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Abstract: cis[PtCly(NH3)7] is the anticancer drug cisplatin, but the iodide analogjggPtl,(NH3),] is inactive.

This inactivity is usually attributed to the greater stability and lower reactivity efl Bionds compared to

Pt—Cl in agueous solution. Interest in reactions of Pt(IV) complexes with thiols arises from the reductive
activation of Pt(IV) anticancer drugs in blood plasma. Recently, we found\in. Chem. Sod.998 120,
8253-8254) that lowM; thiols react with Pt(IV)-l bonds oftranscis-[Pt(en)(OH}I;] via attack on the
coordinated iodo ligand giving rise to reactive chelate-ring-opened Pt(ll) ethylenediamine species. Here we
report reactions of the Pt(ll) and Pt(IV) complexes [Pt(gndind transcis-[Pt(en)(OHXI,;] with the major

thiol in blood plasma, Cys34 of the protein albumin (66 kDa). Unexpectedly, [Pi{eagicted more rapidly

with albumin than the cisplatin analogue, [Pt(en}Chnd did not give products with Pt bound to Cys34. The
Pt(1V) chloro analoguetranscis-[Pt(en)(OH}Cl;], did not react at all with albumin. Reactions wénscis-
[Pt(en)(OH}I,] with the protein, via direct attack of an iodo ligand on Cys34, gave rise to a relatively stable
sulfenic acid derivative, in contrast to reactions with IMythiols. Reactions of Pt complexes with thiols in
proteins can therefore take a different course: albumin can exert control over the reactivity of Cys34 and
stabilize activated derivatives such as the sulfenyl iodide and sulfenic acid. The reactivity of iodide ligands in
Pt complexes is much higher than has been previously recognized, and it may be possible to incorporate them
into drug design strategies.

Introduction compounds for X-ray structure determination of large bio-
molecules’ There are relatively few reports of the chemiStry
of iodo Pt(Il) complexes and their reactivity toward bio-

molecules®

We are interested in the coordination chemistry of iodo
Pt(IV) complexes, designed as oxygen-independent photoacti-
vatable metallodrugs for phototherapy. The iodo ligands shift
the ligand-to-metal charge-transfer band (LMCT) into the visible
region of the spectrum. These photoactive analogues of the
anticancer drug cisplatirgis-[PtClx(NHs)], are promising in
this respect, because their cell cytotoxicity is potentiated by
visible light, and stereospecific reactions between the diiodo
Pt(IV) complexes and nucleotides can be photoinddéed.

Current clinical platinum anticancer complexes always contain
chloride and not bromide or iodide as halide ligands. Examples
are cisplatirt, cis-[PtCl(NHs3)2], sterically hindered complesis-
[PtCI(NH3)(2-picoline)] (ZD0473Y the trinuclear Pt(Il) com-
plex BBR 34643 and cis,transcis-[PtCl,(OAc),NH3(c-CeHy1-
NH,)] (JM216)! The latter, an orally active octahedral Pt(IV)
complex, is believed to be a prodrug for an active chloro Pt(Il)
complex? The lack of exploration of the activity of Br and |
complexes appears to stem from early findfnitpsit the activity
of cis[PtX2(NHs)z] and [Pt(en)X] in several animal tumor
models follows the order: X Cl > Br>>I. It seems reasonable
to suppose that Pt bonds (soft metal ion, soft ligand) are too
stable to allow activation via hydrolysis, the usual mechanism ~ gy (2 Dhara, S. Cind. J. Chem1970 8, 193-194. (b) Hegmans, A.;
for attack of Pt(ll) chloro complexes on DNA. lodo Pt(ll) Sabat, M.; Baxter, |.; Freisinger, E.; Lippert, Biorg. Chem.1998 37,
complexes are therefore mainly used as intermediates in the4921-4928.

Synthes.is of (_:hIOI’O F.Jt(“) complexésfor example in the (b)(?a(larg;?cgog.;': B!fjﬁéng,mvg\’/’.;Phg:ea(j?j'k?'J(ihggqé-l??g.ﬁf’.;132?d_riga?N.
synthesis of mixed-amine Pt(Il) complexeand as heavy-atom Inorg. Chem.1997, 36, 854—861.
(8) O’'Halloran, T. V.; Lippard, S. J.; Richmond, T. J.; Klug, A.Mol.

Biol. 1987, 194, 705-712.
(9) (a) Basolo, F.; Gray, H. B.; Pearson, R..GAm. Chem. S0d.96Q

(1) Beale, P. J.; Kelland, L. R.; Judson, |.Bxpert Opin. Inest. Drugs
1996 5, 681-693.

(2) Holford, J.; Sharp, S. Y.; Murrer, B. A.; Abrams, M.; Kelland, L. R.
Br. J. Cancer199§ 77, 366—373.

(3) Pratesi, G.; Giuliani, F. C.; Polizzi, D.; Righetti, S.; Manzotti, C.;
Pezzoni, G.; Farrell, N.; Zunino, Proc. Annu. Meet. Am. Assoc. Cancer
Res.1997 38, 310.

(4) (a) Poon, G. K.; Raynaud, F. I.; Mistry, P.; Odell, D. E.; Kelland, L.
R.; Harrap, K. R.; Barnard, C. F. J.; Murrer, B. A.Chromatogr. AL995

712 61-66. (b) Raynaud, F. I.; Mistry, P.; Donaghue, A.; Poon, G. K.;

Kelland, L. R.; Barnard, C. F. J.; Murrer, B. A.; Harrap, K. Rancer
Chemother. Pharmacoll996 38, 155-162.

(5) (a) Cleare, M. J.; Hoeschele, J. Bioinorg. Chem1973 2, 187—
210. (b) Hydes, P. H.; Russell, M. J. Bancer Metastasis Re1988 7,
67—89.

10.1021/ja990768n CCC: $18.00

82, 4200-4203. (b) Thiele, G.; Wagner, [Chem. Ber1978 111, 3162
3170. (c) Annibale, G.; Canovese, L.; Cattalini, L.; Marangoni, G.;
Michelon, G.; Tobe, M. LInorg. Chem1981, 20, 2428-2431. (d) Kerrison,
S.J. S.; Sadler, P. lhorg. Chim. Actal985 104, 197-201. (e) Ha, T. T.
B.; Wimmer, F. L.; Souchard, J.-P.; Johnson, N. P.; Jaudl,Ghem. Soc.,
Dalton Trans.199Q 1251-1255. (f) Qu, Y.; Gama del Almeida, S.; Farrell,
N. Inorg. Chim. Actal992 201, 123-129. (g) Qu, Y.; Farrell, N.; Valsecchi,
M.; de Greco, L.; Spinelli, SMagn. Res. Chenl993 31, 920-924.

(10) (a) Burgeson, I. E.; Kostic, N. Mnorg. Chem 1991, 30, 4299~
4305. (b) Bose, R. N.; Moghaddas, S.; Weaver, E. L.; Cox, Enbirg.
Chem1995 34, 5878-5883. (c) Whittaker, J.; McFadyen, W. D.; Wickham,
G.; Wakelin, L. P. G.; Murray, VNucleic Acids Resl1998 26, 3933~
3939.
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Success with the design of photoactivated metallodrugs is,

however, highly dependent on their stability under physiological

conditions. A better and more detailed understanding of redox

interactions of Pt(IV) complexes with biomolecules is therefore
crucial. Due to their inertness to substitution, antitumor-active
chloro Pt(1V) complexes are thought to be prodrugs activated
in vivo through reduction to their Pt(ll) analogues by biological
reductants with the loss of two axial ligants:2

There is relatively little information in the literature concern-
ing the mechanisms of reduction of antitumor Pt(IV) diamines
by biologically important thiols. Shi et af proposed a
mechanism consisting of nucleophilic attack by the thiol of
glutathione on one of the axial chloride ligandgmains[PtCl,-
(CN)4]?~ during the redox reaction to form the corresponding
Pt(ll) complex [Pt(CN)]2~. Recently we have shown that diiodo
Pt(IV) complexes,transcis[Pt(en)(OR)I;] (where R = H,
COCH), are highly reactive toward low molecular weight thiols,
such as glutathione andl-acetyli-cysteine, and undergo
electron-transfer-driven chelate ring-openth@he thiol appears
to attack one of the equatorial iodide ligands of the Pt complex
forming a surprisingly long-lived chelate-ring-opened Pt(Il)
complex and the disulfide.

Since the major thiol in blood plasma is the protein albumin
(M 66 kDa, concentration 0.53.75 mM)!5> we have now
made a detailed study of its reactions with Pt(IV) and Pt(ll)
iodo complexes under physiologically relevant conditions.
Reactions of diiodo Pt(Il) and Pt(IV) complexes were followed
by 2D [*H,'®N] HSQC NMR techniques, and by ICP-MS for
determination of free and bound Pt and I. Unexpectedly, the
diiodo Pt(Il) complex, [Pt(en)], reacted very rapidly with rHA,
and the products from reaction with the Pt(IV) complex
transcis-[Pt(en)(OH}I;] were different from those observed
with low M, thiols. In particular, the protein is able to stabilize
a sulfenic acid intermediate.

Materials and Methods

Materials. General chemicals and meta-arseniteNaAsQ;, S-7400),
glutathione (G-6529),-methionine, 7-chloro-4-nitrobenzo-2-oxa-1,3-
diazole (NBD-CI, C-5261), 5;&dithio-bis(2-nitrobenzoic acid) (DTNB,
D-8130), and iodine were purchased from Sigma/Aldrich, ap®.H
(30%) from Prolab.

