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Chemical Nuclease Activity of 1,10-Phenanthroline Copper. Isotopic Probes of Mechanism
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The chemical nuclease 1,10-phenanthrotinepper cleaves DNA by oxidative attack on the deoxyribose moiety
yielding 3- and 3-phosphomonoesters, free purine and pyrimidine, and 5-methylenefuranone as stable products.
Kinetic isotope effects associated with deuterium substitution have been measured in an attempt to analyze the
chemical mechanism of the scission reaction. A kinetic isotope effect of 2.7 is observed with completely
perdeuterated DNA, which is substituted in the oxidatively sensitive deoxyribose moiety as well as in the bases.
Surprisingly, no isotope effect is found upon cleavage of DNA deuterated in the thymidines at eith€-2;2',

or C-4, all positions from which hydrogen is lost during the course of the reaction, by either the 2:1 or the 1:1
1,10-phenanthrolinecuprous complexes. These results suggest that perdeuteration of DNA alters the ligand
binding and/or conformational flexibility of the nucleic acid.

Introduction

The chemical nuclease 1,10-phenanthrotinepper (OP-Cu)
cleaves DNA and RNA both as the 2:1 1,10-phenanthreline
cuprous complex ((OREuU™) and as the 1:1 1,10-phenanthro-
line—cuprous complex linked to a ligand with high affinity for

nucleic acids:? In each case, hydrogen peroxide is an essential

coreactant* The oxidative species formed from,®8, and
(OPXCu" (and presumably from the tethered 1:1 complex) is
not a diffusible species, such as hydroxyl radical or a freely
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carbonyl group in 5-methylenefuranone (5-MF) is wdteA
secondary reaction, presumably involving oxidative attack at

diffusible chelate, and therefore the reaction must proceedthe C-4 hydrogen, leads to the production of ‘aphosphogly-

through a noncovalent intermediate (eq 1). The binding affinity
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(OP),Cu* + DNA =—= (OP),Cu*--- DNA scission products
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and orientation of the chelate relative to the oxidatively sensitive
minor groove determine the cleavage specificity.

The principal products of the reaction generated by §O®)
are 3- and 3-phosphomonoesters, free purine and pyrimidine,
and 5-methylenefuranone (2. The oxygen source of the
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colate end and a three-carbon fragment which has not yet been
identified®

(OPXCu" has been used as a footprinting reagent and as a
probe of DNA and RNA secondary structré! This chelate
and closely related analogues are unique in their affinity for
the single-stranded DNA formed at the active sites of prokaryotic
and eukaryotic RNA polymerases during transcription
initiation.’>~18 Redox inactive isosteres are effective inhibitors
of both prokaryotic and eukaryotic promotéfd® Ligands
which have been used to target the 1:1 OP-Complex have
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included oligonucleotides, DNA-binding drugs, and protéfhs.
The highly efficient and specific DNA scission directed by the
Escherichia coli trprepressor and Fis proteins has provided
useful insights into the binding orientation of these proteins to
DNA.2021 Targeted scission of open complexes formed between
RNA polymerase and DNA promoters by OP-Clinked to
oligonucleotides complementary to the sequence at the initiation
site of transcription has demonstrated their site-specific binding
to the single-stranded template formed within the open com-
plex 2223

Structural information obtained from chemical cleavage

experiments increases if the underlying mechanism of cleavage

of the phosphodiester backbone is known. Since we sought to
develop a method useful for analyzing nucleic acid scission by
both the 2:1 and 1:1 phenanthrolineopper complexes, we have
investigated the use of kinetic isotope effects (kie’'s) obtained
with DNAs prepared from nucleotides composed of specifically

substituted deuterated deoxyriboses. The experimental value

of this method is that it would permit a direct comparison of
the mechanism of cleavage by the chelates of different stoichi-
ometries. Kinetic isotope effects have been informative in
studying the cleavage of DNA by bleomyéfnand neocarzi-
nostatinZ> but their applicability to the 1,10-phenanthroline
copper reaction has not been established.

There are two approaches for studying kinetic isotope effects
for reaction systems, such as (@)™ or a bona fide enzyme,
which involve the initial, reversible binding of the catalyst with
its substrate followed by a bond-making/bond-breaking step.
In the first approach, the reversible complex is quantitatively
formed and the catalyst is fully committed to the forward
direction of the reactio®® In this case, the isotope effects on
the turnover number or maximal velocity{ay) are examined.

