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Cationic u-oxo V(llI) dimers of the type [VOL4Cl;]?" (L = 1,10-phenanthroline, 3,4,7,8-tetramethyl-1,10-
phenanthroline, 4,7-diphenyl-1,10-phenanthroline, ot-Bi@yridine) are shown to interact very strongly with

DNA and to lead ultimately to its degradation. Spectroscopic binding studies, electrophoreses, DNA melting
temperature experiments, and other tests on the parent 1,10-phenthroline complex all yield results consistent with
tight binding. However, the exact nature of the binding., intercalative, groove binding, electrostatic, or covatent
remains unclear. Resonance Raman spectroscopy is found to be a powerful method for studying the interaction
of theseu-oxo V(IIl) dimers with DNA and shows that in frozen aqueous solution, the parent compl&{gkien)-

Cl»]%" undergoes initial aquation, followed by the reaction of the aquated species with the DNA. Once the V(llI)
dimer is bound to the DNA, redox takes place, leading to the formation of alkaline-sensitive lesions. Hydrogen
peroxide is implicated as a partner in this redox event, based on the effects of the enzymes SOD and catalase.

Introduction vanadium, with its three biologically accessible oxidation states
(I, 1Iv, and V), has begun to be recognized as having important
piological rolest3~15 The lack of studies based on the interaction
of vanadium with DNA is surprising in view of the reports that
Ywo other anticancer agents derived from vanaditim.,
vanadium-substituted bleomycin and [(phen)V@DH]2 —
cause DNA strand scissidh!” The few studies that have

The interaction of metal ions with nucleic acids and their
constituents has been an area of intense interest to both inorgani
chemists and biochemists, and metal complexes, most notabl
those of Pt(ll), have found their way into the pharmaceutical
armamentarium as potent antitumor drdghe fact that some
naturally occurring antitumor antibiotics such as bleomycin ; .
require metal cofactors for their biological activity (which appeared have generally been restricted to cases where vanadium

AR e %0
involves DNA strand scission) has also prompted the examina- IS N |t_s hlgh.est oxm_iahon state (V. ) ) )
tion of metal complexes for their endonuclease acti®ifhis While the interaction of monometallic complexes with nucleic

has stimulated the development of metal complexes that cleave@Cids has been widely studied, dimetallic systems have rarely
DNA, with the objective of obtaining new pharmaceutical been examined _desplte the fact that s_uch sites are commonly
agents, artificial restriction endonucleases, and probes for Used by nature in phosphate-hydrolyzing enzymes and DNA
DNA—protein contacts and DNA structut&Systems based on polymerase$:-?? Dimetallic complexes might be expected to
copper, iron, ruthenium, rhodium, cobalt, manganese, nickel, Pind strongly to DNA via a two-point attachment, which, in
gold, and chromium have all been investigated for DNA turn, could lead to enhanced activity. Dinuclear Pt complexes
cleavage activity, with the most attention focused on the mid and carboxylate-bridged dinuclear Rh, Ru, and Re, for example,
o late transition elements and comparatively little attention paid Nave been reported to possess significant carcinostatic activity.
to the earlier members of the serfed2 Among the latter, Also, the interaction of dinuclear Fe and Ni complexes with
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DNA has been reported;?* with the Fe complex being

Heater et al.

Plasmid DNA was assayed using a 1% agarose gel ru fo at

particularly active at promoting the cleavage of double-stranded 100 V constant voltage (or 18 h at 25 V), and the DNA bands were

DNA.
Theu-oxo V(IIl) dimers are potentially interesting candidate
dinuclear complexes. We were attracted to them because wi

felt that such dimers might adapt themselves to the DNA groove

conformation to maximize secondary interactions. In previous

€

detected after being stained for 30 min in a@gmL ethidium bromide
solution in Ix TBE buffer. Following destaining for 30 min in water,
the gels were visualized on a Kodak Digital Science IS440CF system
and analyzed using Kodak Digital Science 1D Image analysis software.
Values for supercoiled plasmid DNA were corrected by a factor of
1.3, based on estimates of lowered binding affinity of ethidium bromide

studies, we have shown that in the absence of any cobridgingfor the supercoiled DNA forrd?

ligands, the -O—V unit is quite flexible, but if there are no
external influences, it adopts the expected strictly linear
geometry wherer bonding between the bridging oxygen and
the vanadium(lll) is maximized. However, weak forces such
asr—am stacking interactions can lead to a slight bending of
the V—0—V unit.25 Still stronger interactions such as hydrogen
bonding can lead to even further distortions from linearity, as
does the addition of cobridging liganéfs:28

We report here our results with several such compounds of

the type [VLOL4Clp)2" (L = 2,2-bipyridine or substituted
o-phenanthroline) and show that not only do they exhibit
different reactivity patterns with DNA than with the corre-

Plasmid Cleavage ReactionsAqueous solutions of the vanadium
compounds were prepared as described above and mixed witly0.5
of plasmid DNA (pUB110 or pBR322) in 16 mM Tris-acetate at pH
8.4. The final volumes were brought to 10 with sterile distilled
water and incubated for-5%60 min at 37°C. The reactions were
quenched by the addition ofid of loading buffer (0.5% bromophenol
blue, 10 mM EDTA, and 50% glycerol). Anaerobic reactions were
carried out under nitrogen with the use of a glovebag. Base-sensitive
lesions were revealed by adding piperidine to the samples to a final
concentration of 0.1 M and by heating the mixture at°@for 30
min

Oligonucleotide Cleavage ReactionsOne microgram of 31-mer
was end-labeled via a 20 min incubation at 37 with T4 kinase

sponding monomers, they do so in the _absence O_f any externally(Gibco) and $2PJdATP (NEN). Following the incubation, the sample
added agents, such as hydrogen peroxide. A preliminary accountvas ethanol-precipitated, and the pelleted DNA was resuspended in

of portions of this work has already appearéd.

