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double-strand DNA cleavage

A series of metal complex-substituted polyamine dendrimers have been synthesized and examined for their ability to cleave plasmid DNA in
a double-stranded manner. While photolysis of the dimetallic spermine derivative and the tetrametallic DAB-Am-4 complex led to double-
strand scission, in the larger DAB-Am-8 and DAB-Am-16 systems, DNA aggregation/precipitation was the predominant competing process

observed.

The cleavage of DNA in a double-stranded manner is a organic radical-based cleaving agehtSommon to all the

desirable goal in the development of new antibiotic and
anticancer agenfsThus, the initial structural elucidation of
the neocarzinostatin chromophore in 19858d subsequent
identification and determination of mode of action of the
calicheamicins and esperamicins in 198&sulted in the
rapid expansion of a new area of resedréhgluding the
isolation of other natural products with similarly elegant
structures and mechanisms of actfothe preparation of
synthetic analogu€sand the development of other simpler
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naturally occurring enediynes are three important features:
DNA-binding components, a triggering device, and an

unsaturated core that can cycloaromatize to produce the
diradical species that damages oligonucleotides, ultimately
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leading to cell death. Although each of these systems more difficult than single-strand events for the cellular
produces two radical centers, not all result in the same machinery to repai?.

amounts of the preferred double-strand cleaviaghich is
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In efforts to develop molecules that give rise to increased
amounts of double-strand cleavage, several groups have
designed enetetrayne-based systems with the potential of
generating multiple radical centers; but these endeavors have
met with varying degrees of success either in the synthetic
approach or in cycloaromatization studi&€4Jnfortunately,
none of the reported compounds undergo cycloaromatization
under physiological conditions suitable for DNA cleavage
studies.

One strategy to circumvent such difficulties is to connect
multiple simple radical sources that have already proven
effective for strand scission. As scaffolding for such systems,
dendrimers are ideal because they are monodisperse and
because the homogeneity of their terminal functionality
allows for the rapid attachment of the cleaving agents.
Polyamine (DAB-Am) dendrimers appear particularly well-
suited for this applicatiof! because they are protonated at
physiological pH to give positively charged ammonium
species that are electrostatically attracted to the negatively
charged sugarphosphate backbone of DNAIn the same
manner as spermine and spermidifi@dditionally, this
protonation increases their solubility in the aqueous condi-
tions required for cleavage experiments; and various genera-
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tions of these dendrimers are commercially available.

DNA by the natural enediyne dynemicin (0.75 molecules/

Therefore, we now describe the synthesis and DNA-cleaving bp'®). Form Il DNA arising from single-strand scission was

behavior of such polyamine systems functionalized with
either 2, 4, 8, or 16 equiv of tricarbonylcyclopentadienyl-

seen at ratios as low as 0.042 molecules/bp (see Supporting
Information). This number corresponds to 0.084 equiv of

methyltungsten, a simple complex that has been shownthe tungsten complex per base pair, representing an 18-fold

previously to cleave DNA in a single-strand mantfer.

improvement in single-strand cleaving efficiency over the

The syntheses of the substituted polyamine dendrimers andsimple complex, CpW(CQEHs, which gives single-strand
functionalized spermine were accomplished in a straight- cuts at 1.5 molecules/Bf.At higher concentrations (e.g.,
forward manner (Scheme 1). Combining the activated Figure 1, lane 3), the plasmid was cleaved almost completely

succinimide este?*® with spermine (1) in dichloromethane
gave a 58% vyield of the dimetallic derivativ@, and
subjecting DAB-Am-4 (4) to similar conditions with the
addition of triethylamine provided [CpW(CgHs]-DAB-
Am-4 (5) in 64% vyield. The multimetallic complexes
[CpW(COXCHs)s-DAB-AM-8 (6) and [CpW(CO)CHz]16
DAB-Am-16 (7) were prepared in an analogous manner in

to smaller linear fragments that migrate very fast through
the gel. Control experiments demonstrated that both light
(Figure 1, lane 2) and the organometallic species (Supporting
Information) were required to effect cleavage.

To investigate whether the linear DNA arises from the
accumulation of random single-strand breaks or from a true
double-strand event, the bands from a number of gels

70% and 63% yields, respectively. For the substituted (including Figure 1) were guantified.The observation of
dendrimers, these overall conversions correspond to 89%,all three forms of DNA in one reaction mixture indicates
96%, and 97% vyields per amide bond formed, and the nonrandom double-strand cleavdgéand this is supported

products were easily purified by recrystallization.

