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ABSTRACT: Bulge structures in nucleic acids are of general biological significance and are potential targets
for therapeutic drugs. It has been shown in a previous study that thiol-activated neocarzinostatin
chromophore is able to cleave duplex DNA selectively at a position opposite a single unpaired cytosine
or thymine base on thé 8ide. In this work, we studied in greater detail the nature of this type of cleavage
and the basis for the selectivity of the bulge site cleavage over the usual strand cldsavdgsita in the

duplex region by using duplexes containing an internal control and a bulge, which is composed of different
types and number of bases. Experimental results indicated that the bulge-induced cleavage is initiated by
5" hydrogen abstraction and is greatly affected by the base composition of the bulge. A single-base bulge,
especially when containing a purine, yields higher efficiency and greater selectivity for the bulge-induced
cleavage. In particular, a single adenine base gives rise to the highest cleavage yield and provides over
20 times greater selectivity for cleavage at the bulge site compared with the internal control site in duplexes.
The binding dissociation constants of postactivated drug for a stem-loop structure containing a one- or
two-base bulge in the stem, measured by fluorescence quenching, show that the binding is—gbout 3
times stronger for bulge-containing duplexes than for perfect hairpin duplexes. ForCRMAhybrid
duplexes, where the DNA is the target strand and the RNA is the bulge-containing strand, bulge-induced
cleavage was observed, although at low yield. On the other hand, when RNA is the nonbulge strand, no
bulge-induced cleavage was found. When the reaction is performed in the absence of oxygen, the major
product is a covalent adduct, and it is at the same location as the cleavage site under aerobic conditions.

Neocarzinostatin (NCS), the first member of the enediyne Scheme 1. Proposed Activation and DNA Damage
antitumor family of antibiotics to be discovered, has been Mechanisms of NCSChrom by Thiol
subjected to extensive mechanistic study (see Xe#4). It
is generally accepted that the nonprotein chromophore of
this antibiotic (NCS-chroml) is responsible for its DNA
cleavage activity and that its naphthoate ester moiety Hor
intercalates via the minor groove of the DNA duplex,
allowing the epoxybicyclo-[7,3,0]-dodecadiendiyne portion N\
of the chromophore to be positioned in the minor groove ﬁﬁms g 7 °

C

,,,,,

(5). Activation by a thiol generates a cumulene intermediate e
capable of undergoing a Bergman-type rearrangement into Ho—;3
a diradical species, which can abstract a hydrogen atom

from the B, 1', or 4 carbons of the deoxyribose of DNA to o
form carbon-centered radicals at these positions (Scheme 1). i P
Under aerobic conditions, the carbon radicals are oxidized,

@
NCS-chrom \

Q" o
leading to strand scissions or abasic sites as final DNA R = 1) DNA ‘OH
damage products. NCS-chrom has exhibited both base- ArCOOu-H _HDNA - prcoo .e»(
specific single-strand (ss) and sequence-specific double-

strand (ds) cleavages. Many of the lesions result from single- SugarO H @

strand cleavage, mostly caused by ‘G¥sdrogen abstraction @

from thymidine or deoxyadenosine residues. This kind of

abstraction leads to the formation of nucleositlaliehyde ~ the drug abstract hydrogens from the two complementary
and 3 phosphate fragments as the final products. Double- PNA strands simultaneously). To account for the ds
strand (ds) cleavage occurs with AGC- or AGT-containing cleavage, the three-dimensional NMR structure of a complex

sequences, where both the C-2 and C-6 radical centers oformed between a postactivated drug and an AGC containing
duplex has been elucidated, @).

X : : Significantly, NCS-chrom has recently been found to
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duplex DNA containing a two-base bulge can be effectively that at a single-strand cleavage site in the duplex region is
cleaved by NCS-chrom9( 10). The cleavage is restricted greatly affected by the type and number of bulge-containing
to a nucleotide in the bulge, at its§de, and is entirely due  bases. We also provide data showing that the bulge-induced
to an initial 3 hydrogen abstraction. This reaction was cleavage is due to an initial' Shydrogen abstraction.
rationalized by a mechanism involving a general base- Moreover, when the reaction is performed under anaerobic
catalyzed intramolecular Michael addition, resulting in a conditions, a covalent DNA adduct is formed at the aerobic
spirolactone cumulene intermediate, which further generatescleavage site on the strand opposite the bulge. Further,
a 2,6-didehydroindacene biradical, responsible for the hy- binding studies show that preferred cleavage across from the
drogen abstraction from the sugar chain at the bulgeXl)e (  bulge involves kinetic factors in addition to enhanced binding
The cleavage is bulge specific, and regular duplex DNAs or at the site.

DNAs containing a single unpaired base are not cleaved

under similar conditions. The solution structure of the MATERIAL AND METHODS

complex formed between the wedge-shaped isostructural ) o

form of the active spirolactone diradical species and a DNA _ Nucleoside phosphoramidites, solvents, and reagents for

oligonucleotide containing a two-base bulge was elucidated PNA and RNA synthesis were purchased from Glen
by NMR spectroscopylQ). From this structure, it is clear Research. T4 polynucleotide kinase and T4 RNA ligase were

