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Abstract: Ni(ll) chelated peptides of the form NHXaa-Xaa-His-CONH (Ni(ll) -Xaa-Xaa-His) mediate
deoxyriboselamage through C4H abstraction of a targeted nucleotide when activated with K§i@&one),

MMPP (magnesium monoperoxyphthalate), a0l The products released and identified in comparison to

the authentic C4-H oxidant Fe(ll}bleomycin included fragmented DNA terminating ighosphates, '3
phosphates, and-phosphoglycolates; upon treatment of Ni{faa-Xaa-His cleavage reactions with NaOH

or NHoNH,, fragmented DNA 3termini were released consistent with the intermediate formation of keto-
aldehyde abasic (alkaline-labile) sites. In addition, nucleobases and nucleobase propenals were detected in
proportions consistent with abasic site arygpBosphoglycolate termini formation, respectively. These results
indicate that Ni(ll)Xaa-Xaa-His metallopeptides, like Fe¢bjeomycin, degrade DNA through two pathways
resulting from an initial C4-H modification. Importantly, the partitioning between these two pathways appears

to be dependent on the structure of the NifBa-Xaa-His metallopeptide employed in the cleavage reaction
and the nucleotide sequence targeted. Further studies also indicate that metallopeptide activation with KHSO
MMPP, or HO; yields identical reaction products and sequence-selective DNA cleavage suggesting the
formation of a common “activated” metallopeptide responsible fdr-Edeoxyribose damage, quite possibly

a metal-bound hydroxyl radical. These studies also demonstrate that metallopeptide activation with KHSO
is condition-dependemnesulting in (1) C4-H damage in common with MMPP or-B, under relatively “low”

ionic strength conditions (10 mM Na-cacodylate, pH 7.5, equimolar Kit8€tallopeptidepr (2) guanine
nucleobase oxidation under higher ionic strength conditions (100 mM NaCl, 10 mM phosphate, pH 7.0, excess
KHSO).

to control the chirality of select stereocenters, make Ni(ll)
Xaa-Xaa-His metallopeptides attractive models to further our
knowledge of small molecutenucleic acid recognition prin-
ciples? In addition to the tripeptides alone, similar metallopep-
tides employed as appendages to much larger DNA binding
motifs have also contributed to our understanding of macro-
molecule-DNA interactions through affinity cleavage; in these
experiments, purine and pyrimidine nucleotides adjacent to sites
of affinity binding are cleaved by the oxidizing potential of the
chemically activated metallopeptide moiéty.

The design of Ni(Il)Xaa-Xaa-His metallopeptides is based
on the characterized metal chelation exhibited by Gly-Gly®His.
This tripeptide, which mimics the amino-terminal, square planar
Cu(ll)-chelating domain of serum albumins, binds Cu(ll) or Ni-

Introduction

Metallopeptides of the general form Ni(iRaa-Xaa-His
(where Xaa-Xaa-His is Nj{Xaa-Xaa-His-CONH and Xaa is
any amino acid) can be activated to selectively degrade DNA
via a minor groove binding interactidn.The site-selectivity
exhibited by Ni(llyXaa-Xaa-His appears to derive from the
identity and chirality of the amino acids included in the
tripeptide, e.g., Ni(IBLys/Arg-Gly-His was found to modify
A/T-rich regions while Ni(llyGly-p-Asn-His was found to
modify 5-CCT sitest Given their use of amino acid side chains,
Ni(Il) -Xaa-Xaa-His metallopeptides stand unique among metal-
based nucleic acid cleavage reagénits their ability to
incorporate and position within a metal complex framework the
same chemical functionalities (e.g., guanidinium, amide, or
amine moieties) used by proteins and antitumor natural products (3) () Kopka, M. L.; Yoon, C.; Goodsell, D.; Pjura, P.; Dickerson, R.
for the molecular recognition of DNA and RNA. These E. Proc. Natl. Acad. Sci. U.S.A985 82, 1376. (b) Zimmer, C.; Wahnert,

features, coupled to their relative ease of synthesis and the ab|I|tyU Pfog Biophys. Mol. Biol1986 47, 3L. (c) Rhee, Y.; Wang, C.; Gaffney,
; Jones, R. AJ. Am. Chem. S0d.993 115 8742
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(I in a 1:1 complex at physiological pH through the histidine peroxyphthalate (MMPP), or #D;]. These results argue for
imidazole nitrogen, two deprotonated amide nitrogens, and thethe formation of a common “activated” metallopeptide which
terminala-amine with a 1016—10-17 M dissociation constant.  is responsible fodeoxyribosedamage under conditions used
Importantly, the Xaa-Xaa-His ligand system can be chemically to examine the site-selectivity of these metallopeptidds.
activated in the presence of Cu(ll) or Ni(ll) to produce oxidizing addition, conditions are delineated under which deoxyribose
equivalents capable of effecting DNA cleavagje’and proteif modification by Ni(llyXaa-Xaa-His can be suppressed leading
modification. In contrast to many synthetic, metal-based DNA to the nearly exclusive oxidation of guanine nucleobases
oxidizing reagent$; activated Ni(llyXaa-Xaa-His peptides (piperidine/heat-labile sites).
appear to operate via the formation of a nondiffusible, complex-
centered oxidant; the active metallopeptide so-formed is bound Experimental Section
in the DNA minor groove resulting in deoxyribose sugar ring
modification of targeted purinend pyrimidine nucleotide$:*>

In addition to reports of deoxyribose modificatibh®a recent
study? has shown that Ni(IFLys-Gly-His, when activated with

Peptide Synthesis.All protected amino acids were purchased from
Bachem California. Peptide syntheses were carried out by conventional
solid-phase methodologiégollowed by reverse phase HPLC purifica-
tion and verification by FAB-MS. Each purified, synthetic carboxamide
excess oxone (KHSfpor through sulfite autoxidation, results tripeptide, upon complexation to either Cu(ll) or Ni(ll), yielded visible
in the oxidation of guanine nucleobaseghout deoxyribose al_Jsorbance spectra (Clinax = 525-527 nm,e = ~108 Mt cm'?;
modification. This nucleobase-centered oxidation was found Ni: Amax 420-422 nm,e = ~120 M™* cm™, pH 7.5, 25 mM Na-
to yield piperidine+ heat-labile DNA lesions and implicated a ~ cacodylate) and 1:1 titrations of peptide:metal ion characteristic of
“caged” (i.e., metallopeptide-bound) sulfate radical as the active square planar QIy-GIy-His metallopeptio%s@\ll_ molecular models of
DNA oxidant. In light of the possibility of both deoxyribose- the metallopeptides employed throughout thlz study were based on the

. - reported crystal structure of Cu(iBly-Gly-His.62
andnucleobase-centered mechanisms of DNA degradation, we o -

. - . Cleavage of DNA Restriction Fragments for Termini Analyses.
have sought to more clearly define the chemistry of Ni(ll)