If the reaction is a multistep process and an elimination reaction
were rate-limiting, the step involving hydrogen abstraction

would be masked. The second approach for measuring isotope

effects gauges the commitment to catalysis. In this case, the
influence of isotopic substitution on the ratio ¥fax to Kn,
would be determined. This can be written as

P(VIK) = (kyfkg) (kg + k)/(k, k) 3)
wherek, andky are the rate constants for breaking the H and D
bonds, respectively, while represents all other processes which
are nonproductive including the dissociation of the catalyst from
the substratei €., kx = Kaissociationt Kselt—destruction (3). If kx is
large relative tdk, andkg, an isotope effect will be observed. If
ks« is small, reflecting a high commitment to the forward
direction, no isotope effect is observed. A kinetic isotope effect
can be observed in thénax case and not necessarily f(iv/K)
unless it precedes or is the first irreversible step.
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Since hydrogens from C-4C-2, and C-1 are all lost in the
formation of 5-methylenefuranone and presumably also in the
reaction leading to the minor product;ghosphoglycolate, we
synthesized thymidine derivatives with deuterium substituted
at these positions. Unexpectedly, we find no measurable isotope
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effect with deuterium substitution at any of these positions,
although a substantial isotope effect was measured when
perdeuterated DNA isolated from bacteria grown in completely
deuterated media was used as a substrate. The origin of the
isotope effect observed with the perdeuterated DNA, in which
the bases as well as the riboses are substituted at the nonex-
changeable positions, is unknown, although substantial second-
ary/steric deuterium isotope effects are observed in other
systems.

Materials and Methods

Preparation of Perdeuterated DNA. The plasmid pBVM
(constructed from pUC18 and pHC314) containingldeUV5
promoter was transformed into competEntoli DH5 a. cells?”

Fully deuterated DNA was produced by growing the bacteria
in deuterated medium, Celtone D (Martek Bioscience Corpora-
tion). The transformed bacteria were adapted for the growth
in the deuterated medium. This was accomplished in steps of
70%, 90%, and 99.8% 40 enrichment. At each of these levels,
E. coli cells were grown in LuriaBertani (LB) medium
prepared with water containing the appropriate percentage of
D20, and ampicillin was added to a concentration of 200

mL. The bacteria were incubated with shaking at@#or 18

h (Aspo = 1). An aliquot was transferred to an appropriately
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deuterated agar plate and incubated at@7 Single colonies
were then isolated and grown at the next higher level gb D
enrichment. After adaptation to 99.8%®, the bacteria were
grown in fully deuterated medium Celtone D containing
ampicillin (200 ug/mL) and thiamine (0.01%). The plasmid
was isolated using a protocol provided by Quiagen and digested
with EcoR and Pvil to generate a 186-bp fragment containing
the E. coli lac UV-5 promoter (sequence positionsl23 to
+63). As an internal standard a double-stranded fully proto-
nated oligonucleotide of the following sequence was ligated to
both the fully protonated and fully deuterated restriction
fragments:

5'-pARTTGCTARGCTCATCCGGTACGT-3'
3'-CGATTCGAGTAGGCCATGCA33p-5'

The ligation product was purified by PAGE (12%) under
nondenaturing conditions. The correct sequence was verified
by dideoxy sequencing of the nontemplate strand.

Chemical Syntheses of DNA Deuterated Specifically at
C-1', C-2,2" or C-4' in All the Thymidines. Three thymidine
triphosphates deuterated at G-C-2,2", or C-4 and one
thymidine phosphoramidite deuterated at'GQvére synthesized
according to published procedures (general metR&éfieu-
teration at C-13° deuteration at C:22";3! deuteration at C-42).
The correct structures of the compounds were verifiedHby
NMR. The deuterium content, determined from #keNMR
spectra of the triphosphates and phosphoramidite, was 95%.

The C-1 or C-2,2" and C-4 deuterium labeled thymidine
triphosphates were incorporated into DNA by PCR using the
186-bpE. coli lac UV-5 promoter as template. The nontemplate
strand primer corresponded to the promoter sequence-fr@én
to —77, and the template strand primerehd-labeled wit#3P,
corresponded to the sequence fré1B6 to+63. The resulting
159-bp PCR products, containing tlee UV-5 promotor from
sequence positions96 to +63, were purified by PAGE (8%)
under nondenaturing conditions.

Several lac UV-5 promoter mutants (fully protonated)
containirg a T at one of theositions—3, —4, or —6 instead of

Zelenko et al.

