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ABSTRACT. The study of the interactions of double-stranded (ds) DNA with the dirhodium carboxylate
compounds RI{O,CCHg)4(H20), (Rh1), [RE(O,CCHz)2(CHsCN)g](BF4)2 (Rh2), and RE(O,CCR;)4 (Rh3)
supports the presence of covalently linked DNA adducts, including stable DNA interstrand cross-links.
The present biochemical study refutes earlier claims that no reaction between dirhodium compounds and
dsDNA occurs. The reversal behavior of these interstrand cross-firkdvi urea at 95C (for different
heating times) implies the presence of various coordination modes invalxiag ax'eg, andeqeqDNA
interactions with the dirhodium core. The reaction rates of the dirhodium compounds with dsDNA were
determined spectroscopically and are in the order RhRh2 < Rh3. This difference in behavior of the
three dirhodium compounds correlates with the lability of the leaving groups and corresponds to the
extent of interstrand cross-link formation by these compounds on a 123 bp DNA fragment, as observed
by denaturing polyacrylamide gel electrophoresis (APAGE). Since all three dirhodium compounds form
covalent RR-DNA adducts, including interstrand cross-links, it is important that DNA be considered a
potential target for biological activity of these dirhodium carboxylate compounds.

Metal-based antitumor drugs have the ability to target highly toxic interstrand cross-links are important éis-DDP
DNA by forming various covalent adducts. The resounding biological activity ©, 10). In addition, interstrand lesions lead
success ofcis-Pt(NH;),Cl, (cis-DDP or cisplatin) as a to a unique profile of antitumor activity for dinuclear and
prominent chemotherapeutic agent stems from the covalenttrinuclear platinum compounds that are considerably different
cross-links formed with DNAX—23) which inhibit transcrip- DNA-modifying anticancer agents froeis-DDP (11, 12).

tion and DNA replication4—7). These PtDNA covalent Despite the efficacy ofis-DDP (1), its limitations @) have
CrOSS-linkS, which occur at N7 of guanine or adenine bases,|ed to the Screening of other metal-based Compounds for
include bifunctional intrastrand{65% GG,~25% AG) and  antitumor activity. Among the promising non-platinum
interstrand adducts{6% at 3-GC-3 and 3-CG-3), aswell  antitumor complexesl@) are dirhodium compounds of the
as minor amounts of monofunctional and 1,3-intrastrand type RR(O,CRLL, (R = Me, Et, Pr; L = solvent) that
adducts §, 9). Although the intrastrand adducts are the most contain at least two bridging carboxylate ligands (Figure 1)
abundant and are believed to be responsiblecfsiDDP (14). Pioneering studies in the 1970s revealed that dirhodium
antitumor activity (), it is possible that a small number of  carboxylate compounds exhibit significant in vivo antitumor
activity against L1210 tumord§, 16), Ehrlich ascites{7—
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#Colby College. dirhodium compounds with DNA led to the conclusion that
f;gﬁas A%M UniYGBSliDtBF’; <olatin cis.diamminedichioroplati reactions occurred only with poly(A) and not with double-
reviations: CIs- or cisplatin,cis-ailamminedichloroplati-
e e, R S Sy sranded (0 NS peb(O) YR8 9,
guanine; , guanosine'smonophosphate; , 5 pe ) ) 3
(H20)2; Rh2, [RB(O2CCHs)o(CHsCN)s](BF4)2; Rh3, RB(O.CCFs)4; bp, rather than Rh metal was monitored in dirhodium compeund

base pairs; ax, axial; eq, equatorial; GFAAS, graphite furnace atomic pNA reactions by dialysis experiments. In the latter study

absorption spectroscopy; PAGE, polyacrylamide gel electrophoresis; . . .
dPAGE, denaturing polyacrylamide gel electrophoresisTRE buffer, (34), melting curves and sedimentation data of calf thymus

