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Abstract 
Human and yeast analogs of a high affinity copper transport protein (hCtr1 and 

yCtr1) have been implicated in the transport of platinum-based drugs in cells.  Using 

liquid chromatography and mass spectrometry, we have compared the binding 

interactions between cisplatin, carboplatin and oxaliplatin with synthetic peptides 

corresponding to the methionine-rich regions of hCtr1 that encompass amino acid 

residues 7–14 (MGMSYMDS) and 39-46 (MMMMPMTF).   Incubation of cisplatin, cis-

diamminedichloroplatinum(II), with a peptide species containing a single methionine 

results in the loss of 1 or 2 chloride ligands of cisplatin upon coordination of the Pt 

center to the thioether of methionine and a backbone amide.  The interactions of 

cisplatin and carboplatin with Met-rich motifs containing three or more methionines 

result in removal of the carrier ligands of both platinum complexes. These results imply 

that the interaction of cisplatin with methionine-rich regions of hCtr1 alters the drug in 

such a way that it is no longer in its active form.  In contrast, in the presence of a 

peptide corresponding to residues 39-46 containing 5 methionines, oxaliplatin retains its 

cyclohexyldiamine ligand upon platinum coordination to the peptide.  This result 

indicates that should oxaliplatin utilize hCtr1 to enter a cell, the drug could remain in its 

active form. 

In an effort to exploit the interactions of Pt(II) species with methionine, a second 

project focused on the development of a fluorescent Pt(II) species that selectively 

coordinates methionine-rich motifs.  The syntheses of multinuclear Pt(II) and Ru(II)-Pt(II) 

complexes containing 2,3-bis(2-pyridyl)pyrazine (dpp) as a bridging ligand were carried 

out and their coordination to sulfur containing amino acids and bovine serum albumin 

were explored using UV-Vis and Fluorescence Spectroscopy techniques.  The 

coordination of methionine, cysteine and histidine to [Ru(II)[(Pt(II)Cl2dpp))3] results in 
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the removal of the Pt(II)Cl2 moieties from [Ru(II)(dpp)3].   As a consequence, dpp should 

not be incorporated into a Pt(II) species for the development of a met-specific 

fluorescent Pt(II) complex. 
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1 Introduction 
In 1961, while conducting experiments of the effect of an electric field on the 

growth of Escherichia coli, physicist Barnett Rosenberg and his colleagues discovered a 

series of platinum agents with the ability to inhibit cellular division.1, 2  Their findings 

would not only transform the methods by which cancers are treated, but also serve as a 

foundation for a branch of the pharmaceutical industry that amounts to 2 billion dollars 

in annual worldwide sales.3 

1.1 Platinum Chemotherapeutic Agents 

The platinum (II) species cisplatin, cis-diamminedichloroplatinum(II), is among the 

group of platinum agents discovered by Rosenberg (Figure 1.1).  Cisplatin is a square-

planar water soluble complex and displays promising results in the treatment of a 

variety of cancers including testicular cancer, with a 90% survival rate among patients.4  

The potency of cisplatin against several lines of cancer and resistance in others has 

promoted the development of thousands of platinum agents, however few have passed 

clinical trials and only two additional complexes, carboplatin and oxaliplatin, have been 

approved for use in the United States and other countries (Figure 1.1).  Carboplatin, 

approved by the FDA in 1989, was developed by replacing the chloride nucleophiles of 

cisplatin with 1,1cyclobutane-dicarboxylate, a more stable coordinating group.  The use 

of this chelating ligand affords a drug that is less neurotoxic, less toxic to the 

gastrointestinal tract, and lacks the nephrotoxicity observed in cisplatin administration.5  

Approved in 2002, almost 40 years after the discovery of cisplatin, oxaliplatin exhibits 

retention of activity against some cancers which have intrinsic or acquired resistance to 

cisplatin.5 
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Figure 1.1: FDA approved Pt(II) chemotherapeutic agents cisplatin, carboplatin and 
oxaliplatin. 

1.1.1 Cytotoxic Mode of Action 

Rosenberg’s early studies found that cisplatin halted cellular division, an 

observation that led to the elucidation of the drugs cellular target as the nucleus.  

Currently, the most widely accepted mode of cytotoxic action for all Pt-based 

chemotherapeutic agents is their ability to form DNA adducts, halting replication and 

cellular division.1, 2, 6  Interactions of Pt(II) metal centers to DNA occurs through the N7 

atom of purine bases guanine and adenine (Figure 1.2).7, 8  The binding of Pt(II) species to 

DNA via nitrogen donor atoms in DNA bases lead to various degrees of kinking and 

bending of the double helix.  The ability of Pt(II) complexes to coordinate to DNA and 

the degree of this distortion is dependent on the DNA sequence.9-14  

The major products of cisplatin coordination to DNA were studied by digestion 

of cisplatin treated salmon sperm DNA and subsequent chromatographic  
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Figure 1.2: A. Structure of purine bases guanine and adenine which serve as targets 
for Pt(II) based chemotherapeutic agents.  Coordination takes place via the N7 

nitrogen in both bases (highlighted in red).  B.  1,2 intrastrand cross-links are the 
predominant Pt(II)-DNA adducts, however 1,3-intra and 1,3-interstrand crosslinks 

as well as monofunctional adducts also form in small amounts. 
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separation.15  Cisplatin coordination to DNA resulted in the formation of 1,2- 

intrastrand cross-links formed through coordination to adjacent bases (Figure 1.2).  47-

50% of these adducts were cis-[Pt(NH3)2-(d(GpG))] (G=guanine), while 23-28% were cis-

[Pt(NH3)2-(d(ApG)) (A=adenine).  An additional 8-10% of the digested DNA products 

were composed of 1,3-intrastrand crosslinks between two guanine bases that were not 

adjacent to one another and the final 2-3% were monofunctional adducts with 

coordination to guanine.15  In a similar study utilizing [Pt(en)Cl2] (en = 

ethylenediammine) as the Pt(II) coordinating species the adducts formed were 65% cis-

dGpG, 25% cis-dApG and 6% cis-dGNG adducts (Figure 1.2).16  

The rate at which Pt(II) complexes coordinate to DNA varies greatly depending 

on the complex.17, 18  The kinetics of aquation and DNA coordination of cisplatin and 

carboplatin, measured at 37 °C, phosphate buffer pH 7, are 8x10-5s-1 and 7.2x10-7s-1 

respectively.  This significantly slower rate of carboplatin coordination indicates that it 

would be less effective in the treatment of cancer and in fact, a 100-fold larger dose of 

carboplatin is required for equivalent DNA binding and cytotoxic activity compared to 

cisplatin.17  Oxaliplatin forms fewer DNA-adducts than cisplatin, but in spite of its lack 

of adduct formation, the drug is overall more efficient than cisplatin as it displays 

similar or greater cytotoxicity in several tumor lines.18 

While Pt(II) therapies are quite effective in the treatment of cancers, only 

approximately 1% of the administered drugs reach the nucleus and become coordinated 

to DNA.15, 19  The low percentage of Pt(II) therapies coordinating to DNA is key 

evidence of side reactions preventing the cis-Pt(NH3)2
2+ core from the nucleus or 

resistance mechanisms in the cell. Side reactions causing drug inactivation, increased 

side effects and resistance arise from several pathways including inactivation by sulfur-

containing molecules, increased repair of Pt-DNA adducts, and decreased drug 
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accumulation.20  Cisplatin and Carboplatin share full cross-resistance as well as a 

marked increase in toxicity with a limited therapeutic index.21 

1.2 Transport of Platinum(II) Therapies 

In light of the differences in efficacy amongst Pt(II) chemotherapeutic agents, 

while having a shared method of cytotoxicity, the fate of Pt(II) drugs  post-

administration is of great interest.  The transport of cisplatin across the cellular 

membrane was first described as passive diffusion due to the inability to saturate the 

cellular uptake of cisplatin and to inhibit uptake with structural analogs.22-26  However, 

the discovery of varying sensitivities to platinum-based therapies across cell lines and 

the ability of some cell lines to develop resistance to platinum therapies were the first 

indications that that transport may not be limited to membrane diffusion.27-36  Andrews, 

et al observed the cellular uptake of cisplatin in both sensitive and resistant human 

ovarian carcinoma cells finding evidence of passive transport in both cell lines.  This 

evidence included the inability to saturate platinum uptake up to 100 µM and the lack 

of competitive inhibition of cisplatin uptake in the presence of structural analogs.  In 

addition to the evidence of passive transport, the extracellular concentration cisplatin in 

both sensitive and resistant of cells was lower than that of the intracellular platinum, 

indicating that uptake of cisplatin also took place via an active transport mechanism.  

Finally, introduction of metabolic toxins during the administration of cisplatin led to a 

decrease in its uptake indicating that at least 50% of the drugs transport is attributed to 

an energy dependent process.37 

These conflicting observations, as well as additional evidence that cisplatin 

accumulation can be inhibited with the introduction of metabolic inhibitors to uptake 

biological systems, have led to the development of a second theory of uptake via carrier-

mediated transport.38-43  Inhibition by metabolic inhibitors implies that various protein-
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mediated transport systems may be involved in the in the transport of cisplatin and 

platinum based chemotherapeutic agents. 

1.2.1 The Cu-Transport System as a Method for Pt-uptake 

A growing body of evidence indicates that the uptake of Pt(II) based therapies 

may be linked with the cellular processes that are responsible for regulating Cu 

homeostasis.44  Most recently, the copper transport system has been connected to the 

regulation of the cellular pharmacology of Pt(II)-based chemotherapeutic agents, as well 

as the sensitivity of cells to platinum drugs.45-52  The link between Cu transport and 

cisplatin uptake arose from the observation that many cell lines selected for resistance to 

Pt drugs also exhibited resistance to Cu, and vice versa.53, 54 

These findings led to a series of studies that focused on the selection of mutant 

yeast and mammalian cells that had an innate ability to grow in a cisplatin-rich 

environment.  The cells with highest resistance were found to be defective in the Mac1 

gene which encodes for transcription factor for expression of several Fe and Cu uptake 

genes.55  A series of individual deletions of Mac1s target genes in yeast identified 

downregulation of the Ctr1 gene as the deletion with the ability to demonstrate the same 

level of cisplatin resistance as the Mac1 deleted cells.55 

Uptake of cisplatin via Ctr1 has been observed in both cancerous and non-

cancerous cells.  For example, in human ovarian carcinoma cells cisplatin prevents the 

uptake of copper through Ctr1 transport and downregulates the transporter’s 

expression.56  Additionally, a comparison of resistant small cell lung carcinoma to its 

sensitive counterpart has shown that the resistant cell line expresses less than half of the 

Ctr1 protein when compared to cisplatin-sensitive cells.57  The knockout mouse models 

of the gene (mCtr1) show that deletion of the ctr1 gene causes a reduction in cisplatin 

accumulation ranging from 35-59% compared to wild-type cells. 55 
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Yeast models of Ctr1-defficient Saccharomyces cerevisiae displayed an increased 

cisplatin resistance that was not observed in cells deficient in other copper 

transporters.48  In wild-type yeast, cisplatin was able to not only downregulate the 

expression of Ctr1 protein, but also delocalize the protein from the cellular membrane 

through internalization and degradation of the protein.58  In addition to the triggering of 

degradation pathways, exposure to cisplatin has also shown to impede the cellular 

uptake via hCtr1 of both carboplatin and oxaliplatin.51  Deletion of the CTR1 alleles in 

murine embryonic fibroblasts indicates that the high affinity copper transporter controls 

cellular accumulation of the three Pt-based drugs.  Subsequently, it was observed that 

higher concentrations of oxaliplatin in cellular media may allow for the drug to utilize a 

different cellular entry mechanism.59   

Beyond the identification of a shared uptake mechanism, work with mammalian 

cells has identified a common efflux mechanism of Cu and Pt drugs in the Pt-type 

ATPases, ATP7A and ATP7B.49, 54, 60-62  Furthermore, the Pseuodomonas syringae 

chaperone protein CopC, with high-affinity Cu(I) and Cu(II) binding sites, methionine 

and histidine-rich respectively, coordinates to Pt(II) species at the methionine rich 

binding sites only.  Coordination to the methionine-rich sites resulted in the elimination 

of both amine and chloride ligands from the platinum core.63 

In addition to the bodies of work that support the relationship of Cu transport 

to Pt(II) uptake, several studies have shown that increased cisplatin transport via 

expression of hCtr1 does not always correspond to an increase in toxicity of cisplatin.49  

In fact, over expression of hCtr1 in several lines of tumors did not correlate to an 

increase in cellular influx of cisplatin.64  
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1.3 Ctr1 Proteins and Their Native Role in Cu Transport  

The Ctr1 family of proteins vary with respect to molecular size, sequence, and 

function but share similarities in design including four protein domains: (1) an 

extracellular N-terminal domain, (2) intracellular loop of varying length, connecting the 

membrane spanning portions, (3) a membrane region predicted to have 3 transmembrane 

portions, and (4) an intracellular C-terminus.65  Calculations by Spencer and Rees 

demonstrate that a structure formed by the three transmembrane regions of a single 

hCtr1 protein does not generate a pore large enough to transport metal ions.66  These 

calculations indicate that in order for Ctr proteins to facilitate Cu transport, they must 

oligomerize in some fashion, a process demonstrated in vivo and in vitro in several 

species.67-74  

Several lines of evidence point to Cu(I) as the active redox state for Ctr1 proteins.67, 

75-78  Ability to select Cu(I) over Cu(II) has been linked to the presence of methionine-rich 

domains within the protein.79  The yeast counterpart of Ctr1, yCtr1, is unable to 

transport Cu(II), Zn(II) and other divalent metals, however uptake of Ag(I) can take 

place in lieu of Cu(I).80  Transport of copper via Ctr1 has been most thoroughly studied 

in yeast S. cervisiae, with the human protein investigated through the use of a yeast 

model ctr1/ctr3 double mutant.81  Human fibroblasts transfected with hCTR1 cDNA 

demonstrate increased 64Cu uptake, indicating that the hCtr1 is a functioning copper 

uptake protein in human cells.  hCtr2 did not demonstrate the same involvement in 

copper uptake, implying that not all Ctr proteins share Cu uptake function.82  Once Cu 

is delivered to the intracellular space it is delivered to various chaperone proteins 

including superoxide dismutase (SOD), cytochrome c, and Cu-exporters ATP7A and 

ATP7B, although the transfer of Cu to these proteins is still not fully understood (Figure 

1.3).83-86  
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Figure 1.3: Copper uptake is facilitated in human cells via hCtr1 (monomers shown 
in purple, blue and green).  Upon entry into the cytosol, copper is distributed 
to copper chaperone proteins hCCs, SOD1, HAH1, Cox17 and Cytochrome C.  

The cellular fate of copper includes export proteins ATP7A and ATP7B. 
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1.3.1 Human Copper Transporter 1 – Structure and Function 

Human Ctr1 (hCtr1) is a 35 kDa protein with three transmembrane regions, 

extracellular N-terminus and an intracellular C-terminus.72, 75, 83, 87, 88  Localization of 

hCtr1 to the cellular membrane in this confirmation allows for multiple protein 

interactions via domains within the N-terminus forming a pore-type structure.   It has 

been recently proposed that the structure of this pore is a homotrimer, with is formation 

facilitating the transport of copper across the cellular membrane.73, 80, 88, 89  The Ctr1 

family is unique to other Cu transport proteins because the N-terminus contains 

methionine rich domains or “Mets” motifs, each containing 3-5 methionines in an 

arrangement of MXXM or MXM patterns.  hCtr1 contains two methionine motifs in its 

65-residue N-terminus while its yeast counterpart contains 8 mets-motifs in its 140-

residue extracellular domain (Figure 1.4).  In addition to the role of mets motifs in 

oligomer formation, an amino acid domain within the third transmembrane region of 

Ctr1 with a highly conserved Gly-X-X-X-Gly sequence has also been shown to be 

essential to the formation of fully functioning proteins.74 

1.3.1.1 hCtr1 and Its Interactions with Pt(II) Therapies 

In light of the fact that Ctr1 proteins do not transport divalent metal ions, and 

instead transport soft Lewis acids which are generally kinetically labile monovalent 

cations, it would be surprising that the proteins would play a role in the transport of Pt-

therapies.  Apart from the fact that both Cu(I) and Pt(II) are soft metals and therefore 

prefer soft coordination environments, their coordination chemistry is very different.  

Whereas Cu(I) can adopt multiple coordination geometries (linear, trigonal or 

tetrahedral), Pt(II) adopts only square planar geometries.  Additionally, Pt(II)-bound  
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Figure 1.4: The general structure of an human Ctr1 monomer localized on the 
surface of a cell, with three transmembrane regions that result in the 

orientation of the N-terminus in the extracellular space and the C-terminus in 
the intracellular space.  The N-terminus contains two methionine rich motifs 
spanning amino acids 7-14 and 39-46 with 3 and 5 methionines respectively.  
These methionine motifs are important for multimer assembly as well as Cu 

and cisplatin transport. 
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ligands are less likely to be kinetically labile, although inner-sphere ligand exchange 

reactions can take place, with their exchange depending on the trans effect of ligands. 