Experimental Section

Physical Methods.The resonance Raman spectra were obtained with
discrete lines (568.2 and 676.4 nm) from a Coherent K-2ikin laser.
Room-temperature spectra were measured from the solutigh @
methanol) in a spinning NMR tuBeor the KCI pellet in a solid-state
spinning Raman cef using a scanning Raman instrument described
elsewheré! Low-temperature (77 K) spectra were obtained using a
liguid N, Raman celf? The typical laser powers were 18200 mW,
with 4—6 cm? slit widths. Multiple scans (35) were averaged to
improve the signal-to-noise ratio. Raman data manipulation (signal
averaging and spectral deconvolution) was performed using an IBM
PC version of LabCalc software (Galactic Industries, Inc.). The
CURVEFIT routine was used to deconvolute overlapped peaks into
Gaussian curves.

Materials. Vanadium complexes were synthesized as previously

described?® Unless otherwise noted, all syntheses were performed under
an inert atmosphere of nitrogen or argon with a Vacuum Atmospheres
drybox or through standard Schlenk technigues. Aqueous solutions of
the vanadium compounds were prepared by dissolving an appropriate
amount of the vanadium compound in sterilized, deoxygenated water.
All vanadium solutions were prepared fresh and used immediately or

kept at 0°C to minimize oxidation.

Plasmids pUB110 (4500 bp, 3 MDa) and pBR322 (4363 bp, 2.9
MDa) were purchased from Sigma and dissolved inu20of sterile
distilled water, resulting in a final buffer concentration of 1 mM Tris-
HCl at pH 7.5 and 1 mM NaCl. The DNA solutions were stored in 10
uL aliquots at—20°C. The oligonucleotide corresponding to the TAR
sequence was prepared by IDT (Integrated DNA Technology, Ames,
IA) and purified by gel electrophoresis.
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Chem 1994 33, 6116.

(27) Czernuszewicz, R. S.; Bond, M. R.; Dave, B. C.; Mohan, M.;
Verastgue, R.; Carrano, C. lhorg. Chem 1995 34, 5857.
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3589.
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(30) Walters, M. A.Appl. Spectrosc1983 37, 299-301.
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TAE buffer without EDTA. The resulting'5?P-labeled 31-mer was
then reacted with the vanadium dimer at various concentrations for 30
min. After reaction of the mixtures, each reaction tube was split: half
was immediately quenched with formamide loading buffer, while the
other half was treated with 0.1 M piperidine for 30 min at 90.
Following the removal of the piperidine and the addition of loading
buffer, approximately 40 000 counts of each fraction were loaded onto
a 20% acrylamide sequencing gel for analysis via autoradiography.

Plasmid End-Labeling ReactionsThe vanadium-treated DNA was
ethanol-precipitated if/10 volume d 3 M sodium acetate and 2.5
volumes of ethanol at-80 °C for 10 min. The precipitated DNA was
pelleted at 13009 for 15 min and dried under vacuum. The pelleted
DNA was resuspended in TAE buffer, and the concentration of the
solution was determined by UV absorbance. Duplicate samples were
treated with DNA polymerase | in the presence®P[dCTP, followed
by incubation at 37C for 20 min. Duplicate samples of the vanadium-
treated DNA were incubated with T4 kinase in the presencé?Bi-
dATP, followed by incubation at 37C for 20 min. Following the
incubations, the samples were ethanol-precipitated, and the pelleted
DNA was resuspended in 20 of TAE buffer. Ten-microliter aliquots
of the samples were loaded onto the wells of a 1% (w/v) agarose gel
and electrophoresed for 17 h at constant 33 V. The gel was
photographed and dried for autoradiography. The gel was exposed to
Kodak XAR X-ray film for 4 h atroom temperature and f@ h at
—80°C. Positive controls were prepared by the exposure of supercoiled
pUB110 to DNase.|

[V20L4Cl;]?" Binding to Calf Thymus DNA. Concentrated stock
solutions of calf thymus (CT) DNA were prepared in CT DNA buffer
(50 mM NaCl, 5 mM Tris-HCI, pH 7.1). The concentration of the DNA
solution in nucleotide phosphate [NP] was determined by UV absor-
bance at 260 nmegfgo= 6600 Mt cm™1).3% Stock DNA solutions were
stored at £C for no longer than one week. Solutions of the complex
(100uM) were prepared in deoxygenated CT DNA buffer, mixed with
increasing concentrations of CT DNA, and incubated for 5 min at 0
°C. The absorbance values were plotted agd@ = [DNAJ/[[V -
OL4Cl;)?]). The intrinsic association constaKt for the interaction
of [V,0L4Cl;]?" with CT DNA was calculated from the absorption
titration data using the following equation:

[DNAJ/(€ — €,) = [DNAJ/( & — €,) + LK (¢; — €p)

(33) Carter, P. J.; Breiner, K. M.; Thorp, H. Hiochemistry1998 37,
13736.