[Pt(en)k], [Pt(en)Ch], transcis-[Pt(en)(OH}l;] and transcis-[Pt-
(en)(OH)CI;] and the t®N-en)-labeled Pt complexes, [Ft{-en)k] and
transcis-[Pt(**N-en)(OH}I,], were synthesized according to previously
described procedur8d and were fully characterized by elemental
analysis, NMR, and FAB-MS.

(11) (a) Kratochwil, N. A.; Zabel, M.; Range, K. J.; Bednarski, PJ.J.
Med. Chem1996 39, 2499-2507. (b) Kratochwil, N. A.; Parkinson, J.
A.; Bednarski, P. J.; Sadler, P.AIngew. Chem., Int. EA.999 38, 1460~
1463.

(12) (a) Bose, R. N.; Weaver, E. [I. Chem. Soc., Dalton Tran$997,
1797-1799. (b) Chaney, S. @nt. J. Oncol. 1995 6, 12911305 (c)

Pendyala, L.; Creaven, P. J.; Perez, R.; Zdanowicz, J. R.; Raghavan, D.

Cancer Chemother. Pharmacol995 36, 271-278. (d) Kido, Y. C,;
Khokhar, A. R.; Siddik, Z. HBiochem. Pharmacoll994 47, 1635-1642.
(e) Gibbons, G. R.; Wyrick, S.; Chaney, S.Gancer Res1989 49, 1402
1407. (f) Eastman, ABiochem. Pharmacol1987 36, 41774178. (g)
Blatter, E. E.; Vollano, J. F.; Krishnnan, B. S.; Dabrowiak, J.
Biochemistryl1984 23, 4817-4820.

(13) Attack on a coordinated ligand with labilization of ttnansligand
is a well-established mechanism for reduction of Pt(IV) complexes, but
the mechansims for thiol attack are poorly understood, see Shi, T. S,;
Berglund, J.; Elding, L. llnorg. Chem1996 35, 3498-3503 and references
therein.

(14) Kratochwil, N. A.; Guo, Z.; Murdoch, P. del Socorro; Parkinson, J.
A.; Bednarski, P. J.; Sadler, P. J. Am. Chem. Sod998 120, 8253-
8254.

(15) (a) Carter, D. C.; Ho, J. XAdv. Protein Chem1994 45, 153—

203. (b) Peters, T., JAIl about albumin. Biochemistry, genetics, and
medical applicationsAcademic Press: San Diego, CA, 1996. (c) He, X.
M.; Carter, D. CNature 1992 358 209-215.
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Table 1. SH Content of Recombinant Human Albumin (rHA)
before and after 24 h Incubation with Pt Complexes at a Molar
Ratio of 1:1 (10QuM) in 100 mM NacCl, 10 mM NaHPQ,, pH 7.4,
at 310 K

SH content decrease
Pt complex (mol mol™) (%)
none 0.86+ 0.0 0
transcis-[PtV(en)(OH}l2] 1 0.02+ 0.01 98
transcis-[PtV(en)(OHYCl;] 2 0.78+ 0.04 9
[Pt'(en)k] 3 0.79+£0.05 8
[Pt'(en)Cb] 5  0.79+£0.03 8

aMean+ SD,N = 3.

Recombinant human albumin (rHA) (batch R970103), supplied by
Delta Biotechnology, was dialyzed against 100 mM MNEOs, pH
7.9, and freeze-dried. Cys34-blocked rHW-éthylmaleimide treated
rHA, NEM-rHA) was prepared by incubation of rHA (40 mg mL™?)
in 100 mM NHHCG;, pH 7.9, with 2 mol equiv oN-ethylmaleimide
for 12—16 h at ambient temperature in the dark. Excess blocking agent
was removed by dialysis against the same buffer.

Calibration materials for ICP-MS analysis were: Kl (99.5%) and
single element standards for ICP at 1000 mg/L of Pt (Pt in HCI 20%),
and Te (Te in HCI), all “Aristar” grade, from Merck Ltd., Leics, U.K.
KOH was analytical grade from Fisher Scientific, Loughborough, U.K.
The reference materials NIST SRM 2670 “Toxic metals in urine” (U.S.
National Institute of Standards and Technology, Gaithersburg, Mary-
land) and BCR CRM 063 R “Skim milk powder” (EU Institute for
Reference Materials and Measurements, Geel, Belgium) were used to
assess the accuracy of Pt and | determinations, respectively.

Ultrapure water (resistivity 18 K2, <5 ppb) was obtained from a
combined ion-exchange/reverse osmosis system (Elga Ltd., Bucks,
U.K.) and used in all experiments.

Measurements of pH.Values of pH were measured with a Corning
145 pH-meter equipped with a microcombination electrode calibrated
with Aldrich standard buffers (pH 4, 7, and 10) and were adjusted with
dilute solutions of HCI and NaOH.

UV —Vis Spectroscopy Electronic absorption spectra were recorded
at 298 or 310 K on a Shimadzu spectrophotometer with temperature
control using 1-cm path-length cells.

UV —vis kinetic studies of the reaction tfanscis-[Pt(en)(OH)I,]
with either rHA or NEM-rHA in a molar ratio of 1:1 (10@M) in 100
mM NaCl, 10 mM NaHPO;, pH 7.4, at 310 K were monitored at
different pH values over 20 min by the decrease of the LMCT band at
386 nm, a characteristic feature of all diiodo Pt(IV) complexes.

Sample Preparation for Thiol and Sulfenyl lodide/Sulfenic Acid
Determinations. Pt complexes (as listed in Table 1) were incubated
with rHA at a molar ratio of 1:1 (10@M) in 100 mM NacCl, 10 mM
NaH.PO,, pH 7.4, at 310 K for 24 h. Additionally, the kinetic course
of the reaction betweemanscis-[Pt(en)(OH)I;] and rHA was followed
by taking samples at the following times: 0, 0.3, 0.8, 1.5, 5, and 24 h.
Unbound Pt complex was then removed by three cycles of ultrafiltration
(Amicon, Beverly, MA, cutoff 30 000 Da, 10 min at 277 K and 2516
g). The thiol content and the amount of sulfenyl iodide/sulfenic acid
were then determined.

For control studies, kD, an oxidizing agent known to produce the
metastable sulfenic acid derivative of albumin, was 48étdn addition,
the reaction with iodine was studied. This is known to give rise to a
sulfenyl iodide derivative of albumitf. Both oxidizing agents were
incubated with rHA at 310 K for 20 min at different molar ratios in
100 mM NacCl, 10 mM NakPOQ,, pH 7.4. Excess reagent was then
removed by three cycles of ultrafiltration, as described above, and then
thiol and sulfenyl iodide/sulfenic acid determinations were carried out.

Determination of rHA Thiol Content. Ellman’s reagent, 5;&lithio-
bis(2-nitrobenzoic acid) (DTNB), was used and the absorption

(16) DeMaster, E. G.; Quast, B. J.; Redfern, B.; Nagasawa, H. T.
Biochemistryl1995 34, 11494-11499.

(17) Radi, R.; Beckman, J. S.; Bush, K. M.; Freeman, B.JABIol.
Chem 1991, 266, 4244-4250.

(18) Jirousek, L.; Pritchard, E. TBiochim. Biophys. Actd971, 229,
618-630.



Reactions of lodo Pt Complexes with Albumin

Scheme 1.Major Pathways for Thiol Oxidation: Oxidation
State of Sulfur is Given in Square Brackets

[0 (-1]
RS ——> RSSR

sulfenyl iodide disulfide
2]
RSH +H0
thiol \ [0] [+2] [+4]
RSOH ——» RSO,H ——» RSO;H
sulfenic acid sulfinic acid sulfonic acid

Scheme 2.Reduction of Oxidized Thiol Species by
Arsenité

H,O + As(OH); + RSl + RSH + |7 + 3Ht
As(OH); + RSOH ——>» HAsO2~ + RSH + 2H*t

-

a Arsenite probably exists as As(OHat pH 7.4 and is oxidized
largely to HAsQ?™ .44

—> HAsO."

RSSR
As(OH); + RSO,H
RSO,H

at 412 nm &5, = 13600 M cm™?) was measuretf. Samples
containing 36 nmol of rHA were diluted 1:4 in 10 mM phosphate, 2
mM EDTA, pH 7.4, and incubated with 505 nmol of DTNB (50.5 mM
stock solution, in ethanol) for 30 min at ambient temperature before
measuring the absorption at 412 nm.

J. Am. Chem. Soc., Vol. 121, No. 36, 819%9
used. The quadrupole was scanned at 100 amwuThe acquisition
and deconvolution of data were performed on a Mass Lynx (V. 2.3)
Windows NT PC data system using the MaxEnt Electrospray software
algorithm. The mass accuracy of all measurements was withimi.1
unit. ESI-MS was used to detect the sulfenic acid derivative of rHA
after reaction with the diiodo Pt(IV) complex by using the trapping
agent 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBDAEI).
Recombinant albumin anlanscis-[Pt(en)(OH}I;] (1:1, 100uM)
were incubated in 100 mM NaCl, 10 mM NaPO,, pH 7.4, for 0 and
20 min at 310 K. For control studies 8, was added to produce the
metastable sulfenic acid derivative of alburtii? H,0, (3 mol equiv)
was incubated with rHA for 20 min under the same conditions. Excess
of reagent was removed by three cycles of concentration and redilution
with phosphate saline buffer in a Centricon-30 concentrator at 2516
g, for 10 min at 277 K. Samples containing 60 nmol of rHA, NEM-
rHA, and reacted rHA (with either 4D, or transcis-[Pt(en)(OH}I;])
were incubated with 2 mol equiv of NBD-Cl (10 mM in dimethyl
sulfoxide) for 30 min at ambient temperature and then concentrated
and rediluted in phosphatesaline buffer three times in a Centricon-
30 concentrator, as above, to remove excess of NBD-CI. Prior to
injection, aliquots of the rHA sample were diluted 1:1000 in 50/50%
CH3CN/H;0O, 0.2% HCOOH.

