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thenium ratios, with copper only in one arm, single-stranded
scission is observed. With increasing copper/ruthenium ratios,
both arms may be filled with copper, and form III production
becomes clearly evident; concomitantly, the form II yield decreases
since few ruthenium complexes contain copper bound only to one
polyamine arm. At still higher Cu/Ru ratios, the form II yield
increases again, likely as the result of increased levels of free copper
ion reacting with DNA 1112

Attachment of two polyamine armlike segments to a DNA
binding moiety provides a novel route to double-stranded cleav-
age.!> Moreover, these results illustrate a first application of
copper oxidative chemistry with saturated amines. Tethering of
primary amines, such as tren, therefore, to a DNA binding agent
provides a synthetically simple route to deliver metal-activaied
chemistry to one or both DNA strands.
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(11) Copper coordination sites, either on the DNA bases or phosphates can
compete with Ru(DIP),Macro™ for metal ions (DNA nucleotide/metal ratio
~3).

(12) As long as sufficient copper ion is available for occupation of both
polyamine arms, lower molecular weight linear DNA fragments are observed
(see Figure 1B). If the cleavage sites of A-Co(DIP),** in pPBR322% are used
as a means of orienting the observed fragment bands obtained by the reaction
of Ru(DIP),Macro™ with DNA, molecular weights for these linear fragments
are then consistent with the cleavage pattern seen with A-Co(DIP),’*.

(13) See: Schultz, P. G.; Dervan, P. B. J. Am. Chem. Soc. 1983, 105,
7748. Schultz, P. G.; Dervan, P. B. Proc. Natl. Acad. Sci. U.S.A. 1983, 80,
6834. Helene, C. ASBC Symposium 1986 for alternative schemes for dou-
ble-stranded cleavage.
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DNA strand scission reactions are of considerable interest both
in understanding the ubiquitous phosphate ester hydrolysis re-
actions carried out in nature and in designing new artificial re-
striction enzymes. Many of the enzymes which carry out nu-
cleophilic displacement reactions on phosphate esters require metal
cations for activity,'™ and several model systems have elucidated
the importance of an intramolecular attack of hydroxide coor-
dinated to a metal cation on the phosphate ester to achieve nu-
cleophilic substitution.*® Small molecular DNA cleaving agents

(1) Walsh, C. Enzymatic Reaction Mechanisms; W. H. Freeman: San
Francisco, 1979.

{(2) Metal Ions in Biology; Spiro, T. G., Ed.; 1983; Vol. 5.

(3) (a) Coleman, J. E.; Gettins, P. Adv. Enzym. 1983, 55, 381-453. (b)
Wuy, F. Y.-H.; Wu, C.-W. Met. Ions Biol. Sys. 1983, 15, 157-192. (c) Barton,
J. K.; Basile, L. A.; Paranawithana, S. R. J. Biol. Chem. 1982, 257,
7911-7914. .

(4) Westheimer, F. H. Science (Washington, D.C.) 1987, 235, 1173-1178.

(5) Eichhorn, G. L.; Shin, Y. A. J. Am. Chem. Soc. 1968, 90, 7322-7328.

(6) (a) Milburn, R. M.; Gautam-Basak, M.; Tribolet, R.; Sigel, H. J. Am.
Chem. Soc. 1985, 107, 3315-3321. (b) Scheller-Krattinger, V.; Sigel, H.
Inorg. Chem. 1986, 25, 2628-2634. (c) Sigel, H.; Hofstetter, F.; Martin, R.
B.; Milburn, R. M.; Scheller-Krattinger, V.; Scheller, K. H. J. Am. Chem.
Soc. 1984, 106, 7935-7946. (d) Sigel, H.; Amsler, P. E. J. Am. Chem. Soc.
1976, 98, 7390-7400.

(7) (a) Jones, D. R.; Lindoy, L. F.; Sargeson, A. M. J. Am. Chem. Soc.
1984, 106, 7807-7819. (b) Kenley, R. A; Fleming, R. H; Laine, R. M; Tse,
D. S.; Winterle, J. S. Inorg. Chem. 1984, 23, 1870-1876.

