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Abstract 

The Pt L3 X-ray absorption spectra of a series of 
Pt compounds have been recorded and their extended 
fine structure (EXAFS) analysed to investigate the 
sensitivity of EXAFS to non-first-shell Pt-Pt dis- 
tances. The Pt L3 EXAFS spectra of complexes 
formed between [(NH3)2Pt(OH)2Pt(NH3)Z]z+ and 
calf thymus DNA were also recorded. Pt--Pt vectors 
could not be detected in these spectra. When com- 
bined with the model compound studies, this result 
rules out Pt dimer structures for the Pt-DNA com- 
plex which involve rigidly bridged, adjacent Pt 
atoms. Such structures, based on dimeric bonding of 
a hydroxo dimer intermediate to DNA, have been 
proposed as models for cisplatin antitumor activity. 
These types of models now seem unlikely. 

1. Introduction 

cis-Pt(NH3)2C12 cisplatin, (CS)* is a useful anti- 
tumor agent which is thought to operate through 
specific Pt-DNA interactions which inhibit DNA 
replication. Details of the mechanism of this inter- 
action are not yet understood [l] , but it is generally 
accepted that reaction of the platinum proceeds via 
a hydrolysis pathway with partial or complete solvo- 
lysis of the chloro ligands. Presently, the interaction 
of a monomolecular solvolysis species of cisplatin 
with two bases of DNA is favored, in particular 
with guanine [2]. However, there have been specula- 
tions on other reaction patterns (Fig. l), for example 
that fixation of Pt to a guanine nucieobase might 
facilitate binding of a second Pt with the two metals 
relatively far removed from one another [3] (type 
II), or that two mononuclear nucleobase complexes 

-- 
*Throughout this paper compounds are represented by a 

two letter code. The formulae of the compounds are sum- 
marized in Table I. 
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Fig. 1. Possible interactions of cisPt(l1) with nucleobases B 

in DNA. (I) mononuclear complex, (II) nucleobase bridged 

complex (e.g. adenine NT, NI), (III) nucleobase bridged com- 

plex (e.g. guanine I%‘,, 0, or thymine N3, O,), (IV) hydroxo 

bridged complex, (V) co-stacking of two mononuclear com- 

plexes. 

condense to form a tight dinuclear arrangement, 
possibly through amidate bridges [4] (type III). 
The latter suggestion emerged from findings with 
uracil, thymine and related ligands where poly- 
nuclear, amidate bridged structures are readily 
formed [5-121. Yet another feasible Pt-DNA 
interaction is that via hydroxo-bridged hydrolysis 
species of the type cis-[(NH,),Pt(OH)].“’ (n = 2,3) 
[ 1, 13-151 which might lead to dinuclear Pt com- 
plexes with the two metals bridged by a single OH 
bridge [16] (type IV). Finally, there is a possibility 
that two Pt atoms by accident might bind to two 
adjacent nucleobases without being connected with 
each other (Eichhorn co-stacking model) 117, 181 

(type V). 
It was the purpose of this study to use extended 

X-ray absorption fine structure (EXAFS) spectro- 
scopy [19, 201 to investigate the possibilities of 
detecting Pt-Pt distances that might distinguish 
among the alternative Pt binding models outlined 
above. We have used EXAFS above the Pt L3 edge 
to study the Pt environment in the complex formed 
by the reaction of the hydroxo-bridged Pt dimer 
cation, [(NHJ)2Pt(OH)2Pt(NHJ)2]2+ (DM) with calf 
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TABLE I. Codes, l~ormulae, White Line Positions, Intensities and Coordination Charges for Platinum Compounds Studied 

Code Molecular formulaa Synthesis White line qb m White line 

procedure and/or position intensityC 

structure (iO.l eV) 

reference 

(a) Model compounds 

CS cis-PtazCl,? 

CY [a,?Pt(l-MeC)2](N03)2*(1-MeC) 

DM cis-[a21’t(O~I)]z(N0,)2 

DT cis-[azPt(l-MeT)]2(N03)2 (head head) 

IlC cis.[azPtC1(C03)]2 

HH cis-[a2Pt(l-MeU)]z(N03)2 (head- head) 

tlli cis-[azPt(l-Me-C-H)Cl]zClz (head-tail) 

IfT cis-[azPt(l-MeU)]z (NO3 h *3Hz0 (head tail) 

HU [(HzO)a~Pt(l-MeU)2Pta2(NO,)] (N03)3+5H20 (head-tail) 

KC K,PtCl, 

KP KZPtC16 

PE [Pt(en)3 I Cl4 

PT Pt metal 

PV cis-azPt(l-MeU)Cl*HsO 

PW cis-azPt(l-MeU)2*41i~0 

TM [Pt(OH)(l,2-dac)l3(N03)3 
UI( cis-[az(l-McU)Pt(OH)Pt(l-McU)a2]C104~Hz0 

XC cis-PtazC14 

XP azPt(dien)C13 

41 

47 

13 

8, 12 

48 

16 

49 

/ 
45 

42,SO 

43,50 

50 

52 

16 

53 

40 

16 

51 

51 

+0.1 0.31 2 1.40 

+0.5(3) 0.29 2 1.34 

+0.5 0.26 2 1.38 

+0.6(3) 0.26 2 1.54 

+1.6(3) 0.32 3 1.99 

+0.5 0.26 2 1.38 

+2.0 0.31 3 1 95 

+0.5 0.26 2 1.54 

+1.9 0.30 3 1.93 

-cl.4 0.35 2 1.43 

+1.2 0.40 4 2.00 

+2.2(3) 0.28 4 2.20 

0 0 0 1.21 

+0.4 0.29 2 1.37 

+0.7 0.26 2 1.52 

+0.9 0.26 2 1.54 

+0.6 0.26 2 1.49 

+1.5 0.36 4 1.86 
+1.9 0.34 4 2.35 

Code Complex Pt:base 

ratio 

Preparation Relative White line 

T (“0 Procedure 
white line intensityC 

position 

(b) DNA preparations 

DI, DM + DNA 
DG DM + DNA 

DH DM + DNA 

DJ DM + DNA 

DK DM + DNA 

PN DM + DNA 

PX CS + DNA 

1:lO 

1:lO 

1:20 

1:20 

1:20 

1:lO 

1:lO 

25 l-day rxn/2-wash 

0 l-day rxn/2-wash 

0 0.2-day rxn/l-wash 

25 l-day rxn/2-wash 
0 l-day rxn/2-wash 

25 NO3 -buffer 

25 N03-buffer 

+0.5 1.39 

+0.4 1.41 

+0.4 1.31 

+0.5 1.43 

+0.4 1.48 

1.45 

+0.7 1.40 

aIn the formulae given, a = NH 3, cn = ethylene diamine, dicn = diethanetriaminc [C4N3H 141, 1,2-dac = 1,2-diaminocyclohexane, 
l-MeU = l-methyl uracil, l-MeT = l-methyl thymine, l-MeC = l-methyl cytosine and l-MeGH = depptonated 1 methyl cyto- 

sine, and head-head $head-tail) refers to the relative orientation of the two nucleobase ligands. ( oordination charge q = 
m(1 - exp[(xM ~ xx) /4]) where m = valence of Pt. Pauline electronegativity values as quoted in Cotton and Wilkinson 1541 

were used: Pt”’ = 2.28. Pt3+ = 2.40, Pt4+ = 2.50, Cl- = 3.16, N = 3.04, 0 = 3.04. ‘Ratio of white line peak hcisht to the Pt L3 

continuum jump after subtraction of a linear background through the L3 continuum. 

