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Hydroxyl Radical is the Active Species in Photochemical DNA Strand
Scission by Bis(peroxo)vanadium(V) Phenanthroline
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Bis(peroxo)vanadium(V) complexes are widely investigated as anticancer agents. They exert their antitumor and
cyctotoxic effects through inhibition of tyrosine phosphatases and DNA cleavage, respectively. The latter process
remains poorly understood. The mechanism of DNA cleavage by NH4[(phen)V(O)(1%-0,),] (phen = 1,10-
phenanthroline) was investigated. Kinetic studies on DNA cleavage revealed that the complex is a single-strand
nicking agent with no specificity. EPR experiments using 2,2,6,6-tetramethyl-4-piperidone (TMP) and 5,5'-dimethyl-
1-pyrroline-N-oxide (DMPO) as spin-traps for singlet oxygen and hydroxyl radical, respectively, implicated hydroxyl
radical production upon photodecomposition of bis(peroxo)vanadium(V). This was corroborated by benzoate inhibition
of DNA strand scission and stoichiometric oxidation of 2-propanol to acetone upon irradiation of bis(peroxo)-
vanadium(V) phenanthroline. High-resolution polyacrylamide gel analysis of the vanadium cleavage reaction and
[Fe"EDTAJ?"/H,0, resulted in comigration of “ladder” pattern bands, which superimposed when both reactions
were run on the same lane. These findings identify hydroxyl radical produced from the photooxidation of the peroxo
ligand on vanadium as the active species in DNA cleavage.

Introduction vanadium complexes have been shown to reduce hypergly-
cemia in diabetic rats and NIDDM patierft&urthermore,
vanadium compounds exhibit antitumor activity by inhibiting
in higher animals, vanadium is not defined as an essentiallgrozvth .Of l:ulmeronus mzllgnant cell lines mcludlngbL_lZle
element. However, vanadium complexes, particularly, vana- eu e:cmail N a: celis, an dl/Jman ovary ca};cgo:qna_, Y Induc-
dates and more recently peroxovanadium compounds, havet'on of cell-cycle arrest and/or cytotoxic effectsheir anti-

been implicated in many biological processes and therapeuticggc:jl!fe;]ag\é;ereecéz ?orec;g:ugeg[\?,x tgr? da.?]'.lt'.tgtgflpirog;)ova__
applications, as insulin-mimetics and antitumor agénts. u piex v it Ipoperoxi

Administration of these compounds affects glucose metabo-.dauon' Production of reactive oxygen species (ROS) upon

lism by stimulating hexose uptake and glucose breakdometracellular reduction or photoactivation has been alluded

L : " to.3%5 However, the mechanisms of ROS generation and
via inhibition of phosphotyrosine phosphatases. Specifically, ' . .
phosphoty Phosp P y DNA cleavage remain uncharacterized.
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. Pﬂigﬁf'dn?ver;t'y‘.’m'a throline), BpVphen (Chart 1), which remains the most active

(1) Crans, D. C.; Tracey, A. S. IWanadium Compounds: Chemistry, vanadium complex toward DNASubsequently, Kwong et
Biochemistry, and Therapeutic Applicatioisacey, A. S., Crans, D.
C., Eds.; American Chemical Society: Washington, DC, 1998; Vol.  (4) (a) Yale, J. F.; Vigeant, C.; Nardolillo, C.; Chu, Q.; Yu, J. Z.; Shaver,

Vanadium is a trace metal with a dietary intake require-
ment of 10-60 ug day %! Due to its minimal requirement

711, pp 2-29. A.; Posner, B. I.Mol. Cell. Biochem.1995 153 181-190. (b)
(2) Thompson, K. H.; McNeill, J. H.; Orvig, CChem. Re. 1999 99, Khandelwal, R. L.; Pugazhenthi, $ol. Cell. Biochem1995 153

2561-2572. 87—94. (c) Yu, Z. W.; Jansson, P. A.; Posner, B. |.; Smith, U,
(3) (a) Ban, J.; Maysinger, D.; Kovac, V.; Galetic, |.; Matulic, M.; Hadzija, Eriksson, J. WDiabetologial997 40, 1197-1203. (d) Kordowiak,

M.; Uzarevic, B.Life Sci.200Q 68, 165-175. (b) Narla, R. K.; Chun- A. M.; Dabros, W.; Kajda, BHorm. Metab. Res2002 34, 556—

Lin, C.; Dong, Y.; Uckun, F. MClin. Cancer Res2001, 7, 2124~ 560.

2133. (c) Evangelou, A. MCrit. Rev. Oncol. Hematol2002 42, 249~ (5) (a) Burrows, C. J.; Muller, J. @Chem. Re. 1998 98, 1109-1152.

265. (b) Armitage, B.Chem. Re. 1998 98, 1171-1200.
10.1021/ic0486419 CCC: $27.50 © 2004 American Chemical Society Inorganic Chemistry, Vol. 43, No. 26, 2004 8447

Published on Web 11/30/2004



Sam et al.

Chart 1.  Structure of Bis(peroxo)vanadium(V) Phenanthroline isolated using a modified alkaline lysis method. Supercoiled form
(BpVphen) B was isolated prior to each experiment. The purification procedure
0 includes running the prep DNA on a 1% low melting agarose gel
_9 at 100 V for 2 h and extracting it using a Qiagen Kkit.

