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Abstract: Cisplatin and its congeners are well-known to exert their therapeutic effects on cancer via interaction with 
DNA in the cell nucleus. On the other hand, the undesirable side-effects of these drugs appear to also be linked, at least to 
some extent, to interaction of the platinum with proteins and peptides. For other classes of anticancer drugs, interaction 
with proteins is in fact the primary pathway whereby therapeutically-useful effects are achieved. Here, a review is given 
of the known instances of interaction of cisplatin and related compounds with proteins and biologically relevant peptides, 
with emphasis on structural and reactivity aspects. 
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INTRODUCTION 

 One of the most important drugs employed in treating 
various types of cancers is cisplatin. Cisplatin is a yellow 
crystalline solid, slightly soluble in cold water and insoluble 
in most common solvents except N,N-dimethylformamide. 
Unlike most other drugs, which have an organic structure, 
cisplatin is a simple inorganic compound, [H6Cl2N2Pt] (cf. 
Fig. 1). It has two isomer forms, cis- and trans-, with the 
former being the active one (hence the name cisplatin); in 
aqueous solution, cisplatin slowly changes to the trans-form 
which has a low pharmacological activity [1,2]. 

 After administration, one of the chloride ligands at the 
cisplatin platinum center is displaced by water. Subsequent 
displacement of this water allows the platinum to coordinate 
to a basic site in DNA. After that, crosslinking of two DNA 
bases occurs via displacement of the other chloride ligand 
from platinum. The damaged DNA elicits DNA repair 
mechanisms, which in turn activate apoptosis when repair 
proves impossible [1-3]. 

 Two other widely-used platinum derivatives feature or-
ganic ligands to the metal: oxaliplatin [C8H14N2O4Pt ] and 
carboplatin [C6H14N2O4Pt ] (cf. Fig. 1). These two drugs 
show lower toxicity than cisplatin, allowing higher dosage 
during treatment; both have a kinetically slower leaving 
group, and are also less nephrotoxic than cisplatin. The limit-
ing toxicity of oxaliplatin is peripheral sensory neuropathy, 
also seen with cisplatin. Because the drugs have different 
profiles, the targets and mechanisms of action for these drugs 
are different; thus, oxaliplatin can be used with the patients 
who have developed resistance to cisplatin. Compared to 
cisplatin, oxaliplatin features a dicarboxylic ligand replacing  

*Address correspondence to this author at the Department of Chemistry and 
Chemical Engineering, “Babes-Bolyai” University, 11 Arany Janos str, 
Cluj-Napoca RO-400028, Romania; Tel: +40264593833;  
Fax: +40264590818; E-mail rsilaghi@chem.ubbcluj.ro 

the chloride ligands; its molecule is much bigger and its re-
activity is much lower than cisplatin. Carboplatin is better 
retained in the body, so that its effect is longer lasting. Its 
toxicity is lower than that of cisplatin [1,2]. 

 The need for more effective drugs as well as the wide 
range of side-effects (such as nausea, progressive peripheral 
sensory neuropathy, fatigue, vomiting, alopecia, hematologi-
cal suppression, renal damage) have, for several decades 
now, fuelled interest into understanding the complex mecha-
nisms of interaction of cisplatin and related compounds with 
various biomolecules [3]. One notable observation in this 
respect has been that cisplatin-derived platinum can bind to a 
range of proteins, as demonstrated by elemental analyses, 
chromatography and mass spectrometry. Indeed, it has been 
estimated that less than 5% of the cisplatin that has entered a 
cell will be found bound to DNA; the rest will bind to pro-
teins and small peptides [4]. As expected, cisplatin has a 
preference for binding thiol groups, with glutathione and 
metallothionein as important targets [5]. In fact, cisplatin 
induces a rise in the level of thiol groups in cells, which is at 
least in part responsible for the resistance developed against 
this drug. Thiol-blocking reagents favor cisplatin-DNA bind-
ing in vivo [6]. The thioether sulfur in methionine is also an 
important target, as witnessed among others by the fact that 
Pt-methionine adducts were detected in the urine of cis-
platin-treated patients [7,8]. 