thymus DNA. In an earlier communication [21], 
we reported preliminary EXAFS data on this com- 
plex which gave evidence for a signal in the Fourier 
transform ‘radial distance function’ around 3 a which 
was attributed to a Pt-Pt distance, indicating a type 
III (Fig. 1) dimeric binding mode. Subsequent, 
repeated studies have failed to reproduce this result. 
From our more recent and definitive work we con- 
clude: (1) a Pt-Pt signal cannot be detected in the 
EXAFS of the DM-DNA complex, suggesting that 
most or all of the Pt-OH dimer dissociates during its 
interaction with DNA; and (2) the signal ascribed to 

Pt-Pt in the original report [21] arose either from 
unreacted Pt dimer (DM) or possibly was a noise arti- 
fact. The present paper is a complete report of 
our X-ray absorption studies on complexes of DM 
with calf thymus DNA and on a series of model com- 
pounds which investigate the Pt L3 near-edge spectra 
and the sensitivity of EXAFS to various types of non- 
bonding Pt-Pt distances. 

As radial distances get longer and the distance 
variability increases because of thermal motion or 
disorder, the ability of EXAFS to detect that dis- 
tance decreases. Thus in order to evaluate our DM- 
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DNA results it was necessary to test the sensitivity 
of Pt La EXAFS to Pt--Pt distances in different 
environments. This was achieved by studying a series 
of model compounds which included: dibridged 
Pt(II1) species with two nucleobase bridges (HU, 
HR); a dibridged Pt(II1) species with carbonato 
bridges (HC); nucleobase dibridged Pt(II) species 
without a direct Pt-Pt bond (DT, HH, HT); di and 
tri hydroxo-bridged Pt(II) species (DM, TM); a 
mono hydroxo-bridged Pt(I1) species (UH); mono- 
nuclear Pt(II) complexes without bridging ligands 
(CS, CY, PW, PV); and Pt(II) and Pt(IV) chloride 
species (KC, KP, XC). The formulae for these spe- 
cies are given in Table I. To our knowledge the 
Pt La EXAFS spectra of these species have not 
been reported previously. The Pt L3 near edge spec- 
tra of K,PtCl, and K,PtCl, have recently been 
reported [22]. The structure of most of these com- 
pounds are known from X-ray crystallography (see 
Table I for refs.) although the structures of HC, 
TM, UH and PV have not been reported to our 
knowledge. 

Previously, Teo et al. [23] have used Pt Lr 
EXAFS to study the Pt environment in complexes 
formed by cis- and trans-Pt(NH3)2Clz and calf- 
thymus DNA prepared under similar conditions 
and concentrations to the DM-DNA complexes 
studied in our work. They found no evidence for 
Pt-Pt interactions. Both chlorine ligands were 
lost on complexation and the derived nearest- 
neighbour distance and coordination number sug- 
gests that there are 4 N or 0 atoms in the first shell. 
Other recent EXAFS studies related to the present 
work include studies of Pt uridine blues and purples 
[24] ; Pt-6-mercapto purine riboside complexes 
[25] and Rh carboxylate nucleobase clusters [26]. 
In addition, Wing et al. [27] have recently reported 
the first (low resolution) single crystal X-ray dif- 
fraction study of cisplatin binding to a short strand 
of DNA (a B-DNA dodecamer) showing exclusive 
binding at guanine N7. The Pt-N distance derived 
depended on the Pt loading due to shifts in the 
guanine position but the variation with Pt con- 
centration suggested a normal Pt-N bond length 
around 2.0( 1) A. 

The organisation of the paper is as follows. In 
section 2, the sample preparation, experimental 
procedures and data processing are described; in 
section 3 the Pt La near edge spectra are discussed; 
in section 4, the Pt L3 EXAFS of model compounds 
are used to illustrate the sensitivity of the technique 
to Pt-Pt distances in various environments; in section 
5, the results of the DM-DMA complex studies are 
presented. Finally, in section 6, we discuss the signifi- 
cance of these results with regard to the mode of 
binding of Pt compounds to DNA and thus possible 
mechanisms of action of Pt antitumor agents such as 
cisplatin. 

2. Experimental 

2a. Sample Preparation 
The model compounds used in this study were 

prepared according to published methods as indicated 
in the refs. in Table I. The DM-DNA samples 
were prepared as follows. A buffer solution of 10 mM 
NaNOa and 5 mM tris(tris(hydroxymethyl)amino- 
methane) was adjusted to pH 8.004 from about pH 
9.7 with a few drops of 1 M HNOa. 10 ml of this 
solution was added to an Erlenmeyer flask containing 
either 0.15 g or 0.3 g of freshly purchased calf- 
thymus DNA (Sigma Chemicals). It took a few 
minutes for all of the DNA to dissolve. An extra 
0.5 ml of buffer was added to the flasks containing 
0.3 g DNA. About 0.03 g of [(NH&Pt(OH)12- 
(NOa)* was added to each flask to give Pt:POQ3- 
ratios of 1:20 and 1: 10 based on an average nucleo- 
tide weight of 326. The mixtures were stirred over- 
night either on ice under a nitrogen stream or at room 
temperature in air. The mixtures were poured 
into 10 ml centrifuge tubes and ultracentrifuged 
at 57000 rpm (-190000 g) for 16.5 h. The super- 
natant was removed and the pellets were well stirred 
in fresh buffer solution (15 ml) and left in the refrige- 
rator over the weekend. All solutions were then 
transferred to ultracentrifuge tubes and centrifuged 
for 16.5 h at 57000 rpm. The clear pellets of DNA 
were transferred to small sample vials and dried 
under a nitrogen stream for 4 h and then under 
vacuum at room temperature for 2.5 h. The X-ray 
absorption spectra were recorded within 48 h after 
completing the preparation. 