that the reactive drug species binds via the major groove to°Ptained from New England Biolabs. Terminal daeoxynucleo-
the triangular prism pocket formed by the two looped-out tld,y3lztransferase was from Pharmacia Biotegh*{P]ATP,
bases and the neighboring base pairs, with which the two [® = PIPCp, and ¢-**P]cordycepin triphosphate were from
drug rings of the wedge-shaped molecule stack. Most New England Nuclear-.Dupont. Fifteen or twenty percent
recently, a detailed mechanistic study of the roles of bulged denaturing polyacrylamide gels were prepared with Sequagel
DNA in the base-catalyzed transformation of NCS-chrom stock from .Nat|onal Diagnostics. Gel electrophoresis was
was performed3). performed in a ¥ TBE buffer (GIBCO B_RL) at room
Bulge structures in nucleic acids, involving one or more €Mperature and 86500 V. Nondenaturing polyacryl-
unpaired bases, are of general biological significaricg ( amlde ge]s were prepared with Pr(_)toGeI stoc.k of National
15). Bulges are very common among RNAs, and they play Diagnostics and the electrophoresis was carried out at 400

important roles in protein binding recognitioh). On the Vina4°C COId. room. Al othefr reagents a}nd chemicals
other hand, DNA bulges are believed to be involved in were .from.AI'dnch, Sigma, Fisher Scientific, or other
frameshift mutation7, 18) and are the products of imperfect chemical distributors. NCS was purchased from Kayaku
homologous recombination or slipped mispairing during the Antibiotics (Japan). NCS-chrom was extracted with MeOH
replication of DNA (L9). DNA bulges have been shown to and stored at-80 °C in the dark, as described previously
be targets for DNA repair enzyme2Q, 21). Multibase (33).
bulges, such as triplet repeats, have been implicated in DNA Oligonucleotide Preparation and Labelingll DNA
inherited neurodegenerative diseases such as Huntington’&nd RNA oligonucleotides were synthesized by the standard
disease 22 and references therein). Consequently, nucleic A-cyanoethyl phosphoramidite method on an ABI 381A
acid bulges have been the subject of intense recent studyDNA synthesizer. DNAs were deprotected by treating with
The local conformations of single-base bulges in several concentrated aqueous ammonia at6@or 16 h and desalted
DNA oligonucleotides have been characterized by NMR through Bio-Rad Econo-Pac 10 DG chromatography col-
spectroscopyd3, 24). It has been found that the equilibrium umns. RNAs were deprotected by first reacting with 2 M
between a nucleotide bulge intercalating in or looping out @mmonia in methanol at 50C for 15 h and then treating
of the helix depends on the temperature, the identity of the the dried supernant with tetrabutylammonium fluoride at
bulge nucleotide, and the sequence of base pairs in the duplexoom temperature for 10 h to remove the silyl protection
surrounding the bulge®38, 25). Single purine bases are prone group from the 2positions. The oligos were desalted and
to intercalate into the helix, while pyrimidine bases can be used directly or further purified by 15 or 20% polyacrylamide
either in or out of the helix. Thermodynamic exploration g€l (PAGE), if necessary. The &nds of oligonucleotide
indicates that, for single-base bulges, pyrimidine bases arewere labeled with)}-P]JATP and T4 polynucleotide kinase.
on average~0.5 kcal mot! more stable than purine bases The 3 ends were either labeled with' {FP]pCp and T4 RNA
(26). Bulges can cause kink44) and bending27) in the  ligase (for RNA) or pi-*?P]cordycepin triphosphate and
DNA helix, and it has been shown that DNA intercalators, terminal transferase (for DNA). The labeled oligonucleotides
such as ethidium, much prefer bulged regions over normal Were purified on a 15% gel, and the appropriate bands were
duplex regions Z8—30). excised, crushed, and soaked with sterile water and desalted
Williams and Goldberg studied the recognition of a single With G-25 Sephadex columns.
cytosine or thymine base bulge by several DNA intercalating Reactions of the Duplexed DNA (RNA) with Drug.
and cleaving agents, including thiol-activated NCS-chrom Oligonucleotides containing ®r 3 end-labeled sequences
(31, 32). It was found that the latter causes specific scission were annealed with their complementary strands in a Tris-
on the strand opposite to the unpaired base at the positionHCI buffer by heating at 90C for 2 min and slowly cooled
just 3 to the bulge site, whereas on the bulge-containing to room temperature. Glutathione solution was then added.
strand, the single-strand cleavage at the T site nearest to th@ he vials containing annealed duplexes were placed in ice,
bulge is diminished. In as much as single-base bulge sitesand the reaction was initiated by adding the drug solution in
are potential drug targets, a detailed analysis of this reactioncold methanol into the vials in the dark. After mixing, the
appears to be a worthwhile undertaking. We show here thatmixture was allowed to stand in the ice in dark for 1 h. A
the preference for cleavage at a single-base bulge site ovetypical reaction was carried out in a volume of 20 of



Bulge-Induced Damage by Thiol-Activated Neocarzinostatin Biochemistry, Vol. 39, No. 16, 20001883

