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ABSTRACT: Nucleic acid bulges have been implicated in a number of biological processes and are specific
cleavage targets for the enediyne antitumor antibiotic neocarzinostatin chromophore (NCS-chrom) in a
base-catalyzed, radical-mediated reaction. Studies designed to elucidate the detailed mechanism of the
base-catalyzed activation of NCS-chrom and to evaluate the roles of bulged DNA in its activation are
described. They show that nucleobases in the DNA bulge are not required to form an effective bulge
pocket but enhance the binding of the wedge-shaped activated drug molecule. Analysis of solvent deuterium
isotope effects on NCS-chrom degradation and DNA cleavage efficiency experiments suggests that the
spirolactone biradicéd is a relatively stable species and that intramolecular quenching of the C2 radical
of 6 to form the biologically active cyclospirolactone radi@a occurs first (pathway a in Scheme 2),
leaving the C6 radical to abstract the hydrogen atom from the DNA deoxyribose and to form the
cyclospirolactone8. Binding of the activated drug at the bulge site is required, but not sufficient, for
efficient 8 formation, whereas cleavage of bulged DNA is not essential. Efficient generati®nboit
inefficient DNA damage generation, comes mainly from the likely high off-ratéaddinding. The finding

that thymidine 5carboxylic acid-ended oligonucleotide fragment can be formed in the reaction suggests
that the process of DNA cleavage is rather slow and that sequential oxidations of the ‘taraydioh are
possible. Study of the effect of solvent (methanol) concentration on NCS-chrom degradation indicates
that bulged DNA acts to assist the intramolecular quenching of the radical at C2'byf @& naphthoate
moiety by excluding solvent from the binding pocket, thus preventing the formation of spirola@ones
and by blocking radical polymerization. Because in the absence or near absence of solvent nethanol
formation does not reach even 10% that formed in the presence of bulged DNA, it is possible that the
DNA bulge also induces a conformational change in the drug to promote the intramolecular reaction.

Neocarzinostatin (NCS) belongs not only to a superfamily Scheme 1: Proposed Mechanism for the Thiol Activation of
of antibiotics containing enediyne structures but also to a NCS-chrom
superfamily of macromolecular protein antibiotick gnd o
references therein). It was only after it was appreciated that '
the active component of the macromolecular complex was
a small nonprotein chromophore that it was possible to begin Ho
to understand its interaction with DNA in molecular terms.
These studies, in conjunction with those on the related agents )
calicheamicin/esperamicin, have uncovered novel mecha- o nach, 8 7 °
nisms of DNA damage, wherein a biradical species of the H3Cj;§
active drug acts as a sequence-selective, bistrand-reactive "4 Ncs(_lc)hmm
agent through hydrogen abstraction from the sugar residues ‘

of DNA. 0
The thiol-dependent activation of NCS-chrdn{Scheme i Q)kg
1), the biologically active chromophoric component of NCS, w2090 RS,
RS —

involves nucleophilic attack by thiol at C12 in trans con- [ WONA  pcoom. .e IOH
figuration @) to the naphthoate at C11 and epoxide opening  arcoou- .@Q T {
at C5 to generate the nine-membered ring enyne-cumulene Sogrd \
2, which cyclizes between C3 and C7 to form a 2,6- @ @
didehydroindacene biradical(3, 4). The biradical abstracts
hydrogen atoms_from sources such as_solvent and/or D_NAdacene reduction produéi(4, 5). An NMR-derived solution
deoxyribose moiety to give a postactivated tetrahydroin- gicrure of the thiol-postactivation produdt which is
T This work was supported by U. S. Public Health Service Grant isostructural with th.e aCti\./e biradical for@ of the drug,
GM53793 from the National Institutes of Health. and duplex DNA, in which the naphthoate acts as an
* To whom correspondence should be addressed. intercalating moiety and the didehydroindacene biradical lies
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Scheme 2: Proposed Mechanistic Pathways of Based-Catalyzed Activation of NCS-chrom

OH "

[e¥]
NCS-chrom

Cyclospirolactone \

O"J NHCH;
HC™ == Sugar
HO

HO

®a)R=H Spirofactone
(¥9b) R =CH,OH Spirolactone

in the DNA minor groove, has clarified the mechanism of tone cumulen&, which has been implicated as the binding
sequence-specific DNA sugar damagg ( species that searches for the favored DNA binding site, is
In 1993 it was observed that an oligodeoxynucleotide in equilibrium between bound and free forms, which leads
containing a two-base bulge can be highly efficiently and to cyclospirolactone and to spirolactoneS, respectively,
specifically cleaved by NCS-chror at the bulge site in  via spirolactone biradiceg.
the absence of thiol at pH 6 (7, 8). Cleavage was restricted The base-catalyzed activation of NCS-chrdinto a
to a target nucleotide at theé Side of the bulged DNA and  biradical species, capable of selectively and specifically
was entirely due to 'schemistry, with the formation of cleaving DNA at a bulged site and generating bulge-specific
oligonucleotide fragments with-phosphate and'Hucleo- drug product cyclospirolacton®, has raised a number of
side B-aldehyde ends. Later, it was found that HIV TAR interesting mechanistic questions, among them, the possible
RNA can also be cleaved in a similar fashion, albeit much role(s) of the DNA in effecting formation . In the absence
less efficiently ©). On the basis of the determination of the of substrate-bulged DNA, spirolactor@sand9b are formed
structures of the postactivated NCS-chrom drug products in spontaneously an8 is barely detectable. A recent NMR
the presence and absence of bulged DNA, a base-catalyzedolution structure of the complex formed betwedm the
intramolecular activation mechanism of NCS-chramwvas analogue of the putative cleaving species indacene biradical

proposed, as shown in Schemel®(17. 6, and a two-base bulged oligodeoxynucleotide showed that
In this mechanism, the spirolactone cumulérie gener- the wedge-shapeth, with its planar naphthoate and indacene
ated stereospecifically via a general base-catalyzed intramo-ing systems held rigidly at a 8@ngle to each other by the
lecular Michael addition at C12 by the enolate anidn connecting spirolactone, fits snugly in the triangular prism
which is a resonance form of the naphtholate ariarof bulge binding pocket, formed by the two looped-out bulge