0\"'\/..-‘“‘“? Herring testes DNA (sodium salt) was purchased from Sigma

X N/ \\o Chemical Co. and dialyzed against a 0.5 M, pH 8.09 EDTA using

| 0.025um pore size MF-Millipore membranes to remove divalent

= Ny ions? The concentration of DNA, expressed in base pairs, was

_ calculated spectrophotometrically using @go nmVvalue of 6.7x
1 M-1cm110

Linear DNA of 2.8 kbp was obtained from a double restriction

al. examined the DNA photocleavage activities of 15 peroxo- digest of pSP64 plasmid usingco Rl and Puu 1l restriction

vanad_lum complexe; folcu.smg7 in detail on [V(HO,)e- endonucleases. The restriction fragment was gel purified on a 1%
(bpy)] (bpy = 2,2-bipyridine); the authors pmp_OSEd r.e- low melting agarose and extracted using Qiagen kit, followed by
duction of \((V) to a peroxovandmm(lll) concomitant With  treatment with alkaline phosphatase.

release of singlet oxygend@;). Evidence ofO, involvement A DNA fragment of 135bp was generated from a PCR am-
was based on the following observations: sodium azide pijification reaction from yeast genomic DNA. Short single-stranded
inhibited DNA cleavage, there was enhancement in cleavageoligonucleotides T-20mer (FTTTTTTTTTTTTTTTTTT-3) and
activity when DO was used as solvent, and the EPR spin- AG-20mer (3-AAAGAAAGGAAAGGGAAGGG-3') were pur-
trap 2,2,6,6-tetramethyl-4-piperidone (TMP) yielded the chased commercially from BioSource. These oligos were PAGE
nitroxide. Nevertheless, since DNA cleavage products were Purified. Oligos were loaded on 20% (37.5:1) polyacrylamide/7 M
not determined, the proposal @,-mediated strand scission ~ Urea sequencing gel and electrophoresed at 30 W for 13 h. Bands
was up for speculation. Furthermore, singlet oxygen is con- "/¢'® cut out and oligos were isolated by electroelution.
sidered a poor oxidant and does not lead to complete strand 2~ end-labeling of 135 bp fragrgrwzents and oligos were achieved
breakagé.To address these outstanding questions, we exam-by. 'ncu.bat'ng DNA Su.bStrate withy*P] ATP and T4 po')’nuc'e'

. . . . otide kinase for 30 min at 37C. The enzyme was deactivated by
ined in detail DNA _pho'_tocleavage by_ BpVphen. In this incubating 100°C for 2 min. The end-labeled product was eluted
report, we present kinetics of supercoiled DNA cleavage

) - g ) » off G-25 spin column with deionized 2 or 50 mM Tris buffer at
radical scavenger studies, EPR spin-trap experiments, antyy 7 4.

time-resolved spectroscopy of singlet oxygen luminescence pNA cleavage for pSP64 plasmid and linear form was analyzed
decay, as well as high-resolution polyacrylamide gel analysis on 1.5% agarose gel (containing Q/mL ethidium bromide)

of radiolabeled DNA oligos. Results from these investigations which was electrophoresed at 120 \t #h followed by visualiza-
point to the identity of the ROS that is responsible for strand tion on a UV transilluminator. Quantification of DNA cleavage

scission in the BpVphen system. was achieved by comparing the intensity of bands to intensity of
. . mass ladder bands. All measurements were done using ImageQuant
Experimental Section 5.2 program. A correction factor of 1.5 was multiplied to the values

obtained for supercoiled DNA to adjust for differential staintg.

ers: TRIS, sodium benzoate, formic acid, sodium acetate, EDTA, _Cleavage reactions for 52> end-labeled 135 bp fragments and
ammonium persulfate, low melting agarose, formamide, glycerol, 20-_mer oligos were visuali_zed on 12% and 24% (19:1) polyacryl-
urea, acrylamide, bisacrylamide, 2-propanokObi (30% WiV), amide/7.5 M urea sequencing gel; that were electrophoresed at 100
Fisher Scientific; absolute ethanol, Gold Shield Chemical Co.; W Or 2800V for 3 and 6 h, respectively. Gels were then transferred
deuterium oxide (BO, 99.9%), Cambridge Isotope Laboratories, ©© Whatman paper, dried, and exposed on phosphoimager screen.

