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Abstract: A trinuclear copper complex, [Cuz"(L)(H20)3(NO3)2](NO3)4-5H,0 (1) (L = 2,2',2"-tris(dipicolyl-
amino)triethylamine), with pyridyl and alkylamine coordination exhibits a remarkable ability to promote specific
strand scission at junctions between single- and double-stranded DNA. Strand scission occurs on the 3'
overhang at the junction of a hairpin or frayed duplex structure and is not dependent on the identity of the
base at which cleavage occurs. Target recognition minimally requires a purine at the first unpaired position
and a guanine at the second unpaired position on the 5’ strand. Incorporation of the necessary recognition
elements into an otherwise unreactive junction resulted in specific strand scission at that new target and
helped to confirm the predictive nature of this complex. Selective strand scission requires both a reductant
and dioxygen, suggesting activation of O, by the reduced form of 1. The reaction utilizing the trinuclear
complex does not appear to involve a diffusible radical species as suggested by its high specificity of
target oxidation and its lack of sensitivity to radical quenching agents. Comparisons between the trinuclear
copper complex, mononuclear analogues of 1, and [Cu(OP)]?* (OP = 1,10-phenanthroline) indicate that
recognition and reactivity described in this report are dependent on the multiple metal ions within the same
complex which together support its unique activity.

Introduction tural and a sequence requirement in each of these cases, the
recognition criteria are not sufficiently unique to limit the
number of target sites in DNA. Scission may be targeted
specifically to one site by incorporating known DNA recognition
elements into the ligand suprastructure of a well-characterized
nucleolytic agent such as EDFRe(ll),” which when underiva-
tized promotes oxidative cleavage of DNA in a random fashion
ithout nucleotide sequence selectivityhile this approach
ocalizes cleavage to a site where the recognition element binds
to DNA, reaction is rarely constrained to a single nucleotide.
Strand cleavage frequently extends instead over several neigh-
boring residues. A longstanding goal of considerable interest is
then to construct transition metal complexes that can mediate
direct and specific strand scission targeted to a single base with
a significantly high level of recognition such that cleavage
occurs at a limited number of sites along a target polynucleotide.
Most investigations focusing on oxidative strand scission of
DNA by transition metals typically have relied on mononuclear
complexes. Among these complexes, bis(1,10-phenanthroline)-
copper, [Cu(ORJ?*, has been studied extensively due to its
*To whom correspondence should be addressed. E-mail: rokita@umd.edu,high nucleolytic efficiency. ! The cleavage pattern induced

A number of transition metal complexes have the capacity
to differentiate between double- vs single-stranded DNA or B
vs Z helical forms of DNA through noncovalent recognition.
This selectivity is primarily due to binding of the complex in
either the major or minor groove of duplex structures or
association with the nucleobases in unpaired strands. The
electron-rich character of the nucleobases often serves to mak
them strong ligands for metals and efficient targets of oxidation.
Guanine has the highest affinity for coordination to transition
metal iong and is the most easily oxidized followed by adenine,
thymine, and cytosingAlthough base oxidation can be highly
specific and directed to one site, strand scission results only
after treatment with subsequent heat and alkaline conditions.
In contrast, direct strand scission does not necessarily require
any special treatment to detect the sites of reaction. Some
complexes that exhibit direct strand cleavage in conjunction with
sequence specificity are bleomydfe(ll)®> and the metallo-
intercalator, [Rh(pheaphi]3*.6 Although there is both a struc-

karlin@jhu.edu. ) o by [Cu(OP})%" is predominantly sequence-neutral, although
T The Johns Hopkins University.
* University of Maryland. (6) Erkkila, K. E.; Odom, D. T.; Barton, J. KChem. Re. 1999 99, 2777~
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S. J., Valentine, J. S., Eds.; University Press: Mill Valley, CA, 1994; pp  (7) Dervan, P. B. IlNucleic Acids and Molecular Biolog§ckstein, F., Lilley,
455-503. D. M. J., Eds.; Springer-Verlag: New York, 1988; pp-4&4.
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some variability in intensity due to local perturbations of DNA

structure affects its efficiencl:!2 Also a slight, but distinct
preference for cleavage &tAT-3" and 3-GT-3 sites has been
observed. Otherwise, [Cu(Of3" like EDTA-Fe(ll) may be
conjugated to binding elements such as proféiasd comple-
mentary sequences of RNA or DN that possess affinity
for specific sites on DNAY Still, multiple sites adjacent to the

locus of recognition are typically oxidized by these complexes

even when tethered to a DNA recognition element.

be entropically stabilized*26 Addition of a third copper-
binding unit can serve to model the blue-copper proféitieat
effect the four-electron reduction of,Qo water and in the
process cleave the-8D bond?®

Biomimetic models for the active sites of multicopper proteins
have several features that make them interesting for continued
investigation of their reactivity with nucleic acids. Incorporation
of three divalent copper ions in a single complex produces a
highly cationic species that should have a strong electrostatic

We have previously observed specific strand scission by a attraction to the anionic phosphate backbone of DNA. When
trinuclear copper complex that recognizes junctions betweenin the reduced copper(l) state, these same three atoms in close
single- and double-stranded DNA without conjugation to an proximity have the potential for three-electron reductive cleav-

independent element of DNA recogniti¥hCleavage is targeted
at a single nucleotide in the single-stranded region thatis 3

age of Q producing the equivalent of hydroxyl radical. The
X-ray structure ofl shows that each copper possesses at least

the junction. In addition to this structural requirement, the one labile coordination site that might allow for concurrent
complex also exhibits a sequence requirement for guanine incoordination of the substrate and the reactive intermeéfate.

then+1 (i.e. second unpaired) position of thedverhang. The
complex, [Cy'"(L)(H20)3(NOs3)2](NO3)4:5H,0 (1),181° incor-

Multiple roles for metal centers in the binding of DNA and
generation of reactive intermediates have been taken into

porates three copper ions into a flexible ligand framework with account by researchers studying hydrolysis of nucleic #i#fs,
pyridyl and amine nitrogen coordination about the coppers. but have yet to be fully considered by those investigating
Mononuclear copper(l) complexes with comparable coordination oxidation of related substrates. Recently, the trinuclear complex,
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are known to form dicopper(Hperoxo dimers upon exposure
to dioxygent®—22 Tethering of two of these moieties yields

[Cug"(L)(H20)3(NO3)2](NO3)4-5H,0 (1), was shown to have

the potential for uniquely recognizing and mediating oxidative
cleavage of DNA in a highly specific manner that is not evident
for its mononuclear analogué%The specificity and origins of
reaction are now described below in a more comprehensive
manner. To test the predictive naturelgfan unreactive DNA
junction was reengineered to generate a specific reaction within
the parameters established in this report to generate a reaction
variant. To assess the role of the metal ions and potential
cooperative effects between them, two mononuclear compounds,
[CU'(LN](NO3), (2) and [CU'(L")](NO3), (3), were also
synthesized. These complexes reflect the two possible metal
coordination environments evident in the crystal structuré of
and provide contrast to the activity of the trinuclear species.
These results, together with those defining the roles of the
reductant and dioxygen, suggest a hitherto unprecedented role
for 1 in both recognition of the substrate and generation of the
reactive intermediate.

Experimental Section

Materials. Oligodeoxynucleotides were purchased from Gibco BRL.
T4 kinase and the appropriate buffer were obtained from New England

binuclear compounds that form peroxo intermediates, which can gjolabs and §-3?PJATP (3000 Ci/mmol) was obtained from Amersham.
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29, 2116-2121.

(13) Veal, J. M.; RIill, R. L.Biochemistry1989 28, 3243-3250.

(14) Sigman, D. S.; Bruice, T. W.; Mazumder, A.; Sutton, C.Acc. Chem.
Res.1993 26, 98—104.

(15) Chen, C.-h. B.; Sigman, D. ®roc. Natl. Acad. Scil986 83, 7147
7151,

(16) Chen, C.-h. B.; Mazumder, A.; Constant, J.-F.; Sigman, DBiSconj.
Chem.1993 4, 69-77.

