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Abstract: A copper-based transition metal complex has been designed which performs double-stranded cleavage of
DNA in a nonrandom fashion. The complex, $@R)-5-amino-2,8-dibenzyl-5-methyl-3,7-diazanonanedioate)copper-

(I), presents an ammonium group on one side of the metal equatorial coordination plane to the DNA backbone
phosphate groups, while the aromatic phenylalanine-derived side chains are constrained to the opposite side of the
coordination plane toward the DNA groove. This structure was designed to bind at locations where phosphate
groups are in proximity to accessible hydrophobic regions of the DNA. We have estimated single-strand break to
double-strand break ratios for DNA strand scission by this complex under a variety of activation conditions, and
they are substantially lower than that predicted by statistical models for a random DNA linearization process. This
means that more double-strand breaks are produced per single strand break than can be accounted for by random
coincident single-strand breaks. We have also investigated the formation of abasic sites, and found that at least as
many abasic sites can be cleaved to linear DNA as are linearized in the initial cleavage reaction. We interpret this
to mean that the complex binds both at the intact DNA surface for strand scission, and binds at nicked sites on the
DNA (where the charged end groups of the nick are likely to be proximate to the accessible hydrophobic interior)
for reactivation and complementary strand scission. Insofar as double-strand cleavage may be more potent biologically
than single-strand cleavage as a source of lethal DNA lesions, the recognition characteristics of this complex may
aid in the design of chemotherapeutic agents.

Introduction Chart 1. Structures of Complexek and 2

Among the strategies available for chemotherapeutic treatment
of cancer is the use of naturally occurring antitumor antibidtics. )\ )\
As a group, these complex molecules create a variety of different X §1H3+ NH \Iin .INH\:
types of DNA lesions, ranging from DNA cross-linking to strand “‘Cu(ﬁ)' g f;u(ﬂ)\\ o
scission. The antitumor agents whose mode of action entails o o’ o © 0> © o
DNA strand scission fall into separate categories by mecha- 1 5

nism: those which generate a difunctional carbon-based biradi-
cal cleaving moiety (enediynésind those which form activated L . .
oxygen species (bleomycing)Both types of antibiotics can mentary strand scission to form linear DNA. The design of a

create both single-strand breaks (ssb) and double-strand break@olecule which can effect these activities must therefore include
(dsb) in duplex DNA! Double-strand breaks are thought to be & reactivatable metal center and recognition elements that bind
more significant biologically than are ssb’s as sources of cell Poth to duplex DNA and at nicked sites. We have begun our

lethality, because they apparently are less readily repaired byStudy using square-planar copper-containing metal complexes
DNA repair mechanisms that have pendant ammonium groups with amino acid side

Because of the biological and clinical importance of double- chains as recognition elements. Our initial attempt employs a

strand cleavage as a mode of cell lethality, we have investigatedl'?an?hfr?rfnework (5-6_1tr_n|nlo-s-rrl‘nethi/jl-s,7-d|azznonatnhe-1,9-d|o-
the design of a synthetic transition metal-based DNA cleavagea €) tha IXes a positively charged group above the square-
agent which performs double-stranded DNA cleavage in a non- planar coordination plane of the molecule, with hydrophobic
random fashion. A monofunctional transition metal-based amino acid side chains constrained to the opposite side of the
double-stranded cleavage agent must effect four events: nickcoordmatpn plane. ) ] ) )

positively charged ammonium group can interact with phos-
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® Abstract published iidvance ACS Abstractiay 1, 1996. chains toward the bottom of the groove, for interaction with
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(2) Goldberg, 1. H.Molecular Aspects of Anticancer DradNA used phenylalanine as the amino acid side chain group in one
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Figure 1. pUC18 DNA scission chemistry df (a) and2 (b) as a function of time as shown by agarose gel electrophoresis. Cleavage conditions:
10 uM base pairs, 12@M metal complex, 15&M sodium ascorbate, 15aM H,0,, 22.5°C, 20 mM Tris, 2.5 mM sodium acetate buffer, pH 7.5.
Reaction was quenched by the addition of 10 mM EDTA buffer after the required reaction time. Reaction times at room temperature @ lanes 1
[both (a) and (b)]: 3, 15, 30, 60, 90, and 120 min. Lane 7, DNA alone; lane 8, BNAetal complex only (120 min incubation each).