2b. Spectral Acquisition 
The Pt L3 X-ray absorption spectra were obtained 

with the Cl and C2 stations of the Cornell high 
energy synchrotron source [CHESS]. The C2 station 
employed a channel cut Si(220) monochromator 
while the Cl station used a double crystal mono- 
chromator. Harmonic rejection was accomplished 
by slightly misaligning the crystal orientation so 
that the intensity of the monochromator Bragg peak 
was reduced by 50%. The spectra were recorded in 
conventional transmission mode with a 10 cm long Ar 
filled (1 atm) ion chamber as monitor and a 30 cm 
long Ar ion chamber as detector. The spectra were 
recorded from 11.45 to 12.60 keV (sometimes to 
13.20 keV) using either a constant 4 eV point spacing 
(290 points) or a more efficient, non-linear scan 
sequence of 10 eV/pt from 11.45-l 1.55 keV, 1 eV/ 
pt from 11.55 to 11.60 keV, 4 eV/pt from 11.60-- 
12.0 keV and 6 eV/pt from 12.0-12.6 keV (260 
points). The energy scale was calibrated by assigning 
the value of 11 570.0 eV to the Pt L3 white line of 
Pt metal. For accurate (AO.1 eV) measurements of 
edge shifts, edge spectra were recorded alternating 
between the compound of interest and a standard, 
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K2PtCl, which was used because its white line (locat- 
ed at 11 571.2 eV) was among the sharpest of those 
studied. 

The raw data in the form of accumulated detector 
signal for a given, constant monitor signal was stored 
on 8 inch floppy disks and subsequently analysed 
at McMaster. The detector signal was collected for 
periods of constant monitor signal rather than cons- 
tant time to correct for variation in the incident 
photon flux. The normalizing signal was chosen so 
that the dwell time on each data point was between 
1 and 2 seconds throughout the spectrum. In the 
12 keV region studied the monochromated X-ray 
fluxes were cc~. 10” photons/eV/s for the circulat- 
ing beam current and emittance angle used. 

2~. Analysis 

The raw spectra were converted to relative absorp- 
tion by taking the negative logarithm of the detector 
counts. All EXAFS spectra for a particular compound 
at a particular temperature were then examined and 
those of high quality were summed. The spectra 
presented in the paper are generally the average of 
2 to 6 single scans. The edge location was selected 
as the position of the half height of the edge jump 
which was within 2 eV of 11 564 eV in all cases. A 
multi-section, spline fit was then calculated and the 
size of the edge jump was used as a normalization 
factor. In most cases a fit with four equal cubic sec- 
tions gave a suitable background function although 
a fit with four quadratic sections was better for these 
species which have only N or 0 first coordination 
shell signal and thus weaker and less rapidly varying 
EXAFS (CY, PW, TM). The spline background was 
subtracted from the data, the energy above the edge 
converted to a wavenumber scale [k = (0.263(E - 

&)) ‘I2 k in A-‘, 1:‘ in eV] and the data multiplied 
by a x3 weighting factor to generate the EXAFS 
spectra as, x(k)k3 = k3 ((p - Q/p,). 

The EXAFS spectrum was then truncated to 
establish & as the first node above 3 A-’ and 
I&+, as the highest value for which the signal clearly 
exceeded the noise (typically 14-16 A-‘). The 
data were then interpolated to a constant k scale, zero- 
filled to 1024 channels and subjected to a fast 
Fourier transform. The magnitude of this transform is 
a phase-shifted radial distribution function. Accurate 
parameters were derived from isolated single shell 
structures by multiplying the R space data with a 
1.0-1.5 A wide window function centred on the 
peak of interest followed by reverse Fourier transfor- 
mation to k-space. The Fourier filtered data were then 
divided into amplitude and phase components. The 
amplitude function gave information on the number 
of backscattering atoms 0, thermal motion (repre- 
sented by a Debye-Waller type factor u, the root 
mean square relative displacement along the inter- 
atomic distance) and the type of backscattering atom. 

The values of N and u were obtained using the log 
ratio method [20], assuming a constant photoelec- 
tron mean free path in all materials. The radial dis- 
tance, R, was obtained from the phase function 
(2kR + 6(k)) by subtraction of a model phase func- 
tion (6(k)) and correcting the k scales with a k- 

origin difference parameter (A&) chosen so that 
there was a zero intercept for the linear least-squares 
fit to the difference in the phase function of model 
and unknown. Both calculated [28] and experi- 
mentally-derived model phases were used. 

For those cases where two distances were very 
similar and the transform peaks overlapped, the 
parameters (R, N, u, A&,) were obtained from a 
non-linear least-squares fit of the Fourier filtered 
multishell data to the single scattering EXAFS func- 
tion: 

x(k) =Cz Ai(k)~~Zo2ikZ sin[2kRi + hi(k)] 
I 

Again, model phase and amplitude functions were 
used to represent A(k) and 6(k) for each component. 
Only relative DebyeeWaller factors are obtained by 
EXAFS. These are very imprecise and difficult to 
make absolute even if single crystal X-ray scattering 
thermal motion factors are available since the degree 
of correlation in the motion is generally unknown. 
Thus we have not reported the derived Debye-Waller 
parameters and expect the derived coordination 
numbers to be of limited accuracy. 

3. Pt L3 Near Edge Spectra 

The Pt L3 spectra from 11.53 to 11.65 keV of 
a representative set (15 of 27) of the compounds 
studied are shown in Fig. 2. In each case a linear 
background following the continuum between 11.7 
and 12.3 keV has been subtracted. Table I contains 
a summary of the positions of the L3 + 5d ‘white 
line’ maxima relative to that of Pt metal, which was 
assigned a value of 11 570.0 eV. This edge feature 
dominates the Pt L3 spectra in all compounds studied 
and always occurs within 2 eV of 11 570 eV. There 
are small but characteristic shifts in the white line 
position with oxidation state as would be expected 
if the d states are atomic Like and more strongly 
affected by the net charge on the Pt atom rather than 
fine details of the local environment. Relative to Pt 
metal the L3 white line is found 0.2 to 1.0 eV higher 
in Pt2+ compounds and 1 .O to 2.0 eV higher in Pt3+ 
or Pt4+ compounds. KC (K,PtCl,) has an anomal- 
ously low white line position, 0.4 eV below that of 
Pt metal. Our value for the white line position of KC 
(K,PtCl,) relative to KP (K,PtCl,) is -1.6(2) eV. 
This is in good agreement with the value of 1.8 eV 
measured from Fig. 4 of ref. 22. An earlier report by 
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I:ig. 2. X-ray absorption spectra of Pt compounds in the 

region of the Pt Ls edge. PT, Pt metal; KP, KaPtCls; KC, Ka- 

PtC14; XC, Pt(NH,),Cl,; HR, cis-[(NH3)2Pt(l-MeC-H)C1]2- 

Cl* (head-tail); CS, cis-Pt(NHsjzCl2; HC, cis-[(Nll3)2PtCI- 

(CO)3)12; DM, [(NH3!zPt(OH)12(N03!2; TM, [WOW- 

(1,2-dac)13(NOs)a; UH, cis-[(NHs)z(l-MeU)Pt(OH)Pt(l- 
MeU)(NHs)2]C104*HzO; HT, cis[(NH,)2Pt(l-MeU)]2- 
(NOs)2 (head-tail); HH, cis-[(NHs)aPt(l-MeU)]Z(NOs)2 

(head-tail); DJ, DM + DNA complex (1:20, 0 “C rxn); PN, 

DM + DNA complex (l:lO, 25 % early result); PX, CS + 

DNA complex. Except for the uppermost spectrum of Pt 

metal, all of the spectra shown in the left hand panel, are of 

compounds which contain at least one Cl in the first coordi- 

nation shell. 