In spite of the chemical improbabilities of Pt(II)-therapies interacting with Ctr1, it 

is impossible to ignore the evidence that a link between the two exists.  One piece of 

such evidence is the observation that the extracellular N-terminus is critical for Pt drug 

cellular entry via Ctr1.  Both full-length and C-terminally truncated proteins transport Pt 

drugs, in contrast cells expressing Ctr1 with a truncation of the N-terminus fail to 

accumulate Pt drugs.57, 90   The methionine motifs in the N-terminus function to help 

stabilize multimers of hCtr1 through bridging of the Mets motifs, indicating a 

biochemical interaction between hCtr1 and cisplatin.91  Mutation of the 8 N-terminal 

methionines to alanines in hCtr1 result in a protein that is distributed properly in the 

plasma membrane, but is unable to trimerize upon exposure to cisplatin.  Stabilization 

of the trimer occurs due to the presence of several methionines in the N-terminus of 

hCtr1, where cisplatin forms crosslinks between sulfurs in the Mets residues.  Trimer 

formation via cisplatin is reversible through exposure to platinum chelating 

compounds.91 

Methionine-platinum adducts are not unique to human Ctr1 species.  Arnesano, 

et al have shown that in the presence of a mimic of a methionine-rich sequence of yCr1, 

MTGMKGMS, cisplatin is stripped of its ligands and binds in a 1:1 ratio.92  The 

interaction of this peptide with transplatin resulted in the displacement of the chloride 

ligands and retention of the amines.  Arnesano and others propose that following the 

interaction of cisplatin with methionine and its subsequent stabilization of the protein 

trimer, an endocytotic mechanism facilitates the uptake of a portion of the extracellular 

medium contained in vesicles, allowing for the transport of intact cisplatin.92 
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1.4 Pt(II) Species Interaction with Amino Acids, Peptides and 
Proteins 

Beyond their interactions with proteins in the Cu transport family, reports of the 

interactions of Pt(II) complexes with amino acids, peptides and proteins are abundant 

in the literature.93-101  Amino acids with R-groups containing sulfur and nitrogen have 

been shown to serve as anchors for coordination of Pt(II) complexes, both in vitro and in 

vivo.102, 103  Coordination of the soft acid Pt(II) metal center to the sulfur soft base is 

preferred and is more likely to form a stable bond than other nucleophiles.104  The 

thioether of methionine has the ability to displace chloro or aqua ligands of cisplatin.  

Because of the strong trans influence of the thioether sulfur, methionine coordination to 

the square-planar cis-diamminePt(II)2+ core can result in the loss of the amine ligand trans 

to the incoming thioether. 

1.4.1  Pt(II) Coordination to Glutathione (GSH) 

Glutathione (GSH) is a known target for Pt(II) coordination in the cell, with protein 

concentrations in the range of 0.5 to 10 mM (Figure 1.5).96, 105, 106  The tripeptide is 

composed of a Glu-Cys-Gly sequence and has shown to be a deactivating agent for 

cisplatin within the cell with some cisplatin-resistant tumor cells have elevated levels of 

GSH. 107-109  Interestingly GSH has been administered as a co-drug in chemotherapeutic 

treatments, which affords a decrease in toxic side-effects through the prevention of 

formation of alternative Pt-S adducts in other intracellular proteins.  Co-administration 

of cisplatin with GSH does not affect the antitumor activity of the drug, and in fact, 

GSH-Pt(II) 5’-GMP and DNA-adducts have been reported.96, 110, 111 

1.4.2 Peptide Hyrolysis as a Result of Pt(II) Coordination 

Various Pt(II) complexes have demonstrated selective hydrolysis of peptide bonds after 

anchoring to a peptide via Cys, Met or His side chains.112-114  The ability of Pt(II) 
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complexes to cleave peptide bonds is dependent on both the pH and peptide sequence.  

At a pH of 7.0, coordination of [PtCl4]-2 to the cysteine of GSH, results in the hydrolysis 

of the Cys-Gly carboxy-terminal amide bond (Figure 1.5).  This cleavage is congruent 

with the displacement two of the Pt(II)-bound chlorides, one to allow for coordination to 

a sulfur residue, and a second to allow for coordination of water to the Pt(II) core.112  

Hydrolysis of the Cys-Gly bond can be suppressed with the addition of NaCl, 

presumably preventing the displacement of the second chloride ligand from platinum.   

 

 

Figure 1.5: Glutathione (GSH) is a biological target for Pt(II) chemotherapeutic 
agents. Cleavage of the peptide (Gly-Cys-Gly) by [PtCl4]2- occurs at the Cys-Gly 

amide bond at the carboxy-terminus. 
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The coordination of cisplatin to peptides containing methionine, via the 

methionine thioether, initiates cleavage of peptide bonds that is directed towards the N-

terminus or C-terminus depending on peptide sequence.  In the case of a small tri-

peptide of the general sequence Ac-Met-R-OH (Figure 1.6), the location of hydrolysis of 

the peptide backbone is dictated by pH as well as peptide structure.  Coordination of 

the platinum to the thioether of methionine requires the removal of a chloride ligand.  

Following this coordination, the substitution of a water molecule for an ammine trans to 

the Pt-thioether bond can occur (Figure 1.6a).  Platinum may then coordinate to a 

backbone nitrogen towards the N-terminus or the C-terminus of the peptide.  If the 

coordination of platinum to the backbone occurs in a manner that orients the platinum 

center in close proximity to the C-terminus, coordination to the carboxylic acid may 

occur (Figure 1.6b).  At a pH <5, N-terminal coordination and subsequent cleavage is 

possible if R = histidine or glycine (Figure 1.6c).113  However when R  is a non-

coordinating amino acid, C-terminal coordination and cleavage have been reported 

across a pH range of 2.8-10 (Figure 1.6d).115 

N-terminal amide cleavage occurs at the second amide bond “upstream” from 

the coordinated methionine in the peptide sequences Ac-Gly-Met-Gly-OH and Ac-Gly-

Gly-Met-Gly-Gly-OH.  However, upon incorporation of histidine into a peptide 

sequence, X-Y-Met-(Zn)-His-OH (where n=1 or 2 and Z= a non-coordinating amino acid) 

cleavage can occur upstream or two amide bonds downstream, the latter occurring only 

if the Pt(II) anchors to both a Met-sulfur and His-nitrogen.113  Evidence of upstream 

amide bond cleavage upon coordination of cisplatin to methionine residues has also 

been observed in di- and tripeptides.116-118  In addition to the observation of peptide 

hydrolysis, in the case of some longer peptides (>5 amino acids), cleavage of the amide 

bond is in direct competition with the formation of macrochelates of the Pt(II) species 

and small peptides.115  
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Figure 1.6: The cleavage of small peptides by Pt(II) species varies with peptide 
sequence.  In small methionine containing peptides, cisplatin anchors though the 
thioether of methionine (a).  Once coordinated, a water molecule can displace the 
chloride ligand trans to the thioether sulfur.  (b) Coordination to an amide in the 

peptide backbone as well as oxygen in the carboxy terminus can occur in addition 
to the thioether coordination.  This coordination environment prevents cleavage of 
the peptide backbone. (c) At a pH <5 cleavage of an N-terminal amide bond can 
occur if R=Histidine or glycine. (d) Cleavage of the amide bond downstream from 
methionine can occur at a pH range of 2.8-10 when R is a non-coordinating amino 

acid.  In addition to the cleavage of a peptide via an internal (Pt-coordinated) water, 
an external water molecule can facilitate peptide hydrolysis when pH<7. 

 

 



 

17 

1.5 Intracellular Speciation of Cisplatin 

A more complete understanding of molecular interactions between the methionine 

motifs within hCtr1 and cisplatin necessitates the development of a model system 

mimicking cellular conditions during drug delivery.  Cisplatin (Figure 1.7) is administered 

as a drug cocktail, Platinol, where hydrolysis of the Cl- ligands is suppressed with 154 

mM NaCl.119  When the drug enters the blood the chloride concentration lowers to  
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Figure 1.7: The ligand substitution of cisplatin in solution varies with pH changes as 
well as changes in the concentration of nucleophiles. 

 
 

105 mM so hydrolysis takes place forming cis-[Pt(NH3)2(H2O)(Cl)]+, 2.  Since the pKa 

for deprotonation of 2 to form cis-[Pt(NH3)2(OH)(Cl), 3, is 6.56, both 2 and 3 are 
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present at a pH of 7.4.119  Compounds 1 – 3 not only have the ability to enter the cytosol 

of cells, they can also interact with components of the blood (Figure 1.7).  

Carbonate, a favorable nucleophilic ligand for metal ions, is a major component 

of blood with a total concentration of ~24 mM.120  This concentration includes the 

carbonate ion, bicarbonate, carbonic acid, and dissolved carbon dioxide.  Carbonate 

forms carbonato complexes (4 and 5) by attack of the carbonate ion followed by 

displacement of a metal-bound ligand, or by a dissolved CO2-hydroxo species 

interaction with a metal-bound hydroxo ligand (Figure 1.7).121  

Dabrowiak and others have argued that DNA, protein, and peptide binding 

studies using buffered solutions without a physiological concentration of carbonate do 

not take into account the effects that carbonate has on the cellular activity of cisplatin.  

Their work has found that cisplatin reacts with carbonate in a carbonate buffer (23.8 

mM) to produce two species, 4 and 5, Scheme 1.  In the presence of Jurkat cells (cells 

derived from human T-cell Leukemia), complex 4 can be taken up and/or modified by 

the cells.122  This finding suggests that the carbonate platinum species could be 

responsible for the biological and anti-cancer activity of cisplatin and in fact, 

coordination of Pt-carbonato complexes to DNA has been observed.120  In addition to 

formation of carbonato adducts with cisplatin, similar adducts have been observed with 

carboplatin.123, 124 

1.6 Project Focus and Aspects of Design 

The focus on the following project is to identify the molecular interactions of 

Pt(II) species with methionine-rich N-terminus of hCtr1.  The presumed mode of 

interaction between Pt(II) chemotherapeutic agents and hCtr1 is the thioether moiety in 

methionine.  Many studies focusing on sulfur coordination and activity of Pt(II) species 

utilize stable tridentate chelates of diethylenetriamine (dien) in order to suppress ligand 
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loss and focus exclusively on the Pt-S bonding interaction.105, 125-130  However, the 

potential replacement of the pendant ligands on chemotherapeutic agents, will have 

important repercussions on the mechanism of action of Ctr1 transported platinum, since 

the cis-diammine-Pt(II)2+ core is widely considered the active metal complex that binds 

DNA in cytotoxic action.  Therefore in the following work we focus exclusively on the 

interactions of hCtr1 peptides with clinically important Pt-based drugs themselves 

including cisplatin, carboplatin and oxaliplatin.   

In the design of a clinically relevant in vitro study we have mimicked the 

extracellular conditions that Pt drugs would encounter during drug delivery.  The buffer 

system that we have chosen is based on the work of Dabrowiak and others and contains 

23.8 mM carbonate, 1.13 mM phosphate and 100 mM NaCl at pH 7.4.120-124  The high 

chloride concentration was included in the buffer to match that found in blood and to 

minimize hydrolysis of the chloride ligands on cisplatin. 
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2 Coordination of Cisplatin to hCtr1 7-14K and Its 
Norleucine Derivatives1 

In an effort to deterimine the interactions of cisplatin with hCtr1 and to discern 

the role of methionine may have in this interaction, we focused our initial studies on the 

first mets motif in N-terminus of the protein.  This first motif encompasses amino acids 

7-14 and a sequence of Met-Gly-Met-Ser-Tyr-Met-Asp-Ser.  Methioine residues within 

the N-terminus have been implicated in the formation of oligomers of hCtr1 through the 

coordination of Pt(II) and the possibility that cisplatin could serve as a bridge to 

assemble oligomers of hCtr1.  Additionally, Arnesano et al. have demonstrated that 

cisplatin is stripped of its ligands and coordinates in a 1:1 ratio in the presence of a 

methionine-rich sequence of yeast Ctr1.92, 131  

In these studies we set out to answer two fundamental questions related to Ctr1-

mediated Pt drug uptake:  

(1) What happens to Pt drugs upon interacting with the extracellular domains of Ctr1? 

Our hypothesis is that the methionine residues in the Mets domains induce ligand 

exchange reactions, altering the original structure of cisplatin, which has important 

ramifications for the drugs efficacy. 

(2) How does the interaction of the protein with Pt drugs change the integrity of the 

protein itself?  Given the proclivity of Pt compounds to hydrolyze amide bonds, it 

is possible that Pt drugs may degrade hCtr1. 

2.1 Selection of Model Peptides 

The names and amino acid sequences of peptides used in this study are shown in 

Table 1.  In addition to the native sequence for residues 7-14, several mutant peptides 

were synthesized where two or more methionines were replaced with norleucine, which 

                                                        
1 Contents of this chapter have been previously published in Metallomics in 2010.13 1
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lacks a thioether moiety but otherwise serves a structural analog of methionine (Figure 

2.1).  Based on hard/soft acid-base principles we predict that the methionine thioether 

is necessary for Pt(II) species to coordinate to our model peptides. Therefore peptides 

with norleucine in place of methionine would have limited or no interaction with 

cisplatin. 

 

Table 1: Model Peptides of hCtr1 7-14K. 

Name Description Amino acid sequence 
P1 hCtr1 (7-14 K) Ac M G M S Y M D S K 

P1-3N 3 Met → Nle Ac Nle G Nle S Y Nle D S K 
P1M7 Met7 Ac M G Nle S Y Nle D S K 
P1M9 Met9 Ac Nle G M S Y Nle D S K 

 

 

 

 

Figure 2.1: (a) The N-terminus of hCtr1 contains two methionine-rich motifs 
spanning amino acids 7-14 and 39-46.   The focus of the first study will be on the 

first methionine motif, which contains 3 methionines.  (b) Various model peptides 
were synthesized using norleucine, a structural analog for methionine, in order to 
replace the thioether, the presumed coordination site of Pt(II) species with a non-

coordinating alkyl chain. 
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2.2 Materials and Methods 

2.2.1 Peptide Synthesis and Purification 

All peptides were synthesized on a Protein Technologies PS3 automated peptide 

synthesizer using Fmoc-PAL-PEG-PS resin (Applied Biosystems) in a 0.1 mmol scale.  

Standard Fmoc (9-fluorenylmethoxy-carbonyl)-protected amino acids (Novabiochem) 

were coupled with HBTU (O-benzyotriazole-N,N,N’,N’-tetramerthyluronium 

hexafluorophosphate; Novabiochem) in the presence of 0.4 M NMM (N-

methylmorphroline) in DMF (N,N’-dimethylformamide) for 20 min cycles.  Fmoc 

deprotection was achieved using 20% piperidine in DMF.  The N-termini of all peptides 

were acetylated with acetic anhydride and NMM.  Cleavage and side-chain 

deprotection of peptides containing methionine were carried out in the reaction vessel 

using a 7 mL cocktail of trifluoroacetic acid (TFA) with 100 µL triisopropylsilane (TIS) 

and 150 µL ethane dithiol (EDT) for 4 h with an additional 75 µL EDT and 65 µL 

bromotrimethylsilane  (TMSBr) added during the final 30 min of cleavage.  For peptides 

without methionines the cleavage cocktail consisted of TFA: water: TIS (95%:2.5%:2.5%) 

with a cleavage time of 3 h.  After evaporation of TFA, the remaining 1 mL TFA was 

washed three times with 10 mL aliquots of cold diethyl ether, air-dried, and lyophilized.  

The peptides were purified by preparative reverse-phase HPLC on a YMC C18 column 

(250 x 200 mm I.D.).  The masses of all peptides were determined by matrix-assisted 

laser desorption ionization time-of-flight (MALDI) or electrospray ionization mass 

spectrometry (ESI-MS).  Samples were suspended in α-cyano-4-hydroxycinnamic acid 

as matrix and examined on a Voyager DE-Pro mass spectrometer. 

Stock peptide solutions were periodically checked by HPLC to verify that they 

remained in the reduced state.  The peptides are stable in aqueous solution at room 

temperature for several days.  For storage, samples are kept at -20 °C in powder form or 
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frozen aqueous solution.  All of the peptides were made with an acetyl cap (Ac) on the 

N-terminus, an amide at the C-terminus, and a lysine residue added to improve their 

water solubility.  Derivatives of the Mets motifs were also used in this study, where 

norleucine (Nle) replaces two or more methionine residues within the peptide sequences.  

2.2.2 Peptide Studies with Cisplatin 

A 3 mM stock solution of cis-diamminedichloroplatinum(II) was prepared in 150 

mM NaCl solution.  Peptide solutions were prepared in DI H2O at varying 

concentrations, which were determined by using UV-Vis spectroscopy via the 

absorbance of tyrosine at 275 nm, or absorbance of the amide backbone at 215 nm and 

225 nm.  Reaction samples were prepared in a 1:1 stoichiometry of Pt(II):peptide at 800 

µM concentration in buffered solutions containing 23.8 mM carbonate, 1.14 mM 

phosphate and 100 mM NaCl.  The pH of the buffered solutions was adjusted to 7.4 

with 0.1 M HCl or NaOH.  Reaction mixtures were incubated at 37 °C for 24 h.  Studies 

investigating the reversibility were carried out using 10 equivalents of either 3,6-dithia-

1,8-octanediol (DTO), which were incubated with samples for 24 h prior to analysis via 

HPLC/ESI-MS or LCMS methods. 

2.2.3 High Performance Liquid Chromatography/ Electrospray 
Ionization Mass Spectroscopy 

Peptide interactions with cisplatin were analyzed using analytical reverse-phase 

HPLC on a YMC C18 column (150x4.6mm I.D.)  For HPLC analysis with internal 

standards, naphthalene was used as the standard.  Fractions collected from analytical 

HPLC runs were either lyophilized and resuspended for analysis or injected directly into 

an Agilent 1100 Series LC/MS trap, as well as the Voyager DE-Pro mass spectrometer. 
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2.2.4 Liquid Chromatography Mass Spectrometry Analysis 

All LC-MS mass spectrometry experiments were performed using an Agilent 

1100 SL LC/MSD-Trap instrument in positive ion mode at a flow rate of 40 or 60 

µL/min, a nebulizer pressure of 20 psi, a dry gas flow rate of 7 L/min, and an 

ionization chamber temperature of 300 °C.  Reverse phase LC gradients as well as 

mobile phases were optimized for each peptide and a Varian Polaris 3u C18-A 150 x 

1.0 mm column was used for all experiments. The gradient for P1 was as follows: 1 min 

10% B, 24 min 100% B, 30 min 10% B, where mobile phase B contains 97%:3% 

acetonitrile:water with 0.1% formic acid and A contains 97%:3% water:acetonitrile with 

0.1% formic acid.  The gradient for all other peptides was: 3 min 3% B, 37 min 90% B, 

42 min 90% B, where the mobile phases contains 0.1 mM ammonium acetate in place of 

formic acid.  All mass spectrometry data were collected using the centroid mode with a 

mass accuracy of +/-0.2 mass units.  The calculated isotopic patterns were generated 

using the isotopic calculator in the Data Explorer program supplied by Applied 

Biosystems.  