90 mM tris(hydroxymethyl)aminomethane, 90 mM boric acid, and 2 DNA changed only at extremely high dirhodium compound
mM EDTA, pH 8.0;R;, bound ratio or moles of bound metal compound  concentrations and long reaction times. Subsequent reactions

per mole of DNA base pair$, formal ratio or moles of reacted metal between model nucleobases and dirhodium compounds
compound per mole of DNA base pairsransDDP, transdi-

amminedichloroplatinum(ll); CT-DNA, calf thymus DNA; NaOAc, ingicate a st.rong preference for axiak| binding of adenine
sodium acetate. (via the purine atoms N7 or N7/N136§—42) as compared
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Ficure 1: Dirhodium(ll,Il) carboxylate compounds included in this
study.

to guanine. Crystal structural determinations, however, of
dirhodium complexes with 9-ethylguanine (9-EtGua) re-

vealed unprecedented bridging 9-EtGua groups at equatorial

(eg positions of the dirhodium unit via the N7/06 purine
sites @3, 44). One- and two-dimensional NMR studies of
Rhy(O,CCH),4 reactions with guanosing-fnonophosphate
(5-GMP) and the dinucleotides d(GpG) and d(pGpG) support
similar binding modes with the guanine rings occupying eq
positions via N7/0645, 46). In addition, mass spectrometry
and enzymatic digestion studies of dirhodium adducts with
ssDNA oligonucleotides corroborate binding of the purine
bases 47, 48).

Herein, we report an investigation of the interactions of
dsDNA with dirhodium carboxylate compounds by bio-
chemical methods, the results of which unequivgcalipport
the presence of covalently linked RBNA adducts, includ-
ing stable RR-DNA interstrand cross-links. This study of
dirhodium—dsDNA adducts, which correlates the structure
of the dirhodium compounds with the kinetics of adduct
formation, refutes earlier claims that no reaction between
dirhodium compounds and dsDNA occurs. The nature of

these adducts along the duplex has been addressed. Th

importance of these adducts is critical to understanding the
biological activity of these potential antitumor agents.

MATERIALS AND METHODS

Metal Compounds.The dirhodium compounds Rh
(02CCHy)4(H20), = Rh1 @9), [Rhy(O,CCHs)o(CHCN)el-
(BF4), = Rh2 (0), and RR(O,CCF;)s = Rh3 (1, 52
(Figure 1) were prepared according to literature procedures.
The cis and trans isomers of Pt(NH),Cl, were purchased
from Alfa Aesar and Acros Chemicals, respectively.

Nucleic AcidsSalmon testes DNA (type lll, D1626) was
purchased from Sigma in powder form. The DNA pellet was
dissolved in 1.5 mM phosphate buffer and 15 mM NaCl at
pH 6.0 and filtered through a 0.48n filter before use. DNA
purity and concentration (moles of base pairs per liter) were
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determined by UV absorption measurements at 230, 260,
and 280 nm £660 g/mol of DNA base pairshQ).

A 123 bp DNA fragment of known sequence (Figure S1)
(54) was prepared as previously describ&8) (by anAval
restriction digest of the 123 bp DNA ladder (Invitrogen)
followed by purification on an 8% native polyacrylamide
gel. The resulting purified fragment was radiolabeled with
either a fill-in reaction (usingd-3?P]dCTP, p-32P]dTTP, or
[0-*?P]dATP and the exomutant of the Klenow fragment
of DNA polymerase 1) or an end-labeling reaction (using
[y-*2P]ATP and T4 polynucleotide kinase). Following end-
labeling with [-32P]ATP, the 123 bp DNA was used to
generate radiolabeled 86 bp and 41 bp DNA fragments by
Hadll restriction enzyme digestion followed by purification
on a 12% native polyacrylamide gel.

A 278 bp DNA fragment of known sequence was prepared
from the EcoRI/BswB6l restriction digest of M13mpl8
plasmid DNA (New England Biolabs). The digestion prod-
ucts were radiolabeled withof*?P]JdATP using the exo
mutant of the Klenow fragment of DNA polymerase |.
Following labeling, the 278 bp fragment was purified on a
5% native polyacrylamide gel.