Inc.: piperidine, Lancaster; TEMED, EM Science; sodium azide, C€lS were f[hen scanned With.phos.pho.imager. _
Sigma; DNA High Mass Ladder, Invitrogen; AmpliSize DNA Photolysis. Samples, contained in Fisherbrand flint glass test
ladder, BioRad; DNase, Promega; RNase A, BioShop; restriction tubes (6x 50 mm o.d.) or 3-mL quartz cell were irradiated
enzymes, calf alkaline phosphatase, T4 polynucleotide kinase, NewUSing @ 100 W mercury lamp ~ 350 nm). A UG-1 glass filter
England Biolabs;}-3%P] ATP, Perkin-Elmer; ammonium vanadate and a copper sulfate solution filter were used to cut off the visible
(NH,VO3), Matheson Co.; 1,10-phenanthroline monohydraté; 5,5 (425-675 nm) and IR regions, respectively. In experiments where
dimethyl-1-pyrrolineN-oxide (DMPO), 2,2,6,6-tetramethyl-4-pip- the samples were electrophoresed after irradiation, reactions were
eridone (TMP), Aldrich. NH[V(O)(O,)»(phen)}2H,0 (BpVPhen) quenched by adding loading dyes containing either 0.09% bro-
was prepared as described in the literature and fully characterizedMoPhenol blue, 0.09% xylene cyanol FF, 60% glycerol, 60 mM
by UV—vis, IR, and®V NMR.8 Solutions of BpVphen were freshly EDTA or 80% formamide, 10 mM EDTA at pH 8, 1 mg/mL xylene
prepared for the various experiments and used within 24 h of cyanol FF.
preparation. Kinetics. All kinetics studies on DNA cleavage were carried
DNA Substrates.pSP64 plasmid DNA was a gift from Dr. Carla ~ Out with supercoiled DNA at 20C in 50 mM pH 7.5 Tris-HCI.
Koehler's laboratory. Plasmid was overexpressed in DH10b and The amount of DNA used in a 1L reaction volume was ca. 500

Reagents Materials were purchased from the following suppli-

(6) (a) Hiort, C.; Goodisman, J.; Dabrowiak, J. K&ol. Cell. Biochem. (9) Spretcher, C. A.; Johnson, W. C., Biopolymers1982 21, 321—
1995 153 31-36. (b) Hiort, C.; Goodisman, J.; Dabrowiak, J. C. 329.
Biochemistryl1996 35, 12354-12362. (10) Wells, R. D.; Larson, J. E.; Grant, R. C.; Shortle, B. E.; Cantor, C. R.
(7) Kwong, D. W.; Chan, O. Y.; Wong, R. N.; Musser, S. M.; Vaca, L.; J. Mol. Biol. 197Q 54, 465-497.
Chan, S. lInorg. Chem.1997, 36, 1276-1277. (11) (a) Sreedhara, A.; Freed, J. D.; Cowan, JJAAm. Chem. So200Q
(8) Vuletic, N.; Djordjevic, CJ. Chem. Soc., Dalton Tran973 1137~ 122 8814-8824. (b) Chen, W.; Blazek, E. R.; RosenbergMed.
1141. Phys.1995 22, 1369-1375.
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ng. Time-dependent studies were done for a range of BpVphen Methylene blue was used as the positive control for singlet oxygen
concentrations (61.0 mM). Initial rates were determined by production.
measuring the decrease in supercoiled form DNA. Rate constants Oxidation of 2-Propanol. A 1:1 mixture of DO and 0.1 M,
were then plotted against [BpVphen]. pH 7.4 sodium phosphate buffer ([NgfPDy)/[Na;HPOy]) was used

To measure photocleavage as a function of [BpVphen], reactions as the solvent. Experiments were conducted by mixing 1.0 mM
containing ca. 300 ng of supercoiled form DNA and various BpVphen and 40 mM 2-propanol in a 3-mL quartz cell equipped
BpVphen concentrations {68.0 mM) in 10uL of reaction volume with a magnetic stirring bar. The reaction solution was irradiated
were irradiated for 2 h. The amount of cleavage was measured andfor 6 h toensure complete photodecomposition of BpVphen. The
plotted against [BpVphen]. solution was transferred to an NMR tube and fk$ spectrum

Irradiation of Linear DNA in the Presence of Radical collected. Since the phen ligand dissociates completely from
Scavengersin a total of 10uL of reaction volume, 200 ng of BpVphen by the end of irradiation, the amount of acetone formed
linear DNA and 1 mM BpVphen in the presence or absence of was calculated by comparing the integrals of the free phen ligand
100 mM azide or benzoate was irradiated for 5 h. Percent cleavagepeaks § = 8.93, 2H, 8.38, 2H, 7.85, 2H, 7.68 ppm, 2H) to the
was measured and compared for reactions with and without integral of the acetone peaé € 2.10 ppm, 6H). This experiment

scavengers. was conducted a total of three times to ensure reproducibility.
NMR Experiments. In all NMR experiments, a 1:1 mixture of EPR Spin-Trap Experiments.In all EPR reactions, nonchelated

D,O and 0.1 M, pH 7.4 sodium phosphate buffer ([NRBy]/ 0.1 M, pH 7.4 sodium phosphate buffer ([N#&Oy)/[Na,HPQ])

[Na;HPQ,]) was used as the solverit! NMR spectra were col-  was used as solvent. Experiments were carried out by mixing 100