(34) Hertzberg, R. P.; Dervan, P. Biochemistryl984 23, 3934.

(35) Reichmann, M. E.; Rice, S. A.; Thomas, C. A.; DotyJPAm. Chem.
Soc 1954 76, 3047.
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Table 1. Selected Bond Lengths (A) and Angles (deg) for
[V 20ClL(phen)]Cl, and [V-OClx(bipy)Cl,

phert bipy®
v—Cl 2.361(2) 2.381(2)
V-0 1.784(1) 1.787(1)
V—Ngs 2.132(4) 2.124(12)
V—Nyans 2.194(5) 2.178(6)
V—0-V 169.6(3) 173.5(2)

aData from ref 25° Data from ref 46.

wheree, = Aspsd[(V 20L4Cl2)?"] and ef ande, correspond to the molar
absorbtivities of [MOL4Cl;]?" in the free and fully bound forms,
respectively. [DNAJ/& — €,) was plotted versus [DNA], and the
association constait, was obtained from the ratio of the slope to the
intercept.

DNA Melting Curve Determination. Calf thymus DNA (96uM)
in 5 mM Tris-HCI at pH 7.1 and 50 mM NaCl was mixed with.B/1
phenanthroline dimer and placed in a water-jacketed quartz cuvette.
The samples were heated with a temperature-controlled water bath, and
the absorbance at 260 nm was monitored with the Beckman DU-7400
spectrophotometer. Melting curves were constructed by plotting relative
absorbance versus temperature.

Results

Solid-State and Solution StructuresSince our preliminary ~ Figure 1. Structure of [OCl(phen)]** showing the stacking of the
account of the structures of both the V(Ill) phenanthroline dimer phenanthroline rings and the cis disposition of the chloride ligands.

and the V(IV) monomer, which are both similar to their (vOv) andv.{VOV), respectively. The other two bands753
blpyrldmg analogues, hqs already appeared and the dete}lls ar@nd 1336 cm?), which occur at nearly twice the frequencies
on depOSIt at the Cambndge Structural Database, they will not of the 377 and 673 cmt fundamentals, arise from the first
be repeate_d here. However, a few pertinent bond Iengths andoyertones of(VOV) andvadVOV), 2v{VOV) and 2/:{VOV),
angles are included in Table 1. The slightly smaller bridge angle respectively. These assignments have been confirmed with RR
and smaller intermetallic distance in the phenanthroline dimer experiments invo|ving isotope substitution of me)xo group
relative to the bipyridine analogue likely result from the jth 4-180 and with normal-mode analysis calculatiGAghe
increasedr stacking interaction in the former. This highlights  nearly identical frequencies of these vibrational modes indicate
the most striking feature of the secondary structure of the dimer, that the structure of the (CI)VO—V(CI) core has not been
the proximity of two of the phenanthroline rings coordinated changed in the MeOH solution.
to opposite metals (Figure 1). These rings are nearly parallelto  The RR spectrum of [YOCl(phen)]Cl, changes, however,
one another and separated by 3.45 A, with a twist angle of aboutyyhen HO is added to the MeOH solution; thg(VOV) band
22.5 between them. In principle, this interplanar spacing is at 377 cni? loses its intensity, and a new broad band appears
almost perfect for the intercalation of both phenanthroline rings at 367 cni. At the same time, the.{VOV) (~673 cn7?) and
between the base pairs of B-DNA. 2v.{VOV) (~1336 cn1?) bands upshift by~10 and~20 cnr?
Resonance Raman (RR) spectroscopy has been very usefu{data not shown). In pure 4@, v{(VOV), vadVOV), and s
in defining the solution structures of oxo-bridged V(lIl) dimers  (vOV) shift to 366, 695, and 1380 crh, respectively, and the
due to the presence of stropgO — V(Ill) charge-transfer  2,(VOV) overtone moves underneath the phenanthroline ligand
transitions in the visible region and its sensitivity to even small pand at 734 cmt (Figure 2c), implying that the (Cl)*O—
changes in the VO-V bridging angleX®?":339 Compared in  V/(Cl) core geometry has been altered by the aqueous environ-
Figure 2 are the solid-state and solution RR spectra of [V ment. The structural change may involve the opening of the
OCly(phen)]Cl; obtained at room temperature in the +A(500 V—0-V angle (which is~168 in solid state}f® or it may
cm* region with 676.4 nm excitation from the samples (a) involve a V—O—V bridge that has assumed a nonsymmetrical
dispersed in a pressed KCI pellet, (b) dissolved in methanol, geometry through hydrolysis of a terminal chloride ligand. Such
and (c) dissolved in water. The RR spectrum ofQZk(phen)]- structural changes would be consistent with the observed pattern
Clz_ln methan_ol (Figure 2b) is nearly identical _to that in the of both thev(VOV) and thev,d VOV) frequencies in HO, i.e.,
solid state (Figure 2a), each spectrum showing four bands |ower frequency forgVOV) but higher frequency for.{VOV)
characteristic of the ¥O—V bridge at very similar frequencies, in the aqueous state than in the solid state and MeOH.

