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ATP-α ATP synthase subunit alpha  

ATP7B Copper-transporting P-type adenosine triphosphatase 7B 
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ZUSAMMENFASSUNG 
Vor über 50 Jahren entdeckte Barnett Rosenberg die zytostatische Wirkung von 

Cisplatin. Bereits einige Jahre später wurden die ersten Krebspatienten im 

Rahmen einer Studie mit Cisplatin behandelt. Seit 40 Jahren ist die Behandlung 

mit Cisplatin ein fester Bestandteil der Krebstherapie. Gegenwärtig erfolgt eine 

Behandlung mit Cisplatin bei Plattenepithelkarzinomen an Kopf und Hals sowie 

beim Lungen-, Harnblasen-, Hoden- und Ovarialkarzinom (OC).  

Eine Platin-basierte Chemotherapie scheitert häufig an der Resistenz der 

Tumorzellen. Die Resistenz der Tumorzellen gegenüber Cisplatin hat vielfache 

Gründe und ist bis heute nicht vollständig verstanden. Da das reaktive Cisplatin 

bevorzugt mit schwefelhaltigen Aminosäuren interagiert, ist in den letzten Jahren 

die intrazelluläre Bindung von Cisplatin an Proteine in den Fokus der Forschung 

gerückt. In einer Tumorzelle existiert für Cisplatin eine Vielzahl von potentiellen 

Bindungspartnern. Daher ist das Ziel dieser Studie, einen geeigneten 

methodischen Ansatz zur Identifizierung von intrazellulären Cisplatin-

Proteinaddukten zu etablieren und die funktionelle Bedeutung an ausgewählten 

Proteinen zu untersuchen.  

Für die Analyse wurde die humane OC-zelllinie A2780 und deren 

cisplatinresistente Tochterzelllinie A2780cis verwendet, da das OC derzeit mit der 

höchsten Sterblichkeitsrate aller gynäkologischen Malignome einhergeht. Da 

bislang die Identifizierung von Cisplatin-Proteinaddukten aus einer komplexen 

biologischen Probe erfolglos war, wurde die fluoreszierende Modellsubstanz 

CFDA-Cisplatin verwendet.  

Die Identifizierung von intrazellulären Bindungspartnern von Cisplatin wurde durch 

die Etablierung einer analytischen Methode, bestehend aus dem fluoreszierenden 

CFDA-Cisplatin, der 2D-Gelelektrophorese und Massenspektrometrie, ermöglicht. 

Um möglichst viele zytosolische Cisplatin-bindende Proteine identifizieren zu 

können, erfolgte die 2D-Gelelektrophorese getrennt für zwei verschiedene pH-

Bereiche 4 - 7 und 6 - 10.  

Für die Identifizierung war die Optimierung einzelner Schritte der 2D-

Gelelektrophorese unerlässlich, besonders für Proteine im alkalischen pH-Bereich 

(pH 6-10). Dadurch war die Identifizierung von EF1A1 (Elongation factor alpha-1) 
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mit einem theoretischen pI von 9,10 als ein intrazellulärer Bindungspartner von 

Cisplatin möglich. Neben EF1A1 wurden sechs Cisplatin-bindende Proteine im 

sauren pH-Bereich sowie weitere sieben im alkalischen pH-Bereich identifiziert. 

Von den insgesamt 14 identifizierten intrazellulären Bindungspartnern von 

Cisplatin werden PDIA(Protein-Disulfid-Isomerase)1, PDIA3, GRP(Glucose-

related-protein)78, EF1A1, ENOA (Alpha-Enolase), GAPDH (Glyceraldehyd-3-

phosphate dehyrogenase), PKM (Pyruvatekinase) und PHGDH (D-3-

phosphoglycerate-dehydrogenase) mit der Tumorentstehung in Verbindung 

gebracht. Kullmann et al. zeigte, dass ein siRNA-vermittelte Knockdown von 

GRP78 und PDIA3 die Cisplatin-induzierte Zytotoxizität in der Zelllinie A2780cis 

nicht beeinflusst wird und diese daher wahrscheinlich nicht an der erworbenen 

Cisplatinresistenz beteiligt sind. Zudem konnten wir zeigen, dass die spezifische 

Inhibierung von PDIA1 durch PACMA 31 einen potentiellen antitumoralen 

Therapieansatz darstellt. Dies muss in weiterführenden pharmakologischen 

Studien näher untersucht werden.  
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SUMMARY 
More than fifty years ago, Barnett Rosenberg discovered the cytostatic effect of 

cisplatin. A couple of years later, the first cancer patients were treated with 

cisplatin in a study. For the last 40 years, treatment with cisplatin has been an 

integral part of cancer therapy. Currently, cisplatin is being used for squamous cell 

carcinoma in head and neck as well as in lung, bladder, testicular and ovarian 

carcinoma (OC). 

A platinum-based chemotherapy often fails because of resistance of tumor cells to 

the drug. Resistance to cisplatin is a multifactorial problem and is still not fully 

understood. Reactive cisplatin preferably interacts with sulfur-containing amino 

acids. Therefore, the intracellular binding of cisplatin to proteins has been the 

focus of research for several years. In tumor cells, cisplatin has a variety of 

potential binding partners. Consequently, the aim of this study is to establish a 

suitable methodological approach for the identification of intracellular cisplatin 

protein adducts and to investigate the functional importance of these selected 

proteins. 

For the analysis, the human OC cell line A2780 and its cisplatin-resistant subline 

A2780cis were used. The OC is currently associated with the highest mortality rate 

of all gynecological malignancies. So far the identification of cisplatin protein 

adducts from a complex biological sample has seen unsuccessful, that the 

fluorescent model substance CFDA-cisplatin was used. 

We established a method to detect and identify intracellular binding partners of 

cisplatin based on the fluorescent CFDA-cisplatin, 2D gel electrophoresis and 

mass spectrometry. To identify as many as possible cytosolic cisplatin-binding 

proteins, 2D gel electrophoresis was performed separately for two different 

ranges: pH 4-7 and pH 6-10. 

The optimization of each step of the 2D gel electrophoresis was essential, 

especially for proteins in the alkaline pH range (pH 6-10). After optimization the 

identification of EF1A1 (elongation factor alpha-1) with a theoretical pI of 9.10 as 

an intracellular binding partner of cisplatin was possible. In addition to EF1A1, six 

cisplatin-binding proteins in the acidic pH range and seven others in the alkaline 

pH range were identified. 
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Of the total of 14 identified intracellular binding partners of cisplatin, PDIA (protein 

disulfide isomerase) 1, PDIA3, GRP (glucose-related protein) 78, EF1A1, ENOA 

(alpha-enolase), GAPDH (glyceraldehyd-3-phosphate dehyrogenase), PKM 

(pyruvate kinase) and PHGDH (D-3-phosphoglycerate dehydrogenase) were 

associated with tumorigenesis. Kullmann et al. demonstrated that siRNA-mediated 

knockdown of GRP78 and PDIA3 does not affect cisplatin-induced cytotoxicity in 

the A2780cis cell line, and therefore is unlikely to be involved in acquired cisplatin 

resistance. In addition, we were able to show that the specific inhibition of PDIA1 

by PACMA 31 represents a potential antitumoral therapeutic approach. This must 

be further investigated in further pharmacological studies. 
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1 EINLEITUNG 

1.1 KREBS  

1.1.1 EPIDEMIOLOGIE 
Nach den Herz-Kreislauf-Erkrankungen ist Krebs weltweit die zweithäufigste 

Todesursache. In Deutschland erkrankten im Jahr 2013 etwa 253.000 Männer und 

230.000 Frauen an Krebs (Abbildung 1). Die Zahl der Krebssterbefälle lag im 

gleichen Jahr bei etwa 223.000 (Abbildung 2) [1]. 
 
 
 

Abbildung 1: Anzahl der Krebsneuerkrankungen in Deutschland (2013) (modifiziert nach 
[1]). 
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Abbildung 2: Anzahl der Krebssterbefälle in Deutschland (2013) (modifiziert nach [1]). 
 

Im Jahr 2013 war das Ovarialkarzinom (OC) mit 7320 Neuerkrankungen die 

dritthäufigste gynäkologische Tumorerkrankung und zeigte mit 5466 Sterbefällen 

die zweithöchste Mortalität (Abbildung 1 & 2). Dadurch kommt zum Ausdruck, 

dass das OC zu den aggressivsten Tumoren zählt und die schlechteste Prognose 

aller gynäkologischen Tumorerkrankungen hat [1].  

1.1.2 OVARIALKARZINOM 
Das OC befällt im Frühstadium ein oder beide Ovarien (Fédération Internationale 

de Gynécologie et d'Obstétrique (FIGO) I), breitet sich danach im Becken (FIGO 

II), in der Bauchhöhle und über die Lymphknoten (FIGO III) aus und verlässt im 

Spätstadium die Peritonealhöhle und befällt innere Organe (FIGO IV). Bei etwa 

70% der Patientinnen wird das fortgeschrittene OC (FIGO IIIB - IV) diagnostiziert, 

da zunächst unspezifische Symptome wie z.B. Zunahme des Bauchumfangs ohne 

Gewichtszunahme, unbestimmte Verdauungsbeschwerden/Völlegefühl, 

allgemeine Müdigkeit und Erschöpfung auftreten und bislang Strategien für ein 

effektives Screening fehlen.  

Bei etwa 10-15% der OC liegt eine genetische Ursache zugrunde. Mutationen in 

den Tumorsuppressorgenen BRCA (Breast Cancer) 1 (44%) und BRCA2 (17%) 

erhöhen das kumulative Risiko für ein OC [2]. Zudem erhöht das hereditäre non-

polypöse Kolonkarzinom [3], verursacht durch Mutationen in den Genen hMLH 

(human mutL homologue) 1, hMSH (human mismatch recognition complex) 2, 

hMSH6 und hPMS2 (human mismatch repair endonuclease) [8], sowie Mutationen 
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in den Genen BRIP (BRCA1-interacting protein) 1 [4] und RAD51 (DNA repair 

protein RAD51 homolog 1) [5] ebenfalls das Risiko für ein OC. 

1.2 TUMORENTSTEHUNG 

Der Ausgangspunkt eines Tumors ist das Erbgut der Zellen. Onkogene fördern 

Zellwachstum, während Tumorsuppressorgene Zellwachstum unterdrücken und 

Reparaturgene Mutationen im Erbgut der Zellen beheben. Ein Tumor entsteht 

durch Genveränderungen im Erbgut. Versagt das Reparatursystem der Zellen, 

entstehen die zu einem Tumor führenden Mutationen im Erbgut. Es kommt zu 

einem Ungleichgewicht zwischen Onko- und Tumorsuppressorgenen und zum 

unkontrollierten Wachstum von Zellen. Bei der Tumorentstehung handelt es sich 

um einen mehrstufigen Prozess und dazu gehören nach Hanahan und Weinberg 

(Abbildung 3) [6, 7]:  

 

 
 

 

 

 

 

 

 

 

 

 

 
Abbildung 3: Die Tumorentstehung basiert auf der genomischen Instabilität bösartiger 
Zellen sowie der tumorpromovierenden Inflammation. Dadurch besitzen Tumorzellen die 
Fähigkeit, Immunzellen aktiv auszuweichen, proliferative Signalwege aufrechtzuerhalten, 
unempfindlich gegenüber wachstumshemmenden Signalen und resistent gegenüber dem 
Zelltod zu sein. Sie erlangen replikative Immortalität, induzieren Angiogenese und 
aktivieren Zellinvasion und Metastasierung. Des Weiteren erfolgt eine Dysregulation des 
Zellstoffwechsels (modifiziert nach [7]). 
 

Die diversen Fähigkeiten von Tumorzellen verdeutlichen, dass viele komplexe 

zelluläre Veränderungen bei der Tumorentstehung miteinander interagieren, die 

für die Entwicklung neuer Therapieoptionen genutzt werden können. In den letzten 

Jahren war die Einführung einer zielgerichteten Therapie ein wichtiger Fortschritt 
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in der medikamentösen Krebstherapie. Diese Therapeutika umfassen 

niedermolekulare Inhibitoren (z.B. Olaparib – ein niedermolekularer PARP (Poly 

(ADP-ribose) polymerase) – Inhibitor) und monoklonale Antikörper (z.B. 

Bevacizumab – ein Angiogenesehemmer), die gestörte Signalwege einer 

Tumorzelle (Zellwachstum, Angiogenese, Metastasierung) als therapeutischen 

Ansatz nutzen und weiterhin nach einer bzw. in Kombination mit einer platin- und 

taxanhaltigen Chemotherapie beim OC eingesetzt werden können [8]. 

1.3 CISPLATIN 

In den 1960er Jahren entdeckte Barnett Rosenberg als Nebenbefund die 

zytostatische Wirkung von Platin-Komplexen, indem er die Wirkung von 

Wechselstrom auf das Wachstum von Bakterien untersuchte und hierzu Platin-

Elektroden verwendete. Dabei stellte er fest, dass das Zellwachstum durch die 

Komplexverbindung cis-[Pt(NH3)2Cl2] (Cisplatin) gehemmt wurde [9]. 

 

 
Abbildung 4: Die für die Chemotherapie zugelassenen Platinkomplexe: Cisplatin (A), 
Carboplatin (B), Oxaliplatin (C) 
 

Cisplatin (cis-Diammindichloridoplatin(II)) (Abbildung 4 A) ist ein neutraler, 

anorganischer, quadratisch planarer Komplex mit Platin in der Oxidationsstufe II 

und den Liganden NH3 und Chlorid in der cis-Konfiguration. Die Aufnahme von 

Cisplatin in die Zelle erfolgt über verschiedene zelluläre Vorgänge, einschließlich 

passive Diffusion, erleichterte Diffusion durch Transportproteine und aktiver 

Transport [10-12]. Der Kupfertransporter CTR (Copper transport protein) 1 scheint 

an der zellulären Aufnahme sowie am intrazellulären Transport von Platin-

basierten Medikamenten beteiligt zu sein [13, 14]. Des Weiteren wird die zelluläre 

Aufnahme von Cisplatin durch organische Kationentransporter (OCTs – Organic 

cation transporter) in den proximalen Nierentubulus vermittelt. Einer der 

Haupttransporter von Cisplatin ist OCT2, der hauptsächlich in der basolateralen 
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Membran des proximalen Nierentubulus exprimiert wird und für die Nephrotoxizität 

von Cisplatin verantwortlich ist [15-17].  

 
Abbildung 5: Schematische Darstellung der Hydrolyse von Cisplatin mit Ausbildung 
hochreaktiver Diaquakomplexe im Zytoplasma der Zelle (modifiziert nach [10]).  
 

Cisplatin selbst ist unwirksam und wird erst durch die Hydrolyse im intrazellulären 

Raum in die Wirkform überführt, begünstigt durch eine niedrige 

Chloridionenkonzentration von 3-20 mM gegenüber 100 mM im extrazellulären 

Raum (Abbildung 5) [18]. Durch die hohe H2O-Konzentration können beide 

Chlorid-Liganden abgespalten werden und es entstehen in zwei Schritten positiv 

geladene Mono- und Diaquakomplexe [12]. Bei einer nukleophilen Substitution 

stellt Wasser eine gute Abgangsgruppe dar, so dass dieser Komplex gut mit 

Nukleophilen in der Zelle reagieren kann. Cisplatin reagiert bevorzugt mit dem 

nukleophilen Stickstoffatom 7 des Guanins in der DNA (Desoxyribonukleinsäure). 

Bei dieser Reaktion entstehen mono- und bifunktionale Cisplatin-DNA-Addukte, 

wobei die bifunktionalen DNA-Cisplatin Addukte in intra- und intermolekulare 

Quervernetzungen unterteilt werden (Abbildung 6) [19]. Die zytotoxische Wirkung 

des Cisplatins basiert hauptsächlich auf der 1,2-intramolekularen Quervernetzung. 

Hierzu wurde die Häufigkeit der 1,2-intramolekularen Quervernetzung 

herangezogen, die hervorgerufene Strukturveränderung der DNA als 

verantwortliche Läsion für die Zytotoxizität angesehen, die minimale Anzahl an 
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monofunktionalen und interkalierenden Addukten sowie das Stereoisomer 

Transplatin, das ein begrenztes therapeutisches Wirkungsspektrum aufweist [20]. 

Insgesamt reagieren nur etwa 1% des intrazellulären Cisplatins mit der DNA [21]. 

Daher wird angenommen, dass Cisplatin eine hohe Affinität zu schwefelhaltigen 

Aminosäuren wie Cystein und Methionin hat [22] und gut mit Proteinen, 

Phospholipiden, Filamenten des Zytoskeletts und thiolhaltigen Molekülen wie 

Glutathion (GSH) reagieren kann [23, 24].  

 
Abbildung 6: Mono- und bifunktionale Cisplatin-DNA-Addukte mit ihrer jeweiligen 
Prävalenz (modifiziert nach [25, 26]). Pt = Platin, NH3 = Ammonium, OH = Hydroxid, A = 
Adenin, G = Guanin, N = Nucleosid 
 

Seit den 1970er Jahren ist Cisplatin ein breit eingesetzter Wirkstoff in der 

Krebstherapie. Gegenwärtig erfolgt eine Behandlung mit Cisplatin bei 

Plattenepithelkarzinomen an Kopf und Hals, Lungen-, Harnblasen-, Hoden- und 

Ovarialkarzinom [27-29]. Die Wirksamkeit von Cisplatin ist durch toxische 

Nebenwirkungen wie z.B. Oto-, Neuro- und Nephrotoxizität sowie durch die 

Resistenz von Tumorzellen gegenüber Cisplatin limitiert. Die Toxizität sowie die 

Resistenz von Tumorzellen gegenüber Cisplatin haben die Entwicklung von 

weiteren Platin-basierten Zytostatika initiiert, die weniger oder tolerierbare 

Nebenwirkungen hervorrufen und/oder einen oder mehrere 

Resistenzmechanismen überwinden können. Seit der Zulassung von Cisplatin 
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wurden für weitere 23 Platin-basierte Zytostatika klinische Studien durchgeführt, 

wovon nur Carboplatin (Abbildung 4B) und Oxaliplatin (Abbildung 4C) eine 

weltweite Zulassung erhielten. Nedaplatin (Japan), Lobaplatin (China) und 

Heptaplatin (Korea) sind dagegen nur in einzelnen Länder zugelassen. 

1.4 RESISTENZMECHANISMEN 

1.4.1 ERWORBENE RESISTENZ 
Eine Platin-basierte Chemotherapie scheitert häufig an der Resistenz der 

Tumorzellen [30, 31]. Die 5-Jahres-Überlebensrate beim OC liegt bei etwa 40%, 

so dass die Mehrzahl der Patientinnen ein Rezidiv des OCs erleiden [1]. Bei einem 

platinrefraktären Rezidiv ist die Prognose in der Regel besonders ungünstig [32, 

33]. Die Resistenz der Tumorzellen gegenüber Cisplatin hat vielfache Gründe [34] 

und ruft Veränderungen von Signalkaskaden sowie gegenregulierende 

Mechanismen hervor, wobei antiapoptotische oder proliferative Reize überwiegen 

und die Tumorzelle weiter teilungs- und lebensfähig bleibt. Bei der Entwicklung 

von Strategien zur Vermeidung bzw. Überwindung einer Cisplatinresistenz kann 

somit an unterschiedlichen Punkten angesetzt werden. Für einen umfassenden 

Überblick der Resistenzmechanismen eignet sich die Klassifizierung nach Galluzzi 

et al. in pre-target, on-target, post-target und off-target Resistenz (Abbildung 7) 

[30, 31]. 