lected on a Bruker ARX-400 MHz NMR or Bruker ARX-500 MHz ~ mM spin-trapping agent (DMPO or TMP) in the absence or
NMR. 3V NMR spectra were collected on a Bruker ARX-500 MHz  presence of 0.1 mM BpVphen in a 3-mL quartz cell equipped with
NMR, and VOC} was used as an external reference. a magnetic stir bar. The solutions were irradiated and quickly
Oxygen Evolution Experiments. Oxygen evolution experi- transferred to an EPR quartz flat cell and their EPR spectra re-
ments were conducted with YSI Model 5300 biological oxygen corded. All EPR spectra were recorded on a Bruker EMX EPR
monitor equipped with a Clark oxygen electrode and a chart spectrometer at ambient temperature. The magnetic field was
recorder. In all oxygen evolution experiments, air saturated 50 mM calibrated using they tensor value for diphenylpicrylhydrazyl
pH 7.4 Tris-HCI was used as the solvent. The concentrations of (DPPH,g = 2.0036)'°
bpVphen used were in a range of 0.620 mM. A 30 mL three- Irradiation of Radiolabeled DNA Fragments. In a 10 uL
neck round-bottom flask equipped with a stirring bar was filled reaction volume, %L of 5'-labeled 135bp fragment or-fabeled
with the solution of BpVphen so that there was no headspace in 20-mer oligo &70 000 cpm, ca. 1530 uM) in the presence of
the flask. The Clark oxygen electrode was immersed, and the flask 1.0 mM BpVphen was irradiated for Ir @ h in either 50 mM
was sealed with septa. The oxygen level on the monitor was Tris-HCI or phosphate buffer (pH 7.5). Cleavage profiles of the
adjusted to 100%; the concentration of oxygen dissolved in the reactions were visualized on polyacrylamide sequencing gels.
air-saturated solution was taken to be 0.244 #NWhen the charter Cleavage products for 20-mer oligos were run in parallel with
was turned on (speed: 1 mm/min), and the solution was degassedDNase | cleavage reaction and Maxailbert A+G sequencing
with Ar gas until the % oxygen level reached a minimum value reaction and [FEEDTA]2 /H,O; reaction. In the DNase | reaction,
(~2%). The solution was left to sit for 10 min to check for any 1 U of DNase | was incubated with ca. Q4 of radiolabled 20-
leaks. Then the photolysis was started and the increase in the oxygemner oligo for 5 min at 37C. The reaction was quenched with 0.4
level monitored. The concentration of oxygen evolved was calcu- 4L of 0.5 M EDTA pH 8. Maxam-Gilbert G+A sequencing
lated by taking the % reading at the maximum and multiplying it reaction and [FEEDTA]2 reaction were followed as described in
by 0.244 mM. Current Protocols in Molecular Biolody1”and Pogozelski et a8
Singlet Oxygen Detection ExperimentsSinglet oxygen detec- respectively.
tion experiments were conducted in@ Solutions of BpVphen
(0.66 mM) in the absence and presence of herring testes DNA wereResults
excited at 355 nm. The singlet oxygen luminescence decay at 1270 . . .
nm was measured with time-resolved spectrosédgjnglet oxygen Photochemical Cleavage of pSP64 Plasmid typical
detection apparatus was built by the Christopher Foote laboratory cl€avage profile for BpVphen is shown in Figure 1A.
at UCLA X Samples were excited with the third (355 nm) harmonic Supercoiled plasmid (form [), upon irradiation into the
of a Quanta-Ray (DCR-2) Nd:YAG laser. The laser pulse was BpVphen LMCT band at ~ 350 nm, was converted initially
filtered to remove any fundamental from the laser using two to open circular (form II), which at longer irradiation times
reflecting mirrors, a 355/532 nm pass/1060 nm and a 355 pass/was converted to linear (form I11) and small fragments. This
remove any residual fundamental radiation at 1064 s (10" process. Supercoiled form requires one single cleavage event
at 1064 nm, 0.9 at 532 nm, and 0.8 at 355 nm). The near-infrared, |, ave| its structure to open-circular fof?° Eventual
emission fromO, was monitored at right angles to the laser beam . . : o .
conversion to small fragments requires longer irradiation time

and filtered with Schott RG-850 and Silicon 1100 nm (Infrared d break both ds of the DNA sub
Optics) cutoff filters. A liquid-nitrogen-cooled germanium photo- to produce breaks on both strands of the substrate.

diode (model EO-817P, North Coast Scientific Corp.) was used as
the detector. The U¥vis was recorded on a Beckman CU-650.

(15) McMillan, J. A.Electron ParamagnetisniReinhold Book Corp.: New
York, 1968; p 215.
(16) (a) Maxam, A. M.; Gilbert, WProc. Natl. Acad. Sci. U.S.A977,

(12) Hodgman, C. D., Eddandbook of Chemistry and Physi@th ed.; 74, 560-564. (b) Maxam, A. M.; Gilbert, WMethods Enzymol98Q
Chemical Rubber Publishing Co.: Cleveland, OH, 1958. 65, 499-560.

(13) Prat, F.; Hou, C.; Foote, C. 3. Am. Chem. S0d.997, 119, 5051~ (17) Price, M. A,; Tullius, T. DMethods Enzymoll992 212 194-2109.
5052. (18) Pogozelski, W. K.; McNeese, T. J.; Tullius, T. D.Am. Chem. Soc.

(14) Ogilby, P. R.; Foote, C. S. Am. Chem. S04983 105 3423-3430. 1995 117, 6428-6433.
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Figure 1. (A) Photograph of agarose gel stained with ethidium bromide showing cleavage of pSP64 plasmid DNA by BpVphen as a function of irradiation
time in 50 mM Tris buffer at pH 7.5. The forms of DNA are labeled on the side of the graph. (B) Kinetic analysis of the rate of photocleavage of plasmid
DNA as a function of BpVphen concentration. Points were fitted to a hyperbolic equation. (C) Kinetic analysis of fraction of photocleavage as a functi

of BpVphen concentration. The irradiation time was 2 h. (D) Photograph of agarose gel of cleavage with linear DNA in the presence of different ROS
scavengers: lane 1, control with 1 mM BpVphen, no photolysis; lane 2, control without BpVphen; lane 3, 1 mM BpVphen; lane 4, 1 mM BpVphen and 100
mM NaNg; lane 5, BpVphen and 100 mM benzoate. All reactions were photolyzésliainless noted. Values below the bands correspond to % uncleaved.