~377, 673, 753, and 1336 crth The 377 and 673 cnt bands Additional environmental effects on the-\O—V stretches
in both spectra are identified as the in-phase (symmetric) andwere observed upon freezing the aqueous solution gD{M,-
out-of-phase (antisymmetric)-¥O—V stretching vibrationsys- (phen)]Cl, at liquid-N, temperature. This is illustrated in Figure
3, which shows the frozen solution RR spectra obtained/at
(36) Kﬁnamlori, K, Ookugf, Y.; Ino, K.; Kawai, K.; Michibata, fthorg. K in the 100-1500 cn1? region with excitation wavelengths
(37) ?(aﬁr;ﬁqc?r?lK??ylr?gsK.;SI\%IE;%da, K. M.; Fukagawa, M.; Kumada, J.; of (a) .568'2 and (b) 676.4 nm'.The 568.2 nm e.XCitation spectrum
Eguchi, T.; Okamoto, K.-llnorg. Chem 1994 33, 5547. exhibits two dominant bands in thg(\VOV) region, at 366 and

(38) Czernuszewicz, R. S.; Spiro, T. G.lorganic Electronic Structure 379 cntl, with only a very weak and broad feature in thg
ﬁ\qgrssc?:r?égscl\(l)gv)\/ls 35?01%9%" \I/'EJILiV%rﬁ ééa%zp" Eds.; Wiley-  (vOV) region, at~690 cm! (Figure 3a). The first overtone of
(39) Czemuszewicz, R. S.; Yan, Q.; Ji, D.; Carrano, C. J. Manuscript in the 379 cmt band can also be seen at 758 €min contrast,

preparation. the 676.4 nm excitation gives the RR spectrum with much
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Figure 2. Room-temperature RR spectra (676.4 nm excitation) of (a) polycrystallis@Q¥(phen)]Cl. (KCI pellet) and its (b) aqueous and (c)
methanol solutions. The YO—V stretching vibrations are correlated.
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Figure 3. Low-temperature{77 K) RR spectra of [YOCl(phen)]Cl, in H>O excited at (a) 568.2 and (b) 676.4 nm. The ®—V stretching
vibrations are correlated.

weaker bands attributable tg(VOV) but intense bands in the  contains aqua ligands in place of the chloride ligatfdEhe
vadVOV) and 2,{VOV) regions (Figure 3b). The widths and second set of ¥O—V modes at 379 cmmt (vs), 758 cnTt (2v),
shapes of these bands, which are centered near 690 and 136683 cnt? (v,9, and 1348 cm! (2v,9 has been observed in solid-
cmL, respectively, clearly show that they contain overlapping state RR spectra at77 K with almost identical (withint1
component bands. Spectral deconvolution of the-6280 and cm™ ) frequencies (data not shown). These bands belong to the
1275-1375 cntl regions into a combination of Gaussian curves species containing a (CI)YO—V/(CI) core but with a somewhat
(see below) has revealeddVOV) fundamentals at 683 and different geometry than that observed in the X-ray crystal
695 cnt?, 2v4(VOV) overtones at 734 and 758 ¢ and 25« structure and polycrystalline RR spectrum at room temperature,
(VOV) overtones at 1348 and 1384 chHence, two different as judged from the significantly upshifted 302 cnT?l) v,e
u-oxo-bridged V(IIl) species are present in the frozefY{ K) (VOV) and 27,dVOV) bands at liquid-N temperature. These
aqueous solution of OClx(phen)]Cl,. The 367 cm? (vy), observations are summarized in Table 2.

734 cnt (2vs), 695 cm! (va9, and 1384 cm! (2va9 modes Redox Activity. All the reported oxo-bridged V(l11) dimers
seen at liquid-N temperature closely correspond to those are more or less sensitive to air oxidation in solution, although
observed in the room-temperature spectrum of the complex inthey appear to be quite stable in the solid state. The major
H.,O (Figure 2c), which we believe belong to the dimer that oxidation product appears to be the V(IV) monomer, [VO-
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(phen)}CI]*. The electrochemistry of the unsubstituted dimer Table 2. V—O—V Stretching Mode Frequencies (cf) for
in the aprotic solvent, acetonitrile (ACN), has already been [V20Ck(phen)|Cl, and Its CT DNA Adduct

reported by Maverick et al. (although at the time it was reported sample Vs Vas 2vs 2ves  specied
to be_a hydr(_)x_o_-bm_iged sp_eué@)Our results are similar with Room Temperature
the dimer oxidizing irreversibly to monomer that then undergoes  Kc| pellet 377 672 753 1334 A
both oxidation and reduction. However, we have also examined MeOH solution 378 674 753 1335 A
the electrochemistry in a 1:1 mixed-solvent system containing HzO solution 366 697 732 1384 B
ACN and the protic solvent methanol (MeOH). In this solvent, Liquid-N, Temperature
the redox chemistry is different and, presumably, more relevant KClI pellet _ 378 684 756 1348 A
to the situation in aqueous solution. In ACN/MeOH, the dimer Hz0 frozensolution 379~ 683 ~ 758 1348 A’
undergoes two quasireversible one-electron oxidations at 515 DNA - 867 697 734 1383 B,
! . o > precipitate 379 683 758 1349 A
and 816 mV, which we assign to thee\*-O—V4" and V**— 372 706 743 1402 c

O—V** dimers. Also observed is an irreversible reduction at
—795 mV (with a peak height approximately twice that of the

oxidation waves), which is assigned to the two-electron reduc-
tion of the dimer to the V(II) monomer

3 ys and vys are the symmetric (in-phase) and antisymmetric (out-
of-phase) stretching modes, respectively, of th&/V bridge; 25
and 2, are the corresponding first overtone barfdSapital letters
denote species with different structures of ghexo divanadium bridge:

A = parent dimer with chloro terminal ligand8, = parent dimer
with slightly altered bridgeB = dimer with aquo terminal ligands,

[Cl(phenyV" —O—V" (phen)CI*" + 26" + 2H" —
andC = DNA—dimer complex.