1.4.1.1 PRE-TARGET RESISTENZ 

Für die zytotoxische Wirkung von Cisplatin ist die intrazelluläre Konzentration von 

reaktivem Cisplatin ausschlaggebend [35]. Die pre-target Resistenz ist einerseits 

auf eine verminderte Zufuhr und/oder erhöhten Efflux von Cisplatin 

zurückzuführen sowie durch eine erhöhte Inaktivierung von Cisplatin durch 

thiolhaltige Moleküle.  

Der Kupfertransporter CTR1 hat einen signifikanten Anteil an der zellulären 

Aufnahme von Cisplatin [36-40]. CTR1 ist in cisplatinresistenten Tumorzellen 

vermindert exprimiert und eine Depletion von CTR1 erhöht die Cisplatinresistenz 

[36, 37, 39]. Kupferchelatoren können hingegen die Aufnahme und zytotoxische 

Wirksamkeit von Cisplatin erhöhen [38]. Dagegen steigern MRP2 (Multidrug 

resistance-associated protein 2) [41-43] und der Kupfertransporter ATP7B 

(Copper-transporting P-type adenosine triphosphatase 7B) [39, 44] signifikant den 
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Efflux von Cisplatin und sind in cisplatinresistenten Tumorzellen erhöht exprimiert 

[45-47]. Zudem zeigen cisplatinresistente Tumorzellen erhöhte Expressionslevel 

von GSH, γ-Glutamylcystein-Synthetase (Enzym der GSH-Synthese), Glutathion-

S-Transferase (Enzym konjugiert Cisplatin und GSH) und Metallothionein [48-51]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Abbildung 7: Mögliche pharmakologische Angriffspunkte zur Chemosensitivierung 
(modifiziert nach [30]). Die Cisplatinresistenz hat vielfache Gründe, weshalb gezielte 
Therapien eine sehr geringe Chance zur Chemosensitivierung haben. Daher sollten 
Kombinationsstrategien zur Blockierung der Cisplatinresistenz entwickelt werden. Hierzu 
könnten detaillierte Informationen zum genetischen und epigenetischen Hintergrund des 
Patienten hilfreich sein, um die Cisplatinresistenz vollständig umgehen zu können. CTR1 
= Copper transport protein 1, MRP2 = Multidrug resistance-associated protein 2, MMR = 
Mismatch Repair System, VDAC = voltage-dependent anion channel BRCA = Breast 
Cancer, ERCC = Excision repair cross-complementing, TLS = transläsionale DNA-
Synthese, MAPK = Mitogen-activated protein kinase, BCL-2 = B-cell lymphoma 2, 
EGFR/HER2 = human Epidermal Growth Factor Receptor, PI3K/AKT1 = 
Phosphatidylinositol-3-Kinase/RAC-alpha serine/threonine-protein kinase, HSP = heat 
shock protein 
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1.4.1.2 ON-TARGET RESISTENZ 

Die zytotoxische Wirkung von Cisplatin in Tumorzellen ist in Gegenwart 

kompetenter Reparaturmechanismen begrenzt. Es wird angenommen, dass on-

target-Mechanismen wie die Nukleotidexzisionsreparatur (NER) zur 

Cisplatinresistenz beitragen. Das NER-System entfernt eine Vielzahl durch 

Cisplatin hervorgerufene DNA-Läsionen über eine Heterodimerisierung von ERCC 

(Excision repair cross-complementing) 1 und ERCC4/XRF [52, 53]. Die Kapazität 

des NER-Systems reicht jedoch nicht aus, um alle DNA-Läsionen zu beseitigen. 

Die transläsionale DNA-Synthese (TLS) - auch als replikativer Bypass bekannt - 

ist ein vermeintlicher Reparaturmechanismus und ermöglicht den Tumorzellen 

eine DNA-Replikation auch bei Vorhandensein von DNA-Schäden. Tumorzellen 

mit einem ausgeprägten replikativen Bypass verfügen über einen 

Überlebensvorteil, da Strangbrüche häufig zur Apoptose führen. Die DNA-

Polymerasen POLI, POLK, REV1, REV3 und REV7 vermitteln den replikativen 

Bypass bei der DNA-Synthese, bei der es aber auch zu Basenfehlpaarungen 

kommen kann [54]. Das Mismatch Repair System (MMR) ist ein weiterer zellulärer 

Mechanismus, das fehlerhafte Insertionen sowie Deletionen von Basen während 

der DNA-Replikation detektiert [55]. Dieses MMR erkennt auch durch Cisplatin 

hervorgerufene DNA-Läsionen. Nach der Detektierung von Cisplatin-DNA-

Addukten sind die DNA-Mismatch-Reparaturproteine MSH2 (Mismatch Repair 

Protein 2) und MLH1 (MutL homolog 1) für die Induzierung von Apoptoseprozesse 

verantwortlich [56]. Eine Mutation oder verminderte Expression von MSH2- und 

MLH1-Proteinen wird gelegentlich mit der erworbenen Cisplatinresistenz assoziiert 

[57-59].  

Die Reparatur eines Doppelstrangbruchs kann über homologe Reparatur-

mechanismen erfolgen, in denen die Gene BRCA1 und BRCA2 involviert sind. 

BRCA-exprimierte Proteine sind an zahlreichen Prozessen der DNA-Reparatur 

beteiligt und wirken als Tumorsuppressoren [60, 61]. Tumorzellen mit einer BRCA-

Mutation können durch Cisplatin und Carboplatin hervorgerufene DNA-Läsionen 

daher nicht ausreichend durch homologe Rekombination beseitigen. Die DNA-

Reparatur in BRCA-mutierten Zellen erfolgt meist durch das NER-System und 

kann als pharmakologischer Ansatzpunkt genutzt werden, da das Enzym PARP 

an diesem Mechanismus mitwirkt und fehlerhafte Basen ausschneidet und ersetzt 

[8].  
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Außerdem bindet Cisplatin sowohl an mitochondriale DNA als auch an den 

spannungsabhängigen Anion-Austauscher VDAC (voltage-dependent anion 

channel) [62]. VDAC vermittelt wichtige zelluläre Funktionen [63], zudem konnte 

eine erhöhte Cisplatinresistenz bei einem VDAC1-Knockdown in NSCLC(Non-

small cell lung cancer)-Zellen nachgewiesen werden [64]. Bisher ist nicht eindeutig 

geklärt, ob das mitochondriale Protein VDAC direkt durch die Cisplatinbindung 

(on-target) oder durch proapoptotische Signale (post-target) reguliert wird.  

1.4.1.3 POST-TARGET RESISTENZ 

Der führende post-target Resistenzmechanismus ist die Inaktivierung des 

Tumorsuppressors 53 (TP53) [65]. Folglich verleiht der Verlust des 

proapoptotischen Signals Tumorzellen häufig eine Cisplatinresistenz [66]. OC, die 

eine TP53-Mutation aufweisen, zeigen dann meist ein geringeres Ansprechen auf 

eine Platin-basierte Chemotherapie [67]. Diskutiert wird auch die Mitwirkung der 

proapoptotischen MAPKs (Mitogen-aktivierten Proteinkinasen) bei einer 

erworbenen Cisplatinresistenz [68]. Die Defizienz der Proteine BAX (Co-Faktor 

des Tumorsupressor-Proteins p53) und BAK (Bcl-2 homologous antagonist) sowie 

die Überexpression der antiapoptotischen Proteine der BCL-2 (B-cell lymphoma 2) 

Familie wie BCL-2, BCL-XL (B-cell lymphoma-extra large) und MCL-1 (myeloid cell 

leukemia sequence 1) werden ebenfalls mit der Cisplatinresistenz in Kopf-, Hals-, 

Ovarial- und nichtkleinzelligem Lungenkrebs in Verbindung gebracht [69-71]. Die 

Überexpression des Caspase-Inhibitors Survivin (BIRC5) und die damit 

korrelierende PI3K/AKT(Phosphatidylinositol-3-Kinase/RAC-alpha serine/threonine 

-protein kinase)-Signaltransduktion wurde in einigen Tumoren mit einer 

Chemoresistenz assoziiert [30, 72]. Modifikationen der Initiator- (Caspase-9 und -

8) und Exekutivcaspasen (Caspase-3, -6 und -7), die in der Apoptose den Abbau 

der Proteine einleiten, werden auch mit einer erworbenen Cisplatinresistenz 

beschrieben [73].  

1.4.1.4 OFF-TARGET RESISTENZ 

Off-target Resistenzmechanismen werden nicht direkt mit Cisplatin in Verbindung 

gebracht, sondern kompensieren die zytotoxische Wirkung von Cisplatin durch 

Veränderungen der Signalwege. Das Protoonkogen ERBB2 (HER-2 – human 

epidermal growth factor receptor 2) gehört zur Familie der epidermalen 

Wachstumsfaktorrezeptoren (EGF-Rezeptor) und ist bei einer Platin-basierten 
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Chemotherapie in OC hochreguliert [74, 75]. ERBB2 induziert den PI3K/AKT1 

Signalweg, das zur Hochregulierung von CDKN1A (cyclin-dependent kinase 

inhibitor 1A) führt [76]. Ein AKT1-abhängiger Mechanismus zur Phosphorylierung 

verhindert aber die nukleare Transaktivierung von CDKN1A und führt somit zu 

einer erhöhten Proliferation von Tumorzellen [72, 77]. Der Autophagie-

Mechanismus, der den lysosomalen Abbau von zytoplasmatischen Organellen 

oder zytosolischen Komponenten beinhaltet, wird von Tumorzellen als Reaktion 

auf eine Platin-basierte Chemotherapie eingesetzt und wird mit der 

Cisplatinresistenz in OC beschrieben [78]. Zudem reduzieren molekulare 

Chaperone wie z.B. das HSP 27 (heat shock 27 kDa protein 1) das Ansprechen 

von Tumorzellen auf eine Platin-basierte Chemotherapie [30].  

1.4.2 INTRAZELLULÄRE BINDUNG ALS MECHANISMUS DER RESISTENZ 
In einer Tumorzelle gibt es für Cisplatin eine Vielzahl von potentiellen 

Bindungspartnern. Aufgrund der hohen Affinität zu schwefelhaltigen Aminosäuren 

wurden das Tripepetid GSH und kleine, zytoplasmatische Proteine der 

Metallothionein-Familie als Bindungspartner von Cisplatin identifiziert [49, 79-81]. 

Die Resistenz von Tumorzellen gegenüber Cisplatin wurde oftmals auf eine 

erhöhte Konzentration von GSH sowie auf einen erhöhten Efflux von Cisplatin 

zurückgeführt [82]. Im Jahr 2009 konnte aber Kasherman et al. zeigen, dass bei 

der OC-Zelllinie A2780cis zwei Drittel der Cisplatin-Addukte eine Molekularmasse 

von mehr als 3 kDa aufwiesen. Daher spielt GSH bei der Inaktivierung von 

Cisplatin wohl nur eine untergeordnete Rolle [22]. In den letzten Jahren ist die 

intrazelluläre Bindung von Cisplatin an Proteine in den Fokus der Forschung 

gerückt, da die Wechselwirkung mit Proteinen die intrazelluläre Verteilung, 

Eliminierung und Zytotoxizität von Cisplatin beeinflussen kann [83]. Für die 

Identifizierung und Charakterisierung von Pt-bindenden Proteinen wurden 

Massenspektrometrie-basierte Analysen hinsichtlich der Erhaltung von Pt-

Proteinbindungen mit den Standardproteinen Albumin, Transferrin, 

Carboanhydrase, Myoglobin und Cytochom c entwickelt [84-88]. Das reaktive 

Cisplatin interagiert bevorzugt mit schwefelhaltigen Aminosäuren, aber zusätzlich 

konnten Histidin, Serin, Threonin, Tyrosin, Glutaminsäure und Asparaginsäure als 

mögliche Bindungsstelle für Cisplatin identifiziert werden [84-89]. Der 

Wachstumsfaktor IGF-1 (Insulin-like growth factor-1) wird in OC-Zelllinien mit der 
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Cisplatinresistenz in Verbindung gebracht [90]. Daher erforschten Zhang et al. in 

vitro die Wechselwirkung zwischen Cisplatin und IGF-1 und identifizierten drei 

potentielle Bindungsstellen (Met59, Arg56 und Cys6) von Cisplatin. Die 

Wechselwirkung zwischen Cisplatin und IGF-1 kann nicht nur die Pharmakokinetik 

und die intrazelluläre Verteilung von Cisplatin beeinflussen, sondern auch die 

Bioaktivität von IGF-1 [91]. 
 

In der Krebsforschung konnte mittels der quantitativen Proteomik tausende 

potentielle Biomarker, aufgrund von unterschiedlich exprimierten Proteinen bzw. 

Peptiden, identifiziert werden [92-97]. Ungeachtet dessen ist die Resistenz der 

Tumorzellen gegenüber Cisplatin bis heute nicht vollständig verstanden. Seit 

einigen Jahren wird die Bindung von Cisplatin an Proteine als 

Resistenzmechanismus diskutiert. Massenspektrometrie-basierte Analysen zur 

Identifizierung von Pt-bindenden Proteinen konnten mittels Standardproteine 

etabliert werden [84-88]. In biologischen Proben sind Pt-bindende Proteine bzw. 

Pt-bindende Peptide normalerweise in geringen Konzentrationen vorhanden, 

weshalb ihr Nachweis weiterhin sehr schwierig bleibt.  

1.5 CFDA-CISPLATIN - EIN MODELLKOMPLEX  

Seit etwa zwei Jahrzehnten werden bildgebende Technologien zusammen mit 

Fluoreszenzfarbstoffen eingesetzt, um intrazelluläre Prozesse sichtbar zu machen 

und zu beobachten. Im Jahr 2000 setzte Molenaar et al. erstmals ein 

fluoreszierendes CFDA-Cisplatin (Abbildung 8) als Modellsubstanz in der 

Forschung ein. Durch eine kovalente Bindung ist der Fluoreszenzfarbstoff 

Carboxyfluoresceindiacetat (CFDA) an Cisplatin gebunden [98]. CFDA ist ein 

unpolares fluorogenes Fluorescein-Derivat, dass in veresterter Form die 

Zellmembran lebensfähiger Zellen passieren kann. In der Zelle werden die beiden 

Acetylgruppen des CFDA durch intrazelluläre Esterasen entfernt, was im 

Zytoplasma zu einem fluoreszierenden Produkt führt. Die intrazelluläre Verteilung 

von CFDA-Cisplatin hängt hauptsächlich von Cisplatin ab und das fluoreszierende 

CFDA-Cisplatin ermöglicht die zelluläre Verteilung von Cisplatin in Krebszellen zu 

untersuchen [98]. 
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Abbildung 8: Chemische Struktur von CFDA-Cisplatin.  

1.6 ZIELE DER ARBEIT 

Die Resistenzentwicklung der Tumorzellen gegenüber Cisplatin hat vielfache 

Gründe und bis heute nicht ganz verstanden [30, 31, 34]. Da nur etwa 1% des 

intrazellulären Cisplatins mit der DNA reagiert [21], ist seit einigen Jahren die 

Bindung von Cisplatin an Proteine im Fokus. Die Interaktion mit Proteinen kann 

die intrazelluläre Verteilung, Eliminierung und Zytotoxizität von Cisplatin 

beeinflussen. Pt-bindende Proteine sind in komplexen biologischen Proben in 

niedriger Konzentration vorhanden, weshalb ihr Nachweis bislang erfolglos war. 

Daher waren die Ziele dieser Arbeit:  
 

• Entwicklung eines methodischen Ansatzes zur Identifizierung von 

intrazellulären Cisplatin-Proteinaddukten, die an den Mechanismen der 

Resistenz von Cisplatin beteiligt sein können [99, 100]. 
 

• Reduktion der Komplexizität der Proteinproben sowie Verbesserung der 

Resuspendierung zytosolischer Proteine [99, 100]. 
 

• Identifizierung von cisplatinhaltigen Proteinaddukten [99].  
 

• Untersuchung des Beitrages identifizierter Proteine zur Cisplatinresistenz 

(durchgeführt von Dr. M. Kullmann, Universität Bonn) [101, 102].  

 

Ein platinresistentes OC ist üblicherweise mit einem Überleben von weniger als 

einem Jahr assoziiert. Daher wurde die humane OC-zelllinie A2780 (malignes 
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endometrioides Karzinom) und deren cisplatinresistente Tochterzelllinie A2780cis 

für die Identifizierung intrazellulärer Reaktionsprodukte von Cisplatin verwendet.  

Ein wichtiger Aspekt der Methodenetablierung zur Trennung und Identifizierung 

der Cisplatin-Proteinaddukte war die Reproduzierbarkeit und die spezifische 

Detektion der Cisplatin-Proteinaddukte. Zur Visualisierung intrazellulärer Cisplatin-

Proteinaddukte, die in der humanen OC-zelllinie A2780 und deren 

cisplatinresistenter Tochterzelllinie A2780cis in Wechselwirkung stehen, wurde 

daher das fluoreszierende Cisplatin-Analogon (CFDA-Cisplatin) verwendet [98]. 

Die Verwendung ermöglicht es, CFDA-Cisplatin-Proteinaddukte von den nicht 

modifizierten Proteinen zu unterscheiden. 

Für die Trennung und Detektion der zytosolischen CFDA-Cisplatin-Proteinaddukte 

wurde die 2D-Gelelektrophorese mit Fluoreszenzdetektion verwendet. Zur 

Reduktion der Komplexizität der Proben sowie zur Verbesserung der Auflösung 

zytosolischer Proteine erfolgte die Auftrennung getrennt für zwei verschiedene pH-

Bereiche 4 - 7 und 6 - 10. Die Identifizierung der detektierten CFDA-Cisplatin-

Proteinaddukte erfolgte mittels Massenspektrometrie. 

Basierend auf den Ergebnissen wurde im Anschluss ein siRNA-vermittelter 

Knockdown einzelner Bindungspartner herbeigeführt, um deren Beitrag zur 

Resistenzentwicklung in A2780cis Zellen zu untersuchen. Im Anschluss wurde die 

Cisplatin-vermittelte Zytotoxizität mittels MTT(3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromid)-Assay und die Apoptoseinduktion mittels eines 

Apoptose-Assays mit Annexin V bestimmt [101, 102]. 
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2.1 COMBINATION OF TWO-DIMENSIONAL GEL ELECTRO-PHORESIS 

AND A FLUORESCENT CARBOXYFLUORESCEIN-DIACETATE-
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Persönlicher Beitrag: 
 

Der persönliche Beitrag für diese Veröffentlichung war die Optimierung der 2D-

Gelelektrophorese (pH 4 - 7) zur Identifizierung von intrazellulären Cisplatin-

Proteinaddukten, die Identifizierung der detektierten CFDA-Cisplatin-

Proteinaddukte mittels Massenspektrometrie sowie das Verfassen der Publikation. 
 

