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Table VIII. log Protonation Contants ( K , ,  K2), Metal-Ligand 
Stability Constants (&), and Effective Stability Constants 
7.4) for the Equilibrium Reactions of AI, Ga, and In  with Hppp at 
25 and 37 "C in 0.15 M NaCI",b 

pH 

constant metal 25 OC 37 o c  
log K ,  9.40 ( I )  9.61 ( I )  
1% K2 3.03 ( I )  3.18 ( I )  
1% 81 AI 11.36 (3) 11.86 (IO) 

Ga 17.5 (2)c 
In 13.34 ( I )  

Ga 28.8 (2)c 
In  22.66 (2) 

Ga 36.3 (2)c 
I n  31.12 (3) 

Ga 30.3 (2)c 
In  25.12 (6) 

1% 82 AI 21.78 (8) 23.13 (21) 

1% 83 AI 30.74 ( I  I )  32.44 (23) 

log B3cff AI 24.74 (14) 25.81 (26) 

"Ga constants are reported for solutions containing -0.2 M NaCl 
(see ref 7). 6Numbers in parentheses represent standard deviations 
between successive runs. cEstimated by LFER. 

by the high overall (&) and conditional (log = log p3 - 3(log 
K2 - P H ) ~ ~ )  formation constants for Ga(ppp), in Table VIII. The 
overall constant is lower than we found7 for the Ga complexes 
of N-alkylated pyridinones (log & = 36 vs -38); however, the 
lower K2 value for this ligand means that the conditional stability 
constant at p H  7.4 is only slightly smaller than that for the 
N-alkylated ligands (log = 30.3 vs -30.8). The same holds 
true for the AI and In complexes of ppp-. The overall stability 
constants are lower than we found for AI5 or In7 with the N-al- 
kylated pyridinones, but the conditional stability constants are 

(28) Martin, R. 8. Clin. Chem. 1986, 32, 1797. 

only very slightly smaller for ppp- (for AI log = 24.7 vs 24.9; 
for In log Pkfl = 25.1 vs 25.6). Clearly, changes in the substituent 
on the ring nitrogen of the pyridinone ring make minor alterations 
in the overall formation constants (log &), and these variations 
may be attributed to the changes in the pK,s of the ligands. The 
effective overall formation constant a t  p H  7.4 (log dem- 
onstrates this thermodynamic indifference when & is normalized 
to blood plasma conditions (pH 7.4 and 0.15 M NaCI). The 
predominance of the ML3 species a t  physiological p H  was dem- 
onstrated in the log &f values in Table VIII. 

values for the tris(N-substitut- 
ed-3-hydroxy-2-methyl-4-pyridinonato)gallium( Ill) complexes led 
us previously to study in detail the in vivo biodistribution of these 
compounds with 67Ga3+.7 The N-alkyl ligands were excreted 
quickly via the urinary pathway. We  have prepared the com- 
pounds described herein in order to increase the lipophilicity and 
alter the biodistribution. 
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The binding of platinum(l1) to metallothionein (MT) has been studied by spectrophotometric titrations of rat liver apometallo- 
thionein-l (apoMT) with platinum(I1) complexes at pH 7.4-7.5. A red shift of -6000 cm-' in the intense absorption maximum 
in the electronic spectra of the partially platinated apoMT adducts is observed upon the binding of 2 3  molar equiv of platinum(I1). 
This shift is similar to red shifts of the lowest energy LMCT transitions observed for [X2Pt(p-X),PtX2I2- ions (X = Br, 1) relative 
to thc corresponding PtX?- ions and can be attributed to a lowering in energy of Ma' - Ln transitions from the terminal thiolates 
due to the presence of bridging thiolates. The partially platinated apoMT solutions (0-7 molar equiv of bound platinum(l1) ions) 
wcrc also assayed for free thiolate contents by using 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB). The DTNB studies showed that 
platinum equivalents 1-3 block 4 f I cysteines/platinum and that equivalents 5-7 block a total of 3 f 1 cysteines (an average 
of I cysteine/Pt). These experiments suggest that the platinum(1l)-thiolate clusters in Pt,MT form via the initial production 
of approximately three Pt(cysteine):- centers followed by formation of p-thiolato bridges. 