2[V"(phen)CI]* + H,0
Binding to Calf Thymus DNA. As expected from their
Although we assign this irreversible reduction as metal-centered, structure, all the V(IIl) dimeric complexes appear to interact
a ligand-centered reduction is also a possibility. Under the samestrongly with DNA, and the addition of aqueous solutions of
conditions, the authentic V(IV) monomer shows no oxidation the former causes the rapid precipitation of DNA. The dark-
up to 1.0 V in an initial positive scan but gives an irreversible purple color of the precipitate indicated that the V(lII) dimer is
reduction at—=873 mV. Scanning through the reductive wave bound to DNA. Precipitated samples stored for up to 3 days
then reveals two quasireversible product waves at 464 and 847remained purple, unlike unbound solutions of the dimer, which
mV. We interpret this behavior as indicating an ECE mechanism were completely oxidized within hours. Thus, the binding of
where there is an initial two-electron reduction and protonation the dimer to DNA clearly reduced its accessibility to and/or
of the vanadyl complex to give a V(II) monomer, followed by reactivity with dioxygen, suggesting a tight association. Quan-
a rapid reaction with the remaining V(IV) monomer and titative evaluation of the binding affinity of the dimer for CT
comproportionation to give the oxo-bridged V(lIl) dimer, which  DNA utilized a spectrophotometric ass&yBinding of the dimer
can in turn undergo two reversible oxidations. containing the unsubstituted phenanthroline to CT DNA in 50
mM NaCl and 5 mM Tris-HCI at pH 7.0 resulted in changes to
the ligand-to-metal charge-transfer (LMCT) bands of the
complex near 542 and 642 nm. Upon addition of CT DNA, an

vVO(phen)Cl]* + 2e + 2H" —

I +

[V (pheniCIl™ + H,0 E increase in the absorbance of the two LMCT bands, along with
[ + \Y +_, a small (ca. 6 nm) blue shift, is observed. The absorbance

[V" (phemyCll™ + [V O(phenjCl] reaches a maximum at &R value R = [DNA]/[dimer]) of

[Cl(phen)yV" —O—V" (phen)Cl** C approximately 3 before decreasing slightly and leveling off.
" " - Since obvious precipitation is observedRatalues greater than

[Cl(phenkV™ —O—V " (phen)CI]"" — 5, some precipitation could be occurring at values between 3
[CI(phen}V”'—O—V'V(phen}CI]H +e E and 5, thus accounting for the small hypochromism seen over
! this range. An association constant can be extracted from the

[CI(phen)ZV'”—O—V'V(phen)ZCI]% — titration data using the method previously descritietihe K,

" v o calculated from the data in Figure 4 is 5310° M~1. While
[Cl(phen)V™ —O—V 7" (phen)CI]™ + e E, this value is smaller than that found for classical intercalators

o ) ) such as ethidium bromide under similar conditions (¢.40°
The bipyridine and substituted phenanthroline complexes show\j-1 gt 40 mM NaCl and 25 mM Tris-HCI it is similar to
qualitatively similar behavior with only relatively small shifts  hat found for several mixed-ligand ruthenium complexe$-10
in the relevant potentials. Although the oxidations of the dimer 15 M-1) thought to be behave as su@However, intercalators
in MeOH/ACN are reversible on the CV time scale, attempted normally display hypochromism and small red shifts upon

bulk electrolysis yields only the vanadyl monomer, presumably binding to DNA, in contrast to the hyperchromism and blue

due to a relatively slow reaction of the very oxophilid'*
O—V"V dimer with traces of water

[Cl(phen)V" —0—V" (phen)Cl]** + H,0 —
2[vVO(phen)Cl™ + 2H*

Attempts to conduct electrochemical experiments in pure water

were complicated by the exchange of chloride with water and/

or hydroxide, leading to multiple species and complex volta-
mmograms. Thus, we have not examined it further.

(40) Shah, S. S.; Maverick, A. Wnorg. Chem 1987, 26, 1559.

shifts of the V(lIl) dimers. Attempts to acquire similar data for
the other compounds in the series were thwarted by the rapid
precipitation of DNA even at smaR values.

Changes in the melting temperature of DNA in the presence
of interacting compounds are well known. Thus, we have
measured thé&, for CT DNA in the presence and absence of
the V(ll) phenanthroline dimer (Figure 5). Binding of the
complex causes th&n, to increase from 68 to 76C. The

(41) Mhadevan, S.; Palaliandavar, Morg. Chim. Actal997 254, 291.

(42) Waring, M. J.J. Mol. Biol. 1965 13, 269.