 

 

 

Düsseldorf, Juli 2019 

 

______________________________ 

Dr. Sabine Metzger 
 
  



PUBLIKATIONEN 

 

16 

 

Electrophoresis 2015, 00, 1–9 1

Sandra Kotz1

Maximilian Kullmann2

Barbara Crone3

Ganna V. Kalayda2

Ulrich Jaehde2

Sabine Metzger1,4

1Biocenter MS Platform,
Department of Biology,
University of Cologne, Cologne,
Germany

2Department of Clinical
Pharmacy, Institute of
Pharmacy, University of Bonn,
Bonn, Germany

3Institute of Inorganic and
Analytical Chemistry, University
of Münster, Münster, Germany

4IUF-Leibniz Research Institute
for Environmental Medicine,
IUF, Düsseldorf, Germany

Received April 12, 2015
Revised June 27, 2015
Accepted July 13, 2015

Research Article

Combination of two-dimensional gel
electrophoresis and a fluorescent
carboxyfluorescein-diacetate-labeled
cisplatin analogue allows the identification
of intracellular cisplatin–protein adducts

Cisplatin is one of the most widely used anticancer agents, but a major problem for success-
ful chemotherapy is the development of drug resistance of tumor cells against cisplatin.
Resistance to cisplatin is a multifactorial problem. A method to detect and identify intra-
cellular cisplatin–protein adducts was developed using a fluorescent carboxyfluorescein-
diacetate-labeled cisplatin analogue (CFDA–cisplatin), 2DE, and ESI-MS/MS. We identi-
fied several CFDA–cisplatin–protein adducts including members of the protein disulfide
isomerase family (PDI). These are the first results of the detection of intracellular CFDA–
cisplatin–protein adducts, which may help to understand the resistance mechanism of
cisplatin.
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1 Introduction

Cisplatin is a widely employed platinum-based compound
that is currently used for treatment of solid neoplasms, in-
cluding head and neck, lung, colorectal, bladder, testicular,
and ovarian cancers [1–3]. But the effectiveness of cisplatin
is limited by two major drawbacks: toxic side effects, such as
nephrotoxicity, ototoxicity, and neurotoxicity [4, 5], and resis-
tance of tumor cells to the drug [6].

Resistance to cisplatin is a multifactorial problem includ-
ing reduced intracellular concentrations of cisplatin by de-
creased drug influx and/or increased drug efflux, increased
repair of DNA damage, adapted apoptotic signaling pathways,
and inactivation by cisplatin–glutathione complexes [7,8]. The

Correspondence: Dr. Sabine Metzger, Biocenter MS Platform, De-
partment of Biology, University of Cologne, Zülpicher Straße 47b,
50674 Cologne, Germany
E-mail: s.metzger@uni-koeln.de
Fax: +49-221-470-8521

Abbreviations: CFDA–cisplatin, carboxyfluorescein-
diacetate-labeled cisplatin analogue; ER, endoplasmic
reticulum; GRP, glucose-regulated protein; LA, laser abla-
tion; PDI, protein disulfide isomerase

platination of DNA is seen as a key step of the cytotoxic ef-
fect [9], but only a small fraction of cellular cisplatin binds to
its pharmacological target [10]. It is assumed that cisplatin has
a much higher affinity to the sulfur-containing amino acids
cysteine and methionine than to the nitrogen donors of the
nuclear DNA [11]. Inside a tumor cell, there are a number of
potential binding partners for cisplatin. Increased intracellu-
lar formation of biologically inactive adducts with proteins or
peptides appears to be involved in drug resistance [6]. Conse-
quently, the interaction of cisplatin with proteins could be an
important factor affecting its intracellular distribution, elim-
ination, and cytotoxicity.

The aim of this study was the identification of in-
tracellular cisplatin–protein adducts that may be involved
in the mechanisms of cisplatin resistance. For the de-
velopment of an analytical method, we used the fluores-
cent carboxyfluorescein-diacetate-labeled cisplatin analogue
(CFDA–cisplatin, Fig. 1), which permits easy tracking of the
intracellular distribution and the detection of intracellular
cisplatin–protein adducts.

CFDA–cisplatin was first introduced by Molenaar et al.
[12], and they also showed that the cellular distribution

Colour Online: See the article online to view Figs. 1–4 in colour.
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Figure 1. The chemical structure of CFDA–cisplatin. The circles
mark the two acetyl groups that were deacetylated intracellularly
and therefore allow the fluorescence detection of CFDA–cisplatin–
protein adducts.

pattern of CFDA–cisplatin was significantly different to the
nonplatinum-containing fluorescein derivative CFDA-boc.
These results revealed that the intracellular trafficking of
CFDA–cisplatin depends mainly on the platinum moiety.
Further studies reported that CFDA–cisplatin reflected the
biological behavior of cisplatin [13]. Thus, CFDA–cisplatin
represents a suitable model substance for cisplatin. In order to
visualize CFDA–cisplatin–protein adducts, CFDA–cisplatin
was synthesized as described previously [12, 14]. Intracellu-
larly, the two acetyl groups of CFDA–cisplatin (Fig. 1, see
dashed marker) are deacetylated, which allow the fluores-
cence detection of CFDA–cisplatin–protein adducts follow-
ing 2DE. 2DE is a powerful tool for the separation of complex
protein mixtures enabling the separation and visualization
of hundreds to thousands of proteins within a gel. We in-
tended to reduce the complexity of the protein mixture and
to enhance the resolution of acidic-neutral proteins. There-
fore, narrow pH gradient strips (pH 4–7) were used for the
first dimension instead of the common pH gradient strips
ranging 3–10. The 2DE analysis with an optimized protocol
for the pH range 4–7 showed that the assignment of the
CFDA–cisplatin–protein adducts is difficult due to the few
existing fluorescent landmarks. A simultaneous on-gel gen-
eration of a fluorescent reference protein spot grid during
the second dimension of the 2DE separation of the sample
allowed a more precise assignment of the CFDA–cisplatin–
protein adducts [15].

2 Materials and methods

2.1 Chemicals and materials

Fetal bovine serum, penicillin, RPMI 1640 medium, and
streptomycin were purchased from Pan-Biotech (Aiden-

bach, Germany). Ammonium persulfate, 4′,6-diamidino-2-
phenylindole, dimethylformamide, disodium hydrogen phos-
phate, ethanol, formic acid, glycerine, glycine, HEPES,
leupeptin, magnesium chloride, methanol, orthophospho-
ric acid 85%, potassium chloride, potassium dihydrogen
phosphate, pepstatin, SDS, Tergitol R© solution Type NP-40,
thiourea, and urea were received from Sigma–Aldrich (Stein-
heim, Germany). Tris PUFFERAN R© was from Roth (Karl-
sruhe, Germany). ACN and ammonium bicarbonate were
purchased from Fluka (Steinheim, Germany). Aluminum
sulfate-18-hydrate, chloroform, iodoacetamide, and TEMED
were obtained from Merck (Darmstadt, Germany). CHAPS
was from G-Biosciences (St. Louis, USA). Bromphenole blue
and CBB G-250 were purchased from Serva (Heidelberg,
Germany). DryStrip cover fluid was from GE Healthcare
(Mannheim, Germany). HPLC-grade ACN and DTT were
from VWR International (Darmstadt, Germany). Pierce R©

660 nm Protein Assay was purchased from Thermo Fisher
Scientific (Rockford, USA). NaCl was from Grüssing (Filsum,
Germany).

2.2 Synthesis and purification of CFDA–cisplatin

CFDA–cisplatin was synthesized according to Molenaar et al.
[12] with a slight modification, which has been described
in Zabel et al. [14]. After purification on a semipreparative
HPLC (System Gold, Beckman Coulter, Germany) using a
Nucleodur C18 HTec column (5 �m; 250 × 10 mm), a purity
of 95% was achieved.

2.3 Cell culture, harvesting, and precipitation

of proteins

The human ovarian carcinoma cell line A2780 and the
cisplatin-resistant subline A2780cis (European Collection of
Cell Cultures, UK) were cultured in RPMI 1640 medium (sup-
plemented with 10% fetal bovine serum, 100 I.E./mL peni-
cillin, and 0.1 mg/mL streptomycin) at 37°C and 5% CO2.
Cells were treated with 25 �M of CFDA–cisplatin (dissolved
in dimethylformamide) in serum-free medium for 2 h. After
washing twice with PBS, the cells were scraped in PBS and
centrifuged (160 × g, 4 min). The pellet was resuspended in
cell lysis buffer (10 mM HEPES (pH 7.4), 40 mM potassium
chloride, 3 mM magnesium chloride, 5% glycerine, and 0.5%
NP-40) supplemented with pepstatin (2 �M) and leupeptin
(1 �M). Afterward, the cells were sonicated three times for 5 s
at 25% power with 30-s breaks (Bandelin HD 2070/UW 2070,
Bandelin electronic, Germany). Lysates were centrifuged at
700 × g for 15 min, and the supernatant was centrifuged
at 15 000 × g for 20 min. The final supernatant was fur-
ther analyzed. Protein concentrations were determined us-
ing the Pierce R© 660 nm Protein Assay. Afterward, 150 �g
protein of each sample was precipitated with chloroform–
methanol [16].
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2.4 Two-dimensional gel electrophoresis

The 2DE experiments were performed using the Et-
tan IPGphor 3 IEF system (GE Healthcare) in the first
dimension. For SDS-PAGE gels in the second dimension
(100 × 100 × 1.0 mm3), the PerfectBlueTM dual gel system
Twin S (Peqlab Biotechnologie, Germany) was used.

2.4.1 Isoelectric focusing

We used narrow pH gradient strips (pH 4–7) for the separa-
tion in the first dimension. In the acidic-neutral pH range,
150 �g precipitated proteins were solubilized in 7 M urea, 2 M
thiourea, 2% CHAPS, 65 mM DTT, and 2% SERVALYTTM 4–
7 (Serva) for at least 1 h to ensure complete solubilization and
denaturation, and were then applied to Serva IPG BlueStrips
pH 4–7 (70 × 3 × 0.5 mm; Serva) overnight by in-gel rehydra-
tion. IEF was performed with a maximum current of 50 �A
and a total of 14.4 kVh using the following focusing protocol
(300 V for 2.0 h (step and hold), 1000 V for 0.5 h (gradient
mode), 3000 V for 1.5 h (gradient mode), and 3000 V for 3.5 h
(step and hold)). Finally, all focused IPG strips were stored at
−20°C until equilibration and application to SDS-PAGE.

2.4.2 SDS-PAGE and generation of a reference

protein spot grid

The IPG strips were subjected to reduction and alkylation us-
ing 1% DTT and 2.5% iodoacetamide in 2.5 mL equilibration
solution (6 M urea, 50 mM Tris–HCl (pH 8.8), 30% glycerol,
and 2% SDS) per strip. On the top of a self-made 12% SDS-
PAGE resolving gel, first an IPG strip was applied. Then, a
4% stacking gel containing bromphenol blue was polymer-
ized over it. Here, V-shaped well combs were used to gen-
erate a reference protein spot grid according to Ackermann
et al. [15] with the following slight modifications. The Protein
Test Mixture 6 for SDS-PAGE (Serva) was labeled according
to the manufacturer’s instructions with Serva Lightning Red
for 1D SDS-PAGE (Serva), and 3 �L was applied to each lane.
Proteins were separated for 2.5 h, starting at 50 V for 30 min
followed by 150 V until the dye front reached the bottom of
the gel.

2.5 Detection, staining, and image analysis

The TyphoonTM 9400 laser scanner (GE Healthcare, UK) was
used to scan SDS-PAGEs. CFDA–cisplatin–protein adducts
were detected at excitation/emission 488/532 nm and the
fluorescent reference protein spot grid at 532/580 nm. Af-
terward, the colloidal Coomassie G-250 staining protocol
according to Kang et al. [17] with slight modifications ac-
cording to Dyballa and Metzger [18] was used to visual-
ize the proteins. The image analysis was performed with

the Delta2D software version 4.3 (DECODON, Germany).
Briefly, the image from a fluorescence scan and the gel
image from a Coomassie-stained gel were mapped for a
master image in order to detect CFDA–cisplatin–protein
adducts.

2.6 Analysis of platinum in 2DE gels

For the laser ablation (LA) ICP-MS (LA-ICP-MS) measure-
ments, the Coomassie-stained 2DE gels were treated for
2 min with glycerine and dried on filter paper (Whatman,
Germany) using a gel dryer (70°C, 2 h). Afterward, the 2DE
gels were divided into several parts to position the relevant
sections with fluorescence detection onto a target holder. LA-
ICP-MS imaging experiments were performed using the LA
system LSX-213 (CETAC Technologies, USA) coupled to a
quadrupole-based ICP-mass spectrometer iCAP Q (Thermo
Fisher Scientific, Germany). The ablation was performed in
a multiline scan, whereby the selected gel fragments were
ablated line by line with laser energy of 12 J/cm2 (90% of the
maximum laser energy), 20 Hz laser shot frequency, 200 �m
spot diameter, and 50 �m/s scan speed. The produced aerosol
was transported to the ICP using Helium as the carrier
gas, which was mixed with Argon downstream the ablation
cell. A rhodium solution as an internal standard (10 ng/L,
SCP SCIENCE, France) was simultaneously introduced via
a PFA (Perfluoralkoxy) nebulizer and a cyclonic spray cham-
ber. This improved the plasma stability, and allowed to com-
pensate drift effects. For the maximum sensitivity and to
minimize possible interferences of (40Ar154Gd)+, the mea-
surement was performed by utilizing a collision/reaction cell
with Helium as the cell gas was in kinetic energy discrimina-
tion mode. The isotopes 194Pt, 195Pt, and 103Rh were detected
with dwell times of 1.75, 1.75, and 0.5 s, respectively. The
recorded ablation profiles were converted into 2D distribu-
tion images and evaluated with ImageJ (National Institutes of
Health, USA).

2.7 Sample preparation for MS

The protein spots of interest were manually excised from
Coomassie-stained 2DE gels, completely destained and incu-
bated with 0.033 �g/�L sequencing-grade modified trypsin
(Promega, USA) in 25 mM ammonium bicarbonate (pH 8.0)
for 12–16 h at 37°C. The extracted peptides were dried in a vac-
uum centrifuge (Eppendorf, Germany) and stored at −20°C
until analyzed by MS. Prior to ESI-MS/MS analyses, the pep-
tides were desalted using StageTips (C18 material, 20-�L tip,
SP201, Thermo Fisher Scientific, USA), and the tryptic pep-
tides were eluted three times with 10 �L of 1% formic acid
and 60% methanol in water. For the nano-HPLC ESI-MS/MS
analyses, the tryptic peptides were dissolved in 17 �L using
5% TFA in water.
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2.8 Protein identification by MS

ESI-MS/MS analyses were performed with an ESI Qq-TOF
instrument (QSTAR XL, Applied Biosystems, Germany),
which was equipped with an offline nanospray source (Prox-
eon Biosystems, Denmark). The full MS scans from 350 to
1500 m/z were recorded using the Analyst QS version 1.1
(Applied Biosystems), and at least five peptides per sample
were further fragmented. The protein identification was per-
formed using the MASCOT MS/MS ions search 1.6b27 (Ma-
trix Science, UK) using the following parameters: database,
Swiss-Prot; protease, trypsin; missed cleavages, 1; variable
modifications, carbamidomethyl (C) and oxidation (M); pep-
tide tolerance, ± 1.2 Da; and MS/MS tolerance, ± 0.6 Da.

Protein spots with low protein content were analyzed
on a hybrid ion trap-Orbitrap mass spectrometer (Orbitrap
Elite, Thermo Scientific, Germany), which was coupled with a
nano-HPLC system (UltiMateTM 3000 HPLC system, Dionex,
Thermo Scientific). Peptides were preconcentrated on an
Acclaim R© PepMapTM C18 column (2 cm × 100 �m × 5 �m,
100 Å; Thermo Fisher Scientific) and desalted for 10 min
by using 0.1% TFA as mobile phase. Afterward, the peptides
were separated on an Acclaim R© PepMapTM RSLC (Rapid Sep-
aration Liquid Chromatography C18 column (25 cm × 75 �m
× 2 �m, 100 Å, Thermo Fisher Scientific) with a gradient (A:
0.1% formic acid in water; B: 0.1% formic acid and 84% ACN
in water), 2 min from 4 to 10% B, 17 min to 20% B, 18 min to
30% B, 17 min to 40% B, and 1 min to 95% B. For the Orbitrap,
following parameters were used: ion transfer tube tempera-
ture, 275°C; spray voltage, 1.4 kV; MS scan range, 350–1700
m/z; and MS resolution, 60 000. The 15 most intense �2+

charged peptide ions were isolated and transferred to the lin-
ear ion trap. Protein identification was performed by using the
Proteome DiscovererTM 1.4 in combination with MASCOT
MS/MS ions search 2.4.1 (Matrix Science) using the following
settings: database, Swiss-Prot; protease, trypsin; missed cleav-
ages, 2; static modification, carbamidomethyl (C); dynamic
modification, oxidation (M); false detection rate, 1%; precur-
sor mass tolerance, 10 ppm; and fragment mass tolerance,
± 0.4 Da.

3 Results

The aim of this study was the identification of protein adducts
with CFDA–cisplatin in the human ovarian carcinoma cell
lines A2780 and A2780cis, which may be involved in cisplatin
resistance. To detect the adducts, we combined the applica-
tion of the fluorescent CFDA–cisplatin with the 2DE for the
separation of proteins.

3.1 Separation and detection of protein adducts of

CFDA–cisplatin

2DE consists of two separation steps: the first dimension,
in which the proteins are separated according to their pI,

and the second dimension, where separation is based on
their molecular weight. First, A2780 and A2780cis cells were
treated with CFDA–cisplatin, and the cytosolic proteins were
extracted. Generally, protein sample prefractionation before
2DE reduced the sample complexity. The optimization of
the solubilization power as well as the focusing protocol
within the 2DE led to enhanced resolution and visualization
of the cytosolic proteins in the pH range 4–7. The compar-
ison of fluorescence scans (Fig. 2A and B) shows that fluo-
rescence signals could only be detected in CFDA–cisplatin-
treated samples. This confirms the suitability of our exper-
imental approach. The most intense fluorescence signals
were detected in the range of 40–75 kDa. In order to assign
CFDA–cisplatin–protein adducts, we used the Delta2D soft-
ware for the image analysis, which allows the alignment of
several images. Hence, the images of the fluorescence (Fig.
2A) and Coomassie stain (Fig. 2C) were overlaid so that sev-
eral CFDA–cisplatin–protein adducts (black spots) could be
detected. The fluorescence signals of the CFDA–cisplatin–
protein adducts were assigned on the basis of protein spot
pattern. Nevertheless, some of the fluorescence signals could
not be assigned to a protein spot with high confidence
(see arrows in Fig. 2D).