NCS-chrom 1, resulting in the formation of the 2,6- bases and the neighboring base pdi&3.(The radical center
didehydroindacene biradic#. This cascade of reactions at C6 is thus strategically placed only 2.2 A from fhe-S
occurs spontaneously, and in the absence of bulged DNAHS' of the targeted bulge nucleotide. Does the bulged DNA,
the biradical is quenched by other hydrogen sources, suchthen, act to assist the intramolecular quenching of the radical
as methanol in the solvent, to yield spirolactoBest is of at C2 by C8 of the naphthoate moiety solely by excluding
particular interest that the cyclospirolactoés generated  solvent (methanol, solvent for the drug) from the tight
virtually only in the presence of substrate-bulged DNA and binding pocket, or does it also induce a conformational
is the only drug product to contaiftd abstracted from the  change in the drug to promote the reaction? Also, what is
5' position of the targeted bulge nucleotide. Thus, it has beenthe requirement for an effective bulge capable of generating
proposed that in the presence of bulged DNA, the spirolac- cyclospirolacton&? Further, does the intramolecular quench-
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ing of the radical at C2 precede hydrogen abstraction from o) 5
the DNA deoxyribose (pathway a), or does it occur concur-
rently with the abstraction (pathway b). Experiments designed
to address these questions are presented here. GT 5

-CCGATGCG-3'

-CGCAGTTCGG-3"'
MATERIALS AND METHODS

&)

GS -CGCAGSTCGG-3"'
Materials Nucleoside phosphoramidites, chemical linkers,

poly-pak cartridges for purification of trityl-on oligonucle- g 5

otides, as well solvents and reagents for DNA synthesis, were

from Glen Research. T4 polynucleotide kinase and Klenow

~-CGCASTTCGG-3"'

fragment of DNA polymerase | were from New England SS 5'-CGCASSTCGG-3"
Biolabs. S1 nuclease and calf intestinal alkaline phosphatase
were from Boehringer Mannheim. Snake venom phosphodi- Lg 57 -CGCA(Lg) TCGG-3’

esterase and bacterial alkaline phosphatase were from Phar-
macia Biotech. -*2P]Adenosine triphosphate and-f2P]-
guanosine triphosphate were from New England Nuclear LizLis 5'-CGCA(L3L3) TCGG-3'
Dupont. Deuterated solvents were from Cambridge Isotope
I(;?bA%?itCor:l.es. All other chemicals were from either Sigma GT-0 51 _CCGATGCG-3’

Synthesis of Oligonucleotidedligonucleotides (Figure 1) 3’ -GGCTACGC-5"
were synthesized using standgfecyanoethyl phosphor- TG
amidite methodology on an ABI 381A DNA synthesizer. The
trityl-on procedure was used in most cases. The synthesized
oligonucleotides were deprotected in 30% ammonium hy- 0 H
droxide at 55°C for 15 h and purified using poly-pak
cartridges. The purity of oligonucleotides was verified by H
either HPLC or sequencing gel electrophoresis. Concentra-
tions of oligomers were determined using the additive 0
extinction coefficiency method, with only nucleobases being
counted 13).

32p End-Labeling of Oligonucleotide®ligonucleotides
were 53- 32P end-labeled with)[-*P]ATP and T4 polynucle-
otide kinase. 3 *?P-labeled oligomers were prepared using
the fill-in method with p-*?P]GTP and Klenow fragment
of DNA polymerase |. The*P-labeled oligomers were
purified by electrophoresis on a 15% sequencing gel. The
appropriate bands were exercised, crushed and soaked, and 0 %
desalted with the use of G-25 Sephadex columm. L, == \/\/

NCS-chrom ReactiorNeocarzinostatin powder was ob-
tained from Kayaku Antibiotics (Tokyo). NCS-chrom was F}GUFE L Se%lTencedS gf pligonlt{cleoftifezs. GTﬁﬁr}gakt?d dl;pleés

ili _ i of oligomers an In a ratio of 1:Z2; same holas true 1or -
e s e mera 0 8 S8 S50 3G and 56 iiing nacares e
: A nucleotides or linker in the duplex.

evaporated under vacuum at belevt5 °C. The yellowish,
light-sensitive pellet was redissolved in cold methanol or
other solvents such as tetrahydrofuran, acetonitrile, or chilled onice for 15 min prior to the addition of NCS-chrom.
ethanol, as needed. The extracts were stored&®°C in The incubation proceeded on ice in the dark fet5lh, as
the dark. The upper clear solution of the extract was used asindicated. An aliquot of the reaction mixture was either
drug stock. The concentration of NCS-chrom stock was speed-vac dried, resuspended in 80% formamide sequencing
determined with apo-NCS at a wavelength of 340 rm=( loading buffer prior to electrophoresis, or frozen in liquid
10 800) (L6). nitrogen prior to HPLC analysis.

The B- or 3-3%P-labeled oligonucleotides were annealed  Postreaction Treatmen&lkaline treatment of the sample
to their complementary strands (typically 1:2 ratio) iR 2  was carried out by heating one of the duplicate aliquots in
reaction buffer by heating at 90C for 3 min and slowly 50 uL of 1 M piperidine (PIP) at 9CC for 30 min. The
cooling back to room temperature. Adjustment of the final piperidine was removed by coevaporation with water three
reaction volume was made by addition of waté)( A times using speed-vac. Hydrazine treatment (HZ) was carried
typical drug/DNA reaction was carried out in a volume of outin 100 mM hydrazine (pH 8.0) at room temperature for
40 uL containing 50 mM TrisHCI (pH 8.5), 1 mM EDTA, 1 h. NaBH, treatment was carried out in 0.2 M NaBfor
10% methanol, and appropriate concentrations of drug and2 h. Borane hydride treatment was carried out in 80 mM
oligonucleotides, as indicated. In some reactions, EDTA was BH3/pyridine aqueous solution by additiorf @ M BH34/
omitted, which was found to give the same experimental pyridine complex in 2-propanol, and the cocktail was
outcome as that with EDTA. The reaction mixture was incubated at room temperature for 20 h8) Sodium

]H
C
:
8
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hypoiodite (NaOl) treatment of the'-aldehyde reaction  and 150uM NCS-chrom. The gel bands corresponding to
product was carried out in 15 mM NaOl by addition of the thymidine 3-carboxylic acid-ended fragment (CA) were
mixture of 0.1 M Kk and 0.5 M NaCOs; (pH 9.0). The excised, crushed and soaked with water. The extracts were
cocktail was incubated at room temperature for 30 min, purified by reverse phase HPLC. The purified CA band was
neutralized with ca 1 N HCI, and treated with 15 mM  analyzed by (1) postreaction treatment as shown in Figure
Na&S,0; to get rid of excess oxidizing agent before drying 10, (2) HPLC analysis of the enzyme digest, which gave

(29). rise to an abnormal nucleoside peak comigrating with
Alkaline phosphatase treatment involved incubation of calf authentic sample of thymiding-6arboxylic acid, and (3)
intestinal phosphatase with substrate at & for 1 h. by mass spectrometry.