Table 1. Kinetic Isotope Effects for Cleavage of Perdeuterated
DNA by (OP)Cu*

sequence kie expt

position 1 2 mean
Ts1 2.9
Gs2 2.8
Csa 2.9 34 3.2+ 04
Tss 2.4
Ass 2.7
As7 25
Gsg 2.9
Tso 2.4 2.8 2.6-0.3
Geo 24
As1 2.7
Tes 2.0 2.2 2.1+ 0.1
Ass 21
mean 2.6+ 0.3 27+04

case of perdeuterated DNA, the concentration of ¢OR)
(based on that of CusSQ was 10uM and the concentration of
the DNA was 200 nM (nucleotides: nts). In the case of DNA
deuterated specifically at C;1C-2,2", or C-4 of all the
thymidines, the concentrations of (QBut, DNA, and added
exogenous kD, and the order of addition of the reagents (i.e.,
whether MPA or preformed (OFQut was added last to initiate
the cleavage reaction) are given in Table 2. Reaction times
varied from 30 to 120 s, and the reactions were stopped by
addition of an excess of 2,9-dimethyl-1,10-phenanthroline{300
1000-fold over Cu) and extracted with chloroform. The aqueous
phase was diluted with loading buffer (80% formamide, 0.01%
bromophenol blue, 0.01% xylene cyanol), heated tG@Gor
5 min, and loaded onto a 20% denaturing polyacrylamide gel.
After electrophoresis, the gel was dried on Whatman filter paper.
The quantitation of the bands was performed on a Molecular
Dynamics Phosphorlmager using the program ImageQuant. In
the case of scission of the perdeutero DNA, the magnitude of
the kinetic isotope effect was determined by a comparison of
the normalized band intensities at a specific cleavage site of
protonated and of deuterated DNA (Figure 1 and Table 1). A
normalization factor was obtained by comparing the band
intensities of the protonated linker regions from lanes containing

the wild-type base were also synthesized by PCR using templateprotonated and deuterated DNA. In the case of scission of the

primers containing the desired mutaticddsThe purified PCR
products containing these mutations were then used as template
for PCR reactions in which the protiothymidine triphosphate
was replaced by the C-tleuterium labeled thymidine triphos-

phate to generate three 159-bp promoter mutants (labeled A3T,

CA4T, or C6T in Table 3).

The C-1 deuterated thymidine phosphoramidite was incor-
porated into DNA (sequence+40 to +40 of thelac UV-5
promoter) by chemical methods, purified, and labeled wih

Cleavage of the Duplex DNA Substrates by (OBLu* and
Analysis of the Cleavage Products.Cleavage of protonated
and deuterated DNA substrates by (@R)" was performed in
Tris-HCI buffer (50 mM, pH= 8.0) at 37°C using 10:1 1,10-
phenanthroline/CuSfand 3-mercaptopropionic acid (MPA, 5.8
mM) as the reducing agent under conditions where less than
10% of the total labeled DNA substrate was consumed. In the
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DNA specifically labeled with deuterium at a single deoxyribose
sarbon, the kinetic isotope effect was determined by comparing
the normalized intensities of the strong cutting sites gtahd

To4 for both the protonated and deuterated DNA. Here, a
normalization factor was obtained by comparing the intensities
at the sites & or Gz in lanes containing unlabeled DNA with
those in lanes containing deuterium-labeled DNA.

Cleavage of theE. coli RNA Polymerase-Lac UV-5
Promoter Open Complex Deuterated at C-1in All the
Thymidines. Each 3%P-labeledlac UV-5 promoter mutant
(~200 fmol) was incubated withE. coli RNA polymerase
(Pharmacia~2 pmol) in 10uL of buffer (40 mM TrisHCL,
pH 8, 50 mM KCI, 10 mM MgC}) at 37°C for 20 min. Next,

1 uL of a freshly prepared stock solution of g@P)Cut (5-
¢OP = 5-phenyl-1,10-phenanthroline; 840 5-¢OP/400uM
CusSQ) in 95:5 water/ethanol was added. The cleavage reaction
was initiated by the addition of ZL of 58 mM MPA, and the
reaction was quenched after 4 min by addinglL3of 40 mM
2,9-dimethyl-1,10-phenanthroline in ethanol. The reactions were
then treated as described above.

Targeted Scission of Single-Stranded DNA by an Oligo-
nucleotide—1,10-Phenanthroline-Copper(l) Chimera. An
oligonucleotide corresponding to the sequence of the nontem-
plate strand oflac UV-5 from positions+17 to +40 was
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Table 2. Kinetic Isotope Effects for (ORTuU" Cleavage of Duplex DNA Deuterated at G-C-2,2", or C-4 of All the Thymidines

location [DNA] [H207] [(OPXCut] initiatn by
entry DNA atD («M in nts) added (mM) (uM) addn of: kie
1 lacUv52 C-1 0.2-0.6 0 10 MPA 1.0£0.1°
2 lacUV52 C-1 0.2 8.8 1 (oPut 1.1+ 0.4
3 lacUV5P C-1 3-6 0 10 MPA 0.98
4 lacUV5sP C-1 480 8.8 1 (OPXuw?* 0.93+ 0.0
5 lacUV5P + ct DNA C-1 1000 0 10 (oRXuw?+ 0.98+0.1"
6 lacuv52 c-2,2" 0.2 0 10 MPA 1.0
7 lacUv52 c-2,2" 0.2 8.8 1 (oPXw* 1.0
8 lacuv52 C-4 0.2 0 10 MPA 1.0+ 0.06