These small fragments are characterized by the smears oflDNA and BpVphen resulted in 70% cleavage (Figure 1D).
the gel. The regular smears indicate lack of sequenceWith either azide (lane 4) or benzoate (lane 5), cleavage was
specificity. In the absence of light, the rate of conversion inhibited, resulting in no or minimal (c.a. 10%) cleavage,
from supercoiled to open-circular form was 60 times slower respectively. On the basis of these results, singlet oxygen
than with photolysis (data not shown) showing that DNA and hydroxyl radical are implicated. While benzoate is a
strand scission is accelerated by irradiation and the contribu-recognized scavenger of hydroxyl radical but not singlet
tion from any thermal reaction is negligible. Moreover, oxygen, azide quenches singlet oxygen and has been shown
irradiation of BpVphen in the presence of supercoiled to also react with hydroxyl radicat.
plasmid under anaerobic conditions resulted in formation of  photodecomposition of BpVphen5V NMR spectra of
open-circular DNA, excluding the possibility that exogenous the photodecomposition of BpVphen as a function of irra-
oxygen plays a role in DNA cleavage. diation time were acquired (Figure S1, Supporting Informa-
Even though the cleavage process is random, informationtion). At longer irradiation timesx2 h), BpVphen decom-
on the kinetics of cleavage can be obtained from the first hosed to simple vanadates, monomei\(B,-) as the major
step in the conversion of supercoiled to open circular form. product, dimer (HV.072-), and cyclic tetramer (YO12>),
The rate of supercoiled plasmid DNA disappearance showedwhich are characterized by their chemical shiftsdt —561,
a hyperbolic dependence on [BpVphen] (Figure 1B). The —572 and-577, respectivelj2 The photodecomposition
kinetic saturation at high [BpVphen] is due to reaching the of Bpvphen was complete withi2 h ofirradiation, as the
power limit of the photolysis lamp since a plot of supercoiled fractional integrations of decomposition products remained
DNA fraction versus [BpVphen] taken at a fixed irradiation - constant. During the course of irradiation, minor peaks at
time (2 h) was exponential (Figure 1C). —675,—660, and—621 were observed intermediates (Figure

To identify ROS generated upon irradiation of BpVphen, S1). The peaks at675 and—621 ppm could be attributed
different radical scavengers were screened with linear DNA

(Figure 1D). Afte 5 h of irradiation, reactions containing

(21) (a) Halliwell, B.; Gutteridge, J. M. Ckree Radicals in Biology and
Medicing 3rd ed.; Oxford University Press: New York, 1999. (b)

(19) Paul, T.; Young, M. J.; Hill, I. E.; Ingold, K. UBiochemistry200Q Oroskar, A. A.; Lambert, C.; Peak, M. Bree Rad. Biol. Med1996
39, 4129-4135. 20, 751-756.
(20) Tsen, H.; Levene, S. 0. Mol. Biol. 2004,336, 1087-102. (22) Crans, D. CComments Inorg. Cheml994 16, 1—33.
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Table 1. Summary of Oxygen Evolution Yields from Irradiation of
BpVpher?

oxygen [O7]
[BpVphen], irradiationn reading, formed¢
mM time P min % mM [bpVphen}/[O7]
0.075 182 16 0.039 1.92
0.10 167 26 0.063 1.59
0.15 158 30 0.073 2.05
0.20 156 395 0.096 2.08

2ln 50 mM pH 7.4 Tris-HCI at room temperatureElapsed time at
which the % oxygen reading peaked after start of irradiati¢@®,] formed
= (% oxygen reading/100x 0.244 mM.

to [V(OH)2(172-0,),]~ 22 and [V(O)(OHX(%?*-0O,)] ~,%* respec-
tively. The peak at-660 ppm may arise from a peroxova-
nadium dimeric species.

Oxygen Evolution and Singlet Oxygen Detection Ex-
periments. Irradiation of degassed solution of BpVphen re-
sulted in evolution of molecular oxygen, which was quanti-
fied using an oxygen electrode. Table 1 lists the concentra-
tions of BpVphen used in each experiment, irradiation time,
and the yield of molecular oxygen. Evolved oxygen cor-
responded to approximately 0.5 equiv/ivanadium, which sup-
ports Q production from dimeric vanadium peroxo species.

To test whether the evolved,@s singlet, we attempted
to measure the characteristic luminescence decay of single
oxygen at 1270 nm with time-resolved spectroscEg¥No
10, was detected. Since a highly sensitive germanium
photodiode detector was used and a positive controi@er

was successfully carried out, it is reasonable to conclude that

the evolved oxygen from BpVphen is triplet.