2.3 Results 

2.3.1 Development of Analytical Methods 

The coordination of Pt(II) species to amino acids and small peptides is well 

documented in the literature using analysis techniques such as HPLC, UV-Vis 

Spectroscopy and Mass Spectrometry.97, 116, 132, 133  Initially we focused our efforts on the 

use of HPLC for separation and ESI-MS for analysis of the products.  The use of HPLC 

in the separation of products resulted in what appeared to be an adequate separation of 

newly formed products for the collection fractions.  However, analysis of these fractions 

using a direct inject ESI-MS method indicated that multiple products were present in 

each fraction resulting in difficulties in the analysis of these fractions.  As a result of 
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these difficulties we utilized the Liquid Chromatography-Mass Spectrometry for inline 

separation and analysis of Pt(II)-peptide interactions. 

2.3.2 HPLC and ESI-MS Analysis of Cisplatin Interactions with hCtr1 
7-14 Peptides 

2.3.2.1 P1 + Cisplatin 

After 0 hours of incubation of P1 with cisplatin three peaks were observed in the 

HPLC trace.  The elution times for the species present in solution were as follows: 

cisplatin (1:54 min), P1 (18:10 min), and naphthalene, our internal standard (31:5 min).  

After 15 hours of incubation at 37 °C, the peak at 18:10 min for P1 decreased in 

intensity and 6 new peaks appeared (Figure 2.2).  These peaks were not well defined, as 

many overlapped, especially in the region of 15-17 minutes elution time.  This is 

apparent in the mass spectrometry data, as several species of varying molecular weights 

were observed in each fraction collected on the HPLC.   

2.3.2.2 P1-3N + Cisplatin 

In order to verify that the interactions of Mets peptides with cisplatin are 

dependent on the thioether functional groups of the methionine residues, we prepared a 

‘mutant’ peptide in which all 3 methionines are replaced by norleucine (P1-3N).  This 

peptide was incubated at 800 µM concentration in a 1:1 mixture with cisplatin in our 

standard reaction buffer.  After 24 h of incubation at 37 °C, the sample was analyzed 

by HPLC.  No new bands are observed in the HPLC trace, and the signal intensity of the 

band corresponding to apo-peptide is comparable to that of the sample taken at 0 h 

(Figure 2.3).  Based on these findings it was determined that no reaction occurs between 

cisplatin and P1-3N and that Met residues are required for peptide–Pt adduct 

formation. 
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Figure 2.2: HPLC trace of P1 incubated with cisplatin.  The reaction was monitored 
at 0, 1.5, 3, 6, 8, 10 and 24 hours.  At 24 hours a portion of the apo-peptide (18:15 

min) had disappeared and new peaks in the range of 14-17 minutes had emerged.  
These peaks were not well defined and overlapped considerably and therefore 

when the fractions were analyzed using direct inject ESI-MS, a variety of products 
were seen in each fraction collected. 
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2.3.2.3 P1M7 + Cisplatin 

P1M7, where methionine residues 9 and 12 were replaced with norleucine, was 

incubated with cisplatin and monitored over 96 hours.  The incubation of cisplatin with  

the mutant peptide resulted in the appearance of 8 new peaks in the HPLC 

chromatogram (Figure 2.4).  ESI-MS analysis of both the reaction mixture before HPLC 

and the HPLC fractions collected indicated the presence of several products with mass 

to charge ratios as shown in Table 2.  Because of the overlap of peaks in the range of 18-

19 minutes elution in the HPLC trace shown in figure 2.4, collecting fractions containing 

a single species was difficult.  Therefore assignments of a predominant species for each 

elution time based on mass to charge ratios were not possible. 

2.3.3 LC-MS Analysis of Cisplatin Interactions with hCtr1 7-14 
Peptides 

2.3.3.1 P1 + Cisplatin 

The reaction of 800 µM peptide P1 incubated with one equivalent of cisplatin in 

our standard buffer at 37 °C was monitored over the course of 24 h via LC-MS.  As 

shown by the chromatography traces in Figure 2.5, the signal for the P1 apo-peptide 

decreases in intensity over time while several new peaks emerge.  After 4 h of incubation 

at 37 °C, the intensity of the apo-peptide peak decreases by a third, and two new 

predominant products appear with elution times at 10 and 11.7 min and corresponding 

m/z values centered at 1284.3 and 1320.3, respectively.  The 1284.3 value is consistent 

with the mass of the peptide plus a naked platinum(II), which implies that all 4 of the 

original cisplatin ligands have been replaced by peptide-based ligands.  The donor 

atoms from the peptide are presumably 3 neutral sulfurs from the Met residues plus a 

deprotonated amide nitrogen from the peptide backbone to give overall a cationic 

complex [Pt(P1-H)]+ with a predicted isotope pattern that matches the experimental  
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Figure 2.3: HPLC trace of P1-3N incubated with cisplatin. (*indicates peaks 
corresponding to slight contamination due to the presence of peptide containing 

oxidized methionines in the peptide stock.) 
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Figure 2.4: HPLC traces of P1M7 + cisplatin and 0 and 96 hours.  The apo-peptide 
elutes at ~19:30 min and decreases in intensity as new species form and elute in the 

17-19 min range.  The overlap of the peaks prevented a clean separation of newly 
formed Pt-peptide adducts and collection of fractions.  Therefore it was not possible 
to clearly identify the newly formed species at each elution time using a direct inject 

ESI-MS analysis of each fraction collected. 

 

Table 2: Mass to Charge Ratios of Products of P1M7 + cisplatin. (+ denotes peaks 
corresponding to the full-length peptide.)   

Mass to Charge Ratio Charge Species (if known) 
399.3 +1  
430.8 +1  
441.3 +1  
527.9+ +2 P1M7 + 2H+ 
538.9+ +2 P1M7  + H+ + Na+ 
650.9 +1  
653.9 +1  
659.9 +1  
701.8 +1  
711.5 +1  
780.7 +1  
881.7 +1  

1054.9+ +1 P1M7 + H+ 
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result (Figure 2.6a).  Alternatively, the peptide could use two thioethers and two 

deprotonated amide nitrogens to coordinate Pt and retain a proton on Lys to 

accommodate an overall positive charge with an identical mass.  The second major 

product, with m/z centered around 1320.3, is consistent with Pt(II) bound to the 

peptide and one Cl- to give [PtCl(P1)]+ with a predicted isotope pattern that matches 

the observed spectrum (Figure 2.6b).  The peptide-based donor atoms in the case are 

presumably 3 neutral thioether sulfurs. 

After 24 h of reaction time, the peak for the apo-peptide completely disappears, 

while those corresponding to m/z values of 1284 and 1320 grow in, along with other 

peaks that unfortunately do not provide a mass signal.  No significant changes are 

observed between the 4-h time point and the 24 h time point, so only the 0, 4 and 24 h 

traces are shown in Figure 2.5. 

While several of the products seen forming over the course of 24 h were unable to 

be identified by mass spectrometry, their formation was reversible by the addition of 10-

fold excess of 3,6-dithia-1,8-octanediol (DTO) to the reaction mixture.  After incubating 

the reaction mixture with the chelator for 24 h, the LC trace shows regeneration of the 

apo-peptide signal (Figure 2.7).  This result indicates that the unidentified products 

contained Pt-adducts of the full-length peptide and do not correspond to any peptide 

cleavage products.  The reversibility of the formation of platinum adducts in this 

reaction also indicates that the bond strength of Pt-methionine is relatively weak 

compared to that of Pt–DTO.   
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Figure 2.5: LC data of P1 incubated at 37 °C with 1 equiv. cisplatin at pH 7.4. Time 
points 0, 4 and 24 h are pictured with the peak at 15.3 min corresponding to the 

apo-peptide. The species eluting at 10.0 and 11.7 min have been identified as that 
of [Pt(P1-H)]+, and [PtCl(P1)]+, respectively. The calculated and experimental mass 

spectra are shown in Figure 2.6. Due to a lack of a mass signal species with a 
retention time of 12.0 and 12.7 min were not identified. 
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Figure 2.6: Comparison of the experimental (left) and calculated (right) isotopic 
patterns for masses of (a) [Pt(P1-H)]+, which elutes at 10 min in Figure 2.5; and (b) 

[PtCl(P1)]+, which elutes at 11.7 min in Figure 2.5. 
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Figure 2.7: LC data of 24-h incubation of P1 with cisplatin and incubation of the 
same reaction with DTO.  After 24 h the apo-peptide peak has completely 

disappeared, however after introduction of DTO to the reaction the apo peptide 
peak is regenerated, demonstrating the reversibility of the interaction of P1 with 

cisplatin. 
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2.3.3.2 P1M7 and P1M9 + Cisplatin 

In order to compare how a peptide with a single methionine residue compares 

with multiple methionine Mets peptides, we simplified our model peptide by replacing 

two of the methionines with norleucine. The P1M7 peptide contains only 1 methionine 

that corresponds to hCtr1 position 7, while peptide P1M9 contains one methionine that 

corresponds to hCtr1 position 9.  As discussed previously in our studies of the 

reactivity of P1-3N with cisplatin, the absence of methionine in the P1 sequence prevents 

the binding of platinum species.  Therefore the presence of only one methionine in both 

P1M7 and P1M9 provides only one anchoring site for cisplatin.  

The reactivity patterns and masses obtained for incubations of cisplatin with 

P1M7 and P1M9 were very similar, so only data for P1M9 are shown in Figure 2.8. 

Within 1 h of mixing, a new species forms eluting at 14.6 min and is distinct from the 

intact apo-peptide that elutes at 18.5 min.  The mass spectrum for the 14.6 min peak, 

shown in Figure 2.9a, is consistent with a Pt(II) adduct of full-length P1M9 in which 

cisplatin has lost one Cl- ligand to leave [Pt(NH3)2Cl]+.  The observed mass spectrum 

matches that of a spectrum calculated by an isotope distribution calculator and 

confirms the presence of both Pt and Cl- in this sample (Figure 2.9a).  Given the result of 

the control experiment in which P1-3N that contains no methionines fails to react with 

cisplatin under these same conditions, we conclude that Pt binds to the lone Met S in 

P1M9, as indicated pictorially in Figure 2.8b.   

With further incubation time, several new species appear that become defined 

after 8 h, as indicated by the chromatogram in Figure 2.8a.  The mass spectra 

corresponding to these peaks reveal several Pt–peptide adducts, one of which is shown 

in Figure 2.8c for the species that elutes at 17.3 min with a mass signal centered at 1266 

m/z.  The isotope pattern of this spectrum is clearly different from the one shown in 

Figure 2.9a and confirms the presence of Pt and the absence of Cl-.  The isotope 
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distribution is consistent with Pt(II) coordinated by one amine and the full-length P1M9 

peptide, which presumably binds via the Met S and two deprotonated amides, as 

shown by the chemical drawing in Figure 2.8c.  The next most abundant peak in this 

study elutes at 18.1 min and becomes more prevalent after 24 h of reactivity.  This 

product has a mass to charge ratio of 1302.1 and corresponds to P1M9 bound to 

PtCl(OH2)+ (Figure 2.9c).  This species coordinates to both the sulfur of the methionine 

as well as a deprotonated amide nitrogen in the peptide backbone. 

We encountered some difficulty in determining the products eluting at 13.6, 17.0 

and 17.5 min.  In order to confirm that these also correspond to platinum-peptide 

adducts, we introduced DTO to the reaction mixtures.  After 24 h of incubation with the 

chelator, the LC trace (Figure 2.10) showed predominantly one peak corresponding to 

the apo-peptide.  This result confirms that all of the peaks observed previously 

correspond to Pt-peptide adducts that convert back to the apo-peptide when Pt is 

removed.  No truncated peptides species were observed, indicating that cisplatin does 

not induce peptide hydrolysis under these conditions. 
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Figure 2.8: LC-MS data of peptide P1M9 incubated at 37 °C with 1 equiv. 
cisplatin in buffer containing 23.8 mM carbonate, 1.13 mM phosphate, and 100 mM 
NaCl at pH 7.4. (a) LC chromatograms taken immediately after mixing (0 h) and 
after 2 and 8 h of incubation. The full-length peptide elutes at 18.5 min. (b) Mass 
spectrum of the 14.6 min peak showing the distinct isotope distribution that 
corresponds to the peptide coordinated to [PtCl(NH3)2]+. (c) Mass spectrum of the 
17.3 min peak showing the distinct isotope distribution that corresponds to the 
peptide coordinated to [Pt(NH3)]2+ via two deprotonated backbone amides and the 
methionine sulfur. Calculated mass spectra for these species as well the peak at 18.1 
min can be found in Figure 2.9. 
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Figure 2.9: Experimental (left) and calculated (right) mass spectra of peaks 
eluting at (a) 14.6 min, (b) 17.3 min, and (c) 18.1 min from Figure 2.8 for reaction 
between peptide P1M9 and cisplatin.  These masses correspond to species with 
formulations [Pt(P1M9)(NH3)2Cl], [Pt(P1M9-H)(NH3)]+, and [Pt(P1M9)Cl(OH2)]+, 

respectively. 
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Figure 2.10: Incubation of P1M9 with cisplatin after 8 h (top - re-shown here from 
Figure 2.8) compared to incubation post-8 hours with DTO chelator (bottom).   
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2.4 Discussion 

Based on the preceding studies several conclusions can be drawn on the 

interaction of cisplatin with the first methionine motif in human copper transporter 1.  

First the presence of methionine is necessary for the interaction of the platinum drugs 

with hCtr1 7-14K.  This was demonstrated in the lack of Pt-peptide adduct formation 

in the case of the P1-3N peptide and the presence of Pt-peptide adducts in all other 

studies.  Second, when only one methionine is present in the peptide, the Pt(II) retains 

one or both ammine ligands of cisplatin.  In contrast, P1, the native hCtr1 7-14 peptide 

containing three methionines, induced the loss of all ligands over time.  Recent studies of 

a methionine-rich peptide based on the yeast analog of the Ctr1 protein with cisplatin 

also reported loss of the original amines and chlorides of cisplatin.63  Third, no peptide 

hydrolysis was observed under our reaction conditions, suggesting that cisplatin does 

not act as a peptidase for this peptide sequence. 

One implication of these results is that proteins containing single methionine 

residues are not likely to alter the coordination of cisplatin. The results of the P1M7 and 

P1M9 cisplatin reactions confirm our hypothesis that at least one methionine residue is 

necessary for Pt–peptide adduct formation.  The speciation of the platinum bound to 

the single-methionine peptides is different from that observed for the parent P1 reaction 

with cisplatin in that ammine ligands are retained on Pt.  Based on previous findings of 

the speciation of cisplatin, the chloride ligands are the first to be displaced from 

cisplatin.  The high concentration of chloride used in our reaction buffer likely allows for 

some retention of chloride to platinum, at least at the early time points. 

In contrast, proteins like Ctr1, which express multiple methionines in close 

proximity to one another, can significantly modify the coordination of the drug.  Because 
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the Pt-diammine core is the cytotoxic form of cisplatin, complete loss of all of its carrier 

ligands before cisplatin enters the cell would severely limit the drugs effectiveness. 

The conflicting results found in the literature surrounding the role of Ctr1 proteins 

in the uptake of cisplatin and effectiveness could be due in part to the multiple modes of 

binding of cisplatin.  The formation of cisplatin-peptide adducts was immediate since 

evidence of their presence was seen within an hour of reactivity.  This observation 

suggests that the fraction of administered cisplatin that interacts with extracellular Ctr1 

could enter the cell either by direct Ctr1 transport or endocytosis.  However, the loss of 

the carrier ligands of cisplatin as a consequence of its Mets-motif coordination suggests 

that Ctr1-transported cisplatin would not be in its cytotoxic form.  This observation is 

in direct conflict with several cell studies that demonstrated a link between hCtr1 and 

the uptake of cisplatin.  Several of these studies measured platinum uptake by the 

platinum content in the cytoplasm, without identifying the exact platinum species 

present.45, 55  It is plausible that the platinum content measured in the cell interior was 

not that of intact cisplatin.   

Furthermore the fact that cell studies have observed cellular uptake of cisplatin 

with increased expression of Ctr1, but a marginal increase in cytotoxicity and a lack of 

DNA-platinum in the nucleus.49  This again suggests that if Ctr1 proteins interact with 

cisplatin, the form of the drug that enters the cell is inactive and unable to form toxic 

DNA lesions. 

Finally, investigations of the copper uptake in Saccharomyces cerevisiae previously 

treated with cisplatin showed a decreased accumulation of copper in cells properly 

expressing Ctr1, but not Ctr1-defficient cells.48  In light of our observations that cisplatin 

can form Pt-peptide adducts with the first methionine rich motif in hCtr1, it is possible 

that this interaction prevents the coordination of copper to the N-terminus of the protein 

and in turn limits the cellular uptake of copper.  
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3 Interactions of Cisplatin, Carboplatin and Oxaliplatin 
with hCtr1 39-46K1 

3.1 Selection of Pt(II) Chemotherapeutic Agents and Model 
Peptide 

Based on the observations discussed in chapter two, we sought to determine how 

the second methionine-rich region encompassing amino acids 39-46 affected the ligand 

substitution of cisplatin.  Additionally, we were curious if Pt-peptide interactions 

observed with cisplatin were a characteristic of the Pt-based chemotherapeutic class, or 

just cisplatin itself.   

The following studies examine the interactions of all three major Pt-based 

chemotherapeutic agents interaction with a peptide mimic of hCtr1 residues 39-46 P2 

(Table 3).  The two major questions we sought to answer in these investigations were: 

(1) How do an increase in the number of methionines affect the formation of Pt-peptide 

adducts?  In comparison to our P1 peptide, P2 has two additional 

methionines.  We predict that the additional methionines present in this 

sequence would result in the formation of Pt-peptide adducts formation 

earlier than the 2 hours of reactivity as we had seen previously in our Pt-

cisplatin studies.   

(2) How do second-generation platinum chemotherapeutic agents carboplatin and 

oxaliplatin interact with methionine motifs? The rates of displacement of the 

coordinating ligands of carboplatin and oxaliplatin (Figure 3.1) are much 

slower than the rate of ligand displacement from cisplatin.  This increased 

stability of carboplatin and oxaliplatin could have an effect on the 

coordination of these drugs to methionine motifs.  
                                                        
1 This project was completed with the assistance of senior Robert J. Holbrook and has been published in 
Metallomics in 2010.131
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Table 3: Comparison of Model Peptides of Methionine-rich Motifs in hCtr1 Model 
Peptides P1 and P2.  Model peptide P2 was used to determine the interactions of 

cisplatin, carboplatin and oxaliplatin with methionine-rich motifs. 