 Using the nucleopeptide Met-d(TPG) containing a 
metionine moiety covalently linked to TpG dinucleotide [9] 
L-Met or homocysteine [10] it was demonstrated that the 
reaction with platinum complexes leads to platinum coordi-
nation to the sulfur atom which subsequently is substituted 
by the N7 atom of guanine. Monofunctional Pt migration 
from S to N7 can occur in a nucleopeptide under physiologi-
cal condition. However the chelate containing a Pt-(S, 
N7)bond is stable towards Pt-S dissociation and migration 
[9]. 
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Glutathione (GSH) 

 Glutathione is a cysteine-containing tripeptide with mul-
tiple protective roles and with intracellular concentrations as 
high as 10 mM. Cisplatin binds to glutathione in several 
manners, all involving the sulfur. While administration of 
glutathione together with cisplatin was found to have benefi-
cial effects in increasing the efficiency of anti-cancer treat-
ment [11-13], it remains to be examined to what extent this 
increase in efficiency was due to the reduced toxicity due to 
platinum ligation by glutathione, or due to the antioxidant 
effect of this peptide, or, rather, due to formation of more 
active platinum species under the influence of glutathione 
[14]. It is also known that the mechanisms whereby cells 
develop resistance to cisplatin [15] do involve a rise in glu-
tathione concentration as well as elimination of Pt-GSH ad-
ducts from the cell. Furthermore, a decrease in glutathione 
concentration at the kidney accompanies the nephrotoxic 
side-effects of this drug [16]. 

Metallothionein (MT) 

 Metallothionein is a low-molecular weight protein (60-70 
aminoacids in mammals) featuring 20 cysteines and 9 me-
thionines. With such a rich potential for metal ligation 
(which is of course not limited to the sulfur atoms), this pro-
tein can bind at least up to 7 metals at a time. Thus, MT may 
function to maintain normal metal homeostasis and regulate 
important cellular activities. Some evidence suggests that 
MT can also function as an antioxidant [17,18]. It has been 
known that intracellular oxidants may have a role in 
anticancer drug mediated programmed cell death. The 
observation that MT expression can be regulated by ambient 
oxygen levels led to speculation that MT may be an 
inducible antiapoptotic gene product [19]. While Zn is natu-
rally bound to MT, this metal can easily be displaced by oth-
ers, including platinum as evidenced by high-performance 
liquid chromatography (HPLC), atomic absorption spectros-
copy and ultraviolet (UV) absorption spectroscopy [20]. In 
cells treated with cisplatin, MT expression is increased as 
part of the resistance response elicited by the drug [20-23]. 

Transferrin (TF) 

 Human serum transferrin is found in blood at concentra-
tions of ~35 �M and normally transports iron; it can, how-
ever, also bind other metal ions – platinum included [24]. 
Reactions of human serum transferrin and Pt(II) compounds 
have been investigated with [1H,15N] NMR using the signals 
of the Pt complexes themselves, and with [1H, 13C] for the �-
CH3 groups of the protein methionine residues. Methionines 
256 and 499 are the main residues that serve as ligands to 
Pt(II); Cys 34, aspartates and tyrosines have also been dem-
onstrated to interact with platinum. Nanoelectrospray ioniza-
tion quadrupole time-of-flight mass spectrometry (nano ESI-

QTOF-MS) and size-exclusion high-performance liquid 
chromatography/inductively coupled plasma mass spec-
trometry (HPLC/ICPMS) were also employed for characteri-
zation of Pt drugs-holo-transferrin interactions [25]. Pt bind-
ing to TF at lower concentrations did not significantly 
change the structure of the protein (the complex formation in 
the case of oxaliplatin may occur through non-covalent bind-
ing). In fact, holo-Tf was proposed as a useful carrier for 
cisplatin delivery, as it allows prolonged liberation of the 
drug within the organism [26] (Fig. 2).  

Fig. (2). Structure of transferrin, highlighting residues known to 
ligate platinum.  

Ubiquitin 

 Ubiquitin is a small protein (8.5 kDa) involved in key 
cellular processes such as cell cycle control, DNA repair, and 
protein degradation. The N-terminal methionine and His68 
are the two main targets for cisplatin and related compounds 
in ubiquitin, as evidenced by ESI-MS and NMR measure-
ments. Platinum-modified ubiquitin interferes with proteoly-
sis and ubiquitination processes. The agents that can affect 
the ubiquitin system might be useful for the treatment of 
tumors and the ubiquitin system could be a new target for 
cancer chemotherapy [27-30].  