(17) Generation of the active complex is usually accomplished by covalently
linking 1 equiv of 5-glycylamido- or 5-iodoacetamidophenanthroline to the
DNA binding element. The copper ion is then added in situ. Such

experiments seem to point to [Cu(ORN), (L, = solvent molecules or
other ligand donors from DNA) as the active species wheg@,Hk present.
(18) Humphreys, K. J.; Karlin, K. D.; Rokita, S. H. Am. Chem. So@001,
123 5588-5589.
(19) Frey, S. T.; Sun, H. H. J.; Murthy, N. N.; Karlin, K. Inorg. Chim. Acta
1996 242 329-338.

(20) Tyekla, Z.; Jacobson, R. R.; Wei, N.; Murthy, N. N.; Zubieta, J.; Karlin,

K. D. J. Am. Chem. S0d.993 115 2677-2689.
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The trinucleating ligand. (2,2,2'-tris(dipicolylamino)triethylamine)
and its corresponding coordination complex, §&u)(H20)s(NOs),]-
(NOs)4-5H,0, were synthesized according to published proceddres.
The analogue mononuclear ligad (L' = dipicolylamine) was

(22) Obias, H. V.; Lin, Y.; Murthy, N. N.; Pidcock, E.; Solomon, E. I.; Ralle,
M.; Blackburn, N. J.; Neuhold, Y.-M.; Zubetrhier, A. D.; Karlin, K. D.
J. Am. Chem. S0d.998 120, 12960-12961.
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2295-2296.
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2563-2605.
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32, 485-493.



Selective Strand Scission of DNA by Copper

ARTICLES

prepared following a literature procediffeSolutions of the metal

As indicated, certain samples were further treated withu20of

complexes and other reagents for strand scission were prepared fresipiperidine (0.2 M) for 30 min at 99C. These samples were dried under

daily in distilled—deionized water (18 MWm). Stock solutions of
3-mercaptopropionic acid (MPA, Aldrich), glutathione (GSH), and
dithiothreitol (DTT) were titrated with Ellman’s reagent to determine
the free thiol concentratioff.All other chemicals were used as supplied
by the manufacturer.

Synthesis of [CU (L")](NO3)2 (2). A solution of Cu(NQ),+2.5 H,O
(0.25 g, 1.1 mmol) in 10 mL of MeOH was added dropwise to a solution
of L' (0.20 g, 1.0 mmol) in an equivalent volume of MeOH. The mixture
was stirred at room temperature until a blue precipitate formed. This
solid was isolated by filtration, washed with,Et, and dried in vacuo
to yield 0.28 g of product (72%). Anal. Calcd (Found) for@:13Ns-
CuGs: C, 37.26 (37.40); H, 3.39 (3.35); N, 18.10 (17.92).

Synthesis of L' (L" = N,N-Diethyl-N',N'-dipicolylethylenedi-
amine). 2-Picolyl chloridehydrochloride (4.74 g, 28.9 mmol) was
dissolved in 20 mL of HO and the solution was cooled to°€ in an
ice bath, then 10 mL of 5.7 M NaOH(aq) was added dropwise with
stirring. A solution of N,N-(diethyl)ethylenediamine (2.00 mL, 14.2
mmol) and 10 mL of HO was next added dropwise followed by
addition of 100 mL of CHCI,. The biphasic reaction mixture was stirred
for 5 days at 40°C. The reaction mixture was then extracted with
CH,Cl, and washed with bD. The organic layer was dried over MgGO
filtered, and concentrated by rotary evaporation to give a brown oil.
This crude product was purified by column chromatography on alumina
with 99% EtOAc/1% MeOH R = 0.32), yielding 3.86 g of pure
product by TLC (68%)*H NMR (CDCls): 1.0 (t, 6H), 2.5 (q, 4H),
2.7 (m, 4H), 3.9 (s, 4H), 7.1 (t, 2H), 7.7 (m, 4H), 8.5 (d, 2H).

Synthesis of [CU (L")](NO3), (3). L" (0.304 g, 1.02 mmol) and
Cu(NG;)2:2.5H,0 (0.238 g, 1.02 mmol) were dissolved in 10 mL of
MeCN and allowed to stir at room temperature for 1 h, yielding a royal
blue solution. The solution was then layered with 15 mL @CEtwhich
induced crystallization of royal blue needles after 3 days at room
temperature. The crystals were filtered, washed wit©E&nd dried
in vacuo to produce the desired product (0.323 g, 65%). Anal. Calcd
(Found) for GgH26NsCuQs: C, 44.49 (44.47); H, 5.39 (5.27); N, 17.29
(17.22).

Purification and Labeling of DNA. Oligonucleotides were purified

prior to use by denaturing (7 M urea) polyacrylamide gel electrophoresis

and elution into 50 mM NaOAc and 1 mM EDTA (pH 5.2). The
resulting solution was extracted with phenol/chloroform. DNA was then
precipitated by the additionf@ M NaOAc and 95% ethanol, dried

reduced pressure, twice redissolved with 20 of water, and
subsequently dried to remove trace quantities of piperidine. The isolated
DNA was resuspended in 1@ of water, normalized to 45 nCi per
sample, and mixed with 8L of loading buffer (0.25% bromphenol
blue, 0.25% xylene cyanole, 3% sucrosej @M urea). The resulting
samples were then separated by denaturing (7 M urea) polyacrylamide
(20%) gel electrophoresis and visualized by autoradiography and
Phosphorimagery (Molecular Dynamics). Quantitation of the products
relied on ImageQuant software.

Solutions of [Cu(OR)?* were prepared according to the literafidre
and reacted with'Sabeled oligonucleotides with the standard reaction
conditions forl and 5 mM MPA as the reductant.

O, Dependence of Strand ScissiofT.o test the dependence of strand
scission on @ the standard reaction conditions were modified to either
limit or increase the amount of dioxygen in the reaction mixture. To
limit the O, concentration, a solution containing the frayed dupkex
(100 nM) and 25uM [CU3”(L)(HzO)g(NOg)z](NO3)4’5H20 (1) was
degassed by bubbling with prepurified nitrogen using a syringe needle
for 15 min prior to initiation of strand scission with/8. of MPA (5
mM, undegassed). A nitrogen atmosphere was maintained by blanketing
the reaction mixture with gas over the 15 min incubation. To increase
the & concentration, a solution of 100 nl& and 2.5uM 1 was
saturated with @ by bubbling with the gas through the solution.
Following addition of 5uL of MPA (5 mM) to the oxygenated solution,
the reaction mixture was kept under ap@mosphere. Product analysis
then followed the standard procedures described above.

Strand Scission in the Presence of Standard Radical Scavengers.
To test for participation of diffusible radical intermediates during strand
scission, 10 mM ethanolp-mannitol, andtert-butyl alcohol were
alternatively added to standard reaction mixtures. Initiation of strand
scission with MPA, quenching, and analysis followed the procedure
for copper-dependent strand scission outlined above.

