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ABSTRACT. Topoisomerase |l is the target for several anticancer drugs that “poison” the enzyme and convert
it to a cellular toxin by increasing topoisomerase Il-mediated DNA cleavage. In addition to these “exogenous
topoisomerase Il poisons,” DNA lesions such as abasic sites act as “endogenous poisons” of the enzyme.
Drugs and lesions are believed to stimulate DNA scission by altering the structure of the double helix
within the cleavage site of the enzyme. However, the structural alterations that enhance cleavage are
unknown. Since abasic sites are an intrinsic part of the genetic material, they represent an attractive model
to assess DNA distortions that lead to altered topoisomerase Il function. Therefore, the structure of a
double-stranded dodecamer containing a tetrahydrofuran apurinic lesion at2hposition of a
topoisomerase Il DNA cleavage site was determined by NMR spectroscopy. Three major features
distinguished the apurinic structurig(= 0.095) from that of wild-typeR; = 0.077). First, loss of base
stacking at the lesion collapsed the major groove and reduced the distance between the two scissile
phosphodiester bonds. Second, the apurinic lesion induced a bend that was centered about the topoisomerase
Il cleavage site. Third, the base immediately opposite the lesion was extrahelical and relocated to the
minor groove. All of these structural alterations have the potential to influence interactions between
topoisomerase Il and its DNA substrate.

opoisomerase Il is an essential enzyme that participatesthe formation of mutations and chromosomal aberrations,
Top Il tial enzyme that participatesthe f t f mutat d ch | aberrat
in virtually every aspect of DNA metabolism. It plays and in some cases, initiate pathways that culminate in cell
fundamental roles in DNA replication, transcription, and death (1—-15). Therefore, because of its DNA cleavage
recombination and is required for chromosome segregationactivity, topoisomerase Il assumes a dual persona: while
and the maintenance of proper chromosome structureessential to cell viability, the enzyme poses an intrinsic threat
(1-4). . . N . . to genomic integrity.

As a requirement for its critical catalytic functions, — agents that stimulate topoisomerase Il-mediated DNA
topoisomerase Il creates transient double-stranded breaks ”E:Ieavage are referred to collectively as “topoisomerase I
the b_ackbone of DNAJ.(’ 2’.4’ 9. During t_hls_cleavage event,_ poisons” because they convert this required enzyme into a
topoisomerase I.I maintains the continuity Of the genetic potential cellular toxin 16, 17. Exogenous topoisomerase
mtatetnal b3|’ fo”.‘:j'”g covalent bontgs b.?tv‘ﬁin 'LS two d‘."‘Ct'V.e Il poisons have important clinical applications. Drugs such
s'ni r):]rosy nrc?stlhu?; (r?r:}(ra]ipefr tshu ulnl 8 q ENXmEQ'me”C as etoposide, doxorubicin, and mitoxantrone represent some
enzyme) a . e Je of the ce? e 9. , Of the most successful agents used to treat human cancers
_Normally,_thls_ covalen_t enz_yme-DNA cleavage complex (4, 10, 13, 1721). Furthermore, quinolones (which target
Is a fleeting intermediate in the catalytic cycle of topo- prokaryotic type Il topoisomerases) are the most active and

isomerase Il and is tolerated by the cell, 2, 4, 10. broad | f i al | Tabl
However, conditions that significantly increase physiological road spectrum class o antibacterials currently avaiiable
' (22—24). Although topoisomerase ll-targeted drugs differ in