2 DNA prepared by PCR (159-dpc UV-5 fragment).? DNA prepared by chemical synthesis (804ap UV-5 fragment).¢ Six bands (cut sites)
were examinedd Two bands were examine8lFour bands were examined.

Table 3. Kinetic Isotope Effects for (OP)Cu" @ Cleavage of
the E. coli RNA Polymeraselac UV-5° Open Complex Deuterated
at C-1 of All the Thymidines

«
+ a b c d
@]

[H20.] initiatn by
entry DNAC added (mM) addn of: kie
1 C6TlacUV5 0 MPA 1.05
2 A3TlacUV5 0 MPA 1.1
3 C4TlacUV5 0 MPA 1.2+0.@
4 C6TlacUV5 8.8 (5¢0P)Cut 1.3-14
5 A3TlacUV5 8.8 (5¢O0P)Cut 1.0
6 C4TlacUV5 8.8 (5¢0P)XCu* 1.0

350 uM (5-pOP)Cu*. P [DNA] = 3—12 uM in nts. ¢Lac UV-5
promoter mutants in which the first specified base at the specifed
number of positions before the first transcribed base has been replaced
by a thymidine 8 Two bands were examined.

synthesized, Slabeled with thiophosphate, derivatized with5-
iodoacetamido-1,10-phenanthroline, and purified as described
previously34

OP-NHCOCH;S-P(0);-O-CAATTTCACACAGGAAACAGCTAT-3'

Two single-stranded targets, corresponding to the template strand
of lac UV-5 from —40 to +40, were labeled witl?P at their
5'-ends. One was fully protonated DNA, while the other was
synthesized using C-Heuterium-substituted thymidine phos-
phoramidate. For the cleavage experiment, the single-stranded
80-mer (1.5 fmol) and the OP-derivatized oligonucleotide (0.43
pmol) in 18uL of buffer (50 mM, pH 7.9 Tris/50 mM NacCl/
1mM MgCl,) was heated to 96C for 5 min and then allowed e L q ‘h deuteratied UV-5 DNA chi b
i i ljgure 1. eavage O € peraeutera - chimera
e o g e 152U G\Cy The frst base of s UV-5 DNA following he protonated

o . linker region is assigned & G + A lane: Maxam-Gilbert G+ A
and MPA (1uL, 100 mM). After 2 h at 37°C, the reaction  gequencing ladder. Control lanes a and d: untreated protonated and

mixture was quenched with neocuproine. The cleavage productsdeuterated chimeric DNA, respectively, with the template strdnd 5

protonated linker

were analyzed on a 15% denaturing polyacrylamide gel. end-labeled wit#3P. Lane b: cleavage of tipgotonatedchimeric DNA
(0.2 uM nts) by (OP)Cu* (10 uM CuSQ/100uM OP) for 1 min at
Results 37°C. Scission was started by addition of MPA (5.8 mM) and quenched
S . with 2,9-dimethyl-1,10-phenanthroline (4 mM). Lane c: cleavage of
Kinetic Parameters of the DNase Activity of (OP)Cu*. thedeuteratecthimeric DNA by (OP)Cu* under identical conditions.

The goals of these studies were (a) to identify the rate-limiting The kinetic isotope effects were determined by comparison of the band
step in the multistep pathway for the scission of DNA using intensities at sequence positionssATs; in lane b with those in lane
kinetic isotope effects and (b) to establish if the same steps ¢ after normalization using the protonated linker regions.

controlled the overall reaction when both the 2:1 and 1:1

complexes of OP and copper were used. Our initial objective of scission®® We have generally carried out the cleavage of
therefore was to determine the kinetic constants for this DNA by the 2:1 complex using #D. generated in situ for
multicomponent system in order to establish the conditions experimental convenience and because of the instability of low

required for the determination &{V/K) andPV. concentrations of peroxide. We have now determined the

In our earlier studies, we demonstrated thaDHwas an concentration dependence of the reaction on hydrogen peroxide
essential coreactant by inhibiting the cleavage reaction with to be sure that the generation of hydrogen peroxide is not the
catalasg and showing that exogenously addedQd in the rate-determining step under our cleavage conditions. We find

millimolar concentration range significantly enhanced the rate that theKr, of hydrogen peroxide is 10M when the concentra-