Determination of T, Values.To assess the presence of noncanonical
base-pairing in the frayed duplexéks, IIb, andlic, the oligonucleo-
tides (2.5uM) were annealed at 98C in 10 mM sodium phosphate
(pH 7.5) then slowly cooled to ambient temperature. Thermal dena-
turation was measured by the increase in absorbance at 260 nm, using
a Perkin-Elmer spectrophotometer and a temperature controlfé (2
increments from 24 to 62C). T, values were estimated by the average
of two independent determinations of the temperatuf& &OD from

under reduced pressure, and redissolved in water. Concentrations werd& PIOt of temperature vs Oy

determined spectrophotometrically at 260 nm with use of calculated
extinction coefficient$® DNA was radiolabeled by incubation with
[y-*2P]ATP and T4 kinase according to the supplier. Thé?B-labeled
DNA was isolated by passage over a MicroBioSpin P-6 column (Bio-
Rad). Frayed duplex structures containind-&B-labeled oligonucleo-

Results and Discussion

Elements of Recognition. Selective strand scission by
[Cug"(L)(H20)(NOs)2](NO3)4+5H,0 (1) was first observed while
surveying oxidative cleavage of a variety of nucleic acid

tide (100 nM, 90 nCi) and a complementary sequence (200 nM) were stryctures. Incubation of the hairpin-forming oligonucleotide,

annealed in sodium phosphate (10 mM, pH 7.5) by heating t&C90
followed by slow cooling to room temperature. Hairpin and single-
stranded constructs were formed by mixing*%-labeled oligo-
nucleotides (100 nM, 90 nCi) in sodium phosphate (10 mM, pH 7.5).
Copper-Dependent Strand ScissionvVarious concentrations of the
trinuclear complex, [C#f(L )(H20)(NOs)2](NO3)2+5H.0 (1), were com-
bined with labeled DNA samples (100 nM, 90 nCi) in sodium phosphate
(10 mM, pH 6.8) and strand scission was initiated by addition @£5
of reductant (5 mM) to yield a total volume of Q.. Following a 15

Qa (Figure 1A), with MPA for 15 min at ambient temperature
induced specific strand scission directed a.®& Cleavage at
Az, represented 78% of the total cleavage at#Vbcomplex

1 concentration, but use of higher concentrationd gfelded
lower selectivity due to a nonspecific background of cleavage
at all residues. The predicted secondary structufaindicates
that position A is situated in the '3single-stranded overhang
of the hairpin at the junction with the double-helical stem region.

min incubation at ambient temperature, the reaction was quenched byThe hairpin structure d2a and the location of & in a single-

addition of 10 mM diethy! dithiocarbamic acid ¢d.) and the DNA
was isolated by ethanol precipitation and dried under high vacuum.

(31) Larsen, S.; Michelsen, K.; Pedersen, A€ta Chem. Scand. A986 40,
63—76.

(32) Ellman, G. L.Arch. Biochem. Biophy4.959 82, 70-77.

(33) Fasman, G. D., Sober, H. A., E¢#andbook of Biochemistry and Molecular
Biology, 3rd ed.; CRC Press: Boca Raton, FL, 1975; Vol. 2.

stranded region were confirmed by chemical modification with
CoCh and KBr with oxone and KMn@?53° To begin exploring
the generality of this target selection, a frayed dupéefFigure

2) was next subjected to reaction with This new structure

(34) Yoon, C.; Kuwabara, M. D.; Law, R.; Wall, R.; Sigman, D. B.Biol.
Chem.1988 263 8458-8463.
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Figure 1. Structures and sequences of the hairfin, (A) Qa, Qb, Qd,
Qe and (B) Lc.
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TA Figure 3. Autoradiogram of a 20% polyacrylamide denaturing gel (7 M
G C urea) showing cleavage products 6f38P-labeledla (Crick strand, 100
é é nM) incubated withl and MPA for 15 min in phosphate buffer (10 mM,
G C pH 6.8) at ambient temperature. Lane k. Lane 2: la with 10 uM 1.
T A Lane 3: la with 5 MM MPA. Lanes 47: 0.5, 1, 5, and 1@M 1 with 5
Gs A mM MPA andla. Lane 8: At+G sequencing lane.
A T
5 g g 5 of Qa, which also showed a decrease in cleavage selectivity
Watson  Crick from 78% to 66% after the same 10-fold increase in concen-
Figure 2. Structures and sequences of the frayed duglex, tration of 1 due to an increase in background cleavage at the

other base& Alternative 32P-labeling of the Watson strand

presented a duplex region flanked bya®d 3 overhangs on  (shown on the left in Figure 2) produced 1% total cleavage
each strand and provided two junctions at which reaction could resulting from low levels of sequence-neutral cleavage in the
occur with the potential cleavage sites occupied bya®dd Gy presence of kM 1 (Figure 4, lane 5). Further increases in the
(Figure 2). Reaction ofa under the standard conditions with ~ concentration ofl to 5 and 1QuM produced 1.5-fold less total
0.5uM 1 produced 1% total cleavage on the Crick strand (shown cleavage than observed on the Crick strand (Figure 4, lanes 6
on the right in Figure 2) with 80% of that directed ab{Figure and 7). No more than 10% of the total cleavage was directed at
3, lane 4). A 10-fold increase in complex concentration to 5 @ given nucleotide, including gwhere specific strand scission
uM 1increased the total cleavagelafto 23%, but selectivity ~ might have been expected. This result indicated that the
for Cyo decreased to 50% of total fragment products (Figure 3, necessary attributes for selective cleavage were not present at
lane 6). This is due to a general increase of reaction at all sites,this alternative junction. The background reaction on both
but most particularly at G and Gs. Such a dependence of strands ofa was similar in its intensity and lack of specificity.

selectivity on the concentration dfis consistent with the results ~ The relative efficiency of nonspecific reaction is similar for the
Watson and Crick strands, but the added specific reaction on

(35) Muller, J. G.; Zheng, P.; Rokita, S. E.; Burrows, CJJAm. Chem. Soc.  the Crick strand enhances it in apparent overall reaction.
1996 118 2320-2325.

(36) Ross, S. A.; Burrows, C. Nucleic Acids Resl996 24, 5062-5063. Subsequent piperidine treatmentafoxidized byl and MPA
gg Hensler, Uy Rokita, . E‘J-V\A‘{l“ljC%‘f";bigg%%ﬁ*g%}fssf‘%‘fﬁigg resulted in an increase in strand scission of both strands, but
(39) See Supporting Information. no significant change in the cleavage pattérifhe increased
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Figure 4. Autoradiogram of a 20% polyacrylamide denaturing gel (7 M
urea) showing cleavage products 6f38P-labeledla (Watson strand,100
nM) incubated withl and MPA for 15 min in phosphate buffer (10 mM,
pH 6.8) at ambient temperature. Lane k. Lane 2: la with 10 uM 1.
Lane 3: la with 5 mM MPA. Lanes 47: 0.5, 1, 5, and 1@M 1 with 5
mM MPA andla. Lane 8: A+G sequencing lane.

amount of cleavage following piperidine treatment might
indicate thatl can facilitate oxidation of both the nucleobases
and the deoxyribose moieties. However, this piperidine labile % Cleavage 0 25 31 41
fraction may also result only from additional types of sugar Figure 5. Autoradiogram of a 20% polyacrylamide denaturing gel (7 M
oxidation that do not produce spontaneous strand scission.urea) showing cleavage products of single-strandé@blabeleda (Crick
Selecive cleavage at £ was observed prior 1o piperidine et 10/ necbeeduhand U o 15 i anosphle b
treatment and therefore was likely a result of sugar and not ,m 1. Lane 3: 1a with 5 mM MPA. Lanes 47: 0.5, 1, 5, and 1M 1
nucleobase oxidation at the cytosine. with 5 mM MPA andla. Lane 8: A+G sequencing lane.

Specific reaction ofl could be due to an intrinsic tendency o o
for oxidation of Go. To test this theory, each Watson and Crick The lack of select_|V|ty O_bseth_ed at£in smglg-stranded
strand ofia was reacted independently witfin the absence of DNA suggests that this sﬁe is no'.[ mherently reactive. jl're-atment
its respective complement. The Watson strand produced 1% total®f the single strands with piperidine also does not indicate a
cleavage in the presence df(1 uM), similar to its reactivity preferer_me for reaction atzg_)or any particular _nucleobase_. An
as a frayed duplex structure ia.3? No selectivity is observed interesting feature of the single-stranded Crick stranthas

for any of the nucleotides in this single strand. When the Crick 1S enhanced reactivity at6and G4 (Figure 5). Selective
strand was single stranded, total cleavage @11 was 2.5% reaction at these two nucleotides, which accounts for a combined

(Figure 5, lane 5). At the higher complex concentrations, 3> + 4% of the total cleavage at 1, 5, and M 1, led to
cleavage of the single Crick strand is greater than that of the higher than expected cleavage of the strand. This result could

duplex (Figure 5, lanes 6 and 7). Binding by the complex in P€ due to the enhanced oxidizability of guarfinepreferential

the major or minor grooves of the duplex should produce chelation of the two guanines Hydue to an unknown structure
differences in the overall cleavage of single- vs double-stranded "0t detected by standard folding programs. .