3.2 Introduction of a simultaneous on-gel

generation of a protein marker grid

In order to find a solution to the above-mentioned problems,
we used a simultaneous on-gel generation of a reference pro-
tein marker grid [15]. This method combines elements of the
1DE and 2DE. While the cytosolic proteins are separated ac-
cording to pI and molecular weight, a fluorescence-labeled
protein marker solution was separated in the second dimen-
sion according to molecular weight. The use of two different
fluorescent stains permitted the distinction between CFDA–
cisplatin–protein adducts (Fig. 3A) and the reference protein
spot grid (Fig. 3B) within a single minigel. For the genera-
tion of a protein marker grid, we used V-shaped sample wells
in a stacking gel on top of the pI strip to obtain sharp and
distinct spots. Only a small volume (3 �L) of the fluorescence-
labeled protein marker solution was applied into the V-
shaped sample wells in order to improve spot size and shape.
Twenty-four spots generated a protein marker grid following
electrophoresis. The comparison of Coomassie-stained 2DE
gels showed that the introduction of a protein marker grid
does not lead to any changes in the protein spot patterns
(Fig. 2C and 3C).

3.3 Evaluation of CFDA–cisplatin–protein adducts

with image analysis

In order to detect CFDA–cisplatin–protein adducts, the fluo-
rescence signals (Fig. 3A) must be assigned to the correspond-
ing protein spots (Fig. 3C). For this, we used the Delta2D
software, which allowed a fast visual analysis and reliable

C© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



PUBLIKATIONEN 

 

20 

 

Electrophoresis 2015, 00, 1–9 Proteomics and 2DE 5

Figure 2. Visualization of CFDA–cisplatin–protein adducts by 2DE. A2780 was treated with (A) and without 25 �M CFDA–cisplatin (B) for
2 h. The 2DE experiment (pH range 4–7) was performed with 150 �g of cytosolic proteins. Afterward, a fluorescence scan was recorded
(excitation/emission: 488/532 nm; [A and B]), and the proteins were visualized with Coomassie staining (C). The CFDA–cisplatin–protein
adducts (black spots) were assigned on a master image (D).

spot matching. First, the fluorescence scans from CFDA–
cisplatin–protein adducts (Fig. 3A) and protein marker grid
(Fig. 3B) were fused into one image. Afterward, this fused
image was merged with the Coomassie staining image
(Fig. 3C) to gain a master image. The fluorescence sig-
nals of the CFDA–cisplatin–protein adducts were matched
to the corresponding Coomassie-stained spots. The inspec-
tion of both master images (Fig. 2D and 3D) showed that
the new anchor points improved and strengthened the as-
signment of the CFDA–cisplatin–protein adducts. Without a
protein marker grid, we assigned the fluorescence signals of
the CFDA–cisplatin–protein adducts on the basis of protein
spot pattern. But the introduction of a protein marker grid
showed that the previous assignment was not always correct
(Fig. 4A–D). Some fluorescence signals were assigned to
other protein spots (Fig. 4A and B), but there were also unas-

signed fluorescence signals (Fig. 4C and D). These examples
demonstrate the necessity of the protein marker grid.

3.4 Detection of platinum in 2DE gels with

LA-ICP-MS

LA-ICP-MS is a suitable method for metal imaging in 2DE
[19–21]. LA-ICP-MS measurements in the line scanning
mode were used to detect platinum in the protein spots
that were previously separated by 2DE. Relevant section
of 2DE gels, with and without fluorescence signals of the
CFDA–cisplatin–protein adducts, was analyzed. The LA-ICP-
MS clearly confirms the presence of platinum in distinct
spots, which correlates clearly with the fluorescence spot pat-
tern (Supporting Information Fig. 1). This analysis is an
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Figure 3. Precise visualization of CFDA–cisplatin–protein adducts through 2DE by using a simultaneous on-gel generation of a reference
protein spot grid. A2780cis was treated with (A) 25 �M CFDA–cisplatin for 2 h. A generation of a reference protein spot grid (B) allowed the
separation in parallel with 150 �g cytosolic proteins through 2DE. A fluorescence scan was recorded (CFDA–cisplatin, excitation/emission:
488/532 nm [A]; Serva Lightning Red for 1D SDS-PAGE, excitation/emission: 532/580 nm [B]), and the proteins were visualized with
Coomassie staining (C). For the image analysis, the fluorescence scans from CFDA–cisplatin–protein adducts (A) as well as from protein
marker grid (B) and the Coomassie staining image (C) were fused to a master image (D).

additional proof to the fluorescence scans that CFDA–
cisplatin binds to specific proteins.

3.5 Identification of CFDA–cisplatin–protein adducts

The bottom-up approach using the 2DE allows the separa-
tion and visualization of hundreds of proteins. In the ex-
periment, it was possible to detect a total of 440 protein
spots in the pH range 4–7. The subsequent image analy-
sis in the pH range 4–7 revealed that five spots were de-
tected as CFDA–cisplatin–protein adducts (Fig. 4). 2DE can
reveal modifications of a protein, since even small charge
and molecular weight changes lead to altered migration be-
havior of proteins. The posttranslational modifications of a

protein could be recognized by horizontal or vertical shifting
of a protein spot. In order to verify possible pI or molec-
ular weight shifts of the CFDA–cisplatin–protein adducts,
nearby lying protein spots were additionally excised from
the 2DE Coomassie-stained gels and then analyzed by ESI-
MS/MS (see Table 1). On average, each protein spot was iden-
tified from three biological samples of three separate gels,
respectively.

In the pH range 4–7, the protein disulfide isomerase
(PDI) A1, glucose-regulated protein 78 (GRP78), PDIA6,
and PDIA3 were identified as CFDA–cisplatin-containing
proteins, corresponding to spots 1*–5* in Fig. 4E. In-
terestingly, PDIA1 was only found as CFDA–cisplatin-
containing protein (Fig. 4E, spot 1*), while the other CFDA–
cisplatin-containing proteins shifted slightly in their pI value
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Figure 4. Detection of CFDA–cisplatin–protein adducts (black spots). The reference protein spot grid (+) improves the assignment of the
CFDA–cisplatin–protein adducts in the image analysis (A–D); (E): 1* = PDIA1; 2* and 2 = GRP78; 3*, 3, 4*, and 4 = PDIA6; 5* and 5 =
PDIA3; 6* and 6 = �-actin; 7*, 7, 8*, and 8 = vimentin.

Table 1. Proteins were identified by ESI-MS/MS or nano-HPLC-ESI-MS/MS after 2DE

Sample and Protein Accession Mr (kDa) pI Sequence
spot number identification number experimental/ experimental/ coverage (%)

theoretical theoretical

1* PDIA1 P07237 60.00/57.08 4.75/4.76 22.60a)

2* 78 kDa GRP78 P11021 75.00/72.28 5.05/5.07 20.00a)

2 GRP78 P11021 75.00/72.28 5.10/5.07 45.00a)

3* PDIA6 Q15084 52.00/48.12 5.10/4.95 57.88b)

3 PDIA6 Q15084 52.00/48.12 5.15/4.95 23.90a)

4* PDIA6 Q15084 52.00/48.12 5.20/4.95 45.15b)

4 PDIA6 Q15084 52.00/48.12 5.35/4.95 52.47b)

5* PDIA3 P30101 60.50/56.07 5.90/5.96 70.69b)

5 PDIA3 P30101 60.50/56.07 6.00/5.96 37.20a)

6* �-Actin P60709 43.50/41.74 5.35/5.29 30.70a)

6 �-Actin P60709 43.50/41.74 5.40/5.29 30.70a)

7* Vimentin P08670 56.00/53.65 5.00/5.05 53.90a)

7 Vimentin P08670 56.00/53.65 5.05/5.05 42.95a)

8* Vimentin P08670 60.00/53.65 5.10/5.05 48.30a)

8 Vimentin P08670 60.00/53.65 5.15/5.05 43.30a)

Numbers refer to the spots and are picked from 2DE Coomassie-stained gels (Fig. 4E).
a) Proteins identified by ESI-MS/MS after 2DE.
b) Proteins identified by nano-HPLC-ESI-MS/MS after 2DE. Mr relative molecular mass.

compared to unmodified proteins (Fig. 4E; spots 2, 3, and 5).
The CFDA–cisplatin-containing proteins showed a lower pI
compared to the unmodified protein spot, with the exception
of PDIA6. CFDA–cisplatin-modified PDIA6 was identified in
two protein spots; however, only one of these CFDA–cisplatin-
containing adducts shifted to a lower pI value compared to
the unmodified protein (Fig. 4E, shift from 3 to 3*), whereas
the other protein representative shifted to a higher pI value
(compare protein spots 4 and 4*). Besides proteins of the PDI
family, we additionally identified two structural components
of the cytoskeleton, �-actin and vimentin (spots 6, 7, and 8),
to be modified by CFDA–cisplatin (spots 6*, 7*, and 8* in
Fig. 4E).

Due to the altered migration behavior of the so far identi-
fied CFDA–cisplatin-containing proteins, we could show for

the first time that CFDA–cisplatin causes a small change of
the net charge within the protein, which can be adequately de-
tected and identified by this fluorescence-based 2DE method.

4 Discussion

4.1 Detection of intracellular CFDA–cisplatin–protein

adducts

For the identification of cisplatin–protein adducts within tu-
mor cells, we used the fluorescence model substance CFDA–
cisplatin, which has been shown to be a suitable agent for the
study of intracellular trafficking of cisplatin [12, 13].
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We successfully applied 2DE for the analysis of CFDA–
cisplatin–protein adducts in the tumor cell line A2780. A
precise image analysis could not be performed because the
distribution of fluorescence spot and total number of protein
spots, especially in the low molecular weight region, was not
sufficient enough. To circumvent this problem, we success-
fully introduced a protein marker grid. This marker grid was
introduced by Ackermann et al. [15] in 2012, who reported
that gel size (circa 25 × 19 cm) and run time are important
for the formation of protein marker spots in the second di-
mension of the 2DE. However, we analyzed the cytosolic pro-
teins in the second dimension in a minigel (circa 8 × 8 cm2)
and were able to show that the use of this popular format is
completely sufficient in order to form a protein marker grid.
The introduced protein marker grid enabled a precise de-
tection of intracellular CFDA–cisplatin-containing proteins.
However, it also showed that several fluorescence signals have
no corresponding protein spots. One reason could be that the
applied Coomassie staining was not sensitive enough to stain
very low abundant proteins.

In the procedure of the presented analytical method, the
samples were treated with denaturing (urea and thiourea),
reducing (DTT) and alkylating (jodacetamide, IAA), and en-
zymatic (trypsin) agents [22]. Mena et al. [23] showed that the
electric field during the electrophoretic separation, as well as
staining and destaining of proteins, in the gel had no effect
on cisplatin binding to proteins. Therefore, we assume that
CFDA–cisplatin remained bound to proteins during sample
preparation. To verify that the fluorescence signals in the
protein spots are really related to CFDA–cisplatin, we used
LA-ICP-MS to detect platinum in the corresponding protein
spots of 2DE gels.

4.2 CFDA–cisplatin binding proteins

Using our newly developed method, we identified a set of en-
doplasmic reticulum (ER) stress proteins as CFDA–cisplatin-
containing proteins, including PDIA1, PDIA3, PDIA6, and
GRP78. Since cancer cells require a global increase in protein
synthesis to manage ER stress and to support rapid prolifer-
ation, this could be expected [24, 25]. GRP78 as well as PDI
have a C-terminal ER-retention amino acid sequence KDEL,
but significant amounts of both proteins were also detected
at other locations, such as cell surfaces, nucleus, and the cy-
tosol, suggesting that the GRP78 and PDI can escape from
the ER [25–29]. GRP78 and PDI are master regulators of the
unfolded protein response, which is activated by accumula-
tion of misfolded proteins in the ER caused by exogenous
and/or endogenous stress signals [30–32]. It has been shown
that GRP78 and PDI may play a role in cisplatin resistance in
some cancers [33–35]. PDI is a member of the thioredoxin-
like superfamily of redox proteins. The canonical function of
these proteins is the disulfide-bond formation in nascent pro-
teins and protein folding in the ER [36]. GRP78 contains two
cysteines, whereas PDIA1, PDIA3, and PDIA6 contain seven
cysteines each. It has been shown that cysteine residues are

the preferential binding sites of cisplatin in peptides and pro-
teins [22]. Sobierajska et al. [37] showed that PDI is released
from subcellular compartments to the cytosol and form a
disulfide bond with �-actin Cys374. �-Actin contains six cys-
teine residues, but only one of them (Cys374) is exposed on
the surface of the protein [38].

4.3 Binding of CFDA–cisplatin

The reactive cisplatin interacts preferentially with the sulfur-
containing amino acids cysteine and methionine, which are
present on the surface of the proteins. It is therefore pos-
sible that cysteine-rich proteins such as PDI and GRP78
form covalent complexes in the cytosol with CFDA–cisplatin.
The same holds true for the detection and identification of a
small amount of CFDA–cisplatin �-actin and vimentin com-
plexes. However, histidine, serine, threonine, tyrosine, glu-
tamic acid, and aspartic acid were also identified as binding
sites for cisplatin [39,40]. The accessibility of the protein side
chains determines which amino acids bind to cisplatin. Fur-
thermore, it is conceivable that the binding of CFDA–cisplatin
to an amino acid leads to an altered migration behavior of the
CFDA–cisplatin-containing proteins in the 2DE gels because
CFDA–cisplatin can cause a small change in the net charge
of the protein. The pI of a protein is a crucial parameter that
supports the identity of a protein. The theoretical pI often cor-
responds to the pI of unmodified proteins. Among the identi-
fied CFDA–cisplatin-containing proteins, PDIA3 and GRP78
were also detected as unmodified proteins, while PDIA1 could
only be detected as CFDA–cisplatin adduct. It is possible that
upon binding of CFDA–cisplatin to PDIA1, no change in pI
takes place or the whole amount of the protein has bound
CFDA–cisplatin. The protein PDIA6 was identified in four
protein spots (spots 3, 3*, 4, and 4* in Fig. 4E). Different
isoforms of this protein may be the result of alternative splic-
ing (according to uniprot.org), which usually differ in the pI
and molecular weight. Moreover, a significant pI shift usually
suggests posttranslational modification. It is therefore possi-
ble that the binding of CFDA–cisplatin impairs the function
of the respective protein. Such inactive CFDA–cisplatin pro-
tein/peptide adducts may, on the one hand, limit the amount
of reactive cisplatin in tumor cells [37], and on the other hand,
negatively influence cell viability through the impairment of
protein functions.

Elucidation of the cisplatin-binding sites of the iden-
tified proteins by ESI-MS/MS is the next step to improve
our understanding of the binding stability. Cisplatin shows
a characteristic isotope distribution in the mass spectrum,
which modifies the characteristic isotope patterns of a pep-
tide. The binding site of cisplatin within a peptide generates a
characteristic-altered isotopic pattern and is detectable in the
MS. However, the detection of cisplatin-binding sites within
a peptide by ESI-MS/MS could be difficult because of the
low abundance of platinated peptides in comparison to the
unplatinated ones. In this case, preconcentration steps or
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in vitro studies of the identified CFDA–cisplatin-containing
proteins may be helpful.

4.4 Concluding remarks

We established an analytical method that allows detecting and
identifying intracellular CFDA–cisplatin-containing proteins.
CFDA–cisplatin in combination with 2DE and subsequent
fluorescence detection provides new insights into the cellular
processing of this drug and may, therefore, contribute to the
understanding of the resistance mechanism of cisplatin. With
our method, six previously unknown intracellularly binding
partners of CFDA–cisplatin were identified. CFDA–cisplatin
intracellular binding to these proteins implies that cisplatin
is seized, and therefore, the cells develop a resistance to cis-
platin. GRP78 and the three PDI proteins are described to be
associated with cancer progression and development of resis-
tance to chemotherapy. Pharmacological studies will reveal
their specific contribution to cisplatin resistance.
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Figure S1: Detection of platinum in protein spots. (A) Coomassie stained 2DE gel, indicated 
the identified proteins. (B, C) Corresponding fluorescence scan (CFDA-cisplatin: excitation/
emission: 488 nm/532 nm). (D, E) LA-ICP-MS image, showing the distribution of platinum in the 
2D gel. (A-E) 1* = PDIA1; 2* = GRP78; 3* and 4* = PDIA6; 5* = PDIA3; 6* = β-actin; 7* and 8* = 
Vimentin. 
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Intracellular binding of cisplatin to non-DNA partners, such as proteins, has received increasing attention as an
additional mode of action and as mechanism of resistance. We investigated two cisplatin-interacting isoforms
of protein disulfide isomerase regarding their contribution to acquired cisplatin resistance using sensitive and re-
sistant A2780/A2780cis ovarian cancer cells. Cisplatin cytotoxicity was assessed after knockdown of either pro-
tein disulfide isomerase family A member 1 (PDIA1) or protein disulfide isomerase family A member 3
(PDIA3). Whereas PDIA1 knockdown led to increased cytotoxicity in resistant A2780cis cells, PDIA3 knockdown
showed no influence on cytotoxicity. Coincubationwith propynoic acid carbamoylmethyl amide 31 (PACMA31),
a PDIA1 inhibitor, resensitized A2780cis cells to cisplatin treatment. Determination of the combination index re-
vealed that the combination of cisplatin and PACMA31 acts synergistically. Our resultswarrant further evaluation
of PDIA1 as promising target for chemotherapy, and its inhibition by PACMA31 as a new therapeutic approach.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Cisplatin is among themostwidely used chemotherapeutic drugs for
several cancer entities, e.g. testicular and ovarian cancer. However, its
use is limited by severe toxicity such as nephro-, neuro- and ototoxicity.
Chemoresistance, which can be either intrinsic or acquired during ther-
apy, is another limiting factor. The acquired drug resistance is a major
setback to successful therapy and compromises effective outcome. Sev-
eral mechanisms underlying chemoresistance have been postulated
and experimental evidence points to a multifactorial nature. Most of
the mechanisms prevent cisplatin from reaching its therapeutic target,
the genomic DNA (reviewed in Ref. [1]). These “pre-target effects” in-
clude but are not limited to reduced cellular uptake, increased efflux
and increased inactivation of cisplatin before binding to DNA. This inac-
tivation can occur, for example, by binding to glutathione [2],
metallothioneins [3,4] or proteins [5]. On-target mechanisms such as
the nucleotide excision repair (NER) and the replicative bypass are
also contributing to resistance. Several genetic and epigenetic alter-
ations, e.g. inactivation of TP53, can be classified as “post-target resis-
tance” (reviewed in Ref. [6]).

