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ABSTRACT. The trifunctional dinuclear platinum compounds 1,2/¢ci§-PtCI(NHs)2} u-HoN(CHz)eNH,-
{cisPtChL(NH3)}]* and 1,2/t,c {trans-PtCI(NHs)2} 1-HoN(CHy)sNHA cis-PtCL(NH3)} ™ contain a mono-
functional platinum coordination sphere linked tccia-[PtCl,(amine}] moiety. The compounds have
been examined for their DNA binding and ability to induce covalent ternary Bpildtein cross-links.
Comparison was made with representative bifunctional dinuclear platinum compd@aGy NHs)2} ou-
H.N(CH,),NH]2*. DNA modified by the trifunctional compounds is able to bind and cross#iakHl,

a sequence-specific DNA-binding protein that recognizes the palindromic sequence GGATCC and also
very efficiently binds and cross-links SP1, a sequence-specific Zn finger protein that induces a bend in
the DNA upon binding. Two representative nonsequence-specific DNA-binding proteins, the Klenow
fragment from DNA polymerase | and Klenow exonuclease minus (which has been mutated to remove
the 3—5' proofreading domain), both bind modified DNA and effectively cross-link to the DNA. Data
from circular dichroism, inhibition of ethidium bromide fluorescence, interstrand cross-linking and
unwinding assays are all consistent with (Pt,Pt) interstrand cross-links as the dominant lesion of trifunctional
compounds and the most likely structure to form the ternary Bigitein cross-links. In vitro transcription

of RNA is inhibited by the platinum compounds and indicate G residues as primary binding sites. Binding
to calf thymus DNA as assessed by differential pulse polarography is rapid and essentially quantitative.
An increase in melting temperature of CT DNA adducted by the platinum compounds is observed at low
salt concentrations but at high salt, modification results in a decreagselafsummary, the trifunctional
agents may find use as protein-targeting drugs and as probes for conformational effects opiobié
interactions.

Polynuclear platinum complexes represent a distinct system to DNA-DNA interstrandadducts induced by the
structural class of anti-cancer agents. Within this general complex @). Heterodinuclear [Pt,Ru] compounds are also
class, the presence of at least two platinum coordination unitscapable of inducing these ternary DNArotein cross-links
allows for considerable structural diversity where DNA (6, 7).

blndlng may in principle be tetrafunctional, trifUnCtional, or DNA—protein Cross-"nking agents may have a host of
bifunctional ). The predominant DNA lesions of dinuclear possible applications, including identification of contact sites,
platinum complexes are long-range inter- and intrastrand jsolation of weakly bound proteins within a multiprotein
cross-links —4). Since, by definition, a DNADNA cross-  complex, and representing an attractive target for chemo-
link only requires two substitution sites, multifunctional therapeutic intervention. For the latter application, it is
dinuclear coordination compounds are also capable of thetherefore desirable to explore the potential selectivity of such
formation of ternary DNA-protein cross-links §). The  interactions in terms of both DNA lesions and protein target.
tetrafunctionatis-[{ Pt(NH;)Cla} ou-HoN(CHz)aNH:] (2,2/c,c) - One disadvantage of the 2,2/c,c system previously reported
has been shown to effect such chemistry, as demonstrateqs that cisplatin-like DNA adducts may also form through
by the cross-linking of components of the bacterial Uvr repair the bifunctional reaction of only one coordination sphere,
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ure 1) have been recently reported where one cisplatin group Ha o . N
is linked to a monofunctional coordination sphei,(13). >< ( N
Model studies indicated some preference for binding of the RN e }m .
mononucleotide 'sguanosine monophosphaté-GMP)! to Cisplatin  [PtCl(dien)] .
the monofunctional end of the molecule. Extension of this N s
binding preference to DNA would thus automatically set up . y N AN A
an interstrand cross-link in the second reaction step. The third ’ /P‘\
PtCl bond is then available for protein binding in a specific Llkce © "o
stepwise manner: =
cl NH,
AN
Pt NH, NH;
NHa/ \NHE/\/\/\/ N
1,14t NHa/ \CI
C\\P /NHa 1"
t NH, NH;
W N NN S
3 2 Pt
1,2/tc CI/ \CI |
It was therefore of interest to examine the DNA binding NH, NH, ’
and ternary DNA-protein cross-link formation of these N NH, o
trifunctional compounds. This paper reports on the reactivity o N VNN
of these trifunctional dinuclear platinum compounds to 1.2/, v o

random-sequence DNA, the conformational changes inducedggure 1: Structures of platinum compounds used in the present
upon DNA binding, sequence specificity, and DNENA work.

interstrand cross-linking efficency and on the ability of the ) ) ) o

DNA adducts to form ternary complexes with both sequence- ML was incubated with platinum complex at an initial 0.01
specific @amHI and SP1, a Zn finger protein) and non- i 1N 10 mM NaCIQ.at 37_°C. At various time intervals, an
sequence-specific (the Klenow fragment from DNA polym- aliquot of the reaction mixture was withdrawn and assayed
erase | and Klenow exonuclease minus, which has beenPY DPP for platinum not bound to DNA. The amount of

mutated to remove the’-35' proofreading domain) DNA-
binding proteins.