Name Description Amino acid sequence 
P1 hCtr1 (7-14 K) Ac M G M S Y M D S K 
P2 hCtr1 (39-46K) Ac M M M M P M T F K 

 

 

 

  

Figure 3.1: FDA approved Pt(II) chemotherapeutic agents cisplatin, carboplatin and 
oxaliplatin. 
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3.2 Materials and Methods 

3.2.1 Peptide Synthesis and Purification 

All peptides were synthesized on a Protein Technologies PS3 automated peptide 

synthesizer using Fmoc-PAL-PEG-PS resin (Applied Biosystems) in a 0.1 mmol scale.  

Standard Fmoc (9-fluorenylmethoxy-carbonyl)-protected amino acids (Novabiochem) 

were coupled with HBTU (O-benzyotriazole-N,N,N’,N’-tetramerthyluronium 

hexafluorophosphate; Novabiochem) in the presence of 0.4 M NMM (N-

methylmorphroline) in DMF (N,N’-dimethylformamide) for 20 min cycles.  Fmoc 

deprotection was achieved using 20% piperidine in DMF.  The N-termini of all peptides 

were acetylated with acetic anhydride and NMM.  Cleavage and side-chain 

deprotection of peptides containing methionine were carried out in the reaction vessel 

using a 7 mL cocktail of trifluoroacetic acid (TFA) with 100 µL triisopropylsilane (TIS) 

and 150 µL ethane dithiol (EDT) for 4 h with an additional 75 µL EDT and 65 µL 

bromotrimethylsilane  (TMSBr) added during the final 30 min of cleavage.  After 

evaporation of TFA, the remaining 1 mL TFA was washed three times with 10 mL 

aliquots of cold diethyl ether, air-dried, and lyophilized.  The peptides were purified by 

preparative reverse-phase HPLC on a YMC C18 column (250 x 200 mm I.D.).  The 

masses of all peptides were determined by matrix-assisted laser desorption ionization 

time-of-flight (MALDI) or electrospray ionization mass spectrometry (ESI-MS).  

Samples were suspended in α-cyano-4-hydroxycinnamic acid as matrix and examined 

on a Voyager DE-Pro mass spectrometer.  

Stock peptide solutions were periodically checked by HPLC to verify that they 

remained in the reduced state.  The peptides are stable in aqueous solution at room 

temperature for several days.  For storage, samples are kept at -20 °C in powder form or 

frozen aqueous solution.  All of the peptides were made with an acetyl cap (Ac) on the 
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N-terminus, an amide at the C-terminus, and a lysine residue added to improve their 

water solubility.  

3.2.2 Peptide Studies with Cisplatin, Carboplatin and Oxaliplatin 

A 3 mM stock solution of cis-diamminedichloroplatinum(II) was prepared in 150 

mM NaCl solution.  Aqueous stock solution of carboplatin and oxaliplatin were 

prepared in concentrations of 4.0 mM and 12.6 mM respectively.  Peptide solutions 

were prepared in DI H2O at varying concentrations, which were determined by using 

UV-Vis spectroscopy via the absorbance of tyrosine at 275 nm, or absorbance of the 

amide backbone at 215 nm and 225 nm.  Reaction samples were prepared in a 1:1 

stoichiometry of Pt(II):peptide at 800 µM concentration in buffered solutions containing 

23.8 mM carbonate, 1.14 mM phosphate and 100 mM NaCl.  The pH of the buffered 

solutions was adjusted to 7.4 with 0.1 M HCl or NaOH.  Reaction mixtures were 

incubated at 37 °C for 24 h.  Studies investigating the reversibility were carried out using 

10 equivalents of either 3,6-dithia-1,8-octanediol (DTO), or triethylenetetraamine 

(TETA), which were incubated with samples for 24 h prior to analysis via LCMS 

methods. 

3.2.3 Liquid Chromatography Mass Spectrometry Analysis 

All mass spectrometry experiments were performed using an Agilent 1100 SL 

LC/MSD-Trap instrument in positive ion mode at a flow rate of 40 or 60 µL/min, a 

nebulizer pressure of 20 psi, a dry gas flow rate of 7 L/min, and an ionization chamber 

temperature of 300 °C.  Reverse phase LC gradients as well as mobile phases were 

optimized for each peptide and a Varian Polaris 3u C18-A 150 x 1.0 mm column was 

used for all experiments.  The gradient for P2 was as follows: 3 min 3% B, 37 min 90% 

B, 42 min 90% B, where the mobile phases contains 0.1 mM ammonium acetate. All 

mass spectrometry data were collected using the centroid mode with a mass accuracy of 
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+/-0.2 mass units.  The calculated isotopic patterns were generated using the isotopic 

calculator in the Data Explorer program supplied by Applied Biosystems. 

3.3 Results 

3.3.1 Cisplatin + P2 

Figure 3.2 depicts the LC traces of the reaction of P2 with cisplatin in a 1:1 ratio in our 

standard reaction buffer at 37 °C.  As previously observed with P1, reactions of P2 with 

cisplatin also show a decrease in the amount of apo-peptide observed by LC-MS as 

incubation time progresses.  The apo-peptide elutes at 20.8 min with m/z centered at 

1188.8, and after 24 h the intensity of this peak significantly diminishes.  Within 4 h of 

incubation new peaks are observed at 15.3, 15.8, and 18.5 min.  The mass corresponding 

to all of these peaks shows m/z of 1382.6, which is consistent with platinum bound to 

the peptide with complete loss of its original Cl- and NH3 ligands (Figure 3.3).  The Pt(II) 

could bind to three methionines and a deprotonated amide to give [(P2-H)Pt]+; 

alternatively, Pt(II) bound by two methionines, two deprotonated amides, and a proton 

on Lys would give the same overall formula.  The various peaks in the LC trace with the 

same mass could be due to multiple modes of binding or multiple binding sites, since P2 

contains five methionines.   

In order to determine reversibility of the P2–Pt adducts, the reaction mixtures 

were incubated with DTO, but this chelator failed to restore the apo-peptide signal as it 

had in the P1 studies.  Treatment with 10-fold excess TETA for 8 h however, was 

sufficient to regenerate the 20.8 min apo-peptide peak.  This result confirms that no 

peptide hydrolysis occurs during the cisplatin reactions and also indicates that the five-

methionine P2 peptide binds Pt(II) tighter than P1, as its removal required a much 

stronger chelator. 
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Figure 3.2: As incubation time of the reaction between cisplatin and P2 increases 
from 0 to 4 to 24 h, the peak intensity at 20.7 min, which corresponds to the apo-

peptide, decreases 15-fold. Inversely, as incubation time progresses, platinum 
adducts with a mass of 1382.6 m/z (Fig. 3.3) appear at 18.4, 15.3, and 15.8 min. 

Treatment with TETA recovers the apo-peptide signal. 
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Figure 3.3: Mass spectra of [(P2-H)Pt]+ species eluting at 15.3, 15.8, and 18.5 min in 
Fig. 3.2. The experimental isotopic pattern of [(P2-H)Pt]+ (a) matches that of the 

calculated isotopic pattern (b). 

3.3.2 Carboplatin + P2 

The addition of carboplatin to the P2 peptide solution resulted in a much slower 

adduct formation than the formation observed between P2 and cisplatin.  As shown in 

Figure 3.4, the apo-peptide eluting at 20.4 min with a mass of 1188.8 m/z is the only 

peak present from 0 to 24 h of incubation.  However, after 48 h of incubation the 

intensity of the apo-peptide peak decreases dramatically and new peaks appear at 

15.3, 15.7, 16.6, and 18.4 min that all provide a mass centered at 1382.6 m/z.  These 

peaks correspond to the same  [(P2-H)Pt]+ peptide–Pt adduct observed in the cisplatin 

reaction, and indicate that the original ammine and cyclobutane dicarboxylate (CBDC) 

ligands of carboplatin are lost slowly after incubation with P2.  

After the 48-h sample was analyzed, TETA was added to the sample in 10-fold 

excess and incubated for an additional 8 h.  The 20.4 min apo-peptide peak is 

regenerated without any indication of truncation by-products.  
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Figure 3.4: LC traces of P2 + carboplatin. No evidence of peptide–Pt interaction was 
detected up to 24 h of incubation, but the peak for the apo-peptide, eluting at 20.8 

min, decreases significantly from 24 to 48 h and platinum-adduct formation is 
evident. The peaks eluting at 15.3, 15.7, 16.6, 17.6, and 18.4 min all correspond to 

products with m/z = 1382.6, which is consistent with the [(P2-H)Pt]+adduct observed 
in the cisplatin reaction. 
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Although peptide–Pt adduct formation was retarded in the presence of 

carboplatin, there are still strong similarities to the cisplatin reaction in regard to LC/MS 

analysis.  The 48-h carboplatin sample has matching LC trace patterns with the 4 and 

24 h cisplatin sample (compare Figures 3.2 and 3.4).  The platinum adducts formed in 

both carboplatin and cisplatin reactions are identical, with Pt(II) undergoing complete 

loss of all original ligands and solely bound to the P2 peptide.  

3.3.3 Oxaliplatin + P2 

With the introduction of oxaliplatin in a 1:1 ratio to a buffered solution of P2, 

the presence of the apo-peptide decreases as incubation time progresses, with some 

apo-peptide persisting even after 24 h, as indicated by the peak at 20.3 min with m/z 

of 1188.8 (Figure 3.5).  The steady decrease of apo-peptide signal coincides with the 

appearance of multiple peptide–Pt adducts, the first one appearing within 4 h and 

eluting at 16.6 min with m/z of 1496.7.  This mass is consistent with a peptide–Pt 

adduct where the cyclohexyldiamine (CHDA) ligand of oxaliplatin remains coordinated 

to the metal center (Figure 3.6a).  A signal at m/z 1532.7 also appears, which indicates 

retention of a chloride in addition to CHDA on Pt (Figure 3.6b).  After 24 h of 

incubation, additional peaks appear at 12.6, 13.5, and 15.4 min.  All three peaks 

correspond to m/z of 1802.6, which correlates to two Pt-CHDA units bound to one P2 

peptide, as shown by the mass spectra and chemical drawing representing one possible 

configuration in Figure 3.7.  Of the samples investigated in this study, this is the only 

example of multiple Pt adducts forming on a single peptide strand. 

After 24 h the sample was treated with 10-fold excess triethylenetetraamine 

(TETA) and incubated for an additional 8 h.  Unlike the results observed for cisplatin 

and carboplatin reactions with P2 where the apo-peptide was nearly completely 

recovered following treatment with the chelator, analysis of the reaction mixture with 
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oxaliplatin following chelator treatment reveal little change in the LC trace (Figure 3.5).   

The signal intensity for the apo-peptide peak increases only slightly and the peaks at 

12.6, 13.5, 15.4 and 16.3 min persist.  These results indicate that the Pt(CHDA) 

adducts on P2 are not easily removed by competitive chelation. 

 

Figure 3.5: LC traces of P2 + oxaliplatin showing immediate formation of Pt-adducts. 
Over the course of 24 h the UV signal for the apo-peptide at 20.3 min decreases 

significantly, while several Pt adducts appear. The addition of TETA chelator to the 
24 h sample results in an incomplete regeneration of apo-peptide as evidence of Pt-

adducts remains. 
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Figure 3.6: Experimental (left) and calculated (right) mass spectral isotopic patterns 
for products seen in the reaction of oxaliplatin with P2.  (a) [Pt(P2-H)(CHDA)]+, (b) 

[Pt(P2)(CHDA)Cl]+. 
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Figure 3.7: Structure of one of the possible configurations of the Pt adduct [P2 + 
2(PtCHDA2+)] with its mass spectrum that appears after 24 h of incubation at 12.6, 

13.9 and 15.4 min (Figure 3.6). 
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3.4 Discussion 

The interactions of all three major Pt(II)-based chemotherapeutic agents with  P2, 

the methionine rich region of hCtr1 spanning amino acids 39-46,  provided very 

interesting results.  In agreement with the observation in our P1 studies, the P2 peptide 

remains intact as none of the Pt(II) chemotherapeutic agents act as hydrolases under our 

experimental conditions.   

The formation of Pt-peptide adducts with the P2 peptide varies greatly when 

comparing the three Pt(II) species.  In the case of cisplatin, adducts were seen within 4 

hours of incubation, with the all the major products corresponding to the same mass to 

charge ratio.  This value is consistent with cisplatin losing all of its coordinating ligands.  

In contrast Pt-peptide adducts were observed on a much slower timescale in the 

interaction of P2 with carboplatin.  The difference in reactivity of the two drugs seems to 

be due to the differing kinetics of ligand exchange.  Previous studies have shown that the 

mechanism of cytotoxicity of carboplatin is the same as cisplatin, but the two drugs 

differ in the kinetics of their coordination to DNA, which directly correlates with the 

much faster rates of aquation to replace the Cl- ligands of cisplatin versus the bidentate 

CBDC ligand of carboplatin.17  Although the rates of ligand exchange were not directly 

measured in this current study, the results presented here indicate that the ligand 

exchange initiated by an incoming thioether nucleophile is significantly faster for 

cisplatin than for carboplatin, as predicted based on the chelating nature of CBDC and 

known rates of aquation.17  

For the reaction between carboplatin and P2, Pt-peptide adduct formation was 

not observed until 48 hours, which is unlikely to be a clinically relevant timeframe.  

These results predict that carboplatin is unlikely to be deactivated at the cell surface by 

Ctr1 proteins.  Furthermore, in the absence of a direct carboplatin-protein interaction, it 
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seems unlikely that Ctr1 would directly facilitate carboplatin entry within the 

therapeutic window of carboplatin. 

Oxaliplatin, like cisplatin, demonstrates immediate peptide adduct formation, 

but forms very different Pt-peptide species.  In the case of oxaliplatin, the CHDA ligand 

is retained throughout the course of the reaction and it is the Pt(CHDA)2+ unit that 

binds to the met-rich P2 peptide.  This result therefore suggests that if oxaliplatin enters 

the cell in a Ctr1-mediated pathway it would retain its important diamine ligand.  

In addition to the results we saw previously with our P1 peptide, our evidence of 

the coordination of platinum to the P2 peptide could give insight to the observation that 

platinum chemotherapeutic agents alter cellular copper uptake.  The coordination of 

both cisplatin and carboplatin to P2 via the loss of all carrier ligands indicate that 

neither drug could reach the cytoplasm in its active form after coordination to Ctr1 

proteins.  It is possible that the Pt-peptide adducts formed in the second hCtr1 

methionine motif prevent, or severely limit, the interaction of copper with the N-terminus 

of hCtr1 thereby inhibiting copper uptake. 
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4 Fluorescent Labeling of Biomolecules 
Pt(II) species have been shown to interact with methionine-rich regions of the human 

high affinity copper transport protein1 (hCtr1).92, 134, 135  This property could be exploited 

in the development of novel fluorescent tags utilizing Pt(II) complexes that specifically 

coordinate methionine motifs, as envisioned schematically in Figure 4.1.  The following 

chapter is a review of the literature that puts into context this new research directive 

with respect to the techniques that are currently available for the fluorescent labeling of 

biomolecules.  

 

Figure 4.1: The recent discovery that platinum(II) species interact with methionine-
rich portions of native peptides136 has led to the idea of developing a Pt(II) complex 
that, once transported across the cell membrane, could selectively bind methionine-

rich tags in proteins of interest, resulting in a “turn on” of fluorescence. 

 

Section 4.1 briefly describes the current techniques utilized to modify 

biomolecules, specifically proteins of interest, with organic fluorophores as well as 

fusion proteins.  Section 4.2 is a review of the literature of inorganic species that are 

currently used as fluorescent complexes for labeling both DNA and proteins.  This 

review includes complexes that fall within the category of luminescent transition metal 

complexes (TMCs), a class of species that have recently become an area of growing 

interest in the labeling of biomolecules.137   
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4.1 Organic Fluorophores and Fusion Proteins 

The use of organic fluorophores for the labeling of biomolecules has been 

reviewed in a 2009 Chemical Reviews article.138  The focus here will be on one of the 

most common labeling techniques utilizing fluorescein as an organic probe for proteins.  

Fluorescein is a useful fluorophore in protein labeling due to its high molar absorptivity, 

high quantum yields, and solubility in water.138  One of the earliest derivatives of 

fluorescein, created for the purpose of protein labeling, is an amine reactive probe 

fluorescein isothiocyanate (FITC) shown in Figure 4.2.  Fulop et al have utilized FITC in 

the labeling of beta-amyloid peptides at the N-terminus while preserving the biological 

activity of the peptide.139  In addition to the labeling of small peptides, FITC has also 

proven useful in the modification of proteins, without altering the protein’s structure or 

activity.140, 141  Laird and Spiess have applied this method of fluorescent tagging of 

transferrin to examine the internalization of the protein via endocytic pathways in 

cells.142  While useful in labeling of proteins, the propensity for photobleaching limits the 

use of fluorescein tagging in techniques requiring ultrasensitive detection.138  Fluorescein 

also has a very broad fluorescence spectrum, which limits the fluorophores use in 

multicolor detection applications.143 

 

Figure 4.2: Structure of fluorescein isothiocyanate (FITC). 
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The discovery of fluorescent proteins (FPs) in the jellyfish Aequorea victoria144, 145 

and the sea pansy Renilla reniformis146, revolutionized the field of fluorescent biomarkers 

through the use of fusion proteins.147-149  Within the past 20 years over 200 fluorescent 

proteins and chromoproteins have been reported, with emission wavelengths spanning 

the visible light region.150  GFP and GFP-like proteins have been utilized as markers for 

gene expression as well as protein tags.  Through their incorporation into a protein’s 

structure, biological events and molecular processes can be visualized within cells.  The 

advantages of using GFP and GFP-like proteins over other fluorescent tags is their ability 

to form internal chromophores within proteins, without requiring additional enzymes, 

cofactors, or substrates for fluorescence activation.151-153  The intensity and the 

wavelength of fluorescence of GFP and GFP-like proteins are dependent on both the 

fluorescence lifetime of the fluorophore as well as the folded state of the protein.149  

Fluorescent fusion proteins have been thoroughly reviewed in a 2008 article by 

Stepaneko etal.150  The remaining discussion of fluorescent proteins will focus on GFP 

and examples of its use in live cells and organisms. 