DNA with a preference for reaction with the duplex. The  1he specific cleavage reaction facilitated Hytypically
appearance of low-level sequence/structure neutral cleavage of®duires adjacent double-helical and single-stranded portions of
bothla and the respective single-stranded sequences suggest®NA and therefore involves more than structural recognition
that1 either interacts equally or not at all with most of the strand. Of €ither single- or double-stranded DNA. Initial observation
In contrast, [Cu(OR)2*, which is known to bind in the minor of specific strand scission at two sites,pA0f Qa and Gg of
groove of duplex DNA, does not effect cleavage of single- (40) Marshall, L. E.; Graham, D. R.; Reich, K. A.; Sigman, DBschemistry
stranded DNA'® 1981, 20, 244-250.
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(A) Qb (B) Qc Table 1. Cleavage of the Hairpin () Constructs
Conc. of 1 (UM) (2 Conc. of 1 (uM) 9 concn of 1
051 5 10 < 051 5 10 < 0.5uM 1eM SuM
Qa total cleavage 4 9 40
1 2 3 4 5 12 3 4 5 % at Aoy 78 72 66
Qb total cleavage 16 34 70
c % at &2 60 53 40
g < % at T 25 25 28
G C Qc total cleavage 2 7 36
T 8 % at Awg 40 24 23
c G % at Tig 14 8 10
G ¢1a <+ % at A 19 17 14
G A Qd total cleavage <1 2 56
A c % at Ap, na 85 71
T & G Qe total cleavage 1 9 67
G @ G % at Gy 60 63 45
T "f A % at Ty 25 21 20
& & c T % at Ao 10 8 9
G . G
? T T nucleotides, but the primary locus of cleavagep,Gvas still
A = 3 c immediately 3 to the stem region of the hairpin. This result
. . suggests that the nucleobase of the reaction site appears to be

.
& W
L N
o o
L
F 4 ©

@

G

Figure 6. Autoradiogram of a 20% polyacrylamide denaturing gel (7 M
urea) showing cleavage products ¢f38P-labeledQb (100 nM) andQc
(100 nM) incubated witil and MPA for 15 min in phosphate buffer (10
mM, pH 6.8) at ambient temperature. (A) Lanes4t b and 5 mM MPA
with 0.5, 1, 5, and 1M 1. Lane 5: A+G sequencing lane. (B) Lanes
1-4: Qc and 5 mM MPA with 0.5, 1, 5, and 1M 1. Lane 5: A+G
sequencing lane.

la) suggested thal may preferentially recognize junctions

neither the target of reaction nor a necessary element of
recognition.

The variables that might possibly affect the selective reactivity
are local sequence, the unique structure of nucleotide residues
around the junction, or proximity to the frayett&8rmini. This
last possibility was explored through circular permutation of
the hairpin, which involved transfer of three bases from the 5
end of Qa to its 3 end so that A, of Qa became Ag of Qc
(Figure 1B). Due to the ability of copper to coordinate to
phosphate oxygefisin addition to nucleobase nitrogens, this
change was made to explore a proximity effect resulting from
the nearness of the' 3erminus and helical junction ofa.
Cleavage of2c with 1 targeted Ag in Qc (Figure 6B, lane 2).
Reaction at this site appears to rule out an interactidhwith
the 3 end of the oligonucleotide. The lower selectivity of
cleavage at A in Qc is linked to an increase in the cleavage
of Ag, which forms part of the stem &c (Table 1). Otherwise,

between single- and double-stranded DNA. However, the nonspecific background cleavage mediated. liy comparable

absence of a similar reaction ab{®f |a demonstrated that a

for the two hairpin structures. The differences in the cleavage

further requirement, possibly derived from the sequence sur- patterns likely reflect slight variations in the structures(#
rounding the junction, may also control selectivity and scission. and Qc that affect the binding and recognition bfand allow
To test this possibility, the nucleotide sequence proximal to the for reaction at both a paired and unpaired base in the helix

specific cleavage site was systematically varied.
Nucleotide Sequence Dependence for Selective Strand

junction. Since the reaction selectivity was relatively inde-
pendent of the target nucleotide, the local sequence and structure

Cleavage.Since cleavage appeared selective for a nucleotide near the junction may then control scission.

position rather than a specific nucleobase, reaction dependent Role of Guanine in then+1 Position of the 3 Overhang.

on 1 was thought to be completely independent of the nucleo- A comparison of the hairpi2a and its derivativesQb and

base at the target site. To test this possibility, the adenine atQc (Figure 1A,B), with the frayed dupleba (Figure 2) shows

the cleavage site i®a was replaced with a guanine affording
Qb (Figure 1A). Reaction of2b with 1 resulted in an increase
in total cleavage relative to that 62a at all concentrations of

no similarities in the sequences of theo®erhangs. Review of
the n+1 positions of the hairpins and the frayed duplex
structures reveals that all the sequences for which specific

1 (Figure 6A). Selective strand scission occurred primarily at cleavage was observed possessed a guanine imtth@osition
Gz2 and Tpy, both of which are near the junction. Reaction at of the 5 overhang. The '5sequence opposite,£on la was
Gz2 was more intense, representing 60% of the total cleavagefirst completely truncated to give duplélx andlc (Figure 2).

at 0.5uM 1 (Figure 6A, lane 1). An additional 25% of the total
cleavage was directed abil(Table 1) at each concentration
tested. Reaction at 3 and T,; together resulted in specific

Reaction oflb in the presence ofl resulted in a loss of
selectivity for Go.2° Therefore, at least some portion of the 5
overhang is necessary in the recognition and reaction process.

cleavage events accounting for 85% of the total cleavage in The deleted sequence presented numerous coordination sites on

Qb at 0.54M 1. This compares favorably with the amount of

cleavage directed atAin 2a (78%). Exchange of adenine for
guanine at the cleavage site @b led to the targeting of two

8060 J. AM. CHEM. SOC. = VOL. 124, NO. 27, 2002

the phosphate backbone and the nucleobases for transition metal

(41) Sigel, H.Chem. Soc. Re 1993 22, 255-267.
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Figure 7. Structures ofe—i exhibiting 8 truncated overhangs.
T
ions in general and copper more specificdfy® Coordination
of phosphate compounds to Cu(ll) in a related ligand environ- . . c
ment has previously been obsertfeaihd therefore a phosphoryl P c
group was added back to the truncated sequence yielding
(Figure 2) in an attempt to test the importance of this specific » . . A
ligand. Reaction of the' phosphorylated and truncated sequence
Ic with 1 produced only nonspecific background cleavage. No . ". A

recovery of reaction at £ was apparerit? Consequently,
complex1 does not likely interact directly with this phosphate.
Alternatively, nucleobases surrounding the junction on the 5 0 61 27 28 % Cy

overhang opposite the cleavage site may be responsible forFigure 8. Autoradiogram of a 20% polyacrylamide denaturing gel (7 M
directingl. However, restoration of a single nonhelical adenine g;%al)i S(f(‘:"r‘i’zil?gst‘;:?a’aggopLoh‘:??;igﬁ gié?k;‘;';dai c(jcl\rﬂi‘;'f;?r”féli?n”m)

n the n p03|_t|on of the 5__overhang id, Figure 2) WQS not phosphate buffer (iO mM, pH 6.8) at ambient temperature. (A) Lanes
sufficient to induce specific cleavageFurther extension of 1-4: le and 5 mM MPA with 0.5, 1, 5, and 1M 1. Lane 5: A+G

the truncated sequence to include a nonhelical guanine in thesequencing lane. (B) Lanes-2: Ii and 5 mM MPA with 0.5, 1, 5, and 10
n+1 position of the Soverhang (Figure 7) restored the selective #M 1. Lane 5: A+G sequencing lane.

strand scission at £ of le, although at a lower level than

observed withla (Figure 8A). Truncation of the'Soverhang  guanine in the i1 position of the Soverhang adjacent to the
also produced an increase in cleavage at&hd Gs. These  junction appears to be an absolute and minimal sequence

results may indicate reduced stabilitylefas a duplex relative  yequirement for recognition by [GHI(L)(H20)s(NO5)2](NO3),*
to la thereby changing the equilibrium of DNA structures in - 51,0 (1).

the reaction mixture.