surface and to the nicked site, where the hydrophobic interior  Hydroxy Radical Assay. Hydroxy radical production byl and2

may be more accessible than in intact DNA. was assayed by a standard method with 2-demxipose followed by
quantitation of the product with 2-thiobarbituric aéfd Metal complex
Experimental Section (102uM) was reacted with 2-deoxy-ribose (1.0 mM) in the presence

) ) ) of 188 uM concentrations of kD, and sodium ascorbate ia 4 mL
UV —vis spectra were recorded on an SLM-Aminco Milton-Roy 3000 ysjyme of 20 mM phosphate buffer (pH 7.0). A high ribose

diode array spect_rophotometer. Infrared spectra were recordgd as KBreoncentration was employed to maximize trapping of hydroxy radical.
pellets using a Midac M1200 FTIR spectrophotometer. pH titrations pargie| runs containing hydroxy radical quenchers DMSO or thiourea
were performed using a Fisher Scientific pH meter. All materials were (1 ) were run under identical conditions. Reaction solutions were
reagent grade and were used without further purification unless gy enched with EDTA (2.4 mM final concentration) and stored on ice.

otherwise noted. o . Each aliquot was then reacted with 2-thiobarbituric acid at@5or
Synthesis. Complexes1°CI"-DMF-H,0 and 2°CI"-H.0 were 15 min. The chromophore concentration was measured by fluorescence
synthesized by literature procedure$. intensity at 553 nm (532-nm excitation). Fluorescence intensity was

Electrophoresis. Agarose gel electrophoresis was performed using  conyerted to concentration with a standard fluorescence curve con-
1% agarose gels under standard conditions. Samples, usually,20  siycted using known concentrations of the chromophore, synthesized
were run on horizontal gels using 100 mM Tris, 100 mM borate, and from malondialdehyde and 2-thiobarbituric adtd.Blank reactions
2 mM N&EDTA (pH 8) as buffer. Electrophoresis was continued |acking cleavage agent were included in each run, and the blank

typically for 60 min at 12 V/icm. After electrophoresis, gels were jnensity was subtracted from each experimental point.
ethidium stained and destained, and then visualized under UV light.

DNA Scission Conditions. Scission reactions were performed in
Tris (20 mM)—acetate (2 mM) buffer (pH 7.5) or 20 mM phosphate
buffer (pH 7.0) in either a 20 or 26l volume using 1M base pairs DNA Scission Chemistry. In order to assess the competence
E)L;dcirﬁs g&?fzr?('gn;'\égT Egggé';’:tr;i)sn &Zesng%eszt)’éfgftﬁ:?;'oh %f of 1 and2 for DNA strand scission, each complex was incubated

9 | AU \with pUC18 plasmid DNA under identical reaction conditions,

reaction time.
i fatio 17-21 P
For determination of AP site formatidfi,activation conditions in using ascorbate/#D, activation. As shown in Figure 1,

20 mM pH 7.5 phosphate buffer were as follows: /2@ DNA base both cpmplexes are competent to effect DNA 'strand scission.
pairs; 200uM metal complex; either 25q:M or 1 mM sodium The difference between the cleavage agents is, however, that
ascorbate/bD,. Phosphate buffer was used to avoid AP site formation under the conditions use#,converts supercoiled plasmid to a

by the amine group of Tri&. The formation of AP sites was estimated  mixture of supercoiled and nicked DNA, whileevidences a

as follows. The cleavage reaction was allowed to proceed for varying much higher DNA cleavage efficiency, producing a mixture of
lengths of time, and then the reaction mixture was diluted (1:1) with pjcked and linear DNA, with no supercoiled plasmid remaining.
either pH 12 or 7 buffer containing EDTA (1 mM) to quench the |, aqgition, the appearance of a well-defined electrophoresis
cleavage reaction. The pH of the alkaline solution was estimated to band for linear DNA byl suggests that the production of linear

be 10.4 from a parallel high-volume reaction with calf thymus DNA DNA bv 1 is due to a nonrandom strand scission event. since
under identical reaction conditions. The reaction was then incubated y ’

at room temperature for 2 h, followed by electrophoresis. The total "@NdOm cutting is expected to produce a smear of fragments.
duplex DNA quantitated for the high pH reactions was similar to that ~ Densitometric quantitation of the gel electrophoresis results
found for the neutral reactions, suggesting that the alkaline conditions presented in Figure 1a is shown in Figure 2. Compleapidly
were nondenaturing. A control lane of cleaved but unincubated DNA converts supercoiled DNA to nicked DNA ir15 min of

was used to normalize the AP lanes. reaction while complex2 produces~50% nicked DNA after