MATERIALS AND METHODS

Starting Materials Cisplatin (Figure 1) was obtained from
Sigma-Aldrich sro (Prague, Czech Republic). The dinuclear
trifunctional complexes 1,2/t,c and 1,2/c,c (Figure 1) were
prepared and characterized as described previolig)yL 8).
Chlorodiethylenetriamineplatinum(ll) chloride, [PtCl(dien)]-
Cl, was kindly provided by Dr. Giovanni Natile (University
of Bari, Italy). Stock solutions of platinum compounds for

the physical studies were prepared at the concentration of

5 x 104 M in 10 mM NaCIQ, and stored at 4C in the
dark. Calf thymus (CT) DNA (42% G- C, mean molecular
mass ca. 2< 10’) was also prepared and characterized as

described previouslyld, 15). All plasmids were isolated P

according to standard procedures and banded twice in CsCl
EtBr equilibrium density gradients. All proteins for ternary
reactions were commercially available.

Platination ReactionsCT and plasmid pSP73KB and
pUC19 DNAs were incubated with platinum complex in 10
mM NaClO, at 37°C for 48 h in the dark. The, value was
determined by flameless atomic absorption spectrophotom-
etry (FAAS) or by differential pulse polarography (DPP)
(16). For example, CT DNA at a concentration of 0.32 mg/

! Abbreviations: CD, circular dichroism; EtBr, ethidium bromide;
CT, calf thymus; 5GMP, 5-guanosine monophosphate; [PtCl(dien)]-
Cl, chlorodiethylenetriamineplatinum(ll) chloridg;, melting temper-
ature of DNA;r; is defined as the molar ratio of free platinum complex
to nucleotide phosphates at the onset of incubation with DiNAS
the number of Pt complexes bound per nucleotide residue; CL, cross-
link; DTT, dithiothreitol; FAAS, flame absorption atomic spectroscopy;
HSQC, heteronuclear single quantum coherence; HMG, high mobility
group; G, guanine.

platinum bound to DNAI) was calculated by subtracting
the amount of free (unbound) platinum from the total amount
of platinum present in the reaction. No changes in the pH of
the reaction mixture containing DNA and either 1,2/t,c or
1,2/c,c were measured within 48 h after mixing DNA with
the platinum complex.

In the case of the'send-labeledcaRI—Hindlll fragments
from pGem and pSP (5 nM), increasing amounts of platinum
compound in TE (10 mM Tris-HCI, 0.1 mM EDTA, pH 8)
were mixed with DNA and incubated at 3T for 1 h.
Reactions were terminated by the addition of 400 mM NaCl,
and the adducted DNA was purified by Sephadex G-25 spin
columns to remove any unbound drug, followed by ethanol
precipitation. Samples were resuspended in TE and analyzed
by gel electrophoresis under denaturing conditions (10%
PAGE 8 M urea, 50°C). Quantification of free and adducted
NA was determined with a Molecular Dynamics Phosphor-
mager, and Pt content was confirmed by FAAS.

DNA Melting The melting curves of CT DNAs were
recorded by measuring the absorbance at 260 nm. The
melting curves of unplatinated or platinated DNA were
recorded after Tris-HCI/EDTA buffer and NaClQvere
added so that the resulting media contained 0.01 or 0.2 M
NaClO, with 1 mM Tris-HCI/0.1 mM EDTA, pH 7.4. The
value of the melting temperatur, was determined as the
temperature corresponding to a maximum on the first-
derivation profile of the melting curves. Thgvalues could
be thus determined with an accuracy60.3 °C.

Fluorescence MeasuremeniBhese measurements were
performed on a Shimadzu RF 40 spectrofluorophotometer
using a 1-cm quartz cell. Fluorescence measurements of
DNA modified by platinum in the presence of EtBr were
performed at an excitation wavelength of 546 nm, and the
emitted fluorescence was analyzed at 590 nm. The fluores-
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Table 1: Summary of DNA Binding of Dinuclear Trifunctional Platinum Complexes and Comparison with DNA Binding of Dinuclear
Bifunctional Complexes, Mononuclear Cisplatin, and [PtCl(dien)CI|CI

1,2/t,c 1,2/c,c 1,1/tt 1,1/c,c cisplatin [PtCI(dien)CI|CI

DNA binding (t12) 20 mir# 20 mir¢ 40 mirP 40 mirP ~120 mirf ~120 mirf
nucleotide preference G G2 GP Ge G, A G4
decrease of EtBr fluorescence stréng strong strong strong mediun®© weake
% interstrand CL/adduct (after 48 h) B2 85 70—-90p9 87—95%9 6" no
unwinding angle/adduct 10 1002 10°9 1209 130 6°F
CD at~280 nm increase increasé increas@ increase increask decrease
melting temperature

high ionic strength decrease  decrease decrease na’ decrease decrease

low ionic strength increage increase increase increase decrease increase
DNA —protein cross-linking yes yes M¥only nd MF only no

aThis work.? Ref 24. ¢ Ref 63. ¢ Ref 64. ¢ Ref 23. T Ref 65. 9 Ref 37. " Ref 20. ' Ref 22. | Ref 35. K Ref 26. ' Ref 25. ™ Monofunctional adducts
only. "nd, not determined.