0 1 12 21 %Total 0 2 14 28

The dependence on guanine at the helical junction and
To test the necessity of guanine versus other nucleobases irconsiderable precedent for transition metal coordination to
the n+1 position, analogous DNA substrates substituted with nucleobases available in the literature suggests recognition of
adenine, thymine, and cytosine (dupleXedg, andlh, Figure either a structure dependent on guanine or direct coordination
7) were tested witll. None of these resulting derivatives were  to the guanine in the+1 position. Of the potential coordination
capable of mediating specific cleavage as.& If the data are  sites#245 the N7 of guanine exhibits the highest affinity for
normalized to Gs, then the reaction atfin la is between 10-  pinding to transition metal complexé%ln double-helical DNA,
and 20-fold more efficient than in the truncated sequences with however, this position is situated within the major groove and
adenine, thymine, or cytosine at thé1 position. An equivalent  is only partially accessible. For this reason, interactions between
comparison of reaction atgin la and the minimal target of 1 and the N7 are more likely to occur in a region of DNA that
le shows that reaction atgis only 1.5-fold more efficient. s single stranded. Whether guanine is necessary to maintain a
The basal level of nonspecific background cleavage was onceunique oligonucleotide fold or a metal coordination site, it does
again the same for all the frayed duplex@e presence of  not appear to participate in or be a target of reaction. Instead,
this guanine most likely serves to anchor or localize the
(42) Lippard, S. J.; Berg, J. Merinciples of Bioinorganic Chemistryniversity trinuclear complex for its ultimate scission of the adjacent strand.

Science Books: Mill Valley, CA, 1994.
(43) Kazakov, S. A. InBioorganic Chemistry Nucleic Acids Hecht, S. M.,

Ed.; Oxford University Press: New York, 1996; pp 24287. (45) Sigel, H. InMetal-DNA ChemistryTullius, T. D., Ed.; American Chemical
(44) Young, M. J.; Wahnon, D.; Hynes, R. C.; ChinJJAm. Chem. Sod995 Society: Washington, DC, 1989; pp 15904.
117, 9441-9447. (46) Martin, R. B.Acc. Chem. Red.985 18, 32—38.
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Figure 10. Structure and sequences of the frayed dupliex,
G - . . .
R ‘ at A»; and limited reaction at adjacent stem and single-stranded
. portions (Figure 9A, Table 1). Scission abfaccounted for
- T = T 85% of the total cleavage with/AM 1. In contrast, placement
of a guanine at the cleavage site with an adenine at position
- C £ ¢ (Qe) led to cleavage at three adjacent sitesp, @nd the

Fioure 9. Autoradi 2 20% ool lamide denaturi L7 M preceding nucleotides;Tand Ay (Figure 9B). When cleavage
gure 9. utoradiogram or a 0 polyacrylamide daenaturing ge . H
urea) showing cleavage products 6f&P-labeled@d (100 nM) andQe at these three nucleotides is added together they account for

(100 nM) incubated wittL. and MPA for 15 min in phosphate buffer (10 92% of the total cleavage ataM 1. These results are consistent
mM, pH 6.8) at ambient temperature. (A) Lanes4t @d and 5 mM MPA with the differential specificity ofl with Qa vs Qb for which
‘1‘”}2_05;} tn?i' :rr‘ng%l"'ﬂAlwﬁting 55: 1M5 G:ne(?‘i;rlvl"rl‘g ﬂz’gz- 5(!3);%‘95 the adenine at the cleavage site was exchanged with guanine
seqdencing lane. D ' ) resulting in target expansion fromp&8 to include G, and T
(Figure 6 and Table 1). A guanine at the target locus regardless
Role of a Purine in the n Position of the 8 Overhang. of the identity of the purine in the position may offer more
The presence of a guanine in thé1 position of the 5overhang than one possible conformation or ligand for binding of the
is not the only factor determining reaction at the helix/coil complex leading to less targeted strand scission. Similar
junction. Use of additional target sequences suggested that sompetition was previously observed with distamycin conjugates
purine must also be present in th@osition of the 5overhang of EDTA-Fe(ll), which were attributed to multiple binding
for selective strand scission (Figures 1 and 2). The importance Positions of the drug?
of this criteria was illustrated when a structure containing a  Engineering a Frayed Duplex for Specific Strand Scission.
nonhelical guanine and thymine in thé-1 andn positions (i, To observe specific strand scission of DNA hythe target
Figure 7), respectively, was reacted withRegardless of the appeared to exhibit a minimum of three prerequisites. First, a
concentration ofL, the amount of background cleavagelof junction between single- and double-stranded regions must be
was comparable to that observed on other constructs that lackedPresent; second, guanine is required atrtté position of the
the necessary sequence elements for specific strand scission angl overhang; and third, a purine is required at theosition
reaction at Go was dramatically suppressed (Figure 8B). Less (Figures 1 and 2). The predictive nature of these requirements
than 1% of the total cleavage was directed at the targgt C Was next tested by redesigning an unreactive junctioa @6
suggesting a requirement for a purine at thgosition of the 5 include the necessary sequence elemefits, (Figure 10).
overhang. According to the proposed rules for specific reactivity, the frayed
The role of purine in thex position in modulating reaction ~ €Nd containing & of the Watson strand df (Figure 2) did
selectivity was assessed by replacing the guanine®aénd not previously exhibit selective cleavagg because |F _Iacked the
Qb with adenine. This nucleobase was determined to affect N€cessary sequence on thegerhang. To induce specific strand
targeting byl to a lesser degree than the base occupying the SCiSsion the nucleotide in the-1 position on the Soverhang
cleavage site. When the cleavage site is occupied by guanine©f the Crick strand ofa was modified from a thymine to a

strand scission is no longer limited to just one nucleotide target. 9U@nine. Additionally, the nucleotide in the position was
In contrast, adenine seems to diréehore precisely at a single similarly changed from an adenine to a guanine. The overhangs
base near the junction on thé &rand. HairpinQd, which near the junction were also lengthened merely to increase the

possesses an adenine both at the cleavage site and m the o)t 105 s Schultz, P. G.: Dervan, P. Fetrahedronl984 40, 457

position of the 5overhang, supported highly specific cleavage 465,
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Conc. of 1 (uM)
05 1 5 10

tion of tandem GA mismatches between thédnd 3 overhangs
of these frayed duplex structures. The extent of helical structure
in these sequences was assessed by comparing the thermal
melting temperatures of the reactive tarij@tand the unreactive
derivativesllb andlic. As anticipated, thd, of lla was 38
°C, whereas thd,, temperatures ofib andllc were 44 and
41°C .2 Although one GA mismatch at the terminus or within
a helix is destabilizing, adjacent-&, A-G mismatches confer
a surprising stability through purirgourine stacking interac-
tions#849 When the GA, A-G mismatch is flanked by a'5
20 4— pyrimidine and a 3purine (3-YGAR-3', Y = pyrimidine and
R = purine), the thermodynamic parameters are similar to those
of a Watson-Crick base-paired duplex. This is reflected in the
higherT, of IIb, which contained a'8hymine and 3adenine
surrounding the @&\ mismatch. In contrast, the mismatch in
lic is flanked by a 5guanine and'3adenine and appeared less
stable tharllb .
A helix/coil junction is still present inlb andllc, but not in
a comparable position téla. Consequently, the sequence
extending beyond the helix is no longer appropriate for
recognition and reaction bg. The sensitivity ofl to weak
hydrogen bonding and its inability to interrupt those interactions
as illustrated by the lack of selective reactionllif andllc
may be beneficial in DNA footprinting experiments in which
target disruption by a probe could produce misleading results.
Once the source and nuances of recognition were elaborated,
the reaction process by compl&xand the thiol reductant could
be examined.
Strand Scission in the Presence of Different Reductants.
MPA was chosen as a convenient reductant og[Q@L)(H.O)s-
(NO3)2](NO3)4-5H,0 (1) to form its Cu(l) state, but this thiol
is not unique in its ability to promote strand scission. Several
commonly used biological reductants also support reaction of
%Cleavage 1 3 18 26 1 with la under the standard conditions (5 mM reductant). The
% of Gy, 74 60 25 14 relative efficiency of the sulfur-containing reductants to promote
Figure 11. Autoradiogram of a 20% polyacrylamide denaturing gel (7 M the background and targeted cleavage of DNA is MPA

urea) showing cleavage products 6£%P-labeledlla (Crick strand, 100 glutathione (GSH}> dithiothreitol (DTT) > sodium dithionite.
nM) incubated withl and MPA for 15 min in phosphate buffer (10 mM,  Although the amount of total cleavage varies significantly