UV —vis spectra (see UVVis Spectroscopy) of NBD-modified rHA
samples were recorded at 298 K prior to ESI-MS analysis.

ICP-Mass Spectrometry. A Plasma Quad 3 instrument (VG
Elemental, Winsford, U.K.), equipped with the S-option for increased
sensitivity, was used for all measurements. Details of the procedure
used for the simultaneous determination of Pt and | on the high and
low M, fractions by ICP-MS are reported elsewh&eBriefly, Pt

Protein concentrations were measured using the Bradford assay: 0.8°0mplexes were incubated with either rHA or NEM-rHA at a molar

nmol of protein was added to 1.5 mL of Bradford reagent and the
absorption measured at 595 nm. A calibration curve was constructed
by assuming that the absorptioha»1 mg mL* rHA solution at 279

nm is 0.558°>1°The thiol content of the rHA was then calculated by
dividing the thiol concentration by the protein concentration of each
sample.

Determination of Sulfenyl lodide/Sulfenic Acid. For this, m-
NaAsQ was used. Arsenite reduces sulfenyl iodides and sulfenic acids
to thiols, but does not reduce other oxidation states of sulfur, such as
disulfides, sulfinic and sulfonic acids (see Schemes 1 ant??).
Recovery of the oxidized thiol was determined by using Ellman’s
reagent (DTNB).

Samples of rHA (54 nmol) were incubated withNaAsQ; (5 umol)
for 45 min at 310 K, and the thiol content was determined as described

ratio of 1:1 (100xM) in 100 mM NaCl, 10 mM NaHPO,, pH 7.4, at
310 K for 24 h. The binding of 1 to albumin was assessed
independently by incubating KI (20@M) with rHA for 24 h in a 1:2
molar ratio.

Additionally, the kinetic courses of the reactions between either rHA
andtranscis-[Pt(en)(OH}l;] or [Pt(en)k] were followed. Aliquots were
taken from reaction mixtures at either 0, 0.5, 1, 1.5, 2.5, 6, 20.5, or 24
h to determine the Pt and | distribution among hidhand low M,
fractions at different stages of the reaction with rHA. The two fractions
were separated by ultrafiltration, and weakly bound iodide was removed
by three cycles of concentration and redilution with phosphasdine
buffer in a Centricon-30 concentrator (Amicon, Beverly, MA) with a
30 kDa cutoff for 10 min at 277 K, 2516 g. The last centrifugation
was carried out for 15 min, and all loi, fractions were pooled. The

above. For the controls, the same procedure was used but withoutfinal volumes of the high and low, fractions were recorded. Samples

addition of m-NaAsQ

Gel Filtration Chromatography. Transcis-[Pt(en)(OH)I;] was
incubated with rHA at a molar ratio of 1:1 (1) in 100 mM NacCl,

10 mM NaHPO,, pH 7.4, at 310 K for 24 h. Unbound Pt complex
was then removed by three cycles of ultrafiltration (Amicon, Beverly,
MA, cutoff 30 000 Da, 10 min at 277 K and 2516 g). Gel filtration of
the Pt-albumin complex was carried out on a Superdex 200 HR column
(internal diameter 1 cm, length 30 cm) with an FPLC system
(Amersham Pharmacia Biotech, Bucks, U.K.) at ambient temperature.
Albumin samples were diluted to a concentration of 5 mg-fmand

0.2 mL was loaded onto the column. Elution conditions were 50 mM
NaH,PO,, 100 mM NaCl, pH 7.0, with a flow rate of 0.5 mL mih

and detection at 280 nm.

ESI-Mass Spectrometry.Positive ion electrospray mass spectrom-
etry was performed on a Platform Il mass spectrometer (Micromass,
Manchester, U.K.). The samples were infused atlLlnin~! and the
ions produced in an atmospheric pressure ionization (API)/ESI ion
source. The source temperature was 338 K and the drying gas flow
rate 300 L h'. A potential of 3.5 kV was applied to the probe tip, and
a cone voltage gradient of 5®0 V over 1000-2000 Da was

(19) Ivanov, A. I.; Christodoulou, J.; Parkinson, J. A.; Barnham, K. J.;
Tucker, A.; Woodrow, J.; Sadler, P.J. Biol. Chem1998 273 14721
14730.

(20) Torchinsky, Y. M.Sulfur in proteins Pergamon Press: Oxford,
U.K., 1981.

and standards for calibration were diluted in 10 mM KOH containing
20ug L™t Te and analyzed by ICP-MS. The limits of detection of the

method were 0.18 nmol for | and 11 pmol = for Pt. The analysis

of certified reference materials (CRM 063R “Skimmed milk powder”

and SRM 2670 “Toxic metals in urine”) was satisfactory, and the
accuracy of the method for the determination of Pt:l ratios ranging
from 0.240 to 1.035 was 10t 2.7%.

NMR Spectroscopy.Two-dimensional{H,®N] HSQC NMR spectra
were recorded on a Bruker DMX 508H, 500 MHz,**N, 50.7 MHz)
NMR spectrometer equipped with a tunable triple resonance (TBI)
probehead 'H, *3C, X] incorporating an actively shieldedfield
gradient coil. 2D {H,**N] HSQC NMR data were acquired using a
pulse sequence in which coherence selection is achieved via gradients,
and procedures and conditions similar to those described previfusly.

Solutions containing either [PiN-en)k], [Pt(**N-en)Ch], or
transcis-[Pt(**N-en)(OH)l;] and either rHA or NEM-rHA at a 1:1
molar ratio (15Q:M) were prepared, andJD (final concentration 10%
v/v) was added. The final pH was either 6.1 or 7.4. Dioxane was used
as an internatH standard (3.764 ppm relative to TSP chemical
shifts were referenced externally ¥NH.CI at 0 ppm.

(21) (a) Denu, J. M.; Tanner, K. ®@iochemistryl998 37, 5633-5642.
(b) Ellis, H. R.; Poole, L. BBiochemistry1997, 36, 15013-15018.

(22) Patriarca, M.; Kratochwil, N. A.; Sadler, P.JJ.Anal. At. Spectrom.
1999 14, 633-637.
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Figure 1. (A) Decrease in the intensity of the LMCT band at 386 nm
during the reaction dfanscis-[Pt(en)(OH}l;] (1) with rHA at different

pH values and NEM-rHA at pH 7.4 and (B) pH-dependent reactivity
profile. The decrease of the LMCT tfwas pH dependent and exhibited
a minimum at pH 6. The diiodo Pt(IV) complex, however, did not react
with the thiol blocked albumin, NEM-rHA, at any pH values.

Results

Reactions between diiodo Pt(IV) and Pt(ll) complexes and
recombinant human albumin were studied by ti's spec-

troscopy, gel filtration, NMR, and mass spectrometry. Particular

Kratochwil et al.
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Figure 2. Changes of the thiol/protein ratios during the reaction of
transcis-[Pt(en)(OH}l;] with rHA with time (mol ratio 1:1, 10QuM,

in 100 mM NacCl, 10 mM NakPO,, pH 7.4, at 310 K). Samples were
taken at the times indicated, and the reaction was stopped by removing
unbound Pt complex by three cycles of ultrafiltration The thiol content
of rHA was then determined by using Ellman’s reagent. Open bars
show that the thiol of rHA was blocked almost completely within 48
min. The amounts of the sulfenyl iodide/sulfenic acid derivative of rHA
formed during the reaction with were determined by incubating the
rHA samples for a further 45 min at 310 K with (closed bars) or without
(hatched bars) arsenite after stopping the reaction by ultrafiltration, as
described above. The recovery of the thiol after addition of arsenite
shows that a significant amount of sulfenyl iodide/sulfenic acid
derivative of rHA is formed during the reaction with Control values
represent the thiol/protein ratios of rHA. Inset: Comparison of the thiol/
protein ratios with and without arsenite after 20 min incubation of rHA
(200uM, in 100 mM NaCl, 10 mM NakPO,, pH 7.4, at 310 K) with
either [Pt(en)] (3) (mol ratio 1:1),transcis-[Pt(en)(OH}I;] (1) (mol

ratio 1:1), b (mol ratio 1:1), or HO, (mol ratio 1:3). The recovery of
the thiol of rHA after addition of arsenite was similar in the reactions
with the diiodo Pt(I1V) complex, H,O,, and b. No change of the thiol
content was observed during the reaction of [PtgrfB) with rHA,
showing that the thiol content/arsenite assay is not influenced by
Pt(ll), and the observed effect during the reactionlofith rHA is

only due to the formation of sulfenic acid/sulfenyl iodide. Data points
are the meansH{SD) of three independent experiments. Significant
differences between closed and hatched bars anp:<*0.05; **, p <
0.005; *** p < 0.002 (two-sided, paired Student'gest). n.s., not
significant.

emphasis was placed on the determination of the nature of the

modification to the only free thiol group in albumin, Cys34.
We used recombinant human albumin (rHA), which is more

homogeneous than albumin isolated from blood plasma or

serun®® and, in particular, has an SH content (ca. 0.85 SH
mol~1)1° similar to that of albumin in vivo.

