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Abstract 

  Cisplatin (CisPt) is an important drug that is used against various cancers, including 

testicular, ovarian, lung, head, and neck cancer. However, its effects are limited by 

cellular resistance. The resistance is believed to be multifactorial, and may be mediated 

to varying degree by multiple systems in cells, one of the proposed systems being the 

copper (Cu) transporting system. The Cu-importer Ctr1 has proven importance for 

cellular sensitivity to CisPt by regulating its influx, while the Golgi-localized Cu-

ATP:ases ATP7A/B can putatively mediate CisPt efflux and/or drug sequestration. 

Atox1 is a small Cu-chaperone that normally transfers Cu between Ctr1 and ATP7A/B, 

prior to delivery of Cu to the proteins in the secretory pathway. Since Ctr1 and ATP7A/B 

are reportedly involved in CisPt-resistance, CisPt interaction with Atox1 was the focus 

of the project this thesis is based upon. 

  Using a variety of techniques, Atox1 was found to bind CisPt, also simultaneously with 

Cu. The Atox1-CisPt complexes were further probed using selected mutants in studies 

demonstrating that only the two cysteines (Cys12 and Cys15) in the Cu-binding site of 

Atox1 are essential for CisPt interactions. A proposed Atox1 di-metal complex 

containing both Cu and CisPt was found to be monomeric, and no loss of Cu was 

observed. In vitro experiments demonstrated that CisPt could also bind to metal-binding 

domain 4 of ATP7B (WD4), and that the drug could be transferred from Atox1 to the 

domain. These findings indicated that Atox1 may transfer CisPt to ATP7A/B in vivo, 

utilizing the same transport pathway as Cu. However, the CisPt-bound Atox1 complexes 

were not stable over time; upon incubation, protein unfolding and aggregation were 

observed. Thus, in vivo, Atox1 might alternatively be a dead-end sink for CisPt.  

  The effects of the ligands around the Pt-center of Pt-based anticancer drugs and drug 

derivatives on Atox1 binding and unfolding were also investigated. The ligands’ 

chemistry and geometry were shown to dictate the extent and rate of the Pt-based 

substances interactions with Atox1. Finally, the occurrence of Atox1-CisPt interactions 

in a biological environment was demonstrated by developing and applying an antibody-

based method allowing analysis of metals associated with Atox1 extracted from CisPt-

treated cells.  

  The findings presented in this thesis show that CisPt binds to Atox1 and WD4, also 

simultaneously with Cu, in vitro. The results support the hypothesis that Cu-transporting 

proteins can mediate cellular resistance to CisPt in vivo, and provide a deeper chemical 

understanding of the interactions between the proteins and the drug. 
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Populärvetenskaplig sammanfattning 

  Resistens mot ett läkemedel innebär att läkemedlet inte längre uppfyller sin 

uppgift att bota sjukdomen. Resistens mot cancerläkemedel (cytostatika) bottnar 

i att cancerceller, även om de är i samma tumör, kan skilja mycket i uppbyggnad 

och genetik. Resistensen mot cytostatikan kan uppkomma på två olika sätt. 

Antingen utvecklas den under behandling som ett sätt för cancercellerna att 

överleva, eller så innehåller tumören redan cancerceller med ”rätt” egenskaper 

för att stå emot läkemedlet. Dessa celler kommer sådeles att överleva 

behandlingen och kan fortsätta dela sig och bygga upp tumören på nytt. Att lista 

ut vilka anledningar som gör att celler är eller blir resistenta mot ett 

cancerläkemedel är mycket svårt eftersom det är många olika mekanismer 

involverade. Genom en bättre kartläggning om hur cytostatikan reagerar och 

verkar inne i cellen kan vi öka kunskapen om sätt att förlänga dess tänkta effekt.  

  Cisplatin är ett cancerläkemedel som har bra effekt mot till exempel testikel-, 

äggstocks- och lungcancer. Det är uppbyggt av en platinumatom och fyra 

mindre ligander. Cisplatin binder till och förstör DNA, och när det sker så 

aktiveras cellens inbyggda försvar mot felaktigheter och cellen begår självmord, 

apoptos. Cisplatin verkar främst mot celler som delar sig fort, exempelvis 

cancerceller, men även andra av kroppens snabbt delande celler dör. Därför ger 

läkemedlet flera biverkningar. Patienter som behandlas med Cisplatin utvecklar 

ofta resistens mot läkemedlet, och behandlingen kan behöva avbrytas för att den 

inte längre ger någon effekt. Anledningarna till att Cisplatin ger resistens är inte 

helt klarlagda. Flera av cellens system verkar vara inblandade, bland annat 

systemet för koppartransport. 

  Koppar är ett essentiellt spårämne för oss människor och vi får det via kosten i 

bland annat nötter, oliver och choklad. Koppar är dock en väldigt reaktiv metall 

och om den skulle vara fri i våra celler skulle den orsaka skador. Därför 

transporteras koppar hela tiden av olika transportproteiner (det fungerar ungefär 

som när atleterna transporterar elden fram till arenan vid OS). Dessa proteiner 

har alla varsitt handtag, som kopparjoner kan binda till, det så kallade 

kopparbindande sätet.  

  Målet med den här avhandlingen har varit att undersöka hypotesen om att 

Cisplatin, eller platinum som det främst består av, också kan transporteras av det 

koppartransporterande systemet. I så fall, skulle det kunna hindra Cisplatin från 

att nå sitt mål, DNA. Istället kanske Cisplatin slussas ut ur cellen, på samma sätt 

som det koppartransporterande systemet gör med överskott av koppar. Vi har 



tagit ett av dessa koppartransporterande proteiner, Atox1, och undersökt om 

Cisplatin kan binda till det kopparbindande sätet.  

  Våra resultat visar  att Cisplatin kan binda till Atox1, och att både koppar och 

Cisplatin verkar kunna binda till proteinet samtidigt. Genom att undersöka 

varianter av Atox1 där vi muterat (förändrat) viktiga delar av proteinet kunde vi 

se att båda metallerna binder till det kopparbindande sätet. Det finns alltså plats 

för två metaller där. Vi undersökte också andra liknande cancerläkemedel som 

innehåller platinum, och de kunde också binda till Atox1. Beroende på de olika 

liganderna som sitter runt platinumatomen betedde de sig olika. Läkemedlen har 

alla olika effekt på kroppen med skillnader i biverkningar och resistens. Dessa 

skillnader uppkommer bland annat av att läkemedlen reagerar olika med 

kroppens proteiner. Vi kunde också visa att Cisplatin kan överföras från Atox1 

till ett annat koppartransporterande protein. Det stärker teorin om att Cisplatin 

kan transporteras längs kedjan av koppartransporterande proteiner i cellen på 

samma sätt som koppar gör. Slutligen undersökte vi om Cisplatin verkligen kan 

binda till Atox1 inne i en cell, och inte bara i våra provrör. Genom att ta 

cancerceller och behandla dem med Cisplatin och sedan fiska ut bara Atox1 

kunde vi se att några av proteinerna hade bundit Cisplatin.  

  Många fler studier krävs för att lista ut hur Cisplatin reagerar inne i cellen, 

förmodligen är det på olika sätt beroende på vilken sorts cell man undersöker. 

Vetskapen att Cisplatin kan binda till Atox1 bidrar till ökad kunskap om ett av 

våra viktiga cancerläkemedel.    
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1. Introduction 

 

1.1 Introduction to the field 

1.1.1 Cancer 

  Cancer is a disease encompassing a broad spectrum of disorders in which cells 

initially multiply in an uncontrolled manner at a specific site, forming a tumor, 

and unregulated cells may eventually spread within the body, thereby disrupting 

the normal functions of the organs. The disease is one of the major causes of 

death in developed countries. Cancer is a very complex disease and much still 

remains unknown about its causes, preventative measures, and possible cures.  

However, a commonly applied and increasingly successful approach to cure 

cancer is chemotherapy, i.e. treatment with cytotoxic anticancer drugs. The main 

action mechanism of these drugs is to cause cell death by interfering with cell 

division. The drugs are therefore most active against rapidly dividing cells, 

which include most cancer cells but also some of the body’s healthy cells. 

Because of this chemotherapy has numerous side-effects
1
.  

  A major problem hindering successful chemotherapy is drug resistance, which 

may be either ‘intrinsic’ or ‘extrinsic’. Both types arise from the heterogeneity 

of cancer cells within patients, which is partly due to variations in tissue of 

origin and partly to substantial genetic and epigenetic variations within tumors. 

Intrinsic resistance is due to some cancer cells in tumors already being strongly 

resistant to administered drugs at the time of treatment and thus surviving it. 

These cells can continue to divide and proliferate, forming a new tumor. In 

contrast, acquired resistance develops during treatment and, due to the powerful 

selection pressure on mutating cells in the tumor, the acquisition of drug 

resistance can be very rapid
2
. From an evolutionary perspective, both intrinsic 

and acquired resistance mechanisms are components of defense systems that 

evolved in response to cells’ needs for protection from toxins and environmental 

stress, but clearly they can be highly detrimental when cancer develops. 
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1.1.2 Barnett Rosenberg and the discovery of Cisplatin 

  In the early 1960s Barnett Rosenberg and his group at Michigan State 

University were studying the effects of electric fields on the growth of cells with 

the help of platinum mesh electrodes and Escherichia coli bacteria. When 

applying the electric current they found that the number of growing cells was 

reduced, but their shape changed into long filaments, indicating that the bacteria 

were growing but not dividing. After further investigations they found that the 

electric current itself had no effect on cell division, but a chemical reaction was 

caused by the current dissolving platinum from the electrodes into the medium
3
. 

By synthesizing and examining effects of several platinum complexes on 

bacterial cells, and later mice with induced tumors, they found that Cisplatina 

(CisPt, Figure 1) has high antitumor activity
4
. The substance had been 

synthesized and reported by Michele Peyrone in 1845
5
, more than 100 years 

before Rosenberg’s discovery. Even though there were doubts and opposition to 

using a toxic metal as a drug, Rosenberg successfully patented his discovery. 

CisPt was approved for use by the United States Food and Drug Administration 

(FDA) in 1978
6
. It became instantly successful in the treatment of testicular 

cancer
7
 and after further refinement CisPt today cures over 90% of testicular 

cancers
8
. The use of CisPt has also been extended to ovarian, head, neck, 

bladder, lung, and several other types of cancer
9-10

.  

 

 

Figure 1. Chemical structure of the platinum-based anticancer drug CisPt. 

 

  The discovery of CisPt changed and expanded the drug discovery landscape. 

Previously, efforts to identify new agents had focused on small organic 

molecules and natural products, but following its discovery the search space was 

expanded to include metal-based molecules. This has resulted in several new 

drugs and drug candidates for cancer treatment
6, 9

. 

 

                                                        
a cis-diamminedichloroplatinum(II), cis-(PtCl2(NH3)2) 
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1.2 Platinum-based anticancer drugs 

1.2.1 Cisplatin  

1.2.1.1 Cellular pharmacology of Cisplatin 

  CisPt is believed to enter cells via a combination of passive diffusion
11-12

 and 

active transport
13-14

. Several lines of evidence indicate that a key role in the 

active transport of CisPt is played by the membrane-bound protein Ctr1 (Copper 

transporter 1)
15-18

, the natural channel of copper influx into cells (see section 

1.3.1). A comparison of CisPt-resistant to non-resistant cells revealed that the 

resistant cells were also copper deficient when exposed to copper, strongly 

supporting a shared influx mechanism for copper and CisPt
19

. In yeast cells, 

copper and CisPt compete and reduce each other’s uptake
17

. Ctr1 knockout has 

been found to completely eliminate the responsiveness of tumors to platinum 

anticancer drugs in mouse embryo fibroblasts
20

, and only cells with high levels 

of Ctr1 are reportedly affected by CisPt in vivo in rat
21

. Together these findings 

provide strong support for the hypothesis that Ctr1 can act as a CisPt importer, 

but other mechanisms may also play a role in its active transport into the cell, 

for example OCT:s (Organic Cation Transporters)
22

.  

  The main target of CisPt is DNA. CisPt binds to the N-7 position of guanine, 

and to a lesser extent adenine. The main type of adduct formed is an 1,2-

intrastrand crosslink, by CisPt crosslinking two guanines on the same DNA-

strand (Figure 2). CisPt can also form guanine 1,3-intrastrand and interstrand 

crosslinks, although they are much rarer
23-25

. A crystal structure of CisPt bound 

to a short sequence of double-stranded DNA shows CisPt bound to N-7 of two 

adjacent guanines on one strand bending the helix axis towards the major groove 

by ~40°
26

. The disturbance of DNA generates cellular signals that cause the cell 

to undergo apoptosis
27

. A DNA-binding protein that reportedly plays a major 

role in apoptosis initiation is RNA-polymerase II, whose movement along DNA 

is greatly affected by CisPt adducts
28-29

. Chromosomal high-mobility group 

(HMG) proteins also putatively play important roles in CisPt-induced 

apoptosis
30

.  

  While there is little doubt that CisPt binding to DNA is lethal for cells, it is 

probably not the only mechanism involved in anticancer effects of platinum-

based drugs. Binding and defunctionalization of essential proteins by CisPt may 

also lead to apoptosis. For example, CisPt has been shown to bind tubulin
31

 and 
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a range of zinc finger proteins
32

, including PARP I (Poly Adenosine diphosphate 

(ADP)-Ribose Polymerase I)
33

 and DNA-polymerase
34

. 

  CisPt treatment may have diverse side-effects, some caused by many 

chemotherapeutics such as nausea, and often other more specific effects 

including  nephrotoxicity (kidney damage), neurotoxicity, and ototoxicity 

(hearing loss)
35-36

. 

 

 

Figure 2. Chrystal structure of CisPt, with retained ammine ligands, binding to DNA via 

1,2-intrastrand crosslinking of two guanines (1AIO)
26

. The second DNA strand and 

hydrogen atoms are not displayed in the picture for simplification. Platinum is colored in 

aqua, and its bonds with DNA in green.  

 

1.2.1.2 Chemical properties and hydrolysis of Cisplatin 

  CisPt is believed to react with DNA and proteins following hydrolysis (Figure 

3)
25

. This proposed reaction mechanism is consistent with the fact that water is a 

better leaving group than chloride (Cl
-
). The reactivity of CisPt is therefore 

governed by the hydrolysis rate, which in turn depends on the chloride 

concentration
37

. Platinum-based anticancer substances are administrated 

intravenously. Human blood has a chloride concentration of ~104 mM, at which 

CisPt hydrolysis is suppressed but not totally prevented. Once inside the cell the 

chloride concentration is lower, 4-20 mM, and CisPt hydrolyzation is 

promoted
38-39

. The first Cl
-
-ligand is almost totally hydrolyzed and the drug is 

then sufficiently reactive to bind to DNA, or other biomolecules including 

proteins. Once bound the second Cl
-
-ligand has time to hydrolyze and react with 
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the same target, or crosslink the biomolecule with another one
25, 40

. The rate 

constants for CisPt hydrolysis have been investigated in vitro and shown to 

depend on temperature, pH, and chloride concentration
39, 41

. The first hydrolysis 

step, k1, for CisPt was determined to be k1 = 5.18*10
-5

 s
-1 42

  (t1/2  = 3.5 h) under 

controlled conditions. The rate constant for the second hydrolysis step was 

found to be slower; k2 = 2.75*10
-5

 s
-1 42

 (t1/2 = 7 h). Since a platinum-hydroxy 

bond is quite inert, and the platinum-aqua bond has high reactivity, the latter is 

believed to be more important for CisPt binding to biomolecules
43

. The pKa 

values of deprotonation are therefore essential and the three for CisPt have been 

determined to be pKa1 = 6.41, pKa2 = 5.37, and pKa3 = 7.21
44

. This implies that 

the hydroxyl-bound form predominates in blood and neutral solutions, but since 

the aqua- and hydroxyl-bound forms are in direct proton-equilibrium with each 

other, the pool of the aqua-bound form will be immediately replenished 

following depletion through a chemical reaction. 