Thioredoxin (TRX) and Thioredoxin Reductase 

 Thioredoxin is a ubiquitous 13-kDa redox enzyme which 
uses electrons provided by NADPH via thioredoxin reduc-
tase. TRX protects against oxidative stress; increased TRX 
levels in certain types of tumors accompany cisplatin resis-
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Fig. (1). Chemical formulae of the most common platinum-containing drugs for cancer therapy.  
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tance phenomena. Cisplatin and oxaliplatin have been shown 
to in fact inhibit TRX directly. Thus, one hypothesis is that 
antioxidants such TRX may mediate resistance to cisplatin 
by blocking the pathway of apoptosis [31-33]. 

 The Pt(II)-(2,2':6'2'-terpiridine) adduct shown in Fig. (3)
binds to the selenocysteine active site in thioredioxin reduc-
tase, thereby acting as inhibitor [2]. 

DNA-Processing Enzymes 

 Topoisomerase II is inhibited by Pt(II)-(2,2':6'2'-
terpiridine) via two mechanisms – interaction with DNA and 
direct binding to the enzyme, which eventually involves a 
thiol group [2]. 

Metalloproteinase 

 Matrix metalloproteinases play an important role in vari-
ous physiological and pathological conditions such as tissue 
remodeling and cancer cell invasion and metastasis. A series 
of platinum (II) complexes (Fig. 3) with two or three labile 
ligands were found to inhibit matrix metalloproteinase 
(MMP-3) and the adducts were characterized by ESI-MS, 
CD, and NMR-spectroscopy, with evidence for binding at 
His224 [2]. Also, the decrease of the MMP-2 level in cis-
platin treatment might represent an additional mechanism by 
which cisplatin provides its antineoplastic effects [34]. 

Hemoglobin (Hb) and Myoglobin 

 The interaction of cisplatin, oxaliplatin and carboplatin 
with hemoglobin was also studied with nanoelectrospray 
ionization quadrupole time-of-flight mass spectrometry 
(nanoESI-QTOF-MS) and size-exclusion high performance 
liquid chromatography/inductively coupled plasma mass 
spectrometry (HPLC/ICPMS) [35]; heme release was a 
noted side effect of platinum binding. Furthermore, cis-
platin–Hb complexes were shown to be formed at clinically 
relevant concentrations of cisplatin and Hb, and differences 
were found between cisplatin, oxaliplatin and carboplatin in 
terms of adduct formation both with pure hemoglobin and 
when incubating blood with these drugs. Cysteine and 

proline residues were shown to be involved in the Hb-
platinum interactions [36-38]. Given the known importance 
of subtle conformational changes in cooperativity within Hb, 
and the importance of this cooperativity in controlling the 
affinity for molecular oxygen, it is conceivable that forma-
tion of Hb-Pt adducts would affect the oxygen-binding ca-
pacity of Hb, which would represent an undesirable side-
effect in vivo.

Fig. (4). Structure of hemoglobin highlighting the cysteine and 
proline residues involved in Pt binding.  

 Hb is present in high concentrations in blood and is par-
ticularly sensitive to changes in redox status, to the extent 
that under stress conditions such as physical effort or certain 
pathological conditions it engages in toxic reactions with 
oxidative stress agents- primarily peroxide – yielding free 
radicals and highly-oxidizing states at the iron (ferryl, Com-
pound II) [39-42]. As such, it may be expected that Hb might 
be sensitive to the stress imposed by cisplatin in patients; 
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Fig. (3). Examples of metal-based drugs with inhibitory effects on proteins/enzymes. 
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indeed, in a preliminary report we have shown that the 
autooxidation rate of hemoglobin is affected by cisplatin and 
related compounds [43]. Interestingly, upon incubation with 
whole blood a significant part of the total platinum was se-
questered into the erythrocyte within the first 2 hours, and 
was not exchangeable into plasma thereafter [44]. 

 Mass spectrometry was employed to show that myoglo-
bin can bind up to two cisplatin-derived Pt ions, at residues 
His116, Ser117, Lys118, and His 119 [45] (Figs. 4, 5). 

Fig. (5). Structure of myoglobin, highlighting the Pt binding site 
residues. 

Serum Albumin 

 Albumin is the most abundant protein in blood serum 
(~0.6 mM). Since albumin has a free thiol as well as 17 di-
sulfide bridges, one may expect efficient binding of platinum 
to this protein, too. Indeed, albumin is known to bind and 
transport a wide range of metabolites and exogenous sub-
stances (Fig. 6).  