Densitometric quantitation was performed using a Macintosh Quadra 120 min of reaction (Figure 1b). Furthermore, complegin

950 equipped with NIH Image softwate. Supercoiled plasmid DNA 5 gjower process) converts nicked DNA cleanly to linear DNA
values were corrected by a factor of 1.3, based on average Iiteraturein a ~1:2 ratio of linear to nicked DNA. a reaction which

timat fl d bindi f ethidium to this structtfré. .- .
estimates of lowered binding of efhidium fo this sfructdr does not perform under the conditions used. The maximum

Results

(7) Comba, P.; Curtis, N. F.; Lawrance, G. A.; Sargeson, A. M.; Skelton,
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(11) Strauss, B.; Hill, TBiochim. Biophys. Actd97Q 213 14. B. J. Biochem. (Tokyo}985 98, 1723.

(12) The NIH Image program (written by Wayne Rasband at the U.S. (18) Mack, D. P.; Iverson, B. L.; Dervan, P. B.Am. Chem. Sod988
National Institutes of Health and available from the Internet by anonymous 110, 7572.

ftp from zippy.nimh.nih.gov or on floppy disk from NTIS, 5285 Port Royal (19) Mack, D. P.; Dervan, P. Bl. Am. Chem. S0d.99Q 112, 4604.
Rd.,Springfield, VA 22161, part number PB9304868) is public domain (20) Mack, D. P.; Dervan, P. BBiochemistry, 1992 31, 9399.
software. (21) Shullenberger, D. F.; Eason, P. D.; Long, EJCAm. Chem. Soc.
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Figure 2. DNA composition as a function of reaction time with
(quantitation of Figure 1): @) fraction of supercoiled plasmidaj
fraction of linear DNA; @) fraction of nicked DNA. Fractions are
calculated based on the total intensity of the DNA control lane, with
the nicked fractions corrected for nicked DNA present prior to reaction.

amount of form IIl linear DNA produced by cleavage witlis
reached after ca. 30 min of reaction.

The comparison ofl and 2 in Figure 1 illustrates some
significant features of the DNA scission chemistry of each. First,
it shows that bothl and 2 are competent to effect cleavage
chemistry. 1 nicks plasmid DNA much more efficiently than
2 and unlike2 can produce well-defined electrophoresis bands
of linear DNA. The difference in cleavage behavior between

J. Am. Chem. Soc., Vol. 118, No. 23, 199841

Table 1. Statistical Efficiency of Single-Strand and Double-Strand
Break Formation byl as a Function of Reaction Conditiéns

[H20g],
[ascorbate] reaction
trial  [1] (uM) (uM) time (min) m n; n/n;
1 50 188 10.0 124 0.19 6.5
2 123 150 3.0 1.88 0.24 7.8
3 82 1000 0.6 183 0.16 114
4 16 1000 4.0 212 0.18 118
5 102 150 2.0 0.97 0.05 194
6 100 150 20.0 239 012 199
7 50 150 20.0 109 0.05 218
8 123 150 2.0 1.11 0.05 222
9 150 50 60.0 260 0.11 236
10 200 50 20.0 1.23 0.04 307

a10uM base pairs puC18 DNA, 20 mM phosphate buffer, pH 7.0,
23°C.

were required, since the calculationmafandn; requires both

the quantitation of the amount of linear DNA formed during a
reaction and the amount of supercoiled DNA remaining. Since
the kinetics of nicking ofl are fast relative to the rate of
linearization, under conditions of rapid reaction, a large pool
of nicked DNA forms with little measurable supercoiled DNA
remaining, or if reaction conditions are adjusted for low rates
of reaction, supercoiled DNA remains but little linear DNA is
formed. Thus, reaction concentrations and times must be

scission if this were the case. Finally, the differences in cleavage b€ obtained.

characteristics ol vs 2 appear to be due to the phenylalanine
side chains ofl, since the molecules are matched in all other

Table 1 shows the statistical results of DNA linearization
experiments performed under a variety of reaction conditions.