  Substitution reactions of square planar complexes, such as those formed by 

Pt(II), occur through a mechanism involving the formation of a five-coordinate 

intermediate. Nucleophilic attack of Pt(II) occurs via the free z-axis of the 

complex, since the Pt-ligands occupy the x- and z-planes
6
. The substitution 

reactions are affected by the trans-effect
45-46

, which causes certain ligands to 

labialize the ligands trans, or opposite, themselves and thereby making them 

better leaving groups. In a complex, a ligand can therefore direct substitution 

trans to itself. The order of trans-labialization for selected ligands is as follow: 

SH2/SR2 > Cl
-
 > NH3/pyridine > OH

-
 > H2O

6
. Since a thiol is a soft base and 

platinum is a soft acid they form strong complexes, and sulfur-containing 

nucleophiles are especially reactive towards CisPt
47

. Accordingly, cysteine
48-51

 

and methionine
52-54

 residues have been reported to bind CisPt. The lone pair of 

electrons of deprotonated histidine is also reportedly a binding site for CisPt
54-56

. 

Thus, CisPt’s ability to reach DNA and bind nitrogen is puzzling, since 

predictions based on basic chemistry suggest it should bind to the abundant and 

readily available sulfur ligands present in cells before it reaches the nucleus. 

However, Pt binding to guanine N7 (but no other DNA nitrogen atoms) has been 

found to be thermodynamically preferred and CisPt could be transferred there 

from a sulfur-ligand
57-59

. 
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Figure 3. Mechanism of CisPt hydrolysis. Redrawn from Berners-Price et al.
43

. 

 

1.2.2 Newer generations of platinum-based anticancer drugs  

  Since the approval of CisPt’s use as an anticancer drug, 23 other platinum-

based anticancer drugs have entered clinical trials. Two of these have received 

worldwide approval: Carboplatin (Figure 4 and section 1.2.2.1) and Oxaliplatin 

(Figure 4 and section 1.2.2.2). Three other drugs have gained national approval: 

Nedraplatinb – a drug similar to Carboplatin with the chloride ligands exchanged 

for a more stable chelate ring (in Japan); Lobaplatinc – a drug with an even more 

stable set of ligands, resulting in less severe side effects than CisPt (in China); 

and Heptaplatind – a drug with even larger organic ligands than previously 

mentioned drugs (in South Korea)
6
. In addition, two drug candidates, 

Satraplatine and Picoplatinf, show promising biological activity. Satraplatin is a 

                                                        
b cis-diammineglycolatoplatinum(II) 
c (R,R/S,S)-(1,2-cyclobutanedimethanamine)[(2S)-2-hydroxypropanoato, O,O’]platinum(II) 

d cis-malonato[(4R,5R)-4,5-bis(aminomethyl)-2-isopropyl-1,3-dioxolane]platinum(II) 

e bis(acetate)-amminedichloro (cyclohexylamine)platinum(IV) 
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Pt(IV) complex and advantageously, unlike CisPt, can be administered orally 

instead of intravenously. Picoplatin is similar to CisPt, except that one ammine 

ligand is exchanged for a 2-methyl pyridine ligand. It has a slower hydrolysis 

rate than CisPt, due to steric hindrance, and could thus have less severe side 

effects than CisPt. Picoplatin has also been shown to have effects against CisPt-

resistant cancer cell lines
6, 60

.  

  A range of Pt(IV)-based anticancer drug candidates have been developed in 

recent years in efforts to further increase the chemical space for platinum-based 

anticancer drugs
61

. Another strategy is to improve the specificity for platinum 

cytotoxicity, by attaching ligands that will further direct the drug to the target 

site. For example, estradiol-like ligands have been attached to platinum-based 

anticancer substances to direct them to breast cancer cells
62

. However, despite 

the efforts to find new platinum-based drugs, CisPt is still extensively used in 

clinics today, especially as a base for chemotherapy against testicular cancer
8
. 

 

 

Figure 4. Platinum-based substances used in the work described in this thesis. 

 

  For more information about the different types of platinum-based anticancer 

substances used in the clinic and in clinical trials see the recent review by 

Wheate N.J. et al.
60

. In Section 1.2.3 I discuss in more detail other platinum-

based substances used in work this thesis is based upon: Transplatin, Pyriplatin, 

and Tetrachloroplatinate. 

                                                                                                                                  
f cis-amminedichloro(2-methylpyridine)platinum(II) 
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1.2.2.1 Carboplatin 

  Carboplating (CarboPt, Figure 4) is a second-generation drug derived from 

CisPt. It has a more stable leaving group instead of the two chlorides
63-65

 and 

can be considered as a prodrug of CisPt
6
. Because of its enhanced stability, 

CarboPt is less reactive towards plasma proteins than CisPt
50, 65

, and shows 

fewer side effects in treatment
6, 60

. The difference in reactivity between the 

drugs can also be seen in the much slower hydrolysis rate of CarboPt 

(ks=8.14*10
-8

 s
-1

 
66

, t1/2 = 99 days). The explanation for this lies in the chemistry 

of the cyclobutan-dicarboxylic six-membered chelate ring (cbdca); the chelate 

effect and its steric features
6
. The cbdca-ligand is in motion in solution and 

puckers so that it gets close to the platinum central atom via the z-plane. The 

hydrogen atoms at the methylene groups in the cyclobutane ring impede the 

incoming nucleophiles in both z(-) and z(+)-directions, and thus hinders 

nucleophilic attacks on Pt(II)
64, 67-69

.  

  Due to the low reactivity of CarboPt it is likely that bioactivation by 

nucleophilic ligands takes place in vivo
70

. Possible bioactivation was shown in 

one study where ~230 times more CarboPt than CisPt was needed to reach the 

same level of DNA-platination in vitro, while in vivo only 20 times higher 

concentration was needed
24

. The very slow CarboPt hydrolysis occurs in a two-

step process: attack by the nucleophilic water results in ring-opening followed 

by a second attack and loss of the cbdca-ligand
67, 71

. In the presence of stronger 

nucleophiles like chloride,
64, 67

 carbonate
72

, or nucleophilic biomolecules
65, 73

 a 

more rapid substitution reaction can be observed for CarboPt. Surprisingly, 

CarboPt was found to react more rapidly with thioethers like methionine, but 

very slowly with thiols like cysteine and glutathione. Hydrolysis may be the 

rate-determining step for thiol reaction with CarboPt while thioethers probably 

attack prior to hydrolysis due to favorable interactions between the methionine 

methyl and the cbdca-ligand
73

. A computational study suggests that since the 

first hydration step of CarboPt is much slower than the second, CarboPt 

probably reacts with DNA in a fully hydrolysed form
71

. However, experimental 

data show that CarboPt reacts with DNA to form a monofunctional adduct, 

subsequently losing the cbdca-ligand and crosslinking DNA with a difunctional 

adduct
74

, similar to those formed by CisPt
24

.     

 

                                                        
g cis-diammine(1,1-cyclobutanedicarboxylato)platinum(II) 
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  The hydrolysis rate for CarboPt is dependent on drug concentration: high 

concentrations, such as those in stock solutions, can prevent hydrolysis. This is 

because CarboPt can self-associate at high concentrations and form dimers with 

the help of intermolecular hydrogen bonds between ammonia hydrogen atoms of 

one complex and the oxygen atoms of the cbdca-ligand on a neighboring 

complex
68, 75

.   

 

 

1.2.2.2 Oxaliplatin 

  Oxaliplatinh, (OxaliPt, Figure 4) is active against some tumors that are resistant 

to CisPt and CarboPt. It is also the first platinum drug to be effective against 

advanced colorectal cancer, often in combination with a colon anticancer drug 

with a different mechanism of action (5-fluorouracil)
6, 76-78

. The effects and 

tumor specificity of OxaliPt are probably mediated via its uptake by OCT1 and 

OCT2 (Organic Cation Transporters one and two)
22, 79

. The important 

pharmacophore for this drug transport is the 1,2-diaminocyclohexane moiety of 

OxaliPt together with a positive charge resulting from ring-opening of the 

oxalate group
79

.  

  The oxalate leaving group of OxaliPt is sensitive to nucleophiles and can be 

replaced by chloride
80

, aquatic ligands
81

, or sulfur-containing biomolecules
82-83

. 

Hydrolyzation of OxaliPt takes place in two steps: ring-opening followed by 

loss of the oxalate leaving group
81, 84-85

. A hydrolysis rate of 7.3*10
-5

 s
-1

 (t1/2 = 

160 h)
84

 has been reported. OxaliPt has more fixed ligands than CarboPt, and 

there is no steric hindrance in the z-plane for a nucleophilic attack on Pt(II)
68-69, 

75
. Since the half-life of OxaliPt in vivo is very short, biotransformation is 

believed to involve chloride, bicarbonate, and/or sulfur ligands
83

. When 

comparing CisPt and OxaliPt it can be seen that OxaliPt reacts more rapidly than 

CisPt with sulfur containing biomolecules and they both react more rapidly with 

cysteine than with methionine and glutathione
82

. The reaction probably occurs 

through a direct attack by a sulfur ligand on intact OxaliPt, prior to 

hydrolysation
47, 82

. The dihydroxy species of OxaliPt reportedly has greater 

cellular cytotoxicity than the intact drug
86

. OxaliPt binds DNA in a similar 

manner to CisPt, forming a 1,2-intrastrand crosslink between two guanines
87-89

. 

Nevertheless, there is a significant difference in the resulting conformation of 

the DNA. These structural differences may affect how proteins interact and 

                                                        
h ((SP-4-2-(1R-trans))-(1,2-cyclohexanediamine-N,N′)(ethanedioata(2--)-O,O’)platinum(II) 
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repair DNA, which may explain why OxaliPt can be effective against CisPt-

resistant cells
90

.  

  Similarly to CarboPt, the hydrolysis rate for OxaliPt depends on concentration 

and formation of intermolecular hydrogen bonds between ammine hydrogen 

atoms of one complex and oxygen atoms of an adjacent complex
68, 75

.  

 

 

1.2.3 Platinum-based anticancer drug analogues 

1.2.3.1 Transplatin 

  Transplatini (TransPt, Figure 4) is not very useful as an antitumor agent, 

despite its high structurally similarity to CisPt, partly as it is up to 95% less 

cytotoxic
28, 46, 91-92

. A possible explanation for the lower toxicity might be that 

RNA-polymerase(II) can bypass TransPt adducts
28

 since the adducts formed
93

 

differ from those of CisPt
26, 94-95

. Another factor may be that TransPt adducts, 

which are often monofunctional
96

, can be more easily repaired by the cell’s 

DNA repair systems
97-98

. The TransPt monoadduct can also be more easily 

removed from DNA by a strong sulfur ligand
99

. Because of the trans-effect, the 

sulfur donor binding trans to the DNA-drug bond can labilize it and thereby 

remove the adduct
46, 100

. The rate constant for the first hydrolysis step is faster 

for TransPt (k1 =  9.8 *10
-5

 s
-1 101

,
 
t1/2 = 2 h) than for CisPt because of the 

stronger trans-effect of Cl
-
 over NH3. For the same reasons the second 

hydrolysis step is slower for TransPt (k2 = < 5 *10
-5

 s
-1 101

,
 
t1/2 > 4 h) than  for 

CisPt. The reaction rates with sulfur-containing ligands are higher for TransPt 

than for the other platinum-based anticancer drugs
47

. Despite its low antitumor 

activity, TransPt would not be suitable as a therapeutic agent, as its high 

reactivity would cause many side reactions
46, 102

. However, recent studies have 

shown that the cytotoxic effect of TransPt can be improved to levels similar to 

those of CisPt by exchanging ligands. These new trans Pt-complexes may have 

different resistance mechanisms from CisPt and therefore have clinical 

potential
103-104

. 

 

 

                                                        
i trans-diamminedichloroplatinum(II) or trans-Pt(NH3)2Cl2 
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1.2.3.2 Pyriplatin 

  Pyriplatinj (PyriPt or cDPCP, Figure 4) is a platinum-based anticancer 

analogue
105

. Its anticancer activity was established over 20 years ago
106-107

, but it 

has never been tested for anticancer activity in humans. Because PyriPt is a 

cation it was not believed to be able to cross cell membranes
105

. However, recent 

studies show that PyriPt is transported and accumulated in cells by membrane 

transporters OCT1/2, to an even higher extent than Oxaliplatin
105, 108

. PyriPt 

binds to DNA at a single guanine site with both ammonia and pyridine ligands 

retained, and the drug candidate is one of few monofunctional Pt(II) substances 

that is active against tumor cells
105, 107

. One reason for its exceptional activity 

might be that the cis-positioned pyridine ligand sterically clashes with RNA-

polymerase(II), thereby interfering with transcription, as Cisplatin DNA-binding 

also does, but by a different mechanism. This enables PyriPt to induce 

apoptosis, despite binding with a monofunctional adduct and not crosslinking 

DNA
105, 109

. PyriPt hydrolysis has not been reported, but one can speculate that 

the chloride ligand is hydrolyzed when PyriPt is dissolved in water. Exchange of 

the ammonia ligand trans to the pyridine ligand is not favored, thus there will 

not be two labile ligands in a cis-conformation
107

.    

 

 

1.2.3.3 Tetrachloroplatinate 

  Tetrachloroplatinatek (TetraclPt, Figure 4) is a Pt(II) salt with four chloride 

ligands. In its solid state it has counterions, for example; K2, Na2, or (NH4)2
110

. 

Hydrolysis of TetraclPt is dependent on pH, temperature, and chloride 

concentration
111-112

. Hydrolysis is faster in alkaline solutions because both H2O 

and OH
-
 contributions to ligand substitution

112
. The rate constant for the first 

chloride substitution, k1, is 6.6∙10
-5

 s
-1 112

 in basic conditions and 3.6∙10
-5

 s
-1

 
113

 

in acid conditions (t1/2 = 3 h and 5 h, respectively). k1 and k2 rate constants are 

much faster than the k3 and k4 rate constants. For the first and second aquation a 

Cl
-
 is at a position trans to the nucleophilic attack, and Cl

-
 has a stronger trans-

effect than H2O and OH
-
. The dihydrolyzed species that forms is therefore in a 

cis-configuration
112, 114

.   

 

                                                        
j cis-diammine(pyridine)chloroplatinum(II), cis-[Pt(NH3)2(py)Cl]+Cl-

 

k [PtCl4]
2- 
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1.3 Copper transport in the human cell 

  Copper is an essential trace metal for humans, which serves as an important 

cofactor for various biological processes due to its ability to rapidly change 

between the two states of Cu(II) and Cu(I)
115

.  Due to this reactivity copper is 

toxic, and its transportation and location are tightly controlled by proteins. The 

cellular environment is reduced, thus copper is present in the Cu(I) form 

intracellularly
116

. Because of the insolubility and toxicity of Cu(I), no free 

copper is present inside the cell
117

. 