Fig. (6). Structure of human serum albumin, highlighting Met resi-
dues involved in Pt binding. 

 It was shown that ~one day after cisplatin administration, 
65-98% of the total platinum was bound to blood proteins 
and especially to albumin. This binding does not limit the 
cytotoxicity of the platinum, but does limit its urinary excre-
tion. In fact, administration of albumin together with cis-
platin was found to limit nephrotoxicity [24]. Cisplatin 
causes distinct variations in protein conformation including 
considerable decrease of the helical structure and a change in 
binding affinity towards other molecules [46]. 

 Capillary isoelectric focusing (CIEF) with whole column 
imaging detection (WCID) [47], fluorescence spectroscopy, 
FT-IR, circular dichroism (CD) [48,49], inductively coupled 
plasma mass spectrometry (ICPMS) [50] and capillary elec-
trophoresis (CE) [51], 1H and 15N NMR spectroscopy [46] 
were employed in order to investigate the interaction of al-
bumin with oxaliplatin and cisplatin.  

 Met298 is the most accessible binding site and the main 
target for cisplatin in albumin; Met87 and Met446 were also 
shown to bind platinum, while, contrary to expectations, 
Cys34 had a less important role. A particular feature of al-
bumin is that cisplatin can induce inter-protein crosslinking 
via sulfur-platinum linkages [24,46,52,53]. It is important to 
note that results obtained on cisplatin cannot be extrapolated 
to its congeners: while oxaliplatin is slightly more reactive 
than cisplatin towards albumin [44], nedaplatin and 
lobaplatin (Fig. 7) bind only very weakly to serum proteins 
[14,52-55]. 

Pt
OH3N

OH3N

O

Nedaplatin

Pt
H2N O

OH2N

O

O
Lobaplatin

Fig. (7). Structures of the two platinum (II) complexes with less 
affinity towards serum proteins than cisplatin. 

Cytochrome c 

 Cytochrome c serves as key component of the electron 
transport chain but is also involved, most likely via redox 
reactions linked to peroxides, in the apoptosis process and as 
such may be expected to be a sensitive target for exogenous 
compounds such as cisplatin [56-58] (Fig. 8). 

 The interaction of platinum compounds with cytochrome 
c was studied with electrospray ionization mass spectrometry 
(ESI-MS), tandem mass spectrometry (MS/MS), Fourier 
transform mass spectrometry(FT-MS) and 1H NMR [59-62]. 
Cisplatin and carboplatin-derived platinum were found to 
have a preference for the iron ligand Met65 and for Met80 
[59-62]. Other targets for platinum (whether derived from 
cisplatin, carboplatin, or other compounds) in cytochrome c
are Cys14, Cys17, His18, His26, and His33. Such binding 
does not limit the cytotoxic effects of the metal [60].  

Copper-Binding Proteins 

 The copper transporter 1 (CTR1) is responsible for the 
uptake of Cu from extracellular space and has been shown to 
play a major role in the accumulation of platinum-based 
drugs. Cisplatin interacts with CTR1 both at 40MXXM45 and 
at a site outside the N-terminal domain that produces the 
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conformational changes that trigger degradation. It was 
speculated that CTR1 may mediate the transport of cisplatin 
through a pore it forms in the plasma membrane, as well as 
via endocytosis [63]. Another two Cu transporters involved 
in cisplatin efflux are ATP7A and ATP7B [64,65]. 

Fig. (8). Structure of cytochrome c, highlighting Met 65 and Met 80 
residues known to bind cisplatin.  

Other Membrane Platinum-Binding Proteins  

 MRP1 is an integral membrane multidrug resistance as-
sociated phosphoglyco-protein of the ATP-binding cassette 
superfamily. MRP1 confers resistance to several che-
motherapeutic agents, including cisplatin. This phenomenon 
involves mislocalisation of MRP1 as well as accumulation of 
a partly or unglycosilated form of the protein, under condi-
tions where the level of gene expression remains the same. 
An increase of the protein concentration in the cytoplasm as 
well as effects on endocytosis and membrane vesicle recy-
cling and on other membrane proteins such as folate-binding 
protein (FBP) were also noted [66].