cence intensity was measured at 25 in 0.4 M NaCl to Preparation of Proteins.To remove DTT from the
avoid secondary binding of EtBr to DNALY, 18). The commercially available proteiBanHl, SP1, Klenow exo-
concentrations were 0.01 mg/mL for DNA and 0.04 mg/mL nuclease minus (ex9, and Klenow, the manufacturer's
for EtBr, which corresponded to the saturation of all storage buffers were exchanged using microcon concentra-
intercalation sites of EtBr in DNA1S). tors. The final buffer composition foBanmH| and Klenow

DNA Transcription by RNA Polymerases in Vitifran- was 10 mM Tris, pH 8, 0.5 mM EDTA, 108g/mL BSA,
scription of the Kide/Hpal) restriction fragment of pSP73KB and 50% glycerol. The f|na_l buffer composition for Kllenow
DNA with T7 RNA polymerase and electrophoretic analysis €X0 was supplemented with 10 mM Mg3Gnd the final
of transcripts was performed according to the protocols buffer composition of SP1 was supplemented with 10 mM
recommended by Promega (Promega Protocols and ApplicaM3SQs and 2 mM tris-(2-carboxyethyl)phosphine (TCEP).
tions, 43-46 (1989/1990) and previously described in detail ~ Ternary DNA-Protein ReactionsPlatinated DNA (1 nM)
(19, 20). was incubated with the various proteins at°Z5for 1 h in
the appropriate buffer: 10 mM Tris, pH 8, 10 mM EDTA,
0.1 ug of BSA, and 0.8% glycerolBanH| and Klenow);

10 mM Tris, pH 8, 10 mM EDTA, 0.1lug of BSA, 0.8%
glycerol, and 2 mM MgS®(SP1 and Klenow exq. The
reactions were divided in two and analyzed by native gel
electrophoresis (4.5% O:5TBE PAGE) and 5%/10% SDS
PAGE (samples were loaded in cracking buffer without

dATP. The samples were deproteinized by phenol and DTT). _Quantl_flcatlon of free and adducted DNA was
precipitated by ethanol, and the pellet was dissolved in 18 deterrr_uned with a Mole_cular Dynamics _Phosphorlmager.
uL of a solution containing 30 mM NaOH, 1 mM EDTA, In Situ Ternary Reactl_oms_tn t_hese studle_s, qncomplexeq
6.6% sucrose, and 0.04% bromophenol blue. The amountduplexes were treated with indicated proteins in 10 mM Tris-
of interstrand CLs was analyzed by electrophoresis underHCl [PH 8, 0.1 mM EDTA, 0.8% glycerol, and 0.4g of
denaturing conditions on alkaline agarose gel (1%). After BSA (supplemented with 2 mM MgSdor Klenow exo
the electrophoresis was completed, the intensities of the@nd SP1 reactions)] at 2& for 15 min. Platinum complex
bands corresponding to single strands of DNA and interstrand (104M final concentration) was added, and the reaction was
cross-linked duplex were quantified by means of a Molecular incubated at 25°C for 1 h and analyzed as previously
Dynamics Phosphorimager (Storm 860 system with Image- described.
Quant .sof_tware). _ _ o RESULTS

Unwinding of Negatiely Supercoiled DNAUnwinding
of closed circular supercoiled pUC19 plasmid DNA was  Physical Measurement&@) CT DNA Binding-The amount
assayed by an agarose gel mobility shift ass2B).(The of platinum coordinated to DNA increased with time, and
unwinding angle @) induced per platinumDNA adduct after approximatgl 6 h the complex was quantitatively
was calculated upon the determination of thevalue at bound. The half-time () of this binding reaction was-20
which the complete transformation of the supercoiled to min. The binding of the dinuclear trifunctional platinum
relaxed form of the plasmid was attained. Samples of pSP73complexes is thus faster than that of the dinuclear bifunc-
plasmid were incubated with 1,2/t,c or 1,2/c,c at°&in tional compounds 1,1/t,t and 1,1/c,6/{ ~40 min @23),
the dark for 48 h. All samples were precipitated by ethanol Table 1]. The binding is also faster than the monfunctional
and redissolved in the TBE (Trdorate/EDTA) buffer. An [PtCI(dien)]", which carries the same formal charge. This
aliquot of the precipitated sample was subjected to electro- may be attributed to the availability of the two Pt coordina-
phoresis on 1% agarose gels running at°25in the dark tion spheres for DNA binding. The rapid and essentially
with TBE buffer and the voltage set at 30 V. The gels were quantitative binding of 1,2/t,c and 1,2/c,c facilitates sample
then stained with EtBr, followed by photography on Polaroid analysis. The binding experiments indicate that such plati-
667 film with transilluminator. The other aliquot was used nation reactions resulted in the coordination of all molecules
for the determination ofy, values by FAAS. of the platinum complexes, making it possible to prepare