aqueous solution containing 40 mM T#HCI (pH 8.5), 1 was recorded after an equilibrium had been reached (excita-
mM EDTA, <10% v/v methanol, 12.2M duplexed DNA tion 360 nm, emission 440 nm). The dissociation constants
(RNA), 5 mM glutathione, and 15M drug. The pH of the (Kg) were derived from curve-fitting with Kaleidagraph, using
final reaction mixture was 7.5. After the reaction, the samples the equation
were dried in a SpeedVac concentrator, resuspended in
loading buffer, and analyzed on 15 or 20% PAGE. ilig=
The anaerobic reactions were carried out in a Warburg . 2 1/2
vessel. The sidearm contained @0 of the mixture of GSH 1+ (Aif2ig)([Tql + [DNA] + Ky~ — 4[T,][DNA])
and Tris-HCI buffer (pH 8.5), while DNA duplex and drug . L .
in NaOAc buffer (pH 5.0, total volume 25@L) were placed Where_ ['IZ)] |s_the |r_1|t|al concentrgtlc_m of _the_ fl_uores_cent
in the main chamber. The contents of the vessel were Probei is the intensity of the samplg,is the initial intensity
degassed by a freezevacuate-thaw procedure3d), and of t_he sample, [DNA] is_th(_a conc_entration of the.DNA, and
the evacuation was repeated four times to ensure that oxygerf®! 1S the total change in intensity per drug unit from the
is completely removed from the system. The reaction was "€ State to the total binding statéq.
initiated by mixing the solutions between the sidearm and
main chamber at 4C with protection from light. The mixed RESULTS AND DISCUSSION
solution was allowed to stand in ice for 1 h. The final DNA Cleasage Specifically at the Site Opposite to the
concentrations of the components of the solution (total Bulge: Effect of Type and Number of Bases in the Bulge.
volume 300uL) were NaOAc, 20 mM; Tris-HCI, 50 mM; Figure 1 lists the oligonucleotides used in these experiments.
thiol, 1 mM; DNA duplex, 12.5M; drug, 15uM; MeOH, A 12-mer oligonucleotide 'SCGACCCAAATGC-3 (D))
10% (v/v), and pH 8.0. The oligos were then dried and was chosen as the nonbulge containing target strand. The
purified on a 20% gel. Bands corresponding to the adduct single T residue is placed in the duplex region as an internal
were excised from the gel and eluted with water by following control, since it is expected to be a major single-strand
the crush and soak procedure. The eluant was desaltectleavage site, based on previous resultsos a DNA 12-
through G-25 Sephadex columns or Sep-Pack columns andmer that forms a perfect duplex withyDAll the other strands
Speed-Vac dried or lyophilized for sequencing analysis.  (Di-1 to D1—21) contain an extra base or bases between G(8)
Chemical Sequencing and Reactiofi®r DNA oligo- and G(9) of the parent strand; 3. These unpaired bases
nucleotides, the G- T reaction was carried out in 100 MM  can form a bulge when each of these strands is annealed
hydrazine at 37°C for 30 min and the oligomers were with D;, and the bulge will be located directly opposite the
subsequently precipitated with cold ethanol -a0 °C. site between C(4) and C(5) of;DThere are five bases
Formic acid was used for the A G reaction, and 1.2 M  between the internal control target (T residue) and the bulge
NaOH/EDTA solution was used for the A C reaction, as  site of Dy, so that interference between the two sites should
described previously 36). After precipitation with cold be minimal. Up to five pyrimidine residues were inserted at
ethanol, all the precipitates were subjected to alkaline the bulge site (-1 to Di-g). For purine bases, bulges of
treatment as described below. RNAs was treated with 0.2 one to three adenines {Qoto D;-15) or one guanine (P.15)
M Na;HPQO, at 50°C for 1 h. were studied. Three kinds of chemical linkers, which
Alkaline treatment was performed by heating the samples resemble the nucleic acid suggrhosphate backbone, were
in 100 uL of 1 M piperidine at 90°C for 30 min. The also studied as bulge-mimicking components;—([9 to
piperidine was removed by coevaporating with water three D1—,). Finally, D,; is composed of two DNA strands lacking
times using Speed-Vac. NaBHreatment was carried out an interconnecting phosphodiester linkage and thus contains
in 0.2 M NaBH, for 2 h atroom temperature. Borane hydride a break between G(8) and G(9) at the original bulge site,
treatment was carried out in 80 mM Bldyridine aqueous  when annealed with D
solution by addition of 1 M BHpyridine complex in D; was 3 end-labeled witl¥?P and annealed with various
2-propanol, and the mixture was incubated at room temper-complementary strands (iy to D;—»1). The duplexes formed
ature for 20 h. Oxidation of the’' @ldehyde fragment was were reacted with glutathione-activated NCS-chrom, and
performed by treating the samples with NaOl by adding the after the reaction, each of the mixtures was desalted and
mixture of 0.1 M Kk and 0.5 M NaCO;s (pH 9.0) into the separated on a 15% denaturing gel. Figure 2 shows typical
vial containing the sample. The mixture was allowed to stand gel electrophoretic patterns for strand scission of these bulge-
at room temperature for 30 min and then neutralized with containing duplexes by thiol-activated NCS-chorm. As can
cold 1 M HCI and treated with 15 mM N&,03 to remove be seen, the perfect duplex (vith D;—o) has a strong
the excess amount of the oxidizing agent. cleavage band at the T site and a moderate band at the A
All the radioactive gel bands were quantitated with a Bio- site of the normal duplex (lane 3 in Figure 2A and lane 2 in
Rad Phosphorimager screen by exposing the screen to thé-igure 2B), which is consistent with previous resuld)(
gel in the dark; the screen was then scanned using Bio-RadCleavage at these sites exists for all the bulge-containing
Molecular Imager FX. The intensity area integration was duplexes, although the intensities vary.
performed with Bio-Rad Quantity One software. There is very strong cleavage across from the bulge
Measurement of the Binding Dissociation Constants structures for almost all the bulge-containing duplexes, which
Fluorescence quenching studies were carried out with acorresponds to the C(5) position of the Maxafilbert
SPEX Fluoro Max-2 at 0C in a 10 mM phosphate buffer sequencing lanes. The bulge formed by a single A base leads
(pH 7.5) 36). For the measurement, annealed hairpin DNA to the strongest cleavage on the target strand at the C(5) site.
solutions were gradually added into the buffer containing This is not only shown by the highest intensity among the
glutathione post-activated drug, and the fluorescence readingcleavage bands at the same location but by the highest