(34) Gallagher, J.; Chen, C.-h. B.; Pan, C. Q.; Perrin, D. M.; Cho, Y.-M.; (35) Marshall, L. E.; Graham, D. R.; Reich, K. A.; Sigman, D. S.
Sigman, D. SBioconjugate Cheml996 7, 413-420. Biochemistry1981, 20, 244—-250.
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tion of the chelate is 1@M (100 uM OP, 10uM Cu*). Since
the ambient solubility of oxygen is 2Q@M, H>O, generation

in situ is not likely to be rate-limiting. In addition, we have
measured thé,, for DNA for the scission of thdac UV-5
sequence at positionsgFGys by diluting 33P-labeledac UV-5
DNA with calf thymus (ct) DNA and assaying the scission (100
uM OP, 10uM Cu', H,O; generated in situ). The estimated
Km was 200uM. As a result, cleavage reactions with (@P)
Cu' to measure kinetic isotope effects were carried out at DNA
concentrations at or below thiig,, except for entries 4 and 5 in
Table 2.

Kinetic Isotope Effects for Perdeuterated DNA. The
chemical mechanism of DNA scission by (QB)'" is a
multistep reaction with many potential points of rate limitation.
Prior to examining the effects on the kinetics of isotope
substitution at each one of the positions possibly participating

; - C-
in a rate-determining step, we prepared perdeutero DNA G_:i
biologically. The methodology outlined in Materials and T-2s
Methods provided a discrete fragment of the UV-5 promoter A-26

which was deuterated not only at all the nonexchangeabld C
bonds of the deoxyribose units but also at those of the purines
and pyrimidines. The motivation for preparing this DNA was
to determine if any isotope effect could be observed in the
system prior to undertaking the labor intensive task of regiospe-
cific synthesis of specifically deuterated thymidines.
To assay the magnitude of the kie, a fully protonated Figure 2. Cleavage of C-tdeuteratedac UV-5 DNA by (OP)Cu*.
oligonucleotide with the following sequence was ligated to both Lane a: cleavage of th&P-labeled nontemplate strand of DNA (0.2

the deuterated and fully protonatkt UV-5 EcoR fragment: mM nts) containing C-tdeuterated T's by (OBgu* (10uM CuSQ/
100uM OP) for 1 min at 37°C. Scission was started by addition of

5'-pAATTGCTARGCTCATCCGGTACGT-3' MPA (5.8 mM) and quenched with 2,9-dimethyl-1,10-phenanthroline
. 33 . (4 mM). Lane b: cleavage of th&P-labeled nontemplate strand of
3'-CGATTCGAGTAGGCCATGCA>p-5 fully protonated DNA. Lane c: cleavage of tR&-labeled template

. . - strand of DNA containing C-ideuterated T's. Lane d: cleavage of
The data reported in Table 1 and Figure 1 indicates that underthe 33P-labeled template strand of fully protonated DNA containing

VIK conditions measurable isotope effects of approximately 2.7 c-1-deuterated T's. Lane e: untreated fully protonated DNA with the
are observed. An important aspect of these results is that thetemplate strand®P-labeled at the 'send. Similar controls with the
observed kie's are not nucleotide dependent. Kie's occur at hontemplate strand labeled and with DNA containing’@duterated
cleavage sites of T, G, C, and A, and the magnitudes are theT's are not shown.
same within experimental error. The results with the perdeu-
terated DNA indicated to us that isotope effects would likely  =_1_deuterium-labeled DNA was also used to determine
be observed with DNAs specifically labeled in the thymidine \hether an isotope effect could be observed for cleavage of
residues, so their syntheses were undertaken. This nucleotidgp,q open complex formed between RNA polymerase and the
was chosen for modification because of synthetic simplicity. |5 yy-5 promoter. The scission of the open complex on the
The assumption in th_ese studies was that Fhe mﬁompe template strand is a unigue reactivity of (@QB)" and closely
effect_would_be atfributable to a deuterium isotope .effect related analogues and presumably arises from the preferential
assou_ated with one of the hydrogens that was lost during the binding affinity of the tetrahedral cuprous chelates for this
for}ir_]a’tlon_or: tgz:-n::’ethylengf?rano&e prgduct d Th essential intermediate in transcription. The open complexes
mi dilr?es V(V"At) C. 1’-Dseutre(zer?l?r:we-su[)osrtri]tuteodnge?)l:(;erirg(tjese Fo)llj-l’ formed with severalac UV-5 promoters wih a T inserted in