respects. The aromatic side chains appear to play a role inUsing the maximunm,; value from Table 1 (which provides

binding related to both nicking and linearizing plasmid DNA,
sincel is more efficient thar? at both of these activities.
Investigation of DNA Linearization by 1. The observation
that complexl produces a well-defined electrophoresis band
for linear DNA from supercoiled DNA suggests tHatnediates
reaction at nicked sites to produce proximate cuts on the
complementary strand to form linear DNA. In order to assess

the most conservative estimate of random dsb formation), the
Freifelder-Trumbo relation suggests that approximately 120
ssb’s are required per dsb if the process is completely random.
Under all reaction conditions triedyi/n, < 120 (Table 1),
suggesting a nonrandom process for all combinations of reaction
conditions. Comparable values, in the range-6£6, have been
observed for iron bleomycin, depending on the DNA and

whether the observed linearization truly represents a nonrandom@nalytic method usetl. The statistical data in Table 1 for strand

linearization process, the statistical test of Poeitlal. that has
been used to assay bleomy?@&?®and calicheamici#tf double-

scission by complexd show that under a variety of scission
conditions, linear DNA is formed with greater efficiency than

strand cleavage was applied. This test assumes a Poisso§an b€ accounted for by proximate random cuts on opposing
distribution of strand cuts, and calculates the average numberStrands. Table 1 also demonstrates that there is no simple

of dsb’s per moleculay,, from the fraction of linear DNA after

relationship between the ultimate efficiency of dsb formation,

strand scission chemistry, and the total average number of@S indicated by the;/n, value, and the experimental variables.

single- plus double-strand breaks (+ ny), from the fraction
of remaining supercoiled DNA after reactiéh.The values for
n; andn, are found for a range of cleavage conditions. The
resulting values are then compared to the Freifeldeumbo
relationship?® which describes the number of dsb’s expected
from a process of random ssb formation.

In order to determin@; andn; for our system, a variety of
combinations of activating agent concentration, metal complex

concentrations, and reaction times were used. Varied conditions

(22) Povirk, L. F.; Wubker, W.; Kohnlein, W.; Hutchinson, Rucleic
Acids Res1977, 4, 3573.

(23) Povirk, L. F.; Houlgrave, C. WBiochemistry1988 27, 3850.

(24) Drak, J.; lwasawa, N.; Danishefsky, S.; Crothers, DPkbc. Natl.
Acad. Sci. U.S.A1991, 88, 7464.

(25) The fraction of linear DNA after scission chemistrfyy =
n; exp(=ny). The supercoiled fraction remaining after treatment, is-
exp[—(ny + ny)] (ref 22). The Freifelder Trumbo relation i, = n2(2h
+ 1)/4L, whereh is the maximum separation in base pairs between two
cuts on complementary strands that produces a linear DNA moldtete (
16), andL is the number of phosphoester bonds per DNA strand in the
plasmid € = 2686, [pUC18]) (ref 26).

(26) Freifelder, D.; Trumbo, BBiopolymers1969 7, 681.

Rather, a complex kinetic relationship appears to exist between
metal complex and activating agent concentrations and reaction
duration. A few broad generalizations can be made, however.
Low concentrations of cleavage agent require higher concentra-
tions of activating agent or longer reaction times or both for
efficient formation of dsb’s (trials 1, 3, 4). In addition, under
constant activating conditions and reaction times, increases in
cleavage agent concentration lead to increased amounts of both
ssb’s and dsb’s, resulting in similag/n, ratios (trials 6, 7 and
5, 8). Finally, the most efficient dsb formation (lowesin;
ratio) tends to occur with higher concentrations of activating
agent and shorter reaction times (triats4lys trials 9 and 10),
although this generalization is clearly affected by the cleavage
agent concentration (trial ds 4).

Cleavage as a Function of Metal Complex Concentration.
In an attempt to quantify the formation of ssb and dsb sites as
a function of the concentration df, we conducted cleavage
studies by varying concentrations of agent using constant

(27) Absalon, M. J.; Kozarich, J. W.; Stubbe Blochemistryl995 34,
2065.
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1.0 T T T T Table 2. AP Site Formation byl As Indicated by Base Treatment
a of Cleaved Plasmid
08 | _
fraction of linear DNA
06 7 reaction time  [H;02], after  neutralpH  high pH
04 (min) [ascorbate] cleavage incubation incubation
5.0 250uM 0.030 0.042 0.126

02t ] 5.0 1mM 0.088 0.071 0.146
5 10.0 250uM 0.116 0.112 0.240
‘B 00 .
9 a2 As a fraction of total cleavage product DNA based on quantitation
E ) ; , } prior to pH incubation. See Experimental Section for reaction condi-
2 b tions.
£ o8} |
S o6l _
@)

04 i

02t _

00 _

L . . . Figure 5. lonic strength dependence of pUC18 cleavagd.blyanes
0 50 100 150 200 1-8: 0, 10, 20, 50, 100, 300, 500, and 800 mM NaCl added to cleavage