Reactions of rHA with trans,cis-[Pt(en)(OH).l 5] (1). Oxi-
dation of Cys34.Reaction of the diiodo Pt(IV) complekwith
rHA at a molar ratio of 1:1 (10@M) in 100 mM NacCl, 10
mM NaH,PO, buffer, pH 7.4, produced a rapid decrease in the
intensity of the characteristic Pt(IV)) LMCT band at 386 nm
(Figure 1A). The rate of decline of the LMCT band over the
pH range 4-9 exhibited a minimum at pH 6 (Figure 1B). In

using Ellmans’ reagent (DTNB). Figure 2 (open bars) shows
that the thiol group of Cys34 was almost completely blocked
within the first hour of the reaction.

Reversal of Oxidation at Cys34.To investigate the nature
of the blocking group, we studied the reversibility of Cys34
sulfur modification. ArsenitemNaAsQ,, was employed to
determine the amount of reversibly oxidized sulfur species, such
as sulfenyl iodide and sulfenic acid (see Schemes 1 and 2). The
Pt(IV) complex1 was incubated with rHA under the same
conditions as above, and samples were taken at 0, 0.3, 0.8, 1.5,
5, and 24 h. The reaction was stopped by three cycles of
ultrafiltration, and aliquots of the rHA samples were then further

contrast, no change in this band was detected on reaction ofincybated for 45 min at 310 K, with or without addition of

complexl1 with SH-blocked rHA (NEM-rHA) at any pH value.
Samples were taken during the incubation of comglaith
rHA to assess the thiol content of rHA. First, the reaction

excess arsenite (16.7 mM). After the incubation, the thiol content
was determined by using Ellmans’ reagent (DTNB). The closed
bars in Figure 2 show the thiol content of rHA after addition of

between the Pt complex and rHA was stopped after 0, 0.3, 0.8, excess arsenite during the reaction with the Pt(IV) comflex

1.5, 5, and 24 h by removing free Pt complex by three cycles

of ultrafiltration, and then the thiol content was determined by

(23) Differences between isolated albumin and the albumin in blood
plasma are discussed in: Christodoulou, J.; Sadler, P. J.; TUCKEERS
Lett 1995 376, 1-5.

and of the corresponding rHA controls (without addition of
arsenite, hatched bars). Statistical analysis of the data showed
that the differences between the closed and hatched bars are
significant at later time points (0-84 h of the reaction of rHA

with Pt(IV)), and 27% of Cys34 thiol was recoverable by
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Scheme 3. Structures, Absorption Maxima4ax, nm) and Pathways for the Reactions of
7-Chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-CI) with Functional Groups of Amino Acid Residues in Pfins

Cl
-
R(Cys)-SH =
(Cys)-S R(Lys)-NH,
R / NO, \ R
H NBD-CI TNH
/N (Amax 466, 345) /N
NBD-S-(Cys)R \f Yyr)-OH \f
R(Cys)-S-OH
(Amax 420) NO, (Cys) No, NBD-NH-(Lys)R
RTyr <o (Amax 340,480)
R /O R-S~
~s7 o _N
~ Y
NO2  NBD-O-(Tyr)R
NO, NO, (Amax 382)
NBD-0S-(Cys)R
(Amax 347)
addition of arsenite, suggesting that a significant amount of A rHA + PL(IV)
sulfenyl iodide/sulfenic acid is formed. 0.3 -

Gel filtration chromatography showed that even after 24 h
only monomeric albumin was present after incubatiof wfth
rHA (i.e., no disulfide-bridged dimers were detected). 0.2 1
Trapping Cys34 Adducts with NBD-CI. To confirm the
formation of Cys34-sulfenyl iodide/sulfenic acid of rHA, rHA
and Cys34-blocked rHA (NEM-rHA as control) were treated 0.1 4
with a trapping agent for cysteine sulfenic acid, 7-chloro-4-
nitrobenzo-2-oxa-1,3-diazole (NBD-&1,Scheme 3§* with and

rHA + H202

NEM-rHA

without prior exposure to the Pt(IV) compléx Recombinant 0 T ' T T T
albumin and comples were incubated in a molar ratio of 1:1 300 400 500 600
at 310 K (100«M) in 100 mM NaCl, 10 mM NakPQs, pH wavelength (nm)

7.4, and the reaction was stopped immediately after mixing or Figure 3. UV —vis spectra of the products of the reaction of NBD-ClI
after 20 min by three cycles of ultrafiltration. Protein samples With rHA, Cys34-blocked rHA (NEM-rHA), rHA preincubated for 1 h
were then incubated with 2 mol equiv of NBD-CI for 30 min with tr_ansci&[Pt(en)(OH)Iz], and rHA preincubated for 20 min with

at ambient temperature, and excess of NBD-C| was removed 202 in 100 mM NaCl, 10 mM NabPQ;, pH 7.4, at 310 K. The
by ultrafiltration. As controls, rHA and NEM-rHA were treated ~ J°¢7€as€ in intensity of the band at 408 nm, characteristic for NBD-
in the same way but without addition of complxin the UV— S—(C_ysS4)_rHA_, shows thgt the sulfur of Cys34 is blocked durl_ng the
I\:;s spectrum (see Figure 3), NBD-treated rHA showed two reaction YVIth e_|ther the duc_)do Pt(1V) compleixor H,O,, preventing
absorption maxima at 344 and 408 nm, the latter absorptionthe reacnc?n With the trapping agent NBD-CI (Scheme 3).

being due to the thietNBD adduct (NBD-S-Cys34). As Analysis of rHA alone by ESI-MS gave a molecular mass of

expected, NBD-treated NEM-rHA gave rise to only one band 66 440.5 Da (theoretical value 66 438.41 Da) (Figure 4A). In
at 344 nm. and the band for the thioWBD adduct was absent.  th€ ESI mass spectrum of NBD-treated rHA, there were peaks
The presence of two bands for the rHA reaction suggests thatat_ 66 _607'6 and 66 76_6'9 amu, which can be assigned to rH_A
there are two types of binding sites on rHA. After incubation with either one (theoretical mass: 66 604.2 Da) or two (theoreti-
of rHA with complex 1, reactions with NBD-CI did not give cal mass: 66 7,68'3 Da) molecules _Of bound NBD. When.rHA
rise to the absorption band at 408 nm (Figure 3), indicating the V&S reacted W_'th complex for 20 min and then treated with
blockage of the thiol during the reaction, whereas the band atNBD_'Cl’ a major peak of mass 66 621.8 amu was qbserved,
344 nm was shifted only slightly to 347 nm. The wavelength consistent with the expec.ted value for the sulfenic apld adduct
of the latter band is characteristic of a trapped protein sulfenic NBD-OS—(Cys)R (theoretical mass: ) 66 621.2.amu, Flgu're 4.8)'
acid adduct NBD-OS(Cys)R, but the presence of the 344 nm Therefore, the ESI-MS results confirm the thiol determination
band for NBD-treated rHA prevented the identification of the dat_a showing th"_ﬂ a sulfemc_ acid derivative of Cys_34 is formed
sulfenic acid based on the UWis data only. Electrospray mass during the reaction ofranscis-[Pt(en)(OH}lz] (1) with rHA.

: : . . Release of t from Complex 1 during Reaction with rHA.
t try (ESI-MS d to cl the identity of th . - R .
;E(;edcur((:)tme "y ( ) was used to clarify the identity of this To investigate the release of iodide from compltexduring

reactions with rHA, Pt and | were determined simultaneously

(24) (a) Miki, M. J. Biochem 1985 97, 1067-1072. (b) Aboderin, A. in the low and highV, fractions by inductively coupled plasma
A.; Boedefeld, E.; Luisi, P. LBiochim. Biophys. Actd973 328 20—30. mass spectrometry (ICP-MS). First the binding oftb rHA
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Figure 4. Electrospray mass spectra for (A) rHA and NBD-modified
products of rHA with either (Bjranscis-[Pt(en)(OH}l] or (C) H;O5.
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Figure 5. Reactions otranscis-[Pt(en)(OH}l;] (O, W) or [Pt(en)k]

(®, O) with rHA (mol ratio of 1:1, 100uM, 100 mM NacCl, 10 mM
NaHPOy, pH 7.4, at 310 K): percent distribution of bound,(O)

and unboundl, @) Pt (A) or | (B) determined by ICP-MS. The reaction
course of Pt shows that the Pt(ll) complex reacts slightly faster with
rHA compared to the Pt(IV) complex, and only a small percentage of
the iodide is bound to the protein at any time.