To assess the DNA-cleaving behavior of the new mol-
ecules, their photoinduced relaxation of plasmid DNA was
investigated. Varying concentrations of the functionalized

by ratios of single- to double-strand breaks/iipin Table
1). For a variety of sets of reaction conditiomg/n, values

dendrimers were photolyzed in the presence of pBR322 Table 1. Statistical Efficiency of Single-Strana) and
DNA, and the results were analyzed by agarose gel electro-Double-Strand (3) Cleavage by Spermine Derivatiae

phoresis (Figures 1 and 2) after precipitation of the DNA.

Figure 1. Cleavage of pBR322 DNA (62M/bp in 10% DMSO/

10 mM Tris buffer, pH 8) by3. Lane 1, form Il marker, lanes 2
through 5, DNA+ complex (30, 25, 20, and 18M, respectively).
Reactions in lanes 3—5 were irradiated with Pyrex-filtered light
from a 450 W Hanovia lamp for 20 min.

For the dimetallic specie3, a band corresponding to form
Il DNA resulting from double-strand cleavage was observed

precipitation

[3] (uM) method? n;° n, ni/ny
20 A 0.656 0.068 9.7
10 A 0.383 0.036 10.6
15 B 0.707 0.033 21.4
12.5 B 0.331 0.017 19.5
10.0 B 0.288 0.024 12.0

7.5 B 0.248 0.034 7.3
25 B 0.173 0.025 6.9
20 B 0.592 0.056 10.6
15 B 0.436 0.022 19.8

360 uM pBR322 DNA, 10% DMSO in 10 mM Tris buffer, pH 8, 20
min irradiation).? See Supporting Informatiod.The number of single- and
double-strand cleavage events were determined via the statistical test of
Povirk et al.'® which assumes a Poisson distribution of strand cuts.

ranged from 6.9 to 21.4, which is significantly lower than
the value expected from coincidental single-strand breaks

at dendrimer concentrations from 0.042 to 0.33 molecules/ (~750 for a 4361-bp plasmidj.

bp (2.5 to 20uM, Figure 1 and Supporting Information), a

(9) Povirk, L. F.Molecular Aspects of Anti-Cancer Drug ActioNgidle

value better than that reported for light-induced cleavage of S., Waring, M., Eds.; Verlag-Chemie: Weinheim, 1983.

Figure 2. Cleavage of pBR322 DNA (6@M/bp in 10% DMSO/
10 mM Tris buffer, pH 8) bys. Lanes 1, form Il marker; lane 2,
DNA alone; lanes 3 through 7, DNA complex (80, 40, 20, 10,
and 5uM, respectively). Reactions in lanes-3 were irradiated
with Pyrex-filtered light from a 450 W Hanovia lamp for 20 min.
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Abstracts of Papers211th National Meeting of the American Chemical
Society, New Orleans, LA; American Chemical Society: Washington, DC,
1996; ORGN 133.
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Demeneix, BAdv. Drug. Delv. Rev. 1998, 30, 85-95.
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Conform. Biol. Interact1991, 295-309. Tabor C. W.; Tabor, HAnnu.
Rewv. Biochem1976,45, 285—306.
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Photolysis of the substituted first generation dendrirber ( formation of these ensembles (by increasing the pH of the
Figure 2) also gave the appearance of form Ill DNA at mixture) or to disassemble them after photolysis (by adding
dendrimer concentrations between 5 andu20 (0.083 to SDSY), no accurate data on double-strand cleavage by the
0.33 molecules/bp). Quantitation of the amounts of the second- or third-generation systems could be obtained.
different forms of DNA further demonstrated that this was  In conclusion, it has been shown that connecting multiple
the result of double-strand breaks, wit}in, values of 20.9, radical sources together does increase the amount of true
6.9, and 5.7 for lanes 5, 6, and 7, respectively. double-strand scission events observed in plasmid relaxation

Interestingly, when the substituted second- and third- assays. The efficiency of single-strand cleavage is also
generation dendrimers,and7 (containing 8 and 16 metal  improved by the attachment of these agents to scaffolds with
centers, respectively), were studied in similar experiments an affinity for oligonucleotides; however, the DNA-recogni-
(data not shown), it was reproducibly noted at higher tion factors that lead to increased amounts of strand scission
dendrimer concentrations that the DNA was absent, even inmust be modulated to control DNA aggregation and pre-
lanes for nonirradiated samples. Closer examination of the Cipitation.
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