. . : o . All enzymes utilized were from commercial sourcest-3P] dATP
Xaa-Xaa-His-mediatedeoxyribosenodification and the active and [-?P] ATP were obtained from NEN-Dupont. Restriction

species respon_sible for this damage. |nC|Ud(?d herein are _StUdie%agments bearing' 32P end-labeled termini were prepared by digesting
of the mechanism of DNA cleavage by Ni(lRaa-Xaa-His supercoiled pB322 plasmid (BRL) withEco RI restriction endonu-
eptides (e.g., Ni(IFLys-Gly-His and Ni(ll}Gly-Gly-His clease followed by ‘3end-labeling with terminal deoxynucleotidyl
pep g Y y-Gly
which demonstrate (1) deoxyribose damage involving-G# transferase andof®2P] dATP with a final digestion withAat 11.12
abstraction that is comparable to that exhibited by the glyco- Alternatively, 3-P end-labeling was achieved by digestingR#22
peptide antibiotic Fe(IFpleomycirt® and (2) identical patterns with Aat Il followed by a sequential treatment of the restricted DNA
of DNA damage regardless of the peracid/peroxide-based with bacterial alkaline phosphatasg;¥P] ATP and T4 polynucleotide

o . kinase!? and a final digestion witfEco RIl. The resulting 5%2P and
activating agent employed [KH3@oxone), magnesium mono- 3'-32P end-labeled 71 base pair fragment (which includeR3®2

nucleotides 4291 4361) was purified by 6% preparative nondena-

(6) (@) Camerman, N.; Camerman, A.; Sarkarn. J. Chem1976
54, 1309. (b) Lau, S.-J.; Kruck, T. P. A.; Sarkar, B.Biol. Chem1974
249 5878. (c) Lau, S.-J.; Laussac, J.-P.; SarkaB®chem. J1989 257,
745. (d) lyer, K. S.; Lau, S.-J.; Laurie, S. H.; Sarkar,Bochem. J1978
169 61. (e) Harford, C.; Sarkar, BAcc. Chem. Re$997, 30, 123.

(7) Chiou, S.-H.; Chang, W.-C.; Jou, Y.-S.; Chung, H.-M. M.; Lo, T.-

B. J. Biochem1985 98, 1723.

(8) (@) Cuenoud, B.; Tarasow, T. M.; Shepartz, Petrahedron Lett.
1992 33, 895. (b) Brown, K. C.; Yang, S.-H.; Kodadek, Biochemistry

1995 34, 4733.

(9) Muller, J. G.; Hickerson, R. P.; Perez, R. J.; Burrows, Cl. Am.

Chem. Soc1997, 119 9, 1501.

(10) (a) Hecht, S. MAcc. Chem. Re4986 19, 383. (b) Stubbe, J;

Kozarich, J. W.Chem. Re. 1987, 87, 1107.

turing gel electrophoresis and isolated by electroelution.

Cleavage reactions were carried out in a 20 total volume
containing calf thymus DNA (5@M base pair concentration) and3
10" cpm of 32P end-labeled restriction fragment in 10 mM sodium
cacodylate buffer, pH 7.5. Reactions were initiated through the
admixture of DNA and equimolar amounts of preformed Ni{li)s-
Gly-His and oxone and quenched after 1 min with the addition of 3

(11) Stewart, J. M.; Young, J. [5olid-Phase Peptide Synthedierce
Chemical Co.: Rockford, IL, 1984.

(12) Maniatis, T.; Fritsch, E. F.; Sambrook,Molecular Cloning Cold
Spring Harbor Laboratory, 1982.
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uL of a 0.2 M EDTA solution. Alternatively, Fe(ltpleomycin- a Rainin Microsorb C-18 column. Products were eluted isocratically

mediated cleavage reactions for comparative purposes were initiatedwith 0.1 M ammonium acetate, pH 6.8, using a flow rate of 1 mL/min.

through the admixture of equal amounts of bleomycin (Sigma) and Product elution was monitored at 260 nm and quantitated through

freshly dissolved Fe(Np(SQy),, incubated at GC for 30 min with comparison to authentic standards of each nucleobase.

labeled restriction fragment, and quenched with EDTA. The analysis of thiobarbituric acid-reactive product rel&asas
After treatment as described above, all reaction mixtures were ethanolperformed on reaction mixtures (3@Q total volume) containing 500

precipitated with the addition of 16L of 3 M sodium acetate and 60  «M calf thymus DNA (base pair concentration) and 4@ Ni(ll) -

uL of EtOH. The precipitated DNA was washed with a small volume Xaa-Xaa-His in 10 mM sodium cacodylate (pH 7.5). Reactions were

of 70% EtOH, dried, and either analyzed directly or chemically and initiated upon the addition of oxone (4QtM final concentration),

enzymatically treated to determine the nature of the termini at the sites allowed to react for 1 min, and quenched by heating at@Gor 5

of cleavage (see below). Reactions with and without post-cleavage min. Each reaction was then treated with 1800f a 1% 2-thiobar-

modifications were resuspended iruB of 80% formamide loading bituric acid (TBA) solution in 50 mM NaOH and 15@ of 25% HCI

buffer (80% v/v formamide, 1 mM EDTA, 0.1% xylene cyanol, and (v/v) for 15 min at 100°C. After completion, the absorbance of each

0.1% bromphenol blue) and, along with Maxa@ilbert G + A reaction at 532 nm was measured. Product release was quantitated

sequencing reactiord$ heat denatured at 9T for 5 min and quick- using an extinction coefficient for TBA-malondialdehyde of *&.0°

chilled on ice. All samples were loaded onto 20% (19:1) polyacryl- M~tcm .

amide/7.5 M urea sequencing gels and electrophoresed at 1500 V for Determination of the Effect of Radical Scavengers on DNA

approximately 12 h, transferred to a cassette, and storeer@at°C Cleavage by Ni(ll)-Lys-Gly-His Activated with KHSO 5, MMPP,
with Kodak X-omat film. or H;0,. In a total reaction volume of 2@L, 15 uM preformed
Chemical Treatment of Ni(ll) -Peptide-Modified DNA for Ter- Ni(ll) -Lys-Gly-His was incubated with 2aM base pair ofpX174