Metallothionein ( MT)'-5 is a low molecular weight cytosolic 
protein with an unusually high cysteine content (20 cys in the 
mammalian proteins) that chelates a diversity of metal ions in 
vivo and in vitro. Native MT contains primarily Cd(l1) and Zn(I1) 
in two metal-thiolate clusters, and in vitro reconstitutions of the 
metal-free form of the protein (apoMT) to generate Cd7MT and 
Zn7MT have been widely studied by spectroscopic techniques.6 
Adducts of M T  with a variety of other metal ions have also been 
studied by spectroscopic means, including Co( Ni( H ) , ~  
Fe(ll),'O and Hg(ll) adducts." 

'University of Florida. 
*Department of Physiological Sciences. Current address: Environmental 
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Available evidence strongly suggests that MT is a major in vivo 
binding site for metabolites of cis-diamminedichloroplatinum( 11) 
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and other platinum anticancer drugs.'* Induction of MT bio- 
synthesis may be useful in  mediating the dose-limiting renal 
toxicity of these agents,I3 but conversely, such increased in vivo 
platinum(l1) binding to MT may make tumor cells more resistant 
to the anticancer effects of platinum drugs.leI6 We have reported 
mixed-metal adducts from the reactions of platinum(l1) with 
Cd7MT and native MT and the reconstitution of apoMT with 
platinum( I I )  to produce Pt7MT.I7 Stoichiometries of metal 
binding under aerobic and anaerobic conditions were presented, 
and the reactivity of the Pt,MT adduct toward electrophiles in- 
dicated a significant kinetic inhibition of cysteine modification 
in comparison to reactions with apoMT, Cd7MT, and Zn7MT. 
The Pt7MT adduct is formed at pH -7 even in the presence of 
a large excess of platinum(ll), and we suggested that this stable 
seven-metal adduct has Pt-cys clusters and that the single me- 
thionine of MT is also involved in platinum(I1) binding. 

We report here spectral changes that accompany the stepwise 
incorporation of platinum(l1) into apoMT. These titrations in 
conjunction with thiolate assays of the partially platinated adducts 
with the colorimetric reagent 5,5'-dithiobis(2-nitrobenzoic acid) 
(DTNB) show that a binding sequence originally suggested by 
Vas5k and Kagig for the binding of Co(l1) to apoMT is evidently 
operative in the case of Pt,MT. 
Experimental Section 

Reagents. Rat liver MT-I and MT-2 were isolated and purified ac- 
cording t o a  litcrature procedure.i8 ApoMT was prepared by exhaustive 
dialysis of the native protein against 0.01 M HCI. ApoMT and Pt 
concentrations were obtained by ICP-AES spectrometric determinations 
of sulfur19 ( S  I 180.73 nm) and Pt (Pt I 1  214.42 nm) performed on a 
Perkin-Elmer Plasma 1 I Emission spectrometer. Water was purified and 
deionized (Barnstead Nanopure system) and passed through Chelex resin 
(obtained from Sigma) prior to use. 

Titrations. A stock solution of K2PtC14 in water was used for all 
studies. Thcse stock solutions contain a mixture of [Pt(CI),(OH),- 
(H20),]"+ complexes. A series of deaerated apoMT-l solutions con- 
taining diffcrcnt molar equivalents of platinum(l1) were prepared in a 
dinitrogen-purged glovcbox as follows. Aliquots (40 pL) of 56 FM 
apoMT in  0.01 M HCI were adjusted to pH 7.4 with a predetermined 
amount of K2HP04 solution. An appropriate volume of a 0.450 mM 
K,PtC14 solution was added to each apoMT sample to produce solutions 
containing 0-8 molar equiv of platinum(ll), and the samples were left 
standing for 3 h to equilibrate before dilution to a final volume of 0.65 
mL (final apoMT concentrations in all experiments were 3.5 pM).  
Buffered 12 mM DTNB (pH 7.5) was also prepared in the glovebox. 