: ’ place of the wild-type nucleotide at sequence positieBs—4,

distinct kie's were measured using DNAs prepared from . f | by the chel bi d
specifically monodeuterated thymidines. The most extensive or _6’ s_|tes of stong cleavage by the che ates,_were_ subjecte
to scission by (55OP)Cut. The results summarized in Table

set of experiments were carried out on GrEuterium- 3 indicate that no isotope effect is observed in the scission at T
substituted (C-1D) thymidines. In the first series of experi- - P
within the open complex.

ments, PCR amplified DNA derived from tttec UV-5 operon ) ) ]
was cleaved under a variety of conditions. The features of the (B) C-2-Deuterium-Substituted Deoxyribose. DNAs de-
reaction system which were systematically varied included fived from thelac UV-5 promoter were also prepared with
concentrations of DNA, chelate, hydrogen peroxide, and thiol thymidine specifically deuterated in the G2 position. In

and the order of addition of the reactants. For example, in Table our studies demonstrating that water is the atom source of the
2, entries 1 and 2, the kie was independent of the order of OXygen incorporated into 5-methylenefuranone, we proposed
addition of the reactants and of the addition of hydrogen that a stabilized allylic cation may be formed in the reaction
peroxide. The striking feature of the results summarized in pathway’ This carbocation could result from initial hydrogen
Table 2 (see also Figure 2) is that no isotope effect was observedabstraction at the C-lposition of the sugar moiety and
within our experimental limits with C-‘ideuterium- labeled subsequent oxidationgr by initial abstraction of the C:2
thymidines despite the readily observed kie with perdeutero- hydrogen followed by oxidation to the C-2arbocation and
DNA and the obligatory removal of this hydrogen during the subsequent 1,2 hydride migration to form the ‘@Gdrbocation,
formation of 5-methylenefuranone. as shown by Saito et &f.
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To determine whether the C;2' position of the sugar moiety
was associated with a slow step in the reaction, we synthesized
the dideuterothymidine. Our kinetic data clearly indicate that
no isotope effect is observed undB(v/K) conditions for
C-2,2'-D DNA (Table 2, entries 5 and 6). Neither hydrogen
abstraction nor proton loss from C-2 is associated with a rate-
limiting step.

(C) C-4'-Deuterium-Substituted Deoxyribose. Our study
of the primary kinetic isotope effects also included investigation
of the scission ofac UV-5 DNA prepared using PCR with
C-4-D thymidine triphosphate. Substitution at this position is
of interest because it was shown thapBosphoglycolate, which
is most likely the result of initial abstraction of the C-4

hydrogen, is also a product of cleavage by (§IR) and may Tie - -
contribute to the unresolved band observed on a sequencing Gr
gel. Cleavage of this DNA again revealed no measurable A2
isotope effect (Table 2, entry 8). Since we could not resolve :3

the bands on a high-resolution gel, we cannot exclude a minor
contribution of the C-4pathway to the overall reaction which
might partially contribute to the observed kie in the experiment
using perdeutero-DNA as a substrate.

(D) Lack of Isotope Effect in Targeted Scission.Cleavage
by the tetrahedral chelate involves reversible binding in the Figure 3. Targeted scission of single-stranded DNA by an oligonucle-
minor groove of DNA as the first step. In contrast, targeted otide—1,10-phenanthrolinecopper(l) chimera. Lane a: single-stranded
scission by 1:1 OP-Cu linked to either a protein or a nucleic fully protonated DNA [ac UV-5 template strand sequence frord0
acid involves prior binding of the conjugate to the target and 0 T40) labeled at the'Send with**P. Lane b: MaxamGilbert G+

o . o A sequencing ladder of the same 80-mer DNA. Lane c: cleavage of
subsequent activation of the cleavage reaction by addition of Qthe fully protonated 80-mer after hybridization to the OP-derivatized

reducing agent under aerobic conditidf$! Although hydro oligonucleotide lac UV-5 nontemplate strand sequence frer7 to
gen peroxide is required in these reactions, the rate of targeted+40). Lane d: cleavage of the 80-mer containing'@Hduterated T's
scission is not enhanced by addition of exogenoy®;Hin after hybridization to the OP-derivatized oligonucleotide.