GFP is inherently pH-sensitive, a property which is useful in the monitoring of 

pH of organelles and other cellular components as well as live cells and 

microorganisms.154  One application for the use of GFP in live organisms is its use in the 

live staining of zebrafish.  Detection of GFP occurs within 3 hours of introduction to the 

developing zebrafish and persists for as long as 4 days.148  Incorporation of the protein 

into this species lacks adverse effect on embryonic development, making it possible to 

monitor protein production during the growth of zebrafish.148  While the use of GFP is a 

powerful tool as a fluorescent tag, the large size of GFP can cause a disruption in the 

native structure of the protein of interest.  This disruption may limit use of GFP and 

GFP-like proteins as fluorescent markers in studies where conservation of the native 

protein structure is necessary. 
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4.2 Fluorescent Inorganic Species 

The following section discusses fluorescent inorganic species, including those that 

contain transition metals.  There are several advantages to using TMCs as luminescent 

probes including high quantum yields in the 0.01-0.7 range as well as long excited-state 

lifetimes in the 0.1 to >100 µs range.155  The extended lifetimes of TMCs allow for the 

collection of fluorescence measurements after background fluorescence has diminished, 

which significantly improves the signal-to-noise compared to organic fluorophores. 

Additionally some TMCs have large spectral shifts between excitation and emission, 

which improves the ability to isolate excitation and emission wavelengths.155   

The following sections survey inorganic species used in the fluorescent labeling of 

biomolecules have been divided into two categories (1) ruthenium, iridium, nickel and 

arsenic complexes, Section 4.2.1, and (2) platinum species, Section 4.2.2.   The 

complexes reviewed herein have been used for fluorescent labeling of DNA as well as 

proteins.  While the arsenic species discussed do not fall in the category of transition 

metal complexes, they are worth mentioning because of their interesting structural 

features and unique specificity for coordination to amino acid sequences. 

4.2.1 Ruthenium, Iridium, Arsenic and Nickel-Based Complexes 

4.2.1.1 Fluorescent Labeling of DNA 

Ruthenium complexes have been useful in studying cellular uptake and 

fluorescent labeling of DNA because of their stability in aqueous solution, strong 

luminescence, and ability to insert themselves between base pairs.  Cellular studies 

employing Ru species in the fluorescent labeling of DNA utilize techniques including 

confocal microscopy and flow cytometry for analysis.156  Most ruthenium species used 

for DNA intercalation have one of the following general structures: Ru(A)B2 or Ru(A)2B, 

where A is a bidentate intercalating ligand and B serves as a bidentate ancillary ligand 
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that can be varied to adjust luminescence properties.157-167  Trends indicate that 

increasing the number of intercalating ligands improves the affinity, however this is often 

at the cost of luminescence since Ru(A)2B species usually do not fluoresce in aqueous 

solution or post-DNA coordination.  

The method of cellular entry of ruthenium complexes depends on their 

lipophilicity, size and charge.  Ruthenium complexes can utilize all major uptake 

pathways including endocytosis, active transport, facilitated diffusion, and passive 

diffusion.  Coordination of lipophillic ligands in ruthenium species facilitates their 

transport across the cellular membrane within 2 hours of their introduction to cell 

media.168  Once these complexes enter the cytoplasm they associate themselves with 

various organelles, or enter the nucleus.  Without coordination to organelles, the 

fluorescence of the Ru species is quenched by water in the cytosol.  Upon entry into the 

nucleus and association with DNA through intercalation, fluorescence of these species is 

restored.168  

One example of the exploitation of this activation property is seen in the 

complex of the general structure [Ru(L)2(dppz)]+3 (dppz = dipyridophenazine; L=dip, 

bipy, phen) which can be used to visualize DNA (Figure 4.3).168  Here the dppz ligand 

serves as the DNA intercalator, while dip, bipy and phen serve as ancillary ligands.  In 

aqueous solutions, hydrogen bonding to the endocyclic nitrogen of dppz ligand quenches 

fluorescence by deactivating the excited state.  In the presence of DNA, luminescence is 

restored through intercalation into the DNA base stack, which provides shelter from 

hydrogen bonding to the dppz ligand.168  Unfortunately, complexes of this nature 

display an affinity to other hydrophobic cellular components and show very little 

selectivity, and thus cannot be optimized for particular biomolecules and analytical 

protocols.156, 169  Delivery of Ru complexes to the nucleus can be improved with the 
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incorporation of small peptide sequences to the metal’s conjugated ligands, however this 

can inhibit the ability of the Ru species to intercalate DNA.170 

A second method for improving the affinity of Ru species to DNA, as well as 

improving their fluorescence, is through the linking of mononuclear Ru complexes to form 

symmetrical dinuclear species.171-178  Tor et al have designed multinuclear species of the 

general form [(Ru(dpq)2]2(phen-SOS-phen]4+ (dpq = dipyrido[3,2-d:2’3’-f]quinoxaline, 

where d and f are IUPAC defined naming terms describing ligand ring fusion), with 

ancillary phenanthroline ligands linked via a 2-mercaptoethyl ether (SOS) linker at the 3, 

4, or 5 position of the phen ligand (Figure 4.4).  Like their mononuclear counterparts, 

these dinuclear Ru complexes bind DNA through intercalation of the dpq ligand, with 

strong affinities for purine-purine sequences over DNA sequences of mixed base pairs.  

The use of SOS as a linker provides increased affinities to the DNA backbone via 

hydrogen bonding of the DNA groove.179  Through variation of the point of coordination 

of the SOS linker, the size of the binding site within DNA can be adjusted from 5.9 to 

17.1 base pairs.172 

 

Figure 4.3: Ruthenium intercalating agents with the general structure 
Ru(dppz)(N∩N)2, where N∩N = dip, bipy or phen, are able to insert themselves into 

the base stack of DNA. This provides shielding of the dppz ligand from water 
resulting in the “turn on” of fluorescence. 
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Figure 4.4: Ruthenium intercalators have been linked via a 2-mercaptoethyl ether 
ligand (SOS) to increase specificity of the species to DNA, as well as vary the 

number of bases that are spanned by the di-Ru complexes. 

 

4.2.1.2 Fluorescent Labeling of Proteins via Specialized Motifs 

Two types of specialized amino acid motifs, containing poly-histidine or poly-

cysteine, have been utilized in the tagging of proteins.  Through the incorporation of 

these motifs into the native structure of the protein, fluorescent arsenic and nickel 

species are specifically targeted to a protein of interest.  

4.2.1.2.1 Polycysteine Motifs 

Biarsenic dyes including FlAsH and ReAsH are utilized in the labeling of 

tetracysteine motifs in living cells (Figure 4.5a).180-182  These dyes are engineered with an 

EDT masked arsenic-coordinated fluorescein, whose fluorescence returns upon 

displacement of the EDT by CCXXCC motifs (where X is any amino acid other than 
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cysteine) (Figure 4.5b).181, 183, 184  The turn-on mechanism is possible because the distance 

between the two arsenic atoms matches the distance between the two CC groups in the 

target motifs.  The use of the genetically encoded tetracysteine motifs in proteins is 

favored over other genetic modifications, such as incorporation of autofluorescent 

proteins, because small cysteine motifs are less disruptive to the protein structure.185-187  

Arsenic dyes are used in a variety of analytical techniques including multicolor 

fluorescence pulse-chase, electron microscopy (EM), and chromophore-assisted light 

activation (CALI).188-191  In spite of their selectivity towards Cys-motifs, undesired 

background fluorescence may occur when using FlAsH and ReAsH resulting in 

interference with the detection of weakly expressed or dilute proteins.192 Second 

generation complexes similar in structure to FlAsH and ReAsH have been developed to 

overcome several of the limiting properties of arsenic dyes.193, 194  The improved species 

have higher absorbances, greater quantum yields, and increased photosensitivity as well 

as lowered pH sensitivities. 

 

Figure 4.5: Fluorescent Dyes FlAsH (a) and ReAsH(b) are fluorescent markers for 
Cys motifs of the CCXXCC. 
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4.2.1.2.2 Polyhistidine Motifs 

Cyclometallated iridium(III) species with sensitivity to biomolecules have been 

developed for the use of staining histidine-rich proteins. Iridium complexes have several 

properties that make them ideal for biological studies including solubility in aqueous 

media and cell-permeability allowing for their use in live cell studies. 169 Additionally 

Ir(III) species emit bright colors (such as red and green), have low cytotoxicity, excited-

state lifetimes on the order of 1 µs, and low susceptibility to photobleaching.  The 

cyclometallated iridium(III) complex, [Ir(ppy)2(solv)2], has made staining of histidine 

and histidine-rich proteins possible by acting as a selective luminescent switch-on probe 

(Figure 4.6a).195   Staining protocols using [Ir(ppy)2(solv)2] are much easier to use and less 

invasive relative to other in vivo luminescent stains, while the high selectivity makes the 

iridium(III) complexes an attractive probe for SDS-PAGE gels.  Unfortunately, the strong 

coordinate-covalent bond between the luminescent iridium(III) complex and histidine 

prevents their use in  proteomic studies using techniques such as MALDI-TOF mass 

spectroscopy.195  

In addition to iridium switch on probes, Ni2+-NTA-chromophores have shown 

selectivity for oligohistidine sequences in His-tagged membrane proteins.196, 197  Fast 

labeling of proteins using NTA probes, including the probe shown in Figure 4.6b, is 

reversible and can be used in vitro or in vivo to deduce protein structural information 

without jeopardizing the cellular protein function.197-199  NTA probes have the ability to 

label the N-terminus, C-terminus and internal sites of proteins making them suitable for 

labeling a large variety of hexahistidine-tagged proteins.198  There are several drawbacks 

in the use of Ni2+-NTA probes including size of the NTA-complexes, which limits the 

labeling method to extracellular proteins, and low affinities between NTA-complexes 

and His-tags.  The affinity of the NTA-complexes for His-tags can be improved by two 
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methods 1) increasing the number of NTA arms on the fluorophore (Figure 4.6c) and 2) 

increasing the length of the His-tag.197, 198 

 

 

 

Figure 4.6: Fluorescent histidine-tags are both iridium- and nickel-based.                               
(a) Cyclometallated iridium species “turn on” fluorescent upon coordination to 

histidine while nickel-NTA species (b) target a chromophore to histidine residues 
through covalent coordination of Ni2+ to histidine.  (c) The specificity of Ni2+-NTA 

tags can be enhanced through the linking of two Ni2+-NTA species. 
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4.2.2 Luminescent Platinum Species 

While the coordination of fluorescent metal complexes to polyhis- and polycys-

motifs has been established, coordination of fluorescent molecules to their 

polymethionine counterparts has been unexplored.  With the recent discovery that 

methionine motifs of hCtr1 could serve as coordination sites for the uptake of platinum 

chemotherapeutic agents134, it is valuable to examine the specificity of the coordination 

of luminescent platinum complexes to methionine-rich sequences.   A luminescent 

platinum(II) complex with the ability to selectively target methionine residues could 

allow for the mapping of cells for possible platinum drug uptake locations.  Beyond this 

application, the use of a selective platinum(II) switch-on probe for sensing genetically 

inserted methionine motifs would have a significant impact in the field of protein 

labeling. 

A variety of examples of luminescent Pt(II) complexes are found in the 

literature.155, 200  The most common driving force behind the development of fluorescent 

Pt(II) species is their potential use in organic light-emitting diodes (OLEDs).201-206  

Recently, biological applications for luminescent Pt(II) complexes have been explored 

since several properties of these species make them favorable fluorescent labeling 

species.  These properties are spectroscopic and photophysical in nature and include 

photostability, water solubility, and the presence of specialized functionalities for 

organelle- and/or tissue-specific targeting.  Tuning and the enhancing of the 

spectroscopic properties can occur through variation of the coordinating ligand of 

platinum.207-209  The ligands most often utilized in fluorescent complexes are three-

coordinate, with the fourth and final coordination site of platinum occupied by an 

exchangeable ligand.210, 211 
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4.2.2.1 Cell Staining and Trafficking of Fluorescent Pt(II) Species 

A variety of fluorescent Pt(II) complexes have been developed for the purpose of 

cell staining as well as monitoring the transport of Pt(II) species through the cell.   Most 

often the general structure of these species is Pt(L)Cl where L coordinates to the 

platinum atom through carbon or nitrogen coordinate covalent bonds.212, 213  

Williams et al have utilized a small charge-neutral [Pt(II)(1,3-di(2-

pyridyl)benzene)Cl] species (Figure 4.7a) and its derivatives in time-resolved imaging of 

a wide range of cells.212  Complexes of this nature exhibit low cytotoxicity and 

accumulate in the cytoplasm within 5 minutes of incubation.  The rapid cell permeability 

coupled with long lifetimes and high quantum yields are ideal in the use of time-resolved 

emission imaging microscopy (TREM) and two-photon emission imaging microscopy 

(TPE).  Using these methods to monitor cellular uptake of Pt(II)(1,3-di(2-

pyridyl)benzene species in live cells, it was determined that complexes of this nature 

were transported to the cytoplasm and then localized in the nucleus.212 

 

 

Figure 4.7: Pt(II) species used to monitor cell trafficking (a) [Pt(II)(1,3-di(2-
pyridyl)benzene)Cl], (b) [Pt(II)(2-phenyl-6-(1H-pyrazol-3-yl)pyridine)Cl]. 
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Pt(L)Cl where L = 2-phenyl-6-(1H-pyrazol-3-yl)pyridine with Cphenyl, Npyridyl and 

Npyrazolyl moieties, depicted in Figure 4.7b, has two-photon luminescent properties and is 

rapidly accumulated in HeLa and NIH3T3 cells.  This property allows for time-lapse 

imaging of internalization process of the Pt(II)-based dye into living cells via two-photon 

confocal microscopy.  In general, complexes of this nature exhibit very low toxicity and 

are sensitive to changes in pH, making them useful in pH sensing studies.213, 214 

In addition to the direct coordination of fluorescent ligands to a Pt(II) metal 

center, appending Pt(II) species with fluorophores via alkyl chains has also been a 

successful method in the development of fluorescent Pt(II) species, shown in Figure 

4.8.215, 216  Alkyl linked fluorescent Pt(II) complexes have been useful not only in 

monitoring the cellular trafficking of platinum, but also in the monitoring of platinum 

species with biomolecules including DNA and proteins.  Competition studies for alkyl 

coordinated fluorescent Pt(II) species with methionine and 5′-GMP typically reveal that 

the  coordinating fluorescent moiety has a strong influence.  Bulky substituents present 

near the Pt(II) coordination site encourage the coordination of 5’-GMP over methionine.   

In species lacking steric hindrance, Met binding is favored kinetically while 5′-GMP 

coordination is favored thermodynamically.215 

4.2.2.2 DNA Intercalators 

Several Pt(II) species have proven efficient in DNA-binding studies because of 

their ability to both intercalate and coordinate to DNA via the displacement of one or 

more exchangeable ligands.217-223  The incorporation of an intercalating moiety into a 

Pt(II) species improves the specificity of these species and in doing so targets a 

chromophore to DNA, opening up new options in the use of fluorescence imaging and 

tracking of these species to their cellular targets.224  This is the case of [Pt(trpy)(OH)]+ 

(Figure 4.9a) which is non-emitting in aqueous solution, but upon intercalation to DNA 
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Figure 4.8: Akyl linked Pt(II) species containing the ligand N-(2-((2-
aminoethyl)amino)ethyl)-5-(dimethylamino)-naphthalene-1-sulfonamide (DNSH-

dien) and N-(2-(bis- (2-aminoethyl)amino)ethyl)-5-(dimethylamino)naphthalene- 1-
sulfonamide (DNSH-tren), (a) [Pt(II)(DNSH-dien)Cl] and (b) [Pt(II)(DNSH-tren)Cl]. 

 

becomes luminescent.211  The fluorescence of [Pt(trpy)(OH)]+ is strongly dependent on 

its mode of association with DNA.  The first mode of association is via intercalation 

into the DNA base pairs.  This association can enhance the fluorescence of the 

terpyridine moiety if the intercalation occurs near an adenine-thymine base pair.  In 

contrast, if the intercalation occurs near a guanine the fluorescence is quenched.  In fact 

the use of the fluorescent properties of [Pt(trpy)(OH)]+ for analytical techniques has a 

strong time dependence,  as fluorescence gradually decreases over extended periods of 

incubation of the complex with DNA due to the covalent coordination of the platinum 

atom to guanine bases.211  Similar observations of the quenching of fluorescence in the 

presence of guanine has been observed in other terpyridine based Pt(II) complexes.225  

 Chen et al have developed both a mono- and bis-platinum DNA intercalator 
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containing a 6-phenyl-2,2'-bipyridine ligand (Figure 4.7b).  The monomeric Pt(II) species 

contains a pyridine at the fourth coordination site while the Pt(II) dimer is linked at the 

same site via coordination of a linked pyridine derivative to afford the complex µ-N,N'-

bis(isonicotinyl)-1,6-hexane-diamino-bis-[6-phenyl-2,2'-bipyridine-platinum(II)] (Figure 

4.9c).226  Both species not only intercalate DNA and express fluorescence upon 

intercalation, they also exhibit cytotoxic activity allowing for their potential use as 

chemotherapeutic agents as well as fluorescent-labeling species.  The cytotoxic 

properties exhibited by these species would differ from that of cisplatin.  The disruption 

of the DNA double helix would occur via insertion of the intercalator, rather than a 

direct interaction with the backbone, as the linking ligand cannot be displaced 

preventing covalent bond formation with DNA. 

Attempts at improving the cytotoxic activity of Pt(II) species through the use of 

fluorescent carrier ligands includes the incorporation of anthraquinone moieties (N-N’-

bis(aminoalkyl)-1,4-diaminoanthraquinones) into dinuclear platinum complexes (Figure 

4.9d).  These complexes differ from the previously discussed di-platinum species as the 

linkage of the two platinum moieties still allows for an coordination site occupied by a 

labile ligand.  This allows for displacement of the labile ligand for direct Pt(II) 

coordination to the DNA backbone.  The conjugated ring systems of anthraquinones are 

known DNA intercalators and can serve as a fluorescent tag for the platinum complex, 

allowing for tracking of the drug through the cell.  These molecules display a higher 

degree of DNA-adduct formation in comparison to cisplatin and moderate fluorescence 

upon coordination to DNA.227-229 
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Figure 4.9: Pt(II) DNA intercalating species. 
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4.2.2.3 Protein Labeling 

Non-luminescent species have demonstrated the ability to selectively platinate 

peptides and proteins that are rich in cysteine, methionine and histidine.126   Based on 

hard-soft acid-base principles, one would expect platinum to favor coordination to 

methionine and cysteine side chains over histidine imidazoles.  This type of interaction 

has been observed in previous work with coordination of Pt(II) species to small 

methionine-rich peptides.92, 134 The differences in amino acid binding preference is also 

dependent on the Pt-ligand coordination adjacent to the site of amino acid coordination. 