levels of topoisomerase ll-associated DNA breaks lead to structure, they all are believed to act at the enzyBIA
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Despite the importance of topoisomerase Il poisons to the EDTA, 100 mM KCI, 5 mM MgC}, and 2.5% glycerol and
treatment of human malignancies and their potential threatwere initiated by the addition of human topoisomerase Il
to genomic stability, the mechanism by which they stimulate (150 nM final concentration). Reactions were incubated at
enzyme-mediated DNA scission is not well understood. Two 37 °C for 10 min and stopped by the addition of SDS (1%
of the most important issues yet to be resolved are: (1) whatfinal concentration) and EDTA (16 mM final concentration).
alterations in nucleic acid structure are induced by poisons When appropriate, cleavage reactions were reversed by the
and (2) how do these structural perturbations enhance theaddition of NaCl (500 mM final concentration) at 3 for
cleavage activity of topoisomerase II? Unfortunately, the 5 min prior to the addition of detergent and EDTA. Cleavage
necessary studies with exogenous poisons present a formiproducts were digested with proteinase K, precipitated with
dable challenge, since they require crystallography of a ethanol, and resolved by electrophoresis in denaturing 7 M
ternary topoisomerasetDNA—drug complex. In contrast, urea/14% polyacrylamide gels. Reaction products were
because lesions are an intrinsic part of the DNA helix, they visualized and quantified using a Molecular Dynamics
represent an attractive and tractable model to assess distorPhosphorimager system. Cleavage was monitored on the
tions in the genetic material that may lead to altered complementary wild-type strand. Levels of DNA scission
topoisomerase Il function. were calculated relative to that obtained with the wild-type

Therefore, in the present study, we characterized the Substrate.
features of apurinic sites that contribute to their actions as NMR Spectroscopysingle-stranded oligonucleotides puri-
topoisomerase Il poisons and utilized NMR spectroscopy to fied by anion exchange chromatography were obtained from
determine the solution structure of a topoisomerase 1l DNA Midland Certified Reagent Co. (Midland, TX). Sequences
cleavage sequence that contained an apurinic lesion. Result§f the complementary strands wereGCAGITC CAGCCT-
indicate that the endogenous poison collapsed the major3 and 3-AGGCITXGACTGC-3, where X is G or the
groove in the cleavage site, which in turn reduced the tetrahydrofuran analogue and arrows denote the points of
distance between the scissile bonds and induced a bend ifopoisomerase ll-mediated cleavage. Dodecamers were an-
the DNA backbone. These data provide our first look at the healed as described above, purified by hydroxylapatite
structural distortions in DNA that may lead to enhanced chromatography, and desalted on G-25 resin. All NMR data

cleavage by topoisomerase |I. were collected at 26 0.5°C on Bruker instruments. One-
dimensionallH NMR data for both duplexes and T1 data
EXPERIMENTAL PROCEDURES for the abasic duplex were collected at 400 MHz. Two-

dimensionalH NMR spectral data were collected for both

Preparation of OligonucleotidesA 42-base single-  oligodeoxynucleotides at 500 MHB6, 37). Each duplex
stranded oligonucleotide that corresponds to residues-1050 was dissolved in 0.5 mL of 10 mM sodium phosphate (pH
1091 of theMLL oncogene 34), and its complementary  7.0), 100 mM NaCl, 5:M Na,EDTA, exchanged 3 times
oligonucleotide were synthesized. The sequences of the topwith 99.9% DO, and resuspended in 99.96%(~150
and bottom oligonucleotides weré-ATGATTGTACCA- Ao UNits/0.5 mL). Phase-sensitive NOESY data, used for
CTGCAGITCCAGCCTGGGTG ACAAAGCAAAA-3 and assignment of nonexchangeable protons, were collected at
5-TTTTGCTTTGTCACCCAGGATGGACTGCAGTGG- experimental mixing times of 150, 250, and 350 ms for the
TA CAATCAT- 3', respectively. Points of topoisomerase wild-type duplex and 80, 150, 250, and 350 ms for the abasic
II-mediated DNA cleavage are denoted by arro®4, (35. duplex @6, 379. A DQF—COSY! spectrum was run for the
Modified bottom oligonucleotides containing a deoxyuridine, abasic DNA sample to confirm sugar proton cross-peak
a tetrahydrofuran abasic site analogue (Cruachem, Aston,assignments. To observe exchangeable protaps=(250
PA), or a three carbon spacer (Glen Research, Sterling, VA) ms), the abasic dodecamer was lyophilized and resuspended
were synthesized using the corresponding phosphoramiditein 9:1 H,0/D,0 (36, 37. Spectral data from the NOESY
For DNA cleavage assays, single-stranded oligonucleotidesand DQF-COSY experiments were processed and peak
were [P]-labeled on their 'Stermini with T4 polynucleotide  volumes for calculating NOE intensities were measured using
kinase, purified by electrophoresima 7 M urea/14%  FELIX 3.1 and FELIX 97 (Molecular Simulations, San
polyacrylamide gel, visualized by UV shadowing, excised, Diego, CA) running on Indigo2 and Octane workstations
and eluted using the QIAGEN gel extraction protocol. (Silicon Graphics, Mountain View, CA).
Complementary oligonucleotides were annealed by incubat-  Distance Measurements and Molecular DynamicfINA
ing equimolar amounts at 7@ for 10 min and cooling to  (38) and B-DNA (38, 39 starting structures for each duplex
25°C (35). To generate a natural abasic site, the annealedwere built with INSIGHTII (Molecular Simulations) and
oligonucleotide containing a uracil was treated viiischeri-  potential energy minimized to obtain IniA and IniB. For each
chia coliuracil DNA glycosylase (0.5 U/2 pmol oligonucle-  of the three longer mixing times, a hybrid intensity matrix
otide) in 70 mM Hepes-HClI (pH 7.9), 0.35 mM EDTA, and  of experimental intensities supplemented with calculated
8.75% glycerol at 37°C for 30 min. The reaction was intensities from IniB was constructed using MARDIGRAS
desalted using a Bio-Spin 6 column. To generate the reduced(40). RMA using CORMA yielded internuclear distances
deoxyribitol analogue, the abasic oligonucleotide was treated (41). A total of 345 wild-type and 365 abasic dodecamer
with 100 mM NaBH, in 40 mM KP (pH 6.5) at 25C for 1
h.