DNA Interstrand Cross-LinkingPlatinum complexes at
varying concentrations were incubated witlu@ of pSP73
DNA linearized byEcadrl. The platinated samples were
precipitated by ethanol and analyzed for DNA interstrand
cross-links by previously published procedurgg @1). The
linear duplexes were first-&nd labeled by means of Klenow
fragment of DNA polymerase | in the presence af¥P]-
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Ty Ficure 3: Dependences of the EtBr fluorescencergfor DNA
Ficure 2: Plots of Aty, values of CT DNA modified by 1,2/t,c modified by various platinum complexes in 10 mM Nagla 37
(squares) or 1,2/c,c (circles) op Thet,, values were measured in ~ °C for 48 h. 1,2/t,c[{d), 1,2/c,c @), 1,1/t,t ©), 1,1/c,c (0), cisplatin
media containing 0.01M (solid symbols) or 0.2 M (open symbols) (a), and [PtCl(dien)]Cl &).
NaClQy; the solutions also contained 1 mM Tris-HCl and 0.1 mM
EDTA, pH 7.4 (At is defined as the difference between the  \yhich then dominate over the combination of “stabilizing”
values of platinated and nonmodified DNAS). effects. At high salt concentration, the stabilizing effects are
reduced since electrostatic effects of the platinum compounds
are apparently lowered with increasing concentration of Na
counterions. Thus, the solution behavior of the DNA adducts
of dinuclear trifunctional compounds tested in the present
work appears very similar to that of the DNA adducts of
dinuclear bifunctional compounds and support the idea that
the DNA binding mode of the dinuclear bifunctional and
trifunctional platinum compounds are similar.

easily and precisely DNA samples modified at a preselected
value ofry,.

(b) DNA Melting. CT DNA was modified by 1,2/t,c or
1,2/c,c to variousr, (0—0.06) in 10 mM NaCIlQ. Salt
concentration was then further adjusted by addition of
NaClQ, to the values of 0.01 or 0.2 M. The effect dn
is dependent both on the amount of platinum bound and

the salt concentration. At low concentrations of NaglO ) ) ]
(0.01 M), an increase df, is observed even at relatively Conformational Alterations Studied by CIBD spectra

high levels of the modification of DNA by 1,2/t,c or 1,2/c,c ©f CT DNA modified by 1,2/t,c and 1,2/c,c complexes were
(at r, = 0.06, At,, was ~12 °C) (Figure 2). At high salt recorded for various, values, and their shape (not shown)
concentrations of 0.2 M, the modification resulted in a Was essentially identical to those recorded under the same

decrease df, that became more pronounced with increasing conditions for CT DNA modified by dinuclear bifunctional
rp value (Figure 2). Thus, the dinuclear trifunctional com- c¢ompounds 1,1/tt and 1,1/c,23 24). The intensity of the
pounds 1,2/t,t or 1,2/c,c affectégqualitatively in the same ~ POsitive CD band of DNA at about 280 nm (which has been
way as dinuclear bifunctional compounds 1,1/t or 1,1/c,c used to evaluate conformational alterations induced in DNA
(23, 24). This behavior is in marked contrast to cisplatin, Py various agents including platinum compounas)(is
where the modification of DNA results in a decrease of increased with the growing level of the DNA modification

t, if DNA melting is measured in salt concentrations from UP tory = 0.05 (summarized in Table 1). A further increase
0.01 to 0.2 M @5). of the modification resulted in gradual decrease of the