Oxidation of 2-Propanol to Acetone. To probe for
hydroxyl radical generation upon irradiation of BpVphen,
the oxidation of 2-propanol to acetone was examined.
Hydroxyl radical reacts with 2-propanol to yield 2-propanol
radical via C(2>-H abstraction, according to eq?4The
2-propanol radical reacts with a number of metal ions
including VO,* (eq 2) to produce acetoRé?®

(CH,),CHOH + HOe — (CH,),CeOH+ H,O (1)
(CH,),CeOH + VO," + H" — VO?** + (CH,),CO+ H,0
)

In our experiments, a solution containing 1.0 mM BpVphen
was irradiated in the presence of 40 mM 2-propanol, and
acetone production was quantified By NMR. Since the
end products of the photodecomposition of BpVphen are
simple vanadates @(NO;~, H,V,02, and V,0:5), the
phenanthroline ligand must dissociate. Thus, the amount of
acetone produced from the reaction was quantified by

(23) Jaswal, J. S.; Tracey, A. $iorg. Chem.1991 30, 3718-3722.

(24) (a) Howarth, O. W.; Hunt, J. R.. Chem. Soc., Dalton Tran%979
1388-1391. (b) Campbell, N. J.; Dengel, A. C.; Griffith, W. P.
Polyhedron1989 8, 1379-1386.

(25) Clague, M. J.; Butler, AJ. Am. Chem. Sod.995 117, 3475-3484.

(26) Willson, R. L.; Greenstock, C. L.; Adams, G. E.; Wagenman, R;
Dorfman, C. M.Int. J. Radiat. Phys. Chenl971, 3, 211-220.

(27) Butler, J.; Jayson, G. G.; Swallow, AJ.Chem. Soc., Faraday Trans.
11974 70, 1394-1401.

(28) Shinohara, N.; Nakamura, Bull. Chem. Soc. Jprl989 62, 734—
737.

| 20 Gauss

Figure 2. EPR spectrum of (A) 100 mM DMPO alone before irradiation,
(B) 100 mM DMPO alone after 15 min of irradiation, (C) 100 mM DMPO
in the presence of 0.1 mM BpVphen after 15 min without irradiation, (D)
100 mM DMPO in the presence of 0.1 mM BpVphen after 15 min of
irradiation, and (E) 100 mM DMPO in the presence of 0.1 mM BpVphen
and 100 mM sodium benzoate after 15 min of irradiation. Hyperfine splitting
ay = a4’ = 14.9 G. Instrumental settings: receiver gain,x1 105
modulation amplitude, 1.0 G; microwave power, 20 mW; microwave
frequency, 9.649 GHz; time constant, 20.5 ms; sweep field, 100 G; scan
time, 160 s. The presence of a small amount of DMRIH before
irradiation (panel A) is an impurity present in the commercially available
DMPO.

comparing the integrations of free phenanthroline peéks (
= 7.68, 7.85, 8.38, and 8.93) and the integration of the
acetone peakj(= 2.10 ppm), as illustrated in Figure S2. A
stoichiometric amount of acetone (0.290.06 mM) relative

to vanadium was obtained in three duplicate runs. On the
other hand, carrying out the 2-propanol oxidation reaction
in the presence of 40 mM sodium benzoate, a known
scavenger of hydroxyl radical, resulted in 0.53 mM acetone,
a 46% reduction. Singlet oxygen does not oxidize 2-propanoal;
this fact was confirmed in a control experiment in which 40
mM 2-propanol was irradiated in the presence of methylene
blue, a singlet oxygen sensitiz&The control reaction did
not produce detectable acetone.

Electron Paramagnetic Resonance (EPR) Spin-Trap
Experiments. Additional support for hydroxyl radical pro-
duction from photoactivation of BpVphen was provided by
EPR spin-trap experiments. 5Bimethyl-1-pyrrolineN-
oxide (DMPO) and 2,2,6,6-tetramethyl-4-piperidone (TMP)

(29) Foote, C. S. Ifrree Radicals in BiologyPryor, W. A., Ed.; Academic
Press: New York, 1976; Vol. 2, pp 84.33.
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Figure 3. (A) Phosphoimage of polyacrylamide gel (10%) of cleavage'&fB end-labeled 135 bp DNA fragment. Cleavage was observed as a function

of time with 2 mM BpVphen. Phosphoimages are shown of high-resolution polyacrylamide (24%) gel of cleavage reactions with (B) T-20mer oligo and (C)
AG-20mer oligo. Key: (B) lanes 1 and 2, controls without bpVphen, photolyzed for 0 min and 1 h, respectively,d@negtB increasing irradiation time;

(C) lanes 1 and 2, controls without BpVphen, photolyzed for 0 min and 2 h, respectively, laesvBh increasing irradiation time.

were used as spin-traps for hydroxyl radical ah@b, for either 3-labeled T-20mer or'Habeled AG-20mer oligos
respectivel\?*3! Irradiation of BpVphen in the presence of (Figure 3B,C). The advantage of using short oligos is the
DMPO clearly enhanced the characteristic signal for the ability to visualize cleavage pattern at the nucleotide level.
DMPO/OH adduct (a 1:2:2:1 spectrum with a hyperfine For both oligos, cleavage was observed at every base
splitting ay = a+® = 14.9 G) (Figure 2). Photolysis of a regardless of the type or position. This result demonstrates
solution of BpVphen and DMPO in the presence of sodium lack of base specificity. At each nucleotide, doubling of
benzoate resulted in a ca. 70% reduction in the signal bands denotes multiple cleavage pathways resulting in
intensity (Figure 2E). In contrast, photolysis of BpVphen in fragments of different termini. Cleavage results were indis-
the presence of TMP did not enhance the characteristic 1:1:1tinguishable whether Tris or phosphate was used as the