1 Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear
Topoisomerase |lI-mediated DNA Cleaye. Human to- Overhauser enhancement; NOESY, two-dimensional nuclear Over-

poisomerase dl was purified fromSaccharomyces carigiae ~ hauser enhancement spectroscopy; BQPSY, double quantum
filtered-homonuclear 2D correlated spectroscopy; RMA, relaxation

as described35). DNA cleavage reactions contained 100 matrix analysis; rmsd, root-mean-square deviation; T1, longitudinal
nM oligonucleotide in 10 mM Hepes-HCI (pH 7.9), 0.1 mM relaxation time.
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Ficure 2: Effects of the apurinic sugar structure on DNA cleavage
mediated by human topoisomerase.|A natural apurinic lesion
Position of THF (AP), tetrahydofuran THF), and reduced deoxyribitol rAP)
FiGURE 1: Effects of position-specific apurinic lesions on DNA ~ analogues, and a three carbon linkec) are depicted deft. Each
cleavage mediated by human topoisomeraseAltetrahydrofuran ~ Was incorporated at the-2 bottom strand position of the topo-
abasic site analogue was incorporated at the specified positions oriSomerase Il DNA cleavage site shown in Figure 1. Levels of DNA
the top and bottom strands. Data represent the average of thre&leavage obtained with each structural analogue are reported relative

independent experiments. Standard deviations are indicated by errof0 that obtained with the natural lesion (set to 100%). Data represent
bars. the average of three independent experiments. Standard deviations

are indicated by error bars.
NOE distance constraints were determined. Restrained mo-
lecular dynamics calculations using XPLOR vyielded emer- substrates contained single tetrahydrofuran apurinic site
gent structures for which convergence was monitored by analogues incorporated at the indicated positions.

None

[]
c
o
Z

calculating pairwise root-mean-square deviati®n, @2, 43. Apurinic lesions located between the points of scission
Accuracy was assessed by RMA using CORMY (43. (+2, +3, and+4 positions) stimulated topoisomerase |I-
The refined structures were analyzed using DIALS AND mediated DNA scission up to 20-fold (Figure 1). In contrast,
WINDOWS 1.0 44). those located immediately outside the cleavage site showed
little or no enhancement. These results are consistent with
RESULTS AND DISCUSSION previous findings on the positional specificity of type II