[l M) buffer. Cleavage conditions: @M DNA base pairs, 12M metal
Figure 3. Study of DNA cleavage as a function of concentratiodof ~ complex, 15quM sodium ascorbate, 156M H0;,, 22.5°C, 20 mM
under two different sets of activating conditions. Cleavage conditions: Tris, 2.5 mM sodium acetate buffer, pH 7.5. Reaction was quenched
(a) 100 uM H,0,—sodium ascorbate; (b) 188M H,O,—sodium by the addition of 10 mM EDTA buffer aftel h of reaction time.

ascorbate. All reactions were 5 min in duration using(Mbase pairs Lane 9, DNA alone; lane 10, DNA- metal complex only.
pUC18 DNA and 20 mM potassium phosphate buffer at pH 7.0 and
23 °C: (@) supercoiled form | DNA; I[{1) nicked form Il DNA; (a) buffer for varying reaction times. The cleavage reaction was
linear form 1l DNA. then quenched and incubated at room temperature either under
05 ' neutral pH conditions or nondenaturing alkaline conditions (pH
' ' ' ~10.4), followed by electrophoresis and quantitation. Table 2
04| | presents the fraction of AP sites formed (based on the total
cleaved DNA) as a function of cleavage reaction time. As can
osl il be seen, the fraction of linear DNA after incubation under
N alkaline conditions rises by a factor of 2 to 3 as compared to
02 L i the fraction after incubation at neutral pH. This suggests that
for every dsb formed during the cleavage reaction there are one
01l i to two additional alkaline labile sites that are appropriately
positioned to form linear DNA upon exposure to hydrolytic
00 L . . conditions. Such sites may either be supercoiled DNA which
0 o0 150200 250 contains two closely opposing AP sites, or nicked circular DNA,
[1] M) which contains an AP site proximate to the nick on the
Figure 4. n; as a function of concentration af (M) 100uM H0,— complementary strand. In the case of bleomycin, the latter form
sodium ascorbate activation condition®) (188 uM H,O,—sodium (an AP site proximate to a nick) contributes almost exclusively
ascorbate activation conditions. to the formation of linear DNA on base hydrolygfs.

reaction time (5 min) and activation conditions. These results lonic Strength Dependence of Strand Scission Chemistry.
are presented in Figure 3. At the concentrations used, the levelgigure 5 shows the results of an ionic strength study in which
of both nicked and linear DNA appear to reach a plateau at PUC18 DNA is treated with compleg under conditions of
high cleavage agent concentration. This occurs under both setdncreasing ionic strength through added NaCl. Two separate
of activating conditions used. At lower metal complex con- ionic strength dependencies for nicking linearization of
centrations, the product distribution clearly depends on cleavageplasmid DNA are apparent. The process of linearization is
agent concentration. As expected, the plateau region is reachegignificantly more sensitive to increasing ionic strength than is
more rapidly at higher activating agent concentrations. The nicking. Virtually no linear DNA forms above 100 mM added
absence of either supercoiled or linear DNA in most of the final NaCl, while substantial amounts of nicking continue to occur.
product mixtures upon which Figure 3 is based precludes the The process of DNA nicking becomes inhibited at extremely
calculation of thew/n, ratios, so these data cannot be used for high ionic strengths, but does not stop even at 800 mM added
a direct assessment of the relationship between dsb and sstNaCl. The pattern in these data may reflect two separate binding
formation and cleavage agent concentration. Singeis events that have different electrostatic components, or the lack
dependent only on the amount of form 1Il DNA present, it can of linear DNA at higher ionic strengths may be a kinetic
be determined as a function of metal complex concentration consequence of a lower degree of nicking at higher ionic
(Figure 4). As can be seen from Figure 4, there is a linear strengths, which would deplete the substrate pool for formation
relationship between; and cleavage agent concentration over of linear DNA. Quantitation of the total amount of reacted DNA
the range studied. (nicked+ linear) per lane (normalized to the supercoiled DNA)
Formation of AP (Apurinic/Apyrimidinic) Sites. In order gives an average value of 0.830.04 over all lanes. This value
to quantitate the formation of AP sites during strand scission with its low standard deviation suggests that the same number
chemistry, strand scission was performed wiitlh phosphate of strand scission events occurs regardless of the ionic strength
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Figure 6. DNA strand scission by as a function of pH. Each pair of
lanes shows a scission experiment with an accompanying metal control
lane at identical pH; lanes—12, pH 5.60; lanes 34, pH 5.80; lanes
5—-6, pH 7.19; lanes 78, pH 7.51; lanes 910, pH 8.42; lanes 11

12, pH 8.60. Cleavage conditions as for Figure 1.