In the glovebox, each sample was transferred to a I-cm cuvettc and 
sealcd with a grcascd septum. A gastight syringe charged wi th  6 0  pL 
of DTNB solution was thcn mounted atop the cuvette wi th  the needle 
protruding through the septum (a short length of tightly fitting rubber 
tubing was used to stabilize the assembly). After recording the UV- 
visible spectrum (IBM 9430 spectrophotometer), the DTNB solution in 
the syringe was discharged into the cuvette, and another spectrum was 
recorded 1 min after mixing. The spectra were stored for differcncc 
spectrum calculations. The cuvette and syringe were thcn cleaned and 
returned to the glovebox, and the above procedure was repeated for each 
of the remaining samples. 

Spcctra of blanks containing all reagents except protcin and plati- 
num(l I )  were recorded and digitally subtracted from corrcvpondinp 
sample spectra. Free thiolate concentrations were estimated by using thc 
reported molar absorptivity of the dianion of T N B  (2-nitro-5-thiobcn7oic 
acid), 14 150 M-I cm-' at 412 nm.20 In  control studics with othcr 
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Figure I .  Spectrophotometric titration of rat liver apoMT-l with K2PtC14 
solution at  pH 7.4. (a) Spectra obtained 3 h after addition of 0-8 molar 
equiv of K2PtC14 to apoMT- I ,  as described in the Experimental Section. 
"0" indicates the apoMT-I spectrum (no added Pt); "8" indicates the 
spectrum obtained with 8 equiv of Pt. Spectra for equivalents 1-7 are 
in order between spectra 0 and 8. (b) Incremental difference spectra 
obtained by subtracting the preceding spectrum from each spectrum in 

proteins and MT derivatives, the typical experimental errors (20) for thiol 
assay by this method were found to be SfO.5  S H  groups. 

For circular dichroism studies, a series of deaerated IO p M  apoMT-l 
solutions containing 0-10 molar equiv of platinum(1l) were prepared in 
the glovcbox. ApoMT solutions in  0.01 M HCI were adjusted to pH 7.5 
with NaOH and K2HP04 and then diluted to volume after addition of 
platinum(l1) increments, as described for the UV-visible studies. C D  
spectra wcrc rccordcd on a Jasco 5-500 spectropolarimeter by using I-cm 
cuvcttcs scaled wi th  greased septa. Spectra of blanks containing all 
reagents exccpt protein and platinum(1l) were subtracted from the cor- 
rcaponding samplc spcctra taken in the same cuvette. Five replicate scans 
wcrc rccordcd for each samplc and blank, and the stored spectra were 
signal-averaged. 

Binding Kinetics. I n  thc glovebox, a syringe containing 80 pL of 4.95 
mM platinum(l1) stock solution was mounted on a sealed cuvette con- 
taining 720 pL of I I. I pM apoMT buffered at pH 7.5 (50:l Pt:apoMT 
iiiolar ratio). This asscmbly was transferred from the glovebox to the 
spcctrophotomctcr. Thc contents of the syringe were discharged into the 
cuvette, and the increase in absorbance at  280 nm versus time was re- 
corded. 
Results end Discussion 

Spectrophotometric Titration. Figure 1 a shows the electronic 
spectra rccordcd for a scries of apoMT solutions equilibrated with 
I -  X tiiolar cquiv of platinum(l1) at pH 7.4 for 3 h. Previous 
cxpcrinicnts showed that thc solutions reach apparent equilibrium 
al'tcr 3 ti, with no furthcr change in the UV-visible spectrum being 

( 2 0 )  Riddlcs. P. W.: Blakeley. R .  L.; Zerner. B. Anal. Biochem. 1979, 94, 
7s. 
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Platinum( 11)-Thiolate Cluster Formation 

evident over several hours. The commonly used approach of 
adding increments of metal ion to a single solution of apoMT was 
not practical here, as the slow platinum(I1) binding to apoMT 
at  these low concentrations requires > I  h to reach equilibrium 
for each step. ApoMT is rapidly air-oxidized at neutral pH, and 
the method used here avoids any cumulative oxidation of MT as 
the titration progresses. 