Enzyme digestion of oligonucleotides into nucleosides was Mass MeasuremenMass measurement was carried out
accomplished with a mixture of bacterial alkaline phos- with Perseptive Biosystem’s Voyager-DE biospectrometry
phatase and snake venom phosphodiesterase. workstation, using delayed extraction matrix-assisted laser
Polyacrylamide Gel Electrophoresis AnalysiBifteen  desorption ionization time-of-flight (MALDI-TOF) mass
percent denaturing polyacrylamide gels were prepared usinganalysis.
Sequagel stock from National Diagnostics. Electrophoresis
was performed in axt TBE buffer at room temperature and RESULTS AND DISCUSSION
1000-1500 V. The gel bands were quantitated with a ]
Molecular Dynamics Phosphorimager by performing volume ~ Sobent Effect on Base-Catalyzed Transformation of Neo-
integration using Image Quant 3.4. The bands of interest wereCarzinostatin Chromophoret is striking that cyclospirolac-
sometimes excised from the gel. The crush and soak method©n€8 is the predominant drug metabolite 0% yield) in
was used with water at 4C overnight. The eluent was the presence of excess bulged DNA (Figure 2). Variation of
desalted through G-25 Sephadex columns or Sep-pak col-the met.hanol concentration gave rise to different yields of
umns and speed-vac dried or lyophilized for further use. ~ cyclospirolactone (always <10%] in the case of degrada-
Fluorescence Studieluorescence measurements were tion of NCS-chrom without bulged DNA, but yielded the
carried out on a Perkin-Elmer LS50B luminescence spec- Same amount a8 with excess bulged DNA. When degrada-
trometer. A typical measurement consisted ef21uM of tion of NCS-chrom was carried out in 12.5 M methanoal,
drug in 50 mM TrisHCI buffer at 4°C. Concentrations of ~ Spirolactones were isolated with over 90% yield, witha
DNA and methanol and pH were varied as indicated. The 0ver 80% (the identities & and9 were confirmed by mass
excitation was at 400 nm, and emission spectra were recordedn€asurement). As shown in Scheme 2, there are two different
from 420 to 600 nm. The emission at 550 nm was used in Possible pathways for the quenching of the C2 radical center
the calculation of initial rate constantgd). in 2,6-didehydroindacene biradicél which lead to two
The rates of NCS-chrom degradation with or without differenttypes of product8 and9; the actual pathway will
oligonucleotides were measured using the time-drive methodPe the result of combined kinetic and thermodynamic control.

on the fluorescence spectrometer. The plot of In(30By) A biradical, such as, is a relatively reactive species with
vs time was a linear fit to the equation: a short half-life, even if much less reactive than a mono-
radical, such as the alkenyl and phenyl radical—<25).
IN(100— F) = In(100— F,) — kt Because quenching of the radical at C2 is unimolecular in
the formation of cyclospirolacton8, whereas it is bimo-
whereF, is the fluorescence at incubation timand R is lecular in9 formation involving solvent methanol at C2, the

the fluorescence value at 0. The initial rate constant for ~ €asiest way to alter the fate of biradic@lis through
the pseudo first order of NCS-chrom disappearance was equamanipulation of the concentration of the hydrogen source,
to the slope of the line. i.e., the solvent. Two practical approaches have been
HPLC Analysis A linear gradient consisting of mobile ~ chosen: (i) controlling the concentration of radical quenching
phase A and B with flow rate 1 mL/min was applied to a sources, such as abstractable hydrogen sources; (i) high
reverse phase C18 column (Rainin Microsorb-MV C18). dilution to avoid radical-based polymerizatio2€f.
Elution was monitored by following UV absorbance (254 A systematic study of the solvent concentration effect
or 340 nm) and fluorescence (ex 400 nm, em 550 nm). shows that methanol inhibits the formation of the drug
Different sets of mobile phase A and B were used. Set A metabolite8 (Figures 2 and 3); the yield & rises steeply
consisted of 5 mM aqueous ammonium acetate (pH 4.0) at the lowest concentrations of methanol to a maximum of
(mobile phase A) and 5 mM methanolic ammonium acetate only about 8% of that generated in the presence of substrate-
(mobile phase B). Set B was composed of 100 mM aqueousbulged DNA (Figure 3, inset). Similar results were observed
triethylamine acetate (pH 7.0) (mobile phase A) and aceto- with other hydrogen sources, such as acetonitrile and
nitrile (mobile phase B). Quantitation was carried out by area tetrahydrofuran. At very low concentrations of methaol,
integration of fluorescence and UV peaks of interest. becomes the major product af®& and 9b reach almost
Calibration experiments were based on the integrated areasegligible amounts, confirming the elimination of active
of HPLC peaks to the molar equivalency of the drug. The external hydrogen sources. Noncharacterizable UV absorp-
experimental results were in the linear range. tion eluting at 100% methanol on HPLC and found only at
Isolation, Purification, and Identification of Thymidin& 5 <0.5 M methanol was tentatively assigned to polymeric
Carboxylic Acid-Ended Fragmenthymidine 3-carboxylic material resulting from radical-based polymerization. These
acid-ended fragment was isolated by sequencing gel elec-combined results suggest that bulged DNA enhances forma-
trophoresis. Reactions contained 50 mM Hi€l (pH 8.5), tion of 8 not only by excluding hydrogen sources (organic
2 uM 3'-3?P-labeled oligonucleotide GT of GT-O (Figure 1) solvent) from the binding pocket but by preventing radicals
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Ficure 2: HPLC profile of the degradation products of NCS-chrom under basic conditions with or without bulged DNA. The labels (0.25,
0.625, 1.25, 2.5, and 12.5) of HPLC peaks 88©a, and9b refer to the molar concentration of methanbDNA refers to the reaction in

the presence of 4-fold excess bulged GT of GT-O to NCS-chrom. The peak at elution time 59.2 min has not been structurally characterized.
NCS-chrom (5uM) was incubated in phosphate buffer (25 mM, pH 7.6) &CAfor 1 h in thepresence of varying concentrations of
methanol (8-12.5 M). Reverse phase HPLC on a C18 column (linear gradient@b0% methanol in 5 mM ammonium acetate, pH 4.0)

was used to quantitate the formation of drug metabolites. Elution was monitored by following 254 nm UV absorbance and 550 nm fluorescence
(excitation at 400 nm).