Cytoskeletal Platinum-Binding Proteins 

 Two carboplatin –binding proteins (actin and filamin) 
were shown to be down-regulated in cisplatin-resistant cells. 
Moreover, reduced expression of �-tubulin, keratin and dy-
namin 2 was also demonstrated. Because actin, filamin and 
dynamin all play important roles in the endocytosis machin-
ery, it was proposed that the platinum-induced defects of the 
cytoskeletal system contribute to the reduced uptake of cis-
platin and carboplatin [67].

Coordinative Binding of Platinum to Proteins in X-Ray 
Diffraction Structures 

 A number of crystal structures are now known where 
platinum is bound to proteins. Not all cases involve cisplatin 
and its congeners: the presence of platinum may at times be 
fortuitous. However, all instances are reviewed here, insofar 
as they are instructive for the manners in which Pt-

containing biologically-active compounds may interact with 
proteins. Table 1 summarizes the cases where platinum is 
bound to proteins, as indexed in the Protein Data Bank. One 
general observation is that platinum appears to preferentially 
bind to sulfur-containing aminoacids (methionine, cysteine) 
and nitrogen-containing ones (especially histidine). Accord-
ing to the HSAB theory (hard-soft acid-base) the Pt2+ ion, 
with its large radius and relatively small charge, should be 
regarded as an essentially soft center, able to adjust the shape 
of its electron cloud in order to engage in interactions bear-
ing significant covalent character; therefore, ideal ligands for 
such a metal center are the soft ones (such as the sulfur in 
methionine and cysteine) and to some extent the borderline 
ones (such as the nitrogen in the histidine imidazole ring) 
[68]. 

 Davies et al. crystalised a transposon Tn5 bound to a 
terpyridine Pt(II) ligand (pdb code 1B7E) [69]. The platinum 
interacts directly with the polypeptide chain via the sulfur 
atom of cysteine 402 (Pt-Cys, Pt-S 2.7 Å), while the accom-
panying pyridine moieties also interact with other residues 
(Glu394 and Trp424). 

 Gorman et al. have determined the crystal structure of the 
human DNA repair endonuclease HAP1 co-crystallized with 
heavy metal atoms (pdb code 1BIX). The platinum interacts 
with Met271 (Pt-S 1.97 Å) and Lys 276 (Pt-N 2.91 Å) [70]. 

 Pt(II) was also found in the crystal structure of the ex-
tracellular membrane-anchored trehalose/maltose-binding 
protein (TMBP) from the hyperthermophilic Archaeon 
Thermococcus litoralis (pdb code 1EU8) [71]. Here, the Pt 
ion interacts with the sulfur atom of Met327 (2.68 Å). 

 Schubot et al. [72] have presented the crystal structure 
(pdb code 1JJF) of feruloyl esterase involved in the cleavage 
of ferulic acid’s bonds to arabinoxylan and pectin. Here, 
Pt(II) interacts with with Met173 (Pt-S 2.75 Å). 

 Another example of interaction with methionine is shiki-
mate kinase (pdb code 1L4U) [73] (Pt-S 2.45 Å). A 4-(2-
Hydroxyethyl)-1-piperazine ethanesulfonic acid molecule 
serves as additional ligand to the platinum ion. 

 The structural analysis of the chaperone adaptor protein 
ClpS in complex with the N-terminal domain of Clp (pdb 
code 1LZW) revealed the presence of platinum(II) ion inter-
acting with Met103 (2.53 Å) [74]. 

 The crystal structure of a truncated human EGFR ecto-
domain bound to TGFalpha (pdb code 1MOX) [75] reveals 
the presence of Pt bound to Met30 (Pt-S 2.3 Å). 

 Interaction with methionine (Pt-Met79 2.42 Å) was also 
reported for the first structure of a choline binding domain, 
from the toxin-releasing enzyme pneumococcal major 
autolysin (LytA) (pdb code 1NNW) [76]. 

 The human complement regulator CD55 is a key mole-
cule protecting self-cells from complement-mediated lysis. 
X-ray diffraction (pdb code 1OK9) [77] shows a PtCl2 moi-
ety linked to a methionine (Met227, Pt-S 2.4Å) and to a his-
tidine (His231, Pt-N 1.89 Å and 3.01 Å respectively). 