Padalia et al. [29] that the white line of K2PtC16 
is lOS(5) eV above that of Pt metal is clearly wrong. 

The intensity of the Pt L3 white line is more sensi- 
tive, more reliably measured and more consistently 
characteristic of oxidation state than the white line 
position. Lytle et al. [30] have previously shown that 
the difference in L3 white line area relative to Pt 
metal correlates well with the coordination charge n 
and thus, indirectly, to oxidation state (n = ml, where 
m = oxidation state, and the ionicity /= 1 - exp- 
[-(Xr,,, - Q2/4]). Horsley [31] showed that the 
sum of L3 and half of the L2 white line intensity can 
be used as a measure of d vacancy. We have explored 
the use of the white line intensity relative to the edge 
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jump as a means of characterizing Pt compounds. 
These values are summarized in Table I along with the 
calculated coordination charge and formal oxidation 
state for each model compound. Strictly speaking the 
peak area relative to the area of a standard width 
of the continuum would be less sensitive to possible 
resolution changes or d-state splittings. However 
the observed peak widths are relatively similar in all 
cases (see Fig. 2) and thus the more easily measured 
peak height (relative to the continuum) was judged 
to be a reasonable estimate of the peak intensity. 
We find that this relative white line intensity para- 
meter correlates well with oxidation state with values 
of 1.3-1.6 for Pt2+ compounds 1.8-2.0 for Pt3+ 
compounds and 1.9-2.4 for Pt4’ compounds. How- 
ever, for this data set, the correlation between white 
line intensity and coordination charge suggested by 
Lytle et al. [30] was noticeably worse than the direct 
correlation of intensity with oxidation state. 

A peak is observed at 11 585 eV in the spectrum 
of all 7 compounds examined which contain Pt-Cl 
bonds (6 of these are shown in the left-hand panel 
of Fig. 2). A corresponding feature can not be 
detected in the edge spectra of any Pt compound 
which does not have a Pt-Cl bond. This peak appears 
too sharp to be the first Pt-Cl EXAFS oscillation. 
It may be a u shape resonance associated with 
multiple reflections of the L3 ionized electron 
between the Pt and Cl atoms. Near-edge shape reso- 
nance features play a prominent role in the K-shell 
spectra of B, C, N, 0 and F containing species. The 
positions of u resonances in light element K-shell 
spectra have recently been shown to correlate well 
with bond length and type of neighbouring atom 
[32] Since the Pt-Cl bond length is very similar in 
all of the species studied, a o(Pt-Cl) multiple scat- 
tering resonance would be expected to occur at the 
same location in all of the spectra. The association 
of this feature with Pt-Cl multiple scattering could 
be confirmed by polarization/orientation studies of 
a single crystal Pt-Cl compound as has been done 
with Cu-Cl resonances in Cu K spectra [33]. Regard- 
less of the detailed assignment of this feature, the 
evidence presented in Fig. 2 indicates that a peak at 
11 585 eV can be used as a characteristic fingerprint 
of Pt-Cl bonds. A similar approach has been used 
by Elder et al. [34] to identify phosphorus bonded 
to Au by the presence of a Au L3 feature at 11927 
eV (about 8 eV above the Au L3 edge). It is interest- 
ing to note that a Pd L3 feature reminiscent of the 
Pt-Cl resonance is observed at 3179 eV (about 10 
eV above the Pd La edge) in PdC12 [35] but not in 
Pd compounds which do not contain Pd-Cl bonds. 

With regard to characterising the Pt environment 
in the Pt-DNA complexes, comparison of the DM- 
DNA (DJ, PN) and CS-DNA (PX) L3 edge spectra 
to those of the models clearly indicates that Pt is in 
the 2t oxidation state (see the right hand panels of 
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Y 

5 2 
R4 A 

6 

Fig, 3. k3-weighted, Pt L3 EXAFS (11.5-12.6 keV) (left- 

hand panels) and the Fourier transform, radial distribution 

functions (uncorrected for phase shifts) (right-hand panels) 

of: HU, [(NO,)(NH,),Pt(l-MeU)2Pt(NH~)~(OlI~)](N03)3 

(head-tail); DT, [(NH3)2Pt(l-MeT))2(NO~)z (head-head); 

HH, [(NH,),Pt(l-MeU)I2(N03)2 (head-head); HT, 

[(NH3)2Pt(l-MeU)12(N03)2 (head-tail) and DM, [(NH-J)?- 

WO~Olz(N03)2. 

Fig. 2). The absence of a feature at 11 585 eV in the 
PX spectrum (CS-DNA) is evidence that the 
chlorides are lost in complexation of cis-Pt(NH3)2- 
Cl2 to DNA. This agrees with the conclusions drawn 
from the earlier L1 [23] and present L3 EXAFS 
results. This rules out any proposed Pt.--DNA com- 
plex from cisplatin involving retention of Cl as a 
ligand. 

4. EXAFS of Model Compounds 

The normalized k’x(k) EXAFS and Fourier 
transform magnitudes derived from the Pt L3 spectra 
of the model compounds are presented in 4 figs. 
Figure 3 presents the results for those species of 
known structure where the Pt-Pt distance is clearly 
detected. Fig. 4 presents the data for the species 
where the Pt signal overlaps that of another atom, 
Cl [HR, HC] or the Pt-Pt signal is detectable but 
very weak (UH), and Figs. 5 and 6 include the results 
for Pt metal and those species of known structure 

N.0 

xc 

UH 

ICC 

0 
~ 

5 ‘“$?, 15 2 6 
k R 

4Lh 

I:ig, 4. k3-weighted, Pt L3 EXAI:S (11.5-12.6 keV) (left- 

hand panels) and the Fourier transform, radial distribution 

functions (uncorrected for phase shifts) (right-hand panels) 

of: IIR, [(NH3)2Pt(l-Me*C-H)Cl]2C12 (head-tail); HC. 

cis-[(NH3),PtCI(C03)Jz; UII, cis-[(NII,),(l-MeU)Pt(OH)Pt- 

(1-MeU)(NI~3)2]C104.t120. 