  Copper enters the cell mainly through copper transporter 1 (Ctr1)
118-119

. The 

copper ions are then delivered to copper chaperones and subsequently follows 

one of three identified main routes in the cell; the Golgi/secretory pathway, the 

cytoplasmic/SOD1 (Superoxide Dismutase 1) pathway, or the 

mitochondrial/COX (Cytocrome c Oxidase) pathway
120

. The passage of copper 

from one protein to another is proposed to be driven by affinity gradients and 

protein-protein interactions
121

. Here, I describe the copper-transporting proteins 

in the secretory pathway (Figure 5). 

 

Figure 5. Schematic illustration of proteins facilitating copper transport in the human 

secretory pathway. 
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1.3.1 Ctr1 

  Ctr1 is a homotrimer spanning the cell membrane. Each 28 kDa monomer is 

composed of a peptide forming an extracellular N-terminal, three 

transmembrane helices, and an intracellular C-terminal (Figure 6A)
122

. The N-

terminal contains methionine motifs that are important for copper uptake in vivo, 

acting as traps for Cu(I)
123

 and enhancing Cu(I) specificity
124

. The 

transmembrane pore contains rings of methionines that allow passive transport 

of copper through the channel. The intracellular C-terminal loops contain 

cysteines and histidines believed to bind copper ions and enabling further 

delivery to copper chaperones
125

. Copper that is in the Cu(II) form 

extracellularly is believed to be reduced on the cell surface before transport in 

the Cu(I) form through Ctr1
126

. The expression of Ctr1 is regulated by both 

translational and transcriptional mechanisms in human cells. Elevated copper 

concentrations are known to trigger removal of Ctr1 from the cell membranes by 

endocytosis
127

 and at a transcriptional level Ctr1 is  down-regulated by high 

levels of intracellular copper
128

.  

 

 

Figure 6. A. Schematic structure of Ctr1. B. Atox1 (1TL4
129

) with copper bound in the 

copper-binding site. C. Schematic structure of ATP7A/B. 
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1.3.2 Atox1 

  Before further transport in the secretory pathway, copper has to be transferred 

to the trans-Golgi network, where copper-dependent enzymes are processed 

before being secreted or inserted into membranes
120

. Copper chaperone Atox1
130

 

(Antioxidant protein 1, sometimes called Hah1: Human Antioxidant protein 

Homologue 1), can transport Cu(I) in the cytoplasm from Ctr1 to receiving 

copper ATP:ases in the trans-Golgi network
131

. The human protein is a 

homologue of the yeast protein Atx1
132

 and deletion of the encoding gene has 

highlighted its essential role in copper trafficking
133

.  

  Atox1 is a 7.5 kDa protein with a βαββαβ ferredoxin-like fold (Figure 6B). It 

can bind one Cu(I) ion via two cysteines in a conserved metal-binding site 

(MxCxxC) positioned in a surface-exposed loop
129

. The binding of Cu(I) 

between the two cysteines is linearly two-coordinated, although exogenous 

sulfur ligands induces three-coordinated species, to varying extents
134

. The 

protein is stabilized by copper-binding in the metal-binding site
135

. Atox1 is also 

hypothesized to have other functions in the cell in addition to its role as a 

cytoplasmic copper chaperone, including antioxidant defense
136

, participation in 

maintenance of cells’ redox balance, and modulation of transcription
137

. 

 

 

1.3.3 ATP7A/B 

  ATP7A (Menkes disease protein) and ATP7B (Wilson disease protein) are two 

copper ATP:ases with ~60% sequence homology. They can be found in the 

trans-Golgi network in human cells where they transport Cu(I) from the cytosol 

across cellular membranes, with the help of ATP-derived energy. Inside the 

trans-Golgi network copper is loaded into newly synthesized copper-dependent 

proteins
120, 138

, for example tyrosinase
139

 and ceruloplasmin
140

.  

  The two copper ATP:ases have molecular weights of 160-170 kDa and consist 

of several domains (Figure 6C). Eight helices comprise the transmembrane 

domain, forming a pore allowing copper transport
141

. ATP binding and 

hydrolysis occur at the N- and P-domains in the cytosol, close to which is the A-

domain required for conformational changes during ATP hydrolysis
142

. In the N-

terminal part of the proteins are six metal-binding domains. The structures of 

these domains are highly similar to those of Atox1. They share the βαββαβ 

ferredoxin-like fold and each domain can also bind one Cu(I) in a MxCxxC 
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motif
143-147

. Despite their similarity the domains have individual characters and 

differ electrostatically and in stability
148-149

. 

  Atox1 is believed to transfer copper to one of the empty metal-binding 

domains of ATP7A/B
150

. The copper transfer mechanism starts with formation 

of a copper-bridged heterocomplex between Atox1 and the metal-binding 

domain
151

, by electrostatic interactions between conserved amino acids of the 

two proteins
152

. The metal-binding domains have a three to five times stronger 

affinity for copper than Atox1
121, 150, 153

, which drives the transfer of copper to 

them
121, 151

. Whether the heterocomplexes are stable or only transient species has 

been shown to depend on the type of metal-binding domain involved
143-144, 147, 

153
. Whether copper delivered to the metal-binding domains enters the 

transmembrane pore via intraprotein transfer
141

, or they act as regulators, is not 

yet established. However, the Atox1 bacterial homolog CopZ has been shown to 

deliver copper directly into the transmembrane pore in the corresponding copper 

ATP:ase CopA, and a similar mechanism may also apply in the human protein if 

the metal-binding domains act as regulators
154

. 

  A notable feature of the copper ATP:ases is that they can translocate in the cell. 

When the intracellular copper concentration becomes too high ATP7A/B 

translocate to the peripheral parts of the cell and exports the excess of copper 

out of the cell. This process is indirect since ATP7A/B pumps copper into 

intracellular vesicles that later fuse with the cell membrane and export copper 

via exocytosis
155

. 

  In addition to loading copper into the trans-Golgi network and protecting the 

cell against toxic levels of copper, ATP7A/B have other important roles
156-157

. 

Different tissues have varying levels of each protein. For example, ATP7A is 

abundant in the intestine, where it exports copper from the lumen to the blood 

stream
158

, while ATP7B is abundant in the liver, where it pumps excess copper 

out of the body via the bile
159

. The two proteins have been found to be able to 

compensate for the loss of the other to some degree
160

, suggesting they exert 

their effects by similar mechanisms. However, since the proteins do not 

compensate for each other in mutagenic diseases their roles are likely to be cell-

specific
161

.  
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1.4 Platinum-based drug resistance mediated by copper proteins 

1.4.1 The resistance is multifactorial 

  Drug resistance is a major problem in CisPt therapy. Since CisPt enters cells 

through several pathways and its toxicity is mediated by a variety of 

mechanisms, there may also be many possible resistance mechanisms. 

Therefore, CisPt resistance poses very complex problems. The wide variety of 

resistance mechanisms is related to variations in cell type and cell heterogeneity, 

explaining the sometimes conflicting results in the literature. Cellular resistance 

towards CisPt has been found to be both intrinsic and acquired
162

. From a 

molecular perspective, CisPt resistance can be caused by three main 

mechanisms: repair of targets, detoxification of the drug (for example by 

scavenging), and reduced accumulation of the drug (through decreased influx 

and/or increased efflux)
163-164

. I outline some of the most commonly discussed 

resistance mechanisms in the literature below, before continuing with the 

cellular drug resistance mediated by copper-transporting proteins, the main 

focus of this thesis and the underlying studies. For more information about 

different resistance mechanisms see reviews by, for example, Hall et al
14

, 

Köberle et al
164

 and Shen et al
163

.  

  Since DNA is the main target of CisPt, the DNA repair mechanisms influence 

its toxicity
165

. The NER (Nucleotide Excision Repair) system has proven 

capacity to remove CisPt adducts from DNA
166

. Another primary DNA repair 

pathway that may play a role in CisPt-resistance is the MMR (Mismatch Repair) 

system. A MMR protein has been found to bind CisPt-DNA adducts
167

, but 

removal of CisPt-adducts by this system enhances toxicity of the drug, likely 

because the MMR protein-CisPt-DNA complex generates apoptosis-promoting 

signals. Failure of the MMR system may therefore be correlated to CisPt-

resistance 
97

.  

  CisPt can be detoxified by binding to glutathione
168

 or metallothioneines, 

which are sulfur-rich proteins present in the cytoplasm. The concentration of 

these proteins has been found to be raised in certain cell types when they have 

developed resistance to CisPt
169-172

.   

  The pathways leading to CisPt-induced apoptosis are not fully understood, but 

resistance to CisPt might occur through decreased expression of pro-apoptotic 

factors or increased expression of anti-apoptotic proteins. Notably, cancer cell 

lines with mutated variants of  the tumor suppressor protein p53, a key player in 
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the apoptotic pathway of cancer cells exposed to chemotherapeutics, are more 

resistant to CisPt than cells expressing wild-type (WT) p53
173

. In addition, 

ovarian cancer patients with functional p53 have better responses to CisPt 

treatment than patients with a mutant form
174

. Over-expression of both the anti-

apoptotic protein Bcl-2 (B-cell lymphoma 2 protein)
175

 and the XIAP (X-linked 

Inhibitor of Apoptosis)
176

 is reportedly associated with CisPt-resistance in 

cancer cell lines as well. 

   

 

1.4.2 Interactions between platinum-based drugs and copper-transporting 

proteins 

1.4.2.1 Ctr1 and platinum-based anticancer drugs 

  As previously discussed, CisPt is believed to enter cells either through passive 

diffusion or through Ctr1, but only the latter can explain resistance associated 

with decreased influx. CisPt-resistant cell lines have lower concentrations of 

Ctr1, and do not accumulate as much CisPt as non-resistant cells
177

. In one study 

the expression level of Ctr1 was found not to be altered during the acquisition of 

CisPt resistance; however there seemed to be a failure to glycosylate the 

transporter. If the protein is not glycoslylated it may be a target for proteases, 

which remove the N-terminal domain and thereby inactivates the transport 

function of Ctr1
178

. When human cancer cells are exposed to CisPt, Ctr1 is 

degraded and both CisPt and copper uptake is reduced
20, 179-180

. Thus, CisPt 

causes degradation of its own influx transporter.  

  The mechanism whereby Ctr1 transports CisPt is not fully understood. Electron 

microscopic analysis of Ctr1 suggests the pore has a diameter of 8 Å
122

, 

sufficient for Cu(I) but too small for CisPt or any other of the platinum-based 

anticancer drugs. On the other hand, transmembrane pores can be very flexible 

and adjust their size to fit CisPt
18

. Both Cu(I) and Pt(II) are soft Lewis acids that 

can form weak bonds with the methionines inside Ctr1. FRET (Fluorescence 

Resonance Energy Transfer) measurements have shown that copper and CisPt 

have different effects on Ctr1 conformation, and separate influx mechanisms for 

them have been proposed
181

. Because of the small pore and the fact that Cu(I) 

has no ligands, it seems likely that CisPt would be transferred through the pore 

without its ligands too. However, the ammine ligands have been suggested to be 

important for CisPt-induced cytotoxicity, and might have to be retained when 

CisPt enters cells
182

. CisPt-dependent influx by Ctr1 has also been suggested to 
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depend on CisPt binding to the outer parts of Ctr1 and subsequently entering the 

cell through endocytosis
183

.   

  Reactions of platinum-based anticancer drugs and the methionine-rich N-

terminal (extracellular) domain have been thoroughly investigated
184-187

. Several 

studies have shown that a methionine thioether can displace chloro- or aqua-

ligands and bind to platinum-based anticancer drugs in vitro
52, 184-186

. Since the 

thioether has a strong trans-influence, loss of the ammine ligand of CisPt and 

CarboPt trans to the incoming sulfur was observed in the cited studies. In 

contrast, OxaliPt retains its 1,2-diaminocyclohexane moiety upon trans 

methionine binding, probably due to the high stability of the chelate ligand
184-

185
, and both ammine ligands of TransPt are retained, since sulfur does not bind 

trans, thereby labializing them
184, 186

. As expected, platinum-adducts form more 

rapidly from TransPt than from CisPt, because of the stronger trans-effect of 

chloride than ammine ligands
184

. Using premixed platinum drug stocks in high 

chloride concentration, the reaction rate for methionine binding was found to be 

much slower for CarboPt (binding could be detected after 48 h of incubation) 

than OxaliPt (4 hours) and CisPt (1 hour)
185

. Similar trends were found in 

another study, using fresh nonhydrolyzed platinum-stocks, where TransPt had 

the fastest reaction rate (binding could be first detected after 5 minutes) 

followed by OxaliPt (30 minutes), CisPt (1 hour), and CarboPt (4 hours)
184

.  

  In a recent clinical study a copper-lowering agent (Trientine) was used in 

combination with CarboPt to resensitize patients with platinum-resistant ovarian 

cancer
188

. The results were promising and the researchers decided to investigate 

platinum-resistant cancer cell lines. The platinum resistance was found to be 

associated with reduced expression of Ctr1 as the cells could be resensitized 

with copper-lowering agents due to an increase in Ctr1 expression. Analysis of a 

public gene expression dataset has also shown that ovarian cancer patients with 

elevated levels of Ctr1 in their tumors responded better to platinum treatment 

than patients with low Ctr1 expression
189

.     

 

  Copper transporter 2 (Ctr2) is a membrane copper-transporting protein with 

structurally similarities with Ctr1. Its function is much less defined, but it has 

been associated with release of copper from intracellular vesicles
182

. CisPt 

uptake, cellular accumulation, and cytotoxicity have been found to be correlated 

with Ctr2 expression
190-192

.     
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1.4.2.2 ATP7A/B and platinum-based anticancer drugs 

  Copper ATP:ases have been suggested to be involved in resistance to CisPt 

based on several observations, including the following. Cells resistant to CisPt 

reportedly have elevated levels of ATP7B
193-195

, silencing ATP7B in cancer 

cells sensitizes them to CisPt
196

 and down-regulation of ATP7B in a mouse 

model of ovarian cancer both increased the efficacy of CisPt treatment and 

reduced tumor weight by 40-60 %
196

. Further, in tumors from ovarian cancer 

patients treated with CisPt, lower expression levels of ATP7B were found to be 

correlated with higher success of the treatment
197-198

. A mouse in vivo model and 

patient studies targeting ATP7B have illustrated the therapeutic potential of 

modulating ATP7B function or expression in ovarian cancer treatment
183

. 

ATP7A has also been shown to play a role in CisPt-resistance
199

, even though 

its effect is not as well investigated. Cell studies have shown that only a small 

increase in ATP7A expression may be enough to render cells resistant to 

platinum-based drugs
200-201

 and increased ATP7A expression has been 

correlated to poorer responses to CisPt/CarboPt treatment among ovarian cancer 

patients
202

.  

  ATP7B has been found to increase CisPt efflux
19, 193, 203

, possibly by relocating 

from the trans-Golgi network to peripheral parts of the cell close to the cell 

membrane where CisPt is accumulated into intracellular vesicles to be exported 

out of cells
200, 204-205

. However, the exact mechanism of CisPt transport across 

membranes by ATP7A/B is not clear. Active ATP-driven transport of CisPt by 

ATP7B has been shown to occur, but  very slowly and at a nonphysiological pH 

of ~3-4
206

. There are conflicting indications that CisPt may interfere with 

ATP7B-driven copper transport and thus share a transport mechanism, but there 

is little doubt that CisPt binds to ATP7B and that this stimulates catalytic 

phosphorylation
206-207

. 