(8) Gellman, S. H.; Petter, R.; Breslow, R. J. Am. Chem. Soc. 1986, 108,
2388-2394.

Co2+ Zn2+ Cd2+ Cul+ Pb2+

II

Figure 1. Cleavage of supercoiled I pBR322 DNA to the nicked II form
by Ru(DIP),Macro™ in the presence of 160 uM added metal (from left
to right) Co?*, Zn?*, Cd?*, Cu?*, Pb?* and DNA control.

Table I. Metal Ion Promoted Cleavage by Ru(DIP),Macro™ and
Religation of pBR322 DNA

added metal ion cleavage®? % religated /cleaved®?
Cu(1I) 73 (100) 14
Co(II) 64 (88) 9
Zn(II) 30 (41) 38
Cd(II) 29 (40) 39
Pb(II) 29 (40) 39

9Metals were added at a concentration of 160 uM. Cleavage was
conducted with 7 uM Ru(DIP),Macro, 360 uM DNA-phosphate, in-
cubated for 5-7 h at 37 °C, pH 8.5. ®Percent form Il DNA produced
after subtraction of form II DNA in the control. Relative percent ef-
ficiencies are given in parentheses. ¢Percent religation is calculated
after subtraction of the percent closed circular DNA from parallel
samples in the absence of ligase. “Zero religation is apparent after
cleavage with cobalt or copper phenanthroline complexes (see ref 25).

have been developed by coupling instead redox active metal ions
to a DNA binding moiety.'®'2 We report here the metal-activated
cleavage of DNA by small molecules through phosphodiester
hydrolysis, yielding products which may be religated enzymatically.

Figure 1 shows the result of cleavage of plasmid pBR322 by
Ru(DIP),Macro™ 3 in the presence of a variety of added metal
ions. After 5 h at 37 °C with 7 uM Ru(DIP),Macro™, conversion
of form I supercoiled (360 uM nucleotides) to form II (nicked)
DNAP is apparent in the presence of metal ions (160 uM) that
are redox active and those that are not. A nonredox cleavage
mechanism is therefore needed to account, at least in part, for
these strand scission reactions. Also addition of ZnM magnesium
ion yields no appreciable DNA cleavage and ferrous ion promotes
extensive cleavage. Little cleavage was found under comparable
conditions by the metal ions alone, in the absence of Ru-
(DIP),Macro™. The efficiency of DNA cleavage with added
metal decreases in the order Cu(II) > Co(II) > Zn(II) = Cd(II)
=~ Pb(II).

An enzymatic assay was performed by using T4 DNA ligase
to determine whether the cleaved products were those consistent

(9) Brown, R. S.; Dewan, J. C.; Klug, A. Biochemistry 1985, 24,
4785-4801.

(10) (a) Dervan, P. B. Science (Washington, D.C.) 1986, 232, 464-471.
(b) Wade, W. S.; Dervan, P. B. J. Am. Chem. Soc. 1987, 109, 1574-1575.

(11) (a) Sigman, D. S. Acc. Chem. Res. 1986, 19, 180-186. (b) Chen,
C.-H. B.; Sigman, D. S. Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 7147-7151.

(12) (a) Barton, J. K. Science (Washington, D.C.) 1986, 233, 727-734. (b)
Muller, B. C,; Raphael, A. L.; Barton, J. K. Proc. Natl. Acad. Sci. US.A.
1987, 84, 1764-1768. (c) Mei, H.-Y.; Barton, J. K. J. Am. Chem. Soc. 1986,
108, 7414-7415.

(13) DIP = 4,7-diphenyl-1,10-phenanthroline and Macro = 4,7-
[(NH,CH,CH,),NCH,CH,NHSO,C;H,]-1,10-phenanthroline. See: Basile,
L. A; Barton, J. K., preceding paper in this issue. Ru(DIP),Macro™ has at
its core the Ru(DIP);** DNA binding moiety but also contains two polyamine
tridentate!'* armlike segments to deliver metal ions to the phosphate backbone.