k (i-‘) R (h 

Fig. 5. k”-weighted Pt 13 EXAFS (1 1.5-12.6 keV) (left- 

hand panels) and the I:ourier transform, radial distribution 

functions (uncorrected for phase shifts) (right-hand panels) 

for: TM, [Pt(OH)(l,2-dac)]3(N03)3; CS, cis-Pt(NH3)2Cl, 

(T= 300 K, lower; T= 77 K, upper); KC, K2PtCla and KP, 

KzPtCl,. 
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Fig. 6. k3-weighted Pt L3 EXAFS (11.5 -12.6 keV) (left 

hand panels) and the Fourier transform, radial distribution 

functions (uncorrected for phase shifts) (right-hand panels) 

of: XC, Pt(NHa)zCL,; PV, cis-(NH3)2Pt(l-MeU)Cl.HZO; 

CY, cis-[(NHs)zPt(l-MeC)2](N03)2(1-MeC); PW, cis- 
(NH3)2Pt(l-MeU)2*4H,O and PT, Pt metal. 

where a Pt-Pt signal is not observed. Except for 
minor changes in the k-range transformed the data 
analysis procedures for the 18 spectra in Figs. 3-6 

were identical and thus the vertical scales correctly 
reflect the relative intensities of various signals 
in the different compounds, b was between 3 
and 4 8-l while & was between 13 and 17 A-‘, 
depending on the strength of the EXAFS signal 
and data quality at high k. In all cases the k range 
transformed was greater than 9 8-l. As shown 
earlier with the Pt hydroxo dimer species [36], good 
quality data at high wavenumbers (above 12 A-‘) 
is necessary to be able to detect non-nearest neigh- 
bour Pt-Pt distances since the Pt backscattering 
amplitude is greater at high k. All of the spectra 
shown in Figs. 3-6 were obtained at 77 K except 
that of CY (Fig. 6) which was recorded only at 
room temperature. 

Table II summarizes the values for the Pt-Pt dis- 
tances derived from the EXAFS of those species 
with a detectable Pt-Pt distance. In each case, the 
data was back-transformed (Fourier filtered) over 
the R range indicated in Table II. In most cases, the 
distance was then obtained from the phase function 
by correcting for the phase shift with calculated 
[28] and experimental models, choosing A& as the 
value which gave a zero intercept to the linearized 
phase difference function [20]. The experimental 
models included Pt metal PT, (Fig. 6), Pt hydroxo 
dimer (DM) and the Pt-base dibridge compounds 
of known structure which have a non-overlapping 
Pt-Pt signal (HU, DT, HH, HT). For HR and HC, 
where the Pt signal (RP~-~~ = 2.60 A) overlaps with 
that from Cl backscattering [RPtxl = 2.43 A], the 
value quoted in Table II was obtained by a two shell 
Pt, Cl fit to the Fourier filtered data. The results 
of the fits using Pt and K,PtCl, model data are shown 
in Fig. 7 and the radial distance and coordination 
number parameters derived with a variety of models 
are summarized in Table III. 

TABLE II. Pt-Pt Distances Derived from Pt L3 EXAFS of Model Compounds 

Species EXAFS 

~transforma Rb NC 

Crystallography 

R N Reference 

HU 2.0-3.2 2.61(3) 1.5(1)c 2.574 1 45 
DT 2.2-3.4 2.90(2) 1.0(l) 2.909 1 8, 12 

H H 2.2-3.4 2.92(l) 1.2(2) 2.937 1 16 
HT 2.2-3.4 2.93(l) 1.0(l) 2.954(2) 1 7 
DM 2.4-3.5 3.12(l) 0.8(l) 3.085 1 13 

cs 2.6-4.0 3.41(3) 3.37, 3.41 2 41 
HR 1.8-3.2 2.60(l)d 0.8(l)d 2.60 1 49 

HC 1.8-3.2 2.59(2)d o.9(l)d 
UH 2.8-4.0 3.77(3) 1.9(3) 

aRange of R-space data back-transformed to k-space. The distance was then derived from the sine argument function by correc- 

tion for phase shift effects using calculated [28] or experimental model phases and selection of a relative k-origin parameter 

(A&) by zero intercept of the linearized phase difference function [20]. bThe errors quoted reflect both the degree of linea- 

rity of the phase difference function and the scatter in the results for different experimental models. ‘Based on the log ratio 

method [20] using DM data for the model amplitude (except for DM, where 1111 was the model). dl:rom non-linear least- 
squares fits (see Table III). 
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4 6 10 12 14 

Fig, 7. Results of non-linear least-squares fits of two-shells 

(Pt, Cl) to Fourier filtered Pt L3 EXAI’S of (a) HR and (b) 

HC. The points are the Fourier filtered (1.80-3.20 A) experi- 

mental data while the solid line is the calculated EXAFS 

based on the parameters obtained using K,PtCl, and Pt 
metal data as model Pt--Cl and Pt-Pt phase and amplitude 

functions. 

TABLE III. Results of Two-shell (CI, Pt) Non-linear Least- 

squares Fits to I IR and HC 

Model Rcl 
(A) 

Nci Model Rpt 

(A) 
NP~ x02 b 

(a) HR (3.5 < k < 13.8; 1.80 <R < 3.20)a 

KP 2.450 0.7 PT 2.602 7.0 4.9 

KC 2.438 0.6 PT 2.604 5.0 3.4 

KP 2.483 0.3 HU 2.588 0.8 9.1 

KC 2.472 0.3 HU 2.595 0.7 6.0 

Average 2.46(2) 0.5(2) 2.60(l) (3.0) 

Ref. 49 2.43 1 2.60 1 

(b) IIC (4.1 <k < 13.8; 1.80 <R < 3.20)a 

KP 2.483 0.3 HU 2.601 1.0 6.0 

KC 2.412 0.3 HU 2.610 0.8 4.6 

KC 2.492 1.0 DM 2.557 3.2 2.8 

KC 2.455 0.8 PT 2.606 5.9 3.7 
Average 2.48(2) 0.6(3) 2.59(2) (3.7) 

aRange of Fourier filtered data upon which the fit was based 

and the R-space window used in the backtransform. bQua- 
lity of least squares fit. 

At 77 K, we have assumed that there is a Gaussian 
distribution of Pt-Pt distances. If this is the case, 
there is a clear separation of the (A&, R) and (u, n;) 

EXAFS parameters and there should not be distor- 
tions in the derived distance, which sometimes arise 
with anharmonic systems. A potentially more serious 
limitation of our analysis is the assumption of a linear 
phase function. It is well known [28, 371 that the 
backscattering phase function for Pt is distinctly non- 
linear and thus a more sophisticated analysis for 
the phase shift would be desirable. However, we find 
good agreement between the Pt-Pt distances derived 
from EXAFS and those obtained from single crystal 
diffraction for the 6 compounds of known structure 
(average deviation is 0.02 A). This suggests that the 
linearized phase difference analysis [20] is still 
applicable. 