 The crystal structure of pitrilysin (pdb code 1Q2L), the 
prototype of insulin-degrading enzymes, reveals the presence 
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Table 1. Crystal Structure for Some Proteins and Platinum Binding Complexes Determined Up to Date 

Pdb code Protein name Pt interaction 

1AY2 Neisseria gonorrhoeae pilin His 

2PIL Neisseria gonorrhoeae pilin His 

1B7E Transposon Tn5 Cys 

1BIX human DNA repair endonuclease HAP1 Lys Met 

1EU8 
trehalose/maltose-binding protein from the hyperthermophilic Archaeon  

Thermococcus litoralis
Met 

1GWB Glycoprotein Ib (GPIb) Thr 

1RLI Bacillus subtilis trp repressor binding protein Gln, His, Lys, Met, Thr 

1JJF Clostridium thermocellum cellulosomal xylanase Z Met 

1L4U Mycobacterium tuberculosis shikimate kinase Met 

1LZW 
Escherichia coli

adaptor protein ClpS 
Met 

1MOX truncated human EGFR ectodomain bound to TGFalpha Met 

1NNW 
Pyrococcus furiosus 

 Pfu-1218608 
Met 

1OK9 
human complement 

regulator CD55 
His, Met 

1Q2L pitrilysin Arg, His 

1QJ8 Escherichia coli OmpX membrane protein Met 

1QVR 
Thermus thermophilus

ClpB chaperone 
Arg, Gln, Lys, Met, Thr, Tyr 

1QYY 
N-terminal domain of 

human platelet receptor glycoprotein Ib-alpha 
His 

1RH7 resistin Met 

1RNL Escherichia coli response regulator NarL Met, Glu 

1RR7 
Mor protein of  

bacteriophage Mu 
His, Met 

1SEN 
Endoplasmic reticulum 

 protein Rp19 
Cys, Lys 

1SF9 Bacillus subtilis YfhH hypothetical protein Met 

1SJ7 
talin rod spanning  

residues 482-789 
Ser, Arg, Lys 

1UAS rice alpha-galactosidase complexed with D-galactose Met 

1W07 
Arabidopsis thaliana

Acyl-CoA oxidase 1  
Met,Glu, His, Asn 

1XC3 
Bacillus subtilis  

putative fructokinase 
Met 

2BHO Yersinia enterocolitica type III secretion chaperone SycT His 
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(Table 1). Contd….. 

Pdb code Protein name Pt interaction 

2CH8 
Epstein-Barr virus  

oncogene BARF1 
Met, His, Glu 

2DQA Tapes japonica lysozyme Met 

2I6Z Ciplatin and hen egg white lysozyme adduct His 

2IS9 DCN-1 protein Met 

2HR8 
Pyrococcus horikoshii

OT3 PH0725 
Met, Glu 

2HUV 
Pyrococcus horikoshii

OT3 PH0725 
His 

2HUX 
Pyrococcus horikoshii

OT3 PH0725 
His, Met 

2PL1 PhoP regulator His 

2X2B Bacillus subtilis FapR protein Met 

2Z8Z 
platinum-bound S445C 

 mutant of Pseudomonas sp. MIS38 lipase 
Cys 

2ZZB human thioredoxin reductase 1 Cys 

3IWL, 3IWX cisplatin bound to a human copper chaperone Cys 

3M7K PacI-DNA enzyme complex Met 

of several platinum ions establishing the following interac-
tions involving four different platinum ions: Pt(1) with the 
His522 imidazole at 2.32 Å and with Arg886 at 3.18 Å, Pt(2) 
with the same Arg at 3.4 Å, Pt(3) with both nitrogen atoms 
of the His465 at 3.21 Å and 3.36 Å, Pt(4) with one nitrogen 
of His114 at 2.41 Å and Pt(5) with one nitrogen of His426 at 
2.3 Å and with Arg304 at 3.16 Å. 

 Vogt and Schulz [78] reported the crystal structure of the 
outer membrane protein X (OmpX) from Escherichia coli.
The coordination spheres of two bound platinum ions are 
described, the first bound to the two sulfur atoms of Met21 
and Met18 at 2.39 Å and 2.58 Å, respectively, and the sec-
ond to Met118 at 1.94 Å. Both Pt complexes are planar 
quadratic with chloride atoms in trans positions. 