(14) There is some possibility of tetradentate coordination involving the
deprotonated sulfonamide nitrogen, but the probability of such coordination
will vary substantially with the metal ion and pH. See: Sigel, H.; Martin,
R. B. Chem. Rev. 1982, 82, 385-426.

(15) At high divalent metal concentrations (greater than 250 uM), a
substantial level of nonrandom form III (linear) DNA production has been
observed. In experiments described here, added metal concentrations were
maintained at 160 uM to facilitate analysis of religation experiments. At lower
metal concentrations, where the polyamine arms are not fully occupied, only
form II DNA is observed.
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with hydrolysis of the phosphodiester linkages.’ The efficiency
of religation after cleavage by these differing metal ions in the
presence of Ru(DTP),Macro™ 18 is given in Table 1 along with
cleavage efficiencies for the different added metals. As may be
seen in the table, the greatest extent of religation is apparent with
the nonredox active metal ions: Zn(IT), Cd(II), and Pb(II). The
efficiency of religation'® of cleaved DNA is 40% for these metals
and may be compared to the 50% yield that one would expect if
hydrolysis gave the equally probable 3’- and 5’-phosphate prod-
ucts.>2021  Despite high levels of cleavage, only a small but
significant level of religation is found both with cobalt and copper;
these cleavage reactions must be operating at least in part through
redox chemistry.?2%

So as to determine whether Ru(DIP),Macro™ acts essentially
to deliver locally high concentration of metal ion to the DNA helix
for nucleophilic attack, we examined DNA cleavage by the same
metal ions also in the presence of phenanthroline, The same trend
with coordinated phenanthroline complexes?* as was seen for
Ru(DIP),Macro™ is apparent, though with lower efficiency.
Relative levels of cleavage? for the phenanthroline complexes were
1.0, 0.49, 0.20, and 0.25 upon coordination with Cu(II), Co(II),
Zn(II), and Cd(I1), respectively, a series which resembles that
seen upon activation of Ru(DIP),Macro™. Moreover a low level
of religation has been detected with the phenanthroline complexes
of the nonredox active metal ions, zinc and cadmium.

These results illustrate how DNA strand scission may be ac-
complished nonoxidatively. In our model, a DNA binding moiety
may be coupled to a metal cation so as to deliver its coordinated
nucleophile to the phosphate backbone for hydrolysis of the anionic

(16) DNA samples were cleaved by Ru(DIP),Macro™ with added metals
to the same extent (to provide a constant form II substrate concentration) and
allowed to react with T4 DNA ligase, which requires 5’-phosphate and 3’-
hydroxyl termini for ligation.!” After reaction with 5-7 units of T4 DNA
ligase for 6 h at 4 °C, samples in the presence or absence of ligase were treated
with proteinase K containing 0.4% SDS and 3 mM EDTA and then ethanol
precipitated at =20 °C. All samples were then resuspended in buffer con-
taining 50% glycerol and bromphenol blue and electrophoresed on 1% agarose
gels containing 2 uM ethidium in the gel and gel buffer. After electrophoresis
at 50 V for 2 h, the gels were illuminated from below with ultraviolet light
and photographed. DNA-bound ethidium in the gel unwinds and therefore
resolves relaxed closed, religated DNA from the nicked circular form. The
mobilities of each DNA form were determined by comparison to religated
controls (DNA nicked initially by a restriction enzyme and then religated).
Levels of religation were quantitated by densitometry.

(17) (a) Weiss, B.; Jacquemin-Sablon, A.; Live, T. R.; Fareed, G. C,;
Richardson, C. C. J. Biol. Chem. 1968, 243, 4543-4555. (b) Murray, N. E.;
Bruce, S. A.; Murray, K. J. Mol. Biol. 1979, 132, 493-505.