mini Analyses. Dried reaction mixtures (produced as described above) RF plasmid DNA in the presence or absence of either 50 or 100 mM
were treated with either 10L of 0.1 N NaOH (60°C for 5 min), 40 ethanol, tert-butyl alcohol, DMSO, or mannitol. Reactions were
uL of 0.1 N n-butylamine (9C°C, 30 min), or 1Q:L of 0.1 N NH,NH, initiated upon the addition of 16M KHSOs for 1 min, 30uM MMPP
(25°C for 1 h). Upon completion of each treatment, all reactions were for 9 min, or 15 mM HO, for 20 min. Reaction mixtures were
EtOH precipitated in 0.3 M sodium acetate (reaction mixtures that were quenched by the addition of/ZL of 0.2 M EDTA and 4uL of a gel
subsequently phosphatase-treated were neutralized with 0.1 N acetidoading buffer containing 0.25% xylene cyanol, 0.25% bromophenol
acid before precipitation). Reaction mixtures treated with Na@ere blue, and 30% glycerol. Parallel analyses of the cleavage of plasmid
dissolved in 1QuL of 0.5 M NaBH,, incubated at OC for 1 h, and DNA by Fe(ll))EDTA were performed similarly except that the
then quenched with 1@L of 0.5 M acetic acid followed by EtOH supercoiled DNA substrate was cleaved upon the addition of 40 mM
precipitation. Reactions were analyzed by gel electrophoresis asH:20. and 40 mM sodium ascorbate to premixed FERDTA (4 uM
described in the previous section. FeSQ with 8 uM EDTA) in the presence or absence of the radical
Enzymatic Treatment of Ni(ll) -Peptide-Modified DNA for Ter- scavengers listed above. Fe(HDTA reactions were quenched after
mini Analyses. The presence of'5or 3-phosphate termini were 2 min by the addition of ZL of 0.4 M thiourea and 4L of the loading
detected through their selective enzymatic removal. The presence ofbuffer described above.
a 3-phosphorylated termini was tested usinggdlynucleotide kinase. All reactions listed above were analyzed on 0.9% agarose gels
Cleavage reactions (produced as described above) were dissolved ir{containing 0.5:g/mL ethidium bromide) which were electrophoresed
25ul of H,0, heat-denatured at S€ for 5 min, and quick-chilled on at 70 V for 2 h followed by visualization on a UV transilluminator.
ice. Subsequently, 24 of buffer (20 mM Tris-HCI, pH 7.5, 20 mM Quantification of DNA cleavage was performed by dividing the total
MgCl,, and 10 mMg-mercaptoethanol) was added to each denatured quantitated amounts of form H- form 1ll DNA produced in each
DNA sample followed by 2uL of T, kinase (20 units). Reactions reaction by the total amount of DNA present (final value obtained
were incubated at 37C for 1 h followed by EtOH precipitation and ~ multiplied by 100); a correction factor of 1.47 was multiplied to the
gel analysis as described above. The presence spadsphorylated values obtained for form | DNA to adjust for differential stainitfg.
termini was tested using bacterial alkaline phosphatase (BAP). Cleav- Condition-Dependent Cleavage of DNA Restriction Fragments

age reactions were dissolved in 40 of 10 mM Tris-HCI, pH 8.0, by Ni(ll) -Lys-Gly-His + KHSOs. Restriction fragments bearing

120 mM NacCl, and 20 units of BAP. Upon incubation at®&5for 1 3-32P end-labeled termini were prepared by digesting supercoiled

h, reactions were EtOH precipitated and analyzed by gel electrophoresis pBR322 plasmid withEco RI restriction endonuclease followed by 3
Comparison of DNA Restriction Fragment Cleavage by Ni- end-labeling with terminal deoxynucleotidyl transferase amé?P]

(II) -Xaa-Xaa-His Activated with KHSOs, MMPP, or H,0,. Restric- dATP with a final digestion withRsal. Alternatively, 3-32P end-

tion fragment preparation and metallopeptide cleavage reactions werelabeling of the complementary strand was achieved by digesting
carried out essentially as described above. Th&m end-labeled pBR322 withEcoRl followed by a sequential treatment of the restricted
restriction fragment employed in this analysis was prepared by digesting DNA with bacterial alkaline phosphatase;¥P] ATP, and T4 poly-
supercoiled pB322 plasmid withEco RI restriction endonuclease  nhucleotide kinase, with a final digestion wiltsal. Each end-labeling
followed by a sequential treatment of the restricted DNA with bacterial produced a 167 base pair and a 514 base pair fragment which were
alkaline phosphatase,y£2P] ATP, and T, polynucleotide kinase separated by 6% preparative nondenaturing gel electrophoresis and

followed by a second restriction witAat Il. Cleavage of the end-  isolated by electroelution.

labeled DNA substrate by Ni(HXaa-Xaa-His metallopeptides was Cleavage reactions were carried out in a 2D total volume
carried out as described previously except that the reaction times andcontaining calf thymus DNA (2@M base pair concentration) ancd3
the concentration of activating agents varied as followsxBODNA 10 cpm of P end-labeled restriction fragment. The “low” ionic

was cleaved by 4@M Ni(ll) -Xaa-Xaa-His peptide in the presence of strength reactionsvere performed in 10 mM sodium cacodylate buffer,
either 40uM KHSOs for 1 min, 80uM MMPP for 9 min, or 40 mM pH 7.5, and were initiated through the admixture of equimolar amounts
H.O, for 20 min. Hydrazine-treated reactions were prepared as (15uM) of preformed Ni(llyLys-Gly-His and KHS@. The “higher”
described above. Densitometric analysis of these data was performedonic strength reactions contained 100 mM NaCl and 10 mM phosphate
on a Bio-Rad GS-670 Imaging Densitometer interfaced to an Apple buffer, pH 7.0, and were initiated by the admixture of preformed
computer with operative software for data recording and analysis.  Ni(ll) -Lys-Gly-His and excess oxone (100/).° All reactions were
Analysis of Monomeric Product Release by HPLC and Thiobar- guenched by the addition of @ of a 0.2 M EDTA solution. The
bituric Acid. Analysis and quantitation of free nucleobase release in reaction time for the “low” ionic strength reactions was 1 rhinhile
N|(||) -Xaa-Xaa-His + DNA reaction mixtures was achieved by the “highel’" ionic Strength reactions were qUenChed after 30°rafer
preparing 1Q:L reactions containing 500M calf thymus DNA (base - ; - - -
pair concentration), 400M Ni(ll) -Xaa-Xaa-His, and 40@M oxone 19&12)6(35.utterldge, J-M. C.; Rowley, D. A.; Halliwell, Biochem. J1981
in 10 mM sodium cacodylate (pH 7.5). Each reaction mixture was  (14) Bernadou, J.; Pratviel, G.; Bennis, F.; Giradet, M.; Meunier, B.
incubated for 1 min followed by reversed phase HPLC analysis using Biochemistry1989 28, 7268.
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quenching, all reactions were ethanol-precipitated as described aboveage initiated by Ni(l)Lys-Gly-His, Fe(llybleomycin, and an

Reaction mixtures subjected to piperidine treatment were dissolved in
60 uL of freshly diluted 0.2 N piperidine, heated at 90 for 30 min,

and then lyophilized. All reaction mixtures were then resuspended in
3 uL of an 80% formamide loading buffer (described above), heat
denatured at 90C for 5 min, and quick-chilled on ice. The samples
were then loaded onto 12% (19:1) polyacrylamide/7.5 M urea sequenc-
ing gels and electrophoresed at 600 V for approximately 12 h.