 The structure of Thermus thermophilus ClpB (pdb code 
1QVR) [79] showed a significant number of platinum ions: 
Pt(1) interacting with Met619 at 2.36 Å, Pt(2) with Lys73 at 
3.07 Å and Met24 at 2 Å, Pt(4) with Met234 at 2.55 Å, Pt(5) 
with Met628 at 2.5 Å and with the two oxygen atoms of 
Thr625 at 2.1 Å and 2.46 Å respectively, Pt(6) with Met394 
at 2.48 Å, Pt(7) with the two nitrogen atoms of Arg393 at 
1.92 Å and 3.46 Å and with the amidic nitrogen and oxygen 
atoms of Gln184 at 2.37 Å and 3.46 Å respectively, and 
Pt(8) with Met624 at 2.2 Å and with the oxygen atom of 
Tyr627 at 2.88 Å. 

 Varughese et.al. studied the platinum-induced space-
group transformation in crystals of the platelet glycoprotein 
Ib alpha N-terminal domain (pdb code 1QYY) [80]. A plati-

num atom binds to His86 (Pt-N 2.31 Å) and a second one to 
His95 (Pt-N 2.47 Å). 

 Resistin is a member of the resistin-like molecule 
(RELM) hormone family. It is secreted selectively from adi-
pocytes and induces liver-specific antagonism of insulin ac-
tion, thus providing a potential molecular link between obe-
sity and diabetes. Crystal structures of resistin and RELMß 
(pdb code 1RH7) [81] reveal a hexameric structure wherein 
Pt-S (Met42) distances vary from 2.31 to 3.07 Å. 

 The crystal structure analysis of the nitrate/nitrite re-
sponse regulator protein NarL (pdb code 1RNL) [82] reveals 
the presence of three platinum ions bound to Met28 and 
three others bound to Met175 with one of them interacting 
also with Glu127 at 3.1 Å. 

 Two platinum(II) ions were reported in the crystal struc-
ture of the phage-encoded activator protein Mor of bacterio-
phage Mu, a member of the Mor/C family of transcription 
activators (pdb code 1RR7) [83]. The first one is bound to 
His63 (2.11 Å) and the second to Met116 (2.33 Å). 

 The crystal structure of Bacillus subtilis hypothetical 
protein YfhH (pdb code 1SF9) shows the presence of one 
platinum ion and one chloride ion. Interactions are with 
Met25 and Met69 at 2.43 and 3.49 Å respectively. 

 The interaction between the cytoskeletal proteins talin
and vinculin plays a key role in integrin-mediated cell adhe-
sion and migration. The crystal structures of two domains 
from the talin rod spanning residues 482-789 (pdb code 
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1SJ7) [84] revealed a number of platinum-protein interac-
tions involving Ser630 (3.29 Å), Arg624 (1.5 Å) Lys540 
(2.84 Å). 

 A platinum ion is also encountered in the crystal structure 
of rice alpha-galactosidase complexed with D-galactose 
(pdb code 1UAS) [85], showing interactions with Met140 at 
2.34 Å and with Met176 at 3.46 Å. 

 Pedersen and Henriksen [86] reported the structure of 
peroxisomal acyl-CoA oxidase from Arabidopsis thaliana
(1W07) which plays an essential role in lipid metabolism by 
catalyzing the conversion of acyl-CoA into trans-2-enoyl-
CoA during fatty acid beta-oxidation. Three platinum ions 
are reported: one bound to Met256 at 2.51 Å, one bound to 
Glu2 at 2.76 Å, to His6 at 2.27 Å and to Asn624 at 3.45 Å, 
and a third platinum interacting with Met281 at 2.85 Å and 
His374 at 2.89 Å. 

 Cuff et al. determined the structure of a putative fructo-
kinase from Bacillus subtilis. The two Pt(II) ions are bound 
to Met33 (1.88 Å) and Met94 (2.11 Å) respectively (pdb 
code 1XC3). 

 Locher et al. [87] solved the crystal structure (2BHO) of 
the Yersinia enterocolitica type III secretion chaperone 
SycT, a system that injects effector proteins into host cells. 
Here, a platinum ion binds to His42 (2.25 Å). 

 The Epstein-Barr virus is a human gamma-herpes virus 
that persistently infects more than 90% of the human popula-
tion and is associated with numerous epithelial cancers, prin-
cipally undifferentiated nasopharyngeal carcinoma and gas-
tric carcinoma. The BARF1 gene is expressed in a high pro-
portion of these cancers. An oncogenic, mitogenic and im-
mortalizing activity of the BARF1 protein has been shown. 
The structure of the secreted BARF1 glycoprotein expressed 
in a human cell line (pdb code 2CH8) [88] reveals a dimeric 
organization with several platinum ions present, bound either 
to Met and His or to Met and Glu (e.g., Pt(2): Met160 at 1.26 
Å, His196 at 1.96 Å; Pt(4) Met176 at 1.51 Å and Glu178 at 
2.72 Å). 