(18) DNA with bound Ru(DIP),Macro”" and added metal inhibits ligase
to a varied extent. Bound ruthenium may be removed to the greatest extent
by DNA treatment with DMSO or tren. DNA nicked by a restriction en-
zyme, incubated with Ru(DIP),Macro™ and metal, and followed by wash with
0.3 M NaCl, EDTA, and then several ethanol precipitations, inhibits the
conversion to the relaxed closed form by as much as 50% after treatment with
ligase.

(19) It should be noted that because the assay measures ligation by the
conversion of form II DNA to the completely closed circle, if a mixture of
hydrolytic and redox cleavage products occur on the same circle, religation
of the hydrolytic species would not be detected; the assay therefore indicates
religation only if cleavage is solely through a hydrolytic path.

(20) In the absence of a stereochemical bias imposed by the cleaving
moiety, nucleophilic attack on the phosphodiester could yield both the §/-
phosphate, 3’-hydroxyl and 3’-phosphate, 5’-hydroxyl termini, despite even
small differences in acidity (see, for example, ref 8). We have on occasion
observed with the nonredox active metal ions religation efficiencies as high
as 89%. Such a stereochemical bias for cleavage to the S’-phosphate may be
rationalized based upon binding and reaction from the major groove.

(21) Eichhorn, G. L.; Tarien, E.; Butzow, J. J. Biochemistry 1971, 10,
2014-2019.

(22) Redox active metals would appear not to be advantageous for metal
activation of naturally occurring DNA binding enzymes.

(23) HPLC analysis showed high levels of free bases released for the
cobalt-promoted reaction, consistent with oxidative cleavage of the sugar
moiety in the presence of cobalt.

(24) A stoichiometry of 2.5:1 phenanthroline per metal ion was employed
in these reactions to maintain some level of unsaturation in coordination in
these labile complexes. A mixture of mono-, bis-, and tris-substituted phen-
anthroline complexes is most likely to be present.

(25) For these reactions metals were added at a concentration of 33 uM.
Cleavage was conducted with 33 uM DN A-phosphate, incubated for 7 h at
50 °C, pH 9.0. After this incubation, percent form IT DNA produced was
81, 39, 16, and 20 for Cu(II), Co(II), Zn(II), and Cd(II), respectively.
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diester. The reactions described here are not efficient, especially
in comparison to oxidative chemistry, and the parameters to
optimize efficiency, e.g., coordination number, geometry, and
ligand set, need still to be determined. Yet this work may be
usefully applied to elucidate the mechanisms of natural endo-
nucleases and in the development of artificial restriction enzymes.
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An efficient catalytic conversion of methane to a less volatile
fuel would be of considerable practical importance.? Recently,
several homogeneous transition-metal complexes have been found
to oxidatively insert into the methane carbon-hydrogen bond.
However, this addition is reversible, and only a limited number
of reactions of the coordinated methyl group have been found to
date.?® In this communication, we describe a new transformation
of coordinated methyl groups, illustrated schematically in eq 1.
This oxidative disproportionation converts half of the methyl
groups to coordinated ethylene, which is readily displaced from
metals.

H

H\
-4¢"
L M=]]
n

H

+ 2CH, + 31LM

Cl
4 L M—CH,
n

.

H
(1)

Methyl complex (n’-CsHs)Re(NO)(PPh,)(CH,) (1),* ferric-
inium cation [(7°-CsH;),Fe]**PFs~ (1.0 equiv), an internal
standard, and CD;CN were combined at —78 °C and then warmed
(eq 2). Gas evolution occurred when the CD;CN melted (ca.
—46 °C). The reaction was monitored by 'H and *'P NMR, which
showed (-15 °C) the formation of methylidene complex [(5°-
CsHs)Re(NO)(PPh,)(=CH,)]*PF¢~ (2, 47%), deuterioaceto-
nitrile complex [(n°-CsHs)Re(NO)(PPh,;)(NCCD,)]*PF¢ (3-ds,
51%),’ and methane (6 0.18). We have previously reported that
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