4.2.2.3.1 Terpyridine Pt Complexes 

Several Pt(II) species coordinate to amino-acid side chains through coordinate 

covalent bonds and are selective for specific amino acids based on steric properties of 

their ligands.230  A study of Pt(II) species containing the bulky terpyridine ligand 

compared to a less sterically hindered carboxylate-type ligand indicates that the 

coordinating ligand affects access of amino acids to the Pt(II) core.231  For example, 

[Pt(dippic)Cl]- (dippic = 2,6-pyridinedicarboxylate) reacts with both histidine and 

methionine in cytochrome c.  In contrast, [Pt(trpy)Cl]+  (trpy = terpyridine)  is unreactive 

towards methionine but coordinates to histidine.  This observation is contrary to hard-

soft acid-base principles which predict coordination of Pt(II) to the more favorable 

nucleophilic character of methionine thioether versus the imidazole of histidine.  

Molecular orbital calculations of the coordination of [Pt(trpy)Cl]+ to a thioether and 

imidazole indicate that the lack of coordination to methionine is due to terpyridine 

ligand interference.  The terpyridine ortho-hydrogens repel the thioether but not the 

imidazole, a calculation confirmed in studies using proteins, peptides and amino acids 

(Figure 4.10).232, 233  The facilitation of the coordination to the imidazoles of histidines is 

due to the aromatic character of terpyridine as well as the strain of the N-Pt-N bond 

angles in [Pt(trpy)Cl]+.217, 234-236 
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Figure 4.10: The coordination of Pt(II) species to amino acids is dependent on the 
coordinating ligand. (a) The bulky terpyridine ligand attached to Pt(II) prevents the 

coordination to methionine due to steric interference of ortho-hydrogen atoms, 
whereas the coordination of histidine lacks this interference.  (b) Ligands such as 
dippic lack steric hindrance and therefore can accommodate the coordination of 

both methionine and histidine. 

 

 



 

73 

4.2.2.3.2 Fluorescent Pt-complexes in the presence of BSA 

Compared to luminescent octahedral Ru(II) and Ir(III) species, Pt(II) complexes 

offer emission properties that are more sensitive and dependent on their environment 

due to the fact that the square planar geometry of Pt(II) species makes them more 

exposed to solvent exchange.  Previous work by Wu, et al reported novel Pt(II) species 

containing modified terpyridine and 6’-phenyl-2‘-bipyridine ligands (Figure 4.11), all of 

which were soluble and stable in aqueous conditions and displayed long-lived emission 

in the visible range.237  Wu demonstrated that the cyclometallated platinum(II) 

complexes displayed “switch-on” type character in the presence of BSA, making them 

potential candidates for protein staining and live cell imaging.   However, there is little 

information on the cause of this increase in fluorescence or the amino acids involved in 

the coordination of these Pt(II) species to BSA.237  The amino acids screened for 

potential coordination to the Pt(II) complexes included glycine, phenylalanine and 

tryptophan, all of which are unlikely candidates for coordination to platinum.    

4.2.3 Investigating the Fluorescence of Pt(II) complexes in the 
presence of BSA and Peptides 
In our initial efforts to develop a Met-specific Pt(II) species, our lab selected two 

of the complexes studied by Wu237 and further examined the fluorescence characteristics 

of two cyclometallated species, Pt-NNC and Pt-NNN, as shown in Figure 4.11, in the 

presence of BSA as well as small peptides containing histidine, cysteine and 

methionine.136  While the work described by Wu indicated that a Pt(II)-BSA interaction 

resulted in the “turn-on” of the Pt(II) species fluorescence, they do not indicate which 

amino acid (cysteine, histidine or methionine) serve as the platinum coordination site.   

Based on our observations that square planar Pt(II) complexes coordinate to methionine-

rich peptides, we were interested in the potential for Pt-NNC or Pt-NNN to coordinate 

to methionine.134  Previous studies, as described in Section 4.2.2.3.1, suggest that the 
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steric effects of terpyridine tridentate ligands would inhibit the coordination of the 

cyclometallated complexes to thioethers.230   Thus, it is possible that the turn-on of 

fluorescence in Pt-NNC and Pt-NNN is a result of coordination of the Pt(II) species to 

histidine or cysteine, rather than methionine. 

To explore the interactions of Pt-NNC and Pt-NNN, three peptide sequences 

were used as models to examine the potential coordinating amino acids within a protein. 

PepC, PepM and PepH, (shown in Table 4) contain a central thiol, thioether, and 

imidazole residues respectively.  Each of these residues could serve as potential 

coordination sites for a Pt-complex.  With the addition of Pt-NNC (see Figure 4.11a for 

structure) to PepM and PepH an increase in fluorescence was observed, however 

fluorescence was quenched in the presence of PepC.136  The differences in fluorescence 

among the three peptides could be attributed to the electron donating character of their 

central amino acids.  In the case of PepM, its central methionine is less electron donating 

and therefore its ability to facilitate intraligand π-π* transitions via the metal to ligand 

charge transfer of the platinum metal is lower than that of Pep H.  A second explanation 

for the weaker fluorescence of PepM in comparison to PepH is the fact that thioethers 

have been shown to have steric interference with the ortho-H atoms of terpyridine-type 

ligands, a hindrance that is non-existent in the coordination of the histidine imidazole to 

Pt(II)-terpyridine type complexes.232, 233  The lack in steric hindrance has been shown to 

allow histidine residue to provide π-electrons to populate the intraligand π-π* 

transitions of fluorescent Pt(II) complexes promoting an increase in their fluorescence. 238  
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Figure 4.11: Platinum species used to study the coordination to bovine serum 
albumin as well as the specificity for coordination to peptide sequences with a 
central cysteine, methionine, or histidine residue.  (a) “Pt-NNC” (b) “Pt-NNN”. 

 

Table 4: Model Peptides Used to Examine the Coordination of Pt-NNC. 

Peptide Name Amino Acid Sequence 

Pep C Ac M G G C G G M K 

Pep M Ac M G G M G G M K 
Pep H Ac M G G H G G M K 

 

 

 The results of our studies with Pt-NNC and Pt-NNN suggest that a luminescent 

platinum species could serve as an agent in the fluorescent labeling of proteins through 

coordination to methionine or histidine.  However the coordination of Pt-NNC and Pt-

NNN to a protein lacks specificity as each complex has the potential to interact with 

any methionine or histidines present in the protein sequence.  This suggests that a 

multinuclear Pt(II) species should be used in order to achieve specificity of coordination 

of Pt(II) species.  The presence of two, or more Pt(II) metal centers in a complex would 

provide multiple coordination sites for methionine or histidine, promoting coordination 
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to a methionine or histidine motif where the amino acids are in close proximity to one 

another.  The design and synthesis of a species of this nature will be discussed in 

Chapter 5. 
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5 Towards the development of luminescent 
multinuclear Met-motif specific Pt(II) species for 
protein labeling1 
The evidence that some Pt(II) species could interact specifically with methionine-

rich regions of proteins has led to interest in the development of Pt(II) complexes that 

coordinate to either naturally occurring methionine motifs in proteins or to genetically 

inserted mets-tags.  A fluorescent Pt(II) species containing two metal centers with the 

specific ability to target methionine motifs has potential to expand the field of 

fluorescent labeling of proteins.  The presence of two or more platinum atoms in a 

fluorescent species could promote the coordination of the fluorescent complex to a 

genetically inserted peptide tag containing multiple coordination sites, rather than 

coordination to naturally occurring methionine, histidine or cysteine residues, as 

depicted in Figure 5.1.  

 

Figure 5.1:  A multinuclear Pt(II) species, shown in blue, could promote the 
coordination of a luminescent complex to a peptide tag that has been genetically 

inserted into a protein of interest.  This tag, shown in red, should contain multiple 
coordination sites, for example two methionines.   In the development of a 

luminescent Pt(II)-peptide tag pair, this coordination would be preferred over 
coordination of the Pt species to a naturally occurring methionine within the amino 

acid sequence of the protein of interest, shown in black. 

                                                        
1 Duke undergraduate Jonathan R. Thielman assisted in the completion of portions of this project. 
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The components of a fluorescent tag of this nature is two part: 1) a motif-specific 

multinuclear Pt(II) species and 2) a unique motif tag that can be genetically inserted into 

a protein.  While the development of these two components are not mutually exclusive, 

the focus on this chapter will be on the development of a multinuclear Pt(II) species. 

5.1 Project Goals 

The overall goal of the following project was to explore the feasibility of creating 

a luminescent Pt(II) complex that specifically targets methionine residues.  This chapter 

will discuss our efforts towards the develop of a platinum species of this nature 

including: (1) the synthesis of Pt(II) species using 2,3-bis(2-pyridyl)pyrazine (dpp), (2) 

examination of the coordination of the dpp complexes to amino acids, (3) exploration of 

the fluorescence of the dpp complexes in the presence of BSA.  Through the course of 

this project a ruthenium(II)-platinum(II) mixed metal complex linked via dpp was also 

investigated for potential interactions with methionine and other amino acids. 

5.2 Ligand Selection 

In response to the interesting results of the interactions of Pt-NNC and Pt-NNN 

with BSA and peptide sequences, discussed in Section 4.2.3, we set out to develop a 

multinuclear fluorescent platinum(II) species.  As a foundation for the synthesis of a 

molecule with these properties, we selected the ligand 2,3-bis(2-pyridyl)pyrazine (dpp) 

as a template for a dinuclear Pt(II) species because of its ability to serve as a bridging 

ligand between two metal centers.  Dpp is commercially available and has been used 

extensively in the development of a variety of mono- and multi-nucleated species 

containing the transition metals Ru(II), Os(II), Rh(III), and Pt(II).239-245  

5.2.1.1 Dpp Platinum Complexes 

The first published platinum species containing dpp were mono-platinum species 

of the general structure Pt(II)(dpp)X2 where X = Cl, Ph, and C=CPh (Figure 5.2).246  These 
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species were developed for the use in supramolecular species due to the potential for an 

additional metal coordination to the open coordination sites of the dpp ligand.  In fact, 

Peng et al report that bi-metallic coordination is feasible with either platinum or 

ruthenium as a second coordinated metal. 

 

Figure 5.2: Pt(II)-dpp species (a) Pt(dpp)Cl2, (b) Pt(dpp)Ph2, (c) Pt(dpp)(C=CPh)2. 

5.2.1.2 Dpp Ruthenium Complexes 

A large number of ruthenium-dpp species are described in the literature, mostly 

mixed ligand complexes utilizing bipyridine and/or phenanthroline in addition to dpp. 

247-251  Complexes of this nature have an ability to efficiently absorb energy, making them 

species of interest in a variety of electrochemical and spectroelectrochemical studies.251  

The Brewer group describes the use of heteroleptic Ru-dpp derivatives, 

[(MePhtpy)RuCl(dpp)](PF6) and [(tpy)RuCl(dpp)](PF6) (where MePhtpy = 40 -(4-

methylphenyl)-2,2’:6’,2’-terpyridine and dpp = 2,3-bis(2-pyri-dyl)pyrazine, tpy = 

2,2’:6’,2’’-terpyridine) for the purpose of DNA photocleavage.252 In comparison to the 

homoleptic species, [(MePhtpy)2Ru] and [(tpy)2Ru], the complexes containing multiple 

ligands are much more efficient in their ability to cleave DNA.  The mixed ligand Ru-dpp 

species, and others similar in nature, make use of their ability to both intercalate DNA 

as well as to produce singlet oxygen species that react with DNA, cleaving its 

backbone.253, 254 
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5.2.1.3 Dpp Mixed-Metal Complexes 

Several mixed metal species have utilized dpp by incorporating both platinum(II) 

and ruthenium(II) generating species that are highly luminescent and have potential for 

photo-hydrogen evolution and DNA coordination.249, 255-260  Ru(II)(dpp)3 has been used as 

a building block for luminescent mixed metal species allowing for the synthesis of a wide 

variety of polynuclear complexes (Figure 5.3a).261  Coordination of PtCl2 to the bridging 

RuL(dpp)2 affords a complexes that is luminescent at room temperature in acetonitrile 

due to the MLCT states of Ru→µ-dpp (Figure 5.3b).261 

Recently Pt(II) has been tethered to ruthenium via dpp for the purpose of visible 

light induced splitting of water.  Mixed-metal complexes of this nature are luminescent 

in aqueous solution when excited around 425 nm.257  Ru(II)-Pt(II) light absorbing 

complexes have an enhanced ability to coordinate and subsequently photocleave DNA, 

greater than that of their Ru(II)-ligand counterparts.258 

 

Figure 5.3: Ru-dpp species (a) [Ru(II)(dpp)3]+2, (b) [Ru(II)(µ-(Pt(II)dpp))3]+2. 

5.3 Materials and Methods 

5.3.1 Synthesis of Pt(II), Ru(II) and Mixed-Metal Complexes 

All chemicals were purchased from Sigma-Aldrich and used as received.  All 

solvents were reagent grade.  The purification of synthesized species requiring column 
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chromatography was carried out using preparative reverse-phase HPLC on a YMC C18 

column (250 x 200 mm I.D.).  

Characterization of complexes with ESI-MS took place on an Agilent 1100 Series 

LC/MSD with a quadrupole ion trap (Agilent, Palo Alto, CA) with a conversion 

dynode detector (Daly).  Samples were injected using a Harvard Apparatus (Holliston, 

MA) syringe pump at 40 µL/min.  The ionization of all samples was achieved in the 

positive ion mode by application of +5 kV at the capillary and a nebulizer gas pressure 

of 20 psi.  The drying gas was heated to 325 °C with a flow of 7 L/min.  Mass spectra 

were recorded in the mass/charge (m/z) range of 200-2000.  

UV-Vis spectroscopy studies were conducted on a Cary50 UV-Vis 

spectrophotometer and fluorescence data was collected on a HORIBA Jobin Fluorolog-3 

instrument.  

5.3.1.1 Synthesis of Pt(II)–dpp Complexes 

5.3.1.1.1 Attempted Syntheses of [Pt(II)(dpp)Cl2] (1) 

We attempted the synthesis of [Pt(II)(dpp)Cl2] (1) based on a previously 

reported synthesis.246  0.15 g (0.42 mmol) of cis=Bis(acetonitrile)dichloroplatinum(II) 

(PtCl2ACN2) were dissolved in 10 mL acetonitrile.  0.100 g (0.44 mmol) of 2,3-bis(2-

pyridyl)pyrazine (dpp) was added to the platinum(II) acetonitrile solution.  The mixture 

was heated to 60 °C and refluxed overnight.  After 12 hours a deep brownish-burgundy 

precipitate had formed and was filtered and rinsed with acetonitrile and diethyl ether.  

Unfortunately this product could not be characterized due to insolubility, even in 

dimethylsulfoxide.  

Several different methods were used in the attempt to synthesize [Pt(II)(dpp)Cl2] 

through adaptation of the previously described synthesis.  These changes included: 

smaller scales, a variety solvents, larger solvent volumes, and a range of temperatures as 
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well as varying the platinum(II) starting material (including K2PtCl4, 

PtCl2(dimethylsulfoxide)2 and PtCl2(ACN)2).  Each synthesis resulted in an insoluble 

product that could not be characterized.  Similar reports of insoluble Pt(II) species with 

attempts to coordinate dpp have been reported in the literature.262 

5.3.1.1.2 Synthesis of trans-[Pt(II)Cl2(tu)2] 

0.05 mmol (0.0208 g) of K2PtCl4 was dissolved in 3 mL DMF and heated to 100 

°C.  0.10 mmol (0.0076 g) of thiourea (tu) was dissolved in a minimal amount of DMF 

and added dropwise to the Pt(II)/DMF solution.  The reaction was stirred for 1 hour 

during which time the solution color changed from a translucent red to a bright 

translucent yellow.  The solvent was removed under pressure and the product was 

rinsed with diethyl ether. 

5.3.1.1.3 Synthesis of [Pt(II)(dpp)Cl(tu)] (tu = thiourea) (2) 

The synthesis of the starting material trans-[PtCl2(tu)2] was carried out and after 

the color change 0.10 mmol (0.0117 g) of dpp, dissolved in a minimal amount of DMF, 

was added dropwise to the reaction.  The solution was refluxed at 70 °C for 3 hours 

after which the solvent was removed under pressure.  The solid product was rinsed with 

diethylether.  

5.3.1.1.4 Attempted Synthesis of [Pt(II)(Cl)tu]2-µ-dpp] (3) 

The synthesis of complex 3 was carried out in three steps.  The first two steps 

were the separate syntheses of complexes 1 and 2.  After the synthesis of 1 and 2 were 

completed the two were kept in original solvents, combined and then refluxed at 100 °C.  

The reaction was monitored via ESI-MS over a 24 hour time period, during which no 

evidence of a di-platinum species was detected and only complexes 1 and 2 remained. 
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Figure 5.4: Pt(II)- 2,3-bis(2-pyridyl)pyrazine (dpp) species (1) [Pt(II)(dpp)Cl2], (2) 
[Pt(II)(dpp)Cl(tu)]2Cl-, (3) [Pt(II)(Cl)tu]2-µ-dpp]]Cl-. 

 

5.3.1.2 Synthesis of Ru(II)(dpp)3 (4) 

The synthesis of Ru(II)(dpp)3 was carried out with the adaptation of two 

previously published syntheses.261, 263  30 mL of 2:1 EtOH:H2O were placed in a 100 mL 

round bottom flask with 0.0403 mmol (0.00838 g) of Ru(III)Cl3*H2O and 1.612 mmol 

(0.378 g) of dpp.  The mixture was refluxed for 4 hours at 100 °C. After 4 hours the 

color had changed from a deep red to a dark green, the solution was cooled and filtered.  