I(%)

10 mM bis-tris-propane, pH 9, gave similar results. After
establishing the washing procedure, the Pt(IV) complexas
incubated with rHA or NEM-rHA for 24 h at 310 K at a molar
ratio of 1:1 (100uM) in the same buffer. The high and lov;
fractions were separated by four cycles of ultrafiltration and
analyzed by ICP-MS. The distribution of Pt and | species in
these fractions is reported in Table 2. The recovery of Pt and |
from the complextiranscis-[Pt(en)(OH)l,], and from Kl alone
after the separation procedure was 100%. Blocking the thiol
group of Cys34 led to a dramatic decrease in the amount of
bound Pt, from 65.2+ 5.3% (8.1%, RSD) for rHA to 15.6
2.9% (19.3%, RSD) for NEM-rHA after 24 h. In addition, the
kinetics of binding of both Pt and | to rHA after reaction with

1 at 310 K at a molar ratio of 1:1 were studied over a period of
24 h using the same procedure as described above. At 2.5 h,
92.0+ 0.7% (0.8%, RSD) of | and 63.4 1.4% (2.2%, RSD)

of Pt were found in the low; fraction, Figure 5M), and only
36.6 £ 1.4 (3.7%, RSD) @) of platinum was bound to the
protein. The Pt/ ratio in the lovM, fraction decreased from
0.48 + 0.004 (0.89% RSD) corresponding to 1 Pt:2 | in the

The MaxEnt Electrospray software algorithm was used to deconvolute Pt(IV) complex1 just after mixing, to 0.18t 0.03 (15.5% RSD)

the charged ion series. (A) ESI-MS analysis of rHA gave a molecular after 24 h, indicating that iodide is released from the Pt(IV)
mass of 66 440.5 Da (theoretical value 66 438.41 Da). The ESI masscomplex. The increase in the Pt/l ratio for bound complex from
spectra B and C show peaks due to rHA with either one (theoretical 1 tq 4 gver 24 h suggests that the initial binding involves loss

mass: 66 604.2 Da) or two (theoretical mass: 66 768.3 Da) molecules
of bound NBD, and a peak at mass 66 622, which might be due to a
sulfenic acid adduct, NBD-OS(Cys)rHA (theoretical mass of 66 621.2

amuy).

was assessed by incubating rHA and KI (20@) in a molar

of one I ligand followed by the gradual loss of the second.
Two-dimensional 1H,1°N] HSQC NMR spectroscopy pro-

vided insight into the lowM, products formed during the reaction

of complex1 with rHA. The kinetic course of the reaction of
transcis-[Pt(*®N-en)(OH})l,], 1°N-1, with rHA and NEM-rHA

ratio of 1:2 in the same buffer as that above (100 mM NacCl, 10 at a molar ratio of 1:1 (15@M) was studied at 310 K. After 2

mM NaH,PQy, pH 7.4) for 24 h at 310 K. It was found that
33% of | (66 uM) was bound to the protein after the first
ultrafiltration step. This was reduced t@0.45% (0. M) after

h, two new cross-peaks assignable to'fiRt{en)ClI] (50%) and
[Pt(*>N-en)Chb] (10%) were observed, accounting for 60% of
Pt not bound to the protein®N/*H chemical shifts listed in

four ultrafiltration steps using the same buffer. Washing with Table 3). After 6.5 h, only a weak cross-peak for {P¢en)-
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Table 2.

J. Am. Chem. Soc., Vol. 121, No. 36, 81D

ICP-MS Determination of Percentage Distribution of Pt and | in Low and Hilglirractions Separated after a 24 h Incubation of

Pt(1V) Complexes and Kl with either rHA or NEM-rHA (1:1 mol ratio, 10, in 2100 mM NaCl, 10 mM NakPO;, pH 7.4, at 310 K)

compd albumin time (h) bound Pt (%) unbound Pt (%) bound 1 (%) unbound | (%)
cistrans[Pt(en)k(OH),] 1 - 0 0.5 99.5 0.5 99.5
rHA 0 35+ 1.2 96.5+ 1.2 144+ 0.6 98.6+ 0.6
24 65.2+ 5.3 34.8+5.3 7.8+ 1.1 92.2+1.1
NEM-rHA 0 1.2+0.2 98.9+ 0.2 0.8+ 0.2 99.3+ 0.2
24 16.9+ 2.0 83.1+ 2.0 2.0+ 0.1 98.0+ 0.1
cistrans[Pt(en)CL(OH),] 2 - 0 0 100
rHA 0 0.3+ 0.5 99.7+ 0.5
24 2.3+ 05 97.7+ 0.5
NEM-rHA 0 0.7+0.3 99.3+ 0.3
24 1.6+0.1 99.0+ 0.6
Kl rHA 0 1.0 99.0
24 15 98.5

aMean+ SD,N = 3.

Table 3. >N/*H NMR Chemical Shifts of Pt(ll) and Pt(IV)
Complexes

complex 0 (N/*H) 5N transto
transcis-[Pt(’N-en)(OHYl;] 1 13.92/6.52 [
[Pt(**N-en)k] 3 —14.69/5.12 |
[Pt(**N-en)ClI] 4  —35.70/5.14 cl
—11.43/5.28 [
[Pt(**N-en)Cb] 5 —31.35/5.23 cl
[Pt(*>N-enH)I(OH)]~ 2 —26.92/5.56 |

aThis long-lived ring-opened Pt(Il) species was detected after
reaction oftranscis-[Pt(*>N-en)(OH}I,] with glutathione'*

Cly] was visible, and the cross-peaks for [PX-en)ClI] had
disappeared. Cross-peaks for protein-botiNd-Pt species were

removed by ultrafiltration. The UMvis spectrum (see Figure

3) showed two absorption bands with maxima at 347 and 408
nm. The decrease in absorption at 408 nm (NBB(Sys)R)
compared to NBD-treated rHA indicated that Cys34 was partly
oxidized after a 20 min incubation of rHA with J@,. The
absorption band at 347 nm is assigned to the sulfenic acid adduct
NBD-OS—(Cys)R, but because NBD-treated rHA gave rise to
a band at 344 nm, further confirmation of this assignment was
needed. Analysis of rHA samples incubated wittOpland then
treated with NBD-CI by ESI-MS (Figure 4C) gave rise to peaks
at masses of 66 604.3 and 66 762.8 amu. These can be assigned
to rHA species with either one (theoretical mass: 66 604.2 Da)
or two (theoretical mass: 66 768.3 Da) bound molecules of
NBD. A major peak at 66 622.9 amu was detectable in the ESI-

not observed and were presumably too broad to be detectedy|s spectrum, which is consistent with the expected value for

since there was a reduction in the total peak intensity in the 2D
[*H,1N] HSQC NMR spectrum of about 8-fold.

Incubation of'®N-1 with NEM-rHA for 24 h at 310 K gave
rise only to thel>N/H cross-peak for the starting material,
indicating thattranscis-[Pt(1®N-en)(OH)l,] is stable when
Cys34 is blocked.

Oxidation of Cys34 with H,O; and I,. H,O; is known to
oxidize Cys34 of albumin to sulfenic acl&}”and reaction with
iodine gives rise to the sulfenyl iodide derivati#eThe thiol
content of rHA (10Q«M) was determined after incubation with
either HO; or |, at different molar ratios for 20 min at 310 K.
Excess of reagent was removed by three cycles of ultrafiltration.
Figure 2 (inset, open bars) shows that iodine (1:1 mol ratio)
and HO; (1:3 mol ratio) reduced the thiol content of rHA from
0.79 to 0.14 (82%) within 20 min. The amount of sulfenic acid

the sulfenic acid adduct NBD-OSCys)R (theoretical mass:
66 621.2 amu).

Reactions of rHA with the Dichloro Complex trans,cis-
[Pt(en)(OH).Cl] (2). The thiol content of rHA was determined
24 h after incubation with compleX (100 M, molar ratio of
1:1, 100 mM NacCl, 10 mM NabPO, buffer, pH 7.4). Three
cycles of ultrafiltration were used to remove unbound Pt
complex. Table 1 shows the thiol content of rHA 24 h after
reaction with the Pt(IV) complexekand?2. In contrast to the
diiodo Pt(IV) complex, the dichloro complex did not affect
the thiol content of rHA compared to the control. To determine
if complex 2 was binding at sites other than Cys34, Pt
determinations were carried out by ICP-MS. Compkwas
incubated with rHA or NEM-rHA for 24 h at 310 K (molar
ratio of 1:1, 100uM, 100 mM NaCl, 10 mM NakPOy, pH

and sulfenyl iodide (see Schemes 1 and 2) formed during the 7.4), and the higiM; and lowM; fractions were then separated

reaction of rHA with HO, and iodine, respectively, was

by four cycles of ultrafiltration and analyzed by ICP-MS. As

determined using arsenite. The reagents were incubated withcan be seen from Table 2, compl2xlid not react with either

rHA (100 uM) at different ratios in 100 mM NaCl, 10 mM
NaH,POy buffer, pH 7.4, for 20 min, followed by ultrafiltration
three times and further incubation for 45 min at 310 K with or
without addition of excess arsenite (16.7 mM). Figure 2 (inset)
shows that the recovery of reduced thiol after incubation of rHA
for 20 min with either HO, (molar ratio 1:3) or iodine (molar
ratio 1:1) and further incubation with arsenite (black bars) was
ca. 52% for both oxidizing agents compared to 37% after a 20
min incubation withl, transcis-[Pt(en)(OH)I;] (1:1 mol ratio).
The reaction of HO, with rHA was used to verify that NBD-
CI?1 traps the sulfenic acid derivative of Cys34 (Scheme 3).
rHA and HO, were incubated in a molar ratio of 1:3 (1M,
100 mM NacCl, 10 mM NakPOy, pH 7.4) and the reaction was
stopped after 20 min at 310 K by three cycles of ultrafiltration.
The sample was then incubated with 2 mol equiv of NBD-CI
for 30 min at ambient temperature, and excess NBD-Cl| was

rHA or NEM-rHA, showing that the presence of iodide ligands
in transcis-[Pt(en)(OH}I,] is critical for its reaction with Cys34
of rHA.