In order to elucidate the increased inactivation of cisplatin as one of
the pre-target mechanisms of resistance, we screened ovarian tumor
cells (A2780 and its cisplatin-resistant subline A2780cis) for proteins
interacting with cisplatin using a fluorescent cisplatin analog (CFDA-
Pt) [7,8]. After cell lysis, 2D gel electrophoresis of cytosolic proteins
was performed [9]. With this technique, the separation of complex pro-
tein mixtures and visualization of hundreds to thousands of proteins is
possible. Several fluorescent spots colocalizing with Coomassie-
stained spots were detected indicating the interaction of CFDA-Pt with
a protein. The presence of platinum in the spots was confirmed by LA–
ICP–MS analysis. Some of the proteins interacting with CFDA-Pt were
identified by ESI–MS/MS analysis, among them two isoforms of the pro-
tein disulfide isomerase (PDIA1, PDIA3). Here, we report the results of
experiments intended to assess the relevance of these two proteins for
acquired cisplatin resistance. PDI are compartmentalized mainly to the
endoplasmic reticulum (ER) where they exert an oxidoreductase activ-
ity catalyzing the formation, isomerization and reduction of disulfides
[10]. Most PDI isoforms contain a KDEL (lysine, aspartic acid, glutamic
acid, leucine) amino acid sequence for ER retention, butwere also local-
ized in other cellular compartments, e.g. the cytosol [11]. PDIA1 (or PDI,
P4HB or p55) and PDIA3 (or GRP58, ERp57, ERp60) are highly homolo-
gous sharing similar amino acid sequences (CGHC) at their active sites
[10,12]. PDIA1 and PDIA3 carry seven cysteines, thus presenting a possi-
ble target for irreversible coordination of platinum complexes, as

Journal of Inorganic Biochemistry 153 (2015) 247–252

⁎ Corresponding author.
E-mail address: u.jaehde@uni-bonn.de (U. Jaehde).

http://dx.doi.org/10.1016/j.jinorgbio.2015.08.028
0162-0134/© 2015 Elsevier Inc. All rights reserved.

Contents lists available at ScienceDirect

Journal of Inorganic Biochemistry

j ourna l homepage: www.e lsev ie r .com/ locate / j inorgb io



PUBLIKATIONEN 

 

28 

 

cisplatin binds preferably to cysteine residues [13]. The role of PDIA1 in
cancerwas recently reviewed in detail [12]. PDIA3 is highly expressed in
the serous ovarian cancer cell line YDOV-139 and may be a potential
biomarker for this cancer entity [14]. In cervical cancer, PDIA3 overex-
pression in 73% of patients was associated with low overall survival
and recurrence-free survival [15]. Several studies suggest a link be-
tween some of the known PDI, such as PDIA3, PDIA4, and PDIA6, and
stress tolerance and chemoresistance [16–18].

In order to study the contribution of PDIA1 and PDIA3 to acquired
cisplatin resistance in ovarian cancer cells we accomplished a siRNA-
mediated knockdown of PDIA1 and PDIA3 in A2780 and A2780cis
cells and evaluated the effect thereof on cisplatin cytotoxicity. Subse-
quently we used a pharmacological inhibitor of PDIA1, a propynoic
acid carbamoyl methyl amide known as PACMA31 (Fig. 1), to arrest
the intracellular isomerase function [19].

2. Materials and methods

2.1. Reagents

Cis-diamminedichloridoplatinum(II) (cisplatin) and MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2 H-tetrazolium bromide) were
obtained from Sigma (Steinheim, Germany). Protein Disulfide Isomer-
ase Inhibitor III (PACMA31) was from Merck Millipore (Darmstadt,
Germany). Cisplatin was dissolved in 0.9% NaCl solution. PACMA31
stock solution was prepared in DMSO.

2.2. Cell culture

The human ovarian carcinoma cell line A2780 and the cisplatin-
resistant subline A2780cis were from the European Collection of Cell
Cultures (ECACC). They were cultured in RPMI1640 supplemented
with 10% FBS, 100 I.E./mL penicillin and 0.1 mg/mL streptomycin at 37
°C and 5% CO2.

2.3. MTT assay

Cells were seeded in colorless flat bottom 96 well-plates (Sarstedt
AG & Co., Nümbrecht, Germany) at a density of 1 × 104 cells per well
in 90 μL medium and were allowed to attach overnight. Cells were ex-
posed to increasing concentrations of cisplatin for either 72 h (cisplatin
and PACMA31) or for 48 h for knockdown experiments. The assayswere
developed by adding 20 μL of MTT solution in PBS (5 mg/mL) per well
for approximately 1 h. Viable cells convert MTT into a purple formazan
product. The supernatant was discarded and the cells were dissolved in
100 μL of DMSO. Absorbancewasmeasured at 570 nmwith background
subtraction at 690 nm using a plate reader (Thermomultiscan EX, Ther-
mo, Schwerte, Germany). The resultswere analyzed and the pEC50, EC50
and EC10 values (pEC50=− log EC50, EC50 is the drug concentration that
produces 50% of the maximum response, EC10 is the concentration that
produces 10% of the maximum response) were determined with the
GraphPad Prism® analysis software package (GraphPad Software, San

Diego, USA) using non-linear regression (sigmoidal dose response, var-
iable slope). Resistance factor was calculated as a ratio of EC50 of
A2780cis to that of A2780 cells.

2.4. Combination index

The combination index (CI) of cisplatin and PACMA31 was calculat-
ed with the CompuSyn® software (ComboSyn, Paragon, NJ, USA) as de-
scribed by Chou [20].

Cells were seeded in 96-well plates and treated with 10, 20, 40, 60,
80, 100, 200, 400 and 800% of the previously determined EC50 concen-
tration of cisplatin, of PACMA31 or a fix combination of cisplatin and
PACMA31. The ratio of cisplatin to PACMA31 in the combination was
5.7 for A2780 and 21.3 for A2780cis cells. After 72 h, the interaction
was assessed by an MTT assay as described in 2.3. CI values of b1, = 1,
or N1 were considered as synergism, additivity and antagonism,
respectively.

2.5. Small-interfering RNA knockdown

A2780 and A2780cis cells were seeded in 6-well plates at 0.5 × 106

cells per well and incubated for 24 h. The siRNA against PDIA1
(Hs_P4HB_5 FlexiTube, SI02662100) and PDIA3 (Hs_GRP58_6
FlexiTube, functionally verified siRNA, SI02654778), and the negative
control siRNA (AllStars Negative Control siRNA, SI03650318) were ob-
tained from Qiagen (Hilden, Germany). Cells were transfected using
the K2® transfection system (Biontex Laboratories GmbH, München,
Germany). First, 15 μL/mL K2® multiplier was added to wells 2 h before
siRNA treatment. Then, cells were treated with 40 nM siRNA in
antibiotics-free medium. After 24 h the medium was changed to full
medium and the cells were incubated for another 48 h. Efficiency of
knockdown was assessed by Western blot analysis.

2.6. Western blot analysis

Cells grown in 6-well plateswere lysed in 200 μL RIPAbuffer (25mM
Tris–HCl, 150 mM NaCl, 1% Triton X100, 1% sodium deoxycholate, 0.1%
SDS). Protein concentration was determined using the Novagen® BCA
assay (Merck Millipore, Darmstadt, Germany). Lysates were separated
by SDS–PAGE using a 10% gel and transferred to PVDF membrane
(Carl Roth, Karlsruhe, Germany). The membrane was blocked in 5%
skim milk in tris-buffered saline (TBS) with 0.2% Tween 20 for 1 h.
After washing, membranes were incubated at 4 °C overnight with
primary antibodies against PDIA1 (GTX101468, Genetex, Irvine, USA)
or PDIA3 (GTX113719). Next,membraneswerewashed twice and incu-
bated with GAPDH antibody (GTX100118) for 1 h. Secondary goat anti-
rabbit antibody (4030–05, SouthernBiotech, Birmingham, USA) was
used. Chemiluminescence was detected after incubation with Pierce
ECL Western blotting substrate (Thermoscientific, Rockford, USA) on a
ChemiDoc™ XRS+ System (Bio-Rad, Hercules, USA). Densitometric
analysis was performed with ImageLab (Bio-Rad, Hercules, USA). Rela-
tive expression of the proteins to the loading control GAPDH was
calculated.

2.7. Apoptosis analysis

Apoptosis was evaluated using the FITC Annexin V Apoptosis Detec-
tion Kit with PI® (BioLegend, San Diego, USA) according to the protocol
provided by the manufacturer. Cells were seeded in 6-well plates at a
density of 0.5 × 106 cells per well and the knockdown was performed
as described in 2.5. Cells were treated with 10 μM cisplatin for 24 h.
After staining with Annexin V and propidium iodide (PI), cells were an-
alyzed by flow cytometry (FACScalibur®, BD Biosciences, San Jose, USA).
Intact cells were gatedwith FlowJo® v10 (TreeStar, Ashland, USA) in the
forward/side scatter to exclude small debris. Annexin V FITC-positive
and propidium iodide-negative (Annexin FITC-V (+)/PI (−)) cellsFig. 1. Structure of PACMA31 [20].
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were gated to identify the early apoptotic (EA) population, Annexin
FITC-V (+)/PI (+) cells to identify the late apoptotic (LA) population.

2.8. Statistical analysis

Statistical comparisons between groups were carried out using a
one-way analysis of variance (ANOVA) with the post-hoc Holm–Sidak
test. Differences were considered statistically significant for p b 0.05.

3. Results

3.1. Effect of transient PDIA1 and PDIA3 knockdown on cisplatin
cytotoxicity

In order to address the question to which extent the identified pro-
tein disulfide isomerases are involved in acquired resistance, we studied
the effect of PDIA1 and PDIA3 siRNA knockdown on cisplatin cytotoxic-
ity. In A2780 and A2780cis cells, the expression of PDIA1 and PDIA3was
reduced to below 50% (PDIA1) and to around 20–30% (PDIA3) of its
basal level in untreated cells, respectively (Fig. 2).

A2780cis cells showed a cisplatin resistance factor of 3.5 ± 0.2 (n=
16). After PDIA1 knockdown, the MTT assay revealed for A2780 cells a
slight but not significant sensitization to cisplatin treatment. A knock-
down of PDIA3 had no influence on cisplatin cytotoxicity. Cisplatin-
resistant A2780cis cells were significantly sensitized to cisplatin after
PDIA1 knockdown compared to either negative knockdown controls
(p = 0.019) or controls without knockdown (p = 0.046). Knockdown
of PDIA3 showed no influence on cisplatin cytotoxicity in both cell
lines (Fig. 3).

3.2. Effect of transient PDIA1 and PDIA3 knockdown on apoptosis induction
after cisplatin treatment

The induction of apoptosis is regarded as the final step in the mech-
anism of action of cisplatin [21]. Therefore, we investigated the degree
of apoptosis induction after knockdown of PDIA1 or PDIA3 and a subse-
quent treatment with 10 μM cisplatin for 24 h. In order to compensate
for the apoptosis-inducing effect of the knockdown procedure, we cal-
culated the ratio of the percentage of apoptotic cells after knockdown
and subsequent cisplatin incubation to the percentage of apoptotic
cells in corresponding control experiments without cisplatin. As inter-
nal control, we simultaneously tested cells without knockdown using
the same procedure. In order to investigate the cisplatin effect on both
stages of apoptosis, we analyzed the early apoptotic (EA) and late apo-
ptotic (LA) cell population (Fig. 4).

As expected, cisplatin exposure generally induced early and late ap-
optosis in A2780 cells (ratio EA: 3.5± 0.3; LA: 3.9± 0.6) and to a lower
extent in A2780cis (EA: 2.1 ± 0.5; LA: 2.4 ± 0.3). Within the same cell

typeno significant differences in early and late apoptosis inducedby cis-
platin were found between the different knockdown experiments.
However, some trends were observed.

In sensitive A2780 cells, apoptosis induction of cisplatin was not af-
fected by PDIA1 knockdown exhibiting comparable EA and LA ratios
than negative knockdown cells. After PDIA3 knockdown the effect of
cisplatin treatment was lower (EA: 1.4 ± 0.1; LA: 1.3 ± 0.1) due to a
stronger effect of PDIA3 knockdown alone without cisplatin compared
to negative knockdown (not shown). Still, the cisplatin effect was de-
tectable as the ratio was above 1.

In resistant A2780cis cells, PDIA1 knockdown led to higher ratios of
EA and LA cells (EA: 3.5 ± 1.2; LA: 2.2 ± 0.6) compared to negative
knockdown cells (EA: 1.4 ± 0.4; LA: 1.4 ± 0.4) which is in accordance
with a cisplatin-sensitizing effect of PDIA1 knockdown in these cells.
In contrast, PDIA3 knockdown showed comparable ratios for EA and
LA cells than after negative knockdown indicating no cisplatin-
sensitizing effect of PDIA3 knockdown.

3.3. Effect of pharmacological inhibition of PDI by PACMA31 on cisplatin
cytotoxicity

To better understand the role of PDIA1 and PDIA3we studied the ef-
fect of the recently described irreversible PDI inhibitor PACMA31
(Fig. 1) on cisplatin cytotoxicity [19]. PACMA31 has been reported to
be selective for PDIA1 over other protein families, but its selectivity
over other PDI isoforms is not yet known [12]. First, we analyzed the

Fig. 2. RepresentativeWestern blot and corresponding densitometric quantification of the expression (bar graph) of (A) PDIA1 and (B) PDIA3 in A2780 and A2780cis cells either without
knockdown (untreated), or treated with the respective siRNA (PDIA1, PDIA3 or negative control). GAPDH was used as housekeeping protein (mean ± SEM, n = 3).

Fig. 3. Cisplatin cytotoxicity in A2780 and A2780cis cells assessed without knockdown,
after negative, PDIA1 and PDIA3 knockdown (mean ± SEM, n = 3–6, *p b 0.05).
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effect of PACMA31 on A2780 and A2780cis cells alone and then in com-
bination with cisplatin. We determined the EC50 and EC10 of PACMA31
(Table 1). The results show that PACMA31 is highly cytotoxic in
A2780 andA2780cis cells withmarkedly lower EC50 values than cisplat-
in. The resistance factor for PACMA31 was 1.2.

In a second experiment, we investigated the combination of
PACMA31at a concentration of 0.2 μM(which is lower than its EC10 con-
centration) together with cisplatin. Whereas sensitivity of A2780 cells
did not change, A2780cis cells were significantly sensitized to cisplatin
treatment (p = 0.015) (Fig. 5). The resistance factor of A2780cis cells
decreased from 4.3 ± 0.06 to 2.5 ± 0.27 (mean ± SEM, n = 3–6, p =
0.0032) upon addition of PACMA31 at a concentration of 0.2 μM.

3.4. Determination of the combination index of cisplatin and PACMA31

In order to further assess the potential of PACMA31 to overcome cis-
platin resistance, we determined the combination index according to
Chou [20]. For the combination of PACMA31 with cisplatin in sensitive
A2780 cellswe found a synergistic effect at effective concentration com-
binations higher than EC90with the strongest synergismat EC95. This ef-
fect was even more pronounced in resistant A2780cis cells where we
determined CI values lower than 1 already at EC75 (Fig. 6). Again, the
strongest effects were found at EC95.

4. Discussion

Acquired drug resistance is one of themajor obstacles in cancer che-
motherapy. In our cell model consisting of a sensitive parental cell line
(A2780) and a cisplatin-resistant subline (A2780cis), the resistance
was previously attributed to a reduced drug uptake, and elevated gluta-
thione levels [22]. Our approach focuses on the interference with intra-
cellular proteins interacting with cisplatin, namely the protein disulfide
isomerases PDIA1 and PDIA3.

Protein disulfide isomerases exhibit intracellular functions, which
mainly support cellular homeostasis. Depending on the substrate, they
form (oxidize), break (reduce) or rearrange (isomerize) disulfide

bonds in proteins [12]. The role of PDIA1 seems to be cell-type specific.
It has been shown that PDIA1 knockdown has no significant effect on
HeLa cells whereas it inhibits viability ofMCF-7 cells [23]. It has been re-
cently shown that an upregulation of PDIA1 in glioblastoma is associat-
ed with resistance against temozolomide. Again, the effect of a PDIA1
knockdown on cytotoxicity was cell-line dependent [24].

The results on cisplatin cytotoxicity obtained with the MTT assay
suggest a sensitizing effect of PDIA1 knockdown in the resistant
A2780cis cells. In sensitive cells we only observed a tendency for a sen-
sitization to cisplatin treatment by PDIA1. In contrast, PDIA3 knock-
down had no influence on cisplatin cytotoxicity, even though we
achieved a higher knockdown efficiency for PDIA3. Therefore, PDIA1
(and not PDIA3) may be an interesting target to investigate as one pos-
sible mechanism of acquired cisplatin resistance.

The results on cisplatin-induced apoptosis, however, are less clear.
We observed a non-significant tendency to increased apoptosis induc-
tion upon cisplatin treatment in A2780cis cells after PDIA1 knockdown
compared to negative knockdown. Although this observation is in ac-
cordancewith a cisplatin-sensitizing effect itmay also fall within biolog-
ical variability. Knockdown of PDIA3 alone strongly increased apoptosis
in A2780 cells, thus reducing the cisplatin effect. It is important to con-
sider that the apoptosis experiments were limited to a cisplatin

Fig. 4.Apoptosis induction inA2780 and A2780cis cells assessedwithout knockdown, after negative, PDIA1 or PDIA3 knockdown. Fold change of the percentage of (A) early apoptotic (EA)
and (B) late apoptotic (LA) cells after a 24 h incubation with 10 μM cisplatin related to a corresponding control experiment without cisplatin treatment (mean ± SEM, n = 3–6).

Table 1
Cytotoxicity of PACMA31 in A2780 and A2780cis cells (mean ± SEM, n = 9).

A2780 A2780cis

pEC50 6.47 ± 0.05 6.40 ± 0.06
EC50 [μM] 0.37 0.46
pEC10 6.62 ± 0.07 6.50 ± 0.05
EC10 [μM] 0.29 0.35 Fig. 5. Cisplatin cytotoxicity in A2780 and A2780cis cells without and with coincubation

with 0.2 μM PACMA31 (mean ± SEM, n = 3–6, n.s. not significant).
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exposure of 24 h. Therefore, it may be interesting to investigate the
time-dependence of the effect of PDIA1 knockdown on cisplatin-
induced apoptosis.

Transient geneticmodifications by siRNA treatment have been high-
ly investigated in preclinical settings. The next step would be in vivo
treatment with siRNA which is already under investigation [25]. How-
ever, at the moment, the most common therapeutic option is still a
pharmacological inhibition. Thus, we investigated the potential of the
recently developed PDIA1 inhibitor PACMA31 to reverse acquired cis-
platin resistance. PACMA31 covalently binds to Cys397/Cys400 at the
CGHC motif of PDIA1's active site, abolishing its intracellular function
[19]. At the same time, this binding may block a predominant binding
site of cisplatin [26]. For a different small molecule PDI inhibitor
(16F16) it was shown, that it binds the two isoforms of PDI (also
known as PDIA1) and PDIA3 investigated here [27]. We suspect that
this may also hold true for PACMA31. Further studies to identify the
PACMA31 binding site in PDIA3 and cisplatin binding sites in PDIA1
and PDIA3 are required.