EPR spectrum of 2,2,6,6-tetramethyl-4-piperiddfiexyl, solvent buffer. Tris has been suggested to react with hydroxyl
which is formed upon reaction withO, (Figure S3). radical when employed at concentration8.3 M .32 How-

Cleavage of 5%P End-Labeled DNA Fragments. ever, at the concentration level utilized in our studies (50
Cleavage of radiolabeled DNA offers a direct and sen- mM), Tris does not interfere with the efficiency of DNA
sitive approach to identifying cleavage produ®tsA se- cleavage.

quencing gel of photocleavage of3P end-labeled 135bp To identify the different cleavage termini, the BpVphen
DNA fragment with 2 mM BpVphen showed production of  cleavage reaction was run alongside a DNase reaction and a
small fragments of various sizes forming a “ladder” pat- Maxam-Gilbert sequencing reaction that are known to
tern, Figure 3, indicative of random cleaveé’ The bands  produce 3hydroxyl and 3-phosphate terminus, respectively,
within each lane display similar intensity, demonstrating lack Figure 4A¢ No comigration was observed between the
of base selectivity. Irrespective of the sequence or length of bands obtained from the vanadium reaction (lane 2) and those
the DNA substrate, the same “ladder” pattern was observedfrom DNase (lane 1). In contrast, comigration was observed
between the first band of the clevage reaction (lane 2) and

(30) Buettner, G. RFree Rad. Biol. Med1987, 3, 259-303.

(31) (a) Moan, J.; Wold, ENature (London)}L979 279 450-451. (b) Lion,
Y.; Gandin, E.; van der Vost, APhotochem. Photobioll98Q 31, (32) Schacker, M.; Foth, H.; Schluter, J.; Kahl,/Ree Rad. Res. Commun.
305-309. 1991, 11, 339-347.
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Figure 4. Comparison of cleavage profiles by BpVphen and other cleaving agents oidRA3beled AG-20mer and (B¥P-labeled T-20mer: (A) lane

1, DNase, lane 2, 1 mM BpVphen photolyzed for 2 h, lane 3, Max&ibert G+A sequencing reaction, lane 4, combination of BpVphen reaction and
Maxam-Gilbert; (B) lane 1, control without BpVphen photolyzed for 1 h, lane 2, BpVphen photolyzed for 1 h, lane 3, [Fe(Il)EDAIA), reaction, lane

4, combination of the BpVphen reaction and the [Fe(ll)EDTAjeaction.

those of the MaxamGilbert reaction (lane 3). The tapering run on the same lane (lane 4), all bands superimposed. This
off in the bands is due to differences in salt concentrations finding clearly points to hydroxyl radical as the oxidant in
and running buffer. Hence, when the two reactions, BpVphen peroxovanadium DNA-cleaving reactions.
and Maxam-Gilbert G+A, are run on the same lane, the Attempts to identify base damage did not meet with much
corresponding bands comigrate, doubling their intensity (lane success, and the results were inconclusive. For example,
4 of Figure 4A). standard piperidine treatment of photolyzed samples with
To identify the second band of the doublet pattern, we BpVphen and radiolabeled DNA gave increasing intensity
ran the BpVphen cleavage reaction alongside the knownof cleaved bands. However, this observation was not
[FE'EDTA]? cleavage reaction (Figure 4B}33 The latter informative with regards to alkali-labile lesions since controls
is known to produce hydroxyl radical, which attacks DNA with piperidine alone and no BpVphen resulted in DNA
to give fragments ending in both’-Bhosphate and '3
phosphoglycolate grou§:3337 Both reactions featured iden-  (34) Henner, W. D.; Grunberg, S. M.; Haseltine, W. A.Biol. Chem.

: ! 1982 257, 11756-11754.
tical cleavage profile (lanes 2 and 3), and when they were (35) Henner, W. D.: Rodriguez, L. O.; Hecht, S. M.; Haseltine, WJA.

Biol. Chem.1983 258 711-713.

(33) Breen, A. P.; Murphy, J. Acree Radic. Biol. Med1995 18, 1033~ (36) Pogozelski, W. K.; Tullius, T. DChem. Re. 1998 98, 1089-1108.
1077. (37) Hertzberg, R. P.; Dervan, P. Biochemistryl984 23, 3934-3945.
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cleavage. Additionally, a primer extension aséas well

as a MALDI-TOF (matrix-assisted laser desorption/ionization
time-of-flight) mass spectrometric analysis were not inter-
pretable, most likely due to the lack of site specificity of the
BpVphen system.