from reacting with each other. Further, when NCS-chrom certainly be expected to yield a mixture, probably with bond
was diluted from 5uM to 0.5 uM, the yield of 8 did not formation at C6 being favored. The bound form of the
increase (data not shown), implying that its formation, hydroxymethylradical is likely generated from either a bound
through intramolecular radical addition to form the-628" form of the methanol molecule or from a caged radical.
bond, is not an efficient process. The experimentally found Either way, this calls for the participation of the naphthoate
monotonic inhibition curve fo8 formation also suggests that  group in complex formation. It is intriguing to speculate that
C2—-C8'’ bond formation is not efficient. If C2C8"' bond a methanol molecule preferentially interacts with the planar
formation were more efficient than polymerization, the con- naphthoate group through eithgrr interaction or hydrogen
centration profile of methanol should yield a bell-shaped bonding through the "#methoxy group. The latter is less
curve; at very low concentrations of methanol, polymeriza- likely as the fucosamine residue close to the C6 position
tion will prevail, while at increasing concentrations, a point, may also have hydrogen bonding ability to direct the
at which the methanol concentration is not high enough for hydroxymethyl radical to the C6 position. The fact that the
the efficient formation o, will be reached where C2C8" production of spirolacton8b approached a plateau as the
bond formation (intramolecular radical cyclization) peaks. concentration of methanol increasea 2 M (Figure 3)
These experiments indicate that bulged DNA assists C2 supports the possibility that the methanol molecule binds
C8' bond formation by protecting the C2 radical®from preferentially to the planar naphthoate group. The binding
access by solvent sources of hydrogen, as well as by othelis weak, but site-specific, and reaches saturation at a certain
radical molecules. These actions, however, increase the yieldconcentration of methanol. This may represent a rare instance
of 8 to a maximum of less than 10% of the yield found with where a methanol molecule interacts with an aromatic system
substrate-bulged DNA, leaving open the possibility that througho, z interaction.

bulged DNA also induces a conformational changé {thus Sobent Isotope Effect on NCS-chrom Degradatidthen
lowering its transition state energy) to favor formation of base-catalyzed activation of NCS-chrom was carried out
the cyclospirolacton@. using deuterated methanol (methanol-d4:>[09.99%) in

It is especially interesting to note that spirolact@tewith the absence of substrate-bulged DNA, a solvent isotope effect

a hydroxymethyl group bonded to the C2, but not the C6 was observed for the formation of cyclospirolactdhand
position, is the only product containing the hydroxymethyl spirolactone® (Figure 4). Formation of spirolactor®awas
group generated in the presence of methanol. This isdramatically influenced by using deuterated methanol; the
remarkable considering the very reactive nature of radicals. solvent isotope effeck(i/kp) ranges from 18 to 4.9 depending
It is reasonable to assume that spirolact®hecomes from on the methanol concentration. As for the formation of
a bound form of the hydroxymethyl radical, generated by spirolactoneéb, the solvent isotope effedt{kp) ranges from
the drug radical abstracting hydrogen from a methanol 2.3 to 1.2. The inverse solvent isotope effekit/Kp) for
molecule, because a free form of such a radical would formation of cyclospirolacton® ranges from 1.8 to 4.1.
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Ficure 3: Influence of methanol concentration on degradation of
NCS-chrom. Inset shows the yield ®&t the lowest concentrations

of methanol. &) represents a set of experiments carried out with
solvent-free NCS-chrom (vide infra);®] represents a set of
experiments carried out with NCS-chrom not made solvent-free
before use. Solvent-free NCS-chrom was obtained by drying a
solution of the drug in methanol (0.1 M acetic acid) at high vacuum
in glass tubes at-40 °C immediately before use. The amount of

active NCS-chrom in the preparation was assessed by incubation
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Table 1: Solvent Isotope Effects on Formation of Drug Products

MeOH(M) 025 05 125 25 50 125
8 (ko/Ky) 1.8 24 29 30 40 41
9a (ku/ko) 180 116 93 91 59 49
9b (k/ko) 2.3 26 18 19 13 12

methanol, where9a is the major product, shows that
hydrogen abstraction (by C2, vide infra) is the rate-
determining process and that the biradical is a relatively
stable species. The solvent isotope effdgi/kp) for 9b
formation approaches 1 as the methanol concentration
increases, i.e., no significant solvent isotope effect for the
formation of9b. The formation of9b presumably involves
hydrogen abstraction by both C2 and C6 radical centers of
biradical 6 and subsequent hydroxymethyl radical addition
to the C2 position. Therefore, a solvent isotope effect of 1
indicates that hydrogen abstraction at neither radical center
is rate-limiting, suggesting that the intramolecular-like (vide
supra) hydroxymethyl radical addition to C2 is the rate-
determining step. Because it is unlikely that the latter step
is slower than the intermolecular biradical hydrogen abstrac-
tion by C6, it appears that hydrogen abstraction by the C2
radical, not the C6 radical, occurs first. Consistent with this
formulation, it would be reasonable for the intramolecular-
like hydrogen abstraction by the C2 radical to be faster than
the intramolecular-like hydroxymethyl radical addition reac-
tion and to have an isotope effect of 1. Further, the similarity

in the presence of an excess (4 molecular equiv) of substrate-bulged?€tween the inverse value of the solvent isotope effect for

DNA (GT-O) and determination of the yield & the latter was
found to be the only drug species 95%) detectable by either UV

or fluorescence, whether the drug was incubated in 5M methanol
or was solvent-free. Reaction conditions and HPLC analysis were
as in Figure 2. Quantitation was based on integration of UV
absorbance.