The spectrum of apoMT contains only an intense band at 190 
nm arising from the strong p a *  and weak n l r *  amide transitions 
of the polypeptide backbone and the lowest thiol transition of the 
cysteine side chains near 195 n m 6  Because of the absence of 
aromatic residues in MT, the apoMT spectrum has no 280-nm 
peak. The spectrum of the yellow Pt7MT adduct (7 molar equiv) 
contains a broad shoulder of absorption (ez8,, = 7 X IO" M-I cm-I) 
that gradually tails off into the visible range. The ultraviolet 
absorptions of Pt7MTI7 and other metal MT adducts6 have been 
assigned to ligand-to-metal charge transfer (LMCT). The spectra 
in Figure la confirm the earlier ~bservation'~ that a p M T  becomes 
saturated after binding 7 molar equiv of platinum(I1) (the very 
slight increase in absorbance for >7 molar equiv of platinum(l1) 
is due to the absorbance of the added stock solution). 

An interesting pattern emerges in the incremental difference 
spectra (Figure 1 b) obtained by subtracting the preceding spec- 
trum from each spectrum in Figure la. Binding of the first molar 
equivalent of platinum(I1) to apoMT results in an absorption peak 
centered at about 250 nm ( c  N I O 4  M-' cm-' ). An intense 
shoulder of absorption appears a t  250 nm in  the incremental 
difference spectrum for the second molar equivalent of plati- 
num(I1). A relatively large increase in absorbance at wavelengths 
<230 nm also appears upon binding of both the second and third 
molar equivalents of platinum(l1). The difference spectrum for 
the third molar equivalent of platinum(I1) contains two broad 
maxima at 250 and 300 nm. For molar equivalents 4-7, band 
maxima are observed in the 280-300-nm region, and the incre- 
mental increases in intensity in the difference spectra are less than 
those observed for the first three Pt equivalents. 

Willner and co-workers observed a 6-nm red shift and dimin- 
ishment in  the intensities of incremental difference spectra for 
the addition of greater than 3 molar equiv of Cd(I1) to apoMT.z' 
Good and Vasik also report a red shift in  the electronic spectra 
recorded during stepwise incorporation of Fe( 11) into apoMT.'O 
These red shifts as the titration of apoMT exceeds 3 molar equiv 
of metal ions have been attributed to the onset of thiolato bridging 
following the initial formation of three M(cys)?- units.z' Bridging 
thiolates are supplied both by the remaining uncoordinated thi- 
olates and by transformation of some terminal thiolates to bridging 
thiolates. Supporting evidence for this proposed mechanism was 
provided by similar red shifts that occur during titration of the 
synthetic tctrathiol dodecapeptide P-I2 (Ac-P-C-0rnithine-C-P- 
E-C-E-C-R-R-V) with Cd(I1) that are presumably due to the 
formation of a monomeric mononuclear complex and a thiola- 
to-bridged dimeric trinuclear complex, respectively.z' Further 
evidence for this mechanism of cluster formation comes from an 
earlier EPR study9 in which an increase in EPR signal intensity 
occurs with titration of apoMT with up to 3-4, molar equiv of 
Co(l1) ions followed by a decrease in intensity to zero with the 
addition or further ions to the saturation point of 7 molar equiv. 
The loss of paramagnctism is likely due Lo electronic coupling 
between thiolato-bridged Co( I I )  ions.9 