4884 Biochemistry, Vol. 39, No. 16, 2000 Gu, et al.

Oligonucleotides
DNAs: name |bulge bases (X)’ name |bulge bases (Y)
. . Dy none
D, 5-CGACCCAAATGC-3 Dy C D2 none
Dyoy-Diy  3-GCTG GGTTTACG-5 D ce D2y A
Y 12 D;.» AA
X Dy.s cce D, AAA
Dyy 3-GCTG-5' 3-GGTTTACG-5 Dy | cccc D2‘3 T
Dy.s ccece -4 T
D, 5-CGAGGGAAATGC-3' Dy T Dz TTT
Dy-Drzg  3-GCTC CCTTTACG-S Dy.; TT D6
) D5 G
Y Dl_s TTT D2 GG
Dy TTTT -8 GGG
o Dsg
N 0O 0O Dl-lO A D2 10 C
S . g Lo= \_/\_IO\_IO L= o\/\/o Di.in AA
Dl-lZ AAA
o Dias CA
Dy AC
RNAs: D115 G
Dy S
R; 5-CGACCCAAAUGC-3 1-16
Dy.y7 SN
I\ D L
R, 3-GCUG GGUUUACG-S' 18 9
Dy.19 Ly
, / . Dy.29 Lsls
R; 3-GCUG GGUUUACG-5 Dyt strand break

Ficure 1: Sequences of oligonucleotides (names in bold).B, and R are nonbulge containing target strands.fand Do are perfect
complementary strands of,land D, respectively. The remaining strands contain extra unpaired base(s) so as to form a bulge in the
duplex. D—»; are two strands lacking a connecting phosphodiester linkage so as to form a strand break at the supposed bulge;site with D
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Ficure 2: DNA cleavage of duplexes containingeénd-labeled Bwith various complementary strands containing an extra base(s) on the
bulge strands, as indicated at the top of each lane. (A) lane 1, control without drug; lanes 2 and 4,1@ikerh chemical sequencing
lanes; lane 3, perfect duplex {B- D;-o); lanes 6-16, bulge containing duplexes. (B) lane 1, control; lane 2, perfect duplex; lanes 13 and
14, chemical sequencing lanes; lane 6, duplex formed franaridl D1 (containing a strand break instead of a bulge); the remaining
lanes, bulge containing duplexes. The area integration value of each band is summarized in Table 1.

selectivity [selectivity Index (Sl)= 23; Table 1] when (selectivity on bulge-induced cleavage over T site cleavage
compared with the cleavage at the internal control T (and is 5.6-fold for two Cs and 0.3 for five Cs). (2) The cleavage
A) site (lane 7 of Figure 2A and lane 3 of Figure 2B). Table specificity at a single-base bulge is’AC > T > chemical

1 lists the selectivity indices of the bulge-induced cleavages linkers (lanes 7, 11, 5, 6, and 26 of Figure 2A). (3) For
versus the T site cleavages of each lane. Several remarkshe A base, the cleavage induced by a two-base bulge is much
should be made from these results. (1) At the same drug/weaker than by a single base and almost negligible for a
substrate ratio, for single-base bulges, cleavage is preferredhree-base bulge (lanes 7 and 3 of Figure 2B and lanes 10
at the bulge site rather than the internal control site in the and 7 of Figure 2A). (4) For pyrimidine bases (C and T),
duplex region (SF 10, except for G base, see below), and two-base bulges lead to cleavage that is about half that of
for two or more base bulges, the Sl drops dramatically the a single-base ones in terms of selectivity (lanes 5 and 8
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Table 1: Bulge-Induced Cleavage on the Target Stranér@n Duplexes of B with Bulge Containing Strands

relative relative

bulge cleavage selectivity bulge cleavage selectivity
oligo base (%)° index oligo base (9%0)° index
D11 C 44 11.7 D 13 AC 15 1.4
Di-2 CcC 66 5.6 R-14 CA 56 2.3
D13 CCC 19 14 D15 G 52 5.7
Di-s CCCC 15 0.5 @16 S 26 2.8
Di-s CCcCcCC 7 0.3 D17 SS 17 1.5
Di-e T 35 9.4 D-1s Lo 10 1.5
D17 TT 58 4.6 D-19 L3 3 1.2
Di-g TTT 38 1.0 D20 Lsls 5 1.2
D19 TTTT 11 0.3 D21 break 6 0.2
Di-10 A 100 235 R RNA C 4.7 -
Di-11 AA 9 0.7 Rs RNA A 2.1 —
Di-12 AAA 2 0.2

aNames of the oligonucleotides complementary toal described in Figure 2 Relative percentage values of the bulge-induced cleavages in
each duplex (intensity percentage of the cleavage band at the bulge opposite the “C” site in each lane) compared to the A bulge, which is normalized
to 100%.¢ Ratio of bulge site cleavage versus the internal conffplsite cleavage (intensity ratio of the two bands).