Drugs that increase levels of topoisomerase Il-mediated [0Poisomerases for DNA lesion8&-30, 39. The greatest
DNA cleavage have been used for the treatment of humanincréase in DNA cleavage was observed when an apurinic
cancers and infections for over two decadeslQ, 13, 17 site was m_c_orporated at thed po_smon on_the top st_rand or
21). Despite their clinical importance, the mechanistic basis €2 position on the bottom. Since2 lesions consistently
for their actions against the enzyme has not been fully induce high levels of DNA cleavage in other sequences
described. Recent evidence indicates that topoisomerase IfX@mined £28-30, 39, oligonucleotides containing an
poisons stimulate DNA cleavage by altering the structure of &Purinic site at thet-2 position of the bottom strand were
the double helix proximal to the points of scissiagh (3, used for all subsequent experiments. _

25-28). However, the nature of this distortion is unknown. ~ Effects of the Apurinic Sugar on Topoisomerase II-

Abasic lesions in DNA are position-specific topoisomerase Mediated DNA Clezage. In natural apurinic lesions, the
Il poisons and stimulate DNA scission when they are located femaining deoxyribose sugar exists in equilibrium between
within the 4-base cleavage overhang created by the enzyme closed (hemiacetal) and open (unsaturated aldehyde) form
(28-30, 39. Since these lesions are a component of the (Figure 2). Normally, this equilibrium lies heavily-©9%)
double helix, they represent a compelling system in which toward the hemiaceta#p).
to characterize the alterations in DNA structure induced by ~ To characterize potential requirements for the apurinic
topoisomerase Il poisons. sugar, we assessed the ability of human topoisomerese I

Positional Preference of Human Topoisomerase fibor to cleave substrates that contained a natural apurinic site or
Apurinic Lesions Within a DNA Cleage Sequenc®f the three apurinic analogues at the? position: a tetrahydro-
DNA lesions examined, apurinic sites display the greatest furan (which models the hemiacetal), a reduced deoxyribitol
ability to stimulate topoisomerase Il-mediated DNA scission (Which models the unsaturated aldehyde), or a propanediol
(28—30). Therefore, as a first step toward assessing the spacer (which models the loss of the sugar). Results are
structural distortions in DNA that lead to altered topo- shown in Figure 2. In all cases, cleavage was reversed by the
isomerase |l function, we determined the positional prefer- addition of salt, indicating that DNA scission of these apurin-
ence of human topoisomerase for apurinic lesions located  ic substrates was mediated by topoisomeras2d] 80, 35.
within a drug-inducible DNA cleavage site. The substrate  Human topoisomerasedlappears to be relatively insensi-
utilized for this study was a 42 bp oligonucleotide that tive to the structure of the apurinic sugar. Indeed, the
contained a centrally located cleavage site for human tetrahydrofuran and reduced deoxyribitol analogues both
topoisomerased (Figure 1). The sequence was derived from displayed high levels of DNA cleavage enhancement that
a region of theMLL oncogene proximal to a leukemic were comparable to those of the natural apurinic site.
breakpoint at chromosomal band 11q23)( Individual However, less DNA cleavage enhancement was observed
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Ficure 3: Expanded plot of a phase-sensitive NOESY spectrum of the wild-type dodecamg® inuifer collected with a mixing time
of 250 ms. The traces represent sequential NOE connectivities from the aromati¢ pooktihs for the top strandeft pane) and the
bottom strandrfght pane) residues of the oligodeoxynucleotide.
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Ficure 4: Expanded plot of a phase-sensitive NOESY spectrum of the apurinic dodecam& buBer collected with a mixing time of

250 ms. The traces represent sequential NOE connectivities from the aromaticgmtdhs for the top strandeft pane) and the bottom

strand (ight pane) residues of the oligodeoxynucleotide. A break in NOE connectivity between residues T17 and G19 confirms the loss
of the +2 guanine at postition 18 on the bottom strand.