The red shift in absorbance maximum (-6000 cm-I) at later 
stages of the platinum(l1) titration of apoMT is larger than that 
found for other metal ions mentioned above and is consistent with 
the onset of thiolate bridging with -3 or more equiv of plati- 
num(l1). I n  assigning the origin of the red shift it is helpful to 
consider the electronic spectra of platinum(l1) tetrahalides (PtX?-) 
and their dihalo-bridged dimers (Pt&'-) as models. The LMCT 
spectra of the square-planar tetrahalide complexes of Pt( I I ) ,  
Pd(ll), and Au(ll1) consist of two intense bands separated by 
about 9000-1 2000 The lowest energy band ( t  N lo4 
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M-I cm-I) originates from the two closely spaced Mu* - LT 
transitions, and the second, more intense band (c N 4 X lo4 M-l 
cm-I) originates from the dipole-allowed Mu* - Lu transition.22 
For PtX4z-, the Ma* - La band usually occurs at wavelengths 
too low to be experimentally observed. The dihalo-bridged dimers 
of Pt(l1) and Pd(ll), on the other hand, typically have intense 
absorption bands which lie 5000-'7000 cm-' below the first LMCT 
bands of the corresponding monomers.2z-26 Polarized crystal 
spectraz3 of (Et4N)zPtzBr6 led to the assignment of the lowest 
energy intense LMCT band as arising from transfer of a electrons 
from the terminal ligands rather than the bridging ligands. 
Without repetition of the detailed molecular orbital treatment,23 
the occurrence the first Mu* - L a  LMCJT band of (Et4N)2Pt2Br6 
at a wavelength 49 nm longer than that of KzPtBr424 can be 
qualitatively explained by a very simple argument.z3 The Pt atoms 
in the dimer should be more electronegative than the Pt atom in 
the monomer because there are fewer bromides per Pt in the dimer 
to donate electronic charge to the metal centers. An independent 
ab  initio molecular orbital calculation also yielded this same 
conclusion.28 It is not surprising that the first LMCT transition 
in the dimer should occur at lower energy than in the monomer, 
as it is well-known, from the work of JorgenseqZ9 that the energy 
of this band can be correlated with the difference in electroneg- 
ativities of metal and ligand. 

By analogy, the red shift of the band maxima in the incremental 
difference spectra during the later stages of the spectrophotometric 
titration of apoMT with platinum(I1) (Figure Ib) is ascribed to 
the lowering in energy of the Mu* - L a  LMCT transitions from 
the terminal thiolates due to the presence of bridging thiolates. 
In addition, the relatively lower intensities of the incremental 
difference spectra for the last four equivalents are consistent with 
the transformation of terminal thiolates to bridging thiolates. It 
does not appear likely that the red shift is a result of a change 
in the ligand geometry about the metal centers (e.g., from square 
planar to tetrahedral), since platinum(l1) strongly prefers a 
square-planar geometry and only two distinct band maxima are 
observed at  high and low platinum stoichiometries. A gradual 
change in the geometry around the various centers as more 
platinum are bound would probably result in broadened and 
gradually shifted charge-transfer bands. 

DTNB Assays. We have obtained additional evidence that the 
above mechanism is operative in the binding of platinum(I1) to 
apoMT by use of the colorimetric thiolate assay reagent, DTNB. 
As previously reported," DTNB reacts many times slower with 
thiolates coordinated to platinum(I1) i n  Pt7MT than with free 
thiolates. This difference in reactivity makes it possible to de- 
termine the concentrations of both coordinated and free thiolates 
at each step in the titration of apoMT with platinum(l1). This 
experiment is not amenable to the study of labile metal ion binding 
to apoMT, as bound ions such as Cd(l1) or Zn(I1) do not suf- 
ficiently inhibit the reaction of DTNB with coordinated thiolates. 

Figure 2 shows the results obtained when each of the solutions 
used in the spectrophotometric titration was allowed to react for 
1 min with a 315:l molar excess of DTNB:MT under anaerobic 
conditions. A reaction time of 1 min is sufficient for the rapid 
reaction of the reagent with free thiols but is insufficient for 
significant modification of platinum-bound thi01s.I~ The first three 
molar equivalents of platinum(I1) block modification of 4 f 1 
cysteine thiolates/platinum(lI). Binding of the remaining four 
molar equivalents of platinum(1l) ions blocks modification of 
progressively fewer thiolate ligands per platinum( I I ) ,  and the last 
three molar equivalents (5-7) protect a total of only 3 f 1 
thiols/MT (an average of - 1 cysteine/Pt). These observations 
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669. 