Previously, three factors have been invoked to account for INtensity of this band.
the thermal stability of DNA modified by platinum(ll) Characterization of DNA Adducts by EtBr Fluorescence.
complexes: stabilizing effects of the positive charge on the EtBr as a fluorescent probe has been used to characterize
platinum(ll) moiety and of DNA interstrand CLs and a perturbations induced in DNA by bifunctional adducts of
destabilizing effect of conformational distortions induced several mononuclear and polynuclear platinum compounds
in DNA by platinum coordination resulting in various types (23, 24, 27—29). Double-helical DNA was first modified to
of adducts 25). The dependence of transition melting anry in the range between 0 and 0.1 by cisplatin, mono-
temperature on ionic strength was explained by competing functional [PtCl(dien)]ClI, dinuclear bifunctional 1,1/t,t or
electrostatic effects as salt concentration was varied. Underl,1/c,c, and dinuclear trifunctional 1,2/t,c or 1,2/c,c. Modi-
the incubation conditions, we expect that all bifunctional fication of DNA by all platinum complexes resulted in a
platinum compounds produced a range of CLs and that thedecrease of EtBr fluorescence (Figure 3). The decrease
observed change in melting temperature will reflect the caused by the adducts of all dinuclear platinum complexes
relative proportion and contribution of the two limiting was similar and markedly more pronounced than that induced
factors. Inherently, we predict conformational alterations by the DNA adducts of cisplatin at equivalent Modifica-
due to intrastrand cross-linking to destabilize the helix, as tion of DNA by monofunctional platinum complexes results
has been consistently observed in studies with cisplatin.in only a slight decrease of EtBr fluorescence intensity as
In contrast, interstrand cross-linking is also predicted to compared with the control DNAEtBr complex 23, 24, 27—
stabilize the helix by preventing strand dissociation. At low 29). The structures of dinuclear bifunctional DNA adducts
ionic strength, it is reasonable to conclude that the increasesarise from two monofunctional substitutions on the poly-
in tn are caused by the high percentage of interstrand CLsnucleotide. Comparison with [PtCl(dien)]CI suggests that the
formed by all dinuclear compounds and by positive charges conformational distortion induced in DNA by the dinuclear
on platinum moieties. On the other hand, the observation trifunctional adducts is much more delocalized and extends
that high salt appears to result in destabilization, even in the over considerably more base pairs around the platination sites
presence of interstrand CLs seems to be a consequence aind is not simply the “sum” of two monofunctional lesions.
conformational changes induced by the platinum adducts, Thus, these results are also consistent with the formation of
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by 1,2/t,c or 1,2/c,c complex at, = 0.005, for RNA
synthesis by T7 RNA polymerase. RNA synthesis on the
DNA template modified by these complexes yielded frag-

1 : 7 K
A - p . nicked

oL supercoiled ments of defined sizes, which indicates that RNA synthesis
B.K on these templates was prematurely terminated. The major
nicked stop sites produced by both trifunctional complexes 1,2/t,c

and 1,2/c,c were very similar to those produced by bifunc-
tional 1,1/t;t and 1,1/c,c, respectivel3 24), and the

o ) _ corresponding bands on the autoradiogram had similar
Ficure 4: Unwinding of supercoiled pUC19 plasmid DNA by 1,2/

c,c (A) and 1,2/t,c (B) complexes. The top bands correspond to intensity (data not shc_)wn). Hence, th_e sequence a!"a'YS'S has
the form of nicked plasmid and the bottom bands correspond to "€vealed that the main bands resulting from termination of

closed, negatively supercoiled plasmid. The plasmid was incubatedRNA synthesis by 1,2/t,c or 1,2/c,c adducts preferentially
with therp values of 0 (control) (lanes K), 0.02, 0.03, 0.04, 0.05, appeared one or half nucleotide preceding G sites such as
0.06, 0.07, 0.08, 0.10 (lanes-8, respectively). when RNA synthesis was analyzed on the template modified
by cisplatin @0). Importantly, the termination sites on the
DNA template preferentially produced by the adducts of

In Vitro Transcription of DNA-Containing Platinum Ad- dinuclear trifunctional complexes were guanine residues.
ducts.In vitro RNA synthesis by RNA polymerases on DNA These results also suggest that the adducts formegl py these
templates containing several types of bifunctional adducts COMPIexes and their relative frequency may be similar to
of platinum complexes can be prematurely terminated at thethose formed by the dlnuclear bifunctional compounds 1,1/
level or in the proximity of adducts1@, 24, 30—33). ttand 1,1/c.c, respectively.

Interestingly, monofunctional DNA adducts of several plati- ~ Unwinding Induced in Supercoiled DNElectrophoresis
num complexes are unable to terminate RNA synthdds ( in native agarose gel was used to quantify the unwinding
20, 30). Cutting of pSP73KB DNA byNdd and Hpal induced in pUC19 plasmid by the platinum complexes by
restriction endonucleases yielded a 212-bp fragment thatmonitoring the degree of supercoiling (Figure 4). Figure 4
contained T7 RNA polymerase promoter. The experiments shows electrophoresis gels in which increasing amounts of
were carried out using this linear DNA fragment, modified 1,2/t,c or 1,2/c,c have been bound to a mixture of nicked

supercoiled

long-range intra- or interstrand CLs of dinuclear trifunctional
platinum complexes.

DNA sequences

EcoRI (6)
Smal (24)

TT promoter
s

BamHI (27)
Hindlll (57)

2743 bp

pGEMxEcoRIxHindlll :

AATTCGAGCT CGGTACCCGG GGATCCTCTA GAGTCGACCT GCAGGUATGC A
GCTCGA GCCATGGGCC CCTAGGAGAT CTCAGCTGGA CGTCCGTACG TTCGA

EcoRI (6)

5P1 binding site (cloned into Smal site)
T7 promoter
-~ BamHI (49)
e T
/ \ Hindlll (79)

§

pSP |
2765 bp |

|

pSPxEcoRIxHindlll :