(43) Pyle, A. M.; Rehmann, J. P.; Meshoyrer, R.; Kumar, C. V.; Turro, N.
J.; Barton, J. KJ. Am. Chem. Sod 989 111, 3051.
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Figure 4. Plot of [DNA]/(¢ — €3) vs [DNA], wheree¢s ande, are the
molar absorbtivities for the complex in the free and bound (attached)
forms, respectively. The intrinsic binding constant is calculated from 200 300 400 500 600 700 800
these data as described in the text. ) 1
Raman shift cm )
14 Figure 6. Comparison of the low-temperature 77 K) RR spectra
(676.4 nm excitation) in the 268800 cn1? region of (a) [WOCl,-
£ (phen)]Cl; in H,O and (b) its CT DNA-bound product. The\O—V
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Figure 5. Melting curves for calf thymus DNA (96M) in the presence
and absence of BM [V ;OClLy(phen)]Cl..

observed CT DNA hypochromism may be due to increased base
stacking caused by intercalation of the complex. The increased
Tm indicates a stabilization of the helix; however, this could be ‘ ' . . .

due to simple charge neutralization of the polyanionic phosphate 1000 1100 1200 1300 1400 1500 1600
backbone by the cationic vanadium complex, by intercalation, Raman shift (cm™")
or by both.

y Figure 7. Comparison of the low-temperature 77 K) RR spectra

The nature of the interaction of the vanadium(lll) dimer with 676.4 nm excitation) in the 1066600 cnT* region of (a) NMOCh-
CT DNA was further probed by low-temperatureq7 K) RR gphen)]CIZ in H0 anZi (b) its CT DNA-bound r?roduct.(TLe[\fz\D—\zl
spectroscopy of the dark-purple precipitate resulting from mixing  stretching vibrations are correlated.
the aqueous solutions of pOCly(phen)]Cl, and CT DNA. The
results are shown in Figure 6 (26800 cnt') and Figure 7 ~374 cnt! band observed with the red line (676.4 nm) appears
(1000-1600 cnt?), which compare the 676.4 nm excitation to better resolve into two components372 and~377 cnt?)
spectra of (a) frozen aqueous ¥Cl(phen)]?" and (b) the in the spectrum excited at 568.2 nm (Figure 8b). Meanwhile,
frozen precipitate with CT DNA. The precipitated DNA has the 2/{(VOV) band of thevs = 379 cn1! fundamental appears
RR spectra very similar to that of the f@Cly(phen)]Cl, to shift from 758 (HO) to ~756 cnT! (DNA).
complex in frozen HO, except for the regions where charac- The more dramatic changes, however, occur among the RR
teristic vibrations of the V(I11)-O—V(lll) bridge occur. In the bands assigned tg{VOV) (Figure 6) and 2,{VOV) (Figure
v4(VOV) region, a pair of bands at 367 and 379 ¢nof the 7) vibrations, which are strongly enhanced in spectra excited
dimer in pure water (Figure 6a) collapse into an asymmetric at 676.4 nm. Without DNA, these vibrations lead to broad and
band centered at374 cnt! when the complex binds to DNA  poorly shaped bands at690 (7o) and~1365 cnt? (2v,9 but
(Figure 6b). The yellow line excitation (568.2 nm) gives produce appreciably narrower and upshifted bands in the DNA
relatively strongews{VOV) RR bands (see Figure 3), and the precipitate spectrum at708 (a9 and~1402 cntt (2v,9. We
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Figure 8. Comparison of the low-temperature- 77 K) RR spectra
(568.2 nm excitation) in the 275775 cnT? region of (a) [\\OCl,-
(phen)]Cl; in H,O and (b) its CT DNA-bound product. The\O—V . | ) ) | ;
stretching vibrations are correlated. 1200 1250 1300 1350 1400 1450
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8 o .
> Figure 10. Structure of the 2,{VOV) overtone band of [VOCl-
(V20Clo(phenkalCly 2 8 (phen)]Cl, excited with 676.4 nm radiation: (a) in the frozen
Aex = 676.4 nm I ' solution at~77 K and (b) in the frozen CT DNA precipitate &{77

K.

cm ! (2v,a9. Small contributions from the former pair of modes
are also evident in the DNA precipitate spectra at unchanged
positions (Figures 9b and 10b). Since solidQLl(phen)]-
Cly at ~77 K exhibits similar V-O—V stretching modes (data
not shown), the 683149 and 1348 cm! (2v,9 bands in the
DNA precipitate spectrum, as well as their corresponding bands
vs at 379 cntt and 25 at 758 cnT?, must arise from the [¥
OCly(phen)]2* that remains unbound to DNA in the mother
liquor solution. On the other hand, the 6954 and 1383 cm?
(2va9 bands disappear from the deconvoluted spectra of the
DNA precipitate and are replaced by a pair of dominant bands
at 706 ¢a9 and 1402 cm? (2va9. The correspondings(VOV)
and 2{(VOV) for the DNA-bound dimer modes are located at
372 and 743 cmt, respectively. Thus, in summary, the oxo-
bridged vanadium(lll) dimer in frozen aqueous solution is
characterized by the RR bands at 364),(734 (25), 695 (a9,
and 1383 cm! (2v,9, which, upon the binding of the complex
to DNA, shift upward to 372, 743, 706, and 1402 Tn
respectively.
620 640 660 680 700 720 740 760 780 Nucleolytic Activity of the Oxo-Bridged Dimers. Nucle-
olytic activity of the vanadium dimers was assayed by incubation
Figure 9. Structure of theva{VOV) fundamental band of [YOCh- With_su_percoiled plasm_id DNA. Single-strand breaks cause
(phen)]Cl, excited with 676.4 nm radiation: () in the frozenQH unwinding to the open circular form, and double-strand cuts or
solution at~77 K and (b) in the frozen CT DNA precipitate a{77 numerous single-strand breaks within close proximity to each
K. other produce linear DNA. Figure 11 indicates the relative
amounts of supercoiled or closed circular (CC), open circular
have obtained more precise positions forth€v/OV) and 2.« (OC), and linear (L) pBR322 plasmid DNA as a function of
(VOV) modes of both samples by deconvoluting overlapped the concentration of the phenanthroline dimer. Complete
peaks in these regions into a combination of Gaussian curves,conversion from CC to OC occurs at about 0.2 mM complex.