One further aspect to the determination of Pt-Pt 
distances in these types of systems is the possibility 
of multiple scattering effects. It is well known that 
backscattering from distant atoms can be greatly 
enhanced if there is an intervening atom. In such 
cases multiple scattering from this atom acts to focus 
and channel the outgoing and backscattered elec 
tron waves [38, 391. This multiple scattering effect 
is greatest for systems which have linear bridges 
(0 = 180”) and is generally considered to be negli- 
gible if the bridging angle, 0 is less than 120’). Since 
the bridging angles are always less than 100” in the 
nucleoside and di or tri hydroxo bridged systems 
(e.g. BPt_o-Pt = 81” in DM [ 131) multiple scattering 
is not likely an important feature in these systems. 
One likely exception is UH where the experimentally 
derived Pt-Pt distance (3.77(3) a) and the likely 
Pt&O distance (2.03 a) imply a Pt -O-Pt angle of 
138”. In this case multiple scattering is very likely 
enhancing the Pt backscattering. This probably 
explains why the Pt--Pt distance can be detected 
in UH but not in TM. the Pt hydroxo trimer. TM 
has a shorter Pt--Pt distance (3.39 a) and probably 
a more rigid structure but the average Pt-O-Pt 
bond angle is only 110” [40] so that there is negli- 
gible multiple scattering enhancement. 

Qualitatively the model compound results shown 
in Figs. 3-6 are of interest since they indicate the 
types of structures for which Pt--Pt distances can be 
determined by EXAFS. This is straightforward in 
directly bonded (HU, HR, HC) and dibridged (DT, 
HH, HT, DM) structures but becomes more difficult 
in monobridged structures (UH), those with very 
flexible bridged systems (TM which has a Pt --Pt 
distance of 3.39(3) .& [40]) or those structures where 
there are no covalently bonded linkages between Pt 
atoms (CS, KC, KP). The spectrum of cisplatin (CS) 
is of interest in this regard since this species has rela- 
tively short Pt -Pt distances (3.372 and 3.409(2) 
a [41]) but there is no covalent bridging between 
adjacent platinums. The Pt opt distance cannot be 
detected by room temperature EXAFS but is clearly 
seen when the spectrum is recorded at liquid nitro- 
gen temperature to a sufficiently high K range. Trans- 
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forms of 77 K and 300 K spectra of CS are shown in 
Fig. 5. This is presumably because of the large distan- 
ce variation associated with uncorrelated thermal 
motion of two adjacent [Pt(NH3)2ClZ] molecules. 
The distance variation so broadens the Pt signal 
at room temperature that it does not form a 
distinct peak in the 3 to 3.5 A region of the trans- 
form. The features around 4 A in the transforms of 
K,PtCl, (KC) and K,PtCl, (KP) (Fig. 5) arise 
from backscattering by the K cations (at 4.2 [42] 
and 4.4 A [43] respectively from Pt) rather than 
the more distant Pt atoms (at 4.6 to 4.7 A). This 
was confirmed by the Fourier filtered amplitude 
function, which was characteristic of K rather than 
Pt, as well as the good agreement between the dis- 
tance derived from EXAFS (RPt_K = 4.05(5) A 
in KC and 4.35(10) A in KP) and that from crystal- 
lography [42,43]. 

In summary, it appears from these model com- 
pound studies that Pt-Pt distances can be detected 
most easily in structures with relatively rigid co- 
valently bonded bridges such as those formed by the 
two hydroxyls in DM, the carbonates in HC, or the 
nucleobases in HU, DT, HH, HT, and HR. The insen- 
sitivity of EXAFS to distances between atoms which 
do not have constraints on their relative thermal 
motion has previously been noted [44]. Further 
discussion of the detection limits for Pt--Pt distances 
by EXAFS is given in section 5. 

In addition to exploring the ability of Pt La 
EXAFS to detect adjacent Pt atoms, the model com- 
pound spectra shown in Figs. 3-6 exhibit the well- 
known sensitivity of EXAFS to the first coordination 
shell. In those species in which the Pt is in a (roughly) 
square planar environment, bonded to 4 N or 0 
atoms (HU, DT, HH, HT, DM, UH, TM, CY, PW), 
a single peak is observed in the transform spectra 
at 1.7 A*. When the first coordination shell also 
contains Cl in addition to N (as in CS, XC, PV) addi- 
tional signal is observed in the transform at 2.0 A*. 
In HR and HC the Cl and Pt signals overlap strongly 
in the region between 2.0 and 2.8 A*. In all cases, 
the relative intensities of the Cl and N signals reflect 
the relative numbers of Cl and N atoms in the first 
coordination shell of these species. Finally, when the 
first coordination shell contains only Cl (as in KC and 
KP) a single symmetric peak is observed at 2.0 A* in 
the transform spectra. 

The first shell distances and coordination numbers 
derived from the EXAFS analysis are summarized 
in Table IV. For those species with only a single type 
of atom in the first coordination shell the distances 
obtained from EXAFS agree with literature values 

-- 
*These distances are uncorrected for phase shift effects and 

are listed only to aid spectral interpretation. See Tables III-- 

V for the phase shift corrected values. 

within 0.03 A and the coordination number is within 
30% of the correct value. For species which have 
both N and Cl in the first coordination shell, the 
radial distances and coordination numbers reported 
in Table IV are the average of the values obtained 
from several curve fitting procedures using KC and 
KP as the model for the Pt-Cl phase and amplitude 
and HH as the Pt--N model. A summary of the Pt, 
Cl curve fitting results is given in Table V and 
examples of the quality of the fits are shown in 
Fig. 8. Where comparison to crystallographic values 
is possible, the Pt-N and Pt-Cl distances derived 
from the curve fitting procedures are generally found 
to be accurate. The coordination numbers obtained 
from curve fitting are significantly less accurate 
than those derived from single shell fits. 

5 
k (Ei-‘) lo 

15 

Fig. 8. Results of non linear least-squares fits (solid line) of 

two-shells (N, Cl) to Fourier filtered Pt La EXAFS (dots) of: 

(a) XC (3C1, lN), (b) CS (2C1, 2N), and (c) PV (lCl,3N). The 
fitted curve was obtained using HH and KP for the Pt- N 

and Pt--Cl phase and amplitude functions. 

5. EXAFS of Pt Hydroxy Dimer-DNA Complexes 

The k3x(k) EXAFS and transform magnitudes of 
the Pt L3 spectra of three of the 6 different prepara- 
tions of [(NH3)2Pt(OH)2Pt(NH3)2]2+ (DM) and calf 
thymus DNA studied are shown in Fig. 9. 