Discussion

Sam et al.

radical is produced was put forth?°We observed similar
products for the photochemical decomposition of BpVphen;
simple vanadates were the final products with evolution of
0.5 equiv molecular oxygen. Parallel to these literature
reports, we propose in Scheme S1 a viable pathway for the
production of hydroxyl radical. Photooxidation of the peroxo
ligand of BpVphen results in cleavage of the-@perox0bond;

The experimental findings described here provide a the transient is protonated to yield hydroperoxylradical,
compelling case that hydroxyl radical is the ROS produced Which reacts with mono(peroxo)vanadium to give hydrogen
upon photolysis of BpVphen and it is the oxidant responsible peroxide, oxygen, and vanadyl. The latter reacts witH

for DNA cleavage in this system. The following results are
cited in support of hydroxyl radical production: (1) inhibition

by Fenton-like chemistry to form hydroxyl radicél.
The conversion of plasmid DNA to open circular and from

of DNA cleavage by sodium benzoate, which is widely used open circular to linear and small fragments (Figure 1A)

as a probe for hydroxyl radicét;(2) positive detection of
the characteristic signal for the DMPQH adduct in EPR

demonstrated that cleavage by BpVphen is a single strand
process. Cleavage was observed regardless of the length or

spin-trap experiments; (3) oxidation of 2-propanol to acetone sequence of DNA substrates, indicating lack of specificity.

upon irradiation of BpVphen; (4) DNA cleavage as a single-

strand scission process displays no specificity; (5) high-

The cleavage profiles included smears and “ladder” patterns
on agarose and high-resolution polyacrylamide gels, respec-

resolution polyacrylamide gel analysis of photocleavage with tively (Figures 1A and 3). The bands on the “ladder” were

BpVphen being identical to the profile with [FEEDTA]?",
which is known to generate hydroxyl radical to effect
oxidative DNA cleavage!833-37

Although other ROS had not been fully probed relative

equal in intensity demonstrating same probability of attack

on any nucleotide. Hydroxyl radical has no charge, is freely

diffusible, and, thus cleaves DNA indiscriminately.
Hydroxyl radical-mediated DNA strand scission has been

to hydroxyl radical, they were excluded because they are thoroughly investigatetl:"*>**The radical abstracts hydro-
considered poor agents for breaking DNA. Superoxide and 9en from the deoxyribose ring, leading to strand scission to
hydrogen peroxide were examined by others as agents forProduce fragments that terminate in aphosphate, '3

strand scission of DNA and were found ineffectf?&®
However, their role is to facilitate the formation of hydroxyl
radical via Fenton-like reactions with transition metals. As

phosphate, or 'ohosphoglycolate group. If the DNA is
labeled at the send, then only 3termini are visualized on
high-resolution polyacrylamide gel. Indeed, when DNA

will be discussed below, the vanadium complex studied in cleavage was done with short oligos of 20 bp, a doubling of
this report undergoes similar reactions to generate hydroxyl bands was observed at each nucleotide (Figure 3B,C). These

radical.

Singlet oxygen was explored because Kwong et al.

implicated it as the oxidant in DNA cleavage by the ana-
logous bis(peroxo)vandium(V) bipyridine, BpVbpylO,

bands comigrated and superimposed with bands produced
by Fenton-Udenfriend reaction, which is known to produce
hydroxyl radical (Figure 4B). Therefore, all the experiments
described in this study put together support the proposal that

oxidizes bases, preferentially at guanine, to form abasic sites ydroxyl radical is generated from the photoactivation of

which require further treatment to induce strand scis&ion.

the BpVphen and it is the agent responsible for cleavage of

Experiments conducted in this study to identify base modi- DNA.

fications (piperidine treatment, primer extension assay,

of BpVphen evolved a 0.5 equiv/vanadium of, @hich we

. ) . and conclusion
mass spectrometry) yielded inconclusive results. Neverthe-

less, EPR spin-trap experiments and time-resolved lumines-
cence spectroscopy did not detect singlet oxygen. The utility
of an oxygen selective electrode demonstrated that photolysi

There has been much speculation on whether the cleavage
agent of BpVphen is a transient vanadium species or reactive

LOxygen radical. We have reported herein the mechanism of

DNA cleavage by NH(phen)V(O)¢?-0.).]. This report

concluded must be triplet oxygen since the characteristic SUPPOItS the notion of hydroxyl radical as the active agent.

luminescence ofO, at 1270 nm was not observed with a

The radical is generated by Fenton-like reactions upon

highly sensitive germanium photodiode detector. On the basisPnotooxidation of the peroxo ligands of the complex. Results

of only negative results, we cannot draw definitive conclu-

sions about the presence/role of other oxidants that primarily

attack bases.

The photochemical decomposition of an oxoperoxovana-

dium(V) complex, V(0)§?-0,)*, was investigated in acidic
solution?84° The products were vanadyl, V(8) and mo-
lecular oxygen; a radical mechanism in which hydroxyl

(38) Brawn, K.; Fridovich, l.Arch. Biochem. Biophys.981, 206, 414—
419.

(39) Lesko, S. A.; Lorentzen, R. J.; Ts'o, P. O.Btochemistryl98Q 19,
3023-3028.
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from EPR spin-trap experiments and comparison of BpVphen
cleavage profile with that of [Fe(I)EDTA}/H,0, incrimi-
nate hydroxyl radical as the culprit from the two distinct
sources.

(40) For radical mechanism on the decomposition of (picolinato)mono-
(peroxo)vanadium(V), see: Bonchio, M. C.; Valeria, C.; Di Furia,
F.; Modena, G.; Moro, S.; Edwards, J. @org. Chem.1994 33,
1631-1643.

(41) (a) Carmichael, A. ¥ree Rad. Res. Comm99Q 10, 37—45. (b)
Sakurai, H.; Nakai, M.; Miki, T.; Tsuchiya, K.; Takad, J.; Matsushita,
R. Biochem. Biophys. Res. Commui292 189 1090-1095. (c)
Shanker, H. N. R.; Ramasarma, Mol. Cell. Biochem1993 129,
9—29.
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