  Another possible mechanism of ATP7B-dependent CisPt-resistance is 

sequestration of the drug by the metal-binding domains of the protein. Although 

ATP7A/B are low abundance proteins they each have at least six potential 

platinum-binding sites, increasing the total capacity. The metal-binding sites 

may not be the final destinations of the drug, but could instead act as high-

affinity kinetic traps that relay the platinum to more abundant platinum-binding 

proteins, such as glutathione or metallothionein
208

. The importance of ATP7B 

metal-binding domains has been investigated in cell-based assays
49

 prompted by 

Rosenberg’s finding that CisPt induces filamentation of E. coli by interfering 

with its cell division processes
3
. Overexpression of metal-binding domains 1 to 
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4 from ATP7B in E. coli cells significantly decreased the filamentation, and 

further in vitro experiments showed that CisPt bound to the cysteines in their 

copper-binding sites (CxxC). CisPt-binding to the cysteines at the metal-binding 

domains of ATP7B was also demonstrated with both in vitro and in vivo models 

in another study
196

. In vitro studies of the sixth metal-binding domain of ATP7B 

have shown that CisPt can bind to the WT protein, but not to the SxxS mutant, 

demonstrating that it interacts with the cysteines
209

. The cited study also showed 

that over-expressing WT ATP7B in ovarian 2008 cells rendered them resistant 

to CisPt, but deleting the domains or exchanging the cysteines in the copper-

binding sites to serines restored their sensitivity. In addition, CisPt-triggered 

relocalization of ATP7B to peripheral vesicles was dependent on the CxxC 

motifs. Before CisPt exposure, WT and SxxS-mutated ATP7B were localized to 

the trans-Golgi network. However, after exposure WT ATP7B became 

dispersed in vesicles throughout the cell while the mutant did not relocalize 

from the trans-Golgi network
209

. This study was followed up by a more 

thorough investigation of fluorescently labeled ATP7B’s ability to translocate 

upon exposure to CisPt. The researchers found that only metal-binding domain 6 

was needed for CisPt-induced translocation. When a key amino acid in the 

phosphorylation domain was mutated they also found that the catalytic activity 

of the protein was crucial for the protein’s redistribution
210

. The results are 

similar to those for copper
211

, further strengthening the hypothesis that CisPt 

mimics copper and is conveyed by its transport system.    

  A third possibility is that binding of platinum-based drugs to copper proteins 

alters copper homeostasis in cells
183, 208

. A wide-ranging detoxification response 

is induced by copper overload and this can alter the drugs’ effects. Copper 

accumulation due to ATP7B inactivation has been shown to greatly increase 

expression of metallothioneins and alter both the DNA-repair machinery and the 

redox balance in the cell
212

. However, CisPt resistance studies taking copper 

concentrations into account indicate that CisPt-resistance appears to correlate 

more strongly with amounts of copper ATP:ases in the cells than with effects of 

changed copper levels
213

. 

  The discussed studies can be summarized in three possible resistance 

mechanisms involving ATP7A/B. First the proteins may (directly or indirectly) 

mediate efflux of CisPt out of the cells, possibly after first accumulating the 

drug in vesicles. Second, they may sequester CisPt by binding the drug to the 

copper-binding motifs in the six metal binding domains. Third, binding of CisPt 

to the copper-transporting proteins may alter copper homeostasis and thus 
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enhance cell detoxification mechanisms
208

. For a more detailed discussion see 

the review by O. Dimitriev
208

.    

 

 

1.4.2.3 Atox1 and Cisplatin binding 

  Following the findings that Ctr1 and ATP7A/B can mediate CisPt-resistance, 

Atox1 (which normally shuttles between the two proteins) has become 

interesting in investigations of platinum anticancer drug pharmacology.  

  Atox1
-/-

 knockout mouse fibroblast cells have been found to be more resistant 

to CisPt than Atox1
+/+

 control cells, via a mechanism associated with reduced 

influx and CisPt accumulation in the whole cells, nuclei, and DNA
214

. No effect 

was observed on CisPt efflux from the cells. CisPt triggered down-regulation of 

Ctr1 in the Atox1
+/+ 

cells, but not in the Atox1
-/-

 cells.  The cited study further 

showed that Atox1 regulates the influx of CisPt by controlling ubiquination, and 

hence CisPt-induced down-regulation of Ctr1. Binding of CisPt to Ctr1 

extracellularly and subsequent internalization into the cell by Ctr1 down-

regulation and macropinocytosis has been suggested to be one of the 

mechanisms whereby CisPt enters cells
180

. Failure of Atox1 to induce Ctr1 

down-regulation should thus reduce CisPt influx. The researchers concluded that 

Atox1 is required for the Ctr1-mediated uptake of CisPt
214

. In another study 

Drosophila knockout Atox1
-/-

 flies were shown to have significantly reduced 

sensitivity to CisPt exposure than Atox1
+/+

 control flies
215

. In summary, the cell 

and Drosophila experiments show that down-regulation or defunctionalization 

of Atox1 can contribute to CisPt-resistance
214-215

. 

  Crystallography has revealed two structures of CisPt bound to Atox1
48

. The 

first is a monomeric structure with CisPt bound between the two cysteines in the 

copper-binding site (Cys12 and Cys15) with loss of all its ligands. The platinum 

ion also coordinates a tris-2-carboxyethyl-phosphine molecule (TCEP, the 

reducing agent used in the experiment). The second structure is a CisPt-bridged 

Atox1 dimer, where one cysteine from each copper-binding site (both Cys15) 

has bound CisPt. In the dimer structure CisPt has retained its ammine ligands. 

Mass spectrometry of the Atox1-CisPt crystallization solution showed the 

presence of more species, but only two were able to form crystals
48

. Binding of 

CisPt to Atox1 has also been demonstrated with NMR (Nuclear Magnetic 

Resonance) spectroscopy, both in vitro and when Atox1 was over-expressed in 

E. coli cells
216

. The results provided similar structural indications to the crystal 
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structures and CisPt was shown to bind in the copper-binding site between the 

cysteines by losing its chloride ligands. In addition, over time the ammine 

ligands left and protein dimers started to form. Over-expression of Atox1 

reduced DNA platination and protected the cells against the toxic effect of 

CisPt
216

. Binding of CisPt in the copper-binding site by loss of chloride ligands 

has been confirmed by ESI (Electrospray Ionization)-coupled multi-stage mass 

spectrometry analyses
217

.  

  NMR, EXAFS (Extended X-ray Absorption Fine Structure), and mass 

spectrometry have also been used to investigate the binding of CisPt to metal 

binding domain 2 of ATP7B. CisPt was bound to the cysteines in the copper-

binding site of the metal-binding domain, and the ammine ligands were replaced 

by TCEP in the resulting structure. Preloading Atox1 with CisPt and mixing 

with the metal-binding domain resulted in transfer of CisPt. The domain formed 

the same CisPt-bound complex as when only the protein and CisPt were mixed, 

and Atox1 returned to its apo-form. No heterodimer was formed and the transfer 

was unidirectional
218

. This finding supports the hypothesis that Atox1 can 

transport CisPt to ATP7A/B in a similar way to copper.  
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2. Aims 

 

  The work presented in this thesis was prompted by reports that copper-

transporting proteins affect the cellular pharmacology and cellular resistance of 

CisPt in vivo. At the time of project start there had been few in vitro studies 

investigating direct protein-CisPt binding by the copper-transporting proteins 

involved in the secretory pathway. Thus, a first aim was to investigate such 

binding. Atox1 was the chosen starting point since it is a soluble, single-domain 

protein that has high similarity to the metal-binding domains of ATP7A/B. 

Confirming such interaction would give a deeper understanding of the proposed 

resistance mechanism. Eventually, more information on CisPt interactions with 

proteins can contribute to the development of more potent Pt-based anticancer 

drugs and better combination-treatments in the future. 

  The experimental work showed the unexpected importance of copper in the 

binding of Cisplatin to Atox1. A second aim therefore evolved, to further 

characterize the simultaneous binding of copper and platinum to Atox1. The 

main question addressed was whether the metals share binding sites or different 

amino acids were involved. No other studies on similar proteins and CisPt 

included copper, despite increasing research in the field. Therefore, my 

colleagues and I (hereafter we) decided to investigate this simultaneous binding 

with a broad experimental approach. 

  To further characterize the exact binding mechanism of CisPt to Atox1, the 

role of the ligands around the platinum-center of CisPt was decided to be 

investigated. Therefore, a study of various platinum-based anticancer 

substances, including two other clinically relevant drugs, was undertaken to 

explore the roles of the ligands when binding to Atox1.  

  We decided to test CisPt binding to the structurally similar metal-binding 

domains of ATP7A/B with metal-binding domain 4 from ATP7B (WD4) as a 

starting point. When the binding was found to be similar to that of Atox1, we 

aimed to test the hypotheses that CisPt may be transferred between the two 

proteins utilizing the same mechanism as copper. 

  Finally, to assess the biological relevance of Atox1-CisPt interactions we 

investigated CisPt binding to Atox1 extracted from a human cancer cell lysate 

pretreated with CisPt.  
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3. Tools for investigating metal binding to 
proteins 

 

  Metal binding to a protein can be detected in several ways, with varying 

strengths and limitations depending on several factors including the size and 

metal affinity of the protein and buffer system. For in vitro studies of the 

binding of reactive ligands like platinum to proteins the sample volume, 

concentration and incubation time are further important factors. 

 

 

3.1 Reducing agents and copper-loading 

  A protein metal-binding site composed of two closely spaced cysteines can 

oxidize to form a disulfide bridge, thereby eliminating the protein’s metal-

binding capacity.  To keep the cysteines reduced in experiments, and thus mimic 

the cell’s reduced environment, a reducing agent can be added to the protein 

buffer, for example glutathione, TCEP, or DTT (Dithiothreitol).  

  Copper interacts with intracellular proteins in the reduced form, Cu(I), which is 

insoluble in water and therefore impossible to add directly (as the free ion) to a 

protein sample in vitro. With a protein buffer containing a reducing agent, 

aqueous Cu(II) (which is soluble) can be added, which is then directly reduced 

to Cu(I) in the buffer. If a copper-binding protein is present it will immediately 

bind the created Cu(I), which prevents precipitation of the Cu(I). This method 

was applied in all of the binding experiments presented in this thesis.   

 

 

3.2 CD-spectroscopy for detecting protein-ligand interactions 

  CD (Circular Dichroism) spectroscopy is a technique that is widely used for 

studying the structure of biomolecules in solution. CD is defined as the 

difference in absorption between left and right circularly polarized light
219

, it 

reflects the chirality of the molecules, and provides very sensitive signals
220

.  
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  Unlike other techniques for determining protein structure, such as NMR or 

crystallography, CD cannot provide detailed residue-specific information or a 

3D structure. However, it has several other advantages. It can be used to obtain 

measurements of proteins present in low concentrations and small volumes in 

physiologically relevant buffers. It also reflects effects of small changes in the 

protein environment, such as pH, temperature, and ionic strength
221

. In addition, 

a CD-spectrometer is a bench-top instrument and its use requires less 

experimental expertise than, for example, an NMR spectrometer or 

crystallography apparatus. CD-spectroscopy procedures, including sample 

preparation, instrumental set-up and measurements are also quick and 

convenient. 

  The CD-spectrum can be divided into three regions: far-UV (below 250 nm), 

near-UV (250-300 nm), and near-UV-visible (300-700 nm). Far-UV CD reflects 

the proteins secondary structure and is used to monitor protein folding. The 

amid coupling between the amino acids that has a chiral center (all but glycine) 

in the protein backbone are contributing to the signal
220

. Near-UV CD 

absorbance is two orders of magnitude weaker than far-UV CD absorbance
219

, 

but is still significant since it reflects proteins’ tertiary structure. Signals in the 

250-300 nm region have contributions from electronic transitions of aromatic 

side chains and disulphide bonds. If a ligand binds close to an aromatic side 

chain and perturbs its environment, the protein’s tertiary structure will be 

changed and this will give rise to new near-UV bands. Absorption bands in the 

region above 300 nm are sometimes referred to as extrinsic CD bands since they 

originate from non-protein atoms such as transition metals, inhibitors, and 

substrates. Thus, CD signals in this region induced by an achiral ligand that 

lacks optic activity in isolation reflect the protein-ligand interaction
220

, and the 

strength of the signal is directly proportional to the amount of complex 

formed
221

. The information that can be obtained from far- and near-UV CD 

spectra about proteins’ secondary and tertiary structure, as well as specific 

ligand-protein contributions, makes CD spectroscopy an excellent choice for 

investigating ligand binding and an important tool in drug discovery
221

. 
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3.3 Other tools for detecting protein-ligand interactions 

3.3.1 NMR 

  NMR (Nuclear Magnetic Resonance) spectroscopy has proven to be an 

important technique for studying protein structures, interactions, and dynamics. 

Its resolution can be greatly enhanced by multi-dimensional analyses, such as 

the most common 2D HSQC (Heteronuclear Single-Quantum Coherence) or 

NOESY (Nuclear Overhauser Effect Spectroscopy) experiments, which usually 

require 
15

N-labeled protein and fairly concentrated samples. 
1
H-

15
N HSQC 

experiments are core elements of protein NMR spectroscopy. The chemical shift 

data from an NMR experiment are sensitive to structural effects induced by 

alterations of the chemical environment by, for example, ligand interactions or 

metal binding. The changes in chemical shifts provide valuable information 

about the binding site and can also be used for calculations of binding affinities. 

By monitoring the speed at which some peaks decline and others increase, rate 

constants for a binding reaction can be calculated too. Further, broadening of the 

NMR signal (line broadening) can be an indicator of ligand binding
222-223

.  

  NMR can give precise structural and kinetic information about ligands’ 

binding and interactions with proteins in solution. However, NMR has 

limitations in molecular size and sample concentration. In general proteins less 

than ~250 residues can be observed with good signal dispersion and minor line 

broadening. The high concentrations needed for a typical experiment (> 100 

μM) can also cause aggregation and insolubility problems
222, 224

. 

 

 

3.3.2 Crystallography 

  X-ray crystallography is a commonly used technique for studying ligand 

binding to a protein. It can provide single-amino acid resolution information 

about the binding site, like NMR, but it allows examination of a much wider 

range of sizes and types of proteins, and the quality of the resulting structure can 

be evaluated by so-called R- and B-factors. However, crystallography requires 

formation of a diffracting crystal of the protein of interest, which can be difficult 

and very time consuming. The protein dynamics are also lost and the resulting 

structure may not be similar to one in solution
222

.  
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  To investigate protein-ligand interactions with crystallography two techniques 

can be used; cocrystallisation with the ligand, or soaking an already formed 

protein crystal with it. In general, complexes with reactive ligands cannot be 

obtained by cocrystallization due to the lengthy crystallization process involved. 

Another problem is that reactive ligands give rise to heterogeneous samples in 

which the complex of interest is generally present in too low proportions to yield 

a good crystal. The major problem with soaking protein crystals with ligands is 

that ligand binding can cause the crystals to break
225

. For metal ligands, 

crystallography has the benefit over NMR that the metal shows in the resulting 

data due to specific scattering of X-rays
226

, whereas in NMR the metal has to be 

fitted into the structure based on residue-specific chemical shifts
227

.   

 

 

3.3.3 Size exclusion chromatography 

  Size exclusion chromatography (SEC), or analytical gel filtration, is a 

chromatographic technique that separates proteins according to their size and 

shape, ideally in a matrix with an inert solid phase. However, weak interactions 

with the matrix may also influence the retention time of a protein, which thus 

may not be directly correlated to its mass. Advantages of this method are that it 

is fast and requires little material. Eluting proteins are usually monitored by on-

line UV-spectroscopy at 280 nm
228

, and transition metal binding to sulfurs can 

be detected by following the UV-signal at 254 nm. By mixing proteins with 

different elution volumes and metal the ratio of absorbance at 254 and 280 nm 

can be used to identify the protein(s) the metal bind
151, 229-230

. Conveniently, free 

metals are removed by their faster elution, allowing purified metal-protein 

complexes to be easily isolated for further investigation. 