V]
T
<<
8

O o 00440060 4rH0004

@

-

pH 6.8) at ambient temperature. Lane lla. Lane 2: lla with 10 uM 1. 0 ; 0 ;
Lane 3: lla with 5 MM MPA. Lanes 47: 0.5, 1, 5, and 1@M 1 with 5 bstwe.en the reductants from 130 % Wlth MPA tc.) 6% with .GSH’
mM MPA andlla. Lane 8: A+G sequencing lane. 3% with DTT and less than 1% with dithionite, there is no

) o i . _change in the relative selectivity for scission at.&

resolution of. scission products by'usmg a sequencing gel with  a Cu(l) form of 1 can be expected to be generated through
S'-labeled oligonucleotides. Insertion of a guanine in both the 5 thiol-mediated reduction of the initial Cu(ll) complex leading
n+1 andn positions of the Soverhang ofla resulted in specific 4 sirand scissiof? The similarity of the cleavage patterns
strand scission at 45 of the Watson strand corresponding t0  yroduced in the presence of different thiols also indicates that
Gz of la (Figure 11). The percentage of total cleavage was ne reactive intermediate is likely derived from the interaction
comparaple .to that of the Crick strandlaf, although speqﬂc of Cu(l) with a common component in each reaction mixture
strand scission appeared to target boty &d Tio. Scission and is not a copperthiol complex or a copper-derived thiol
over a two-residue region is typical for adjacent sequences species such as thiyl radicéi52Consequently, the reductant is
containing guanine at both theand n+1 positions. In both 4t jntimately involved in recognition of DNA or in formation
cases, the primary site of cleavage is at the first unpaired targetof he yltimate oxidant. The observed differences in reactivity
and the secondary cleavage site occurs at the adjacent basemay be explained in part by the varying reduction potentials of

paired nucleotide. _ ~ the thiols tested. Depending on its reduction potential and the
Reactlon_m|ght additionally have_ been expeqt_ed after insertion affinity of the thiol for coordination to copper, changes in the
of an adenine rather than a guanine atrieosition of the 5 reductant could result in differing rates of oxidative cleavage

overhang. However, reaction ib andlic, both possessinga 4 pNA.
guanine in thex+1 position and an adenine in thgosition of

H o (48) Ebel, S.; Lane, A. N.; Brown, TBiochemistry1992 31, 12083-12086.
the 8 overhang, resulted in a surprising lack of cleavageafG (49) Li, Y. Zon, G.. Wilson, W. D Biochemistyl091. 30, 7566- 7572,
Although the structure of the duplex and sequence on the 5 (50) Sigman, D. SAcc. Chem. Re<4986 19, 180-186.
; ; i (51) John, D. C. A.; Douglas, K. Biochem. J1993 289, 463-468.
overl_qf_mg conform tq the basu? r_equwements for recognition and (82} John. D. C. A" Douglas, K. TBiochem. Biophys. Res. Commu989
specific strand scission, reactivity could be hindered by forma- 165 1235-1242.
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Comparison of Thiol Reductants to Ascorbate Prior study but becomes successively more selective when the intermediate
of [Cu(OP)]?* demonstrated that both MPA and mercapto- is held by metal coordination and localization to particular
ethanol coordinate to copper in competition with the second recognition sites.
phenanthroline liganef Spectroscopic detection of the reduction

of [Cu(OPY]?" with MPA failed to yield a spectrum charac- Mt - 0,— ML 0, (1)
teristic of the reduced complex, [Cu(QP). A new species was

nevertheless observed following reduction by MPA and was M™ +0,” + 2H" =M™ + H,0, 2)
assigned as a mixed phenanthrotitikiol—copper complex. . 1 .

This derivative appeared not to be involved in strand scission. M™ + H,0,—~M"™"+ OH +"OH )

An equivalent mixed complex was not detected when ascorbate
was used to reduce [Cu(Qf)". Although the overall rate of
strand scission by [Cu(OR¥" was higher in the presence of
ascorbate, the cleavage pattern was identical with that observe
with the thiol reductants, suggesting a common intermedfate.
Relative to ascorbate, the rate of strand scission was slower in
the presence of thiol reductants due to their competitive binding
to copper effectively lowering the concentration of [Cug}®

in the reaction mixture.

To rule out a unique role of thiol-containing reductants in
specific strand scission d& by 1, ascorbate was used as an
alternative reductant. At 5 mM ascorbate and 2\6 1, 29%
of the Crick strand was cleavé@l Ascorbate was significantly
more efficient than MPA (13% cleavage) and the concentration
of 1 with ascorbate could be lowered to 0.28! to induce the

same level of overall cleavage with MPAGiven the 10-fold .

difference in complex concentration, DNA scission in the 2%%?; z ozolﬂnwihélit%t:ai?]ojro?;nr(];:':goall’v;rfrz_f ?Cutylloz I)CO;nOC;
presence of ascorbate appears to be more efficient than that Withcom ares favorably with the reaction witr?out radical quenchin
sulfur-containing reductants. The selectivity of cleavage obtained P 0 yw I S d 9
at low concentrations df with 5 mM ascorbate is comparable agent (12% degradatiof) Specific strand scission abgalso

: : 0
to that observed when higher concentrationsl gfre reacted (rjeeTeacTe S;j re_ll_?]tle\gyrgggli’;agh atert ?h/;tO:]gilEet:)ts;cplzogouucr:?j nor
with DNA in the presence of 5 mM MPA. The similarities in ) 99 g

the relative amount and pattern of cleavage suggest that the Cu(l)sloec'fIC pleavag_e _proceed throggh a f_reely d|ffu5|blt_a radical
. . S ; ... Intermediate. This is consistent with earlier results obtained from
form of 1 is the active species involved in both nonspecific

o 10 Do
and selective strand scission. The differences in the overall ra'[esthe oxidation of pBR322 by and MPA:® Piperidine treatment

. of the above reaction mixtures containing radical scavengers
of cleavage in the presence of MPA or ascorbate may be due . . . . .
" L . still resulted in an increase in overall strand scissfddowever,
to competitive coordination of the thiol reductantltthat lowers ) . .
- . . . . there was no change in the intensity or pattern of cleavage
the concentration of the active species in the reaction mixture. - o .
S ) relative to reaction in the absence of added quenching agent,
O, Dependence of Strand ScissionThe requirement of a

. suggesting that the species responsible for nucleobase oxidation
| H -5H

(2) suggests that the intermediate responsible for strand scission Reaction of [Cu(OR]?* with DNA also lacks a quenchable

derl;_/es tf;]om Teacftl(c;n Oft'ts dCuéI) spet:_(:les z_antd dloxygtxje_n._ To oxidative intermediate as shown by its insensitivity to the

Zosr]p::\;Inl E:ﬁ& T\)/IPA,\ aai;g \?v;srgzgallggegIz/(v;:kr\en(i:t(:ggegzl?c? presence of 10 mM ethanol, mannitol, sodium formate, or