For comparison to the above;-B8P end-labeled 514 base pair
fragments (20uM) from pBR322 DNA were cleaved also by the
activation of preformed Ni(IFLys-Gly-His (40uM) with MMPP (80
uM) for 9 min or H,O; (40 mM) for 20 min. “Low” ionic strength
reactiond were carried out in 10 mM cacodylate buffer, pH 7.5, while
the “higher” ionic strength reactiohsontained 100 mM NaCl and were
carried out in 10 mM phosphate buffer, pH 7.0. Piperidine treatment
of reaction aliquots was carried out as described above.

Results and Discussion

Analysis of DNA 5-Termini at the Site of Deoxyribose
Modification. The chemical nature of the new-termini
produced at sites of DNA strand scission by Nlys-Gly-

His was examined by high-resolution gel electrophoresis using
3-3P end-labeled restriction fragments (under conditions
employed in a previous determination of the site-selectivity of
Ni(ll) -Lys-Gly-His!). Results of these analyses (Supporting
Information) indicated that Ni(IFLys-Gly-His produced DNA
fragments with gel mobilities identical with those generated by
Fe(Il)-bleomycird® and Maxam-Gilbert sequencing reactiofs,
reagents known to produce authentipBosphorylated termini.
To confirm that 5-phosphorylated termini were produced, addi-
tional Ni(ll)-Lys-Gly-His and Fe(llbleomycin reactions were
treated with bacterial alkaline phosphatase (BAP) prior to gel

additional Ni(Il)Xaa-Xaa-His metallopeptide, Ni(HBly-Gly-
His, were compared directly and upon treatment with NaOH
or NHoNH,. From this analysis it is clear that each agent
produces an identical set oftermini cleavage products, albeit
with differing site-selectivities, under the conditions employed.
In the absence of any post-cleavage chemical workup, each
reaction produces'$hosphorylated termini (Figure 1, lanes 3,
6, and 9) as evidenced by their comigration with the products
of Maxam—Gilbert sequencing reactions and their enzymatic
dephosphorylation with fpolynucleotide kinase (Supporting
Information). In addition, upon treatment with NaOH or
NH2NH, (which is knowrd® to react with the keto-aldehyde
abasic sites produced by Fe{Hleomycin to create strand breaks
terminating in 3-phosphopyridazine moieties) conspicuous
bands appear with gel mobilitiésss tharthe 3-phosphorylated
species (Figure 1, lanes 4/5, 7/8, and 10/11). The autoradiogram
presented in Figure 1 confirms that the NaOH-induced products
formed by Ni(ll)Xaa-Xaa-His metallopeptides have identical
gel mobilities in comparison to the authentic NaOH-induced
alkaline-labile products formed by Fe(lt)eomycini®1® In the
case of NHNH; treatment, the resulting-phosphopyridazine
termini appear as more pronounced bands in comparison to the
NaOH-induced products and possess identical gel mobilities in
all three of the cleavage agents employed. In addition, with
both the NHNH,- and NaOH-induced products, each ap-
pears to differ in intensity as a function of the sequence tar-
geted. These data strongly support the notion that NX&®-
Xaa-His metallopeptides mediate '©4 abstraction chem-
istry leading to the formation of alkaline-labile lesions in a
fashion which appears identical with the documented activity

analysis. BAP treatment resulted in products with decreasedof Fe(ll)-bleomycini®16

migration rates in comparison to the untreated reaction mixtures;

In addition to alkaline-labile product formation by Ni(l)

these results indicate the successful enzymatic dephosphorylatiorKaa-Xaa-His metallopeptides, inspection of the autoradiogram

of each of the 5phosphorylated termini confirming this species
as a major product of strand scission by NHlLys-Gly-His. In
addition to the above, reaction aliquots were also treated with
NaBH, to evaluate the presence of any reducible nucleoside
fragment akin to the products of calicheamicin/esperamicin
C5—H induced DNA damag#® the fragmented DNA products
generated by Ni(lkLys-Gly-His and, as expected, Fe(ll)
bleomycin were unaffected by NaBRuggesting the absence

shown in Figure 1 also illustrates clearly (bottom portion of
the autoradiogram) the presence of termini with mobilities
slightly increasedin comparison to the'ghosphorylated ter-
mini. While these bands appear to a lesser extent with Ni(ll)
Lys-Gly-His (Figure 1, lanes -35), they appear consistently
when Ni(ll)-Gly-Gly-His was employed in the reaction mixtures
(Figure 1, lanes 911); this product, formed by either metal-
lopeptide, has a gel mobility identical with the authentie 3

of any reducible nucleoside fragment that remains attached tophosphoglycolate bands produced by Fejljomycin (Figure

the new 5termini produced upon strand scission.

Analysis of DNA 3-Termini at the Site of Deoxyribose
Modification. The new DNA 3-termini produced at Ni(lF
Lys-Gly-His cleavage sites were examined by high-resolution
gel electrophoresis using-¥P end-labeled restriction fragments.
In contrast to the release of one form 6ftérmini, as presented
in the previous section, Ni(HXaa-Xaa-His peptides were ob-
served to produce several distinctly differett@mini depend-

1, lanes 6-8). As an additional confirmation of this band
assignment, the Ni(l{Xaa-Xaa-His metallopeptides were ex-
amined in comparison to the products formed by FEEIDTA

+ ascorbate (which also produces an autheritgh®sphate and
3'-phosphoglycolate product per nucleotide cleavagéithe
bands produced by the metallopeptides were found to comigrate
with the authentic products generated by this cleaving agent in
side-by-side high-resolution electrophoretic analyses (data not

ing upon the post-cleavage chemical treatment employed in theshown). Overall, the presence dfghosphoglycolate termini

reaction workup; these termini, consistent with the chemistry
of C4 —H abstractiori® occur to different extents based on the

is consistent with a mechanism of DNA cleavage initiated by
abstraction of the C4-H of a target nucleotid&®

nucleotide sequence targeted by the metallopeptide and the As mentioned, Ni(Il)Gly-Gly-His is observed to produce a

identity of the amino acids employed in the tripeptide ligand.
To fully explore the nature of the'-3ermini observed, reac-
tions with Ni(ll)-Xaa-Xaa-His metallopeptides were carried out
in parallel with Fe(ll}bleomycin under several conditions. As
shown in Figure 1, high-resolution gel analyses of DNA cleav-

(15) (a) Zein, N.; Sinha, A. M.; McGahren, W. J.; Ellestad, G S&ience
1988 240, 1198. (b) Dedon, P. C.; Salzberg, A. A.; Xu,Biochemistry
1993 32, 3617. (c) Walker, S.; Landovitz, R.; Ding, W. D.; Ellestad, G.
A.; Kahne, D.Proc. Natl. Acad. Sci. U.S.A992 89, 4608. (d) Zein, N.;
Poncin, M.; Nilakantan, R.; Ellestad, G. Sciencel989 244 697.

larger amount of the putative’'-Bhosphoglycolate termini in
comparison to Ni(IhLys-Gly-His. Given the nature of the
formation of this product, which requires dissolved @
recombine with the initially modified C4position of a targeted
nucleotide to produce a Ghydroperoxidé? the differences
between these two product ratios for each metallopeptide can

(16) Sugiyama, H.; Xu, C.; Murugesan, N.; Hecht, S.Blochemistry
1988 27, 60.