20

15

Spirolactone 9a (H/D)

10

Cyclospirolactone 8 (D/H)

Solvent Isotope Effect

£]
(H/D)

Spirolactone 9b
“
0 i | " L L | L |

12

[MeOH] M

Ficure 4: Influence of deuterated methanol on product distribution
of NCS-chrom degradation compared with protium methanol. Drug
products were quantitated by HPLC analysis, as in Figure 2. NCS-
chrom (5uM) was incubated in phosphate buffer (25 mM, pH 7.6)
at 4°C for 1 h in thepresence of varying concentrations of methanol
(0.25-12.5 M). In the deuterated experiment, deuterated methanol
(MeOH-d4, D> 99.99%) was also used for extraction of NCS-
chrom from holo-NCS. Note that solvent isotope effects are
expressed as H/D for spirolacton@s and 9b and D/H for
cyclospirolactone8 for convenience.

9a (ku/kp = 4.9) and the solvent isotope effect Bi(ku/ko
=4.1) at 12.5 M methanol also supports the assumption that
the C2 radical abstracts hydrogen first, because the formation
of both involves hydrogen abstraction by C6 and the
formation of one is at the expense of the other. The DNA
cleavage efficiency experiments also support this proposal
(vide infra).

Thus, it is concluded that spirolactone biradiéals a
relatively stable species; hydrogen abstraction by biradical
6 is slow and sequential, with the C2 radical reacting first
and followed by hydrogen abstraction by the more reactive
monoradical at C6.

Nucleobases in the DNA Bulge Are not Required for
Forming an Effectie Bulge PocketTo further explore the
role of the DNA bulge in the formation of cyclospirolactone
8, the structural requirements for an effective bulge pocket
need to be defined. An effective bulge is one that binds the
drug efficiently and selectively and can be efficiently cleaved
by base-catalyzed activated NCS-chrom. It is possible that
every cleavage at a DNA bulge site results in one molecule
of cyclospirolactone. Further, it is known that none of the
cleavage at a DNA bulge site comes from productio®,of
because cyclospirolactor® is the only drug metabolite
formed in the presence of excess substrate-bulged DNA, and
only 8 contains the hydrogen abstracted from the DNA bulge
target nucleotide. In previous papers, point mutations and
substitutions of deoxyribonucleotide with ribonucleotide in
bulged DNA have revealed certain rules concerning the
sequence and structural requirements of an effective bulge
(8,9, 27-29). It has been found that the size of the bulge is
important. Base-catalyzed activation of NCS-chrom results

These results are summarized in Table 1. The strong solventin optimal cleavage in bulges of two or three bases, which

isotope effect for9a formation ku/kp = 4.9) at 12.5 M

are also the most effective in formation &f (8). The
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501 Table 2: Relationships of DNA Binding, DNA Cleavage, and
Anegn ~ Formation of8
A pT P
nl B, = KL %  yield of
T TTex ey code substrate (x 1079 cleavagé 8 (%)
- S NCS-CH  NCS-chrom (only) 72.9 <5
% o3t A ds CT DNA calf thymus DNA 20.9
=1 ﬁ\\o ss-Lg 5-CGCALTCGG-3 6.21 0 <5
= —&— NCS-CH D LiLx-O 5-CCGATGCG-3
- s | ““i" ssl:'-g ™ 3-GGCT ACCG-5 5.51 0 <5
T ~
4 8.0 n Le-O 5-CCGA TGCG-3
—& -L -0 3-GGCT ACCG-5 1.37 0 <5
Tr - o st-0 Lo
—a-- GT-0 SS-0 5-CCGATGCG-3
| —*ds CT DNA 3-GGCTACCG-5 2.23 0 25
0 1 1 L Il L Il SS
0 100 200 300 400 500 GS-0 53-CCGATGCG-3
TIME (s) géGGCTACCG-S 1.78 <2 25
Ficure 5: Efficiency of different oligonucleotides in the protection  sT-0O 5-CCGATGCG-3
of NCS-chrom against degradation. Conditiong:N6 NCS-chrom 3-GGCTACCG-5 1.25 <2 36
in 50 mM TrisHCI, pH = 8.5, 10% MeOH, either alone (NCS TS
CH) or with 180uM (phosphate) calf thymus DNA (ds CT DNA), GT-O 5-CCGATGCG-3
or in the presence of 2 equiv (10M) of oligonucleotide as 3-GGCTACCG-5 111 35 56
indicated. Initial rates calculated from the linear equation: In(100 TG

— F) = In(100 — Fg) — kt, whereF; is the fluorescence at
incubation timet and Fg is the fluorescence value at= 0. The
initial rate constant for the pseudo first-order disappearance of the
NCS-chrom is equal to the slope of the line (see Table 2).

alg = _(OCH2CH2)3_O—, Ls = —O—(CHz)s—O—; S=1,2-
dideoxyribose, as described in Figure®Xkl is the pseudo first rate
constant derived from the degradation of N&®irom with or without
oligomers as described in Figure @ercentage of DNA cleavage is
from PAGE analysis using Phosporimager as described in Materials

substitution of deoxyribonucleotide with ribonucleotide in and Methods. The reactions contained 50 mM ‘H&I (pH 8.5), 8

s M oligonucleotide and 1M NCS—chrom.®Yield of 8 is from
the bulge leads to some loss of cleavage efficiency and alsoﬁPLC analysis of reaction between oligomer (8@) and NCS-chrom

gives lower production of8 (27). Although the base (1 ,m)in 50 mM Tris'HCI (pH 8.5) buffer incubating fol h onice.
composition of the bulge has also been found to play some

role in the cleavage of the bulge, the precise role of S
nucleobases in the bulge has not been addressed. alone, indicating that these structures, presumably through

Chemical linker molecules resembling the nucleic acid Modified bulge formation or bulges of lower stability, are

backbone have been used as substitutes for nonessential€!ter than nonbulge containing duplex DNA in protecting
nucleotides within a sequenc&Q; 3. Similarly, 1,2- against NCS-chrom degradation.
dideoxyribose has been used to mimic abasic sites in an Because these experiments indicate that GS-O, ST-O, SS-
oligonucleotide 82, 33. It seemed that these moieties might O, and L-O provide effective bulge binding sites, DNA
be used as substitutes for the bulged bases in order to studyleavage experiments were conducted to examine their
the role of nucleobases in the bulge as NCS-chrom targetsubstrate properties (Figure 6). Interestingly, certain structures
sites. Thus, different oligonucleotides containing chemical that were effective in the protection experiments, such as
linker molecules, as shown in Figure 1, were synthesized GS-O, ST-O, SS-O, andqtO, were very poorly, if at all,
using phosphoramidite chemistry. Bulged structures contain-cleaved by NCS-chrom. Piperidine treatment, which ex-
ing these nucleotide substitutes were based on the doublePresses abasic site formation or any oxidized backbone,
stranded substrate-bulged oligonucleotide GT-O. yielded no increase in cleavage. Oligonucleotidesssarid