A saturated solution of KPF6 (5 mL) was added followed by the removal of EtOH 

under vacuum. 30 mL of 2:1 toluene:acetonitrile was added to the remaining solvent and 

a light blue precipitation formed.  The solid was filtered and the filtrate was collected 
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and its volume reduced under pressure to afford a green solid that was purified using 

HPLC and characterized using ESI-MS, UV-Vis Spectroscopy and fluorescence.  Yield = 

70% (0.98 mg). 

5.3.1.3 Synthesis of [Ru(II)(µ-dpp-Pt(II)Cl2)3] (5) 

The synthesis of [Ru(II)(µ-dpp-Pt(II)Cl2)3] was carried out as described in a 

previously published synthesis.261 0.033 mmol [Ru(II)(dpp)3]Cl3 (0.0266 g) was 

dissolved in 3 mL MeOH.  0.0426 mmol (0.0180 g) PtCl2(DMSO)2 was added to the 

solution.  The solution was refluxed for 1 hour during which the color changed from 

orange/yellow to red/violet.  The solvent was removed under pressure and the resulting 

violet-red solid was washed several times with methanol and dichloromethane. The 

product was characterized using UV-Vis spectroscopy and fluorescence. 

 

Figure 5.5: [Ru(II)(dpp)3]2PF6 (4) and [Ru(II)(µ-dpp-Pt(II)Cl2)3]2PF6 (5). 
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5.3.2 Coordination of Pt(II) Species to Amino Acids and BSA 

5.3.2.1 UV-Vis Spectroscopy 

The interaction of Pt(II) and Ru(II)-Pt(II) species to amino acids in a 1 mM:2 mM 

ratio (Pt(II) to amino acid) was monitored in a solution of PBS buffer with 5% DMSO 

over the course of 12 hours.  The region of 200-800 nm was scanned at the following 

intervals: 30 second intervals for 10 minutes, 1 minute intervals for 1 hour and 1 hour 

intervals until 12 hours.  For the species [Ru(II)(µ-dpp-Pt(II)Cl2)3] the coordination of 

thiourea was also monitored over the course of 12 hours.   

5.3.2.2 Fluorescence Spectroscopy 

All fluorescence studies were conducted on a Fluorolog (Jobin Yvon-Spex; ISA; 

HORIBA Group) fluorimeter with the cuvette chamber set at 25 °C.   Samples were 

dissolved in a variety of solvents including acetonitrile, PBS, as well as a 

5%DMSO/PBS mixture.  Fluorescence excitation wavelengths were in the range of 300 to 

400 nm with emission data was collected in the region spanning from 400 to 800 nm 

with a collection integration time of 0.1 seconds. 

5.4 Results 

5.4.1 UV-Visible Spectroscopy 

5.4.1.1 [Pt(II)(dpp)Cl(tu)] (2) Interactions with Methionine 

The coordination of complex 2 to methionine was monitored over the course of 

12 hours (Figure 5.6).  The maxima at 240 and 280 nm are characteristic of the dpp 

ligand and a weak peak at 340 nm is within the range of what is expected for a Pt-Cl 

CT band.  Over the course of 12 hours there was little change in the UV-spectra, with 

the intensity of the ligand absorption increasing at 240 nm and decreasing at 280 nm.  

The intensity of the peak at 340 nm decreases over time indicating a displacement of the 

chloride ligand.  Coordination of the Pt(II) metal center to the thioether is expected to 



 

86 

occur through the displacement of the chloride ligand as it is the favored leaving group 

over thiourea, therefore one would expect to see a decrease in the Pt-Cl CT band.   

 

 

Figure 5.6: UV-Visible Spectra of Complex 2 with 6 equivalents of L-methionine over 
12 hours.  The characteristic Pt-Cl CT band at 340 nm decreases over time indicating 

a displacement of the chloride ligand. 

 

5.4.1.2 [Ru(II)(µ-dpp-Pt(II)Cl2)3] (5) Interactions with Amino Acids and Thiourea 

The potential coordination of [Ru(II)(µ-dpp-Pt(II)Cl2)3] to a variety of amino 

acids as well as thiourea was monitored using the same techniques previously described 

in the study of complex 2 with L-methionine.  The interactions of L-glycine, L-cysteine, 

L-histidine, L-methionine and thiourea with complex 5 have been observed. 
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5.4.1.2.1 L-Glycine 

The interaction of L-glycine with complex 5 was monitored to determine if the 

amine and carboxylic acid of amino acids interact with the Ru(II)-Pt(II) species.  The 

UV-Vis spectra of L-glycine and complex 5 are shown in Figure 5.7.  In PBS buffer with 

5% DMSO, complex 5 has intense absorption at 340 and 530 nm, which can be assigned 

to a Pt-Cl charge transfer and a Ru-dpp metal to ligand charge transfer respectively.  

Upon introduction of glycine to the Ru(II)-Pt(II) solution, there is no change in the 

spectra, however after 6 hours we see a steady decrease in overall absorbance.  This can 

be attributed to a formation of a small amount of precipitation seen after 6 hours of 

reactivity. (Glycine was placed in a in a PBS/5%DMSO mixture without the presence of 

a Ru(II)-Pt(II) and found to form a precipitate after 11 hours.) 

 

Figure 5.7: UV-Visible spectra of of [Ru(II)(µ-dpp-Pt(II)Cl2)3] (5) in the presence of 6 
equivalents of L-glycine.  No change in the spectra is observed over the course of 6 

hours, however after this time a small amount of precipitation was seen forming 
causing a decrease in the overall absorbance of the sample. 
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5.4.1.2.2 L-Cysteine 

The UV-Vis spectra of the interaction of complex 5 with 6 equivalents of L-

cysteine taken over a 12-hour period is depicted in Figure 5.8.  The characteristic Pt-Cl 

CT bands are visible at 350 nm in addition to a band in the region of 530 nm which can 

be attributed to a Ru-dpp MLCT.261 Within minutes of the introduction of methionine 

into a buffered solution of complex 5, we see a decrease in the band at 340 nm as well 

as a shift in the band at 530 nm.  By the 1-hour mark, the reaction had reached 

equilibrium, with a new band appearing at 455 nm. 

 

Figure 5.8: UV-Visible spectra of of [Ru(II)(µ-dpp-Pt(II)Cl2)3] (5) in the presence of 6 
equivalents of L-cysteine.  Upon introduction of cysteine into the Pt(II) solution 

there is an immediate decrease in the Pt-Cl CT band at 340 nm as well as a decrease 
and shift in the Ru-dpp MLCT band at 540 nm. 
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5.4.1.2.3 L-Histidine 

The interaction of 6 equivalents of L-histidine with complex 5 was much slower 

than that of L-cysteine.  As depicted in Figure 5.9, the absorption at 540 nm persists 

through 2 hours of reactivity after which there is a decrease and shift in the absorbance 

resulting in a new band at 460 nm.  The absorption band at 340 nm steadily increases, 

which is somewhat puzzling as this is in the range of the absorbance of a Pt-Cl bond.  

One would expect coordination of histidine to occur through the displacement of the Cl 

atom resulting in a decrease in its CT band, however this was not observed in the 

reaction of L-histidine and complex 5.   

 

Figure 5.9: UV-Visible spectra of of [Ru(II)(µ-dpp-Pt(II)Cl2)3] (5) in the presence of 6 
equivalents of L-histidine.  Upon introduction of histidine into the Pt(II) solution 

there is no change in the spectra over the course of 2 hours.  After 2 hours an 
increase in the Pt-Cl CT band at 340 nm as well as a decrease and shift in the Ru-

dpp MLCT band at 540 nm is observed. 
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5.4.1.2.4 L-Methionine 

Figure 5.10 depicts the interaction of 6 equivalents of L-methionine with 

[Ru(II)(µ-dpp-Pt(II)Cl2)3] (5) over the course of 12 hours.  Upon introduction of L-

methionine to the Pt(II) solution there is an immediate decrease and shift in the 

absorbance band at 540 nm.  Again as seen in the interaction of L-cysteine with complex 

5 a band in the region of 340 nm, characteristic of a Pt-Cl CT decreases rapidly.  The 

interaction of L-methionine with complex 5 reaches equilibrium within 1 hour, with a 

new absorbance maximum present at 460 nm. 

 

Figure: 5.10 UV-Visible spectra of of [Ru(II)(µ-dpp-PtCl2)3] (5) in the presence of 6 
equivalents of L-methionine.  Upon introduction of methionine into the Pt(II) 

solution there is an immediate decrease in the Pt-Cl CT band at 350 nm as well as a 
decrease and shift in the Ru-dpp MLCT band at 540 nm. 
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In an attempt to identify the new species formed and present at equilibria we 

compared the spectra of complex 5 and L-methionine at equilibria with the UV-Visible 

spectra of complexes 4 and 5, [Ru(II)(dpp)3] and [Ru(II)(µ-dpp-Pt(II)Cl2)3] (Figure 5.11).  

Comparison of these spectra reveal that the newly formed species is that of complex 4, 

indicating that in the presence of L-methionine the Pt(II)Cl2 moiety is stripped from the 

[Ru(II)dpp3] complex (Figure 5.12).  

 

 

Figure 5.11: Comparison of the UV-Visible spectra of the equilibrium of complex 5 
with 6 equivalents of L-methionine (green) and complexes 4 (red) and 5 (blue).  The 

spectrum of the equilibrium of complex 5 and L-methionine is identical to that of 
complex 4, indicating that L-methionine strips the Pt(II)Cl2 moiety from complex 5 

(Figure 5.12). 
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Figure 5.12: In the presence of 6 equivalents of L-methionine complex 5 is stripped 
of its Pt(II)Cl2 moieties to become complex 4. 

 

5.4.1.2.5 Thiourea (tu) 

To confirm the changes seen in the UV-Vis spectra of the interaction of the 

thioether of methionine with [Ru(II)(µ-dpp-Pt(II)Cl2)3], we introduced 6 equivalents of 

thiourea to the Ru(II)-Pt(II) solution.  The same trends observed in the interaction of 

methionine with complex 5 were observed with the interaction of thiourea indicating that 

the coordination of a sulfur group results in the disruption of the Pt-Cl bond as well as 

the formation of some new species with an absorbance maximum in the region of 460 nm 

as shown in Figure 5.13.  
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Figure 5.13: UV-Visible spectra of [Ru(II)(µ-dpp-Pt(II)Cl2)3] (5) in the presence of 6 
equivalents of thiourea.  Upon introduction of thiourea into the Pt(II) solution there 
is an immediate decrease in the Pt-Cl CT band at 350 nm as well as a decrease and 

shift in the Ru-dpp MLCT band at 540 nm. 
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5.4.2 Fluorescence 

5.4.2.1 [Pt(II)dpp(Cl)tu] (3) with BSA 

The fluorescence of complex 3 was monitored in the presence of BSA.  The 

concentration ranges of complex 3 after titration were 5 µM to 50 µM for 1X and 10X 

respectively.  Figure 5.14 depicts the fluorescence with excitation at 340 nm.  Complex 3 

is very weakly emitting in the presence of BSA.  In fact when comparing the fluorescence 

of a 2X solution of BSA to our Pt(II)-BSA solutions it was discovered that any 

fluorescence observed in our Pt(II)-BSA mixtures is likely very low level background 

fluorescence of BSA.  This indicates that complex 3 would be a very poor fluorescent 

labeling agent for BSA. 

 

Figure 5.14: The fluorescence of complex 3 in the presence of BSA was monitored 
over a concentration range of 5 µM to 50 µM for 1X and 10X.  The Pt(II) species was 
titrated into the BSA solution and allowed to sit for 20 minutes prior to collection of 
fluorescence data.  Excitation of the solution took place at 340 nm and a very weak 

emission in the region of 440 nm was observed, which is most likely attributed to 
very low-level fluorescence of the BSA molecule itself. 

 

 



 

95 

5.4.2.2 Fluorescence of [Ru(II)(µ-dpp-Pt(II)Cl2)3] (5) 

The fluorescence of complex 5 was measured in acetonitrile as well as a PBS-

5%DMSO mixture.  Exciting at 455 nm, the complex is moderately fluorescent with a 

relative emission of 5.0E4 at 700 nm, whereas complex 4 is strongly emissive at 640 nm. 

This is in agreement with previously published fluorescence data of complexes 4 and 

5.261  Unfortunately the emission of the complex in the PBS-%5DMSO mixture is very 

weak and cannot be restored in the presence of BSA, as indicated by the fact that the 

spectra of both complex 5 in an aqueous environment and complex 5 with BSA in an 

aqueous environment are identical. 

 

Figure 5.15: The fluorescence of complex 5 was monitored in both a PBS/5%DMSO 
mixture as well as acetonitrile.  The complex is weakly emissive in acetonitrile 

compared to its Ru(II) counterpart (complex 4).  In an aqueous environment the 
complex lacks fluorescence, which cannot be restored in the presence of BSA. 
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5.5 Discussion 

Based on the proceeding results it is clear that the use of 2,3-bis(2-

pyridyl)pyrazine (dpp) in fluorescent species, in both Pt(II) and Pt(II)-Ru(II) mixed 

metal species, is not a viable option for further development of a methionine-specific 

TMC.  The ligand was chosen for study due to its commercial availability as well as its 

wide use as bridging ligand between metal centers of species that are currently used in 

DNA intercalation and light-activated cleavage.   

Our attempts at synthesizing the dinuclear Pt(II) species, such as complex 3 (see 

Figure 5.1c for structure), were unsuccessful using a variety of Pt(II) starting materials.  

The early attempts at isolating a product using K2[Pt(II)Cl4], Pt(II)Cl2(DMSO)2, and 

Pt(II)Cl2(ACN)2 as starting materials resulted in insoluble products that were most likely  

polymer type multinuclear Pt(II) species similar to Pt(II)-dpp polymer products reported 

in the literature.262  Our efforts to mitigate the formation of these insoluble products 

included the use of Pt(II)Cl2(tu)2 as a starting material, however we were only able to 

isolate the mono-substituted species complex 2 (Figure 5.4). 

To circumvent the issues we encountered in the attempted synthesis of a di-

platinated dpp species, we utilized a Ru(II)-dpp species to yield a Ru(II)-Pt(II) species 

linked via the dpp ligand as reported in the literature.261  We were able to synthesize the 

species [Ru(II)(dpp)3] (complex 4) as well as the tri-platinated species [Ru(II)(µ-dpp-

Pt(II)Cl2)3] (complex 5).  Unfortunately our studies of the interaction of complex 5 with 

amino acids afforded unexpected results.  The [Ru(II)(µ-dpp-Pt(II)Cl2)3] complex has 

demonstrated biological stability through its use in DNA studies, however the use of 

dpp in a Ru(II)-Pt(II) bridge system results in a complex that is unstable in the presence 

of methionine and other sulfur containing molecules.  This instability was demonstrated 

in the monitoring of the coordination of complex 5 in the presence of methionine, 
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cysteine and thiourea using of UV-Vis spectroscopy.  Upon introduction of any sulfur-

containing molecule to a solution of complex 5 (Figure 5.5b), there is an immediate 

decrease in the CT bands corresponding to the Pt-Cl bond.  These absorbance maxima 

are generally in the range of 320-350 nm, and are monitored to determine coordination of 

species to Pt(II) metal centers.  In addition to a decrease in the Pt-Cl CT bands, we also 

see a decrease and what appears to be a shift in the absorbance maxima from 540 to 

460 nm.  Upon further inspection, it was clear that the new absorption maximum at 460 

nm was due to the removal of the platinum from the [Ru(II)dpp3] core (Figures 5.11 and 

5.12).  The coordination of complex 5 to histidine differed from the sulfur containing 

species as the interaction took place on a much slower timescale. The instability of 

complex 5 in sulfur-containing solutions could explain the difficulties we had in isolating 

a dinuclear-Pt(II) species using dpp as a bridging ligand.  In particular, the difficulty we 

had in our attempts to isolate a di-platinated species using Pt(II)Cl2(tu)2 as a starting 

material could be due to the thiourea ligand of the Pt(II)Cl(tu) moiety preventing a 

second coordination of a metal species. 

In spite of its moderate fluorescence in acetonitrile, the lack of fluorescence of 

complex 5 in aqueous solution also limits its use in fluorescent protein labeling.  While 

other Pt(II) species have been reported to express a “switch on” behavior in the presence 

of BSA, complex 5 lacks luminescence in the presence of the protein.237  The lack of 

return of fluorescence could be explained by the degradation behavior of complex 5 in 

the presence of coordinating species, however a second explanation could be that BSA is 

unable to shelter the complex from the quenching of fluorescence by water.  This type of 

quenching has been previously observed and reported in fluorescent species that also 

contain endocyclic nitrogens, similar to those found in dpp.168 
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5.6 Future Directions 

Based on our results it is evident that for future studies, Pt(II) species using the 

terpyridine type ligand “NNC” (Figure 4.9a) are at this time the most viable option for 

developing a methionine motif-specific TMC.  PtLCl complexes, where L = a terdentate 

ligand, absorb strongly in the region of 350-380 nm and exhibit strong luminescence in 

the range of 480-600 nm.  The high efficiency of luminescence for molecules containing 

terdentate cyclometallating ligands is due to their strong ligand field and ability to raise 

the energy of the d-d excited states, which reduce and, in some cases, remove pathways 

of nonradioactive decay making them the most suitable species for labeling biomolecules 

in an aqueous environment.212 

5.6.1 Synthesis of a linked Pt-NNC or Pt-NNN species 

In spite of reports in the literature that terpyridine based-Pt(II) species show 

selectivity for histidine motifs, the results collected by Robert Holbrook suggest that the 

sterics and coordinating properties of the “NNC” ligand differ from that of terpyridine 

and could therefore be used to develop a methionine specific-tag.136  The linking of 

multiple [Pt(II)(NNC)Cl] species may increase specificity for methionine motifs and 

prevent coordination to naturally expressed histidines and cysteines within a protein 

sequence.  The linking of two terpyridine type ligands could occur via an alkyl chain or a 

fused ring system.  The former can be achieved through adaptation of the original 

synthesis scheme with the use of 4-4’diacetyldiphenylmethane in place of 2-

acetophenone as depicted in Part A of the projected synthesis of an alkyl-linked 

[Pt(II)(NNC)Cl] species (Figure 15.16). 
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Figure 5.16: Projected synthesis of an alkyl linked dinuclear Pt-NNC complex. 