(24) Day, P.; Smith, M. J . ;  Williams, R. J .  P. J .  Chem. SOC. 1968, 668. 
(25) Mason, W. R., I l l ;  Gray, H .  B. J .  Am. Chem. SOC. 1968, 90, 5722. 
(26) Olsson, L. F. Inorg. Chem. 1986, 25, 1697. 
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Figure 2. Results of the reaction of the partially platinated apoMT-l 
adducts from each step of the spectrophotometric titration with the 
thiolate assay reagent, DTNB. DTNB addition was within IO min after 
recording the corresponding spectrum in Figure I .  The number of re- 
active thiols determined after 1 min of DTNB reaction is shown as a 
function of the equivalents of Pt added to apoMT. Estimated experi- 
mental error (20) for each point is f0.5 SH groups modified. At 7 equiv 
of pt, I8 1 of the 20 cysteines are blocked toward reaction with DTNB. 
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are consistent with the formation of approximately three Pt(cys), 
centers for 1-3 equiv of Pt and formation of thiolato-bridged 
clusters at higher Pt:MT ratios. After the protein is saturated 
with the full complement of seven platinum(I1) ions, 2 f 1 thiolates 
react rapidly with DTNB. This residual reactivity could be due 
to either uncoordinated thiolates in Pt7MT, relatively reactive 
coordinated thiolates, or both. 

Spectropolarimetric Titration. It was anticipated that com- 
plementary spectral information for the intermediate Pt,MT 
adducts could be obtained from circular dichroism (CD) spectra, 
and titration experiments were therefore carried out by using 
procedures similar to the UV-visible studies. Unfortunately, under 
the experimental conditions used here, the CD spectra of apoMT 
containing 0-7 molar equiv of bound platinum(I1) are less useful 
than the corresponding electronic absorption spectra because of 
the weak molar ellipticities and rather featureless spectra observed 
in the LMCT region of Pt-MT adducts.I7 The CD spectrum of 
apoMT at neutral pH is similar to its electronic absorption 
spectrum in that it is nearly devoid of spectral information except 
for a sharply decreasing negative ellipticity band beginning at 
about 240 nm and extending into the far ultraviolet. Binding of 
1-6 mol of platinum(l1) leads to a positive ellipticity peak at -250 
nm, but the measured intensities do not follow a simple trend as 
a function of metal bound (the variability of intensities may be 
associated with the limits of instrumental reproducibility). Binding 
of the seventh and final molar equivalent of platinum(l1) causes 
band broadening and an increase in the (+) intensity of the 
spectrum to yield a maximum at  250 nm (At  = +4 X I O 4  deg 
cm2/dmol). Unlike the spectrum reported previo~sly,’~ the strong 
negative cllipticity below -240 nm is also observed for Pt7MT. 

Rate of Pt7-MT Formation. The kinetics of formation of the 
stable Pt7MT adduct have been studied in preliminary experiments 
with platinum(l1) in large excess. Changes in the electronic 
absorption spectrum provide a convenient albeit crude measure 
of the extent of reaction of platinum(l1) with apoMT. Absorbance 
was monitored versus time at 280 nm for a micromolar solution 
of apoMT mixed with a 50-fold molar excess of platinum(l1) at 
room temperature. This wavelength was chosen because the 
absorption at 280 nm increases in a nearly linear fashion versus 
molar equivalent of bound platinum(l1) (Figure 1) .  Under the 
conditions used in these experiments, the formation of Pt7MT 
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Figure 3. Reaction of IO r M  rat liver apoMT-l with a 50-fold molar 
excess of K,PtCI, solution in  15 mM phosphate buffer pH 7.5. The 
reaction was followed by the absorbance change at  280 nm, and exper- 
imental points are shown as circles. A, is the absorbance at 280 nm 
estimated for t = m. The biphasic nature of the reaction is indicated by 
the two best fi t  lines for the initial rate constant (slope) of the reaction 
and that of the later. slower phase. 

proceeds with biphasic kinetics and is half-saturated in -20 min 
(Figure 3). In contrast, the formation of Cd7MT and Zn7MT 
under similar conditions is complete within seconds. 