contrast to the reaction of the 2:1 tetrahedral complex. Isotope ) ) )

effects for targeted scission reactions would therefore provide C2lly in which all the nonexchangeable hydrogens in both the
information on the initial hydrogen abstraction and subsequent d€0xyriboses and bases have been substituted with deuterium
rearrangement (i.ekess €q 1) during the cleavage reaction. (Table 1, Figure 1). However, when the d,eoxyrlbose of
Therefore, we examined the scission 68%-labeled single-  thymidine was systematically substituted at the'OA2, and
stranded DNA lac sequence from-40 to +40) prepared with C-1 positions and the deuterated nucleotide incorporated into
thymidines deuterated at C-ly a complementary oligonucle- DNA, nokinetic isotope effects were observed. This result was
otide (ac sequence from-17 to+40) derivatized at the'&end obtained when the 2:1 chelate was used to cleave B-DNA (Table
with OP. Typically, two or three sites of scission are observed 2) and the open complex formed with RNA polymerase and
under these circumstances, and it is possible to evaluate arf"€lac UV-5 promoter (Table 3) as well as in targeted scission
isotope effect when cleavage of the deuterated strand is carriec®f Single-stranded DNA by the 1:1 chelate upon hybridization

out in parallel with cleavage of the nondeuterated strand of Of @ complementary OP-linked strand (Figure 3).
identical sequence. In Figure 3, the two strongest sites of NO measurable isotope effects are observable whenever

cleavage are at Gand Tis, which corresponds to the transition stereospecifically substituted DNAs are used as substrates. This
from double-stranded to single-stranded DNA. After normal- result holds true whether the reaction is carried out under
ization using the bands at;& the intensities of the two bands :nonsatgra’tllng” conditions\Mmay/Km, Tables 2 and 3) or under

at Ti6 (lanes ¢ and d) were found to be identical. Our results saturating” conditionsKcq;, Figure 3) characteristic of targeted

clearly indicate that no isotope effect is observed under these¢l€avage reactions in which the noncovalent complex is formed
conditions. prior to activation by thiol addition. In the latter case, only the

cleavage of C-1D DNA was examined. The curious feature
Discussion of the kie’s for the perdeuterated DNA cleaved by the tetrahedral

complex is that they are independent of sequence position and

Our investigation of kinetic isotope effects of DNA scission pycleotide. This contrasts with the results obtained with

by the OP-Cu system was motivated by its successful applicationpjeomycin where different kie’s are seen as a function of both
to the study of DNA cleavage by bleomyéft®3®and neo-  sequence and nucleotide, possibly reflecting the sequence
carzinostatirf® The goal was to use kie's to compare the gependent conformational variability of DNA which has been
mechanism of scission by the 1:1 and 2:1 1,10-phenanthreline - gpserved in high-resolution structures of oligonucleotideo
copper chelates. Our results have led us in an unanticipatedisotOpe effect in bleomycin cleavage was observed when DNAs
direction. We have _found readily measurable kinetic _isoto_pe prepared with C-2deuterated mononucleotides were used as
effects of 2.7+ 0.4 with perdeuterated DNA prepared biologi- sypstrates even though elimination is observed at this position
as well as at C-4

(36) nggg%fgjéH-; Fujimoto, K.; Saito, J. Am Chem Soc 1995 117, The absence of a kinetic isotope effect for the cleavage of
(37) Chen, C.-h. B.; Sigman, D. Broc. Nat. Acad Sci U.SA 198683~ the C-4-D, C-2-D, and C-1-D DNAs by (OP)Cu" indicates
7147-7151.

(38) Stubbe, J.; Kozarich, J. WChem Rev. 1987, 87, 1107-1136. (39) Dickerson, R. EJ. Mol. Biol. 1983 166, 419-441.
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ahighcommitment to catalysis. In algebraic terms, that means perature (0.4 K). However, deuterium substitution raises the
ks in eq 3, representing the sum of nonproductive processes, isphase transition temperature to a semiconductor to 82 K.
small relative tok, andky. As a result, no net kinetic isotope  Significant effects are also observed in the ESR signals,
effect is observed upon deuterium substitution in the deoxyri- magnetic susceptibilities, and X-ray structures. The 7-fold
bose. Conversely, the measurable isotope effect of 2.7 with diamondoid superstructure, which includes infinite superhelices
the perdeutero-DNA indicates that the commitment to catalysis in the stacks of ligands and copper ions, exhibits significantly
is low since a%k increases, the magnitude of the isotope effect higher compressibility in the direction of stacking in the case
increases. What feature of the perdeutero-DNA causes thisof the deuterated chelates relative to the fully protonated chelate.
marked change in the value kf? One possibility is that the  Due to the lower zero-point energy, the mean as well as the
perdeutero-DNA in which the bases and all the deoxyriboses maximum C-D bond lengths are less than those of thekC
are deuterated possesses different ligand-binding affinity and/bonds. Therefore, the helices in the superstructure of the
or conformational flexibility than the DNAs prepared with deuterated salts form more compliant “springs” upon cooling.
specifically substituted deoxyriboses. The differences in compressibility lead to differences in a certain
Previous studies in our laboratory have demonstrated thatbond angle which correlates with the conductive properties of

B-DNA is cleaved more efficiently than A-DNA? The A
structure used in that work was generated by hybridizing an

the salts.