 

 

3.3.4 Mass spectrometry 

  Mass spectrometry is a very sensitive technique with a wide range of 

applications. When it is used to analyze proteins, which are large molecules, it is 

important not to break them so a gentle method to deliver the sample to the 

detector is needed. Examples of good methods for protein mass spectrometry are 

MALDI-MS (Matrix-Assisted Laser Desorption Ionization-Mass Spectrometry) 

and ESI-MS (Electrospray Ionization-Mass Spectrometry)
222

. In MALDI-MS 

analyses metal ligands are easily dislodged, since a protein-metal bond is not 
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fully covalent. In ESI-MS analyses protein-metal ligand interactions can survive 

if the instrumentation and analytical conditions are optimized for preserving 

noncovalent interactions and the experimental parameters are carefully 

controlled
231

. ICP-MS (Inductively Coupled Plasma-Mass Spectrometry) 

measures the contents of elements in samples and is a good technique for 

measuring metal concentrations. More than 70 different elements can be 

detected using the technique and most metal ions, including Cu and Pt, can be 

detected at concentrations below 1 ppt (parts per trillion)
232

.  

  When it comes to protein-ligand investigations mass spectrometry cannot give 

information about protein structure and ligand binding conformation. The 

technique is also not generally considered to be quantitative. However, it is fast, 

extremely sensitive and requires very small amounts of sample
231, 233

.  

 

 

3.4 Monitoring metal-induced protein dimerization and aggregation 

  As mentioned in Section 3.2, far-UV CD can be used to acquire information 

about protein folding, as secondary structure yields negative signals in the 220 

nm region. Thus, by monitoring a protein sample over time at 220 nm the 

average protein structural content can be monitored as a function of time. If the 

protein unfolds, the negative signal at 220 nm decreases in magnitude and a 

single exponential first order reaction can be fitted to estimate the unfolding rate 

and protein half-life
228

. However, manual mixing gives a dead time of ~10 

seconds, and thus only slow unfolding reactions can be followed. 

  SEC (3.3.3) is a robust method for monitoring protein oligomerization. Since 

the difference in size between the monomeric and dimeric forms of a protein is 

larger, proportionally, than the differences between successively higher order 

oligomers the peak resolution is better for the lower order oligomers. Protein 

aggregation is seen as an elongated tail of the first peaks. 

  SDS-PAGE (Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis) is 

a method that sorts proteins according to their size in a denaturing gel. By using 

appropriate molecular mass markers, oligomerization of proteins can be 

followed (provided the monomers bind tightly enough) and quantitative 

estimates of relative amounts of the monomers and oligomers can be 

obtained
222

. 
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  In HSQC NMR spectra the residual peaks lose their spread and become 

centered when a protein unfolds, since the chemical environments of amino 

acids in the unfolded structure change from heterogeneous to more 

homogeneous. As with changes in chemical shifts induced by ligand binding, 

the decline of peaks corresponding to the folded species can be used to follow 

the reaction
234

. To detect protein oligomerization and aggregation with NMR, R2 

relaxation can be used. The rate of R2 relaxation increases linearly with the 

rotational correlation time of the protein. This means that if the protein 

becomes larger the R2 relaxation rate increases, due to a slower tumbling 

time
222

.  

 

3.5 Cell-based assay for platinum binding to a cellular protein 

  A target protein can be isolated from a cell lysate by immunoprecipitation 

(Figure 7). The technique is based on small-scale purification using a specific 

antibody bound, either covalently or non-covalently, to a solid support such as 

magnetic or agarose beads. The antibody-covered beads are washed, and 

incubated with the lysate. After incubation the lysate is removed and the beads 

are thoroughly washed. The target can then be eluted from the beads by 

destabilizing the interaction between the target protein and the antibody, for 

example with a shift in pH or ionic strength. If the antibody was covalently 

linked the eluted target can be used for further analysis and the antibody-

covered beads can be reused
235-236

. For cells exposed to CisPt possible binding 

of the drug to the isolated protein can be determined by ICP-MS analysis (Paper 

IV).  
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Figure 7. Schematic illustration of immunoprecipitation of a specific protein from a cell 

lysate using magnetic beads with a covalently bound antibody (Y). 
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4. Results and discussion 

 

4.1 Cisplatin binding to Atox1 

4.1.1 Cisplatin can bind to both apo and holo Atox1 

  Previous work by our group established that copper (referred to as Cu in this 

section) binding to Atox1 induces a change in the protein’s near-UV CD 

spectrum (Figure 8A)
135

.  
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Figure 8. Near-UV CD spectra of Atox1. A. Apo and holo Atox1. B. CisPt titrated 

against apo Atox1. 

 

  Adding CisPt to apo Atox1 did not cause any significant change in its near-UV 

CD spectrum (Figure 8B). Other researchers showed that CisPt binds to Atox1
48

, 

thus we suspected a CD-silent complex was formed. ESI-MS analysis confirmed 

that CisPt bound to apo Atox1 in our in vitro conditions (Paper I). Mixing apo 

Atox1 with 1 or 5 eq. CisPt yielded new mass-peaks corresponding to Atox1 

(with or without the first methionine) and CisPt without one chloride 

((Pt(NH3)2Cl)
+
). 

195
Pt-NMR was used to further confirm that CisPt bound to apo 

Atox1. Addition of apo or holo Atox1 to CisPt (1:1) resulted in disappearance of 

the 
195

Pt peaks, implying CisPt binding to the protein. The protein-CisPt peaks 

were not visible due to extensive line broadening, because the molecular weight 
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was too high. We showed that the monoaqua species of CisPt was consumed 

first and due to re-equilibration eventually all the CisPt was consumed. This 

observation is in line with the generally accepted model
6, 43

, that CisPt reacts 

with biomolecules after hydrolysis. All platinum substances used for 

experiments reported in this thesis were therefore pre-hydrolyzed in water. 

  Titrating CisPt against the holo form of Atox1 (+ 1 eq. Cu) gave rise to 

changes in near-UV CD signals, including the appearance of  a positive signal at 

360 nm and strengthening of negative signals at 310 and 270 nm (Figure 9A). 

Signals above 300 nm are only extrinsic, and report on the direct interaction of 

CisPt with the protein. These high wavelength signal changes do not reflect 

alterations in the protein’s tertiary structure, which are manifested in spectral 

changes below 300 nm. Since CisPt binding to apo Atox1 does not cause any 

signal changes above 300 nm, the changes are generated when CisPt binds 

directly to Cu, or to parts of Atox1 changed by the Cu-binding. CD-signals 

above 300 nm have been observed in analyses of metallothioneins when many 

metals are bound and are believed to originate from intra metal-metal 

interactions (d-orbital overlaps)
237-238

, and the Neurospora Cu(I) metallothionein 

yields CD signals highly similar to those observed here
239

. The positive peak at 

360 nm may originate from a d
8
-d

10
 orbital overlap between Cu(I) and Pt(II). 

Titrating Cu against premixed Atox1 + 1 eq. CisPt gave similar signal changes 

at 310 and 360 nm to the titration with a reversed order of metal addition (Figure 

9B). This indicates that a similar complex is formed regardless of the order of 

Cu/CisPt addition to Atox1. The lack of a standard Cu-binding signal (Figure 

8A) indicates that CisPt affects normal Cu binding. The signal change above 

300 nm was dependent on time and CisPt hydrolyzation. Incubating holo Atox1 

with 1 eq. CisPt over time (room temperature) resulted in an exponential 

increase in near-UV CD bands with a rate constant similar to that observed for 

CisPt hydrolyzation (t1/2 = 2.6 h).Similar signal changes above 300 nm were also 

observed when incubating (apo Atox1 + 1 eq. CisPt) + 1 eq. Cu over time. A 

peak corresponding to Atox1-Cu-Pt was detected by ESI-MS when a mixture of 

holo Atox1 and 1 eq. CisPt was analyzed. Peaks corresponding to apo and holo 

Atox1 as well as Pt-Atox1 were also observed.  
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Figure 9. Near-UV CD spectra of Cu/CisPt titrations against Atox1. A. CisPt titrated 

against holo Atox1. B. Cu titrated against Atox1 preincubated with 1 eq. CisPt. 

 

  With 
1
H-

15
N HSQC NMR new peaks were observed when adding CisPt to apo 

Atox1 (Figure 10A). The new peaks have been thoroughly investigated by 

another group and were concluded to arise from CisPt binding to the cysteines in 

the Cu-binding site
216

. Adding CisPt to holo Atox1 also results in the occurence 

of new peaks (Figure 10B). Interestingly, the new CisPt-holo Atox1 peaks do 

not overlap with those of CisPt-apo Atox1 (Figure 10C), further supporting the 

di-metal Atox1 complex hypothesis. Further, this new set of peaks appears 

regardless of the order of metal addition, supporting the finding from CD-

spectroscopy experiments that the order of metal addition does not influence the 

outcome (Figure 10D). The new peaks are weak, but short incubation times 

and/or low excess of metals were used to avoid formation of unfolded species. 

For future NMR experiments the conditions could be further improved.  
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Figure 10. NMR spectra of Atox1 with added Cu and/or CisPt. Arrows indicate 

interesting new peaks. A. Apo Atox1 (black) overlay with apo Atox1 + 5 eq. CisPt (0 h, 

green). New peaks are formed originating from apo Atox1-CisPt bound species. B. Holo 

Atox1 (grey) overlay with holo Atox1 + 1 eq. CisPt (blue). New peaks are formed 

possibly originating from holo Atox1-CisPt bound species. C. Comparison of spectra of 

apo Atox1-CisPt (A, green) and holo Atox1-CisPt (B, blue). Unique peaks originating 

from the holo Atox1-CisPt spectra do not overlay with those of the apo Atox1-CisPt 

complex. D. Comparison of spectra obtained when changing the order of metal addition. 

Holo Atox1-CisPt (B, blue) overlay with (apo Atox1 + 1 eq. CisPt) + 1 eq. Cu (1 h, 

pink). The di-metal complex peaks appear regardless of the order of metal addition 

(marked peaks are overlying when viewed in close-up). The NMR analyses were 

conducted in collaboration with Christoph Weise and Magnus Wolf-Watz (Umeå 

University).  

 

 

 

A B 
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  Confirmation that Cu is not expelled when CisPt binds to Atox1 was obtained 

in a direct physical experiment (Paper III), in which any Cu that may have been 

expelled was filtered away from the samples and detected by ICP-MS. No 

difference was found in amounts of Cu detected in samples of holo Atox1 with 

or without added CisPt (Figure 11). Loss of ~10% Cu were detected in all 

samples compared to yields from control samples (without added Atox1), 

probably due to leakage of holo protein through the filter. 
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Figure 11. Means and standard deviations of Cu losses from Atox1 in samples incubated 

with CisPt. 1 eq. CisPt was added to solutions containing holo Atox1, and the samples 

were incubated for indicated times (three replicates per sample). The samples were 

centrifuged and the Cu concentration in the flow-through was measured. Pure holo 

Atox1 samples without added CisPt were analyzed for comparison. The Ctrl-samples are 

positive controls, with the same concentration of Cu, where Atox1 was omitted. 

 

  Taken together, these findings shows that holo Atox1 binds CisPt without 

expelling Cu and that CisPt-Atox1 binds Cu, in both cases forming a similar 

complex. Although CisPt binding to apo Atox1 in vitro has also been shown by 

others, CisPt binding to holo Atox1 is a novel finding.  
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4.1.2 Atox1 mutants to determine important residues for changes of near-

UV CD-signals upon dual metal addition  

 

  To assess how the two metals can bind simultaneously to Atox1 close to each 

other causing the appearance of high wavelength CD signals, we turned to 

protein mutagenesis. Four Atox1 mutants were expressed and purified to 

investigate binding of Cu and CisPt (Figure 12). In the Cys41Ala Atox1 mutant 

the Atox1 cysteine (Cys41) that is not part of the Cu-binding site (Cys12 and 

Cys15) has been exchanged for an alanine. In the 3Cys3Ala Atox1 mutant all 

three Atox1 cysteines (Cys12, Cys15, and Cys41) have been exchanged for 

alanines. In the Cys15Ala Atox1 mutant (made and prepared by Moritz 

Niemiec, Umeå University) one of the cysteines in the Cu-binding site (Cys15) 

has been exchanged for an alanine. Finally, in the Met10Ala Atox1 mutant the 

loop-stabilizing methionine (Met10) in the conserved Cu-binding motif 

(MxCxxC) has been exchanged for an alanine. 

 

 

Figure 12. Atox1 (1TL4
129

), with amino acids changed in the mutational study marked 

as stick drawing. 
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  WT Atox1, Cys41Ala Atox1, and Met10Ala Atox1 can all bind Cu 

stoichiometrically in vitro. 3Cys3Ala Atox1 cannot bind Cu because of the lack 

of Cu-binding cysteines, and Cys15Ala Atox1 can to some extent bind Cu by 

forming a dimer with one cysteine from each protein bridged by Cu (
240

 and 

unpublished data, Moritz Niemiec, Umeå University). Only the Cys41Ala Atox1 

mutant generates near-UV CD signals similar to those of WT Atox1, suggested 

to originate from the proposed Atox1-Cu-CisPt complex (Figure 13A-B). This 

shows that Cys41 plays no role in the observed near-UV CD changes. 3Cys3Ala 

Atox1 (which cannot bind Cu) cannot form a complex, and the metals do not 

induce any CD-changes indicative of other interactions (Figure 13C). Metal 

addition to Cys15Ala Atox1 causes a very small increase in signal at 280 nm, 

probably due to dimer formation. No signal changes above 300 nm following 

metal additions to Cys15Ala Atox1 are detectable (Figure 13D). For Met10Ala 

Atox1 Cu addition results in holo-signals even if CisPt is present. A small 

increase in signal can be noted at higher wavelengths when CisPt is added to 

holo Met10Ala Atox1, but not as clear as that obtained from WT Atox1 (Figure 

13E). Thus, at most minor metal-metal interactions occur in Met10Ala Atox1. 

This may be due to lack of CisPt binding, or fast dynamics of the Cu-binding 

loop. Other data (Figure 16 and ICP-MS) demonstrate that CisPt binds to Cu-

loaded Met10Ala Atox1. The inability of Met10Ala Atox1 to generate near-UV 

CD signals similar to those of WT Atox1 is therefore probably due to the greater 

loop flexibility that comes from removing the core amino acid Met10
241

. Direct 

interactions between Met10 and CisPt seem unlikely because of the buried 

position of Met10. In addition, in other experiments reported in the thesis 

Met10Ala Atox1 showed a similar CisPt binding profile to WT Atox1. These 

results suggest that a rigid Cu-binding loop with the two cysteines is needed for 

the specific near-UV CD signals to appear (and thus metal-metal interactions to 

occur). 
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Figure 13. Comparison of near-UV CD spectra, selected traces from Cu/CisPt titrations 

against Atox1 variants.  apo,  holo,  holo (+ 1 eq. Cu) + 2 eq. CisPt,  (apo + 1 eq. 

CisPt) + 2 eq. Cu. A. WT Atox1. B. Cys41Ala Atox1. C. 3Cys3Ala Atox1. D. Cys15Ala 

Atox1. E. Met10Ala Atox1. 