PACMA31 shows comparable cytotoxicity in A2780/A2780cis cells
as in theOVCAR-3 cell line forwhich an EC50 of 0.32 μMwas determined
[19]. Interestingly, A2780cis cells did not show any resistance to
PACMA31 with a resistance factor of only 1.2. Our results further sug-
gest that PACMA31 increases cisplatin cytotoxicity in A2780cis cells.
The sensitizing effect by PACMA31 was even stronger than after PDIA1
knockdown. One may speculate that a knockdown to just 50% of the
baseline levelmay be too low to reduce the protein function sufficiently.
However, the results also suggest that beside irreversible PDIA1 inhibi-
tion there may be additional or alternative underlyingmechanisms, e.g.
an elevation of the ER stress level. The assumption of an alternative
mechanism is also supported by the fact that PACMA31 is per se highly
cytotoxic on these cells.

Nevertheless, this is the first study that manifests a synergistic inter-
action of PACMA31 and cisplatin in their ability to inhibit the growth of
cancer cells. As postulated by Chou, it is of paramount importance for
drug combinations in cancer therapy to exhibit synergy especially at
high EC concentrations (higher than EC90) [28], in the best case eradi-
cating all cancer cells. Our results show a synergistic effect of
PACMA31 and cisplatin for concentrations above the respective EC75

in resistant cells. Given this synergism, the administered dose of both
substances may be decreased, with equal effectivity. Since the toxic
side effects of cisplatin are dose-dependent dose reduction may dimin-
ish the systemic toxicity (for example neuro-, nephro- and ototoxicity).
Additionally, these results suggest that a combined treatment of cisplat-
in and PACMA31may improve the therapy outcome in resistant ovarian
cancer. This, however, should be confirmed in future investigations.

5. Conclusions

In conclusion, siRNA knockdown of PDIA1 increases cisplatin
cytotoxicity in cisplatin-resistant A2780cis cells. The effect of PDIA1
knockdown on apoptosis induction by cisplatin remains unclear and de-
serves further investigation. Most interestingly, A2780cis cells are
resensitized to cisplatin treatment by combination with the PDIA1 in-
hibitor PACMA31.

Our results justify further investigation of the potential of this com-
bination to control cisplatin resistance which still poses a major threat
to the success of platinum-based therapy in ovarian cancer.

Abbreviations

BCA Bicinchoninic acid
CFDA-Pt [{1-([5-(and-6)-Carboxyfluorescein-

diacetate]aminomethyl)-1,2-ethylenediamine}-
dichlorideplatinum(II)]

DMSO Dimethylsulfoxide
EA Early apoptotic cells
ESI-MS Electrospray ionization mass spectrometry
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
LA Late apoptotic cells
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium

bromide
PACMA Propynoic acid carbamoyl methyl amide
PDIA1 Protein disulfide isomerase family A member 1
PDIA3 Protein disulfide isomerase family A member 3
PVDF Polyvinylidine fluoride
RIPA buffer Radio immunoprecipitation assay buffer
SDS–PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
TBS Tris-buffered saline
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Research Article

Optimized two-dimensional gel
electrophoresis in an alkaline pH range
improves the identification of intracellular
CFDA-cisplatin-protein adducts in ovarian
cancer cells
Intracellular binding of cisplatin to proteins has been associated with acquired resis-
tance to chemotherapy. In our previous study we established an analytical method for
the identification of intracellular cisplatin-binding proteins. The method used a fluo-
rescent carboxyfluorescein-diacetate-labeled cisplatin analogue (CFDA-cisplatin), two-
dimensional gel electrophoresis (2DE) and mass spectrometry, which allows detecting
and identifying intracellular CFDA-cisplatin-containing protein adducts in the acidic
pH range (pH 4–7). Based on this analytical method we extended the identification of
intracellular cisplatin-protein adducts to the alkaline pH range (pH 6–10) giving chance to
discover new important binding partners. 2DE analysis of alkaline proteins is challenging
due to the difficult separation of basic proteins during the isoelectric focusing (IEF). The
establishment of an optimized IEF protocol for basic proteins enabled us to identify sev-
eral intracellular CFDA-cisplatin-binding proteins including enzymes of the glucose and
serine metabolism like alpha enolase and D-3-phosphoglycerate 1-dehydrogenase.

Keywords:

Alkaline pH-range / CFDA-cisplatin / Cisplatin / Two-dimensional gel
electrophoresis DOI 10.1002/elps.201700377

� Additional supporting information may be found in the online version of this
article at the publisher’s web-site

1 Introduction

Ovarian cancer is the second most common cause of death
from gynecological cancer worldwide [1]. Current therapies
include a cytoreductive surgery followed by platinum- and
taxane-based chemotherapy. Despite the high initial response
of ovarian cancer cells to the primary therapy, an important
fraction of cisplatin-sensitive tumors develops chemoresis-
tance leading to therapeutic failure [2].

Correspondence: Dr. Sabine Metzger, Cologne Biocenter,
Zülpicherstraße 47b, University of Cologne, 50674 Cologne,
Germany
Fax: +49-221-470-8289
E-mail: s.metzger@uni-koeln.de

Abbreviations: CFDA-cisplatin, carboxyfluorescein-diace-
tate-labeled cisplatin analogue; EF1A1, elongation factor 1-
alpha 1; ENOA, alpha-enolase; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; HED, hydroxyethyldisulphide;
hn-RNP, heterogeneous nuclear ribonucleoprotein; PHGDH,
D-3-phosphoglycerate-dehydrogenase; PKM, pyruvate ki-
nase

Cisplatin is a widely employed chemotherapeutic drug
for treatment of solid neoplasms, including head and neck,
lung, colorectal, bladder, testicular and ovarian cancers [3–5].
Resistance to cisplatin is a multifactorial problem including
reduction of intracellular concentrations of cisplatin through
decreased drug influx and/or increased drug efflux, increased
repair of DNA damage, adapted apoptotic signaling path-
ways, and inactivation of the active species [6, 7]. Inside
the cell the low concentration of chloride ions in the cyto-
plasm enables the aquation of cisplatin, so that the reactive
species can interact with DNA, RNA, proteins, membrane
phospholipids, cytoskeletal filaments and sulfur-containing
molecules. The platination of DNA represents a critical part
of the cytotoxic action of cisplatin [8], however only �1% of
the intracellular drug binds to its pharmacological target [9].
Therefore, it is possible that DNA damage is not the only
mechanism of cisplatin cytotoxicity. Binding of cisplatin to
the sulfur-containing amino acids cysteine and methionine,
which have a much higher affinity to platinum than the nitro-
gen donors of the nuclear DNA [10], may affect the function
of various proteins involved in cellular energy metabolism,
the regulation of transmembrane transport and the assembly
of the cytoskeleton [11]. Currently, it is conceivable that the
platination of DNA may be not the only process leading to
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cisplatin-induced apoptosis. Changes in energy metabolism
and oxidative damage on sulfur-containing molecules and
cell membrane proteins may contribute significantly to the
cisplatin cytotoxicity and associated side effects [12].

Therefore, the identification of intracellular cisplatin-
protein adducts, which may be involved in the mecha-
nisms of action of cisplatin and in resistance mechanisms,
is of great interest. A method to detect and to identify
intracellular cisplatin-protein adducts using a fluorescent
carboxyfluorescein-diacetate-labeled cisplatin analog (CFDA-
cisplatin), two-dimensional gel electrophoresis (2DE) and
mass spectrometry has recently been developed [12]. CFDA-
cisplatin represents a suitable model substance for cisplatin,
because it reflects the biological behavior of the parent drug
[13] and neither 2DE, nor the processes of staining and
destaining of proteins in a 2DE gel resulted in the loss of
platinum from CFDA-cisplatin-binding proteins [12, 14, 15].
Broad (pH 3–10) and acidic (pH 4–7) pH ranges for 2DE have
been widely investigated in ovarian cancer cells, but 2DE anal-
ysis specifically designed for the alkaline pH range (pH 6–10)
has not been reported so far. An optimal 2DE in the alkaline
pH range remains a challenge, because basic proteins are dif-
ficult to separate in the IEF due to aggregation, oxidation and
precipitation. Several other studies have also tackled these
challenges [16–23]. By the use of anodic cup-loading and nar-
row pH gradient strips (pH 6–10) for the first dimension, the
resolution of the separation and therefore the possibility of re-
vealing and identifying new cisplatin-binding proteins can be
enhanced. Nevertheless, when pH gradient strips (pH 6–10)
are used, extensive horizontal streaking and poor resolution
within 2DE gels is a considerable problem. Some strategies
have been applied for the reduction of streaking: the use of
an alternative reducing agent hydroxyethyldisulphide (HED),
the addition of a dithiothreitol (DTT) wick to supplement
DTT at the cathode and the optimization of the equilibration
conditions between the IPG strip and second dimension SDS-
PAGE. HED removes much of the streaking by converting of
negatively charged protein thiol groups into neutral ones and
prevents the reformation of disulfide bridges [22]. DTT is a
weak acid (pKa close to 9) and diminished the reformation of
disulfide bridges due to the oxidation of sulfhydryl groups.

It was the aim of this study to adapt methodical strate-
gies for the 2DE analysis of the alkaline pH range (pH 6–10)
enabling the precise detection and identification of new in-
tracellular CFDA-cisplatin-containing proteins. With this, we
will extend the current list of cisplatin-protein adducts in
ovarian cancer cells.

2 Materials and methods

2.1 Chemicals and materials

2,2′-Dithiodiethanol (2-hydroxyethyl disulfide, HED), ammo-
nium persulfate, ethanol, formic acid, glycerine, glycine,
HEPES, magnesium chloride, methanol, ortho-phosphoric
acid 85%, SDS, Tergitol R© solution Type NP-40, thiourea

and urea were received from Sigma Aldrich (Steinheim,
Germany). Tris Pufferan R© was from Roth (Karlsruhe,
Germany). Acetonitrile (ACN) and ammonium bicarbon-
ate were purchased from Fluka (Steinheim, Germany).
Aluminiumsulfate-18-hydrate, chloroform, iodoacetamide,
and TEMED were obtained from Merck (Darmstadt,
Germany). CHAPS was from G-Biosciences R© (St. Louis,
USA), amidosulfobetaine (ASB-14) from Calbiochem R© (San
Diego, USA). Bromphenole blue and CBB G250 were pur-
chased from Serva (Heidelberg, Germany). Drystrip Cover
Fluid and IPGphorTM sample cups were from GE Health-
care (Freiburg, Germany), ServalytTM 3–10 from SERVA
(Freiburg, Germany). HPLC-grade ACN and DTT were from
VWR international (Darmstadt, Germany). Pierce R© 660 nm
Protein Assay was purchased from Thermo Fisher Scientific
(Rockford, USA).

2.2 Synthesis and purification of CFDA-cisplatin

CFDA-cisplatin was synthesized according to Molenaar et al.
[24] with minor modification described by Zabel et al. [25].
The purification of CFDA-cisplatin was performed on a semi-
preparative HPLC (System Gold, Beckmann Coulter, Krefeld,
Germany) using a Nucleodur R© C18 HTec column (5 �m;
250 × 10 mM).

2.3 Cell culture, harvesting and precipitation of

proteins

The human ovarian carcinoma cell line A2780 and the
cisplatin-resistant subline A2780 cis (European Collection of
Cell Cultures, United Kingdom) were cultured, treated with
25 �M CFDA-cisplatin for 2 h (due to the short half-life of
non-bound cisplatin 50–70 min), harvested and collected as
previously described [12].

2.4 Two-dimensional gel electrophoresis (2DE)

The 2DE experiments were performed in two separation
steps. For the first dimension, the EttanTM IPGphor 3 IEF
System (GE Healthcare, Sweden) was utilized, and in the
second dimension (100 × 100 × 1.0 mm) SDS-PAGE the
PerfectBlueTM Dual Gel System Twin S (PEQLAB Biotech-
nologie GmbH, Erlangen, Germany).

2.4.1 Isoelectric focusing (IEF)

Narrow pH gradient strips (pH 6–10) were used for the
separation in the first dimension. 150 �g precipitated pro-
teins were solubilized overnight in 7 M urea, 2 M thiourea,
1% CHAPS, 1% amidosulfobetaine (ASB-14), 60 mM DTT
and 0.5% ServalytTM 3–10 and applied to already rehydrated
(7 M urea, 2 M thiourea, 1% CHAPS, 1% ASB-14, 75 mM

C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



PUBLIKATIONEN 

 

40 

  

1490 S. Kotz et al. Electrophoresis 2018, 39, 1488–1496

HED and 0.5% ServalytTM 3–10) Serva IPG BlueStrips 6–10
(70 × 3 × 0.5 mm, SERVA, Freiburg, Germany) by cup-
loading near the anode. IEF was performed with a maximum
current of 50 �A and a total of 18.4 kVh using the following
focusing protocol: 500 V for 2 h (step and hold), 2500 V in
1.5 h (gradient mode), 3000 V for 0.5 h (gradient mode) and
3000 V for 4.5 h (step and hold). Before reaching 3000 V of
the IEF, new paper wicks were soaked in solubilization buffer
containing 20 mM DTT and were placed again on the IPG
strip at the cathode. Finally, all focused immobilized pH gra-
dient (IPG) strips were stored at −20°C until equilibration
and application to SDS-PAGE.

2.4.2 SDS-PAGE and generation of a reference protein

spot grid

The IPG strips were subjected to reduction and alkylation us-
ing 1% DTT and 2.5% iodoacetamide in 2.5 and 10 mL equi-
libration solution, respectively (6 M urea, 50 mM Tris-HCl
(pH 8.8), 30% glycerol and 10% SDS) per strip. Afterwards,
an IPG strip was applied on the top of a self-made 12% SDS-
PAGE resolving gel. A 4% stacking gel containing Bromphe-
nol blue was polymerized above that and V-shaped well combs
were used to produce a protein spot grid according to Acker-
mann et al. [26] with minor modifications [12]. Proteins were
separated for 3 h, beginning at 50 V for 30 min followed by
150 V until the dye front reached the bottom of the gel.

2.5 Detection, staining and image analysis

The TyphoonTM 9400 laser scanner (GE Healthacare, Lit-
tle Chaltfont, UK) or the ChemiDocTM MP System (Bio-
Rad Laboratories, Watford, UK) was used to scan the SDS-
PAGEs. CFDA-cisplatin-protein adducts were detected at
excitation/emission 488/532 nm and the fluorescent protein
spot grid at 532/580 nm. Then, the colloidal Coomassie G-250
staining protocol according to Kang et al. [27] with minor mod-
ifications [28] was applied to visualize the proteins. For the
image analysis, the Delta2D software (version 4.3, Decodon,
Greifswald, Germany) was used as earlier described [12].

2.6 Sample preparation for mass spectrometry (MS)

The protein spots of interest were manually excised from
Coomassie-stained 2DE gels. Afterwards, the completely
destained gel pieces were incubated with 0.033 �g/�L se-
quencing grade modified trypsin (Promega, Madison, USA)
in 25 mM ammonium bicarbonate (pH 8.0) for 12–16 h
at 37°C. Extracted peptides were dried in a vacuum cen-
trifuge (Eppendorf, Hamburg, Germany) and stored at −20°C
until analysis by MS. Prior to electrospray ionization tan-
dem mass spectrometry (ESI-MS/MS) analyses the peptides
were desalted as previously described [12]. For the nano
high-performance liquid chromatography (nano-HPLC)-ESI-
MS/MS analysis, the tryptic peptides were resolved in

17 �L 5% trifluoroacetic acid (TFA) (AppliChem, Darmstadt,
Germany) in water.

2.7 Protein identification by MS

The MS analysis of protein spots were performed with an ESI
Qq-TOF instrument (QSTAR XL, Applied Biosystems, Darm-
stadt Germany) that was equipped with an offline-nanospray
source (Proxeon, Odense, Denmark). The full MS scans from
350 to 1500 m/z were recorded using the Analyst QS version
1.1 (Applied Biosystems), and at least five peptides per sample
were further fragmented. The protein identification was per-
formed using the MASCOT MS/MS ions search 1.6b27 (Ma-
trix Science, UK) using the following parameters: database,
Swiss-Prot; protease, trypsin; missed cleavages, 1; variable
modifications, carbamidomethyl (C) and oxidation (M); pep-
tide tolerance, ±1.2 Da; and MS/MS tolerance, ±0.6 Da. Pro-
tein identification was considered positive when at least three
peptides were assigned to the protein the protein sequence
coverage achieved � 15% and the experimental molecu-
lar weight and isoelectric point is in agreement with the
theoretical.

Protein spots with low protein content were analyzed
on a hybrid ion trap-Orbitrap mass spectrometer (Orbitrap
Elite, Thermo Scientific, Bremen, Germany), which was cou-
pled with a nano-HPLC system (UltiMateTM 3000 HPLC
system, Dionex/Thermo Scientific, Dreieich, Germany) as
previously decribed [12]. The 15 most intense 2+ charged
peptide ions were isolated and transferred to the linear
ion trap. Protein identification was performed by using the
Proteome DiscovererTM 1.4 in combination with MASCOT
MS/MSions search 2.4.1 (Matrix Science) using the following
settings: database, Swiss-Prot; protease, trypsin; missed cleav-
ages, 2; static modification, carbamidomethyl (C); dynamic
modification, oxidation (M); false detection rate, 1%; precur-
sor mass tolerance, 10 ppm; and fragment mass tolerance,
± 0.4 Da. Furthermore, several protein spots with low pro-
tein content were analyzed on a Q ExactiveTM Plus Hybrid
Quadrupole-OrbitrapTM mass spectrometer (Thermo Scien-
tific, Germany), which was used with the same setup (nano-
HPLC, colums, solutions and protein identification).

3 Results

3.1 2DE in the alkaline pH range

2DE combines isoelectric focusing (IEF), in which the pro-
teins are separated according to their pI, and SDS-PAGE,
where separation is based on the molecular weight (Mr). The
usage of broad pH gradients (pH 3–10) allows the visualiza-
tion of most proteins in a single gel but reduces the resolution
power over a particular pI range. Therefore, narrow pH gra-
dients (pH 4–7, 6–10) enhance resolution and the possibility
to identify more proteins. In the present study, we optimized
the 2DE in the alkaline pH range (pH 6–10) for the human
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ovarian carcinoma cell line A2780 and the cisplatin-resistant
subline A2780cis.

A broad pH range 3–10 commonly shows unsatisfactory
results with respect to the alkaline proteins, whereas the use
of alkaline pH range (pH 6–10) reveals two main problems:
extensive horizontal streaking and poor resolution. Here we
could show that the optimization of the (i) sample extraction,
(ii) solubilization power, (iii) the focusing protocol and (iv)
the equilibration conditions within the 2DE led to enhanced
resolution and visualization of the proteins in the alkaline pH
range (Fig. 1). Furthermore, the optimization conditions vary
depending on the biological samples.

For the 2DE analysis, the optimization of the solubiliza-
tion power is an important step as well as keeping proteins
in solution during IEF. The detergents CHAPS und ASB-
14 are recommended for the solubilization of basic proteins.
Therefore, cytosolic protein extracts from ovarian cells were

resolved in an improved solubilization buffer containing
these both detergents (Supporting Information Fig. S1). In-
stead of the in-gel rehydration after IPG strip rehydration the
anodic cup-loading was used for sample loading, applying a
final voltage up to 18.4 kVh.