One of the characteristics of the base-catalyzed activationLsL3-O provided poor protection and showed no cleavage.
of NCS-chrom is that the inactivation rate of NCS-chrom The cleavage of oligonucleotides GS-O and ST-O was site-
can be influenced dramatically by the presence of a substrateSPecific (at the expected-8ucleotide in the bulge), although
bulged DNA and can be easily followed by the fluorescence Very weak compared to that of GT-O. Quantitation of the
increase at 550 nm (excitation at 400 nm). The presence ofDNA cleavage results are summarized in Table 2. The
substrate-bulged DNA slows the fluorescence increase disparity between the two different assays led us to examine
substantially 28), presumably by providing a tight-binding ~ the production of cyclospirolactor because, as shown
pocket. This can be used as a simple assay to assess thabove, an effective bulge (GT-O) ga@en good yield.
effectiveness of a particular DNA bulge in complex forma-  Integration of the HPLC peaks corresponding &as
tion and drug product formation. The initial rate constants summarized in Table 2. Of note is the finding that the poor
of NCS-chrom degradation observed from the fluorescence cleavage substrates GS-O and ST-O gave good yiel8s of
experiments shown in Figure 5 are summarized in Table 2. even oligonucleotide SS-O, which gave almost no cleavage,
It was found that the initial rate constants with oligonucle- also generated a significant amount&fOligonucleotides
otide GS-0O, ST-0, SS-0O, and10 are comparable to those ss-Lg, Ls-O, and LL3-O gave less than 5% vyield & It is
with substrate bulge GT-O, which implies that they act as interesting that a 20-fold excess of bulged oligonucleotide
effective bulges for complex formation. The initial rates of (100 uM), such as GT-O, GS-O, ST-O, and SS-O, yields
oligonucleotides ssd.and LsLs-O are in the middle range  the same amount of cyclospirolacto8ewith no significant
between substrate oligonucleotide GT-O and NCS-chrom other drug metabolites observable (data not shown). These
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FicUrRE 6: Cleavage of different’'52P end-labeled bulged oligo- | |OLIGO! =5 uM
nucleotides by NCS-chrom. Lanes 1, 2, 3 are with oligonucleotide 3t L =3
SS-O; lanes 4, 5, 6 are with oligonucleotide GT-O; lanes 7, 8, 9 ‘
are with oligonucleotide GS-O; lanes 10, 11, 12 are with oligo- 2.5 ®)

nucleotide ST-O; The nomenclature of oligonucleotides is described

in Figure 1. Lanes 1, 4, 7, 10 are without NCS-chrom; lanes 2, 5, 2
8, 11 are with NCS-chrom; lanes 3, 6, 9, 12 are from piperidine
treatment after reaction with NCS-chrom. The reactions were carried 1.5 4
out by incubating mixtures of'52P end-labeled oligonucleotide
(8 uM) and NCS-chrom (1kM) in 50 mM Tris-HCI (pH 8.5) at 1+
4 °C for 2 h. The mixtures contained 3% methanol.
0.5
results show that the bulge pockets formed in GT-O, GS-0O, 0
ST-O, and SS-O are effective, with varying efficiency, in 1 2 5 10 15 20 30

ag:cqmmodating cyclocgmpler@ the presump'tive bulge- _ NCS/OLIGO

binding species. Substitution of 1,2-dideoxyribose (abasic FioUre 7: Generation of cyclospirolactorgeper mole of bulged

site mimic) for either or both nucleotides at th(_e bu_lge site oligonucleotide GT of GT-O in relation to the molar ratio of NCS-

presumably generates a bulged structure, which is poorly chrom to bulged oligonucleotide GT. (A) 160V of NCS-chrom

cleavable but still an effective specific binding site, and and varying concentrations of GT. (B):BV of GT and varying

efficient in production of8. concentrations of NCS-chrom. Quantitation of formation of cy-
Thus, nucleobases in the DNA bulge are not required to clospirolactone8 at different ratios of DNA to NCS-chrom was

form an7 effective bulge pocket. The results in Table 2 show carried out using HPLC as described in Materials and Methods.

that cleavage of DNA is not stoichiometric with the genera-

tion of cyclospirolactone8. These three sets of results, GT and gave no cleavage product other than that with a 3

protection (binding), strand cleavage, aBdproduction, phosphate, consistent with solel{+&hemistry.
clearly show that while binding of a spirolactone form of One can conceive of several possible mechanisms for the
the drug to a bulge structure is necessary&dormation, generation of at least 3-fold more cyclospirolact@han

not all types of binding are sufficient for generation of the substrate-bulged oligonucleotide present in the reaction: (1)
drug product. Further, DNA strand cleavage at the bulge is low cleavage efficiency, resulting in quenching of the C6
not essential fo8 formation, although the best substrate radical by solvent; (2) repair of damaged bulged DNA; (3)
GT-0 is most efficient in all of these assays. They also show damaged but not cleaved DNA is still able to form an
that the stability of the complex comes mainly from stacking effective binding bulge for additional drug molecules; and
interactions of the drug with the helical base pairs above (4) cleaved DNA is still able to form an effective bulge for
and below the wedge-shaped drug, rather than from thethe formation of8. The term cleavage refers to strand-break
looped-out bases, which ordinarily form the third wall of formation; damage indicates chemical damage on the DNA
the triangular prism binding sitel). The poor cleavage, chain without a strand-break.
coupled with good production d, in reactions between The possibility of low cleavage efficiency by NCS-chrom
NCS-chrom and oligonucleotides GS-O, ST-O, and SS-O was explored using reactions containing 104 of 5'-32P
raises the issue of possible turnover by natural bulged DNA end-labeled oligonucleotide GT of GT-O ane-500 uM
in the formation of8. NCS-chrom (Figure 8). Cleavage efficiency of NCS-chrom
Obsewation of Turnaer in Production of8 by DNA on bulged oligonucleotide GT was expressed as the percent-
Bulge.When oligonucleotide GT-O was treated with excess age of actual cleavage over the theoretical maximal cleavage,
NCS-chrom, cyclospirolacton8 formation exceeded the where one molecule of NCS-chrom makes one cut at the
equivalency of oligonucleotide GT in bulged GT-O (Figure DNA bulge (Figure 8B). The cleavage efficiency of the
7). At ratios of drug to bulged DNA of 5 and greater, 3.0  reaction was found to be no more than 50%. Thus, at best,
3.5-fold more8 was produced than there was bulged DNA, only half the drug molecules result in a DNA cut, culminating
assuming all of the GT-containing strand was annealed toin a turnover of no higher than 2, leaving open the possibility
the opposite strand. Five-fold excess NCS-chrom resultedthat additional mechanisms f8rformation by bulged DNA
in cleavage of essentially all of the bulged oligonucleotide exist. These results also raise the question as to the basis for
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Ficure 8: Cleavage efficiency of NCS-chrom on bulged oligo-
nucleotide GT of GT-O. (A) PAGE of cleavage reactions performed
in a total volume of 4Q:L at 4 °C with 50 mM TrisHCI (pH 8.5)