All DNA modification enzymes were purchased from New
England Biolabs, and all radionucleotides were purchased
from Amersham Biosciences.

Metal-DNA ReactionsDNA modification reactions with
dirhodium and platinum compounds were carried out at 200
uM DNA base pairs (salmon testes DNA) and metal
compound concentrations ranging from 0 tq20 in 1 mM
phosphate buffer and 3 mM NacCl at a pH of 6.9 at°’87in
the dark. Reactions with radiolabeled DNA fragments also
included~1C cpm of labeled duplex along with the carrier
salmon testes DNA. Fresh stock solutionsl (mM) of each
metal compound were prepared in deionized water, diluted,
and immediately used for DNA modification reactions.

For nonradioactive reactions, aliquots were sampled at
specific times, immediately diluted 10-fold with 0.2 M NacCl
to minimize electrostatic interactions of potentially solvated
cationic dirhodium species with DNA, and concentrated by
centrifugal filtration (Millipore Ultrafree devices, 30K
MWCO). The concentrated aliquots were diluted at least 10-
fold with deionized water followed by centrifugal filtration
in the same devices, rinsed, and centrifuged repeatedly until
the buffer and unreacted dirhodium compounds were com-
Bletely removed (as determined from rhodium compound
only controls). Reaction point time aliquots were analyzed
for DNA concentration by UV-vis spectrophotometry and
for bound rhodium concentration by using a Thermo Jarrell
Ash-Smith Hieftje 22 atomic absorption spectrometer with
a graphite furnace analyzer (GFAAS). Rhodium metal was
measured at 343 nm with linear response over the range of
30—-1200 ppb.

Polyacrylamide Gel Electrophoresis (PAGE) of Metal
DNA ReactionsTo identify the presence of stable DNA
interstrand cross-links, aliquots of metddNA reactions
were maé 5 M inurea, heated for-630 min at 95°C, and
then analyzed directly by 5% denaturing PAGE (dPAGE).
Gels were prerun for 12 h at 300 V in XTBE buffer,
electrophoresed at 300 V for-P2 h, dried under vacuum,
and then autoradiographed following film exposure-20
°C. Intensities of DNA bands in gels were quantitated by



998 Biochemistry, Vol. 44, No. 3, 2005

100

80

3

% Rh Bound

'S
(=]

20

0 25 50

Reaction time (h)

Ficure 2: Rhodium-DNA-binding curves determined by UV

vis (for [DNA]) and GFAAS (for [Rh]) for reactions between Rh1l
at 20uM (O), Rh2 at 2uM (O), or Rh3 at 400 nM¢) and salmon
testes duplex DNA (20@M DNA bp). Values on they-axis (%

Rh bound= RyR: x 100) represent the percentage of initial
rhodium compound that is bound to DNA after a given reaction
time. Reaction conditions: 37C in the dark in 1 mM sodium
phosphate buffer at pH 7.0 with 3 mM sodium chloride at rhodium
compound/DNA bp ratiosR; values) of 0.1 for Rh1, 0.01 for Rh2,
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Ficure 3: Denaturing PAGE (5%) of reactions betwessDDP,

and 0.002 for Rh3. Error bars represent one standard deviation fromRh1, Rh2, or Rh3 and radiolabeled 123 bp DNA duplex (upper

triplicate measurements. The inset graph is the expanded curve fo

the Rh1 data. All data are fit to exponential buildup of product in
a first-order reaction.