   

  Taken together, these findings shows that only the intact Cu-binding loop is 

needed to accommodate the di-metal site. Therefore, the metals must somehow 

share the two cysteines, Cys12 and Cys15. 

 

 

4.1.3 Additional techniques for further characterization of the proposed di-

metal Atox1 complex 

  To explore the structure of the di-metal Atox1 complex, we modeled CisPt into 

the Cu-binding site with Cu present. Density functional theory (DFT) 

calculations were used to obtain low energy structures with both metals bound 

(Figure 14 and Paper III). CisPt
+
 (CisPt without one chloride ligand, cis-

(PtCl(NH3)2)
+
) was placed at Cys12, which was more accessible than Cys15 

(NMR-structure 1TL4
129

). The dual metal-binding ability of Cys12 can be seen 

in a crystal structure of the Atox1 yeast analogue Atx1, where the cysteine 

corresponding to Cys12 (Atx1 Cys15) can bind two metal ions in a Cu-Mo 
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cluster
242

. A recent ESI-MS study
217

 also shows the apparent preference of Pt-

binding to Cys12 over Cys15 (possibly, as the cited researchers speculate, due to 

the difference in pKa between the two cysteines). In accordance with previous 

findings, steric hindrance made placement of CisPt at Cys15 impossible in the 

rigid structure. 

  Geometry optimizations show several low energy complexes with CisPt 

binding to holo Atox1 via Cys12. In the optimized structures both metals are 

bound at an average Cu-Pt distance of 3.41 Å (3.39 Å for the complexes with 

the strongest interaction energy). This distance is consistent with d-d orbital 

overlap since transition metal-metal dative bond lengths are reportedly up to 3.6 

Å
243-244

. Pt(II)-Cu(I) can form shorter bonds (2.5-3.0 Å) in small molecules 
245-

247
, including in aqueous environments

248
, but have never been shown in a 

protein or any other biomolecule.  

 

 

Figure 14. CisPt modeled into the Cu-binding site of Atox1. The purple line represents 

the possible interaction between Cu and Pt, suggested to generate the high wavelength 

near-UV CD signals that appear in the presence of both metals and Atox1. Model 

computed in collaboration with David Andersson and Anna Linusson (Umeå 

University).  

 

  We attempted to further characterize interactions between Cu and CisPt in 

Atox1 and the structure of the whole complex using crystallography, but the di-

metal complex was not stable enough to form crystals. We also attempted to use 

XAS, and more specifically EXAFS (Extended X-ray Absorption Fine 

Structure), in collaboration with Britt Hedman and Hyeongtaek Lim (Stanford 

University) for this purpose. EXAFS is a sensitive method for determining the 

Cys12 

Cys 15 
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local environment of metals in proteins, as X-rays can excite a single element 

and the resulting absorption can be used to analyze its surrounding environment. 

Furthermore, EXAFS measurements are acquired in frozen state and thus 

appeared to have good potential for probing this unstable complex. However, 

our attempts to freeze the di-metal complex were unsuccessful as the collected 

data did not show any evidence of complex formation. 

  No di-metal protein complex containing both Cu(I) and Pt(II) has been 

identified before, to our knowledge, and the results presented here are therefore 

difficult to compare. Metal-metal interactions are rare in proteins, but long 

distance metal-metal bonds have been found naturally in hydrogenases between 

iron atoms and between iron and nickel
249

.         

  Computer modeling enabled us to explore a possible complex involving both 

metals bound to Cys12 in the Cu-binding site of Atox1 in silico. Attempts have 

been made to study the structure of the complex with in vitro methods. They 

have not been successful to date, but further attempts with various refinements 

are part of further work.     

 

 

4.2 Platinum-induced dimerization, unfolding and aggregation of 

Atox1 

4.2.1 Atox1 unfolding monitored by far-UV CD 

  In early stages of the project we noted that Atox1-CisPt complexes were not 

stable over time. A thorough investigation of the CisPt-induced unfolding of 

Atox1 was performed, as reported in Papers I and III. The secondary structure of 

Atox1 was measured with far-UV CD, and protein unfolding was followed by 

the signal change at 220 nm. Atox1 was mixed with Cu and/or CisPt and 

measured over two weeks (room temperature). Apo Atox1 alone was stable over 

this timeframe while holo (+ 1 eq. Cu) Atox1 started to unfold after 

approximately 80 h, due to Cu-mediated oxidation after consumption of all DTT 

(Figure 15). Addition of CisPt to apo or holo Atox1 induces unfolding in a 

concentration-dependent manner (Figure 15), 5 eq. CisPt induces more 

unfolding than 1 eq. CisPt. However, adding excess CisPt results in less 

unfolding of apo Atox1 than the holo protein (Figure 15), probably due to the 

additional oxidative effect of Cu itself. Adding 1 eq. CisPt to apo Atox1 does 

not unfold the protein. Since CisPt can bind to both the cysteines in the Cu-
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binding site and thereby detoxify the two reactive chloride/hydroxy ligands of 

CisPt, the complex will be stable. In the case of holo protein, Cu occupies space 

in the Cu-binding site and reactive ligands of CisPt are therefore more available 

to bind and crosslink another protein.  
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Figure 15. Protein unfolding of Atox1 WT mixed with indicated concentrations of Cu 

and/or CisPt, monitored by far-UV CD at 220 nm. Single exponential equations were 

fitted to the curves when possible.  

 

  CisPt-induced unfolding of Atox1 was compared with that of the selected 

mutant proteins discussed above (Figure 12) to investigate the roles of the 

mutated amino acids in this reaction. The unfolding extent and kinetics of apo 

and holo Atox1 variants with and without added 5 eq. CisPt are compared in the 

column to the left in Figure 16. The most obvious difference is that 3Cys3Ala 

Atox1 does not unfold at all (Figure 16C), demonstrating that the amino acids 

mediating the CisPt-induced unfolding are the cysteines. The Cys41Ala Atox1 

mutant unfolds similarly to Atox1 WT (Figure 16A-B), indicating that Cys41 

plays at most a minor role in CisPt-promoted Atox1 unfolding. Accordingly, no 

Pt-binding to Cys41 of WT Atox1 was found in a recent ESI-MS study
217

. 

Neither apo nor holo Cys15Ala Atox1 have a stable fold over time, making 

CisPt-induced unfolding difficult to analyze (Figure 16D). Nonetheless, CisPt 

addition increases the rate of Cys15Ala Atox1 unfolding, indicating that CisPt 

binds to the protein. The data acquired for Met10Ala Atox1 show clear signs of 
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CisPt binding and unfolding (Figure 16E), despite the lack of near-UV CD 

signal changes indicative of metal-metal interactions, as discussed in Section 

4.1.2. 

  The rate of unfolding is faster for apo proteins than for holo proteins (Table 1). 

A tentative explanation for this is that the Cu-binding initially helps the protein 

to resist CisPt-induced unfolding. From in vitro and in silico data, it is 

established that the holo form is more stable than the apo form as Cu-binding 

stabilizes the whole structure
135, 241

. The holo form of Met10Ala Atox1 unfolds 

faster than the holo form of WT Atox1 upon CisPt addition, in agreement with 

the lower protein stability of this holo variant compared with holo WT Atox1
152, 

241
. For apo proteins the unfolding rate for Cys41Ala Atox1 is faster than the 

others, which might be due to the mutant having less intrinsic stability. For the 

holo proteins Cys41Ala Atox1 and Cys15Ala Atox1 have slower apparent 

CisPt-induced unfolding rates than WT Atox1. For Cys15Ala Atox1 this might 

be due to lack of Cys15, proposed here to be important for metal interactions 

with Atox1. 

 

Table 1. Unfolding half-lives and extents (based on decrease in CD-signals at 220 nm) 

of Atox1 WT and Atox1 mutants. In all experiments the same concentrations of protein 

and CisPt were used.  
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Figure 16. Far-UV CD signals (left column), SEC traces (middle column), and SDS-

PAGE-gels (right column) showing unfolding, oligomerization and aggregation of Atox1 

variants. A. WT. B. Cys41Ala. C. 3Cys3Ala. D. Cys15Ala. E. Met10Ala.   
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  In summary, CisPt induces unfolding of Atox1 over time in a concentration-

dependent manner. When Cu is present the unfolding rate is decreased but the 

unfolding extent is enhanced. CisPt cannot induce unfolding of the protein 

without the three Atox1 cysteines. The mutation in Cys41Ala Atox1 has only 

minor effects, indicating that the unfolding reaction is initiated by CisPt binding 

to the Cu-binding site (Cys12 and Cys15). These findings are thus consistent 

with the near-UV CD data of the mutants. 

 

 

4.2.2 Cisplatin-induced crosslinking of Atox1  

  Along with unfolding, we noted that Atox1 molecules aggregated in the 

presence of CisPt. CisPt-induced Atox1 oligomerization and aggregation as a 

result of CisPt crosslinking of the proteins were analyzed by SDS-PAGE gels 

(Figure 16, right column - Papers I and III). The same Atox1 concentration was 

used as in the near- and far-UV CD experiments (50 μM). Apo and holo Atox1 

samples were incubated with 5 eq. CisPt at room temperature for various times 

ranging from four days to minutes. All apo and holo forms of the proteins are 

monomeric over the time range (Paper III, supporting information, Figure S2), 

except for holo Cys15Ala Atox1, which forms smears in gels due to unfolding 

(as expected because of the lack of a complete Cu-binding site). Cu was not 

added to 3Cys3Ala Atox1. The holo form of the proteins tends to show more 

oligomerization than apo forms, in line with the far-UV CD data. The new bands 

that appear correspond to Atox1 dimers (~15 kDa), trimers (~22 kDa) and 

tetramers (~30 kDa), and were shown to contain Pt. CisPt crosslinks all protein 

variants except 3Cys3Ala Atox1 (Figure 16C), showing that CisPt binds to 

Atox1 solely via the cysteines.   

  In summary, in parallel with unfolding CisPt crosslinks Atox1 into dimers, 

trimers, and higher oligomeric species via the cysteines in the Cu-binding site. 

Over longer times, the proteins form larger aggregates.              
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4.2.3 Cisplatin-induced dimerization of folded Atox1 

  On a shorter time scale (minutes to hours), protein dimerization was found to 

precede the unfolding process. Careful analysis of the CisPt-induced unfolding 

showed that non-monomeric but folded species form in minutes and this is 

followed by protein unfolding over hours to days. Initial Atox1 oligomerization 

induced by CisPt was investigated with SEC (Figure 16, middle column). The 

elution volumes of the peaks can be related to complex size, and due to 

absorption at 254 nm from metal-sulfur bonds metal-binding to the cysteines of 

Atox1 can be monitored in each SEC peak. All apo protein variants are 

monomeric (Paper III, supporting information, Figures S3-S7) according to SEC 

analysis. In addition, all protein variants can bind Cu, as manifested by 

increased absorption at 254 nm in its presence, except 3Cys3Ala Atox1, which 

lacks the Cu-binding site. Adding Cu to Cys15Ala Atox1 generates a dimer peak 

and a wide range of larger oligomers. ICP-MS analysis and 254 nm absorption 

measurements show that all holo Cys15Ala Atox1 peaks except the monomer 

contains Cu. The protein’s ability to bind Cu in a dimer with the help of its 

single remaining cysteine in the Cu-binding site was discussed above (Section 

4.1.2). All other holo proteins are monomeric. When apo WT Atox1 is mixed 

with 1 eq. CisPt (10 min, room temperature) it remains monomeric, with a small 

increase in 254 nm absorbance indicating metal binding. When excess CisPt is 

added, diffuse higher oligomeric species can be seen together with an increase in 

254 nm absorption (Figure 17A-C). In contrast, when 1 or 5 eq. CisPt is added 

to holo WT Atox1 two distinct peaks can be observed, corresponding to the 

monomer and dimer (Figure 17D-F). The 254 nm absorbance data show that 

both peaks contain protein-bound metal, and ICP-MS analysis detected Pt and 

Cu in both peaks. The same dimer peak also appears when 1 eq. Cu is added to 

apo Atox1 pretreated with 1 eq. CisPt (Figure 17G). Atox1 dimers can be 

formed by Cu alone in crystal state
131

 and CisPt alone
48

, but seem to be more 

abundant in solutions in the presence of both metals. Comparing Figure 17E and 

Figure 17G shows that the order of metal addition does not influence this 

complex formation.  
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Figure 17. SEC traces of WT Atox1 with Cu and/or CisPt additions. A. Apo. B. Apo + 1 

eq. CisPt. C. Apo + 5 eq. CisPt. D. Holo (+ 1 eq. Cu). E. Holo + 1 eq. CisPt. F. Holo + 5 

eq. CisPt. G. (Apo + 1 eq. CisPt) + 1 eq. Cu. 

 

  When comparing CisPt-induced dimerization of the different protein variants 

we could see that Cys41Ala Atox1 (Figure 16B) and Met10Ala Atox1 (Figure 

16E) both behave similarly to WT Atox1 (Figure 16A). In accordance with the 

findings from the near- and far-UV CD and SDS-PAGE analyses, neither Cu nor 

CisPt additions affected 3Cys3Ala Atox1, which remained monomeric (Figure 

16C), again highlighting the importance of the Cu-binding site for CisPt 

interactions. Binding to one of the methionines or histidines of Atox1 should be 

reflected in the data from these experiments. ICP-MS analysis confirmed that no 

metals bound to 3Cys3Ala Atox1, establishing that the metals cannot bind to 
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this mutant. Adding CisPt to apo Cys15Ala Atox1 does not induce specific 

dimerization, showing the limited effect of a single cysteine. ICP-MS analysis of 

the SEC protein fractions detected only a small fraction of bound Pt, suggesting 

minor CisPt-binding to the remaining cysteine in the Cu-binding site. Adding 1 

or 5 eq. CisPt to Cys15Ala Atox1 after addition of 1 eq. Cu (mimicking holo 

WT Atox1) does not alter the profile of already formed oligomers (Paper III, 

supporting information, Figure S6). With just one cysteine in the Cu-binding site 

the ability of Atox1 to bind CisPt is limited, compared to that of WT Atox1.  

  CisPt’s ability to promote Atox1 oligomerization, unfolding, and aggregation 

was used as a way to gain further insights into CisPt protein binding and 

interactions. The biological role of this effect (if any) is difficult to establish. 

Other tested proteins - ribosomal protein S16 and cytocrome c (cytocrome 

complex) - did not unfold or oligomerize in the presence of CisPt, even though 

the proteins can bind CisPt (
53, 250

 and Paper I). These findings show that the Pt-

induced unfolding is not general for all proteins that bind CisPt. Unfolding and 

the consequent defunctionalization of Atox1 may contribute to CisPt 

resistance
214-215

 as discussed in Section 1.4.2.3. On the other hand, a recent 

study
210

 found that functional metal-binding domains are crucial for CisPt-

induced translocation of fluorescently-labeled ATP7B to the cell membrane (of 

HEK293T and cervical carcionoma 2008 cells). The effect was found to be 

reversible, because when CisPt was removed ATP7B relocalized to the trans-

Golgi network. Therefore, the authors concluded that the metal-binding domains 

of ATP7B were not unfolded due to CisPt exposure
210

. An important aspect to 

note is that no Cu was added in their experiments. As shown in this thesis, the 

presence of Cu enhances Atox1 and WD4 unfolding and oligomerization. 