(17) Pogozelski, W. K.; McNeese, T. J.; Tullius, T. D. Am. Chem.
Soc.1995 117, 6428.
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Figure 1. Autoradiogram of a high-resolution denaturing polyacrylamide gel analyzing the hé&swn@ni produced at the sites of restriction
fragment cleavage by Ni(H)Lys-Gly-His or Ni(ll)-Gly-Gly-His + oxone in comparison to Fe(t§leomycin. Lane 1, intact DNA; Lane 2, reaction
control [150uM Ni(OAc),, 150 uM oxone]; Lane 3, 4Q«:M Ni(ll) -Lys-Gly-His + 50 uM oxone; Lanes 4 and 5, Ni(HLys-Gly-His reactions
followed by NaOH and NbNH, treatment, respectively; Lane 681 Fe(ll)-bleomycin; Lanes 7 and 8, Fe(lieomycin reactions followed by
NaOH and NHNH; treatment, respectively; Lane 9, 16 Ni(ll) -Gly-Gly-His + 150 uM oxone; Lanes 10 and 11, Ni(tply-Gly-His reaction
followed by NaOH and NENH, treatment, respectively; Lanes 12 and 13, Maxdgilbert G+ A and C+ T reactions, respectively. Arrows
indicate examples of (a)-phosphorylated termini (lanes-31 and 13); (b/c) closely migrating NaOH-inducéd@&mini and 3-phosphopyridazine
termini (lanes 4/5, 7/8, and 10/11, respectively); and (e)I®sphoglycolate termini (lanes-31).

be rationalized; in the case of positively charged Ni{ly)s- pathways, one leading to keto-aldehyde abasic site formation
Gly-His, which binds more tightly to DNA in comparison to  which can react with NENH; or NaOH and the other leading
Ni(ll) -Gly-Gly-His,! the complex formed may limit diffusion  to production of 3phosphoglycolate termini.
of O to the modified C4“active site”. In comparison, with While it is clear that the product ratios formed by Ni(ll)
the charge-neutral complex Ni(1Bly-Gly-His, diffusion of Lys-Gly-His vs Ni(ll)-Gly-Gly-His are different, it is also
dissolved Q@ to the initially formed C4lesion may occur  worthy to note that the ratio of $hosphate (which occurs as
unimpeded resulting in a higher ratio of @0OH to C4-OH a breakdown product of the alkaline-labile lesidH) to 3-
intermediate and ultimately in an increased production of the phosphoglycolate appears, for Ni¢lBly-Gly-His, to differ as
3-phosphoglycolate, direct strand scission prodéicthese data  a function of the nucleotide sequence cleaved. This observation
imply that, like Fe(ll}bleomycin, Ni(llyXaa-Xaa-His metal- suggests that, as is also the case with Féf#pmycid® and
lopeptides can also mediate DNA strand scission via two distinct synthetic diimine complexes of Rh(I#¥,the microheterogeneity
(18) In support of this hypothesis, agarose gel analyses of supercoiled of the DNA duplex influences the pathway to final product

plasmid cleavage reactions carried out under controlled atmospheric formation by producing DNA-metallopeptide complexes that
conditions (helium purge in an inert atmosphere bag) indicate that DNA

cleavage by Ni(lljLys-Gly-His + oxone is insensitive to dioxygen, while (19) Long, E. C.; Hecht, S. M.; van der Marel, G. A.; van Boom, J. H.
Ni(ll) -Gly-Gly-His + oxone cleavage is diminished slightly under conditions J. Am. Chem. S0d.99Q 112 5272.
that significantly limit DNA cleavage by Fe(Hpleomycin (in side-by-side (20) Sitlani, A.; Long, E. C.; Pyle, A. M.; Barton, J. K. Am. Chem.

reactions). Soc.1992 114, 2303.
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Table 1. Quantitation of Nucleobase Release and Thiobarbituric  loss of free nucleobase, and the other (Il) results in direct strand

Acid-Reactive Material in Ni(ll)Xaa-Xaa-His+ Oxone Supported scission with the formation of' $hosphoglycolate termini, 5
Calf Thymus DNA Cleavage Reactions phosphate termini, and nucleobase propenals; these two path-
nucleobase releaseNl)  hioparbituric acid ways occur most likely through the intermediacy of'C4
metallopeptidle T & C A total reactive materialdM) hydroxylated- and C4hydroperoxide-modified nucleotides,
Ni(ll) -Lys-Gly-His 7.8 1.2 3.8 1.9 14.7 1.6 respectivelyt® In the case of abasic site formation, nelw 3
Ni(ll) -Gly-Gly-His 2.4 1.1 8.0 3.0 145 5.0 phosphorylated termini are released consistent with the estab-

aGuanine was found to be partially degraded by NifBa-Xaa- lished 1%q§mlstry of the alkaline-labile product of FegEo-
His + oxone; the value shown should be considered a conservative MYCin,**° or the remaining, intact keto-aldehyde sites can be
estimate of the amount actually released in the reaction. trapped with NaOH or NENH; to produce modified termini

with gel mobilities identical with authentic products generated

alter the accessibility of the Gdesion to dissolved dioxygen. in parallel with Fe(ll)bleomycin.
The above observations also suggest a reason for the lack of Activation of Ni(ll) -Xaa-Xaa-His Metallopeptides with
observed _Sphosphogly(_:olate in p_revious stucﬁé!_af Ni(ll) ~ KHSOs, MMPP, and H,0,: A Comparison of DNA Cleav-
Gly-Gly-His-modified Hin recombinase; the modified protein age Selectivity, Product Formation, and the Effect of Radical

no doubt facilitates a much tighter binding of the Ni(G)y- Scavengers. The generality of the C4centered mechanism of
Gly-His moiety to DNA in comparison to the metallotripeptide  deoxyribose modification determined for Ni{Kaa-Xaa-His
alone and, given its highly selective binding, Ni(Bly-Gly- + KHSOs was probed through the use of two additional
His-modified Hin recombinase was unable to sample alternative activating reagents, MMPP and 8. Previously, these
sites which may have promoted the formation 6pBospho-  reagents were employed in the activation of Nija-Xaa-
glycolate terminating products. His metallopeptides toward DNAor proteir? modification,
Analysis of Monomeric Product Release.The DNA termini albeit with differing levels of efficiency. In addition to
identified in Ni(Il)-Xaa-Xaa-His-promoted DNA cleavage reac- understanding the requirements for' @éoxyribose modifica-
tions, consistent with an initial C4H DNA modification, tion, a direct comparison of DNA cleavage supported by these