Table 1: Initial Rates for the Reactions between Each Dirhodium
Compound and dsDNA
initial rate? +errof
compound R (nM/h) (nM/h)
Rh1 0.1 2.4 0.2
Rh2 0.01 35.9 0.6
Rh3 0.002 57 15
Rh3 0.02 1190 335

a Determined from the initial slope of the binding curves shown in
Figure 2.°Binding curve not shown in Figure 2Uncertainty ex-
pressed as one standard deviation.

phosphorimagery on a Bio-Rad GS-505 molecular imaging
system using Molecular Analyst software version 2.1.2.
When radiolabeled DNA samples were purified by native
PAGE (DNA duplexes) or dPAGE (interstrand cross-linked
DNA), the gels were not dried but exposed while wet to
film at 4 °C. Using the developed film as a template, the

panel). Reactions were run for 23 h at conditions identical to those

in Figure 2 with the addition of~10° cpm of radiolabeled duplex
and metal compound/DNA bp ratioBs(values) as indicated at the
top of each lane. The relative band intensities of the interstrand
cross-links in the gel (upper panel) were determined by phospho-
rimagery and plotted vB; for each metal compound (lower panel).

over time for the three dirhodium compounds. Rh3 reacts
most rapidly, even at very low metal concentratioRs
0.2 Rh/100 bp), and achieves complete binding after ap-
proximately 10 h. Rh2 requires greater initial concentrations
(Rr ~ 1 Rh/100 bp) to achieve maximum binding after 2
days; for comparison, Rh3 achieves the same maximum
binding (~80%) within 2 h of reaction at the same initial
dirhodium concentration of M (R = 0.01; data not
shown). In contrast, even at very high dirhodium concentra-
tions (R ~ 10 Rh/100 bp), only~1% of Rh1l binds
covalently to DNA R, ~ 1 Rh/1000 bp) after several days
under the same reaction conditions. Due to slow reactivity,
DNA reactions with Rh1 were not monitored over a long
enough period of time to observe a binding plateau.

The DNA-binding curve data were fit to the exponential
buildup of product in a first-order reaction (Figure 2). Initial

desired radiolabeled bands were excised, and the DNA WaSig4ction rates (Table 1) were determined from a linear fit of

eluted from the gel slice using the crush-and-soak method

initial buildup of R, vs time of data from the same reactions.

(56) at room temperature with vigorous shaking over several These preliminary kinetic data rank reactivity of the dirhod-

hours. The supernatants from these elutions were filtered (0.2

ium compounds with duplex DNA in the order Rk3Rh2

um) and subsequently ethanol-precipitated to desalt ands. rp1.

concentrate the DNA.

RESULTS

DNA-Binding Cures The DNA-binding curves of the
three dirhodium compounds (Rh1, Rh2, and Rtw\ger time

DNA Interstrand Cross-LinkingCompared to the high
mobility band of denatured 123 bp DNA running at the
bottom of the denaturing gel in Figure 3 (upper panel), bands
of significantly lower mobility are observed in the DNA
duplex reactions with metal compounds after 23 h. These

are compared in Figure 2. Reaction time point aliquots were lower mobility bands most likely result from DNA interstrand
processed by centrifiltration to remove unbound rhodium and adducts (DNA that has been covalently cross-linked between

then analyzed to determin®, (the molar ratio of bound
rhodium to DNA base pairs). In each reaction, the starting
solution was directly analyzed to determiRe(the molar
ratio of total rhodium compound to DNA base pairs in the
original reaction). As shown in Figure 2, the percent of DNA-
bound rhodium (which is equal tBy/R: x 100) increases

the two strands of the duplexp?). The aforementioned
assignment is confirmed by the observation that, in a
denaturing gel, these lower mobility bands run just slightly
faster than a denatured 278 base fragment (Figure S2) that
is approximately twice their single-stranded length. Quan-
tification by phosphorimagery indicates an increase in the
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intensity of the cross-linked DNA bands (Figure 3, lower Lane 1 2 3 4 5 6
panel), which corresponds to an increase in the initial reaction . [Urea Wil iR
concentrationR) of each metal compound. The amount of p ?;i'“;urea 3 T : 5 (=
cross-linked DNA formed depends on the initial metal qﬁ NaOAc s e | o o
concentrationky), is largest for Rh3, decreases in the order & L Nago, e e e | B || o

Rh3 > Rh2 > cis-DDP > Rh1, and is supported by the
kinetic data from the DNA-binding curves (Figure 2).

