withka et al., 1991). The interaction with aldehyde-specific 
reagents, e.g., phenylhydrazine, aminocarbazole, and ami- 
noellipticine (Vasseur et al., 1987, 1988; Bertrand et al., 
1989a), leads to the formation of Schiff base intermediates 
which may have a direct role in inhibition of AP enonuclease. 
An a,p-unsaturated imine arising from a @-elimination reaction 
could act as a potent electrophilic alkylating agent for critical 
residues on the enzyme (Bailly & Verly, 1987; Bertrand et 
al., 1989a; Manoharan et al., 1988; Mazumder et al., 1989). 
Precedents for such mechanism-based inactivation and the 
reactive nature of the potential 1,4-Michael acceptor, as shown 
in Scheme 2, exist in the form of stable adducts characterized 
from model reactions of phenylhydrazine and aminocarbazole 
and the proposals of similar imine intermediates therein 
(Vasseur et al., 1987, 1988). 

In conclusion, this contribution outlines the combined 
NMR-energy minimization studies on aminoellipticine-bound 
heteroduplex DNA which identify the wedge-shaped stacking 
of aminoellipticine across both the strands in a conformation 
that could block the action of DNA repair enzymes by chemical 
modification of an apurinic site so that (i) the recognition 
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and/or binding to the nucleobase-free site is inhibited and/or 
(ii) the critical catalytic active residues of the enzymes are 
not able to recognize/displace the exogenous ellipticine moiety. 
At present, we favor the structure-based hypothesis that the 
accessibility of an abasic lesion to degradation by AP 
endonuclease is impaired due to the presence of intercalated 
aminoellipticine in its reaction products with the target DNA. 
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