2D
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1 2 3 4 H] 6 7 8 9 10 11 12 13 14
Ficure 3: DNA cleavage of duplexes containingeénd-labeled Bwith various complementary strands containing an extra base(s) on the
bulge strands, as indicated at the top of each lane. Lane 1, control without drug; lanes 2, perfect duptek P); lanes 13 and 14,
Maxam—Gilbert chemical sequencing lanes; the remaining lanes, duplexes containing various bulges. The area integration value of each
band is summarized in Table 2.

of Figure 2A for C, and lane 6 of Figure 2A and lane 10 of that dynemicin A induces strand scission at a location
Figure 2B for T), and the cleavage is weaker with three more adjacent to a one-base gap on the opposite st@f)dThese
bases (lane 9 of Figure 2A, lanes 4 and 5 of Figure 2B for results imply that a strong drug interaction with the bulge
C, and lanes 11 and 12 of Figure 2B for T). (5) Cleavage needs more than just the spacious binding pocket.

induced by the 5CA bulge is almost 4 times that by the To explore whether these results are general for all
5'-AC bulge (lanes 9 and 8 of Figure 2B), and the Sl is also sequences with thiol-activated NCS-chrom, another group
higher for the CA bulge. (6) Because the extra G base at theof bulges containing DNA duplexes was tested. As shown
bulge can cause base slippage in the bulge region, we observen Figure 1, the target strand,has a similar sequence as
cleavage at all C positions [C(4), C(5), and C(6)], although D, except that C(4) to C(6) are replaced by three G bases.
C(5) is the main cleavage site (lane 11, Figure 2A). Probably The bulge containing complementary strands have their extra
because of the slippage, the combined area of the three bandbase(s) located at the same position as that of the D
yields a moderate degree of cleavage as compared with otheduplexes, i.e., between C(8) and C(9) of the parent strand
bases. (7) Cleavage data from chemical linkers_(P— D,—o. The reactions were performed in a similar way as for
D120 show that one abasic site mimic {Rs) probably the D, duplexes, and the gel results are shown in Figure 3.
retains a significant structural element of the bulge. A strand The bulges induce cleavage on the target strand at the G(5)
break on the complementary strand of & the supposed  of D,, and although the cleavage efficiencies and selectivity
bulge location causes moderate cleavage an(lane 6, indexes are generally lower than that of the duplexes,
Figure 2B), but when there is a gap due to deletion of G(8) which may indicate the importance of the two bases adjacent
on the duplex, there is no obvious induced cleavage (datato the bulge bases on the bulge strand (pyrimidine versus
not shown). This is different from an earlier report showing purine bases), they follow a very similar pattern: (1) for
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Table 2: Bulge-Induced Cleavage on the Target Strapnérdn
Duplexes of D with Bulge Containing Strands

uoIR|0s]-31
did +
10BN +
"HAEN +
Jaw-g

] B -
3 E T
g = o
= 5 ]

: g
relative o =
bulge cleavage selectivity
oligo base (%)° index
Doy A 100 3.15 c
D;-» AA 10 0.09 G
Dy-3 AAA 2 0.04
Dss T 49 111 .. b 4
Dy-s TT 45 1.04 o c— .
Dzs T 15 0.31 - ¢
D7 G 73 1.66 -— C
D, s GG 6 0.33 — A
Ds-g GGG 0.4 0.06 A
D2 10 c 58 - A
aNames of the oligonucleotides complementary toaB described
in Figure 1.° Relative percentage values of the bulge-induced cleavages T
in each duplex (intensity percentage of the cleavage band at the bulge G

opposite “C” site in each lane) compared to the A bulge, which is
normalized to 100% Ratio of bulge site cleavage versus the internal 4 2 3 4 5 6 7 8 9 10

control (T) site cleavage (intensity ratio of the two bands). Ficure 4: Chemical reactions and sequencing be8d-labeled

) ) D and related strands in determination of the cleavage chemistry.
single-base bulges, purines (A and G) cause strongerLanes 13, reaction of @ and D, or D;—1o duplexes with thiol-
cleavages than the pyrimidine base (T) with a pattern of A activated NCS-chrom: lane 1, no drug control; lane 2abd D,
> G > T (lanes 3, 9, 6, and 12); (2) for two-base bulges lane 3, O and Di—;q, lane 4, reisolation of the 8-mer aldehyde from

. L lane 3; lanes 57, chemical treatments of the sample from lane 4;
the drop in selectivity from one base to two or more bases | 8, 8-mer oligonucleotide synthesized independently (5

is much less significant for pyrimidine bases (lanes8p GCATTTGG#?P-3); lanes 9 and 10, sequencing lanes b&Bd
than that of purine bases (lanes3and 9-11) (Table 2). labeled Q. Conditions of chemical treatment are as described in
In agreement with earlier result3X), there was no cleavage Materials and Methods.
in the bulge region itself when the bulge-containing strands
were labeled and examined after the reaction (data notfrom a thiol post-activated NCS-chrom and a DNA hairpin
shown). containing a one-base bulge shows similar drDiNA