Reactions of rHA with the Pt(Il) Complex [Pt(en)l 7] (3).
Effect on Cys34.Complex3 was incubated with rHA in 100
mM NacCl, 10 mM NaHPO, buffer, pH 7.4, at a molar ratio of
1:1 (100uM), and samples were taken at 0, 0.6, 1.1, 4.5, and
24 h. LowM; Pt and | species were removed by three cycles of
ultrafiltration before determining the thiol content of rHA. The
diiodo Pt(Il) complex did not affect the thiol content of rHA
during the 24 h period (Table 1). In view of this, the Pt(Il)
complex was chosen as a control to assess if arsemite,
NaAsQ,, which was employed to determine the amount of
reversibly oxidized sulfur species (see Schemes 1 and 2) formed
during the reaction of rHA witli, was affected by the presence
of Pt(Il). Complex3 was incubated with rHA at a molar ratio
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of 1:1 (100uM) in the same buffer and samples were taken at (OH).l2] (1) with this protein and compared them with those
0, 0.57, 1.08, 4.5, and 24 h. The reaction was stopped by threeof the dichloro analogue of, transcis-[Pt(en)(OH}Cl;] (2),
cycles of ultrafiltration, and aliquots of the protein fraction were and with those of the diiodo Pt(Il) complex [Pt(efiX3). Little
then further incubated for 45 min at 310 K with or without attention has previously been paid to the biological chemistry
addition of excess arsenite (16.7 mM). The thiol content after of iodo Pt(Il) am(m)ine complexée$,probably because of the
the incubation was determined using Ellman’s reagent (DTNB). early findings thatis-[Ptl,(NH3),] is inactive as an anticancer
It was apparent that Pt(Il) did not affect the determination of agent Itis usually assumed that this is due to the high stability
the thiol content in the arsenite assay, since the same resultsand low reactivity of Pt(I1}-I bonds in aqueous solutid#2Our
were obtained for the controls (Figure 2, inset). new data are remarkable in that they demonstrate entirely the
The possibility that [Pt(en)] binds at sites other than Cys34  opposite trend: Pt(IF| bonds can be very reactive.
of rHA was then investigated. Samples from a 1:1 mixture (100  In the past, chemical studies on albumin have often been
uM, 100 mM NaCl, 10 mM NakPQ,, pH 7.4, 310 K) were hampered by its heterogenelfy:Typically, commercial human
taken over a period of 24 h (Figure 5, circles), and the albumin has a free thiol content of only ca. 0.1 SH MaF In
distribution of Pt and | in the high and lol, fractions separated  this work, we have been able to use recombinant human albumin
by four cycles of ultrafiltration were determined by ICP-MS. (rHA) in which Cys34 is largely unblocked, the thiol content
The Pt(Il) complex (Figure 5, circles) reacted slightly faster with being ca. 0.85 SH mot.1® The courses of reactions have been
rHA than the diiodo Pt(IV) complet (Figure 5, squares). After  followed by UV-vis (Pt(IV)—I LMCT band), ICP-MS and
2.5 h, 49.6% of the Pt was bound to the protein and 84.2% NMR spectroscopy (with'>N-labeling of en), gel filtration
after 24 h, whereas only 63.4% of the Pt was bound to rHA chromatography, and determination of the extent of thiol
after reaction with the diiodo Pt(IV) complek The reaction blocking using DTNB assays. The nature of the modifications
of [Pt(**N-en)k], 1°N-3, with rHA in a 1:1 molar ratio (150  at Cys34 have been identified via mass spectrometry trapping
uM, 100 mM NaCl, 10 mM NaHPQ,, pH 7.4, 310 K) was of adducts with NBD-CI| and arsenite assays.
also followed by 2D {H,"*N] HSQC NMR spectroscopy. Only Reactions of Pt Complexes with the Thiol of rHA, Cys34.
[*H,*N] peaks for [P*N-en)Ch] and [Pt¢*N-en)Cll] were  The study of the LMCT band dfanscis-[Pt(en)(OH}l,] (1)
observed, and no cross-peaks for protein-bound platinum wereshowed that it reacted only with recombinant human albumin
detected N/*H chemical shifts, see Table 3). After 2.5 h, (rHA), not with Cys34-blocked rHA (NEM-rHA), indicating
50% of Pt, which was not bound to the protein, could be that the thiol of Cys34 plays a dominant role in this reaction.
assigned to [P¥N-en)k] (33%), [Pt{*N-en)Cll] (15%), and  The diiodo Pt(IV) complex induced a complete blockage of the
[Pt(**N-en)Cb] (2%), by 2D [H,'®N] HSQC NMR spectro-  thiol group of Cys34 within 1 h. The pH profile of the reaction
scopy. resembles that reported previously for reactions of human
albumin with the oxidant dithiopyridin€. The minimum rate
of the reaction is close to theKp of Cys34 (between 5 and
7)1530a K, which is low compared to that of Cys in smaller
peptides, for example, glutathionek(p8.7)3! The increase in
reactivity at higher pH is probably attributable to the increased

Discussion

Anticancer Pt(IV) complexes, such as orally active JM216,
cistranscis-[PtClL(OAc),NH3(c-CsH11NH,)], are thought to be
prodrugs reduced to their active chloro Pt(Il) complexes by

i 7012 |t j ivi ; i
biomolecules: It is known that the redox reactivity of proportion of CysS present, and at low pH to the increased

Ft(lvgl compl:exes IS str(;ngly ?eﬁ?nde?t ond thg coordinated accessibility due to a conformational change in the proteinKN
igands. Replacement of axial chloro ligands by acetato or transition)!® The importance of the iodo ligands of compléx

hyd_roxo ligands, for ex_ample, stabilizes the Pi(IV) complex was apparent from studies of the analogous chloro complex
against attack by reducing ageftReplacement of chelating y»nq cis [Pt(en)(OH)CI5] (2) which had no effect on the thiol
amine ligands, however, by mono-coordinated am(m)ine ligands, oo ytent of rHA. Also, the Pt(Il) diamines, [Pt(eg)land

like ammonia, pyridine, and 3-picoline, increases the redox [Pt(en)Ch], had little effect on the SH content of rHA, and

potentials of P.I(IV) complexes and their _rea.ctiv?f?ySt.udies therefore platination of Cys34 does not appear to play a major
of redox reactions of Pt(IV) complexes with inorganic reduc- role in reactions of albumin with Pt(ll) diamines. We have

tants, such as thiocyanate, iodide, and thiosulfate, have shownyeacheq 4 similar conclusion for reactions of cisplatin with
that Pt(IV) complexes are reduced more easily asrtheceptor rHA. 19
character of the ligands increases and #h@éonor character Nature of the Cys34 Modification Induced by the Pt(IV)

7 :
ﬂ.e(zjreaesdeél.' I;h(?s al.i’r? llnoeen dn(;)t(;d 2%/ Pe(!;)jo'thate Ste”fﬁgy Complextrans,cis-[Pt(en)(OH)l ;). Reaction of compleg with
indered liganas wi wo-donor character increase glutathione (GSH) gives rise to GSS@hut the formation of a
reactivity Of. Pt(IBV) complexes toward inner and outer sphere disulfide-bridged albumin dimer was ruled out since only
redox reactionst monomeric albumin was detected by gel filtration. It is known

) . : . . . 213
Sir?ceg :ﬁ:cli'q?g’r'Thﬁo?'?éog:gihco?gzﬁ;néol;’ﬁ)g:%?:}afiéé have that Cys34 sulfenic acid is produced on reaction of albumin
] P ’ with H,0,1%17and that iodine oxidizes the thiol to the sulfenyl

studied reactions of the photoactive compieanscis-[Pt(en)- iodide derivativet® Sulfur in the oxidation state zero, as in

(25) (a) Choi, S.; Filotto, C.; Bisanzo, M.; Delaney, S.; Lagasee, D.; ; ; [SRgtH ;
Whitworth, J. L.: Jusko, A: Li, C. R.: Wood, N. A Willingham. J. sulfenic acid and sulfenyl iodide, can be reduced to the thiol

Schwenker, A.; Spaulding, Knorg. Chem1998 37, 2500-2504. (b) Ellis, by arsenite, and recovery of the thiol can be determined. Studies
L. T.; Er, H. M.; Hambley, T. WAust. J. Chem1995 48, 793-806. (c) with arsenite showed that the thiol at Cys34 of rHA could be
Yoshida, M.; Khokhar, A. R.; Siddik, Z. HCancer Res1994 54, 4691— 0 i i it
4697, (d) Kido, .- Khokhar A. R.. Al-Baker, S.. Siddik, z. kancer  Partly recovered (37%) after reaction with the diiodo PY(IV)
Res 1993 53, 4567-4572. complexl, suggesting that Cys34 sulfenic acid/sulfenyl iodtde
(26) (a) Kukushkin, Y. N.; Vshivtsev, V. I.; Spevak, V. Xh. Neorg. was formed. The remaining irreversibly oxidized Cys34 (63%)
Khim. 1975 20, 3123-3125. (c) Zheligovskaya, N. N.; Khidzhazi, R.;
Spitsyn, V.; Van'ko, S. llzv. Akad. Nauk SSSR, Ser. Khit®73 1, 160— (29) Pedersen, A. O.; JacobsenJJEur. J. Biochem198Q 106, 291—
162. 295.
(27) (a) Peloso, A.; Dolcetti, G.; Ettorre, org. Chim. Actal967, 1, (30) Lewis, S. D.; Shafer, J. ABiochemistry1l98Q 19, 6129-6137.
403-406. (b) Peloso, ACoord. Chem. Re 1973 123-181. (31) Whitesides, G. M.; Lilburn, J. E.; Szahewski, R.JPOrg. Chem.