Althoughcis-DDP is reported to form only small amounts
(~6%) of interstrand cross-links on duplex DNA)( it
appears to form more than one type/position of interstrand
cross-link on this 123 bp DNA fragment, as indicated by
the multiple resolved lower mobility bands observed most
clearly in lane 3k = 0.1,~12 Pt/duplex) of the denaturing
gel (Figure 3, upper panel). Similar dPAGE analyses of
reactions bet\_Neerrans-DDP and 123 bF_’ DNA _have been Ficure 4: Denaturing PAGE (5%) of the isolated Rhidterstrand
performed (Figure S3) and also result in multiple resolved cross-link formed on a 123 bp DNA duplex. Lane 1 contains
lower mobility bands in the region of interstrand cross-links unmodified 123 bp DNA. Lanes-26 contain the isolated cross-
(58). DNA bands of retarded mobility (interstrand cross- m‘(‘)lffr’ggvzgg ﬁthﬁgeiﬁ,@ﬁ,%ﬁggt‘;'{i%ggﬂ%Q?aér(iggﬁf n? msnate
Itlf:]:S)]_gr?,e %lso(;)ub;lg(ve:nlg tzgcdhpp(;? Eth?af r?rﬁgtéon dﬁrﬁ?)t(\j/;/jgn (400 mM), as indicated by theH) signs above each lane.

Interstrand —»
adduct

Denatured —» . - - - -
123bp

compounds in this study (Figure 3). Unlike the platinum 123bp Ru2-123001 ||| R 2300
compounds, however, each dirhodium compound reacts with +:u1-1|-=|: il : il : niliit :
the DNA duplex to afford a major discrete band of shifted ==z I R eSS e

mobility (most clearly observed in lanes 5, 6, and 9 of Figure
3). Some lower mobility smearing is also observed and may
be attributed to multiple dirhodium adducts on a single
duplex due to the higlk: values R > 1 Rh/123 bp). In

addition, the same mobility major DNA band is observed

for reactions of each dirhodium compound with the 123 bp
fragment, regardless of the state of the ends of the DNA

- ~2x 123 nt

duplex: this same new band is observed by dPAGE of - - ~—-~2x86nt
reactions of 123 bp DNA with dirhodium compounds when ' e - =123 nt
the DNA fragment has been radiolabeled with a fill-in
reaction to form a blunt-ended duplex (data not shown) or - 2 ' s e
5'-end-labeled duplex to retain the Bverhangs of the St
restriction fragment.

. ¢ & —dint

Isolation and Stability Studies of the Interstrand Cross-
Link. The major shifted band (interstrand cross-linked DNA) rqure 5: Denaturing PAGE (5%) of & &nd-labeled 123 bp DNA
formed upon 123 bp DNA incubation with either Rh2 or fragment reacted with dirhodium compounds befdeslll restric-
Rh3 was isolated from a denaturing gel. The isolated DNA tion endonuclease digestion. Lanes3L.contain unmodified 123
cross-links resulting from reaction with Rh2 (Figures 4 and PP DNIA-k'a“esdé"l 6 CO“%” thetls_olagﬁd hall%?’ db%&tg%trabnd
S4) or Rh3 (Figure S4) were analyzed by dPAGE to cross-ink, -an _a-nes contain he 1solate P