The use of cup-loading at the anodic side ensured barely
sample loss and improved the transfer of basic proteins to
the IPG strips. However, the insufficiency of migration from
the IPG strip into the SDS-PAGE resulted in an unsatisfac-
tory spot pattern with poor resolution (Fig. 1A). We therefore
substituted DTT as a reducing agent to HED in the rehydra-
tion buffer. HED neutralizes negatively charged protein thiol
groups and prevents the reformation of disulfide bridges.
For next 2DE experiment we used 75 mM HED in the re-
hydration buffer to remove much of the horizontal streaking
found in the alkaline pH range of 2DE gels. The 2DE gels re-
sulted in a more simplified spot pattern with slight improved

Figure 1. Optimization of 2DE with the human ovarian carcinoma A2780 cell lysate in the alkaline pH range. 150 �g cytosolic proteins
were resolved in solubilization buffer, applied to a rehydrated IPG strip 6–10 (7 cm) by cup-loading and finally the focused IPG strip was
used for a 12% SDS-PAGE (circa 8 × 8 cm2). (A) The 2DE experiments were performed as described with the following exceptions: 25 mM
HED in the rehydration buffer, without the DTT wick method, a final voltage up to 15.0 kVh and the IPG strips were subjected to reduction
and alkylation using 1% DTT and 2.5% iodoacetamide in 2.5 mL equilibration solution. (B) The following changes were made in the next
experiment 2DE: 75 mM HED in the rehydration buffer and a final voltage up to 17.0 kVh. (C) The next 2DE experiment was carried out with
these changes: introduction of the DTT wick method (20 mM DTT in rehydration buffer) and a total final voltage of 18.4 kVh. (D) Finally,
the additional modification of the equilibration conditions (10 mL equilibration buffer) between the IPG strip and second dimension of
2DE showed the greatest resolution and reproducibility of basic proteins of the human ovarian carcinoma cell line A2780.
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resolution (Fig. 1B). DTT was used in the solubilization buffer
to cleave disulfide bonds, but the reducing agent is deproto-
nated and negatively charged at alkaline pH. Thereby, DTT
migrates towards the anode, results in depletion of DTT at
the cathode and can lead to reformation of disulfide bridges
due to the oxidation of sulfhydryl groups. This can result in
lower solubility of the proteins within the sample, leading to
horizontal streaking and poor resolution of the basic proteins
in the second dimension of 2DE. To circumvent the problem
of DTT migration, we applied the DTT wick method [23]. For
the DTT wick method, a paper wick was soaked in solubiliza-
tion buffer containing 20 mM DTT and was laid again on the
IPG strips at the cathode. The effect of using the DTT wick
method for protein separation in the first dimension resulted
in the lowest level of horizontal streaking and good resolu-
tion (Fig. 1C). To get the best resolution of basic proteins, we
optimized each step of the 2DE. Optimizing the equilibration
step prevents lacking migration of basic proteins from the
IPG strip during SDS-PAGE. The volume of both equilibra-
tion buffers was increased from 2.5 to 10 mL and also the SDS
concentration from 2 to 10% in accordance to J. McDonough
and E. Marban [29]. The combined use of CHAPS and ASB-
14 in the solubilization buffer, the anodic cup-loading, HED
in the rehydration buffer, the DTT wick method, a final volt-
age up to 18.4 kVh and the modification of the equilibration
conditions led to the lowest level of horizontal and verti-
cal streaking, the greatest resolution and reproducibility of
the method in the human ovarian carcinoma cell line A2780
(Fig. 1D). This method allowed us to identify CFDA-cisplatin
protein adducts up to a theoretical pI value of 9.10 (Table 1).

3.2 Evaluation and identification of

CFDA-cisplatin-protein adducts

In our previous study, a 2DE and mass spectrometry
based analytical method to detect and identify intracellular
CFDA-cisplatin-containing proteins was established using
fluorescent CFDA-cisplatin. Here, the use of the fluorescent
CFDA-cisplatin was also helpful in the visualization of CFDA-
cisplatin-protein adducts in the alkaline pH range (pH 6–
10) (Fig. 2A), because the fluorescent CFDA-cisplatin binds
specifically and reproducibly to certain proteins [12]. The si-
multaneous use of a protein marker grid permitted the pre-
cise detection of intracellular CFDA-cisplatin-containing pro-
teins. Thus, the cytosolic proteins were separated according
to pI and Mr, while the fluorescence-labeled protein marker
solution was separated in the second dimension according to
molecular weight solely. The use of two different fluorescent
dyes ensured the differentiation between CFDA-cisplatin-
protein adducts and the protein spot grid (Fig. 2A and B).
For the image analysis, the fluorescence scans (Fig. 2A) from
CFDA-cisplatin-protein adducts and the protein marker grid
(Fig. 2B) were fused into one image, which was then merged
with the Coomassie staining image (Fig. 2C) to create a mas-
ter image (Fig. 2D).

In the pH range 6–10, it was possible to detect on average
a total of 417 protein spots. The most intense fluorescence
signals were detected in the range between 35 and 55 kDa, and
the subsequent image analysis by Delta 2D software revealed
that thirteen spots were detected as CFDA-cisplatin-protein
adducts (Fig. 2E).

Table 1. Identified CFDA-cisplatin-containing proteins (*) and proteins from 2DE gels

Sample and
spot number

Protein identification Accession
number

Mr (kDa)
experimental/
theoretical

pI experimental/
theoretical

Sequence
count

Sequence
coverage (%)

1* Elongation factor 1-alpha 1 (EF1A1) P68104 45.00/50.14 9.20/9.10 8 16.90+

2* EF1A1 P68104 45.00/50.14 9.15/9.10 8 18.60+

3* EF1A1 P68104 45.00/50.14 9.10/9.10 6 15.60+

4* Serpin H1 P50454 44.00/46.44 9.00/8.69 6 17.50+

5 Pyruvate kinase (PKM) P14618 55.00/57.90 7.70/7.84 9 28.80+

6* PKM P14618 55.00/57.90 7.60/7.84 26 73.63#

7 Alpha-enolase (ENOA) P06733 44.00/47.17 7.00/7.01 12 39.90+

8* ENOA P06733 44.00/47.17 6.90/7.01 11 35.30+

9 ENOA P06733 44.00/47.17 6.80/7.01 9 31.30+

10* D-3-phosphoglycerate- dehydrogenase (PHGDH) O43175 51.00/56.65 6.80/6.71 16 44.80#

11* PHGDH O43175 51.00/56.65 6.70/6.71 11 14.30+

12* PHGDH O43175 51.00/56.65 6.60/6.71 21 59.70#

13* Heterogenous nuclear ribonucleoprotein A/B Q99729 41.00/36.20 6.70/8.21 11 39.20#

14* Heterogenous nuclear ribonucleoprotein H3 P31942 37.00/36.90 6.70/6.87 16 90.50#

15* Heterogenous nuclear ribonucleoprotein H3 P31942 37.00/36.90 6.70/6.87 14 62.70#

16* Glyceraldehyd-3-phosphate dehyrogenase (GAPDH) P04406 37.00/36.05 8.40/8.57 3 30.10+

17 GAPDH P04406 37.00/36.05 8.50/8.57 5 25.40+

18 GAPDH P04406 37.00/36.05 8.75/8.57 5 28.10+

Proteins were identified by ESI-MS/MS (+) or nano-HPLC-ESI-MS/MS (#) after 2DE. Each protein spot was identified from three
biological samples of three separate gels. Numbers refer to the spots in Fig. 2E and were picked from 2DE Coomassie stained gels.
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Figure 2. Precise visualiza-
tion of CFDA-cisplatin-protein
adducts through 2DE after
using a protein spot grid.
A2780 cis cells were treated
with 25 �M CFDA-cisplatin
for 2 h and separated by 2DE
according to the optimized
steps described in Figure 1
(A). A generation of a protein
spot grid (B) allowed the sep-
aration parallel with 150 �g
cytosolic proteins through
2DE. After the 2DE, a fluo-
rescence scan was recorded
(CFDA-cisplatin: ex/em:
488 nm/532 nm (A); SERVA
Lightning Red for 1D SDS-
PAGE: ex/em: 532 nm/580 nm
(B)) and the proteins were
visualized with Coomassie
staining (C). For the image
analysis, the fluorescence
scans from CFDA-cisplatin-
protein adducts (A) as well
as from protein marker
grid (B) and the Coomassie
staining image (C) were
fused to a master image
(D). CFDA-cisplatin-protein
adducts were detected as
black spots (E). The refer-
ence protein spot grid (+)
improves the assignment of
the CFDA-cisplatin-protein
adducts in the image anal-
ysis (A - D); (E): 1*, 2* and
3* = EF1A1; 4* = serpin
H1, 5 and 6* = PKM; 7,
8* and 9 = ENOA, 10*,
11* and 12* = PHGDH;
13* = heterogeneous nuclear
ribonucleoprotein A/B; 14*,
15* = heterogeneous nuclear
ribonucleoprotein H3; 16*, 17
and 18 = GAPDH.

One strength of 2DE is the possibility to detect pro-
tein modifications. Several posttranslational modifications
including binding of cisplatin may lead to an altered mi-
gration behavior of proteins, because small charge changes
induce horizontal pI shifting of a protein spot in 2DE gels.
For the identification, possible pI or molecular weight shifts
of CFDA-cisplatin-protein adducts nearby protein spots of
interest were additionally excised from the 2DE Coomassie-
stained gels and analyzed by mass spectrometry (see Table 1).

Each protein spot was identified from three biological sam-
ples of three separate gels.

In the pH range 6–10 a total of eight CFDA-cisplatin-
containing proteins were identified in both cell lines (Table 1)
and they exhibited an altered migration behavior compared
to the unmodified proteins. The identified CFDA-cisplatin-
containing proteins pyruvate kinase (PKM), alpha-enolase
(ENOA), heterogeneous nuclear ribonucleoprotein A/B (hn-
RNP A/B) and glyceraldehyde-3-phosphate dehydrogenase
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(GAPDH) (Fig. 2E, spot 6*, 8* and 14*, 16*) shifted slightly in
their pI value compared to unmodified proteins (Fig. 2E, spot
5, 7, 8, 17 and 18). Moreover, the CFDA-cisplatin-containing
proteins PKM and GAPDH showed a lower pI compared to
the unmodified protein spot and the pI of the CFDA-cisplatin-
containing protein spot ENOA (Fig. 2E, spot 8*) was between
two other identified ENOA protein spots (Fig. 2E; spot 7, 9).
Other CFDA-cisplatin-containing proteins were identified
as: elongation factor 1-alpha 1 (EF1A1), serpin H1, hnRNP
H3 and D-3-phosphoglycerate 1-dehydrogenase (PHGDH)
(Fig. 2E, spot 1* - 4*, 10* - 13*). Interestingly, the CFDA-
cisplatin modified EF1A1 and PHGDH were each identified
in three protein spots, which differ only in pI.

4 Discussion

4.1 Optimization of 2DE conditions in the alkaline

range

CFDA-cisplatin, 2DE and mass spectrometry are components
of an analytical method to detect and identify intracellular
cisplatin-protein adducts. In order to complement our pre-
vious data [12] the 2DE was optimized for the analysis of
proteins in the alkaline pH range (6–10). 2DE is a superior
tool for the separation of complex protein mixtures and was
developed over years to get more reproducibility by improve-
ments like IPG strips [30] and the alternative reducing agent
HED [22]. Despite these improvements, optimization and
standardization of IEF conditions is still a challenge for alka-
line proteins due to aggregation, oxidation and precipitation.
Former studies have shown that in urea/thiourea based solu-
bilization buffer the combination with the detergents CHAPS
and ASB-14 is recommended for alkaline proteins [16, 21].
Further, an incorrect sample application leads to protein in-
stability during the IEF. The use of cup-loading for the alka-
line pH range (pH 6–10) improved the transfer of alkaline
proteins to the IPG strips. But there are two conceivable
causes for the absence of proteins within 2DE gels: (i) the
proteins are not focused, as a result of poor denaturation or
solubilization, or (ii) the lack of migration from the IPG strip
to the SDS-PAGE, due to aggregation, precipitation or asso-
ciations with the polyacrylamide gel matrix. The migration
of the reducing agent DTT towards the anode during IEF re-
sults in the loss of DTT at the cathode, promotes reformation
of disulfide bonds and leads to blurred and streaky spot pat-
tern in 2DE gels. The effects of using the alternative reducing
agent HED in the IPG strip and a DTT wick as supplement
at the cathode [23] on protein separation in the first dimen-
sion showed the most improvement in the separation of basic
proteins. Very basic and hydrophobic proteins remain a chal-
lenge within 2DE, while basic proteins are only visible as
dense streaks and hydrophobic proteins are almost absent.
For very basic proteins the current strategy is to apply high
voltages (8000–10000 V) in order to keep the focusing time
down [17,31,32], because particularly in the alkaline pH range
labile proteins can degrade at their pI. However, 3000 V and

a final voltage up to 18.4 kVh resulted in the best resolution
of very alkaline proteins in 2DE gels. Furthermore, it was
shown that hydrophobic proteins often remain in the IPG
strips during the SDS-PAGE [29]. The most plausible reason
for the lack of migration from the IPG strip to the SDS-PAGE
is that the proteins in the IPG strip were not sufficiently
soluble. Therefore, incubation volumes of the equilibration
buffer were increased to 10 mL and the SDS concentration
to 10%, which clearly improved migration and separation of
basic proteins. In summary, the optimization of each step of
the 2DE method is important.

4.2 Binding of CFDA-cisplatin

The presented analytical method implies protein denatu-
ration prior to 2DE and can nevertheless be used for the
detection of intracellular CFDA-cisplatin-binding proteins
[12, 14, 15]. 2DE can detect pseudo-covalent CFDA-cisplatin-
protein adducts, but non-covalent platinum-protein interac-
tions are lost. The use of fluorescent CFDA-cisplatin allows
the visualization of intracellular CFDA-cisplatin-binding pro-
teins by 2DE and the fluorescence signals in the protein spot
are indeed related to CFDA-cisplatin, as has been shown
previously [12].

Cisplatin reacts preferentially with the sulfur-containing
amino acids cysteine and methionine, which are present
on the surface of proteins. Therefore, the cysteine- and
methionine-rich proteins PHGDH, PKM, ENOA and EF1A1
are able to form complex bonds with CFDA-cisplatin in the
cytosol. The proteins annexin, GAPDH, serpin H1, hnRNP
A/B and hnRNP H3 contain few cysteines, but more me-
thionines and are also capable to form complex bonds with
CFDA-cisplatin. Moreover, aspartic acid, glutamic acid, histi-
dine, serine, threonine and tyrosine were also determined as
potential binding sites for cisplatin [15, 33]. It is proven that
the binding of CFDA-cisplatin to an amino acid causes a small
change in the net charge of the protein, which leads to altered
migration behavior of the CFDA-cisplatin-binding protein in
the 2DE gels [12]. In addition, the binding of CFDA-cisplatin
can impair the function of the CFDA-cisplatin-binding pro-
tein. Thus, cisplatin binding to a protein may limit the reactive
cisplatin as well as the reactivity of the protein species in tu-
mor cells and might have as well a negative influence on the
cell viability through the impairment of protein functions.

4.3 CFDA-cisplatin-binding proteins

An important aspect of cancer is the altered metabolism
in tumorigenesis. Rapidly proliferating cancer cells, even
in the presence of normal oxygen tension, prefer fermen-
tative glycolysis-based glucose metabolism instead of mito-
chondrial aspiration (Warburg effect) [11, 34]. The glycolytic
shift in cancer cells shows an overexpression of genes of glu-
cose metabolism compensates a mitochondrial dysfunction
and may lead to resistance to apoptosis [11, 35]. Several of
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the identified CFDA-cisplatin-binding proteins are known to
be involved in glucose metabolism, such as GAPDH, ENOA
and PKM. ENOA is present on the surface of cells and plays a
key role in various processes such as glycolysis, growth con-
trol and hypoxia tolerance [36,37]. It catalyzes the conversion
of 2-phosphoglycerate to phosphoenolpyruvate, the second
of the two high energy intermediates that produce ATP in
the glycolytic pathway [38]. In ovarian cancer cells, ENOA
is upregulated at the mRNA and protein level [35]. The in-
creased abundance of ENOA can influence the chemother-
apy, as shown in estrogen receptor-positive breast tumors,
where ENOA induces tamoxifen resistance [39]. Clinical stud-
ies suggest ENOA as an attractive therapeutic target for cancer
immunotherapy [40].

A further identified CFDA-cisplatin-binding protein is
the PHGDH, which acts as key enzyme of the de novo ser-
ine biosynthesis. PHGDH, phosphoserine aminotransferase
and phosphoserine phosphatase convert the glycolytic in-
termediate 3-phosphoglycerate into L-serine in a three-step
reaction [41]. L-serine is an essential amino acid in the
protein synthesis and the synthesis of sphingolipids and
phospholipids, that are important components of cellular
membranes [42, 43]. In addition, L-serine can be converted
into glycine by serine hydroxymethyltransferase, which re-
sults in the de novo synthesis of nucleotide acid bases [39]. In
breast cancer and melanoma cell lines a PHGDH knockdown
led to a degradation of serine synthesis and impairment of
cell proliferation [44–46]. Further, a PHGDH knockdown in
HeLa cells showed a significant inhibition of cell proliferation
and increased sensitivity to cisplatin [47]. PHGDH may be a
new target promising for anticancer therapy, as the higher
level of PHGDH in cancer cells compared to healthy cells
could open up a therapeutic window [34, 48].

Another identified protein was EF1A1, a 50 KDa GTP-
ase that catalyzes the binding of aminoacyl tRNAs to the ri-
bosome during protein translation [49, 50]. Previous studies
have demonstrated that EF1A1 have essential regulatory roles
in cell growth, apoptosis and tumorigenesis [50–55]. EF1A1
was identified as an interacting protein of the transcription
factors p53 and p73, which play important role in tumorige-
nesis including apoptosis [56]. Overexpression of EF1A1 in-
hibits p53-, p73- and chemotherapy-induced apoptosis, which
leads to chemoresistance [56]. Within the p53-family signal-
ing, EF1A1 has anti-apoptotic properties and could be a po-
tential target for cancer chemotherapy [56].

The other identified binding partners are currently not
discussed with chemoresistance and the relevance for cis-
platin resistance will be addressed in further studies as has
been done for GRP78 and PDIA [57].