(a) B0

Raman shift cm™ )

as shown in Figure 9 (620780 cnt?) and Figure 10 (1275 Bands at concentrations above 0.3 mM display considerable
1475 cntl). As previously mentioned, these analyses reveal broadening, and precipitation of the DNA is observed above
that two forms of the V(lll) dimer exist in the frozen,B 1.0 mM. Also notable is the concentration-dependent band

solution, one characterized by the bands at 6839 and 1348 retardation of the CC form. Similar experiments were performed
cmt (2v,9 and another by the bands at 695 and 1383 using the bipyridine, tetramethylphenanthroline, and diphen-
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Table 3. Relative Nucleolytic Activities of Vanadium ComplexXes

complex % CC % OC % L
[V OCly(phen)]Cl, 25 73 2
[VgOCIz(Me4phen)]CI2 2 95 3
[V 20CL(diphenylphen)Cl. 100 0 0
[VOCI(phen}]Cl 14 74 12
Figure 11. Cleavage of the plasmid pBR322 by OCly(phen)]Cl. 2 DNA samples (pUB110) incubated for 30 min at 32 with 100
Lanes 4 contain 0, 47, 94, and 188M vanadium complexes, =~ «M complex. CC= closed circular, OC= open circular, and =
respectively. Lane 6 contains 9M vanadium complex only, lane 7 linear.
contains 94/M vanadium plus 0.%L of catalase, and lane 8 contains
94 uM vanadium plus L of SOD. hydrogen peroxide to dioxygen and water while SOD dismutes

superoxide to hydrogen peroxide and dioxygen, the reactive

ylphenanthroline dimers, and the data are summarized in Tab|eoxygen species appears to be hydrogen peroxide.
3. The bipyridine and diphenylphenanthroline dimers were less  Nature of the DNA Lesion. A number of experiments were
reactive than the parent phenanthroline complex, and the undertaken to learn more about the specific nature of the damage
tetramethylphenanthroline derivative was more reactive. How- created upon the incubation of DNA with the dimer. The nature
ever, the rapid air oxidation of the latter rendered it difficult to  of the termini remaining after V(lll) dimer-induced nicking was
work with, and thus, all further studies were concentrated on investigated by enzymatic end-labeling and ligation studies.
the unsubstituted phenanthroline complex. Several additional Hydrolytic cleavage is expected to result in the production of
experiments indicated that the reaction was completed very poth 3-OH and 5-PO, ends, while other mechanisms produce
rapidly (within minutes) and was not markedly temperature different termini244Following treatment with DNA polymerase
dependent, although some slowing of the reaction 4t 4vas , V(IlI) dimer-nicked DNA was efficiently labeled wit32P,
noted. indicating the presence of at least soni€OB1 ends and the

During longer incubations at low concentrations, the deep absence of adducts capable of halting polymerase strand
purple color of the dimer faded as the dimer was oxidized to synthesis. The treatment of V(lI1)-nicked DNA with T4 kinase
the vanadyl monomer. Thus, it was necessary to determineunder conditions that favor phosphate exchange resulted in the
whether the nucleolytic activity was an inherent property of the efficient incorporation of2P, suggesting the presence of either
dimer or of the monomer and/or if dioxygen was a coreactant. free or phosphorylated’ ®nds. Although we were unable to
For this, we incubated the complex with plasmid DNA under quantitate the number of such reactive ends, in both cases, the
anaerobic conditions. The conditions were sufficient to suppressvanadium-nicked DNA was labeled to a greater degree than
any obvious oxidation of the dimer as determined optically, but hydrolytically nicked controls (DNAase). Attempts at seeing if
no effect was noted on the cleavage reaction. We also examinedhese ends could be enzymatically linked with T4 ligase were
the reaction of aged solutions of the dimer and authentic [VO- unsuccessful due to the difficulty in preparing sufficient
(phem)CI]*. These experiments show that the vanadyl monomer quantities of linear V(lI)-treated plasmid DNA.
does in fact induce plasmid cleavage reactions at concentrations The possibility of oxidative base loss as indicated by alkaline-
similar to that of the dimer but with two notable differences. sensitive lesions on dimer-nicked plasmid DNA was assayed
First, very little band retardation is observed with the monomer, by hot piperidine treatment. This resulted in greatly increased
indicating a different interaction with the plasmid; second, there cleavage-as manifested by a smear of small fragments upon
is an increased formation of linear fragments (Table 3) compared electrophoresis of plasmid treated with dimer and then with
to what is seen for the dimer. When hydrogen peroxide is piperidine-and indicated that base loss accompanied the
included in the incubation mixture, both monomer and dimer reaction.
yield identical results, extensive cleavage of the plasmid DNA,  Reaction with Small (31-mer) DNA Oligomers.To gain
resulting in large amounts of the linear form (indicating double- insight into possible base sequence or secondary structure
strand breaks). We attribute this result to the fact that in the specificity, we examined the reaction of the phenanthroline
presence of hydrogen peroxide, the V() dimer is rapidly dimer with a3?P-end-labeled DNA 31-mer modeled after the
converted to the V(IV) monomer (as determined spectropho- HIV-1 TAR mRNA sequencé? This self-complementary oli-
tometrically), and vanadyl complexes of various types are known gomer contains a three-base “bulge” and a six-base “hairpin”
to yield hydroxyl radicals in the presence of excess peroxide |oop. These experiments complemented and extended the results
via Fenton-type chemist§2° These observations, combined from the plasmid assay. In the absence of piperidine treatment,
with the results of the anaerobic incubation, indicate that both modest cleavage of the 31-mer was detected along with
the V(IV) monomer and the V(lIl) dimer react independently  concentration-dependent band retardation and smearing of the
via different mechanisms to cleave plasmid DNA. More detailed intact oligomer on the sequencing gel (Figure 12). Careful
studies of [VO(phenfl]* and the V(V) analogue [V& analysis reveals the presence of “shadow bands”, indicating the
(phen)] ™ will be reported at a later date. presence of multiple termini. The major bands comigrate with