  The favored binding of CisPt to WT Atox1 might be due to the positioning of 

the two cysteines close to each other in the Cu-binding site. This hypothesis is 

supported by our findings that CisPt has moderate effects on Cys15Ala Atox1, 

where the Cu-binding site contains just one cysteine. The lack of importance of 

Cys41 for CisPt binding has also been shown here. Based on results from the 

mutagenic study and the computer modeling (Section 4.1.3), the mutant 

Cys12Ala Atox1 is interesting for further studies.  

  The above results show that in the presence of both Cu and CisPt Atox1 forms 

two distinct peaks in SEC, a monomer and a dimer, both of which contain the 

two metals. Again, the order of metal addition is insignificant. Studying the 

different Atox1 variants shows that the two cysteines in the Cu-binding site are 

required for this reaction. 
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4.2.4 Oligomeric status of di-metal complex monitored by near-UV CD 

spectroscopy 

  To ensure that the characteristic near-UV CD signals observed for the original 

Atox1-Cu-CisPt mixture (Figure 9) originated from a monomeric form (Figure 

16A), proteins corresponding to monomeric and dimeric SEC peaks were 

analyzed by near-UV CD spectroscopy (Paper III). Dimers, or higher order 

oligomers, could possibly form a cluster with both CisPt and Cu by metal 

bridging of the Cu-binding sites, as reported for the Atx1 Cu(I)-Mo trimer 

cluster
242

 and the Cu(I)-Cu(I) cysteine cluster between two or three CCS 

proteins (human Copper Chaperone for Superoxide dismutase)
251

. However, 

monomeric Atox1 was recently found by ESI-MS to bind two gold(I) ions 

simultaneously, showing that monomeric Atox1 can bind two metal ions
252

. The 

monomer and dimer fractions of Atox1-Cu-CisPt mixtures were collected and 

measured by near-UV CD just minutes after elution. The dimer peak does not 

make a major contribution to the 360 nm positive CD-signal (Figure 18), 

whereas the monomer peak matches that obtained from unseparated mixtures. 

This establishes that the positive CD-signal reports on CisPt-interactions in the 

monomeric holo-protein.   

  In conclusion, the positive near-UV CD-signals proposed to originate from a 

di-metal complex of Atox1, Cu, and CisPt originates from monomeric protein. 
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Figure 18. Near-UV CD spectra after gelfiltration. Comparison of spectra of proteins 

corresponding to the monomer and dimer peaks separated by SEC (elution volumes 14.2 

ml and 12.8 ml, respectively; Figure 16A) and near-UV CD of the unseparated sample of 

CisPt addition (2 eq.) to holo Atox1 (Figure 9A). Signals from SEC were normalized to 

correspond to 50 μM protein.  

 

 

4.3 Cell studies of Cisplatin interactions with Atox1 

  The in vitro data show that Atox1 can bind CisPt. To further investigate this 

interaction we wanted to examine it in more biologically relevant conditions and 

turned to cell-based experiments. The high reactivity of CisPt with sulfur-

ligands can make simple in vitro setups bias (but nonetheless mechanistically 

informative). However, in cell experiments CisPt can potentially bind to various 

competing biomolecules. Initially, we investigated possible correlations between 

cellular Atox1 expression levels and CisPt-resistance, and effects of the drug on 

its expression (Paper I), in two human cancer cell lines: ovarian cancer 2008 and 

melanoma T289 cells
253

 (which are five-fold more resistant to CisPt)
254

. The 

more resistant cells (T289) had 3.3-fold higher levels of Atox1 than the CisPt-

sensitive 2008 cells (Figure 19). In addition we found that 2 h incubation with 

20 μM CisPt increased cellular levels of Atox1 in both cell lines (17-75 %). The 

up-regulation of Atox1 expression may have been due to CisPt occupation or 

unfolding of the protein.   
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Figure 19. Expression levels of Atox1 in two human cancer cell lines (melanoma T289 

and ovarian cancer 2008 cells), before and after exposure to CisPt. The cell line with 

higher resistance to CisPt, T289, expresses higher levels of Atox1 than 2008 cells. 

Results from cell studies conducted in collaboration with Christina Lundin and Peter 

Naredi (Umeå University). 

 

  To test if binding of CisPt to Atox1 also occurs inside cells, we developed a 

method for extracting Atox1 from cells by immunoprecipitation with magnetic 

beads (Figure 7, Paper IV). We first proved that enough Atox1 can be extracted 

from the cells by this method to allow further analysis. No other proteins could 

be detected in the eluate from the beads, proving the specificity of the method. 

The bead content was eluted with weak acid for ICP-MS analysis. Three 

elements were monitored: sulfur (S) for detecting Atox1, Cu, and Pt. All 

samples of Atox1 from cells treated with CisPt contained Pt, although the 

amount of Pt per Atox1 molecule varied (Figure 20). The control samples did 

not contain any Pt. The detected Pt was bound to Atox1, since Pt association 

with antibody-covered beads could be ruled out.  

  The amounts of bound Pt, and Cu, to Atox1 extracted from the cell lysate were 

found to be small. Most of the immunoprecipitated Atox1 was in its apo form. If 

this reflects the Atox1 status in the cell, or if metal could somehow precipitate 

during the experiment has not yet been established. A drawback with the method 

is that none of the commercial polyclonal Atox1 antibodies tested could be 

attached to the beads. Instead, a monoclonal antibody had to be used, which 

might select a certain species of Atox1, if the antibody-antigen interaction takes 

place near the Cu-binding cysteines. A scan of monoclonal antibodies could be 

useful for identifying possible unwanted clones that may exclude metal-bound 

species in further studies. 
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Figure 20. ICP-MS detection of CisPt bound to Atox1 immunoprecipitated from human 

cancer cell lysates. A. Control sample, no CisPt added to the cells. On-line detection of 

Atox1 (S, 48 Da), Cu (64 Da), and CisPt (Pt, 195 Da). No Pt is present in the sample of 

immunoprecipitated Atox1. B. Sample from cells exposed to CisPt. Pt can be found in 

the sample of immunoprecipitated Atox1. C. Bar plot of means and standard deviations 

of % Pt/Atox1 molecule immunoprecipitated from human cancer cell lysate. The three 

(1, 2, and 3) repeats of the experiment each included three replicates and one control 

sample (Ctrl). All nine samples from CisPt-exposed cells contained more Pt than the 

control samples. Data from ICP-MS measurements conducted in collaboration with Erik 

Björn (Umeå University).   

 

  In summary, there was a higher level of Atox1 in the CisPt-resistant cell line 

than in the sensitive cell line. The expression of Atox1 was also increased upon 

CisPt exposure. Atox1 immunoprecipitated from human cancer cells exposed to 
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CisPt contained some bound CisPt, indicating that CisPt binds to Atox1 in cells 

from a human cancer cell line. Together these results imply interactions between 

Atox1 and CisPt in biological relevant environments. 

 

 

4.4 Cisplatin binding to WD4 and platinum transfer  

4.4.1 Cisplatin binding to WD4 from ATP7B 

  The metal-binding domains of ATP7A/B have similar folds and Cu-binding 

sites as Atox1. We wanted to test if CisPt could also bind to one of these 

domains (Paper III). Metal-binding domain 4 from ATP7B, WD4 (prepared by 

Moritz Niemiec, Umeå University) was chosen, since the Cu-binding and -

transfer characteristics of this protein have been extensively studied in our 

lab
151

. A fragment of ATP7B containing the four first N-terminal metal-binding 

domains including domain 4 (here called WD1-4), has been shown to bind up to 

three CisPt molecules in vitro, although the domain that did not bind CisPt was 

beyond the scope of the cited study
49

. Since WD6
209

 and WD2
218

 had been 

shown to bind CisPt in their Cu-binding sites we hypothesized that WD4 should 

behave in a similar manner. Accordingly, we showed that CisPt binds to WD4 

by CD-spectroscopy (Figure 21A). The results are very similar to those obtained 

for WT Atox1 (Figure 13A) and suggest that both metals can also bind in a 

monomeric di-metal complex with WD4. A positive shoulder at 320 nm and a 

more negative signal at 270 nm appear when CisPt is added to holo WD4 

(Figure 21A). The difference in near-UV CD signals between Atox1 and WD4 

is due to the sensitivity of near-UV CD to structural and chemical details.   

  WD4 unfolds over time when treated with CisPt (Figure 21B), in a similar 

exponential manner to Atox1 (Figure 16A). However, WD4 unfolds more 

slowly and to a lesser extent than Atox1. Interestingly, holo WD4 is more 

kinetically stable than holo Atox1. Holo WD4 was stable over the whole 

duration of the experiment (264 h), while holo Atox1 unfolded after 

approximately 80 h. WD4 is known to bind Cu more strongly than Atox1
151

, 

which may explain this difference. CisPt-induced WD4 oligomerization (Figure 

21C) and dimerization (Figure 21D) are highly similar to those of Atox1 (Figure 

16A). The results are in line with the literature, as both WD6
209

 and WD2
218

 

reportedly unfold and oligomerize over time when exposed to excess CisPt. 
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Figure 21. Results of investigations of Cu/CisPt binding to WD4. A. Near-UV CD 

spectra, selected traces from Cu/CisPt titrations against WD4.  apo,  holo (+ 1 eq. 

Cu),  holo (+ 1 eq. Cu) + 2 eq. CisPt,  (apo + 1 eq. CisPt) + 2 eq. Cu. B. Far-UV CD 

showing unfolding of WD4 over time. C. SDS-PAGE gel showing CisPt-induced 

oligomerization of WD4. D. SEC analysis of holo WD4 + 5 eq. CisPt.    

   

  Taken together, these results show that WD4 binds and interacts with CisPt in 

a similar manner to Atox1. However, the WD4-CisPt complexes seem to be 

slightly more stable than the corresponding Atox1 complexes. CisPt can bind 

WD4 in the Cu-binding site, and also promote dimerization, unfolding, and 

aggregation.  
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4.4.2 Transfer of Cisplatin from Atox1 to WD4 

  Since both Atox1 and WD4 can bind CisPt individually, the next step was to 

investigate possible transfer of CisPt from Atox1 to WD4. The method of choice 

was SEC, exploiting the difference in elution volumes of the two proteins 

(Figure 22A). First, Atox1 was mixed with an excess of CisPt and incubated at 

room temperature. The mixture was passed through an analytical column to 

remove unbound CisPt (Figure 22B). This resulted in a shift of signal at 254 nm, 

showing that metal bound, and this was also confirmed with ICP-MS. The 

Atox1 monomeric peak was collected and concentrated. WD4 was then added to 

the sample at 0.5 eq.  to ensure an excess of CisPt-Atox1. As a control, apo 

WD4 was analyzed by the same SEC system, resulting in a peak at ~12.8 ml 

(Figure 22C). The CisPt-Atox1 + apo WD4 mixture was incubated (4 h, room 

temperature) and analyzed by the SEC system (Figure 22D). By comparing 

traces of the absorption at 254 nm before and after incubation we found that 

some CisPt was transferred from Atox1 to WD4, and this was confirmed with 

ICP-MS. In addition, we observed the formation of a dimer, presumably of a 

Atox1-WD4 heterocomplex (Figure 22E). Because, Cu-transfer between Atox1 

and WD4 reportedly involves formation of such a heterocomplex
151

 and the 

elution volume of the dimer (12.0 ml) was intermediate between that of the 

(Atox1)2-CisPt dimer (12.2 ml) and (WD4)2-CisPt dimer (11.3 ml). 

Interestingly, we noted that increasing the incubation time of Atox1 and CisPt 

prior to mixing with WD4 tended to reduce CisPt transfer to WD4. We 

hypothesize that initial binding of CisPt is due to binding of one ligand and with 

time the other ligand coordinates to the other cysteine, strengthening the 

binding.  

  The reversed experiment with apo WD4 + CisPt mixed with apo Atox1 also 

yielded an apparent heterocomplex. In the previously mentioned study of the 

transfer of CisPt from Atox1 to WD2, complete transfer was observed with no 

formation of a heterocomplex
218

. However, the difference between the metal 

binding domains of ATP7A/B in Cu-transfer and Cu-bridged heterocomplexes 

has been observed in previous studies
147, 153

, which may explain the different 

results for CisPt transfer to WD2 and WD4. Experiments with holo Atox1 are 

complicated by the large number of species that may be formed and yield 

overlapping peaks in chromatograms. Choosing a larger WD construct, 

containing for example two domains, that does not form stable heterocomplexes 

with Cu (for example WD5-6
153

) would be helpful for studying CisPt transfer in 

the presence of Cu. 
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Figure 22. CisPt transfer from Atox1 to WD4, according to SEC analyses. A. Apo 

Atox1 + 0.5 eq. apo WD4. B. Atox1 + 2 eq. CisPt, incubated for 2 h at room 

temperature. C. Apo WD4, no Atox1-CisPt added, otherwise experiment conducted as in 

D. D. Transfer experiment. Atox1-CisPt complex (filtered and concentrated) mixed with 

0.5 eq. apo WD4 and incubated for 4 h at room temperature. E. Overlay of 280 nm traces 

from transfer experiment (D) and incubations of both apo Atox1 and apo WD4 with 

CisPt.   

 

  These observations of CisPt transfer from Atox1 to WD4 and formation of a 

CisPt-dependent heterocomplex are similar to those of Cu-transport between 

these two proteins, supporting the hypothesis that CisPt “hitchhikes” on the Cu-

transport system, from Ctr1 via Atox1 to ATP7A/B. From other studies we 

know that Ctr1 can bind CisPt
18, 184-185

. Ours and other studies
209, 218

 also show 

that CisPt binds to the metal-binding domains of ATP7B. By confirming that 

CisPt binds to Atox1 and CisPt is transferred from Atox1 to WD4, our results 

support the hypothesis that Atox1 may receive CisPt from the proposed importer 

Ctr1 then delivers it to the metal-binding domains of ATP7A/B. However, 

transfer of CisPt between intact Ctr1 and Atox1 still remains to be proven. 
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4.5 The ligands around the platinum-center affect binding to Atox1 

  The various platinum-based anticancer drugs have the same proposed 

mechanism of action, inducing apoptosis by binding and crosslinking DNA. 

However, they behave quite differently in the human body, having different 

tumor specificity and giving rise to different side effects. These differences are 

to some extent mediated through the drugs’ interactions with proteins, both 

inter- and intra-cellular. The presence of different ligands around the Pt-center 

of the drugs results in different chemical properties, which may induce different 

biological responses. Therefore, we also investigated the effects of different 

ligands on the interactions with Atox1 (Paper II). 

  The Atox1 interactions of six platinum-based anticancer drugs and drug 

derivatives were compared (Figure 4). CisPt/Cu titrations against Atox1 

generates distinct changes in Near-UV CD above 300 nm, indicative of metal-

metal interactions (Figure 23A), as discussed in Section 4.1.1. In contrast, 

TransPt (which has different ligand geometry from CisPt) does not give rise to 

these near-UV CD changes upon CisPt addition (Figure 23B). This can be 

explained by the ligand orientation influencing formation of a CD-positive 

Atox1-Cu-Pt complex. The second chloride of TransPt, a good leaving group, 

will be facing away from Atox1 upon binding, the opposite orientation of the 

analogous chloride in CisPt. Neither CarboPt (Figure 23C) nor PyriPt (Figure 

23E) induce any signal changes upon addition to Atox1 either. For CarboPt, 

which has a more stable leaving group than CisPt, this is most likely due to its 

extremely slow hydrolyzation rate (t1/2 = 99 h). PyriPt has only one ligand 

available for binding to Atox1 and a bulky ligand next to it that might cause 

steric hindrance, properties that may hinder complex formation. In the presence 

of any of these three substances (TransPt, CarboPt, and PyriPt) the normal Cu-

binding shift is noted, indicating either that the drug cannot bind or its binding 

does not affect Cu-Atox1 binding and interaction. However, as observed in 

unfolding experiments (Figure 24), TransPt and PyriPt can bind Atox1, showing 

that even upon binding no CD-positive Atox1-Cu-Pt complex forms. CarboPt 

does not bind Atox1 during the timeframe of far-UV CD unfolding experiments 

either, due to its slow hydrolysis. The duration of the near-UV CD experiments 

was relatively short (~2 h), but all substances were pre-hydrolyzed for three 

days, allowing at least a fraction of the drugs to be ready to react. OxaliPt, the 

third globally approved Pt-based anticancer drug, gives rise to similar spectral 

changes to CisPt (Figure 23D), with the characteristic positive peak at higher 

wavelengths appearing following addition of the metals in both orders. 