and 100uM of 5'-32P end-labeled oligonucleotide GT of GT-O.
The concentration of NCS-chrom was varied from 5 to 100.
Quantitation of PAGE bands was carried out using the Phosphor-
Imager as described in Materials and Methods. (B) Cleavage

Xi et al.

a thiol reducing agent, and lowering of the concentration of
methanol (a major hydrogen source in the reaction) does not
improve the cleavage efficiency (unpublished data). On the
other hand, if the hydrogen abstraction were carried out by
C6 of biradical7a, which resembles a monoradical in its
reactivity, the DNA hydrogen abstraction process should be
less selective and less efficient. Because cyclospirolactone
o,-biradical 7a might be expected to more resemble the
relatively plana8 than6 in its binding at the bulge site, the
off-rate of 7a from the DNA bulge site should be high, and
the radical center at C6 might react with solvent, instead of
DNA deoxyribose. Actually, because C®f 7a is a sp
carbon,7amay have a structure that is intermediate between
6 and8, with intermediate binding properties. Because-C2
C8' bond formation has already occurred by this stage, the
reaction with solvent would still yield cyclospirolactoBe

The combined result of lower binding @& and more highly
reactive C6 in7a could account for the observed 50%
cleavage efficiency. These data are most consistent with the
mechanism proceeding by pathway a, as was also concluded
from the results on the solvent isotope effects.

Isolation, Purification, and Identification of 8Carboxylic
Acid-Ended Oligonucleotide FragmerBecause the rela-
tively low cleavage efficiency cannot account entirely for
the observed total turnover of 3, what other factors might
contribute to this result? Is it possible that the damaged DNA
can still form an effective bulge capable of generating
cyclospirolactone8? Might even the cleaved DNA form an
effective bulge under the influence of the wedge-shaped drug
molecule? If a DNA bulge damage intermediate were
relatively long-lived and still had the capability to form a
stable bulge pocket, then a double oxidation, i.e., sequential
single hydrogen abstractions from the target nucleotide
deoxyribose by separate molecules of NCS-chrom, might be
possible. Thus, a'farboxylic acid-ended oligonucleotide
fragment or a 5phosphate-ended fragment should be
observable (Schemes 3 and 4). As shown in Figure 9, bands
with mobilities consistent with the generation of such
products are formed and continue to increase with drug dose

efficiency is expressed as percentage of actual cleavage overyg the aldehyde product reaches a plateau or actually

theoretical maximal cleavage, assuming that one molecule of NCS-
chrom makes one cut at the DNA bulge.

the low cleavage efficiency. Since cyclospirolact@is the
only product found in the reaction with excess bulged DNA,
cleavage inefficiency is clearly not due to pathways of drug
inactivation other than that leading &formation.

It has been found that spirolactofiabinds to DNA bulge
site-specifically and tightlyKq ~ «M), whereas cyclospiro-
lactone8 (and9b) binds to DNA bulge very poorly, if at all
(29). It is reasonable to assume tlwat-biradical6é resembles
its isostructural formdain its binding to the DNA bulge. If
hydrogen abstraction from DNA were carried out by C6 of
2,6-didehydroindacene biradic#, it should be a very
efficient process, as binding éfto the DNA bulge would
be strong and its reactivity relatively low; both factors would
make for a high efficiency hydrogen abstraction. Accord-
ingly, to account for the relatively low cleavage efficiency
would require that the repair of the damaged DNA be
efficient. It is unlikely, however, that DNA repair contributes
a significant part to the observed 50% cleavage efficiency,

decreases. To identify the newly formed gel bands, they were
excised from the gel, extracted and purified. Chemical and
enzymatic methods were then used to identify the isolated
samples, as shown in Figure 10. Piperidine treatment of
isolated band AL yielded bands CA and PO with disappear-
ance of band AL (lane 4). Reductive treatment of isolated
band AL with sodium borohydride or borane gave a new
band between bands GT and AL, which has the mobility of
the B-alcohol (lanes 5 and 6). Treatment of isolated band
AL with sodium hypoiodite gave a band, which comigrated
with band CA (lane 7), consistent with the oxidation of the
5'-aldehyde to give the'&arboxylic acid. These results show
that band AL is indeed a'&ldehyde-ended fragment and
band CA is a 5carboxylic acid-ended fragment. As ex-
pected, the isolated band CA is resistant to piperidine and
calf intestinal phosphatase treatments (lanes 9 and 10). CA
band formation has been noted before in thiol-dependent
reactions with NCS-chromil@) and calicheamicin34) and
duplex DNA, but unlike the reaction described here it does
not occur when EDTA is included in the reaction. Presum-
ably, the latter prevents metal-catalyzed autoxidation of the

because the base-catalyzed cleavage reaction does not involveldehyde. Treatment of isolated band GT with piperidine
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Scheme 3: Possible Pathway for Formation of Thymidihé:ﬁrboxylic Acid-Ended Fragment
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gave no new band (lane 12). Treatment of isolated band PO,a mixture of bacterial alkaline phosphatase and snake venom
the presumed'sphosphate-ended fragment, with calf intes- phosphodiesterase gave a nonnatural nucleoside peak, which
tinal phosphatase gave a new slow movikgydroxyl-ended comigrated with authentic sample of thymidiriecarboxylic