. - . . interstrand cross-linked DNA.
determine the stability of the adducts to the isolation protocol.
Under the sample preparation conditions that denature Isolated interstrand cross-links of Rh2 or Rh3 on the 123
unmodified DNA in the absence of heat (Figure 4, lane 1), bp DNA duplex were further analyzed by dPAGE following
the major portion £90%) of the isolated Rh2DNA band digestion withHaelll restriction endonuclease (Figure 5).
still runs as the interstrand adduct (Figure 4, lane 2) as doesSince the 123 bp sequence has a siitgelll site, cleavage
almost all ~94%) of the isolated Rh3DNA band (Figure of the unmodified 5end-labeled duplex at this site results
S4, lane 1) Hea‘[ing of the isolated cross-links, however, in in two radiolabeled fragments of 86 and 41 nucleotide Iengths
5 M urea at 95°C for 5 min (Figure 4, lane 3), 15 min (lane 3) Hadll digestion of the isolated Rh2123 bp
(Figure S4, lane 4), or 30 min (Figure S4, lanes 2 and 5) interstrand cross-linked DNA (lane 6) results in a small
leads to approximately 30% reversal of each adduct. In @mount of uncleaved adduct (at the mobility-ef x 123
Figure 4, additional conditions were explored to determine Nt) as well as four shorter fragments with greater mobility.
the stability of the interstrand RRIDNA cross-link; these ~ The digestion results for the RR3.23 bp interstrand cross-
include heating at 95C for 5 min in 40 mM thiourea (lane linked DNA (lane 9) are identical to those for Rh2 (lane 6).
4), 400 mM sodium acetate (lane 5), or 400 mM sodium
carbonate (lane 6). For all of the tested conditions, the DISCUSSION
greatest degree of interstrand cross-link revers@b) was Double-Stranded DNA Is a Viable Biological Target of
achieved by heating the isolated Rh2 adduct in 40 mM Rhodium Compound$¥he DNA-binding curves in this study
thiourea prior to heating at 95C for 5 min in the urea-  (Figure 2) clearly indicate that the three dirhodium com-
containing loading buffer (lane 4). pounds under investigation bind covalently to dsDNA. The
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relative reaction rates of these three dirhodium compoundslinks were proposed in early structural studies of dirhodium

with dsDNA (Rh3> Rh2> Rh1; Table 1) corroborate those
observed by mass spectrometry for sSDNA reactiadr. (
The increased DNA reactivity of Rh3 as compared to Rhl
also correlates with skin cell toxicity studies that indicate
increased cytotoxicity of dirhodium compounds upon sub-
stitution of acetate with trifluoroacetate ligands (C. Turro,
K. R. Dunbar, and co-workers, unpublished experiments).
Under the conditions of this study, Rh1 binds to dsDNA
very slowly (Table 1), even at higR: values. Although

carboxylate-tRNA adducts 42). The extent of DNA inter-
strand cross-link formation (Rh8 Rh2> Rh1; Figure 3)
correlates with the dirhodium compound DNA-binding rates
determined in the present study (Table 1) and depends on
the initial concentration of dirhodium compound in the DNA
modification reactions (Figure 3, lower panel). The dPAGE
gel in Figure 3 (upper panel) also indicates that Rh2 and
Rh3 form a higher percentage of interstrand cross-links as
compared tocis-DDP on this DNA duplex. Although the

earlier studies concluded that Rh1 does not bind to dsDNA more abundant intrastrand DNA adductscig-DDP have

(17, 18), these experiments monitored the amount“af-

been correlated with the drug efficact) @nd have therefore

labeled acetate ligands associated with dsDNA and not thebeen the focus of many antitumor studiescef-DDP, the
Rh center(s) of the compounds directly (as the presently usedcontribution to antitumor activity of a small amount of highly
method does). Subsequent reports clearly indicate that acetattoxic adducts (such as interstrand cross-links) is still con-

ligand loss occurs in vivo59), and therefore acetate ions
are not a reliable probe for dirhodium binding3(-46, 48,

60). This is further supported by the fact that the reactions
of Rh1l with 9-EtGua 43), 5-GMP (46), d(GpG) @5), or
d(pGpG) @6) proceed by substitution of tweis-acetate

troversial 9, 10). Therefore, it is possible that the interstrand
cross-links formed by the dirhodium carboxylate compounds
play an important role in their biological activity.