0 20 40 60 80 100 120

[2-thibarbituric acid adduct] (nM)
=

of the solution. This implies that the ionic strength-dependent

Changes are due to b|nd|ng differences. Figure 7. Production of OMby 1 and2 as assayed by the 2-deoxy-
Further confirmation of an electrostatic binding component D-fibose/2-thiobarbituric acid systenD) reaction ofl with 2-deoxy-

comes from a study of DNA scissiais pH, as shown in Figure p-ribose; @) reaction of2 with 2-deoxyp-ribose; (x), reaction ofl

6. In the low to neutral oH range. where the pendant amine of with 2-deoxyo-ribose in the presence of 1 mM thioures:)(reaction
) P ge, P of 1 with 2-deoxye-ribose in the presence of 1 mM DMSO®)X

complex1 is certainly protonated, the linearization process is oaction of2 with 2-deoxys-ribose in the presence of 1 mM thiourea.
observed. At pH values above this range, deprotonation of the
pendant amine begins, and linearization declines; however,p\a i addition to binding at the intact DNA surface. The
substantial nlqkmg is still seen. T_he formatlo_n of significant highest yields of linear DNA are found in product mixtures of
amounts of nicked DNA in the high pH region, where we 7.5 jinear to nicked DNA (Figure 2); since base-hydrolyzable
believe the complex is deprotonated (leading to a total chargg sites form in a 1:1 ratio to dsb sites, complexan produce a
on the deprotonated complex of 0), suggests that the electrostatiG,i| amount of complementary lesions ##/3 of the DNA.
contribution to the binding event associated with nicking is \we attribute the efficiency of dsb formation exhibited by
minor compared to hydrophobic and other contributions. This ¢ nhjex1 to its charged and aromatic recognition elements, as
would lead to a relative insensitivity of nicking to ionic strength, ;- qicated by the comparison with The greater efficiency of
as is observed (Figure 5). Thus, the data in Figure 5 may 1 gyer2 at hoth nicking and linearization cannot be explained
represent a situation in whlch _the_ formation of large amounts by any greater efficiency df over2 in the production of active
of nicked DNA even at high ionic strength reflects a weak gyqcieg since the opposite is the case. The simplest explanation
electrostatic contribution to binding and not a strong electrostatic ¢, he difference between the two complexes is thatinds
|nterac_t|on_. Th_|s V‘_’OUId e>_<p|a|n why the binding event assoCl- more efficiently thar? to all DNA structures involved in this
ated with I|_near|zat|on, which supposedly occurs ata _negatl_vel_y chemistry. It is also worthwhile to note that “free” copper(ll)
charged nick gap, appears to have greater sensitivity t0 I0NiC 5 jron(il) under very similar reaction conditions efficiently
strength than the binding event associated with nicking in Figure .\ put produce no quantifiable amount of form 11l DNA2
2. N . . . Nicked DNA in general has a structure very close to that of
Investigation of the ACt'Ye Species.Copper, in the presence B-DNA, with perturbations due to the nick only occurring at
of oxygen donor SPECIES, IS thogght to be able t_q form different the nick position (on both strands) and at the flanking base
OX|dqt!ve |ntermed|a'ges, depending on the s.pecmc cqmplex and pairs®3! Changes of approximatell A are estimated to occur
conditions. A nondiffusable coppepbxene intermediate has in this region® The site is likely to have'3and 5-phosphate

It;ee? in)[/oked ri‘n sprtne cligvr?g_e r?acti%?vhile infoé.r:fers, bl and 3-phosphoglycolate end groups at the nick, as these have
enton-type chemistry, which involves reiease of ditfusable y,oqn shown to be product termini of hydroxy radical-mediated

hygroxy r%qtl_cal, .Zas tt_)eelr: Stl;]ggeSteda _InDn’:l(')Adell reactions 'UNp\ A sirand scissiod? The nick gap probably allows greater
under conaitions identical to those used in cleavage, Using ,.cess to the hydrophobic interior than normally found along