The observed greater efﬁciency of C|eavage Opposite ainteraction patterns as observed in the NMR structure of a
purine-containing bulge may be due to thermodynamic and/ complex formed between thiol post-activated NCS-chrom
or kinetic factors. Binding studies (vide infra) indicate that and a duplex DNAT, 8), suggesting naphthoate intercalation
kinetic considerations relating to the geometry of the cleavageoccur via the minor groove (X. Gao, Z. Xi, and I. H.
complex are likely responsible for the difference in cleavage Goldberg, unpublished data). The intercalation site appears
opposite a purine or a pyrimidine-containing bulge. It is to be the bulge proper.
striking how a simple bulge can induce such strong, specific  Chemistry of DNA Clegage at Bulged Sites by Thiol-
DNA damage by thiol-activated NCS-chrom. In light of the Activated NCS-chromlt is well established that thiol-
NMR structures of the complex formed between thiol activated NCS-chrom can undergq %, and 4 hydrogen
postactivated NCS-chrom and duplex DNA @), which abstractions with various DNA duplexes (see réfs4).
shows a minor groove drug binding mode, and that betweenAmong them, single-strand’ 5cleavage at T residues
alkali-inactivated NCS-chrom and a two-base bulge DNA predominates. This kind of damage generates fragments with
(12), which shows a major groove drug binding mode, the 5 nucleoside aldehyde and ghosphate ends (Scheme 2).
binding mode of the drugDNA interaction studied here is  As shown in Figures 2 and 3, we observed that the bulge-
of particular interest. A preliminary NMR study of a complex related cleavage bands at the nonbulge strand have the same

Scheme 2: Proposed Mechanism of NdB8duced DNA Damage at C-$osition
H
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Ficure 5: Reactions of thiol-activated NCS-chrom with bulge containing duplexes involving RNA strands. L-aeS Bnd-labeled B
with various complementary strands, as indicated at the top of each lane; lanes 6 and 7, chemical sequenciagesf 13, 5 end-
labeled R with various complementary strands as indicated; lane 8, control lane without drug.

Table 3: Dissocation Constants and Cleavage Selectivity Indices for Hairpin Duplexes

dissociation cleavage
constant selectivity
entry oligonuclides (uM)® index
1 5-CGACCCAAATGC-L-GCATTTGGGTCG 0.150 n/a
2 5-CGACCCAAATGC-Ly-GCATTTGGAGTCG 0.043 7.9
3 5-CGACCCAAATGC-Ly-GCATTTGGAAGTCG 0.053 0.71
4 5-CGACCCAAATGC-L-GCATTTGGCGTCG 0.041 2.7
5 5-CGACCCAAATGC-Ly-GCATTTGGCCGTCG 0.038 2.4
6 5-CGACCCAAATGC-Ly-GCATTTGGCCCGTCG 0.140 n/a
7 5-CGACCCAAATGC-L-GCATTTGGTGTCG 0.047 n/a
8 5-CGACCCAAATGC-L-GCATTTGGITGTCG 0.031 n/a

2 The bulge-containing strand was connected to its otherwise complementary straadiLigy= O(CH,CH,0),CH,CH,O-] to form a hairpin-
like structure. The bulge bases are shown in bbBinding dissociation constantal) as measured by fluorescence quenching and derived from
curve-fitting with Kaleidagraph software (see Materials and MethddS)eavage selectivity index for bulge-induced cleavage versus that at the
internal control site (7o) measured from the reaction of thiol-activated drug with various hairpin duplexes.

mobility as the sequencing bands, indicating that they are 3 activated NCS-chrom generates staggered double-strand
phosphate-ended, suggesting that the cleavage is likely tolesions in DNA-RNA hybrids @8). This type of lesion
be due to 5chemistry. To obtain further evidence for this, involves 1 hydrogen abstraction from the targeted ribo-
we labeled the target strand at thet&rminus with f2P]- nucleotide on the RNA strand ant&hemistry on the DNA
cordycepin triphosphate and terminal transferase. The majorside. On the other hand, for the general base-catalyzed
cleavage band (from the duplex containing an A bulge) was reactions, NCS-chrom-induced strand cleavage occurs se-
isolated and subjected to subsequent chemical treatmentslectively at the bulge of the trans activation region RNA
Figure 4 illustrates the results from these reactions, clearly (TAR RNA) of HIV type I, but the efficiency of cleavage
demonstrating the'Sschemistry. Thus, the major aldehyde was very low 89). Since bulges are very common in the
band was converted by piperidine treatment to a fragmentsecondary structures of RNA, it would be of interest to see
with a 5 phosphate (lane 5), oxidation with NaOl leads to if there is any cleavage activity related to the bulges involving
the formation of the Scarboxylic acid, which moves more  RNA oligonucleotides with thiol-activated NCS-chrom. We
slowly than the phosphate band (one base shorter) (lane 6)synthesized three RNA oligomers, which have similar
and reduction with NaBligenerates an 8-mer alcohol (lane  sequences as;PD; 1, and O 1o (thymine bases are replaced
7), which has the identical mobility as that of the authentic py uridine bases for RNA, see Figure 1). The cleavage
octamer (lane 8). The products from the reactions and theexperiments were performed with gluthathione-activated
mobilities of all the bands are characteristic of alehyde NCS-chrom and annealed bulge-containing DNA-RNA,
fragment, providing further evidence for an initial 5 RNA-DNA hybrids, and RNA-RNA duplexes (Figure 5).
hydrogen abstraction for this type of reacti@).( Interestingly, when DNA is the target strand and RNA is
Bulge-Induced Clezage Irvolving RNA. In general, the bulge side, there is weak cleavage at the usual T and A
duplex RNAs are not good substrates for NCS-induced sites (lanes 4 and 5), and the intensities for these bands are
cleavage Z). However, it has been shown that glutathione- compatible with their DNA counterpart (lanes 2 and 3). On



4888 Biochemistry, Vol. 39, No. 16, 2000

Gu, et al.