Previous studies of other DNA damaging agents have
correlated the denaturing gel mobility of the DNA interstrand

groups by the incoming nucleobase as well as protonationcross-link with the position of the cross-linked site relative
of the substituted acetate as monitored'blyNMR spec- to the ends of the DNA duplex8]. Specifically, covalent
troscopy. Extensive loss of acetate groups has also beeradducts that connect the two DNA strands closer to the end
observed in the reactions of DNA octamer and dodecamerof the duplex have higher mobility (travel faster on a
oligonucleotides with dirhodium carboxylate compounds (to denaturing gel) than covalent adducts that bind to the DNA
the point of complete loss of all four carboxylate groups in fragments closer to the center of the duplex. Considering
the reactions of the latter), as monitored by mass spectrom-the DNA sequence preferences for formation of interstrand
etry (48). Acetate ion loss most likely takes place concomi- cross-links bycis- andtrans-DDP (9, 63), it is not surprising
tantly [the acetate group can be monodentate before beingthat several resolvable bands of interstrand cross-linked DNA

totally substituted by the incoming ligan®1)] with the
nucleophilic attack of biological targets on the dirhodium

are observed from the reactions of the 123 bp DNA with
cis-DDP (Figure 3) oitransDDP (Figure S3). The fact that

species. In addition, the quantitative data of the present studythe pattern of intensity and mobility of these interstrand cross-

are consistent with reported thermal denaturation d24a (
which indicate changes in the melting profiles of CT-DNA
upon reaction with Rh1 at extremely highvalues and long
reaction times.

The more rapid and efficient binding of Rh2 to dsDNA
(Table 1, which is significantly faster at one-tenth the
dirhodium concentration of Rh1l, may be attributed to the
presence of monodentate EN groups in the eq positions
of Rh2 instead of bridging acetate groups. This difference
in reaction rates supportsy ligand loss as a required step
to precede dirhodiuneqinteractions with DNA.

In the case of the trifluoroacetate analogue (Rh3), maxi-
mum binding to dsDNA is achieved in less than 10 h at
extremely lowR values (Figure 2). This enhanced reactivity
relative to Rh2 at the sani® (Table 1) may be attributed to
the strong electron-withdrawing (inductive) effect of thesCF
groups which renders the trifluoroacetate anidf,( 13.46)

a better leaving group than acetat&{p= 9.25) €2). This

linked bands is not the same for the 123 bp DNA modified
with trans-DDP andcis-DDP lends further evidence that the
bands represent different positioning of interstrand cross-
links on this duplex §).

Each of the three dirhodium compounds in this study form
a major discrete band of interstrand cross-linked 123 bp DNA
that has the same mobility in the denaturing gel as the highest
mobility interstrand cross-link formed bgis-DDP (Figure
3). Although, within the resolution of dPAGE, this appears
to be a single shifted band, it seems more likely that it does
not represent a single interstrand cross-linked species. Rather,
it is more likely a mixture of adducts cross-linked at similar
positions relative to the end of the duplex but with different
coordination modes including a mixture of monofunctional
or bifunctional dirhodium adducts possibly boundaatax,
ax/eq, or eqeqsites. This heterogeneity is supported by the
interstrand cross-link behavior toward reversal conditions
which indicates different chemical stability of the adducts

argument is further supported by the fact that the reaction (Figures 4 and S4). In Figure 4, lane 2 indicates that the
of dirhodium tetrakis(trifluoroacetate) with 9-EtGua takes interstrand adducts formed and isolated are stable to the
place without deprotonation of position N1 of the base, in conditions that denature unmodified DNA, although urea has

contrast to the reaction of dirhodium tetraacetat®).(As
has been shown by mass spectrometry, all four trifluoro-

been reported to forrax adducts with dirhodium tetraacetate
by coordinating through the O of the carbonyl groég)(

acetate groups of Rh3 are substituted, even in reactions withThe stability of thesexx adducts to the presence of urea in

short ss oligonucleotide<§).