2-%e§xy9;jr|bos? asa hydro(>j<y rtadlcrz]a_l tr:ap, both (:tomplegesll the DNA surface. Given that a nick provides a negatively
an t.]f?r?j uc?h razpf)rl]ngbprt()).tug S W.d'c d(?retslggc rg;coplca y charged gap in close proximity to an accessible region of the
ﬂuan me das | ? -I 'ﬁ. ?]r turic a;n t'a ucf (2 |§]ur . We DNA interior, the structure ofl may be an excellent initial
ave usec relatively high concentrations ot 2- eouybose . paradigm for a nick-binding molecular architecture.
(1.0 mM) for quantitation of radical production. The data in . : " -
Depending on reaction conditions, moderate to efficient

Figure 7 also show that in the presence of known hydroxy X . .
radical quenchers (either DMSO or thiourea), little or no product d_oublg-strand cleayage IS achle_ved]by'_l'able 1). Given the
diversity of results in Table 1, it is possible that more than one

is formed over the time course of the reaction. The formation mechanistic regime is traversed under the conditions surveyed
of product along with the quenching data are taken as evidence creg N yed.
In attempting to assess the mechanistic picture for DNA

that the cleavage mechanism of bathand 2 involves the cleavage by, it appears that three relevant points emerge from
formation of freely diffusable hydroxy radical from a Fenton the data Fir’st nick formation by is faster than the lineariza-
mechanism, and not a metadxene species. Further, complex tion rate. Ieadir,1 to formation of a lar | of nicked DNA
lis less efficient thar at the production of hydroxy radicals, . : g fo formation of & farge pool ot nicked .
(Figure 2). Next, there appears to be a linear relationship

by a factor of about 2. This may be a consequence of the fact betweem, and cleavage agent concentration (Figure 4). Finall
that 2 has twotrans coordination sites available for reaction, la earé 10 cleave t? rgoduction of hvdrox r%dical ) ossib)ll’
while 1 has only a single coordination site, since the phenyla- P yp . y y » POSSIbl
. . ! e X through a Fenton-type mechanism (Figure 7). Any mechanism
lanine side chains provide little steric clearance.
Discussion (29) Baker, A. D.; Morgan, R. J.; Strekas, T. £.Chem. Soc., Chem.
. Commun1992 1099.
The evidence presented here suggests that the structure of (30) Snowden-Ifit, E. A.; Wemmer, D. BiochemistryL99Q 29, 6017.

complexl facilitates binding of the complex at nicked sites on (31) Pieters, J. M. L.; Mans, R. M. W.; van den Elst, H.; van der Marel,
G. A,; van Boom, J. A.; Altona, CNucleic Acid Res1989 17, 4551.

(28) Sigman, D. S.; Chen, C. BCS Symp. Sefl989 402, 24. (32) Hertzberg, R. P.; Dervan, P. Biochemistryl984 23, 3934.
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Scheme 1 correlation of high concentrations of activating agents with low
@/\ ny/n; ratios (i.e., efficient dsb formation). The second scenario
[\CijH& requires the reactivation rate df for cleavage to be fast
) compared to its off-rate from the nick binding site for efficient

dsb formation. Higher activating agent concentrations should

therefore favor the reactivation rate of bouhaver the off-
rate, to lead to greater dsb formation efficiency, as is observed.
a @/\‘:./NH; From these considerations, we conclude that the second
+ [C mechanistic scenario is possible for dsb formation hy
@’ especially where cleavage reactions are run in the higher range
7
C

of activating agent concentrations. However, the first mecha-
nistic scenario (direct equilibrium between bulk solution and
nick binding sites) or an intermediate type of mechanism cannot
be ruled out based on these data, and further study is required
before any concrete conclusions can be established.

Our preliminary mechanistic assessment can therefore be
stated as follows. The double-strand cleavage of DNALby
occurs with a greater rate of ssb formation than dsb formation.

\ /NHB* This likely results in part from a much larger number of sites
% available for nicking on form | DNA than for dsb formation on
| form 1l DNA, since there is probably very little sequence

preference for nicking. In addition, there likely are differences

@/ - ) in the binding constants at the intaet nick sites (Figures 5

surface bound

and 6). Nicking probably produces a negatively charged gap
that1 recognizes by electrostatic and hydrophobic interactions.
The complementary lesions required for double-strand break
formation may be effected by a single moleculelofvhich
remains bound at the nick site after nick formation. However,
we cannot currently rule out a mechanism in whidafissociates
from the nick followed by binding of cleavage agent from bulk
'solution at the nick. In either caskappears to be competent

to recognize and bind to a nick binding site. The active species
in strand scission chemistry appears to be hydroxy radical
released by Fenton-type chemistry. The release of a diffusable
species byl can account for how a nick-bound cleavage agent
can effect damage at the complementary strand, leading either
to complete strand scission and dsb formation or to formation
of an AP site complementary to the nick.