5.6.1.1 Linker Selection 

In the development of a novel ligand for coordination to platinum, the choice of 

linker could have a significant role in selectivity for methionine over other motifs that 

would direct the Pt(II) complexes away from their intended targets.  In addition to 

varying the length of linker, choosing a linker with the ability to have weak interactions 

with the protein backbone could aid in directing the fluorescent species to its target.  A 

similar approach in design is currently utilized in the linking of fluorescent ruthenium-

based molecules using a 2-mercaptoethyl ether linker that hydrogen bonds to the DNA 

backbone, enhancing the intercalation of the Ru(II) species into the base stack of DNA. 

172 
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5.6.2  Additional Potential Targets 
At the onset of this project, in addition to surveying previous work on the 

development of amino acid specific fluorescent tags, we surveyed the literature for 

known Pt(II) fluorescent species as well as fluorescent ligands that could potentially be 

used to develop new fluorescent Pt(II) complexes.  As discussed earlier, from these 

studies we selected “Pt-NNC” and “Pt-NNN” (Figure 4.9) as well as Pt(II)-dpp species 

for further studies.  However, some of the Pt(II) species and ligands we did not choose 

for use in our initial studies may be useful in future developments of a Met-specific 

fluorescent tag.  The information gathered in this survey is summarized in Appendix A, 

Tables 5 and 6, with the complexes divided into tridentate and bidentate species.  In 

addition to the structures of the Pt(II) species and fluorescent ligands, names, CSD data, 

references and commercial sources have been included, when available.   

Based on previous findings by Zhou et al, at the start of this project we were 

concerned with steric interference from the coordinating ligand.230  In order to avoid these 

steric collisions it would be advantageous to incorporate ligands that upon coordination 

to Pt(II) create a complex that can accommodate the incoming methioine thioether.  The 

crystallographic data included in the tables of Appendix A are measurements describing 

the “binding pocket” of the platinum moiety.  The binding pocket can be described by 

two measurements 1) the distance between hydrogen atoms “HA” and “HB” and 2) the 

bond angle of the platinum coordination (Figure 5.17).  The greater the HA-HB distance 

and the smaller the bond angle for Pt-coordination the larger the binding pocket for 

potential coordinating nucleophiles, which decreases the likelihood of steric interference 

from an incoming methionine. 
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Figure 5.17: For both tridentate and bidentate Pt(II) species the binding pocket of a 
can be described by crystallographic measurements the distance between HA and 

HB as well as the Pt-bond angles. These measurements are reported in the literature 
and summarized in Tables 5 and 6 in Appendix A. 

5.6.2.1 Pt(II) species with tridentate ligands containing five-membered rings 

A majority of the Pt(II) fluorescent species investigated in the literature utilize 

tridentate ligands containing six-membered rings.   The class of fluorescent ligands 

containing five-membered rings is an area that could be considered for further study due 

to the lack of information available in the literature.  Additionally, based on geometries 

of the ligands, it is likely that these ligands containing five-membered rings would have 

very little steric hindrance to an incoming methionine thioether, as the hydrogens 

adjacent to the Pt(II) binding pocket are out of plane and are unlikely to interfere with 

methionine coordination.  

5.6.2.1.1 “NNN” ligands containing five-membered rings 

Five-membered ligands that could potentially be used in coordination to Pt(II) 

via three endocyclic nitrogens, similar to the coordination of terpyridine, are shown in 

Figure 5.18.  At this time no Pt(II) species utilizing these ligands have been reported, 

however metal complexes containing Fe(II), Cu(II) and Ag(I) are described in the 

literature.264-266  
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Figure 5.18: Five-membered "NNN" species. (a) dipyrrolpyridine, (b) 2,5-bis(pyrrol-3-
yl)pyridine, and (c) 2,6-bis(5-methyl-1H-pyrazol-3-yl)pyridine. 

5.6.2.1.2 “SXS” ligands containing five-membered rings 

The majority of the Pt(II) cyclometallated species that are described in the 

literature utilize carbon or nitrogen as the donating atoms for platinum coordination.  An 

interesting approach to the development of novel Pt(II) fluorescent species could include 

the use of cyclic ligands with sulfur as donor atoms.  Since sulfur is a more favorable 

nucleophile for Pt(II), its use could have interesting effects on the stability of Pt(II) 

species as well as their fluorescence.  Ligands with SXS donor species, where S is sulfur 

and X is carbon or nitrogen are pictured in Figure 5.19.  Currently there are no reported 

metallated species containing these specific ligands, however Pt(II) species with 

platinum-thiophene coordination have been described.267, 268   

 

 

Figure 5.19: Five-membered "SXS" species (where X = N or C) (a) 2,6-di(2-
thienyl)pyridine (b) 2,2’-(1,3-phenylene)bis-thiophene. 
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Appendix A – Survey of Fluorescent Ligands and Pt(II) 
Species 

 

Table 5: Tridentate Ligands and Pt(II) Species. 

Name/Structure Crystallographic Data Reference(s) Com. Avail. 
($) 

N1

N2

N3
Pt

Cl

HA HB  
Terpyridine 

CSD: SASRUA01 
N1-Pt-N3 = 161.68°, N2-
Pt = 1.931Å, Pt-Cl = 
2.302Å, HA-HB = 5.479Å 

233 Sigma 
250mg – 
(23.87) 
Pt(II) 
Complex 
Sigma – 
500mg 
(242.00) 

N1

C1

N2
Pt

Cl

HA HB  
1,3-Bis(2-pyridinyl)benzene 

CSD: GUDEN 
N1-Pt-N3 = 161.07°, N2-
Pt = 1.907Å, Pt-Cl = 
2.417Å, HA-HB = 5.448Å 

205, 269, 270 
 
 
 
 

 

N1

C1

N3
Pt

Cl

HA HB

COOMe

 
Benzoic acid, 3,5-di-2-pyridinyl-, 

methyl ester 

CSD: AQUEGOS  
N1-Pt-N2 = 161.28°, C1-
Pt = 1.903Å, Pt-Cl = 
2.405ÅHA-HB = 5.435Å 

 

255, 271  
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N1

N2

C1
Pt

Cl

HA HB  
6-Phenyl-2,2'-bipyridine 

CSD: ELUREI 
N1-Pt-C1 = 161.63°, N2-
Pt = 1.941Å, Pt-Cl = 
2.312Å, HA-HB = 5.730Å 

272  

N

NN

R""R

R'

R' = COOCH3, Br, CH3

R" = H, COOCH3  

 
 

273 
  

 

N

NN

F F

 
[1,3-difluoro-4,6-di(2-
pyridinyl)benzene] 

 

205  

N

NN

HN

N

NH

NH

 

 

274  

N1

N2

N3
Pt

Cl

HA HB

CF3

 

CSD: XPINOZ 
N1-Pt-N3 = 162.31°, N2-
Pt = 1.931Å, Pt-Cl = 
2.286Å 
HA-HB = 5.508Å 

275  
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N1

N2

N3
Pt

Cl

HA HB

CH3

 

CSD: XIPNIT 
N1-Pt-N3=162.32°, N2-
Pt=1.935Å, Pt-Cl = 
2.294Å 
HA-HB = 5.502Å 

275  

N1

N2

N3
Pt

Cl

HA HB

Ph

Ph

Ph

Ph

Ph

 

CSD: SIYPEW 
N1-Pt-N3=166.10°, N2-
Pt = 1.981Å, Pt-Cl = 
2.287Å 
HA-HB = 5.628Å 

276  

N1

N2

N3
Pt

Cl

HA HB

O

N1

N2
N3

P
t

Cl

HA

HB

tBu

But

 

CSD: SAHHOZ 
N1-Pt-N3=161.85°, N2-
Pt = 1.949Å, Pt-Cl = 
2.297Å 
HA-HB = 5.487Å 

277  

N1

N2

N3
Pt

Cl

HA HB

N
N

Ph

 

CSD: LUNLIP 
N1-Pt-N3=162.25°, N2-
Pt = 1.911Å, Pt-Cl = 
2.288Å 
HA-HB = No Data. 

278  
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N1

N2

N3
Pt

Cl

HA HB

Cl

 

CSD: LABJOO 
N1-Pt-N3=162.09°, N2-
Pt = 1.941Å, Pt-Cl = 
2.303Å 
HA-HB = 5.464Å 

279  

N1

N2

N3
Pt

Cl

HA HB  

CSD: JUQVEW 
N1-Pt-N3=161.68°, N2-
Pt = 1.936Å, Pt-Cl = 
2.312Å 
HA-HB = 5.486Å 

279  

N1

N2

N3
Pt

Cl

HA HB

Ph

N
H2NOC

 

CSD: FAZJUM 
N1-Pt-N3=161.68°, N2-
Pt = 1.936Å, Pt-Cl = 
2.312Å 
HA-HB = 5.486Å 

280  

N1

N2

N3
Pt

Cl

HA HB

B
MESSEM

 

CSD: DESQEY 
N1-Pt-N3=162.05°, N2-
Pt = 1.948Å, Pt-Cl = 
2.290Å 
HA-HB = 5.486Å 

281  

N1

C1

N2
Pt

Cl

HA HB

Ph

 

CSD: JEBHII 
N1-Pt-N2=161.13°, C1-
Pt=1.912Å, Pt-
Cl=2.422Å, 
HA-HB=5.482Å 

271  
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N

HNNH  

CSD: Ligand – VAWJEJ 
HA-HB-7.097Å 

282  

N

N
NHN

H

N

 
2,6- bis(pyrazol-3-yl)pyridine 

 

264, 266 
 

 

N

N
NHN

H

N

 

 

265  

N

N
NHN

H

N

 

 

265  

N

N
NHN

H

N

 

 

283  

N

NN  

 

284  

C

NN  

 

285  

N

HN
NN

NH  
2,6-Di(IH-4,5,6,7-

retrahydrobenzopyrazol-3-
yl)pyridine 

CSD: Ligand – 
ABORUE 
HA-HB= Out of plane of 
Pt binding to NH. 

283, 286, 287 
 

 

N

SS  
2,6-di(2-thienyl)pyridine 

 

288, 289 Sigma – 
Rare Chem 
(L161500) 
1unit $80 – 
10mg 
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N

SS

S

 
Pyridine, 2,4,6-tri-2-thienyl- 

 

290 15509-95-2  
Ryan 
Scientific 
AC-776 
/15493006 
182mg 
(195) 

N

SS  
Pyridine, 4-phenyl-2,6-di-2-

thienyl 

 
 

291  

SS  
2,2’-(1,3-phenylene)bis-

thiophene 

 

292 Ryan 
Scientific 

SS

S

Br

BrBr  

 

 Aurora 
Screening 
Labs 

SS

NH2

CNNC

 

 

 112906-28-
2 
Interchim 
Intermed 
(mg 
quantities) 

SS

t-But

 
Thiophene 

 

 79691-47-7 
Interchim 
Intermed 
(mg quant) 
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N

SS

N

CH3

Pt

Cl

HA
HB  

5-methyl-1,3-bis(benzothiazol-
2-yl)-benzene 

CSD Info: WELKUU 
N1-Pt-N3=158.66°, C1-
Pt =1.924Å, Pt-Cl = 
2.415Å, HA-HB = 5.172Å 

293  

N1

N2 N3

Pt

Cl

HB

HA  

CSD: FEJVEW 
N1-Pt-N3=174.84°, N2-
Pt=2.006Å, Pt-
Cl=2.296Å, HA-
HB=4.889Å 

294  

N

N

N

 

 

294  

N

N

N

 
2-(2-Pyridyl)-1,10-

phenanthroline 

 

294  

N

N

CO2H

Me

 
1,10-Phenanthroline-2,9-
dicarboxylic acid, 4-(4-

methylphenyl)- 

 

295 Alfa Aesar 
– (50mg – 
88.80, 
250mg – 
241.00, 
A18551) 
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N1

N2

Pt

Cl1

HA

N3
HB

 
1,10-Phenanthroline, 4,7-
dimethyl-2-(2-pyridinyl) 

CSD: LULMA 
N1-Pt-N3=162.75°, N2-
Pt=1.949Å, Pt-
Cl1=2.302Å,HA-
HB=5.603Å 

210  

N1

N2

Pt

Cl1
HA

N3

HB

N

N

 
Dipyrido[3,2-a:2',3'-c]phenazine, 

3-(2-pyridinyl) 

CSD: KOBYEG 
N1-Pt-N3=160.89°, N2-
Pt=1.925Å, Pt-
Cl1=2.286Å, HA-
HB=5.593Å 

296  

N2N1 Pt

Cl

HA HB  

CSD: XUXKAC 
N1-Pt-N2=157.93°, C-
Pt=1.907Å, Pt-
Cl1=2.392Å, HA-
HB=5.520Å 

297  

N

OO

OHOH  
2,6-pyridine dicarboxylate 

CSD: SADLIS 
O1-Pt-O2 = 162.21°, N1-
Pt = 1.908Å, Pt-Cl = 
2.303Å 

298 Sigma 25g 
(18.99 – 
P63808) 
 

N

OO

OHOH

CO2
-

 
Pyridine-2,4,6-tricarboxylic 

acid  

 

  

 

N

OO

OHOH

OH

 
4-hydroxypyridine-2,6-

dicarboxylic acid 

 

 Sigma 5g 
(168.00  – 
C8011) 



 

111 

N

N2

N

N

N3
N1

HB
HA

Pt

Cl

Pt

Cl

 
2,3,5,6-tetrakis(2-
pyridyl)pyrazine 

CSD: AJESIR 
N1-Pt-N3 = 162.55°, N2-
Pt = 1.917Å,  
Pt-Cl1 = 2.267Å, HA-HB 
= 5.335Å 

299  

 

Table 6: Bidentate Ligands and Pt(II) Species. 

Name/Structure Crystallographic Data Reference(s) Com. 
Avail. 

($) 

N1

N2 Cl2

Pt

Cl1

HA

HB

 
1,10-Phenanthroline 

CSD: KIPYAG 
N1-Pt-N2=81.47°, N1-
Pt=2.006Å, N2-
Pt=2.023Å, Pt-
Cl1=2.292Å, Pt-
Cl1=2.288Å, HA-
HB=6.148Å 
 

300, 301 
 

 

N

N

N1

N2

Pt

Cl1

Cl2

HA

HB  
2,3-bis(2-pyridyl)pyrazine 

CSD: TOXYAG 
N1-Pt-N2 = 80.68°, N1-Pt 
= 1.996Å, N2-Pt = 
2.004Å, Pt-Cl1 = 2.295Å, 
Pt-Cl1 = 2.289Å 
HA-HB = 6.041Å 

246 Sigma – 1g 
$63.00 

N1

N2 Cl2

Pt

Cl1

CH3

CH3

 

CSD: KIPYAG 
N1-Pt-N2=79.82°, N1-Pt 
= 2.046Å, N2-Pt = 
2.044Å, Pt-Cl1 = 2.301Å, 
Pt-Cl1 = 2.313Å 
HA-HB = CH3’s out of 
plane. 

302  
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N1

N2

Cl2
Pt

Cl1

Et

Et

Ph

Ph

 

CSD: KAQLIY 
N1-Pt-N2=81.59°, N1-Pt 
= 2.008Å, N2-Pt = 
2.014Å, Pt-Cl1 = 2.291Å, 
Pt-Cl2 = 2.294Å 
HA-HB = 6.143 Lig: 
 

303  

H
N H

N

 
Benzo[2,1-b:3,4-b]dipyrrole 

 304 
 

 

N
H

N  
1H-Pyrrolo[3,2-h]quinoline 

 305 Princeton 
Building 
Blocks - 
1g - $560 
 

N1 N2

Cl2

Pt

Cl1

HA HB

NN

 
Dipyrido[3,2-a:2',3'-c]phenazine 
hemihydrate 

CSD: NOFTUX 
N1-Pt-N2=81.52°, N1-
Pt=2.011Å, N2-
Pt=2.013Å, Pt-
Cl1=2.291Å, Pt-
Cl2=2.267Å, HA-
HB=6.154Å 

 Parish 
Chemical 
Company 
– 1g $155  
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N1 N2

Cl2

Pt

Cl1

HA
HB

NN

CNNC

 
Pyrazino[2,3-
f][1,10]phenanthroline-2,3-
dicarbonitrile 

CSD: SERDID 
N1-Pt-N2=81.31°, N1-
Pt=2.012Å, N2-
Pt=2.017Å, Pt-
Cl1=2.281Å, Pt-
Cl2=2.290, 
HA-HB=6.141Å 

306 Tiger 
Scientific 

N1 N2

Cl2

Pt

Cl1

HA HB

NN

NC CN

 
Dipyrido[3,2-a:2',3'-c]phenazine-
11,12-dicarbonitrile 

CSD: SERDOJ 
N1-Pt-N2=81.45°, N1-
Pt=2.012Å, N2-
Pt=2.017Å, Pt-
Cl1=2.281Å, Pt-
Cl2=2.290Å, 
HA-HB=6.141Å 

306, 307  

N1 N2

I2

Pt

I1

HA
HB

Ph Ph

 
4,7-Diphenyl-1,10-phenanthroline 

CSD: TAVVIV 
N1-Pt-N2=78.11°, N1-
Pt=2.021Å, N2-
Pt=2.021Å, Pt-
I1=2.2.588Å, Pt-I2=2.588, 
HA-HB=6.208Å 

302 Sigma – 1g 
$83.70 
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N1 N2

I2

Pt

I1

H2C
CH3

Ph Ph

 
1,10-Phenanthroline, 2,9-
dimethyl-4,7-diphenyl 

CSD: TAVBOB 
N1-Pt-N2=888.07°, N1-
Pt=2.091Å, N2-
Pt=2.069Å, Pt-
I1=2.579Å, Pt-I2=2.574, 
HA-HB=Out of Plane 

302 Sigma – 1g 
$83.70 

N1 N2

Cl2

Pt

Cl1

Et

Et

 
1,10-Phenanthroline, 2,9-dibutyl-
4,7-diphenyl 

CSD: ROGYIW 
N1-Pt-N2=80.25°, N1-
Pt=2.082Å, N2-
Pt=2.083Å, Pt-
Cl1=2.340Å, Pt-
Cl2=2.330Å 

308  

N
H

NH

HO

CHO

 

 309  
 

N
H

NH

O

CHO

 

 309  

NH

N

HN

O

O

HO  

 310  
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