when the deoxyribose moiety was replaced by a propanediolin a completely different sequence context and did not
spacer. Thus, it seems that the presence of the sugar heighterenalyze them for features relevant to the actions of topo-
the ability of apurinic lesions to act as topoisomerase Il isomerase [146—49). Consequently, these studies provide
poisons. little information regarding the potential effects of topo-
On the basis of these results, the tetrahydrofuran apurinicisomerase Il poisons on enzyme activity.
analogue was chosen as the model for structural studies. It The oligonucleotides used for the present study (repre-
provides a high degree of DNA cleavage stimulation, and sented by the sequence shown below) were duplex 12-mers
unlike a natural apurinic site, it is subject to neither ring that contained either a tetrahydrofuran apurinic analogue or
opening nor degradation b§elimination. a deoxyguanosine at residue 18. This residue (denoted by
Structure of a Topoisomerase || DNA Cleme Site X) is located at thet+2 position relative to the scissile
Containing an Apurinic LesionTo characterize DNA  phosphodiester bondaow) on the bottom strand of the
distortions that are induced by topoisomerase I poisons, thetopoisomerase Il DNA cleavage site utilized for enzymology
structure of an apurinic lesion located within the context of studies (see Figure 1).
a topoisomerase Il DNA cleavage site was determined by

NMR spectroscopy and compared to that of the wild-type 1 2 3 415 6 7 8 9 10 11 12
Although structural information has been reported3,- ¢ $ 2 ¢ T ¢ ¢ 2 ¢ ¢ ¢ T -3/

sequence. Althoug : _ \ P 3’ -c €@ T C A G X T C G G A -5

for apurinic sites in DNA, previous studies examined lesions 24 23 22 21 20 19 18 17716 15 14 13
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Major Groove

FiIGURe 5: Stereoviews of the abasic dodecamer structure are shown with the major gag@\@ (ninor groove fotton) prominent. The
tetrahydrofuran apurinic analogue (X18) and the opposing deoxycytidine (C7) are depiceed in

All NMR data were collected at 20C. Thermal stability Stereoviews looking into the major or minor groove of
of the abasic and wild-type dodecamers at this temperaturethe apurinic dodecamer are shown in Figure 5. Spacefilling
was confirmed by 1BH NMR, which revealed the expected representations of both the apurinic and wild-type oligo-
number of sharp proton resonance peaks in the 8.2 ppm nucleotides are shown in Figure 6. The residue at position
region of the spectrum (not shown). The proton chemical 18, as well as the complementary deoxycytidine (C7), are
shift assignments for the wild-type and apurinic dodecamers, shown inred. A total of 12 convergent structures emerging
based on NOESY walks (Figures 3 and 4), are included in from molecular dynamics calculations (6 each starting from
the Supporting Information. A- and B-form models) were averaged to yield the refined
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Ficure 6: Spacefilling views looking at the major and minor grooves of the apurinic dodecai2eAR, left andright, respectively, in
greer) and the major groove of the wild-type oligonucleoti®&T, center, inblue). The abasic tetrahydrofuran ring (X18) and the opposing
deoxycytidine (C7) are shown ired, and the scissile phosphodiester bonds anetiite

structures of the apurinic and wild-type oligonucleotides the H1I of the +3 deoxycytidine (C7) and the aromatic H8
(R{ = 0.095 andR} = 0.077, respectively). An average proton of the adjacent adenine (A8) on the top strand was
pairwise rmsd of 1.65 and 1.31 A were determined for the weak and disappeared at lower mixing times (see Figure 4).

refined apurinic and wild-type structures, respectively. Three major features distinguish the structure of the

The loss of the guanine at the2 position on the bottom  apyrinic dodecamer from that of the wild-type oligonucle-
strand (X18) was confirmed by the loss of sequential NOE qtige. All of these have the potential to alter interactions
connectivity between anomeric and aromatic protons along petween topoisomerase Il and its DNA substrate.

this strand (compare the NOESY walks in Figures 3 and 4). . . .
The break in the NOESY walk between tHel thymine First, the loss of base stacking of tHe8 cytosine (C7)

(T17) and thet3 guanine (G19) reflects the absence of base across from the apurinic site collapsed the major groove in
stacking on the bottom strand. The elimination of base the central region of the topoisomerase Il DNA cleavage site.