Although dioxygen itself did not appear to be important in - the Maxam-Gilbert sequencing bands {8hosphate), while the
the dimer-induced cleavage reaction, we examined the effectsminor bands do not. After hot piperidine treatment, more
of radical scavengers on the reaction. The addition of known extensive cleavage was evident, and the anomalous migration
scavengers of hydroxyl radicals (either DMSO or sodium pattern of the intact 31-mer vanished, as did the presence of
formate) had little or no effect on the reaction. These reagents the shadow bands. All bands now comigrate with the Maxam
effectively suppress FeEDTA-mediated cleavage reactions. Gilbert ones. If SOD was included in the reaction mixture,
Thus, diffusible hydroxyl radicals appear not to be involved in  significant cleavage was noted even prior to piperidine treatment,
the mechanism. The SOD and catalase enzymes did, howeverwith extensive cleavage seen afterward. The cleavage pattern
have significant effects (Figure 11). Catalase clearly inhibits
the reaction, while SOD potentiates it. Since catalase converts(44) Meunier, B.Chem. Re. 1992 92, 1411.
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precipitate formed at high complex/DNA ratios that indicates
restricted access of the complex to oxygen, (3) the increased
Tm for CT DNA exposed to [YOXo(phen)]?t, and (4) the
concentration-dependent band retardation on denaturing gels of
31-mer exposed to POXx(phen)]%*, which persists even after
the complex is boiled in a formamide-containing running buffer.
The apparent strength of this interaction is consistent with the
measured association constant>0£0® M1 with CT DNA.
However, the exact nature of the bindinage., intercalative,
groove binding, electrostatic, or covalemmemains unclear.
Resonance Raman spectroscopy is in principle an ideally
suited technique for studying the interaction of metal complexes
with biomolecules such as DNA. However, whether because
of a lack of suitable chromophores or the inherent fluorescence
of many of the metal complexes traditionally used in studying
DNA binding, it has not been widely utilized in this area.
Nevertheless, we have found it to be a powerful method for
studying the interaction of our-oxo V(III) dimers with DNA.
In particular, RR spectroscopy shows that in frozen aqueous
solution, the parent complex pPOCly(phen)]2" undergoes initial
aquation, followed by the reaction of the aguated species with
the DNA. One possibility is that the aquated complex reacts
with the heterocyclic bases of DNA, of which the N-7 of guanine
is generally considered to be the most reactive site. However,
numerous other interactions could be envisioned. Once the V(III)
dimer is bound to the DNA, it is likely that redox takes place,
leading to the formation of alkaline-sensitive lesions. Hydrogen
peroxide is implicated as a partner in this redox based on the
effects of SOD and catalase. Other preliminary results, using
analogousu-oxo V(III) complexes containing a strapped bis-
bipyridyl where the chloride ligands are forced to be in a trans
rather than cis configuration, show DNA binding but no
cleavage activity® Thus, the geometry around the vanadium
Figure 12. Autoradiogram of a polyacrylamide gel showing the s crit_ical o the cle_avage proc_ess_but not to the DNA binding.
reaction of 532P-labled 31-mer with [YOCh(phen)]Cl,. Lanes 1 and Consistent with _thls observation is that the trans complex is
2 are treated with 0.67 and 1.33 mM vanadium dimer, respectively, Much less reactive toward oxygen, despite a redox potential
and then with piperidine; lane 3 is blank; lanes 4 and 5 are treated similar to that of the active cis isomé.
with 0.67 and 1.33 mM vanadium dimer, respectively, plugLOof In conclusion, we have shown thatoxo V(lll) dimers of
SOD without piperidi_ne treatment (note that @n_the presence of SOD, the type [WOXo(phen)]2t bind strongly to DNA and lead
more cleavage is evident even without piperidine treatment). ultimately to its degradation. The exact nature of the cleavage
event remains to be elucidated, but it appears to involve
oxidative base loss. Further work to clarify the operative
chemistry is in progress.

was qualitatively the same with or without SOD and showed
little or no sequence specificity, although some preference for
the first double-stranded regions on either side of the hairpin
and bulge structure was noted. In the presence of catalase, little  Acknowledgment. This work was supported by Grants Al-
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