TetraclPt, the Pt-salt with four chloride ligands, also gives rise to similar signals 
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to those induced by CisPt, and with even larger amplitudes (Figure 23F). CisPt, 

OxaliPt, and TetraclPt all have two available sites for binding in cis-position, as 

opposed to the substances (TransPt, CarboPt, and PyriPt) that do not give rise to 

spectral changes. These findings indicate that this property might be crucial for 

formation of the proposed CD-positive Atox1-Cu-Pt complex.  
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Figure 23. Selected traces from Near-UV CD titrations of Cu and indicated platinum 

substances against WT Atox1.  holo Atox1 (+ 1 eq. Cu),  apo Atox1 + 1 eq. Pt-

substance,  (apo Atox1 + 1 eq. Pt-substance) + 2 eq. Cu,  holo Atox1 (+ 1 eq. Cu) + 2 

eq. Pt-substance. A. CisPt. B. TransPt. C. CarboPt. D. OxaliPt. E. PyriPt. F. TetraclPt.    

 

  Pt-induced unfolding of Atox1 by the different substances was monitored by 

far-UV CD over time, using the same experimental setup as discussed in Section 

4.2.1. For apo Atox1, OxaliPt and PyriPt induced the most unfolding, closely 

followed by CisPt and TetraclPt (Figure 24A). The high unfolding degrees 

induced by OxaliPt and PyriPt are likely due to their hydrophobic groups 

interacting with hydrophobic parts of the protein. TransPt unfolds apo Atox1 to 

a lesser extent than CisPt, in line with the trans-effect. When a ligand of Atox1 

binds to the hydrolyzed position of TransPt, the ligand trans in the Pt-substance 

will become unstable. Another sulfur-containing residue might bind there and 

thus destabilize the already formed protein-Pt bond opposite to it. Since the 
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ammine ligands are less likely to hydrolyze and act as leaving groups, TransPt 

will have only two active positions, which will destabilize each other in a 

fluctuating manner. In contrast, CisPt can form two stable bonds with sulfur 

ligands simultaneously. CarboPt hardly induces any unfolding of the protein, 

due to its extremely slow hydrolysis and thus lack of possibility to interact with 

Atox1. For CarboPt to react with DNA it has to be hydrolyzed. Because of its 

very slow reactions in vitro, CarboPt is believed to be biotransformed in vivo to 

the same structure as a dihydrolyzed CisPt
64, 255

. Unfolding rate constants (Table 

2) show that TetraclPt and TransPt unfold apo Atox1 most rapidly, followed by 

OxaliPt and CisPt, while PyriPt unfolds apo Atox1 most slowly. The distinct 

differences in unfolding rate are dependent on the hydrolysis rate and 

proportions of hydrolyzed forms of the Pt-substances, since the hydrolyzed 

forms bind proteins most readily. TransPt hydrolyses more rapidly than CisPt 

because chloride has a stronger trans-effect than ammine, which explains why 

TransPt unfolds Atox1 faster than CisPt (t1/2  = 1.7 h versus 12 h). The same 

explanations applies to the fast unfolding induced by TetraclPt (t1/2  = 0.9 h), 

which has chlorides trans for all ligands, and therefore more positions ready for 

hydrolysis and binding. OxaliPt unfolds Atox1 faster than CisPt (t1/2  =  10 h) 

which is unexpected due to its slower hydrolysis rate. However, OxaliPt has 

been shown to bind sulfur-containing ligands prior to hydrolyzation by a direct 

attack of the sulfur at the platinum-center
47, 82

. The slow rate of unfolding 

induced by PyriPt (t1/2  = 28 h) is probably due to its possession of just one good 

leaving group and an ammine ligand trans, thus it has both fewer ligands to 

interact with and a ligand that hydrolyses slowly. 
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Figure 24. Far-UV CD signals showing Pt-induced unfolding of WT Atox1. A. Apo 

Atox1. B. Holo Atox1 (Atox1 + 1 eq. Cu).  
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  For holo Atox1 the degrees to which the tested Pt-substances induced 

unfolding are similar to those of apo Atox1, although they are generally higher 

due to the additional unfolding effect of oxidizing Cu (Figure 24B). The 

unfolding rates of holo Atox1 (Table 2) also follow a similar pattern to those of 

apo Atox1, although they are generally lower. This is probably due to the 

initially higher stability of the holo protein compared to the apo form
135

, as 

discussed in Section 4.2.1. These results are consistent with reported reaction 

rates for TransPt, CisPt, CarboPt, and OxaliPt with a methionine-containing 

peptide originating from the N-terminal of Ctr1
184-185

.  

 

 

Table 2. Half-lives of unfolding, unfolding extents (based on decrease in CD-signals at 

220 nm) and aggregation of Atox1 induced by indicated platinum-based substances. 

Images of corresponding of SDS-gels can be seen in Paper II. 

 

  Non-reducing SDS-gels were used as before (Section 4.2.2) to monitor Pt-

induced protein oligomerization and aggregation by the tested substances (Table 

2 and Paper II). TetraclPt, which has four possible binding positions and reacts 

rapidly with the protein, yielded very few protein bands on the gels. This is 

because large aggregates do not enter the gels, and accordingly some protein 

remained in the loading wells after the experiment. TransPt oligomerizes Atox1 

less than CisPt in agreement with the lower degree of unfolding detected by far-

UV CD and the trans-effect labializing the opposite binding positions as 

discussed above. For PyriPt, which lacks good leaving ligands, Atox1 

oligomerization is weak. The same holds true for OxaliPt, which has two 

positions available for binding but also a bulky group likely to cause steric 
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hindrance. CarboPt induced the formation of few Atox1 oligomers due to its 

slow hydrolysis.   

  Taken together, these results show that both ligand type and coordination 

geometry influence the interactions with Atox1 and outcomes in terms of protein 

unfolding and aggregation. The results presented here regarding the ligands’ 

importance for protein interaction, unfolding, and crosslinking are consistent 

with those of similar recent studies of proteins’ interactions with various 

TransPt-derivatives
59, 256

. The ligands around the Pt-center play key roles in 

tuning protein interactions, and these findings also probably apply to other 

cysteine-containing proteins intra- and inter-cellularly. Since large proportions 

of administered platinum-based drugs never reach the DNA
257-258

 but react with 

non apoptosis inducing biomolecules (inter- and intracellularly
259

), avoiding or 

minimizing these interactions is important when designing new drug candidates. 

A first step towards this is to understand and characterize the protein 

interactions of currently available platinum-based drugs and drug candidates.  
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5. Conclusions 

 

  CisPt can bind apo Atox1 in vitro, even in the presence of copper. This novel 

finding has been demonstrated with various techniques. Based on near-UV CD, 

HSQC NMR, SEC, and ESI-MS analyses, in conjunction with computer 

calculations, we propose that Atox1 can form a monomeric di-metal complex, 

binding both copper and CisPt simultaneously, and that the two metals bind 

closely enough for possible d
8
-d

10
 electronic interactions. CisPt hydrolyzation 

has been shown to be required for binding to the protein. Apo Atox1 is stable 

over time with 1 eq. CisPt, but excess CisPt and/or the presence of copper 

induces its oligomerization and subsequent unfolding and aggregation. Through 

analyses of effects of mutating key residues of Atox1 CisPt was shown to 

interact with the cysteines in the copper-binding site, Cys12 and Cys15. The 

presence of two cysteines close to each other seems to promote CisPt binding, as 

does the presence of copper. These two features may direct CisPt binding to 

copper-transporting proteins in the cell. 

  Cell experiments suggest that CisPt-binding to Atox1 is biologically relevant, 

as higher levels of Atox1 were found in a CisPt-resistant cell line (T289) than in 

a sensitive line (ovarian 2008), and the level increased upon CisPt treatment. We 

also found that Atox1 extracted from human melanoma cancer cells contained 

bound CisPt, indicating that CisPt-Atox1 complexes can form in cellular 

environments as well as in vitro. 

  Furthermore, we showed that WD4 from ATP7B can bind CisPt in a similar 

manner to Atox1, and that CisPt bound to Atox1 can be transferred to apo WD4 

in a similar way to the natural substrate, copper. The two proteins form a stable 

CisPt-bridged heterodimer that may resemble the copper-induced 

heterocomplexes of these proteins. These results strengthen the hypothesis that 

CisPt “hitchhikes” on the copper-transporting system, as an unwanted side 

reaction that eventually results in drug resistance. 

  The ligand chemistry and geometry of platinum-based substances play 

important roles in their binding and interactions with Atox1, and possibly other 

proteins that CisPt might interact with in vivo. Knowledge of the ligands’ effects 

in protein binding is important for understanding the differences in responses to 

different platinum-based anticancer agents, and for future drug development. 
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6. Future perspectives 

 

  The di-metal Atox1-Cu-CisPt complex proposed in this thesis is important 

from both chemical and biological perspectives and warrants further study. 

Structural characterization and confirmation of the proposed di-metal complex 

and metal-metal interactions between Cu(I) and Pt(II), using for example 

EXAFS, would add a new dimension to understanding of proteins’ metal-

binding.    

  Copper is not included in most studies of copper-transporting proteins and 

CisPt, which is a gross simplification with respect to the natural role of the 

proteins. Adding copper to experimental mixtures inevitably introduces 

problems, but also extends the relevance and value of the results. Notably, the 

enhanced CisPt reactivity towards Atox1 we observed in the presence of copper 

might reflect reasons why Atox1 and associated proteins are involved in the 

pharmacology of CisPt. Much further work is required to fully understand CisPt 

interactions with copper proteins, and the role of copper is an important aspect 

to address. Cysteine is present in many proteins in the cell, and not all of them 

could possibly bind CisPt. The much higher reactivity of CisPt to WT Atox1 

compared to the mutant, in which one of the cysteines in the copper-binding site 

(Cys15) has been exchanged, also raises interesting questions. Notably, is the 

presence of two cysteines close to each other a critical determinant of CisPt’s 

preference for some copper-binding proteins? The Cys12Ala Atox1 mutant 

should be made and investigated for CisPt binding to further address this 

hypothesis. I speculate that this mutant will behave similarly to Cys15Ala 

Atox1. Another interesting future experiment would be to investigate CisPt 

binding among a mixture of selected proteins (using for example SEC and ICP-

MS) to gain further useful information on CisPt-binding preferences to different 

cysteine-containing proteins. 

  There are strong reasons to believe that all metal-binding domains of ATP7A/B 

also bind CisPt, although this remains to be proved. Characterization of the 

transfer of CisPt between Atox1 and the metal-binding domains of ATP7A/B 

has only started. The capacity of more domains to participate in transfer of the 

drug should be examined since there seem to be differences in their transfer 

success and heterocomplex formation (just as for copper transfer). It would also 

be very interesting to test CisPt transfer from Ctr1 to Atox1, but more difficult 

as Ctr1 is a trimeric membrane spanning protein. 



 

66 

  The biological relevance of CisPt’s interactions with the copper-transporting 

proteins should also be studied further. In the work underlying this thesis some 

CisPt was found to be bound to Atox1 extracted from human cancer cells, even 

though the work is ongoing and can be further improved. The methodology we 

developed based on immunoprecipitation and ICP-MS analysis is promising, 

and can hopefully be improved by attaching effective polyclonal antibodies to 

the magnetic beads in the future. A further goal is to be able to better quantify 

the amount of metal bound to Atox1.  

  Ideas presented in this thesis and the literature support two main possible in 

vivo scenarios. Either the copper-transporting-pathway provides a route for cells 

to export CisPt, or copper-transporting proteins detoxify CisPt by sequestration. 

However, the abundance of ATP7A/B is low, ~500 proteins per cell (U2OS, 

human osteosarcoma cell line)
260

, and even taking into account the six metal-

binding repeats and possible overexpression of proteins, the amount of protein is 

limited. Thus, the metal-binding domains of ATP7A/B are probably not the final 

destination of CisPt. Export of CisPt out of the cell by ATP7A/B seems 

possible, since the proteins upon CisPt exposure most likely is translocated from 

the trans-Golgi-network to peripheral vesicles. The active transport of CisPt 

through ATP7B has been shown to be slow, but further transport to other 

proteins, or export of the whole protein-CisPt complex, could be possible 

mechanisms. Atox1 is more abundant in the cell, estimated to be ~10
6
 proteins 

per human osteosarcoma cell
260

. Atox1 has demonstrated ability to transfer 

CisPt to metal-binding domains of ATP7B, supporting the hypothesis that it acts 

as a CisPt shuttle from Ctr1 to ATP7A/B, in accordance with the hypothesis of 

CisPt export. However, as shown here, Atox1-CisPt is not a stable complex and 

Atox1 may also unfold in vivo. This defunctionalisation of Atox1 could be 

related to CisPt-resistance, since Atox1 has been shown to be important for the 

Ctr1-mediated import of CisPt
214

. Thus, CisPt sequestration by Atox1 could not 

only detoxify the drug, but also subsequently lead to further drug resistance.  

  Atox1 has also been suggested to be a copper-dependent transcription factor 

that may enter the nucleus and bind to DNA
137

. This might be one of the routes 

for CisPt to reach DNA and correlates with findings of less DNA platination in 

cells with an Atox1 deletion
214

.  

  Studies of CisPt’s interactions with biomolecules have increasingly focused on 

proteins
261

. DNA as a sole target has been questioned since no pathway between 

transcription inhibition and apoptosis has been proved. Therefore, it is not 

logical to design new Pt-substances based solely on ability to bind DNA
262

. In 
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this light, the choice of ligands has come to be even more important. The 

biological effect and tumour specificity have been shown to be ligand-dependent 

in a manner that does not match the substances’ ability to inhibit transcription
262-

264
. This further strengthens the hypotheses that the substances interact in 

pharmacologically important ways with biomolecules other than DNA, and that 

the platinum ligands strongly influence the drugs’ interactions with its cellular 

targets. 

  It should not be forgotten that many cellular systems other than the discussed 

copper-transporting system have been shown to be important for CisPt 

pharmacology and resistance. A difficult but interesting aspect to study is the 

full spectrum of proteins and other biomolecules that affect pharmacological 

responses (or in the case of resistance, lack of responses) to the drug. The 

diversity of results in literature may to some extent be due to differences in the 

experimental conditions and cell lines that have been used. We know that CisPt 

behaves differently in different types of tumours and cell types. Therefore, a 

broad investigation is warranted, encompassing a wide range of cell lines and 

conditions, followed by more detailed and interdisciplinary in vitro analyses. 

Better understanding of the chemistry involved in CisPt interactions in cells will 

greatly facilitate new initiatives to further improve this important and life-saving 

drug.  
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