predict the release of several monomeric products resulting from reagents was carried out to assist in determining the prerequisites
the remaining portions of the fragmented target nucledfide. for the formation of the “active” metallopeptide responsible for
These products include the release of (1) free nucleobasesdeoxyribose modification.
generated upon formation of the keto-aldehyde abasic (alkaline-  ag shown in Figure 2 (and Supporting Information), treatment
labile) site and (2) nucleobase propenals (thiobarbituric acid 4f 5 5-32p end-labeled restriction fragment with Ni¢lLys-
reactive productd} which are generated upon release of the Gly-His activated with KHS@ MMPP, or O, resulted in
new 3-phosphoglycolate (and-phosphate) termini. identical patterns of DNA cleavage selectivity. While the site-
As shown in Table 1, both free nucleobase and nucleobaseselectivity produced by Ni(l)Xaa-Xaa-His was the same with
propenal products are released in cleavage reactions geneall three activating reagents, the amounts of supporting oxidant,
rated by treatment of calf thymus DNA with Ni(taa-Xaa-  and the time of the reaction required to achieve comparable
His + oxone (or Fe(Ihbleomycin by direct comparison); in  |evels of DNA modification varied in the following order:
the case of free nucleobase release, direct HPLC quantitationkHSO; > MMPP > H,0; (see Figure 2 for concentrations and
could be carried out accurately, while nucleobase propenaltimes). In addition to identical patterns of nucleotide cleavage,
release (observed also by HPLC) was most efficiently quanti- jgentical ratios of fragmented DNA-germini at a given targeted
tated through treatment with thiobarbituric aéid.In parallel nucleotide were also observed (i_e’_jpaosphate’ 'ajhospho_
with the results of the's and 3-termini analyses, monomeric  glycolate, and 3phosphopyridazine termini); these products are
product release by the individual metallopeptides was found to consistent with the initial modification of the Cgosition of a
reflect the formation of alkaline-labile and direct cleavage (3 targeted nucleotide when Ni(l¥aa-Xaa-His is activated with
phosphoglycolate termini) sites; with Ni(iDys-Gly-His, free KHSOs, MMPP, or H,O, under the reaction conditions em-
nucleobases were found to be released to an extent greater thagjoyed. Importantly, given the established sensitivity of met-
the generation of t_h|obarb|tur|c _aC|d reactive materials (base gjiopeptide structure to DNA site-selectivitghese data suggest
propenals), while Ni(IHGly-Gly-His released a greater propor-  the formation of acommonmetallopeptide-centered oxidant
tion of thiobarbituric acid sensitive materials reflecting the yesponsible for deoxyribose modification upon activation with
increased amount of phosphoglycolate termini observed on KHSOs, MMPP, or HO,. Otherwise, differences in site-
high-resolution gels. The individual nucleobases released by se|ectivities and product ratios would be expected as a function
each metallopeptide also reflect the site-selectivities reported of the steric limitations of the active metallopeptides formed
pr.eV|oust,1 with the A/T -selective complex Ni(ltLys-Gly- ~ from these structurally diverse reagents.
His, thymine was detected to an extent greater than cytosine To further probe the nature of the active metallopeptide

and guanine, while the ”“C'eOb?S.eff reIeased_b_y P} . responsible for C4deoxyribose damage, the effects of com-
Gly-His reflect the greater pyrimidine selectivity of this monly employed radical scavengers on Nils-Gly-His

complex? ; . .
P induced conversion of supercoiled form | DNA to relaxed

The results presen_ted aboye indicate th"’.‘t under the C(?nditions'circular form Il DNA were compared in the presence of KHSO
employed,oxone-a_ctlva_lted N|(Maa-Xaa-_H|s metallopeptld(_as, MMPP, or HO,. Under the conditions employédyhich
!'ke Fe(ll)-bleomycm, bind to the DNA minor groove resulting assayeddirect polymer strand scissionithout subsequent
in C4-H abst_ractlon. Upon C4H modlfl_cauon, DNA chemical workup, KHS@ MMPP, and HO, supported cleav-
cleavage by Ni(lljXaa-Xaa-His metallopeptides appears to age of plasmid DNA consistent with their ability to activate

oceur via two pathways (Scheme 1)2 The fir;t (), result_s in Ni(ll) -Lys-Gly-His toward restriction fragment scission (KHSO
the formation of keto-aldehyde abasic sites with concomitant _ MMPP > H,0,). However, in the presence of the radical

(21) Burger, R. M.; Berkowitz, A. R.; Peisach, J.; Horwitz, SJBBiol. scavengers ethanaért-butyl alcohol, DMSO, or mannitol, little
Chem.198Q 255, 11832. to no effect on DNA cleavage was apparent under conditions
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Scheme 1. Summary of Cleavage Products Observed and the Proposed Pathways of DNA Degradation ¥ailifha-His
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a Pathway | involves nucleobase release and abasic (keto-aldehyde or alkaline-labile) site formeatd@4-OH nucleotide) that can result in
DNA strand scission through treatment with alkaline reagemtaifylamine, hydrazine, or NaOH) to produce modifieéde8mini and 5-phosphorylated
termini. Alternatively, pathway Il results in direct DNA strand scissioia (@ C4-OOH nucleotide) to produce -phosphoglycolate termini,'5
phosphorylated termini, and nucleobase propenals (TBA-reactive material).

Overall, these data indicate that the “active” metallopeptides
formed through the interaction of Ni(Hys-Gly-His with
KHSOs, MMPP, or HO;, result in identical cleavage site-
+ KHSO, selectivities and mechanistic products and also behave similarly
in the presence of four well-established radical scavengers.
These results clearly demonstrate that the active metallopeptides
formed do not degrade DNA via freely diffusible hydroxyl
radicals as also concluded in a Ni¢lBly-Gly-His induced
\ protein cross-linking experimef. In addition, these data also
i indicate that the active intermediate involved in the direct strand
/ + MMPP scission of supercoiled plasmid DNA is not a freely diffusible
W\N or metal-bound sulfate radical (30) when KHSQ is em-
Ardi, ployed in metallopeptide activation; it has been established that
0.1 M ethanol is able to quench about 90% and 50% of the
DNA cleavage induced by a free sulfate radical and a Ni(ll)-

complex bound sulfate radical, respectivély.
M +H,0, It is necessary to note, however, that while these results
seemingly rule out the involvement of the above-named radical
WW species in thedeoxyribose-basedtrand scission of plasmid