 The crystal structure of Tapes japonica lysozyme with a 
substrate analogue (pdb code 2DQA) [89] reveals the pres-
ence of a Pt-S Met bond (with Met29, at 2.61 Å). Addition-
ally, the interactions of cisplatin and its analogues, trans-
platin, carboplatin and oxaliplatin, with hen egg white 
lysozyme were analyzed using ESI mass spectrometry, and 
the resulting metallodrug–protein adducts identified; the X-
ray crystal structure of the cisplatin lysozyme derivative 
[90], solved at 1.9 Å resolution (pdb code 2I6Z), reveals 
selective platination of imidazole N (Pt-N 2.12 Å). 

 Covalent modification by Nedd8 (neddylation) stimulates 
the ubiquitin-protein isopeptide ligase (E3) activities of 
cullins. DCN-1, an evolutionarily conserved protein, pro-
motes neddylation of cullins. The 1.9 Å resolution structure 
of yeast DCN-1 (pdb code 2IS9) [91] contains a platinum(II) 
ion bound to Met230 (Pt-S 2.06 Å). 

 In the crystal structure of the protein PH0725 from Pyro-
coccus horikoshii OT3 (pdb code 2HR8) three platinum ions 
are found: the first one binds to Met1 by Pt-N 2.56 Å and Pt-
S 2.0 Å while also interacting to Glu77 (Pt-O 3.27 Å), the 

second one to Met174 (2.16 Å) and the third one to Met220 
(2.54 Å). Another structure, 2HUX, contains only one plati-
num ion, bound to His126 (2.46 Å) and to Met243 (2.02 Å). 

 The crystal structure of the receiver domain of the re-
sponse regulator PhoP from Escherichia coli (pdb code 
2PL1) contains three platinum ions, of which one is bound to 
His15 (2.29 Å) and another one to His25 (2.21 Å) [92]. 

 The crystal structure of the yeast SLA1 SH3 domain
shows a platinum-protein bond involving Met12 (2.2 Å) 
(pdb code 2V1Q). 

 Two platinum ions are present in the structure of malo-
nyl-ACP(acyl carrier protein) from Bacillus subtilis (2X2B) 
[93]; one of them interacts with Met1 (Pt-N 2.99 Å). 

 The crystal structure of a family I.3 lipase from Pseudo-
monas sp. MIS38 in a closed conformation was determined 
at 1.5 Å resolution (pdb code 2Z8Z) [94]. Platinum binds to 
Cys445 (2.29 Å). 

 A metal-protein bond (Pt-Cys498) of 2.23 Å was re-
ported (pdb code 2ZZB) between a terpyridine-Pt complex 
and thioredoxin reductase [95]. 

 Boal and Rosenzweig [96] determined crystal structures 
of cisplatin bound to Atox1, a copper trafficking protein in-
volved in the cellular resistance to cisplatin (pdb codes 
3IWX and 3IWL). Platinum coordination involves the con-
served CXXC copper-binding motif. In 3IWL platinum ion 
is bound to Cys15 (2.35 Å) and to Cys12 (Pt-S 2.29 Å and 
Pt-N 2.27 Å). In the case of 3IWX Pt binds to two Cys resi-
dues (distances 2.1 and 2.3 Å). 

 The HNH restriction endonuclease PacI, which induces a 
remarkable DNA deformation, binds platinum to Met23 and 
Met28 of an � helix (pdb code 3M7K). 

 To conclude, cisplatin and related compounds are known 
to bind to several classes of proteins, with roles as diverse as 
structural, antioxidant, electron transfer, small molecule or 
ion transport, or DNA processing. Structural features of 
these binding phenomena were reviewed here, as well as 
instances where such binding was shown to result in altered 
function/structure of the respective proteins. These interac-
tions are likely to be worth considering among the mecha-
nisms whereby platinum-containing drugs induce toxic side-
effects in humans. Further systematic experimental work 
aimed at delineating the mechanisms of interaction between 
proteins and platinum-containing drugs is expected to pro-
vide valuable information not only on the degree to which 
these interactions are directly involved in toxic side-effects, 
but also on structural features which may be modified in 
order to limit interaction with those proteins where the effect 
of platinum is most critical. 
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