These preparations differ in the relative Pt:DNA 
base ratios and the temperature at which the reac- 
tion was carried out (DC-1 Pt: 10 bases, T= 0 “C, 
DJ-I Pt: 20 bases, T = 25 “C; DK-1 Pt: 20 bases, 
T= 0 “C) but otherwise were prepared identically 
according to the procedure outlined in section 2a. It 
is clear from Fig. 9 that although there is weak signal 
in the 2.444 A region of the transform, no distinct 
Pt-Pt vector is observed. Reverse transformation of 
the data between 2.8 and 3.8 A gave amplitude func- 
tions peaking below 5 A-’ (see Fig. 1 Id below), clearly 
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TABLE IV First Shell Distances and Coordination Numbers for Platinum Model Compounds and Pt-DNA Complexes 

Specie? EXAl-S 

RI Wb N 

Literature values 

R (A) N Reference 

(a) Model compounds: Pt-N or Pt-0 distances 

cs 2.1 l(2) 3(l) 
CY 2.02(l) 3.7(8) 

DM 2.04(l) 3.4(l) 

DT 2.03(l) 4.6(3) 

HC 2.08(2) 4.7(3) 

HH 2.01(l) 4.7(2) 

HR 2.01(2) 2.6(l) 

HT 2.02(l) 4.0(l) 

HU 2.00(2) 3.9(l) 
PVC 2.02 1.3 

PW 2.05(2) 3.1(4) 

TM 2.03(l) 4.1(4) 

UH 2.05(2) 4.0(4) 

xcc 2.06 1.0 

2.01(4) 2N 41 

47 

2.02(l) 2N, 20 13 

8 

2.03(2) 3N, 10 16 

2.05(2) 3N, 10 7 

2.04(2), 2.253(9) 4N. 10 45 

2.048(7) 4N 53 

2.08(5), 2.11(3) 20.2N 40 

16 

Species EXA1.S 

Rcl (A) 

(b) Model compounds: Pt Cl distances 

CSC 

HCd 

2.34(l) 

HRd 

2.48(2) 

2.46(2) 

KC 2.31(l) 

KP 2.32(l) 

PVC 2.24 

XCC 2.31 

N 

1.0(3) 

0.6(3) 

0.5(2) 

3.5(3) 

6.8(4) 

1.8(5) 

3.4(2) 

Literature values 

R 

2.33(l) 

2.308(2) 

2.33 

Reference 

41 

49 

42 

43 

(c) DNA complexes 

DC 

DH 
DJ 

DK 

PN 

PX 

2.02(l) 4.1(2) 
2.01(l) 5.0(3) 
2.02(l) 5.1(l) 

2.03(l) 4.6( 1) 

2.04( 1) 3.5(5) 

1.99(2) 4.7(6) 2.03( 1) 3.7(5) 23 

%ee Table I for molecular formulae. bHH (T = 77 K) data were used as the model phase shift for all Pt-N,O) distances (except 

FIH where DM was used as the model). The error quoted reflects the degree of linearity of the phase function but does not include 
any systematic errors, ‘Values derived from a 2-shell curve fit (N. Cl) to filtered data (see Table V). dValues derived from a 
2-shell curve fit (Cl, Pt) to filtered data (see Table III). 

TABLE V. Results of Two-shell (N, Cl) Non-linear Least-squares Fits to Filtered Pt-Ls EXAI-S of cis-Pt(NHs)zCl4 (XC), cis- 

Pt(NHs)2Cl, (CS) and cis-(NHs)zPt(l-MeU)Cl*I120 (PV) 

Species ARa Nitrogen Chlorine 

(A) 
Model R N Model 

(J-j 

xc 1.30-2.80 HH 2.06 1.3 KC 
HH 2.06 0.7 KP 

cs 1.30-2.80 HH 2.09 1.6 KC 
HH 2.13 5.2 KP 

PV 1.10-2.40 HH 2.02 1.4 KC 
HH 2.03 1.2 KP 

aThe results given are based on the fit to I:ourier filtered data between 3.5 and 14.9 A-’ 

zc12 

Rcl 43 

(A) 

2.31 3.4 32 
2.31 3.5 2.6 
2.33 1.3 1.9 
2.35 0.7 2.4 
2.24 2.8 1.3 
2.24 3.2 1.5 
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Lig. 9. ks-weighted Pt L3 EXAPS (11.5-12.6 keV) (left- 

hand panels) and the Fourier transform, radial distribution 

functions (uncorrected for phase shifts) (right-hand panels) 

of complexes formed between DM [(NHs)aPt(OH)]a(NOs)a 

and calf-thymus DNA: DG, 1:lO Pt:base ratio reacted at 

0 “C; DJ, 1:20 Pt:base ratio reacted at 25 “C; and DK, 1:20 

Pt:base ratio reacted at 0 “C. 

not that expected for Pt backscattering. We con- 
clude that, within the detection limits of Pt L3 
EXAFS, there are no rigidly connected adjacent Pt 
atoms in our sample. 

EXAFS spectra are the sum of signals from all 
environments of the core ionized atom. It is possible 
that there are a variety of Pt environments in the Pt- 
hydroxo dimer DNA complexes (DM-DNA). In 
order to investigate the ability of Pt La EXAFS to 
detect Pt-Pt distances in mixed environments we 
have generated spectra by adding together varying 
proportions of the HU spectrum (the Pt complex 
with the most prominent Pt-Pt signal correspond- 
ing to a Pt-Pt distance of 2.574 A [45]) and DC (a 
DM-DNA species, which does not exhibit a Pt 
backscattering signal). Figure 10 shows the radial 
distributions derived from the simulated EXAFS 
containing x = 0.40, 0.20, 0.10 and 0.05 HU and 
(1 - x) DG. From these spectra a detection limit of 
about 20% is deduced. However, even for the spec- 
trum containing only 5% HU signal the amplitude 
function derived from the backtransform of the 2.0 
to 3.2 A data peaks above 10 A-’ (see the insert to 
Fig. 10). This indicates signal from a high 2 back- 

: 

(a) 

200- 

n II 

10 

0 
WDG 

0. 
R 6) 

Fig. 10. Test of the sensitivity of Pt L3 EXAFS to Pt-Pt 

distances. (a) Transform magnitudes of k3 weighted EXAFS 

generated by summing the indicated percentage (x) of the 

HU spectrum along with a complementary component (100 
_ x) of the DG spectrum. All spectra are plotted on the same 

vertical scale with offsets for clarity. (b) The amplitude func- 

tions derived from back tranforming the spectra in (a) be 

tween 2.0 and 3.2 A. Peaking of the amplitude shape above 

10 a-l IS indicative of a high-2 backscatterer. All spectra 

in (b) are plotted on the same vertical scale with the indicat- 

ed offsets. 

scatterer and, at least in this simulation, is direct 
evidence for a Pt backscatterer even though a clear 
peak can not be detected in the transform magnitude 
spectrum. This is a somewhat artificially favourable 
case for detecting Pt-Pt vectors in mixed environ- 
ments since the Pt-Pt distance in HU is very short 
and thus the Pt signal is more distinct than in spe- 
cies with non-bonded but covalently bridged plati- 
num atoms (HT, DM, DT). A realistic estimate of the 
detection limit might be 25% of environments with 
relatively rigid, covalently bridged platinum atoms. 
Thus our DM-DNA EXAFS results indicate that 
better than 75% of the Pt atoms are in environ- 
ments which do not have covalent bridging to an 
adjacent Pt atom. 