' P ' " otassium iodidé? In contrast, EDTAFe(ll) has been shown

create an @limited environment. Under these conditions, total py comparison withy-radiolysis of watér)to mediate strand

cleavage decreased 10-fold relative to a standard air-saturated . _. . g U . .

reactio?139 Conversely, when an equivalent reaction mixture was cission via generation of diffusible hydroxyl radicals in bulk
‘ Y, q solution®* Hydroxyl radical cleavage of DNA produced by the

saturat_ed with dlgxgy gen, total consumpt_lqnlaflncreased_ b)_/ above methods shows no specificity for a particular sequence
approxmatt_aly 5092 In eltoher case, selectlwty_ of strand scission or nucleotide and is subject to quenching by standard radical
at Go remal_ned ?t 55 3@ of Fhe totg\l reactlpn. Involvemeqt scavengers. Tethering of EDTRe(ll) to a DNA recognition

of an Qrderived intermediate is consistent with the mechanism unit delivers its oxidizing intermediate to multiple contiguous

ot ) "
propolsed f?:} [Su(()(jl?)t an% iferta"ll other trinsnl(?q m;f’g positions near the site of complex interactf@f®Specific strand
compléexes that mediate oxidative cleavage ol NUCIEIC aclls. iqqiq byl, however, normally results in reaction directed at

Mr? st .Of tthhese dcon:jpflexes :?::OW at llzt_arlton-ti/pe _trrr:zghamsm only one or two nucleotides. Both target specifity and lack of
wherein the reguced form of the metal interacts with dioxygen reactivity to H-atom donors demonstrate that thgd@rived

to produce a reactlve.oxygen species (i.e. §uperOX|de, peroxldeintermediate is not a freely diffusible radical species.
hydroxyl radical) that is capable of abstracting a hydrogen atom The exact nature of the ulimate oxidant responsible for

from the deoxyribose moiety of a nucleotide residue. The | .
reaction is nonspecific when this species is freely diffusible, cleavage of DNA by [Csl (L)(H20)s(NOs)2](NOs)a'5HO (1)

(M"™ =Fé" or cu")

q The ability of [CW"(L)(H20)3(NO3)2](NO3)45H0 (1) to
cause direct strand scission of DNA strongly suggests a cleavage
mechanism involving hydrogen atom abstraction from the sugar.
The limited profile of scission products formed by selective
reaction argues against the intermediacy of a diffusible hydroxyl
radical. This was further explored by the addition of known
radical scavengers during cleavagelaf A decrease in the
amount of selective and total cleavage would be expected if
either process involved a diffusible radical species. If the
intermediate remained “coordinated” to the metal center as
proposed for [Cu(OB)?* or was not a radical species, then
addition of the scavengers would result in no change in the
observed reaction. Strand scissiodaby 1 in the presence or

(54) Pogozelski, W. K.; McNeese, T. J.; Tullius, T..D.Am. Chem. Sod995
(53) Veal, J. M.; Merchant, K.; Rill, R. LNucleic Acids Resl991, 19, 3383~ 117, 6428-6433.
3388. (55) Dreyer, G. B.; Dervan, P. Broc. Natl. Acad. Scil985 82, 968-972.
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will require additional experiments out of the scope of this coordinate'® The ligand coordination derives from two pyridyl
report, although intermediates can be proposed through com-nitrogens and a tertiary amine. While the exogenous ligands in
parison with other DNA cleavage systems. The putative the solid state are water and nitrate, these sites may alternatively
intermediate of [Cu(OR)?™ and MPA has been presented as a be occupied by hydroxide, substrate, or a reactive intermediate
copper-bound “caged” radical species with the formula [CuO] in solution. The third copper atom possesses tetradentate ligand
or [CUOHPE+.856 On the other hand, cupric hydroperoxo {€u  coordination similar to that of the tridentate sites with an
OOH) or cupric superoxo (CwO,™) intermediates (or higher  additional tertiary amine nitrogen in its coordination sphere.
valent species derived from these) have been proposed as th@etradentate coordination leaves only one additional site on
active Q-derived species for the copper-containing enzymes, copper for coordination. The tri- and tetradentate coordination
dopamines-hydroxylase and peptidyl glycine monooxygenase, sites have the potential to exhibit very different reactivity with
that also effect hydrogen atom abstraction react?éri¥.In the the reductant, substrate, and dioxygen, such that not all of the
absence of further chemical and spectroscopic insights, similarcoppers within each complex would necessarily be involved in
types of Q-derived intermediates may be suggested for reaction oxidative cleavage of DNA.
of 1 and MPA with DNA in the presence of O To better understand the role of the individual coppers in

Sensitivity of Strand Scission to Electrostaticsin aqueous  [Cus''(L)(H20)3(NO3)2|(NO3)4-5H,O (1), two mononuclear
solution, 1 is expected to be cationic with water or hydroxide analogues of the complex were synthesized. One of these,
occupying the vacant coordination sk&and therefore should ~ [Cu'(L")](NO3)2 (2), was designed to model the tridentate sites,
experience a strong electrostatic attraction to the anionic while the second compound, [{iL"")](NOs). (3), was designed
phosphate backbone of DNA. While this effect does not lead to model the tetradentate site. Equivalent copper ion concentra-
to specific interaction of the complex with DNA, a general tions were used for comparison of DNA cleavage by the
affinity would still enhance its local concentration around the mononuclear analogues aiddn the presence of MPA under
substrate. Reaction of the hairpf@a with [Cus"(L)(H20)z- the standard reaction conditions. Less than 1% of the Crick
(NO3)2](NO3)45H,0 (1) in 10 mM sodium phosphate buffer — strand ofla was cleaved b or 3 at every copper concentration
in the presence of 50 mM NaCl, NaN@r NaCIQ, resulted in tested (1.5 and 7..xM).%° The failure of the mononuclear
a decrease in the overall yield of strand scission relative to compounds to promote general cleavage of DNA may indicate
reaction in the absence of added ¥a#ind is consistent with  that they do not react with dioxygen to generate the necessary
electrostatic shielding of the DNA. The presence of salt inhibits intermediate. Conclusions about selective strand scission cannot
this interaction, effectively lowering the complex concentration, be made in the absence of distinguishable reactivity. A level of
which leads to decreased strand scission. However, selectivitycooperativity between the multiple metal ions bftherefore
of cleavage continued to exhibit a distinct preference fer. A likely produces both nonspecific and specific cleavage of DNA,
By comparison, EDTAFe(Il) does not interact with DNA due  which cannot be mimicked by intermolecular derivatives.
to its overall negative charge and shows no dependence on the Comparison of 1 to Cl?*. Facile ligand exchange by Cu(ll)
ionic strength of the reaction mixtuf&This result suggests that ~ presents the possibility of significant quantities of free copper
1 accumulates near the surface of DNA. in the reaction mixture. To address this, Cu@y®.5H0 (1.5

The use of nitrate as the counterion in §iL )(H20)3(NOs)2]- and 7.5uM) and MPA (5 mM) were incubated witra. Less
(NO3)4-5H,0 (1) raised some concern regarding the ability of than 1% of the oligonucleotide was cleaved under the standard
nitrate to act as an oxidant due to its thermodynamically reaction conditions at either concentratfhe strand scission
favorable redox potential. However, this is not likely in this observed in the presence of [£(L )(H20)s(NO3)2](NO3)s:5H0
study since the extent and pattern of cleavage with additional (1) was thus not due to free copper as demonstrated by the lack
nitrate was not different from that observed with excess ©f significant reactivity with Cu(N@2z-2.5H,0. The inability
perchlorate or chloride. The lack of correlation between reaction of agueous Cu(ll) to mediate general strand scission also
efficiency and the coordination strength of the anions suggestsPrecluded observation of selective cleavage. This conclusion
that although chloride may bind to copper and compete with further supports the earlier suggestion that the metal ions of
the thiol reductant, DNA, or @ it is sufficiently labile in ~ the multinuclear complex act synergistically.