? CCGATCGAAT GGGGATCCTC TAGAGTCGAC CTGCAGGCAT GCA
; GGCTAGCTTA CCCCTAGGAG ATCTCAGCTG GACGTCCGTA CGTTCGA

AATTCGAGCT CGGTACCCGEC TCGCOCC
GCTCGA GCCATGGGCG AGCGGHGT

Ficure 5: DNA sequences used for assessment of ternary Bptatein cross-linking by trifunctional platinum compounds.
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5%/10% SDS-PAGE
5%/10% SDS-PAGE pSPxEcoRIxHindlll
pGemxEcoRIxHindlll
Ficure 6: Ternary complex formation of unmodified and platinated duplexes (approximately 1 adduct/dupleXBanith (20 xM):
(—Mg) lanes= no Mg?" present in the buffer;4Mg) lanes= 10 mM MgSQ, was added following preincubation of the platinated DNA

with BarrHI; xBanHI = control cleavage reactions (no preincubation viBdmHI). Note the limited cleavage of the platinated duplexes,
presumably as a result of steric hindrance atBlaeH| binding site, and the very weak binding BanHI to 1,1/t,t ( = 4).

and supercoiled pUC19 DNA. Interestingly, the dinuclear ing conditions 19). Upon electrophoresis under denaturing
trifunctional complexes accelerated the mobility of the conditions, 3-end labeled strands of linearized pSP73KB
relaxed form similarly as do several other bifunctional plasmid containing no interstrand cross-links migrate as a
complexes, whose bifunctional binding to DNA shortens and 2455-nucleotide single strand, whereas the interstrand cross-
condenses the DNA helix34, 35). The unwinding angle is  linked strands migrate more slowly as a higher molecular
given by® = 18 o/rp(c) whereo is the superhelical density mass species. Bands corresponding to more slowly migrating
andry(c) is the value ofr, at which the supercoiled and interstrand-cross-linked fragments were seenrfovalues
relaxed forms comigrate2@). Under the present experimental as low as 1x 10 ¢ (data not shown). The intensity of the
conditions,o was calculated to be-0.055 on the basis of  more slowly migrating band increased with the growing level
the data of cisplatin for which thig,(c) was determined in  of the modification. The radioactivity associated with the

this study and® = 13° was assumed2@, 36). Using this individual bands in each lane was measured to obtain
approach, the DNA unwinding angle of 1& 1° was estimates of the fraction of non-cross-linked or cross-linked
determined for both 1,2/t,c or 1,2/c,c complexes. DNA under each condition. The frequency of interstrand CLs

The values of unwinding angles are affected by the naturewas calculated using the Poisson distribution from the
of the ligands in the coordination sphere of platinum and fraction of non-cross-linked DNA in combination with the
the stereochemistry at the platinum cent2®)( Platinum rp values and the fragment size. The interstrand CL frequency
compounds which bind in a bifunctional manner unwind decreased with growing,. For instance, at, =5 x 1075,
DNA by 10—-13. Examples include cisplatin, its trans 85% and 82% of the molecules of linearized DNA were
isomer, and bifunctional polynuclear complexes such as cross-linked due to the modification by 1,2/t,c or 1,2/c,c,
1,1/tt, 1,1/c,c, or BBR34642¢, 23, 27, 37). The observation  respectively (Table 1). Thus, the DNA interstrand cross-
that dinuclear trifunctional complexes can be grouped with linking efficiency of 1,2/t,c or 1,2/c,c compounds was
other bifunctional platinum(ll) compounds is readily under- significantly higher than that of cisplatin (6%9) but similar
stood in terms of adduct structures in which the complex is to that of the dinuclear bifunctional complexes such as 1,1/t,t
preferentially coordinated to DNA in a bifunctional manner or 1,1/c,c (86-90%; 23, 24).
and is again consistent with the view that dinuclear trifunc-  Ternary DNA-Protein Complex Formatiarirhe trifunc-
tional complexes form on DNA similar adducts to their tional platinum compounds were then investigated for their
bifunctional counterparts. ability to act as specific proteinDNA cross-linking agents.