interactions at the apurinic site resulted in the expected 1 NiS collapse had a profound effect on the spacial relationship
upfield shift of the tetrahydrofuran ring protons relative to P€tween of the two scissile phosphodiester bonds that are
the deoxyribose protons of base-paired residues (see Sup@ttacked by the enzyme during its DNA cleavage reaction.
porting Information). The abasic site analogue has a These_ bonds (depicted imhite in F|gure 6) are located on
pseudorotation angle near 350 degrees, indicating that the?PPOsite strands of the double helix and are5 A across
furanose ring adopts a Gxo conformation as compared the major groove from one another in the wild-type structure.
to the C2-endo conformation of deoxyribose rings in In the presence of the-2 apurinic lesion, the distance
canonical B-form DNA. between the scissile bonds was reduced-id A. It has
Base stacking across from the apurinic site is disrupted, been suggested that during the catalytic cycle of topo-
as the cytosine at the3 position of the top strand (C7) is isomerase ll, the two active site tyrosyl residues must move
displaced into the minor groove (see Figures 5 and 6). The a considerable distance (380 A), and actually pass by each
position of this cytosine was confirmed by NOE cross-peaks other, to achieve appropriate alignment with the points of
that indicated interactions of the cytosine H5 with both the cleavage on the DNA backbon&Qj. Consequently, it is
H2 of the +4 adenine (A20) and the HMilof the +5 possible that reducing the distance between the two scissile
deoxycytidine (C21) of the bottom strand (see Supporting bonds could lower the activation energy for this process, and
Information). Furthermore, the cross-peak observed betweenhence, accelerate the rate of scission.
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Second, the presence of the apurinic lesion induced a bend
in the docedamer that was centered about the topoisomerase
Il cleavage site. The bend angle wad0 degrees relative
to the axis of the wild-type duplex and was confirmed by
electrophoretic mobility shift assays (not shown). Topoi-
somerase Il displays an increased affinity for unusual DNA

4.

Cline et al.

Burden, D. A., and Osheroff, N. (199Bjochim. Biophys. Acta
140Q 139-154.

5. Wang, J. C. (1998). Re. Biophys. 31107—144.

6.

7.

structures, such as crossovers, hairpins, tetraplexes, and bends 8-

(51-54). Moreover, the affinity of the enzyme for an
oligonucleotide that contained -2 apurinic site was-3
times higher than it was for the corresponding unmodified
DNA substrate Z9). Since increases in topoisomerase |
DNA binding can lead to corresponding increases in DNA
cleavage %1), bends induced by apurinic sites are likely to
contribute to the enhanced DNA scission of substrates
containing these lesions.

Third, the cytosine residue immediately opposite from the
apurinic site was extrahelical and positioned in the minor
groove of the dodecamer. Although it is not clear how
distortions in the topography of the minor groove affect
protein—DNA interactions, it is notable that many drugs that
stimulate topoisomerase Il-mediated DNA cleavage bind to
nucleic acids through interactions with the minor groove
(55—58).

In summary, when located at theé2 position of a
topoisomerase Il DNA cleavage site, an apurinic lesion that
enhanced DNA scission20-fold reduced the distance
between the scissile bonds, created a bend in the DNA
backbone, and altered the topography of the minor groove.
All of these features have the potential to influence topo-
isomerase H-DNA interactions. Although the present work
cannot unambigiously assign the extent to which each
individual alteration contributes to the poisoning of topoi-
somerase I, it provides novel insights into the structural
distortions in DNA that are induced by topoisomerase Il
poisons. Furthermore, this study establishes a framework for
the future analysis of nucleotide adducts and anticancer drugs
that stimulate the DNA cleavage activity of topoisomerase
Il, and ultimately convert this essential enzyme to a lethal
nuclease.
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SUPPORTING INFORMATION AVAILABLE

Proton chemical shift assignments for both structures,
stereoviews of the wild-type dodecamer, and the region of
the 2D NOESY spectrum containing NOE cross-peaks used
in determining the minor groove position of C7 in the
structure of the abasic dodecamer are available free of charge
via the Internet at http://pubs.acs.org.
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