This conclusion is exactly the opposite to that 
which we reported earlier [21] based on prelimi- 
nary studies. The difference could either be because 
the earlier result was a noise artifact or because there 
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Fig. 11. Comparison of present (DC;) and previous (PN) 

results for Pt hydroxo dimer DM-DNA EXAI’S. (a) Pt La 
absorption data (note that the ratio of edge jump to the nega- 

tive slope of the continuum is a measure of the relative Pt 

content of the two samples); (b) isolated, normalized kt- 

weighted EXAMS; (c) transform magnitudes obtained from 

k5 weighted data to emphasize high k signal; and (d) ampli- 

tude functions of the components back transformed be- 

tween 2.4 and 4.0 A. 

was a chemical difference between our first and sub- 
sequent DM-DNA samples. A detailed comparison 
of the present (DC) and earlier (PN) EXAFS results 
is present in Fig. 11. In earlier work, we have report- 
ed analysis of a high quality DM spectrum [36] over 
5-10, 5-14 and 5-19 A-’ data ranges. This showed 
that good quality data above 10 A? is required to 
see clearly non-bonding Pt-Pt distances. However, 
the original DM-DNA spectrum (PN) was weak and 
thus quite noisy (Fig. 1 la,b). From the raw absorp- 
tion (Fig. 1 la) it is clear that the Pt La signal in 
the original preparation was much weaker, indicating 
a much lower degree of Pt uptake in this prepara- 
tion. (Note that it is difficult to quantify the Pt con- 
centration in our DM-DNA samples since the aniso- 
tropic DNA is very difficult to pack uniformly and 
thus the sample density is not well-known.) Largely 
as a consequence of the lower Pt L3 intensity, the 
EXAFS isolated from the original spectrum is 
considerably noisier than the more recent results 
(Fig. llb,c) and only a reduced data range (3-13 
A-‘) could be used. Even so, we think that the fea- 
ture around 3 A in the transform (Fig. 1 lc) of the 
earlier data (PN) is real, structurally-related signal 
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and not solely noise. The reverse transforms of PN 
between 2.4 and 4.0 A show an amplitude function 
(Fig. 1 Id) peaking around 11 A-‘, indicating a 
high Z backscatter such as Pt, whereas the data 
filtered over the same region of any of the more 
recent DM-DNA spectra has an amplitude which 
peaks at low k indicating a low Z backscatter (prob- 
ably C, N or 0). 

We suggest that for reasons not understood, there 
was less complex formed in the original preparation. 
Further, the washing procedure may not have been 
completely effective allowing some unreacted DM to 
remain in the sample. It is important to note that the 
conclusion we reach in this paper is based on much 
higher quality data and repeated analyses on dif- 
ferent DM-DNA preparations. 

The distances derived from the first shell signal 
of the DM-DNA complexes (Table IV) were obtain- 
ed using the experimental first-shell DM data for the 
model phase function. The nearest-neighbour values 
are all within 0.02 of 2.02 A. This is indistinguishable 
from the average Pt-N, 0 distance in DM [13] and 
the distance of 2.03(l) A derived from Pt Lr EXAFS 
of CS-DNA complexes [23]. Thus, there is not any 
measurable change of nearest neighbour distance 
upon formation of the DM-DNA complex or any 
significant difference from the first shell distance 
of CS-DNA. Since the Pt-IN, 0 distances in all of the 
Pt-base model compounds are all similar (2.03 f 0.04 
A) it seems that little specific information about the 
Pt binding site can be deduced from EXAFS deter- 
minations of the first shell data except to note that, 
by analogy with the Pt-base model compounds, the 
first shell distance is reasonable for a binding site 
at the heteroatoms of the nitrogenous bases. Similarly 
the imprecision of coordination number determina- 
tion by EXAFS (see for example those derived for 
the model compounds, Table II) warrants caution 
in making any structural conclusions from the derived 
value of N for the DM-DNA complexes. 

Discussion 

The model compound studies show that when two 
platinum atoms are attached to one nucleobase in 
a fairly rigid arrangement Pt-Pt vectors of up to 
3.4 A are detectable. On this basis one can say from 
the EXAFS results that when [Pt(NH,),(OH)] 22+ 
binds to DNA either it does not bind in the same way 
as is observed in model compounds [7, 12, 161 or, if 
such binding occurs, it is unstable and one or 
both of the platinum atoms migrate to other bases 
such that the platinum atoms are >3.4 A apart. 
Thus the ‘dimer model’ for the anticancer activity 
of cisplatin [46] can be ruled out. 

In the case of platinum atoms separated by 3.4 
A which are not rigidly bound together, our results 
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show that one cannot detect the Pt***Pt vector 
unambiguously. Thus it appears impossible to 
test the Eichhorn ‘co-stacking model’ [ 17, 181 
by EXAFS. Nevertheless, such a model seems highly 
unlikely since the possibility of two platinum atoms 
being randomly bound to two adjacent bases in viva 
is extremely low. Unless more positive evidence is 
available for a cooperative interaction this model 
should be discarded. 

The absence of Pt-Pt signal in the EXAFS of the 
DM-DNA samples suggests that at least one and 
probably both of the OH bridges of the [Pt(NH3)2- 

(WI 22+ break on complexation to DNA and are not 
replaced with short range covalent bridging by the 
nucleotides. Since a Pt-Pt vector was not observed 
in the flexible hydroxy trimer species, TM, we can- 
not rule out structures which contain a single OH 
bridge. However, this seems unlikely since oxygen 
is generally a poorer ligand to Pt than nitrogen and 
thus the basic nitrogen sites on the nucleobases might 
be expected to displace the hydroxyls. 

Conclusion 

Pt L3 EXAFS of Pt-nucleobase model compounds 
has been studied to indicate the types of structures 
in which non-bonded Pt-Pt distances can be detect- 
ed. The Pt L3 EXAFS of the product of reaction be- 
tween [Pt(NH,),(OH)12*+, DM, and calf thymus 
DNA does not exhibit a detectable Pt-Pt signal. 
Based on the model compound studies this rules 
out structures with rigid, covalent bridging and a Pt- 
Pt separation less than 3.4 8. Models of cisplatin 
antitumor activity which invoke this type of dimeric 
binding can be ruled out. 
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