band (lane 14). The isolated band CA was also subjected toacid (data not shown). Mass measurement of purified band
HPLC analysis. Enzyme digestion of purified band CA with CA confirmed that it was the thymidiné-8arboxylic acid-
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Ficure 9: Formation of oligonucleotide fragments bearing 5
carboxylic acid and 'sphosphate ends. Drug dose response on Y 20 40 60 80
oligonucleotide fragment formation was assessed using reactions NCS/GT (molar ratio)
containing 50 mM TrisHCI (pH 8.5), 2uM 3'-32P end-labeled B)
oligonucleotide GT of GT-O, and varying concentration of NCS- 2 0.5 (
chrom from 2 to 15uM on ice for 1 h. Identical results were 2
found whether or not 1 mM EDTA was present. Lane 1, control &
with no drug; lanes 29 with concentration of NCS-chrom at 2, 5, X
10, 20, 40, 80, 100, and 15fM, respectively. AL, GT, CA, and g
PO denote thymidine'sldehyde-ended oligonucleotide fragment, 5
starting oligonucleotide GT, thymidine-Barboxylic acid-ended :
fragment, and Sphosphate-ended fragment band 6pBCGpG- 7z 0.25|
3, respectively. The anomously slow mobility of thedBdehyde- =
ended fragment (slower than the starting oligonucleotide) is > o CA/AL
characteristic of a short oligonucleotide. As expected, gels with =
5'-32P end-labeled oligonucleotide do not show such a band, ruling - ®—PO/AL
out drug adduct formation. E
E’ o 3 e ) B & é 0 ‘ ‘ ‘ —~
. £ ; % 5 : 5 = g o 20 40 60 80
§ ; % % g, % % g g %5 g g -?3- é;‘ NCS/GT (molar ratio)
- — Ficure 11: (A) Yields of bands CA, PO, GT, and AL versus the
'-' “ molar equivalency of NCS-chrom to GT of GT-O. 100% represents
AR radioactivity in GT at the start of the reaction. (B) Ratios of yields
- of bands CA, AL, and PO versus the molar equivalency of NCS-
chrom to GT of GT-O. Calculations are based on Phosphorlmager
quantitation of PAGE of Figure 9. CA, AL, PO denotecarboxylic
- @& _‘ acid-ended fragment band-&dehyde-ended fragment band, and
5'-phosphate-ended fragment band, respectively, as indicated in
- L L Figure 9.
1 2 3 4 5 6 7 8 9 10 11 12 13 14
FiIGURE 10: Chemlcal |dent|flcat|0n Of thymldlné&arboxyllc aCid' phosphate_ended fragments m|ght therefore come from the
1_32] 4 ’ y !
ended fragment. Lanes 1 and 2, strand cleavage ii123'-> reaction of the 5aldehyde product after the cleavage reaction

end-labeled oligonucleotide GT of GT-O by NCS-chrom . . . o L
before and after piperidine treatment (PIP), respectively; lane 3, instead of being caused by sequential oxidations inside the

isolated thymidine 5aldehyde-ended fragment band (AL(i)); lane bulge pocket prior to phosphodiester bond cleavage. If the
4, piperidine treatment of isolated thymidine-@é8dehyde-ended  former were true, formation of the/-6arboxylic acid and
fragment band; lanes 5 and 6, sodium borohydride o B¢atment 5'-phosphate fragments should be proportional to the forma-

of isolated thymidine Baldehyde fragment band, respectively; lane . ] A
7, NaOl treatment of AL(i); lanes 810, isolated thymidine ' tion of the B-aldehyde, and they should not be influenced

carboxylic acid fragment band CA(j), piperidine treatment of CA(), by the molar ratio of NCS-chrom to GT, once aldehyde
and calf intestinal phosphatase treatment of CA(i), respectively; formation (and cleavage) has reached a maximum. The yields
lanes 11 and 12, isolated GT band and piperidine treatment of and the ratio of yields of bands CA, AL, and PO were thus
isolated GT band, respectively; lanes 13 and 14, isolated PO ba”dplotted against the molar ratio of NCS-chrom to GT (Figure

and calf intestinal phosphatase treatment of isolated PO band, g .
respectively. The anomously slow mobility of the hydroxyl-ended +1)- The increasing values of CA/AL and PO/AL vs NCS/

fragment produced by CIP treatment is consistent with other reports GT indicate that bands CA and PO do not come from
(35). The film was purposely overexposed. autoxidation of band AL, but come from the sequential
oxidations of the bulge nucleotide target. Consistent with
ended fragment'§(CA)TTCGG-3 (CA denotes carboxylic  earlier studiesZ8), at very high drug levels, bulge strand
acid, calcd 1507.98, found 1509.56). cleavage (and'galdehyde- and phosphate-ended fragment
The B-aldehyde fragment readily eliminates the terminal formation) actually decreased (Figures 9 and 11).
nucleoside under alkaline conditions, but, to a small extent, For the second oxidation to occur, it is required that there
also undergoes autoxidation to generate a fragment with abe a competent binding pocket at the bulge for the second
5'-carboxylic acid end X9, 34. It is conceivable that the  activated drug molecule. This seems unlikely once the strand
observed formation of the 'f&arboxylic acid- and 5 break (and 5aldehyde terminus) has formed. This was
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confirmed by experiments where a second addition 6f 10 mechanism leading to its formation in the base-catalyzed
150uM NCS-chrom for twice the incubation time (2 h) failed DNA bulge reaction is able to occur, not only because the
to increase the amount of carboxylic acid fragment formed strand-break process is relatively slow and a bulge-like
(data not shown). This result also shows that the carboxylic structure is maintained, but because the cleaving sp&eies
fragment does not result from the direct action of the drug and its final degradation produ@ bind to the bulged
on the aldehyde fragment. structure less tightly than the biradidal(29). This allows

It seems reasonable to propose a mechanism for thefor a second activated drug molecule to bind to the same
formation of the 5carboxylic acid derivative (Scheme 3), bulge site. This situation differs from the thiol-dependent
where the bulge binding pocket for the second activated drug cleavage of duplex DNA by NCS-chrom, where the biradical
molecule is maintained before the peroxyl radical intermedi- 3 and its isostructural postactivated foghboth bind tightly
ate species (C) degrades to form a strand break arld a 5 at the target site4().
aldehyde-ended fragment. In this mechanism, spirolactone
biradical 6 (actually 7a, vide supra) initially abstracts the ACKNOWLEDGMENT
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