Interstrand Cross-LinkingThe formation of site-specific ~ The bifunctional compound{{rans[PtCI(NHs)2} s.-NH,-
1,4-interstrand cross-links by bifunctional polynuclear plati- (CH,);NH,]?* (1,1/tt n = 4) was used as a control to
num compounds has been confirmed by a number of compare with previous results6)( The 3-end-labeled
techniques including NMR spectroscoB8(39). To quan- EcdR1—-Hindlll fragments from pGem and pSP plasmid
titate this feature pSP73KB plasmid (2455 bp) was linearized DNAs, the sequences of which are given in Figure 5, were
by EcaRl (EcaRI cuts only once within pSP73KB plasmid) globally modified by the complexes and ternary DNA
and modified by the dinuclear trifunctional platinum com- protein cross-linking efficency was assessed by gel mobility
plexes at various,. The samples were analyzed for the shift assays. Platinated DNA from both trifunctional com-
interstrand CLs by agarose gel electrophoresis under denaturplexes efficiently bind and cross-linRanH1, a sequence-
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free DNA 1.2/cc 1.21tc 1.1t sistent with our previous reports. Representative non-
E' sequence-specific DNA-binding proteins, the Klenow frag-
ment from DNA polymerase | and Klenow exonuclease
minus (mutated to remove thé-3%' proofreading domain),
both also effectively cross-link DNA modified by the 1,2
compounds, as monitored by standard gel shift assays (Figure
8). Quantitation indicated that approximately 50% of the
Pt—DNA complexes are cross-linked by the 1,2/c,c and
1,2/t,c while less than 5% of the 1,1/t,t-adducted DNA forms
ternary complexes, again attributed to a small amount of
monofunctional adduct present.
Thus, in all cases studied it is clear that ternary DNA
4.5% 0.5xTBE native gel protein cross-link formation is highly efficient for trifunc-
tional complexes. Coupled with previous results using the
UvrA/B repair protein complex, the range of proteins
free DNA  1.2/c.c 121tc 1,1/ accessible to ternary DNAprotein cross-linking is large.
To examine the possibility of using the trifunctional com-
pounds as probes of proteiDNA interactions in situ, DNA
and protein were incubated for 15 min after which the
dinuclear compounds were added and the drug/DNA/protein
mixture was incubated fd. h asusual. The results in Figure
9 show some discrimination between protetespecially it
appears that both 1,2/t,c and 1,2/c,c are capable of specifically
cross-linking theBanH1 protein with the formation of
covalent ternary adducts (see circled region in Figure 9). The
highlighted spot is similar to that formed by incubating the
preformed PtDNA complex with protein (Figure 6).
Allowing for only one dinuclear platinum adduct per plasmid
(which is controlled by selection af), predicted molecular
weights of the covalently cross-linked ternary complex
5%/10% SDS-PAGE (i.e., 1:1:1) forBanH1 are 58.9 and 73.2 kDa for the
FiGURe 7: Gel shift assays of ternary complex formation of pGEMxEcaRIxHindlll and pSB<EcaRIxHindlll plasmids,
unmodified and platinated duplexes (approximately 1 adduct/ respectively. Apparent molecular weights are in good agree-

duplex) with Sp1: & = 60 nM Sp1 (in modified storage buffer); . - g : .
2x = 120 nM SP1 (in modified storage buffeyl = 60 nM Sp1 ment with these predictions for both the case of incubation

(in manufacturer's storage buffer, includes 2 mM DTT). DNA Of protein with F_"atmated DNA (Figure 6) and the in situ
modified by the trifunctional 1,2/c,c and 1,2/t,c complexes do not experiment of Figure 9.

inhibit Sp1 binding to its cognate site (hative gel). The formation

of ternary cross-linked complexes with quantitative yields is DISCUSSION

apparent under denaturing conditions (SBFAGE gel). DNA . N -
platinated with 1,1/t,t binds Sp1 approximately 50% as well, the ~ Model studies using’S5MP indicated that, for both 1,2/t,c

presence of a small amount of cross-linked species suggests theétnd 1,2/c,c, the monofunctional [Pt(amig@l] coordination
presence of 1,1/t,t-DNA monofunctional adducts. sphere reacted faster than the bifunctiais{Pt(amine)Cl;]

end and is the first site of substitution. Extension to
specific DNA-binding protein (Figure 6) as well as Spl, a polynucleotide DNA would automatically set up an inter-
sequence-specific Zn finger protein that induces a bend instrand cross-link in a second step. The physical and
DNA upon binding (Figure 7). In the case BanH1, the biochemical studies performed here are entirely consistent
observation of gel shifts in the native gels indicates that the with long-range(Pt,Pt) interstrand cross-links as the predomi-
formation of interstrand cross-links inhibits the restriction nant lesion in trifunctional compounds (Table 1). It is not
endonuclease activity of the enzyme (data not shown). Thepossible to unambiguously rule out some formatiorcisf
restriction site foBanH1, -GGTACC-, is a possible binding  DDP-like intrastrand adductssome -GG- sites stop sites are
site for cissDDP and congeners, containing the dominant observed with the transcription mapping assay (Figure 5),
intrastrand -GG- sequence; inhibition of nuclease activity has which may be attributed to intrastrand adduct formation.
been used as a probe of platinum bindiAg, @1), including However, previous studies using a novel interstrand cross-
[{ cis-Pt(NH)Cl5} su-HoN(CH,)4sNH3] (42). Modification of link formation assay showed that -GG- stop sites in G-rich
DNA likewise does not inhibit Sp1 binding to its cognate regions may in fact be misinterpreted as intrastrand rather
site (Figure 7). Sp1 binding to the 1,1/t,t-adducted DNA is than interstrand cross-links2)( Furthermore, using the
approximately 50% that of the trifunctional complexes. bifunctional [ PtCI(NH)2} 1-HoN(CH,)sNH,]?t, competitive
Under denaturing conditions, the presence of ternary covalentbinding studies using HSQ€'H,'>N} NMR spectroscopy
DNA—protein complexes is observed. For the trifunctional showed preferential formation of interstrand rather than
compounds ternary DNAprotein cross-link formation is  intrastrand adducts within the 14-mer dupled@); Thus,
essentially quantitativea small amount of cross-linked intrastrand adducts of trifunctional complexes, if present, are
species in the 1,1/t,t case suggests the presence of a smalikely to represent only a very small proportion of the total
amount of monofunctional adducts. This behavior is con- and contribute little to the conformational distortions ob-
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Ficure 8: Ternary complex formation of unmodified and platinated duplexes (approximately 1 adduct/duplex) with Klenow or Klenow
exo: 1x =5 uM protein; 4 = 10 uM protein; X + A = samples were treated with loading buffer containing DTT and heated & 90