(28) Peloso, APolyhedron1992 11, 21872193. 1977, 42, 332—338.
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may be either sulfinic or sulfonic acid arising from further
oxidation of sulfenic acid by oxygen. Similar thiol Cys34

J. Am. Chem. Soc., Vol. 121, No. 36,82%9

The increase in the Pt/ ratio for the hig fraction from
1.0 (monoiodo platinumprotein adduct) to 2.0 within the first

recoveries (ca. 52%) were achieved with arsenite after incubation2 h suggests either that there is substitution of the second iodo

of rHA with H,0O, and b, reagents which are known to give

ligand by chloride or that chelated Pt adducts without iodo

sulfenic acid and sulfenyl iodide species. It was clear that the ligands are formed. Little reaction tfanscis-[Pt(en)(OH}I;]

increase of the thiol content after reaction with arsenite in the
case of compleg, iodine, and HO, is due only to the formation
of sulfenic acid/sulfenyl iodide, because no change of thiol

with the Cys34-blocked rHA was observed, indicating that
Cys34 is responsible for the reduction process.
In contrast, the dichloro analogue @f transcis-[Pt(en)-

content was observed after addition of arsenite during the (OH).Cl;] (2), did not react with either rHA or Cys34-blocked

reaction of [Pt(en}], 3, with rHA. Radi et al*” have reported
that 52% of the thiol of bovine albumin is oxidized to the
sulfenic acid by HO,. Reaction of glutathione andcysteine
with albumin—sulfenic acid formed by reaction with NO .8,

and peroxynitrite are thought to be important pathways for the
formation of mixed disulfides in plasni4.

The electrophilic trapping agent 7-chloro-4-nitrobenzo-2-oxa-
1,3-diazole (NBD-CI) was used to detect the formation of
sulfenyl iodide and sulfenic acid during reaction of the diiodo
Pt(1V) complex1 with rHA. The absorption bands of the NBD
adducts allow identification of the thiol derivative (Scheme
3)2L.24 YV —vis experiments showed that rHA reacts with two
molecules of NBD-Cl, giving rise to the thiolate trapped species
Cys34-S-NBD (Amax 408 nm) and an unknown NBD adduct
(Amax 344 nm). The latter was still present after treatment of
rHA with the Cys34 blocking agent (NEM) and must therefore
be due to a nonthiol adduct. NBD-ClI is also known to form
adducts with phenols (Tyr) and amino grodpsyhich might
be responsible for the second NBD-rHA product. The Cys34-
S(O)-NBD adduct £max 347 nm) could not clearly be identified

rHA (NEM-rHA). Similarly, other Pt(IV) complexes with axial
hydroxo/acetato ligands, such as anticancer drugs JM216
(cistranscis-[PtCly(OAc),NH3z(c-CgH11NH2)]), IM383 (is,-
transcis-[Pt(OH)(OAc);NH3(c-CsH11NH>)]), and CHIP €is,-
transcis-[PtCL(OH),(i-CsH7NH>)2]), have been reported not to
react with human albumin after 243h.Pt(ll) analogues of
JM216 and CHIP, which have lost the axial OAc or OH ligands,
have been detected in human plasma, but the endogenous
reducing agents have yet to be identiffed.

Unexpectedly, the Pt(Il) complex [Pt(egl)(3) reacted faster
with rHA than transcis-[Pt(en)(OH)l]. Intriguingly, [Pt(en)-
I2] reacted rapidly with rHA via reactions which do not appear
to give products in which Pt is bound to Cys34 (no thiol
blockage), although most of the Pt (but not iodide) is bound at
other sites. Since compleXreacts rapidly with.-methionine
forming the chelate [Pt(en)(M&N)]*,%¢ it is possible that the
Pt(ll) binding sites are the sulfur atoms of methionine residues
in albumin (Met 87, 123, 298, 329, 446, and 548gspecially
Met 298, which is positioned on the surface of the protein.

Formation of Chloro Complexes during the Reactions of

by UV—vis spectroscopy because of the presence of the Pt Complexes with rHA followed by NMR. For physiological

overlapping band at 344 nm. In contrast to rHA, no interfering
band at 344 nm has been reported for protein tyrosine
phosphatas@® and alkyl hydroperoxide reductad®.In the
latter cases, the absorption maximum of the CyN8D
product occurred at 420 nm, compared to 408 nm in our work.

Analysis of rHA samples treated with NBD-CI by ESI-MS
after incubation with either ¥, or transcis-[Pt(en)(OH)I,]

(), however, gave rise to a major peak at 66 622 amu in both

spectra, which is consistent with the formation of the sulfenic
acid adduct NBD-OS(Cys)R (66 621 amu). This confirms that
a sulfenic acid intermediate is formed during the reactiofh of
with rHA.

Fate of the lodide Ligands.The simultaneous determination
of Pt and | by ICP-MS showed clearly that iodide was released
from transcis-[Pt(en)(OH}l,] during reaction with rHA, since
the Pt/I ratio in the lowM; fractions decreased from 0.5 (the
Pt/l ratio of complext) to 0.2 during the reaction. The detection
of 92% of | in the lowM; fraction indicates that sulfenyl iodide,
formed during the attack dfanscis-[Pt(en)(OH}l,] on Cys34,
is rapidly hydrolyzed to sulfenic acid. Our results are consisten
with earlier studies, which reported that iodide is not incorpo-
rated into proteins after oxidation of cysteine by iodine/iodine
monochloride, suggesting that sulfenyl iodide is hydrolyzed to
sulfenic acicf%-33

(32) Sulfenyl iodide¥ and sulfenic acids are very reactive and well-
known in organic sulfur chemistry: (a) Field, L.; Vanhorne, J. L,;
Cunningham, L. WJ. Org. Chem197Q 35, 3267-3273. (b) Field, L.;
White, J. E.Proc. Natl. Acad. Sci. U.S.AL973 70, 328-330. (c) The
complex{[(en)Co(SCHCH2NH>)]2I}>" has been characterized by X-ray

relevance, reactions oftranscis-[Pt(*>N-en)(OH}l;] and
[Pt(*>N-en)k] with rHA were carried out in a chloride-containing
buffer. The formation of 50% [P¥{N-en)ClI] and 10% [PcN-
en)Ch] was detected as loM, products (60% unbound Pt) by
NMR spectroscopy after 3 h. These chloro complexes can then
react with the protein via substitution reactions. The detection
of [Pt(*>N-en)ClII] after the redox reaction dfanscis-[Pt(*°N-
en)(OHYl,] with rHA is in agreement with the detection of free
iodide by ICP-MS. Cross-peaks for protein-bouttiN—Pt
species were not observed, although there was an 8-fold
reduction in the total peak intensity in the 2BH[1°N] HSQC
NMR spectrum, presumably because of broadening due to slow
tumbling and low mobility. Importantly, the reaction of
[Pt(*>N-en)k] with albumin was faster than that of the analogous
chloro complex, [P#N-en)CbL].37 After 2 h, only 33%
[Pt(**N-en)k], 15% [Pt¢°N-en)Cll], and 2% [P#°N-en)C}]
were found as lowM, products (50% of unbound Pt). Such
enhanced reactivity of iodo complexes toward biomolecules does

(33) (a) Trundle, D.; Cunningham, L. VBiochemistryl969 8, 1919~

t 1925. (b) Parker, D. J.; Allison, W. 8. Biol. Chem1969 244, 180-189.

(34) (a) Raynaud, F. I.; Boxall, F. E.; Goddard, P.; Barnard, C.; Murrer,
B. A.; Kelland, L. R.Anticancer Res1996 16, 1857-1862. (b) van der
Vijgh, W. J. F.; Klein, I.Cancer Chemother. Pharmacdl986 18, 129-
132.

(35) (a) Poon, G. K.; Mistry, P.; Raynaud, F. |.; Harrap, K. R.; Murrer,
B. A.; Barnard, C. F. JJ. Pharm. Biomed. Anall995 13, 1493-1498.

(b) Pendyala, L.; Krishnan, B. S.; Walsh, J. R.; Arakali, A. V.; Cowens, J.
W.; Creaven, P. XCancer Chemother. Pharmacdl989 25, 10-14.

(36) (a) Chen, Y.; Guo, Z.; Murdoch, P. del S.; Zang, E.; Sadler, £. J.
Chem. Soc., Dalton Transl998 1503-1508. (b) Siebert, A. F. M.;
Sheldrick, W. SJ. Chem. Soc., Dalton Tran$997, 385-393. (c) Guo,

Z.; Hambley, T. W.; Murdoch, P. del S.; Sadler, P. J.; FreyJUChem.

analysis, can be viewed as containing a derivative of a coordinated sulfenyl Soc., Dalton Trans1997 469-478. (d) Murdoch, P. del S.; Ranford, J.

iodide, and reacts with thiols to form disulfides: Nosco, D. L.; Heeg, M.
J.; Glick, M. D.; Elder, R. C.; Deutsch, B. Am. Chem. S0d.98Q 102,
7786-7787. (d) Ishii, A.; Komiya, K.; Nakayama, J. Am. Chem. Soc
1996 118 12836-12837 and references therein. (e) Goto, K.; Holler, M;
Okazaki, R.J. Am. Chem. Socl997 119 1460-1461 and references
therein.