Bleomycin is the paradigmatic transition-metal-mediated
uble-strand DNA cleavage agent. Bleomycin-mediated double-
strand cleavage of DNA was noted in early bleomycin
studies’*~36 and recognition that dsb formation by bleomycin

nick bound linear

based on these observations has to account for activation
binding at the intact DNA surface, and binding at nick sites.
With regard to the formation of double-strand breaks, the issue
of significance concerns binding at nicks. Two limiting
scenarios can be envisioned: either comdlaicks intact DNA

and returns to bulk solution, followed by subsequent binding
at a nick site either in activated form or with activation after
binding (Scheme 1,a b— c), or alternately]l remains bound

at the nicked site after nick formation while reactivation (Scheme
1, a— d) and subsequent complementary strand scission occurs
An intermediate scenario is also possiblé: may remain
electrostatically bound to the DNA surface after nick formation

(but not specifically at the nick), followed by reactivation, nick is not a random cleavage process began with the observation

binding, and scission c_he_mls_try. o by Povirket al. that bleomycin-induced double-strand scission
The _experlmental distinction between th(_ese two limiting  occurred more commonly than could be accounted for by

scenarios has generally been assessed either based on thgincigent random single-strand bredksln addition, an ionic

dependence af, alone on the cleavage agent concentration or grength dependence was observed for the formation of bleo-

on the dependence of the/n, ratio on this concentration:”-*: mycin-induced dsb’87 which was followed by the observation

A linear relationship between, andni/n; on cleavage agent ¢ anhanced cleavage opposite to a phosphate-charged gap
concentration has been interpreted to mean that only a Single(serving as a ssh model) to form a d&bin bleomycin-mediated
molecule is involved in creating both lesions to afford double- L\ A damage, the ssb/dsb ratio is independent of bleomycin

27 i . . . .
strand cleavage®’ In our study (Figure 3), as noted above, .,ncentration, supporting the idea that a single drug molecule
our system is not amenable to direct determination ofitfie, effects double-strand cleava@e®®4® Current mechanistic

ratio over a cleavage agent concentration range using a singlés qn654]s for bleomycin-mediated double-strand cleavage invoke

set of reaction cpndmons. However, there doe:_; appear to be a.o5ctivation of nick-bound bleomycin by a Cderoxy! radi-
linear relationship petweemg an_d the concentration dfovc_ar cal3 While DNA double-strand cleavage by exhibits a
a 4-fold concentration range (Figure 4), suggesting consistency. _ : :
with the second mechanistic scenario. The linear dependenceAnEi?E)‘i‘()mSCgZEJ%kHJ)l’gggaz'vz'(‘-l? 4Zamak'v H.; Tanaka, N.; Umezawa,JH.
of dsb formation shown in Figur_e 4 also appears to rule out (35) Suzuki, yH.; Nagai, K.; Akutzu, E.. Yamaki, H.; Tanaka, N.;
double-strand cleavage due to binding of any dimeric form of Umezawa, HJ. Antibiotics (Tokyo)l97Q 23, 473.

1. (36) Haidle, C. W.Mol. Pharmacol 1971, 7, 645. )

The data also contain another indication of consistency with 17(3133)9|5|_°yd’ R.S.; Haidle, C. W.; Robberson, D. Biochemistryl 978
the second mechanistic type. Table 1 suggests a general (38)Keller, T.J.; Oppenheimer, N.J. Biol. Chem1987, 262, 15144,
(39) Absalon, M. J.; Wu, W.; Kozarich, J. W.; StubbeBiochemistry

(33) (a) Gonikberg, E. M.; Odintsova, S. Mol. Biol. (Moscow)1986 1995 34, 2076.

20, 1048. (b) Gonikberg, E. M.; Odintsova, S.Nol. Biol. (Engl. Transl.) (40) Steighner, R. J.; Povirk, L. Proc. Natl. Acad. Sci. U.S.A990
1987, 20, 853. 87, 8350.
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number of these characteristics, there are significant mechanistiovhich can efficiently perform double-strand cleavage of duplex
distinctions betweed and bleomycin, since dsb formation by DNA through sequential strand scission events, when combined
1 depends on exogenous reactivation and a diffusable intermedi-with sequence-specific recognition groups, may therefore prove
ate, neither of which are features of bleomycin dsb forma- to be an important strategy in the design of antineoplastic agents.
tion 27:39
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