L1T
——6— C bulge
—&— A bulge
09T —>— T bulge
—&— CC bulge
—— AA bulge
—&— TT bulge
o 0.7+ —24&— duplex
E —&— CCC hulge
) L
5
0.3
0.1
-0.1 I I I I I I I I
-0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5
[DNA] (uM)

Ficure 6: Fluorescence quenching of glutathione-activated NCS-chrom by hairpin DNAs. Experimental details are as described in Materials

and Methods. Thé&y values were calculated by curving fitting for each experiment and are summarized in Table 3. Curve fitting was

performed by using Kaleidagraph software.

the other hand, for the bulge-induced cleavages, there is very Binding and Cleaage of Bulge-Containing Hairpin
weak cleavage corresponding to the C(5) position with the Duplexes.The reported dissociation constani&)(for the

RNA C (Ry) bulge, and with the RNA A (B bulge, this is
even fainter. This is in contrast to DNA bulges where>A
C. The intensity for lesions induced by the RNA C bulge is
less than 10% of the one by DNA C bulge.

complex formed between glutathione postactivated NCS-
chrom and 7-mer DNA duplexes containing a single binding
site are in the range of-230 uM (41). These measurements

were based on the quenching of fluorescence (at 440 nm) of

On the other hand, when RNA is the target strand and thethe drug upon DNA binding. Given the fact that bulge-

bulge strand is either DNA or RNA, no cleavage was
observed (lanes 1013).

induced cleavage is at least 10 times stronger than that at
the internal control site, it was anticipated that the bulge site

The reason for the dramatic differences between DNA and would also be a much more preferred binding site for the

RNA is still unclear, but it is likely that it is due to the

inherent structural and conformational differences between

these two types of biopolymers. DNA duplexes prefer B-form
as its major conformation in aqueous solution, in which the
furanose rings are in C=2ndo conformation. The furanose
ring of RNA has stronger preference for'@hdo geometry.
As a result, RNA duplexes and DNARNA hybrids nor-
mally adopt the A-form conformation. Clearly, the binding
of the drug could be much different for these two forms.
Furthermore, the extrd-®H group on RNAs could also play

a critical role in the binding and/or positioning of the drug
at the bulge site for an effective initial hydrogen abstraction.

drug.

To ensure that there is efficient duplex formation at low
DNA concentrations, the two complementary DNA strands,
one of which contained a bulge, were connected by a linker
to form a hairpin-like structure. Accordingly, we designed
several hairpin DNA strands, which in general arefdus
its complementary strands connected by chemical linker L
(Table 3). The dissociation constants measured by fluores-
cence quenching necessarily reflect the availability of
multiple competing binding sites on the formed duplex. The
binding data at the lowest DNA concentration, however,

Taken together, these two factors could account for a muchrépresent the preferred binding at the strongest binding site
weaker cleavage on the DNA strands when they are the targefFigure 6). Table 3 gives th&s values for the tight-binding
strands in hybrid duplexes and no cleavage at all on the RNA region, obtained from curve fitting of the data. Interestingly,

strands in either hybrid or duplex RNAs. In previous studies

the K4 values for one- or two-base bulge containing hairpin

with the base-catalyzed NCS-chrom cleavage of DNA bulges, duplexes are<=0.050 uM. The binding constant for the

substituting the DNA bulge regions with ribonucleotides
caused almost a 90% decrease in cleavage efficief@y (
The 2-hydroxyl group of the ribonucleoside was implicated
as introducing steric clash with thé-D-methyl moiety of

perfect hairpin duplex is close to 0.18v, and the bulge
containing three cytosine bases has a similar value. It is
significant that the binding of the drug to bulge-containing
duplexes having one or two unpaired bases is about 3 times

the naphthoate moiety of the chromophore, resulting in much stronger than that to the perfect duplex. Also, the binding
less cleavage. A similar situation could also contribute to does not distinguish between purine or pyrimidine unpaired
the observed cleavage patterns involving RNA reported here.bases in the bulge. While the adenine base bulge showed
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Ficure 7: Covalent drug-DNA adduct formation under anaerobic conditions. Reactions of thiol-activated NCS-chrom with duplexes of

5 end-(lanes 15) or 3 end-(lanes 610) labeled @ and complementary Dy or D;—10 were performed under aerobic (lanes 2, 3 and 7,
8) or anaerobic (lanes 4, 5 and 9, 10) conditions. Lanes 1 and 6, control lanes without drug.
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Ficure 8: DNA site of attachment of covalent adduct. (A) Chemical sequencing was carried out to determine the drug attachment site on
D;. The samples were isolated from lanes 5 and 10 of Figure 7. LanBs3 end-labeled samples; lanes 72, 3 end-labeled samples.

Lanes 1 and 7 controls forPlanes 4 and 10, controls for adduct without any treatment. Lanes 2, 3 and 8, 9, sequencing landaihasD

5, 6 and 11, 12, chemical sequencing lanes for the adduct. (B) Piperidine treatment-@kAction of the adduct formed with,and

D,-; duplex. iy was 3 end-labeled. Lanes-13, control and sequencing lanes of; lane 4, reisolation of the adduct from the reaction of

the drug with the duplex of Ppand D,—; under anaerobic reactions; lane 5, treatment of the adduct (lane 4) with piperidiné@&f@030

min leads to a strand break at the G(5) position; lane &; & reaction for the adduct.

the highest cleavage efficiency, thgis little different from base bulge gives the strongest cleavage with a selectivity
that for bulges containing pyrimidines. Similarly, the bulge index of 8, and the other three bulges have a selectivity index
with two adenine bases ha¥avalue close to that of single  of 0.7 (AA) and about 2.5 (C and CC) (Table 3).