. DNA, they do not preclude their formation and involvement in

3-TACTGIAATTGGATATTTTTATCCGCATA G T G C5-[*P] other pathways of DNA modification (e.g., nucleobase oxida-
Figure 2. Densitometric analysis of an autoradiogram (Supporting tion®). These data do, however, strongly suggest that, upon
Information) of a high-resolution denaturing polyacrylamide gel activation with KHSQ@, MMPP, or HO,, a common “activated”
emphasizing the similarities in the DNA site-selectivity and termini  metallopeptide is formed which interacts with the DNA helix
products formed by Ni(IFLys-Gly-His cleavage of 8’54 end-labeled leading to identical site-selective strand scission through initial
restriction fragment from pBR322. Ni(ll)-Lys-Gly-His (40 uM) was C4'—H abstraction
activated with 40uM KHSOs (oxone)/1 min, 80uM magnesium c ", : P

; : ondition-Dependent Modification of DNA by KHSOs-
hthalate (MMPP)/9 , or 40 /20 . . . . . o

monoperoxyphthalate ( Y9 min, or 40 mM®}/20 min Activated Ni(ll) -Xaa-Xaa-His: C4-Deoxyribose Modifica-
that produced substantial inhibition of Fe(EDTA induced tion »s Guanine Oxidation. The results outlined above

DNA cleavage by hydroxyl radicals in parallel control (22) Muller, J. G.; Zheng, P.; Rokita, S. E.; Burrows, CJJAm. Chem.
reactions (Supporting Information). Soc.1996 118 2320.
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implicate a common “activated” Ni(liXaa-Xaa-His metal- with equimolar KHS@, the common activated species might
lopeptide in the modification of the deoxyribose moiety of a predominate which, under low ionic strength conditions, is
DNA substrate when reacted with KH§MMPP, or HO.. permitted to recognize and bind intimately with the DNA minor

Given the recent repdrof nearly exclusive guanine nucleobase groové resulting in abstraction of the C4H which is
oxidation by Ni(llyLys-Gly-His + KHSOs, we sought to conspicuously located there. In comparison, under conditions
determine the differences in these observations. To accomplishof excess KHS@Q it is possible that a metallopeptide-bound
this goal, a direct comparison of restriction fragment cleavage (caged) sulfate radical is formed in a greater abundance; under
by Ni(ll) -Lys-Gly-His + KHSOs was made using conditions  “high” ionic strength conditions this species is prevented from
that have been reported to result in (1) deoxyribose modi- forming a tight complex with DNA subsequently limiting
fication'#25and (2) guanine nucleobase oxidatfon. deoxyribose-based cleavage chemistry and facilitating the
As shown in Figure 3, cleavage of-3%P end-labeled  Observation of collisionally derived guanine nucleobase oxida-

restriction fragments by Ni(IlLys-Gly-His + KHSOs under ~ tion events.

conditions employed previousljor an analysis of their site- Proposed Mechanism of Formation of the Active Metal-
selectivity [equimolar KHS@-+ Ni(ll) -Xaa-Xaa-His, 15uM, lopeptide Responsible for Deoxyribose C4-H Damage. A

10 mM sodium cacodylate, pH 7.5, 1 min reaction] yielded the “cOmmon” metallopeptide-derived active species appears to be
expected pattern of DNA cleavage at A/T rich regidnélso involved in C4—H deoxyribose modification by metallopeptides

consistent with previous observations, this pattern of A/T activated with KHS@ MMPP, or HO,. Given the character-
modification was virtually unaffected upon treatment with IiStics observed, this “common” reactive species is proposed to
piperidine/90°C. In contrast to the above reactions, however, P€ a high valent, peptide-bound Nilll)-H@r Ni(IV)=0 (i.e.,
restriction fragment cleavage reactions carried out under condi-2 Ni-bound hydroxyl radical equivalent) which is likely gener-
tions reportedito yield guanine nucleobase oxidation [excess ated from the heterolytic splitting ozfsthe oxygeoxygen bond
KHSOs (1004M) + 154M Ni(ll) -Xaa-Xaa-His, 100 mM NaCl, ~ Presentin KHS@ MMPP, and HO,? (Scheme 2). While the

10 mM phosphate, pH 7.0, 30 min reaction] produced slightly evidence presented here is not definitive proof, there are several
less intensealirect DNA cleavage in thebsenceof piperidine further observations which support this proposal in addition to
treatment (compare Figure 3, lanes 6 and 8); further treatmentth® previously presented mechanistic evidence for a common

of aliquots of these cleavage reactions with piperiding/go ~activated” species. The first comes from the observed differ-
predominantly yielded guanine-selective DNA damage as €Ncesin the relative reactivities of the three activating reagents
reported (Figure 3, lane 9). employed. The proposed mechanism for the generation of the

active Ni intermediate involves an oxygen transfer from an
oxygen donor to the metallopeptide. The facility of the
heterolytic splitting of the oxygenoxygen bond in the peroxidic

glafllr?;n(;e g]i?/egtiizr\:g;juIfshegfttemezngar?ieelre(clgivt);eozf) I?N’\:]'ia;:hcompound is known to be determined by the acidity of the
ge. P 9 ’ resulting leaving group? the more acidic the leaving group,

ino!icate a similar sequence-selective, deoxyri_bose-based mech,Ehe more likely the peroxide functional group is to act as an
anism of DNA damage by Ni(l{Xaa-Xaa-His + KHSG;, oxygen atom donor to the metal centé49-2> Our observed
MMPP, or H,0, when_“low” lonic strength conditions are order of reactivity toward DNA cleavage (KHSO- MMPP
employ_ed .(10 mM sodium cacodyla_lte, _pH 7.5), we sought to H.O,) parallels very closely the order of the acidity of the
determine if guanine nucleobase oxidation occurs as a result Ofresulting products of heterolytic oxygexygen bond splitting

(1) reaction conditions or (2) as a function of the activating (H2S0, > COOHGH4COOH > H,0)

°X'daf‘t ("te". éI(HSt@d ;ﬁ’ tM'\f.PPt(FbOZf)'N. EeStgltls gf th.f;e Additional support for the above mechanism comes from a
experiments Indicate y a ac lvation o iglLys- y-HIS Wi spectral transition resulting from metallopeptide oxidation. A
H20, or MMPP under “low” ionic strength conditions yielded UV—vis absorption shift from 425 nm to a more intense
the expected pattern of nucleotide damage also observed wit eak at 375 nm is observed when KHS®added to a neutral
KHSGs activation under these conditions (Supporting Informa- ;). ys.Gly-His solution in the absence of a DNA substrate.
tion). In addition, treatment of aliquots of these reactions with " chist is indicative of a structural change of the metal
piperidine/90°C did not affect cleavage selec_:tivity nor did it complex from square-planar to an oxidized higher valent
produce a detectable enhancement of guanlne-basgd damag?\“(m) or Ni(lV) species of octahedral geomet#). In addition

In contrast to the above, however, attempts to mediate DNA to the above, indirect support can be derived also from
damage with these activating reagents under “high” ionic §