D.; Sadler, P. J.; Berners-Price, Sldorg. Chem.1993 32, 2249-2255.

(37) 2D [*H,'>N] HSQC NMR spectroscopic studies of the reaction of
cis-[Ptlo(*®NHs),] with rHA showed even higher reactivity toward the protein
compared to cisplatin and [Pt#-en)k]. The reaction temperature had to
be lowered to 288 K, to allow detection of the starting material after mixing;
the diiodo Pt(ll) complex had already disappeared after 4 h.
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not appear to have been recognized previously, although it has
been noted that [Pt(en)lundergoes more rapid solvolysis in R&1
DMSO than the chloro compleX. Also, the iodo ligand of S
[Pt(dienMe)l]" is replaced much faster by halides, SCNnd A
thiourea than the chloro ligand in [Pt(dienMe)Ctue to greater e
nucleophilic discrimination, whereas the hydrolysis of the iodo (A
com_plepf is sloweP¢ _ _ _ _ C91-C75
Significance of Sulfenic Acid and Sulfenyl lodide Deriva-
tives of Proteins.Recently, X-ray crystal structures of |ow :
organic sulfenic aci#®eand sulfenyl iodidé® derivatives have
been reported. These provide clues as to how such reactive
intermediates might be stabilized in proteins. The reversible
oxidation of cysteines in catalytic sites of proteins to sulfenic
acids® by second messengers, such agOHand NO, is
important for the intracellular redox regulation of the activity
of DNA binding domains of proteins, such as nuclear factor |
(NFI),3% bovine papillomavirug? Fos, Jurt®™ and OxyR
transcription factof$' and enzymes, such as NADH peroxidéSe,
peroxiredoxins (Prx}?f papain and glyceraldehyde-3-phosphate
dehydrogenas® alkyl hydroperoxide reductagé® creatine
kinase332and tyrosine phosphatas@aCriteria for the stabiliza-
tion of Cys-SOH in proteins af# (1) the absence of other
vicinal protein thiols, (2) limited solvent accessibility and Figure 6. View of the region around Cys34 in the X-ray crystal
association with apolar elements of the protein structure, (3) Structure of human albumin, based on S. Sugio, S. Mochizuki, M. Noda,
ionization to the conjugate sulfenate base, and (4) intramolecular”: Kashimal1997 PDBid 1A06. Cys34 lies in a hydrophobic pocket
hvdrogen bondina. In rHA. Cvs34 is the onlv cvsteine in the and is close to Tyr84 and His39. B.o.th interactions may play a role in
Y ,g o g Ly y . y Yy . lowering the (K, of Cys34 and stabilization of the sulfenic acid.
protein and is situated in a hydrophobic crevice, which would
fulfil the first two criteria. Remarkably, Tyr84 lies near to Cys34 Scheme 4.Proposed Mechanism for the Reduction of
(see Figure 6, Cys34-S to Tyr84-O distance: 2.7 A) and may transcis-[Pt(en)(OH}I2] (1) by rHA?2
provide an apolar environment and limit solvent accessibility. oH
His39 is within 5 A of Cys34 and may play a role in lowering '/\

HZN’/ \\I - HZN// \\CI
the K, of the thiol and in the stabilization of the sulfenate base. ( e (M “p + (HA)Cys34-SI
A similar interaction has been observed in the X-ray structure ™Sy /| N +or HZN/ h S J'+ H,0
of enterococcal NADH peroxida®€ and human peroxidasé. OH (@

(rHA)Cys34-SOH + I-
1 +Cr
Conclusion " /(I' rHA Lo
These studies show that both the Pt(IV) and the Pt(Il) diiodo HN, G (HAYCYS34-SO,H
complexestranscis-[Pt(en)(OH}l;] and [Pt(en)}] are highly ( /'Pt'\
reactive toward human albumin, the major protein in blood H,N . cl T-PE-(tHA)
plasma. The single free thiol group at Cys34 might be expected ® N - T-
to reduce the Pt(IV) complex to Pt(ll). However, the reaction rHA
pathway does not simply involve loss of hydroxo ligands and Pt-(HA)
formation of [Pt(en))] together with albumin disulfide. The a|nitially, Cys34 attacks a coordinated iodo ligandlofiving rise

mechanism appears to involve attack of the thiolate of Cys34 to the sulfenyl iodide which then hydrolyzes to the sulfenic acid,
on aniodo ligand of transcis-[Pt(en)(OH)I;] (Scheme 4), together\_/vith the mor_loiodo mqnchloro Pt(I) comp#e 00 mM NaCl
forming Cys34 sulfenyl iodide, which is then hydrolyzed to Présent in the medium). This Pt(Il) complex can undergo further
. . . - s substitution reactions, giving rise to [Pt(en)[l5), and adducts with
SU|fen'_C _aC|d. The S_,ulferpc acid may then_ b? further o>_(|d|zed the protein at sites other than Cys34. Further oxidation of the sulfenic
to sulfinic or sulfonic acid. Interactions within the crevice of 4¢id is irreversible.
albumin containing Cys34 probably control the kinetic and
thermodynamic stability of reactive sulfenyl iodide and sulfenic ~ The reduction oftranscis-[Pt(en)(OH}l;] by glutathione
acid derivatives, and this may be crucial to the natural biological appears to occur via attack of the thiol on an iodo ligand of the
activity of albumin. Pt(IV) complex, forming a reactive chelate-ring-opened Pt(ll)
_ _ _ ethylenediamine complei®:? Attack on the highly reactive
19%3) (2) Goto, K.; Holler, M.; Okazaki, RChem. Commuri 99§ 1915~ sulfenyl iodide by another glutathione molecule gives rise to
(39) (a) McBride, A. A.; Klausner, R. D.; Howley, P. MProc. Natl. the disulfide. The ring-opened Pt(“) SpeCieS Undergoes further

Acad. Sci. U.S.AL992 89, 7531-535. (b) Hegde, R. S.; Grossman, S. R.;  ring-closure reactions and reacts with the releasedorming
Laimins, L. A,; Sigler, P. BNature 1992 359 505-512. (c) Yeh, J. I.;

Claiborne, A.; Hol, W. G. JBiochemistry1996 35, 9951-9957. (d) (40) Some previous work on reductive elimination mechanisms has
Stamler, J. S.; Hausladen, Nat. Struct. Bial1998 5, 247-249. (e) Becker, suggested the involvement of 5-coordinate transition states: (a) Goldberg,
K.; Savvides, S. N.; Keese, M.; Schirmer, R. H.; Karplus, PNAt. Struct. K. I; Yan J.; Breitung, E. MJ. Am. Chem. S0d.995 117, 6889-6896.

Biol. 1998 5, 267-271. (f) Choi, H.-J.; Kang, S. W.; Yang, C.-H.; Rhee, (b) van Beek, J. A. M.; van Koten, G.; Smeets, W. J. J.; Spek, A. Am.
S. G.; Ryu, S.-ENat. Struct. Biol 1998 5, 400-406. (g) Bandyopadhyay, Chem. Soc1986 108 5010-5011. (c) Byers, P. K.; Canty, A. J.; Crespo,
S.; Gronostajski, R. MJ. Biol. Chem1994 269 29949-29955. (h) Abate, M.; Puddephatt, R. J.; Scott, J. Drganometalics1988 7, 1363-1367.

C.; Patel, L.; Rauscher, F. J., lll; Curran, $ciencel99Q 249, 1157 However, a concerted mechanism giving rise directly to the ring-opened
1161. (i) Zheng, M.; Alund, F.; Storz, GSciencel998 279, 1718-1721. Pt(Il) species is also possible. This amounts to the elimination of the attacked
() Allison, W. S. Acc. Chem. Red976 9, 293-299. (k) Benitez, L. V; iodo ligand and thérans-amino group of ethylenediamine (tl&ns axis

Allison, W. S.J. Biol. Chem 1974 249 6234-6243. being defined by the ligand that is attacked by the reducing agent).
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[Pt(en)p] and with RSH or RSSR giving [{Pt(en)- These new findings of the unexpectedly enhanced reactivity
(u-SR} 2]?".42 A similar electron-transfer-drivetransligand of iodo platinum complexes toward the abundant blood plasma
labilization reaction probably occurs during reactionsrahs,- protein albumin, which is also an essential component of most

cis[Pt(en)(OH)I;] with rHA.*3 The ring-opened Pt(ll) species  cell culture media, will be of value when iodide ligands are
undergoes rapid ring closure and reacts with the large excessconsidered in Pt drug design. Interestingly, mono(iodo)mono-
of chloride ions forming [Pt(en)ClI], which is the only product (chloro) Pt(ll) diam(m)ines, such asis[Pt(NHs).Cll], are
observed by NMR spectroscopy. The Pt(ll) complex, [Pt(en)- antitumor-active like the dichloro complexes, and therefore,
ClI], can then undergo substitution reactions with chloride ions the high cytotoxicity of the diiodo Pt(IV) complexes against
and rHA forming, [Pt(en)G] and Pt-protein adducts. Surpris-  tumor cells in vitro in the absence of light can be explaikiéd.
ingly, in these Ptprotein adducts, Pt is not bound to Cys34. Improved understanding of how thermodynamic and kinetic
Our ICP-MS data show that iodide is released from the Pt(IV) control of the redox state of albumin can be achieved may lead
complex during the redox reaction. In contrast to reactions of to the design of novel drugs and to a better understanding of
complex 1 with the low M; thiol glutathione, for which the natural functions of this protein.

glutathione disulfide is the major product, rHA can stabilize
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