Platinum-MT adducts formed under the conditions of the 
kinetic study were isolated and characterized by inductively 
coupled plasma analysis, as described elsewhere.17J9 The Pt7MT 
stoichiometry found under similar reaction conditions in the earlier 
studyI7 was also found for these samples. 
Conclusions 

The UV-visible difference spectra (Figure 1 )  and the DTNB 
thiol modification studies (Figure 2) are both consistent with 
formation of up to three Pt(cys)4 centers per MT in the presence 
of 3 molar equiv of platinum(I1). The UV-visible difference 
spectrum for the third molar equivalent of platinum(I1) has two 
shoulders a t  -250 and -300 nm, suggesting that some degree 
of thiolate bridging is present. For higher molar equivalents of 
Pt per apoMT, the -6000-cm-’ LMCT band red shift and the 
decreased numbers of thiols blocked per Pt are consistent with 
the formation of thiolato-bridged platinum(l1) clusters in the 
protein. 

With current experimental results, the degree of homogeneity 
of the PtxMT adducts is not established. The initial binding of 
platinum( 11) to apoMT, which has many distinct free thiolates 
available for metal binding, is probably a random process under 
kinetic control. Although the spectra obtained in Figure 1 were 
stable after a prior equilibration time of 3 h, the complexes formed 
with <7 mol of Pt/mol MT are not necessarily homogeneous in 
structure, and intramolecular rearrangement to form more stable 
Pt,MT derivatives might occur with longer, but experimentally 
inaccessible, equilibration times. In contrast, it is probable that 
the binding of seven labile cadmium(l1) ions to a p M T  at neutral 
pH is a random process producing a distribution of kinetic products 
followed by rapid intramolecular reorganization of the cadmi- 
um( 11)-thiolate bonds to form a single homogeneous Cd7MT as 
the thermodynamic product. ‘I3Cd NMR studies of Cd7MT30 
and metal ion exchange between Cd7MT and Zn7MT3I and a 
variable-temperature CD study of cadmium( 11) binding to 
Zn7MT32 all suggest that metal ions are mobile within a cluster. 
The greater kinetic inertness of platinum(l1) may inhibit the type 
of facile intramolecular rearrangement described for cadmium(l1) 
and zinc(l1). The initial binding process and formation of 
metal-thiolate clusters to form R7MT appear quite similar to those 

(30) Vasbk. M.; Hawkes, G. E.; Nicholson, J .  K.; Sadler, P. J .  Biochemisfry 
1985, 24, 740. 

(31 )  Nettesheim, D. G.; Engeseth, H. R.; Otvos, J .  D. Biochemistry 1985, 
24, 6744. 

(32) Stillman, M.  J . ;  Zelazowski, A. J .  J .  Biol. Chem. 1988, 263, 6128. 
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observed for adducts with cadmium(I1) and other metal ions; 
however, it is possible that the arrangement of platinum(I1) ions 
among the 20 cysteine residues in the equilibrium product at room 
temperature is heter0geneo~s.j~ 