A base bulge, although there is a large difference between A possible explanation for the difference between the
them in term of cleavage (Tables 1 and 2). The cleavage ofbinding and cleavage data is that the cleavage efficiencies
the hairpin duplexes was also examined, and the results shovare to a large extent controlled kinetically instead of
a pattern similar to the duplexes formed by two separate thermodynamically. In considering the cleavage data, two
strands. Among the four oligonucleotides tested, the adenineimportant issues associated with efficient cleavage need to
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Scheme 3: Possible Rationale for the Strand Scission of the Adduct Strand upon Piperidine Treatment
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be considered. One is how strongly the NCS chromophore cleavage products from both &nd-labeled and'5end-
preferentially binds to the bulge site (thermodynamic factor), labeled O reveals that the attachment site for the drug is at
and the other is how efficiently the radical can abstract the C(5) position, which is the same location where cleavage
hydrogen from the deoxyribose (kinetic factor, based on occurs under aerobic conditions. This conclusion was based
stereochemical considerations). The actual cleavage dataon comparison of the sequencing cleavage bands of the
reflect the combination of these two factors. The relatively adduct and that of the control lanes (lanes 2, 3 and 8, 9):
lower selectivity in binding and high selectivity in cleavage the base ladder of the fragments from the adduct matches
indicate that the kinetic factor must be playing the major the bands on the control lanes only for fragments shorter
role during the reaction and likely reflect the geometry of than C§).
the complex involved in hydrogen abstraction (vide supra). Unexpectedly, with the adduct sample, there is also one
Covalent Adduct: Formation, Sequencing, and Alkaline band on each of the A~ G sequencing lanes at the C(5)
Instability. Dioxygen is required for the carbon-centered positions in both 5 and 3-labeled Q) (lanes 5 and 11,
sugar radicals to undergo oxidative degradation to generaterespectively), but not with the duplex sample (lanes 2 and
the 8 aldehyde and '3phosphate fragments as the final 8), indicating an adduct-associated strand break of the
products. Under anaerobic conditions, reactions of duplex oligonucleotide at the adduct attachment site. Subsequent
DNAs with NCS-chrom lead to the formation of a covalent studies revealed that this band can be induced by a simple
adduct on the nucleic acid sugar, as detected as a bangiperidine treatment of the adduct sample at°@for 30
moving more slowly on electrophoresis than the parent DNA. min, and the intensity of the band does not increase beyond
Adduct formation has been observed with normal duplex that found with the A+ G treatment upon longer base
DNA (42), with DNA bulges under base-catalyzed conditions treatment, despite the continued presence of the original
(in the absence of thiol4@) and with a DNA-RNA hybrid adduct (data not shown). To determine whether this cleavage
having a RNA overhangdd). As shown here (Figure 7), an is cytosine base specific, we examined the adduct generated
adduct is also formed in the reaction with thiol-activated at the G site. An adduct was also formed from the reaction
chromophore and bulged DNAs, when oxygen is excluded of annealed B and D,—; with thiol-activated NCS-chrom
from the reaction. Lanes 4, 5, 9, and 10 are the results fromunder anaerobic conditions (thé énd of D, was labeled),
reactions under anaerobic conditions with annealgdurial and this adduct was separated and sequenced (Figure 8B).
D;-o and D and Di—10. The target strand Dwas labeled at ~ As shown in lanes 2 and 6, it is obvious that the drug is
the B (lanes 15) or 3 (lanes 6-10) end. A significant attached to the G(5) position of;Pand it also generates a
amount of slow-moving band material, which is presumably strand break at this position when the adduct is treated with
adduct, was formed from the reaction involving an A bulge piperidine (lane 5), indicating that the adduct-associated
(lanes 5 and 10), whereas adduct formation (presumably atstrand scission is not base specific. As expected for an adduct
the T site) in pure duplex DNA is hardly seen under these on the deoxyribose chain, there is no difference in the
conditions (lanes 4 and 9). Further, there was no adductscission behavior between purine and pyrimidine bases.
formation on the bulge strand under anaerobic conditions The partial strand breakage of the isolated adduct band at
(data not shown). The slow-moving bands from lanes 5 and the attachment site by piperidine treatment is interesting and
10 were excised and purified, and chemical sequencingindicates that the adduct formed under these reaction
methods were used to determine the drug attachment siteconditions is actually a mixture of at least two types. Part
Maxam and Gilbert sequencing (A G and C+ T) was (~10%) is alkali-labile, and the rest is stable to alkaline
employed in an effort to identify the covalent linkage site treatment. The breakdown gives either a fragment with a 5
of the adduct on the DNA (Figure 8A). Analysis of the phosphate for '5end-labeled B or a fragment with a '3
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phosphate for'3nd-labeled [ as judged by their identical

mobilities as corresponding chemical sequencing bands. It

is pl

ausible that the two species of draNA adduct come

from the same biradical drug intermediate, through the
addition of the newly generated &arbon deoxyribose radical

to the double bond involving the newly quenched C6 radical
of the drug. This would lead to either an adduct containing

a single-bond between C5 and C6 (single bond adduct) or 21.
to one containing a double-bond between C5 and C6 (double

bond adduct). The latter could also come from radical
collision between the newly formed Chadical and the
second incoming biradical drug intermediate. The double-

bond adduct would be expected to be base-labile and lead 54

to the breakage of the nucleotide chain upon reacting with
hot piperidine by two successiyescissions, forming both
the 3 phosphate and phosphate-ended fragments (Scheme

3). We expect that structure determination of these drug

adducts will shed further light on the precise mechanism of

this type of DNA damage.
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