for 5 min prior to loading. Both Klenow and Klenow exdind all three platinated duplexes; approximately 50% of the complexes are
cross-linked by 1,2/c,c and 1,2/t,c, while only 10% are cross-linked by 1,1/t,t.

served. Further studies using the reportécis{PtCl- oligonucleotide interstrand cross-links confirm this conclu-
(NH3)2} u-Ho(CHo)eNH,-{ cis-Pt(NHs)(malonate)] (13) will sion. The conformational flexibility ensures that in general
eventually resolve this issue because of the large kineticthe bifunctional 1,1/t,t adducts are poor substrates for
difference between P{Cl and Pt-dicarboxylate displace- recognition by proteins that bind to rigidly bent DNA, such
ment and will produce even more selective interstrand cross-as those containing the HMG doma® (1). In agreement,
linking agents, capable of further selective reaction with HMG domain proteins bind only weakly to DNA modified
biomolecules. by the trinuclear complexes (data not shown). The observa-
It is of interest, therefore, to consider DN#rotein tion of ternary DNA-protein complex formation with Sp1l
binding in the context of specific long-range cross-links. is therefore noteworthy as the protein induces bending in
Complementary physical chemical, spectroscopic, and mo-DNA upon binding 46). A multitude of proteins have been
lecular biological evidence confirms the conformational shown to recognize DNA modified by the anticancer drug
flexibility of long-range (Pt,Pt) interstrand cross-links. The ciss-DDP (47—50). Many of these proteins have been shown
presence of only one guanine base on each Pt center removet® contain the HMG domain motif, but to our knowledge,
the steric constraints present when two guanine nucleobaseso assay of Spl binding to plasmid DNA adductedcisy
must bind to the cis positions of a mononuclear Pt center, DDP has been reported. However, in studies on the effect
thus negating one driving force for helix bending. Rather of chromatin structure on cisplatin damage in intact human
than a rigid, directed bending, interstrand cross-linking “locks cells, enhanced damage at a -CACC- site (where Sp1 proteins
in” unusual DNA conformations4, 45) and may produce  are believed to bind) was foun®&J). It was suggested as
cooperative effects extending the effect of the lesion well one explanation of this phenomenon that “prebending” may
past the physical binding sit8§). It is probable that the lead to enhanced DNA binding at the site of bending. The
interstrand cross-links of trifunctional compounds are very demonstration of in situ ternary DNAprotein cross-linking
similar in structure to those formed by 1,1/t,t and 1,1/c,c. in the present experiments suggests that this postulate may
Molecular modeling and preliminary studies on site-specific be feasible. Further circumstantial evidence for the impor-
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Ficure 9: In situ ternary DNA-protein cross-link formation induced by trifunctional dinuclear platinum complexes (c,c is 1,2/c,c and t,c

is 1,2/t,c in these legends). Uncomplexed duplexes were treated with indicated proteins in 10 mM Tris-HCI, pH 8, 0.1 mM EDTA, 0.8%

glycerol, and 0.1ug of BSA (supplemented with 2 mM MgSQor Klenow exo and SP1 reactions) at 2& for 15 min. Drug (1QuM
final concentration) was added, and the reaction was incubated°a &% 1 h. Note that both 1,2/c,c and 1,2/t,c are able to specifically

cross-link the protein to the DNA.

tance of Sp1l interactions with cisplatin-damaged DNA comes factor ©0). In situ, cross-linking of nuclear matrix-bound

from observations that, in vitra;is-DDP attacks the GC-  transcription factors has been observed in nuclear DNA of
rich control elements within the regulatory region of the DNA human breast cancer cell81j. It is likely that structures
tumor virus SV40 %2, 53). Previous demonstrations of and consequences of DNArotein cross-links will differ
recognition and excision of Pt-adducted DNA by the bacterial between that of mononucle&32) and dinuclear compounds,
UvrABC repair system are relevant because zinc fingers aresuggesting further rational pathways to separate the biological
also present in the active sites of these protetns4). The consequences of the two drug classes.

structural details of such recognition are worth exploring in
comparison to those of the HMG domain famii5]. For

the case of dinuclear platinum complexes, the differential
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