agueous solution to not interfere with reactivity. Comparison of 1 with [Cu(OP).]?*. Comparisons of DNA
Comparison of Multi- and Mononuclear Complexes.The cleavage were also made between [Cu{{¥P)and [Cu'(L)-
solid and solution properties of [GU(L)(H20)3(NO3)2](NO3),- (H20)3(NO3)2](NO3)4:5H,O (1) under the standard reaction

5H,0 (1) provide intriguing mechanistic possibilities for selec- ¢onditions. Since the 1,10-phenanthrofir@pper complex is

tive recognition and reaction of DNA. The X-ray structurelof also mononuclear, it was tested at complex concentrations three
reveals two copper ions, which are tridentate with respect to times greater than those bf Extensive cleavage of the frayed
the ligand and are capable of coordinating two exogenous duplex la was observed in the presence of 1.5 and /M6

ligands, consistent with the tendency of Cu(ll) to be penta- [CU(OPY?" and 5 mM MPA, yielding nearly complete
degradation of the parent oligonucleotide at the higher concen-

(56) Sigman, D. S.; Mazumder, A.; Perrin, D. Khem. Re. 1993 93, 2295- tration®2 At the lower concentration, the phenanthrofirepper
2316. At }

(57) Kiinman, J. PChem. Re. 1996 96, 25412561, complex demonstrated a pre.ference.for QX|dat|on of double

(58) Blackburn, N. J.; Rhames, F. C.; Ralle, M.; Jaron].®iol. Inorg. Chem. helical 3 GT sequences consistent with prior repd#ts The
200Q 5, 341-353. ;

(59) Prigge, S. T.; Mains, R. E.; Eipper, B. A.; Amzel, L. I@ell. Mol. Life amqunt B C.leavage on the Watson and c?an st_randa ofas
Sci.200Q 57, 1236-1259. ‘ equivalent, in contrast to the results obtained itiCleavage

(60) Wahnon, D Lebuis, A-M.; Chin, Angew. Chem., Int. Ed. Englo9s of the Crick strand ofa by 1 was 1.5-fold greater than that

(61) Lu, M.; Guo, Q.; Wink, D. J.; Kallenbach, N. Rlucleic Acids Resl99Q
18, 3333-3337. (62) Data not presented.
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observed on the Watson strand because of the specific strandther two coppers remain in close proximity to deliver the

scission event at £ of the Crick strand. Selective cleavage at reactive intermediate or its precursor to either the coordinated

Cyo does not occur in reaction &f with [Cu(OP)Y]?" and MPA. copper prior to strand scission or directly to the deoxyribose

The multinuclear compleg then possesses a unique ability to  sugar. This mechanism consequently predicts cooperativity

recognize novel DNA structures that is dependent on the naturebetween at least two of the three metals in the trinuclear complex

of its coordination properties. to aid in recognition of the substrate, formation of thederived
Proposed Model of Reactivity and Recognition.The intermediate, and delivery of the reactive species responsible

advantage of a multinuclear complex lies in its potential capacity for selective strand scission to the proper site.

to form a reactive intermediate like peroxide, hydroperoxide,

or hydroxyl radical on the surface of DNA without aid of a Summary and Conclusions

second equivalent of the complex. In contrast, oxidative cleavage Reaction of DNA induced by [Gi
. ) . y [GH(L)(H20)(NO3)2](NOs)ar
2+
of DNA by [Cu(OP)]*" effectively requires 3 equiv of complex g, & 1y hresages broad potential for multinuclear complexes

to(;:legve ofnecstrgndzgf theCduglsx. +Th9h_rehack:|on IS mmatgg by to both coordinate selectively to target structures of DNA and
reduction of [Cu(OR** to [Cu(OP)]™, which then reacts wit promote their modification in a manner that might otherwise

d'OXygen n s.olutlon, returning t.he startlng compound and require involvement of multiple mononuclear complexes. Multi-
superomde_ an|o_ﬁ3. Spontaneous dismutation of two ”?0'90“'_93 nuclearity in the complex (i.e. the presence of two or three
of superoxide yu_alds dioxygen a_md hydrogen peroxide which proximate copper ions) facilitates formation of the intermediate,
can t_hen react \.N'th _a”OtheT equwalt_ent of the redqce_d complex but also appears to be important in recognition of the cleavage
yielding a nondiffusible radical species. Strand scission results site within DNA. Through examination of a series of oligo-

after the reduced complgx, [CU(QP).’ b'ﬁds in the minor nucleotide targets, specific strand scissionlldyas now been
groove of the dogble-hehcal DNA. Kinetic measuremer)ts.of shown to require a junction between single- and double-stranded
_1,10-phenanthrollnecopper der_n_onstrated_that strand scission DNA and the presence of guanine at thé1 (i.e. second

is & bimolecular process requiring 2 equiv of the compfex. unpaired) position of the' ®verhang. Either adenine or guanine

ch.UCh a mechanism sugge_sts ig;ermolleculgr f?rrgatio; of 4can occupy the position (i.e. next to the base-paired region)
Imeric copperperoxo species. Since 1 equiv of [Cu(@P) of that same strand, but both thé-1 and then positions must

is, thought tp bind in the minor groove of DNA, formation ofa meet the necessary requirements for the reaction to occur.

dimer requires that the other equivalent remain unbound and Complexes exhibiting such a hiah level of specificity as

free in solution. In the event that all available complex binds I P g g pectiety

to DNA, then the reactive intermediate may not be generated. [CUs™(L)(Ho0)s(NG3)2](NOs)a5H;O (1) may be potentially

A simila{r process may occur with the mononuclear complexes useful both in vitro and in vivo as probes of nonclassical nucleic

2 and3 and could help to explain their inability to cleave DNA. \Fjlv(;:drstritlctl?:ssl. Crompilrekmlnnp;artlfulf;lr,dmaty rtl)te li]sde;uil ')? V'Vr?f ,

Mononuclear copper complexes with pyridylmethyl ligands are Ere 1S simple requirements of a reductant a oxygen 1o

known to form intermoleculas-peroxo Cu-O.2-—Cu dimers reactivity can be easily met. The sensitivity dfto weak
hydrogen bonding may also allow for its use in probing

in reactions with dioxyge:*The addition of another (i.e. structures formed by redundant sequences such as those
second) copper to form a dinuclear complex significantly lowers - . e q ; .
associated with triplet repeats and telomeres in which non-

the entropic barrier and reduces the time-scale for formation of . . L
P canonical base pairs are thought to form. The ability of

the intramolecular bridging peroxo specfés. [CUs" (L)(H20)5(NO3)sI(NO3)-5H,0 (1) to selectively modify

. . | )
(Ngjj{gﬂz%/ (li)e tl\i?g@n ST;;?L?'; :gtr[gﬁtl)é?ljg)rﬁgﬁg d other DNA and RNA structures containing guanine and guanine/
adenine containing loops is currently under investigation.

intermediate that is produced through the reduction of dioxygen
by the Cu(l) form ofl. General strand scission of DNA is
observed due to proximal generation of the intermediate as a . . R
result of nonspecific electrostatic interactions between the Séﬁg%gg;];;hi Ig]?(nd .;jrhésMV\;()?rgsv;isosg%p%rted by the NIH
complex and DNA. Selective strand scission may involve the ( - an ER).

same reactive intermediate as well as a selective association at

junctions between single- and double-stranded regions of DNA
that POSSESS the appropriate purine sequence on thesiang. . _duplexedb, Ic, Id, If, Ig, andlh; frayed duplexe$lb andlic;
A mechanism can be proposed for specific cleavage, wherein

one copper recognizes or identifies a sequence-structure motiflsiav\\/'gz 2?5 rg'\rf d f/i\l:ilag;thgutfén?rsz;grt\):u;utsc:?; doilir(:a:(sjlg?l
or guanine itself at th@+1 position of the 50overhang. The gers, @ ! 9

the chemical modification d2a andla; and plots of ORgo Vs
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