Platinum(l1) is also different from the other metal ions studied 
in its strong preference for a square-planar stereochemistry. On 
the basis of the similar elongated Stokes’ radii of Pt7MT and 
Cd7MT (1.8 and 1.6 nm, respectively) and other evidence, we 
suggested a two-domain structure for Pt7MT with three plati- 

num(I1) ions in both the a and fl  domains with a seventh plati- 
num(I1) bound to the N-terminal methionine and further proposed 
a hypothetical Pt3(~ys)93- fl  cluster containing square-planar 
platinum(I1) centers.17 The results of the ‘present study are 
consistent with the presence of platinum clusters in Pt7MT, but 
no evidence for a specific Pt-cysteine connectivity has been found. 
The DTNB assays, which show two reactive thiols in Pt7MT 
(Figure 2), do suggest the possibility of P t & c y ~ ) ~ >  clusters in both 
domains with two uncoordinated cysteines in the 1 I-cysteine CY 

domain. 
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Hexadentate thiohydroxamate ligands derived from 2-mercaptopyridine-6-carboxylic acid I-oxide and triamines have been prepared 
by reaction of the amines with the active amide produced from the carboxylic acid and 1.1’-carbonyldiimidazole in DMF. The 
triamides isolated are  N,N’,N”-tris(( 1,2-didehydro-l-hydroxy-2-thioxopyrid-6-yl)carbonyl)-2,2’,2’’-triaminotriethylamine, N,-  
N’,N”-tris(( 1.2-didehydro-l -hydroxy-2-thioxopyrid-6-yl)carbonyl)-l,-5,10-triazadecane, and 1,3,5-tris((N-methyl-N-(( 1,2-di- 
dehydro- I -hydroxy-2-thioxopyrid-6-yl)carbonyl)amino)methyl)benzene. These ligands have been characterized by their elemental 
analyses and IR and N M R  spectra, and the ferric complexes have also been prepared and characterized. The structure of the 
complex N,N’,N”-tris(( 1,2-didehydro- 1 -hydroxy-2-thioxopyrid-6-yl)carbonyl)-2,2’,2”-triaminotriethyIaminato)iron( III).0.5CHC13 
has been dctermined by single-crystal automated-counter X-ray diffraction. The complex crystallizes in the triclinic space group 
Pi with z = 4, a = 11.073 ( I )  A, b = 13.858 ( 1 )  A, c = 22.401 (2) A, a = 70.216 (8)’. 0 = 71.847 ( 8 ) O ,  y = 68.104 ( 8 ) O .  Two 
crystallographically independent molecules of the ferric complex and one disordered chloroform molecule are in the asymmetric 
unit. Full-matrix least-squares refinement using 6000 reflections with F,2 > 3a(F0)*, with all non-hydrogen atoms given anisotropic 
temperature factors, converged to R = 0.040 and R, = 0.058. The coordination polyhedron around the ferric ion is intermediate 
between octahedral and trigonal-prismatic geometries and is similar to that of the ferric complex of I-hydroxy-2( 1 H)-pyridinone. 

Introduction 
As part of a program devoted to the synthesis and character- 

ization of ligands that might be useful in the metal chelation 
therapy of iron overload,2 we have taken a biomimetic approach 
to the synthesis of ferric ion specific sequestering agents based 

structures of ferric complexes with simple catecholate,22 thio- 
hYdroxamate723 and hYdroxYPYridinonate* ligands, as well as the 

( I )  

on the siderophores (low molecular weight sequestering agents 
produced by microorganisms to enable them to solubilize and 
uptake essential ferric ion in a physiological environment).M Two 
major functional groups found in siderophores are hydroxamic 
acids, as in  ferrichromes7 and ferrioxamines? and catechol, as in 
enterobactin9 (see Figure I ) .  Less common functional groups 
found in siderophores are hydroxypyridinonelOq’l and thio- 
hydroxamic acid (in N-(methy1thio)formohydroxamic acid).I2J3 
Most siderophores contain three bidentate ligating subunits i n  
order to accommodate the preferred hexacoordinate geometry of 
ferric ion.’ 

We previously reported the synthesis of iron sequestering agents 
having three bidentate ligating subunits; the subunits in these 
ligands were c a t e ~ h o l a t e , ’ ~ - ~ ~  hydroxamate,’ or hydroxy- 
pyridionone.21 We also have prepared and determined the 

~~~~~ 
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