- X mechanistic studies of Ni(ll)-catalyzed alkene epoxidation
strength conditions (100 mM NaCl, 10 mM phosphate) failed o5 tions. Ni(ll) complexes are known catalysts in alkene

tolproqluce. cpmparable DNA strand.sci.ssion even upon tre‘f"tmemepoxidation reactions; a ligand-bound Ni(lll)-Her Ni(IV)=0
with piperidine/90°C. These data, in light of the observations  5q peen suggested to be the active intermediate in these
illustrated in Figure 3, suggest that (1) guanine nucleobase o,ctiong? In addition, Ni(ll)-Gly-Gly-His in the presence of

oxidation occurs as a function of metallopeptide activation with ;45sobenzene was found to catalyze alkene epoxidibine
KHSGs under conditions of excess KHg@nd relatively *high” imjjarities in structure and chemistry between the metallopep-
ionic strength buffers (100 mM NacCl, 10 mM phosphate) and

2) deoxyribose-based strand scission can occur upon metal-, _(23) () Inoue, S.; Kawanishi, 8iochem. Biophys. Res. Comm(889
I( ) id Y . ith all th - P d 159 445. (b) Kawanishi, S.; Inoue, S.; Yamamoto, Rmviron. Health
opeptide activation with all three activating reagents under perspect1994 102, 17,

relatively “low” ionic strength conditions as commonly em- (24) (a) Yuan, L.-C.; Bruice, T. CJ. Am. Chem. S0d.985 107, 512.

ployed in small molecule-DNA cleavage reactidfd? .20 (b) Lee, W. A} Bruice, T. CJ. Am. Chem. S0d.985 107, 513. (c) Yuan,
. . . L.-C.; Bruice, T. C.norg. Chem1985 24, 4, 986. (d) Holm, R. HChem.
Given these data, Ni(liXaa-Xaa-His+ KHSOs appears to Rev. (Washington, D.C.1987, 87, 1401.

have the potential to form two “active” DNA-modifying species, (25) Meunier, B.Bull. Soc. Chim. Fr1986 4, 578.

i ; ; i ingea_ (26) (a) Paniago, E. B.; Weatherburn, D. C.; Margerum, DIJWChem.
one in common with those derived from metallopeptide activa Soc.. Chem. Commuio71, 1427, (b) Bossu, F. P.: Margerum. D. W,

tion with H,O, or MMPP, and the other, most likely a “caged”  Am Chem. Sod.976 98, 4003. (c) Subak, E. J.; Loyola, V. M. Margerum,
sulfate radical as proposed previoudlyn the case of activation ~ D. W. Inorg. Chem.1985 24, 4350.

These data suggest that the conditions under which Ni(ll)
Xaa-Xaa-His metallopeptides are activated with KHS@ongly
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5 GTGATACGCCTATTTTTATAGGT TAATGTCATGATAATAATGGTTTCTTAGACGCTAGGT 5 GTGATACGCCTATTTTTATAGGT TAATGTCATGATAATAATGGTTTOT TAGACGCTAGGT
3 CACTATGCGGATAAAAATATCCAATTACAGTACTATTATTACCAAAGAATCTGCAGTCCA 3 CACTATGCGGATAAAAATATCCAATTACAGTACTATTAT TAGGAAAGAATCTGGAGTCCA

Figure 3. (top) Autoradiogram of a high-resolution denaturing polyacrylamide gel illustrating the condition-dependent modificatior*#¥ a 3
end-labeled restriction fragment from BB22 DNA by KHSG-activated Ni(llyXaa-Xaa-His. Arrows represent the extremiedhd 3-nucleotides

of the sequence shown in the lower strand of the histogram (see bottom). Lane 1, Ma@Kbart G+A reaction; Lanes 2 and 3, intact DNA,/+

piperidine treatment, respectively; Lanes 4 and 5, reaction controfgVi18i(OAc),, 15uM oxone,—/+ piperidine treatment, respectively; Lanes

6 and 7, 15«M Ni(ll) -Lys-Gly-His, 15uM oxone, 10 mM cacodylate buffer, pH 7.5/+ piperidine treatment, respectively; Lanes 8 and 9, 15

uM Ni(ll) -Lys-Gly-His, 100uM oxone, 100 mM NaCl, 10 mM phosphate buffer, pH 7@+ piperidine treatment, respectively; Lane 10, Maxam

Gilbert G+A reaction. (bottom) Histogram generated from the densitometric analysis of the piperidine-treated reactions from the autoradiogram
shown above (lanes 7 and 9) along with data derived from cleavage of the complementary strand (autoradiogram not shown). The histogram on the
left shows the cleavage patterns produced by NI3-Gly-His under “low” ionic strength conditions (deoxyribose modification) while that on

the right shows cleavage resulting from “high” ionic strength conditions resulting in guanine oxi8i&gmkground cleavage of controls resulting

from piperidine treatment was subtracted from results shown in the histogram.
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Scheme 2. Proposed Mechanism of Ni(HXaa-Xaa-His Activation by KHS§ MMPP, or HO, through Ni-Promoted
Heterolytic Cleavage of the Peroxide/Peracid Oxygéxygen Bond
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"Activated Metallopeptide"
aR = —S0O;~ (oxone),—COGCH,COO™ (MMPP), or —H (H;05).

tides and macrocyclic Ni(ll) complex€suggest that a reactive  metallopeptide derived from a Ni-promoted heterolytic splitting

intermediate similar to that involved in alkene epoxidation is of the oxyger-oxygen bond of KHS@ MMPP, or HO..

likely formed from activation of the metallopeptides with  Further, the versatility of KHS®as a supporting reagent in

KHSGOs, MMPP, and HO:.. these systems is demonstrated by delineation of conditions under
Summary and Conclusions. The findings presented herein  which deoxyriboser nucleobase oxidation chemistries can be

define the deoxyribose-centered mechanism of DNA strand selected Overall, these studies indicate that Ni{Kpa-Xaa-

scission induced by Ni(ltXaa-Xaa-His metallopeptides and His metallopeptides are uniquely poised to increase our under-

confirm that the oxidizing species responsible resides in the standing of nucleic acid recognition and modification.

DNA minor groove in close proximity to the C4H. In
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herein which suggest the formation of a hydroxyl radical-bound tions of varied ionic strength, and a table of the results of the

(27) (@) Koola, J. D.. Kochi, J. Kinorg. Chem. 1987, 26, 908. (b) effect of radical scavengers on DNA cleavage are available (6
Kinneary, J. F.; Albert, J. S.; Burrows, C.J.Am. Chem. S0d.988 110, pages). See any current masthead page for ordering and Internet
6124. (c) Yoon, H.; Burrows, C. J. Am. Chem. S0d.988 110, 4087. (d) access information.

Kinneary, J. F.; Wagler, T. R.; Burrows, C.Tetrahedron Lett1988 29,
877. JA9720218