Stable DNA Interstrand Cross-Links Are Formed by the
Dirhodium Compound®enaturing gel analyses in this work
indicate that, similarly tccis-DDP, interaction of dsDNA
with dirhodium carboxylates leads to covalent cross-linking
of the two strands of duplex DNA. Such interstrand cross-

the absence of heat most likely is a kinetic issue enhanced
by the inaccessibility of the dirhodium core due to steric
hindrance of the DNA strands. The partial reversaB(%)

of a subset of cross-linksi5 M urea by heating at 95C,
regardless of the heating time (5, 15, or 30 min; Figures 4
and S4), suggests that the less stable adducts in the isolated
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band are most likelyax DNA adducts which are expected

Biochemistry, Vol. 44, No. 3, 2005.001

that potential mechanisms of biological action of dirhodium-

to exhibit enhanced exchange rates upon heating as compare(ll,Il) carboxylate compounds should include inhibition of

to eqDNA adducts 65). This argument is supported by the
fact that, for [Rh(ectH.0)s(ax-H.0),]*", the rate of exchange

of the ax H,O molecules is 3 orders of magnitude higher
than those ineq positions 65). Moreover, the RAN
distances to aegandax CH;CN molecule incis-[Rhy(O»-
CCHg)2(NCCHy)g](BF4), of 1.985(4) and 2.232(4) A, re-
spectively b0), indicate that, for the same ligandx are
weaker thaneq interactions. Further heating in 40 mM
thiourea induces reversal of additional adducts in the isolated
band (up to~70%), suggesting that another subset of adducts
(most likelyeg DNA adducts) is stable to more harsh reversal
conditions. Substitution of the dirhodium core ligande@
positions by thiourea66) or other thiols 67, 68) has
precedent in the literature.

In addition, more than two fragments are observed by
dPAGE (Figure 5, lanes 6 and 9) when these isolated band
of Rh2- or Rh3-modified 123 bp DNA are digested with
Hadll (a restriction endonuclease with only a single recogni-

tion site in this sequence). The four new bands observed by

dPAGE of digestions correspond tbl&beled 86 and 41 base
fragments (observed in the digestion of unmodified DNA,
lane 3), as well as fragments twice their size (expected for
DNA that has an interstrand cross-link on either side of the
restriction site). These data also support a mixture of
interstrand DNA cross-links in the major shifted dPAGE
band resulting from reactions of these dirhodium compounds
with the 123 bp DNA duplex.

The Dirhodium Adduct Profile on dsDNA Likely Includes
Additional Caalent Linking ModesAlthough the dPAGE
data in this study show that all three dirhodium compounds
bind to dsDNA and form interstrand cross-links with the
duplex, the amount of cross-linked duplex in these gels does
not account for all of the dirhodium modifications observed
under the same reaction conditions in the DNA-binding curve
data. For example, in the DNA-binding curve of Rh3 at an
R of 0.002 (Figure 2), 80% of the dirhodium compound is
bound to dsDNA after only 10 h of reaction. This corre-
sponds to amR, of ~0.0016 or~0.2 dirhodium adducts per
123 bp (20% of a 123 bp duplex should be covalently
modified with rhodium). Only 4% of the 123 bp DNA
contains an interstrand cross-link by Rh3, however, as
observed in lane 8 of Figure 3, after 23 h of reaction with a
slightly higher initial Rh3 concentratiorR( = 0.005). The
combination of these data suggests that, in addition to
interstrand cross-links, Rh3 (as well as Rh1 and Rh2) forms
other covalent adducts on dsDNA, possibly including mono-

functional, intrastrand, and less stable interstrand adducts.

Exploring these possibilities will be the focus of future
studies.

CONCLUSIONS

In contrast to earlier claims, the present data indicate that
dirhodium compounds bind covalently to dsDNA in aqueous
buffer at neutral pH by forming interstrand cross-links and
a variety of other adducts (monofunctional and intrastrand
adducts). The reversal behavior of the interstrand cross-links
under different conditions implies the presence of various
coordination modes involvingxax, axeq andeqeqDNA
interactions with the dirhodium core. These results reveal

normal DNA processing by stable covalent -RDNA
adducts. Further studies are in progress to characterize the
adduct profile of dirhodium core binding in both interstrand
and intrastrand dsDNA cross-links.
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