N C\

RNA strand to a complementary DNA strand. Both strands
were cleaved with comparable rates in the heteroduplex by
(OPXCu™, but the rates of scission were-8-fold slower than
those for the two strands in the B form. These findings suggest
that the weaker binding of (OFJut to the broad flat minor
groove of the A structure is responsible for its diminished
reactivity. We propose that these observations may be relevant
to the measurable kie’s observed with perdeuterated DNA. The All deoxyribose directed oxidative DNA scission reactions
kie of 2.7 with perdeuterated DNA indicates that the binary are multistep processes. If reaction pathways of roughly
complex formed when (OBGu* binds to perdeuterated DNA  equivalent kinetic barriers are available, deuterium substitution
exhibits a lower commitment to catalysis (highe). One at either G-1, C-2, or C-4 may channel the reaction down
possible origin of this unusual isotope effect may be that the pathways which minimize isotopic barriers. In contrast, per-
minor groove of the perdeuterated DNA is widened due to the deuterated DNAs will be unable to proceed by a pathway
lower zero-point vibrational energy of a«D bond relative to unaffected by isotopic substitution. In addition to possible rate
a C—H bond. This would lead to a decreased rate of cleavage limitations reflecting altered ligand binding and groove con-
of deuterated DNA relative to normal DNA, as was observed formation, this may result in an enhanced isotope effect.
in the comparison of scission of A- and B-DNA. A partially rate limiting formation of the oxidative species
Literature precedents for steric isotope effects and ligand- responsible for initiating the cleavage reaction may also
binding effects associated with the perdeuteration of ligands influence the magnitude of the observed isotope effect. Al-
include an isotope effect in the racemization of 9,10-dihydro- though the structure of the oxidative species formed by the
4,5-dimethylphenanthrerfé the diminished binding of deuter-  reaction of HO, with the cuprous ion is the subject of active
ated benzene relative to benzene to the copperétfylene- investigation and has not yet been determined, its rate of
diamine type of tetracyanonickelate clathrétend an inverse  formation conceivably could be influenced by the extent of
isotope effect of 2.6 for the hydrolysis of perdeutéea-butyl substrate deuteration. All these complexities indicate that the
chloride®® The latter effect may arise from either hypercon- use of kie’s to study a deoxyribose cleavage reaction may not
jugative or steric effects in a reaction which proceeds through be a reliable tool of mechanistic investigation despite its limited
a carbon-centered cation, as has been proposed in the cleavagsuccess with bleomycin and neocarzinostatin. With the nuclease
of DNA by (OP)Cu*.” activity of 1,10-phenanthrolinrecopper, our results indicate that
Perhaps the most intriguing example of a substantial second-no isotope effect is observed when either the 2:1 or 1:1 complex
ary deuterium isotope effect is the dramatic alteration of is used to cleave DNAs labeled at a single site.
conductivity in copper chelates of 2,5-disubstitut®tiN'-
dicyanoquinone diimines upon deuterium substitufibriThe Acknowledgment. This research was supported by USPHS
chelate of fully protonated 2,5-dimethi;N'-dicyanoquinone GM 21199. We acknowledge helpful conversations with Chris
diimine remains metallic even at the lowest achievable tem- Foote, Miguel Garcia-Garibay, Ken Houk, and Michael Jung.

HsC | H DiC

2

(40) Pope, L. E.; Sigman, D. ®roc. Natl. Acad Sci U.SA. 1984 81,
3-7.

(41) Mislow, K.; Graeve, R.; Gordon, A. J.; Wahl, G. H., JrAm Chem
Soc 1963 85, 1199-1200.

(42) Gyoryova, K.; Sopkova, Al Inclusion PhenomMol. RecognitChem

IC971154R

(44) Sinzger, K.; Hunig, S.; Jopp, M.; Bauer, D.; Bietsch, W.; Vonschutz,
J. U.; Wolf, H. C.; Kremer, R. K.; Metzenthin, T.; Bau, R.; Khan, S.
I.; Lindbaum, A.; Lengauer, C. L.; Tillmanns, H. Am Chem Soc

1991 10, 1-7. 1993 115 7696-7705.
(43) Leffek, K. T.; Llewellyn, J. A.; Robertson, R. Ean J. Chem 196Q (45) Pratviel, G.; Bernadou, J.; Meunier, Bngew Chem, Int. Ed. Engl.
38, 2171. 1995 34, 746-769.