4.4 Concluding remarks

We complemented our previous data on intracellular bind-
ing partners of CFDA-cisplatin in ovarian cancer cells with
an established analytical method using CFDA-cisplatin, 2DE
and mass spectrometry. The 2DE was performed for proteins

in the alkaline pH range (pH 6–10) and it was important to
optimize each step, so that the CFDA-cisplatin-binding pro-
tein EF1A1 could be identified as most basic protein with a
theoretical pI of 9.10. The identification of eight previously
unknown intracellular binding partners of CFDA-cisplatin
provides new insights into the cellular processing of cisplatin
and might contribute to the understanding of mechanism of
action and among them the reaction mechanism. The iden-
tified proteins ENOA, PHGDH and EF1A1 may be potential
targets for anticancer therapy of ovarian carcinoma. This ap-
proach provides new insights into the cellular processing of
cisplatin, which may help to understand the resistance mech-
anism of this drug.
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3 DISKUSSION 
Die relative 5-Jahres-Überlebensrate beim Ovarialkarzinom liegt derzeit bei 41,2% 

[1]. Aufgrund der hohen Sterblichkeitsrate besteht die dringende Notwendigkeit, 

die pharmakologischen Therapien beim Ovarialkarzinom zu verbessern. Neue 

Einblicke in die zelluläre Prozessierung von Cisplatin sowie erworbene 

Resistenzmechanismen gegenüber Cisplatin können potentielle Angriffsziele für 

pharmakologische Therapien liefern. Daher wurde für die Identifizierung 

intrazellulärer    Cisplatin-Proteinaddukte die humane OC-zelllinie A2780 

(malignes endometrioides Karzinom) und deren cisplatinresistente Tochterzelllinie 

A2780cis verwendet.  

Die Anwendung der Massenspektrometrie hat einen Fortschritt in der qualitativen 

und quantitativen Analyse von Biomolekülen wie z.B. Proteinen und Peptiden 

bewirkt. Grundsätzlich ist das methodische Vorgehen in jedem analytischen 

Experiment ein entscheidender Schritt. Zudem sollte unter Berücksichtigung der 

Komplexität der biologischen Probe die richtige Methodik für die 

Probenvorbehandlung sowie für die MS-basierte Strategie ausgewählt werden. 

Bisher wurden Massenspektrometrie-basierte Analysen hinsichtlich der 

Identifizierung von Pt-Proteinbindungen lediglich mit Standardproteinen entwickelt 

[84-88]. Daher wurde für die vorliegende qualitative Analyse von Cisplatin-

Proteinaddukten aus einer komplexen biologischen Probe die fluoreszierende 

Modellsubstanz CFDA-Cisplatin verwendet [98, 103].  

Erstmalig konnten intrazelluläre cisplatinhaltige Proteine nach Behandlung einer 

cisplatinsensitiven A2780 und -resistenten A2780cis OC-zelllinie mit CFDA-

Cisplatin und anschließender Auftrennung der isolierten Proteine mittels 2D-

Gelelektrophorese mit MS identifiziert werden. Die Verwendung der 2D-

Gelelektrophorese innerhalb der analytischen Methode impliziert die Detektion 

kovalenter CFDA-Cisplatin-Proteinaddukte. Für deren Identifizierung erfolgte die 

2D-Gelelektrophorese getrennt für zwei verschiedene pH-Bereiche 4 - 7 und 6 - 

10. Zudem war die Optimierung einzelner Schritte der 2D-Gelelektrophorese 

notwendig, insbesondere für die Detektion und Identifizierung von Proteinen im 

alkalischen pH-Wert.  

Die Analyse zeigte trotz Optimierung und Reproduzierbarkeit der 2D-

Gelelektrophorese nicht alle potentiellen Pt-Proteinbindungen sowie keine 
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unterschiedliche cisplatinhaltige Proteine zwischen der cisplatinsensitiven A2780 

und -resistenten A2780cis OC-zelllinie. Insgesamt konnten 14 zytosolische CFDA-

cisplatinhaltige Proteine identifiziert werden.  

3.1 NACHWEIS VON INTRAZELLULÄREN CFDA-CISPLATIN-
PROTEINADDUKTEN  

 

Die 2D-Gelelektrophorese im pH-Bereich 4 - 7 und 6 - 10 konnte erfolgreich zur 

Analyse von CFDA-Cisplatin-Proteinaddukten in der cisplatinsensitiven A2780 und 

-resistenten A2780cis Tumorzelllinie eingesetzt werden. „Da die Verteilung der 

detektierten Fluoreszenzsignale auf Basis der Gesamtanzahl der Proteinspots 

nicht ausreichend war, insbesondere im Bereich des niedrigen 

Molekulargewichtes, stellte sich in der Bildanalyse eine präzise Detektion der 

CFDA-Cisplatin-Proteinaddukte als schwierig heraus. Um eine präzise Detektion 

der CFDA-Cisplatin-Proteinaddukte zu gewährleisten, wurde erfolgreich das 

Proteinmarkergitter nach Ackermann et al. eingeführt. Ackermann et al. erachtet 

die Gelgröße (ca. 25 x 19 cm) und die Laufzeit für die Bildung eines 

Proteinmarkergitters in der zweiten Dimension der 2D-Gelelektrophorese für 

wichtig [104]. Für die Analyse von CFDA-Cisplatin-Proteinaddukten wurden in der 

zweiten Dimension jedoch vertikale Minigele (ca. 8 x 8 cm) eingesetzt und die 

Ergebnisse zeigten, dass die Verwendung dieses populären Formats völlig 

ausreichend war, um ein Proteinmarkergitter zu bilden. Das eingeführte 

Proteinmarkergitter ermöglichte eine genaue Detektion von intrazellulären CFDA-

cisplatinhaltigen Proteinen [99]. Die Bildanalyse zeigte aber auch, dass mehrere 

Fluoreszenzsignale keine entsprechenden Proteinspots aufwiesen. Ein Grund 

dafür könnte sein, dass die angewandte Coomassie-Färbung nicht empfindlich 

genug war, um gering abundante Proteine zu färben.“ 1  Eine MS-kompatible 

Silberfärbung, die eine verbesserte Nachweissensitivität besitzt, könnte hier 

vermutlich die gering abundante Proteine anfärben. 

“Während der Analysemethode zur Detektierung und Identifizierung intrazellulärer 

Bindungspartner von Cisplatin erfolgte eine Denaturierung (Harnstoff, 

Thioharnstoff), Reduzierung (Dithiothreitol (DTT)), Alkylierung (Iodacetamid) und 

ein tryptischer Verdau der Proben [87]. Mena et al. konnten zeigen, dass eine 
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Gelelektrophorese, Färbung sowie Entfärbung von Proteinen keinen negativen 

Einfluss auf die Bindung von Cisplatin an Proteine hat [84]. Für den Nachweis, 

dass CFDA-Cisplatin an Proteine gebunden bleibt, erfolgte eine Verifizierung von 

Platin in 2D-Gelen mittels LA-ICP-MS (laser ablation - inductively coupled plasma 

- mass spectrometry) [99]. Die LA-ICP-MS bestätigte das Vorkommen von Platin 

in mehreren Proteinspots, die eindeutig mit den Fluoreszenzsignalen korrelierten. 

Dies ist als weiterer Hinweis zu werten, dass CFDA-Cisplatin spezifisch an 

Proteine bindet.”2 
 

3.2 OPTIMIERUNG DER 2D-GELELEKTROPHORESE IM PH-BEREICH 

6-10  
 

„Das fluoreszierende CFDA-Cisplatin, die 2D-Gelelektrophorese und die 

Massenspektrometrie waren Bestandteile einer analytischen Methode zur 

Detektion und Identifizierung von intrazellulären Cisplatin-Proteinaddukten im 

sauren pH-Bereich (pH 4 - 7). Basierend auf dieser analytischen Methode wurde 

die Identifizierung von intrazellulären Cisplatin-Proteinaddukten auf den 

alkalischen pH-Bereich (pH 6 - 10) erweitert. Die 2D-Gelelektrophorese ist ein 

überlegenes Werkzeug zur Trennung komplexer Proteinmischungen. Zahlreiche 

Verbesserungen wie z. B. immobilisierte pH-Gradienten (IPG-Streifen) [105] und 

das alternative Reduktionsmittel Hydroxyethyldisulfid (HED) [106] führten in den 

letzten Jahren zu einer höheren Reproduzierbarkeit. Trotz dieser Verbesserungen 

ist die Optimierung und Standardisierung der IEF-Bedingungen nach wie vor für 

basische Proteine eine Herausforderung, und zwar hauptsächlich aufgrund von 

Protein-Aggregation, -Oxidation und -Präzipitation. Frühere Studien zeigten, dass 

Solubilisierungspuffer auf Basis von Harnstoff und Thioharnstoff in Kombination 

mit den Detergenzien CHAPS und ASB-14 für basische Proteine besonders 

geeignet sind [107, 108]. Des Weiteren führt eine falsche Probenapplikation (z.B. 

Rehydratisierung des IPG-Streifens) während der IEF zur Proteininstabilität [109]. 

Die Probenapplikation mittels Cup-Loading verbesserte deutlich die Übertragung 

von basischen Proteinen auf die IPG-Streifen.  

Für die Abwesenheit von Proteinen innerhalb der 2D-Gele gibt es zwei denkbare 

Ursachen: (I) die Proteine werden durch schlechte Denaturierung oder 
                                                
2 Kotz 2015, S. 8 
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Solubilisierung nicht fokussiert, oder (II) mangelnde Migration vom IPG-Streifen 

zur SDS-PAGE, aufgrund von Aggregation, Ausfällung oder Assoziationen mit der 

Polyacrylamidgelmatrix. Die Migration des Reduktionsmittels DTT zur Anode führt 

während der IEF zum Verlust des DTTs an der Kathode und fördert die 

Reformierung von Disulfidbindungen. Dies führt in 2D-Gelen zu horizontalen 

Streifen und einem verwischten Spotmuster. Zur Reduzierung der horizontalen 

Streifen in 2D-Gelen wurden die IPG-Streifen mit HED prähydratisiert und als 

Ergänzung an der Kathode ein mit DTT getränktes Filterpapierstück verwendet 

[110]. Die Proteintrennung in der ersten Dimension der 2D-Gelelektrophorese 

zeigte daraufhin eine äußerst gute Trennung der basischen Proteine. Innerhalb 

der 2D-Gelelektrophorese bleiben sehr basische Proteine eine Herausforderung, 

da diese meist nur als dichte Streifen nachgewiesen werden können. Die 

derzeitige Strategie für die Auftrennung sehr basischer Proteine besteht darin, bei 

der IEF hohe Spannungen (8000 - 10000 V) anzuwenden, um die 

Fokussierungszeit zu verringern [111-113], da im alkalischen pH-Bereich bei einer 

zu langen Fokussierung instabile Proteine an ihrem pI degradieren können. In der 

vorliegenden Arbeit zeigte allerdings eine Maximalspannung von 3000 V und eine 

Erhöhung der Voltstunden auf bis zu 18,4 kVh im letzten Schritt der IEF eine 

ausgezeichnete Auflösung von sehr basischen Proteinen in 2D-Gelen. Des 

Weiteren konnten McDonough et al. zeigen, dass hydrophobe Proteine während 

der zweiten Dimension sehr häufig im IPG-Streifen verbleiben [114]. Folglich 

wurde der Mangel an Migration vom IPG-Streifen zur SDS-PAGE durch eine 

ungenügende Äquilibrierung der Proteine verursacht. Daher wurde das Volumen 

des Äquilibrierungspuffers auf 10 mL sowie die Konzentration von SDS auf 10% 

erhöht.  

Insgesamt führte die kombinierte Verwendung von CHAPS und ASB-14 im 

Solubilisierungspuffer, die Probenapplikation mittels Cup-Loading an der Anode, 

die Verwendung von HED im Rehydratisierungspuffer, ein mit DTT getränktes 

Filterpapierstück an der Kathode, die Erhöhung der Voltstunden auf bis zu 18,4 

kVh im letzten Schritt der IEF sowie die Optimierung des Äquilibrierungspuffers zu 

einer deutlichen Verbesserung der Migration und Auftrennung basischer Proteine. 

Zusammenfassend ist die Optimierung einzelner Schritte für eine 
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hochauflösenden 2D-Gelelektrophorese unverzichtbar und ermöglicht eine gute 

Reproduzierbarkeit [100].“3  

3.3 BINDUNG VON CFDA-CISPLATIN AN PROTEINE  

Durch die 2D-Gelelektrophorese impliziert die analytische Methode zur Detektion 

und Identifizierung von intrazellulären Cisplatin-Proteinaddukten die Denaturierung 

von Proteinen. Dennoch kann die Methode für den Nachweis von intrazellulären 

CFDA-Cisplatin-bindenden Proteinen verwendet werden [84, 87], da die 2D-

Gelelektrophorese kovalente CFDA-Cisplatin-Proteinaddukte nachweisen kann. 

Die nicht-kovalenten Wechselwirkungen zwischen CFDA-Cisplatin und Proteinen 

gehen durch die Verwendung der 2D-Gelelektrophorese verloren.  

Cisplatin reagiert bevorzugt mit den schwefelhaltigen Aminosäuren Cystein und 

Methionin, die auf der Oberfläche von Proteinen vorhanden sind. Daher sind 

Proteine, die reich an Cystein und Methionin sind, wie Protein-Disulfid-Isomerase 

(PDI)A1, PDIA3, PDIA6, D-3-phosphoglycerate-dehydrogenase (PHGDH), 

Pyruvatekinase (PKM), Alpha-Enolase (ENOA) und Elongation factor alpha-1 

(EF1A1) in der Lage kovalente Komplexe mit CFDA-Cisplatin im Zytosol zu bilden 

[99, 100]. PDI ist ein Mitglied der Thioredoxin-Superfamilie, welche die Spaltung 

und Ausbildung von Disulfidbrücken in Proteinen katalysieren sowie die 

Proteinfaltung im endoplasmatischen Retikulum (ER) regeln [115]. Sobierajska et 

al. [116] konnten zeigen, dass PDI aus subzellulären Kompartimenten ins Zytosol 

freigesetzt wird und eine Disulfidbindung mit dem β-Actin Cys374 bildet. β-Actin 

enthält sechs Cystein-Reste, von denen jedoch nur einer (Cys374) auf der 

Oberfläche des Proteins exponiert ist [117]. Die Proteine Glucose-regulierendes-

Protein (GRP) 78, β-Actin, Vimentin, Glyceraldehyd-3-phosphate dehyrogenase 

(GAPDH), Serpin H1, Heterogenous nuclear ribonucleoprotein (hnRNP) A/B und 

hnRNP H3 enthalten dagegen weniger Cysteine, dafür mehr Methionine und sind 

ebenfalls in der Lage Bindungen mit CFDA-Cisplatin zu bilden [99, 118]. Darüber 

hinaus können auch Asparaginsäure, Glutaminsäure, Histidin, Serin, Threonin und 

Tyrosin mit CFDA-Cisplatin kovalente Komplexe bilden, da diese Aminosäuren 

ebenfalls als potentielle Bindungsstellen für Cisplatin identifiziert wurden [87, 89]. 

Dabei bestimmt die Zugänglichkeit der Seitenketten, die vom Rückgrat aus in den 

Raum ragen, welche Aminosäuren an Cisplatin binden. 
                                                
3 Kotz 2018, S. 1494 



DISKUSSION 

 

54 

Die 2D-Gelelektrophorese zeigte, dass die Bindung des CFDA-Cisplatins an eine 

Aminosäure eine geringe Veränderung der Nettoladung des Proteins hervorrufen 

kann, was zu einem veränderten Migrationsverhalten des CFDA-Cisplatin-

bindenden Proteins in 2D-Gelen führte. Unter den identifizierten CFDA-

cisplatinhaltigen Proteinen wurden PDIA3, PDIA6, GRP78, PKM und ENOA auch 

als unmodifizierte Proteine nachgewiesen, während PDIA1, EF1A1 und PHGDH 

nur als CFDA-Cisplatinaddukte identifiziert wurden [99, 100]. Möglicherweise 

verursachte die Bindung von CFDA-Cisplatin an PDIA1 keine Veränderung im pI 

oder die Gesamtmenge des Proteins hatte CFDA-Cisplatin gebunden. Dagegen 

wurden die Proteine PDIA6, EF1A1 und PHGDH jeweils auch in unterschiedlichen 

Proteinspots identifiziert. Dies könnte durch das Vorliegen verschiedener 

Isoformen des PDIA6 als Ergebnis des alternativen Spleißens bedingt sein, die 

sich gewöhnlich im pI und Molekulargewicht unterscheiden. Darüber hinaus 

werden Proteine mit unterschiedlichen posttranslationalen Modifikationen in 

unterschiedlichen Spots abgebildet.  

Ergänzend kann die Bindung von CFDA-Cisplatin an ein Protein die Menge an 

reaktivem Cisplatin in Tumorzellen begrenzen sowie eine Beeinträchtigung bzw. 

den Verlust der biologischen Aktivität des betreffenden Proteins bewirken. Daher 

kann die Bindung von CFDA-Cisplatin an ein Protein dessen Reaktivität in der 

Tumorzelle einschränken, veränderte Signalprozesse hervorrufen und demzufolge 

einen Einfluss auf das Überleben der Tumorzelle haben [99]. 

3.4 CFDA-CISPLATIN-BINDENDE PROTEINE  

Einige der 14 CFDA-cisplatinhaltigen Proteinen werden im Zusammenhang mit 

der Tumorentstehung diskutiert [99, 100].  

Die CFDA-cisplatinhaltigen Proteine PDIA1, PDIA3, PDIA6 und GRP78 sind 

molekulare Chaperone und im ER lokalisiert. Da die Proliferation der Tumorzellen 

eine erhöhte Proteinsynthese sowie die Akkumulation von ungefalteten Proteinen 

(ER-Stress) erzeugt, war die Identifizierung dieser Proteine vorhersehbar [119, 

120]. „PDI und GRP78 besitzen am C-Terminus die spezifische ER-Retention-

Aminosäuresequenz KDEL. Allerdings wurden signifikante Mengen von PDI und 

GRP78 auch auch außerhalb des ERs, im Zellkern, Zytosol und an der 

Zelloberfläche, nachgewiesen [120-124]. PDI und GRP78 zählen zu den zentralen 

Regulatoren der ungefalteten Proteinantwort (UPR), die durch Akkumulation von 
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ungefalteten Proteinen im ER sowie durch exogene und/oder endogene 

Stresssignale induziert werden [125-127]. Daher werden PDI und GRP78 auch mit 

der Cisplatinresistenz einiger Krebsarten in Verbindung gebracht [128-130].“4 Wir 

zeigten, dass ein Knockdown von PDIA1 in der cisplatinresistenten OC-zelllinie 

A2780cis zu einer Erhöhung der Zytotoxizität von Cisplatin führt [101]. Des 

Weiteren bewirkte die Koinkubation von Tumorzellen mit Cisplatin und dem PDIA1 

- Inhibitor PACMA 31 (N-(2,4-Dimethoxyphenyl)-N-(1-oxo-2-propyn-1-yl)-2-(2-

thienyl)glycyl-glycine ethyl ester) eine Resensibilisierung für Cisplatin [101]. Für 

einen therapeutischen Ansatz ist die spezifische Inhibierung von PDIA1 durch 

PACMA 31 ein vielversprechendes Ziel. Zusätzlich konnten wir zeigen, dass ein 

Knockdown von PDIA3 die Zytotoxizität von Cisplatin in der Zelllinie A2780cis 

nicht beeinflusst [101]. Dagegen zeigte Tufo et al. keinen Hinweis von PDIA1 und 

PDIA3 zur Cisplatinresistenz beim NSCLC. Dafür eine Überexpression der 

Proteine PDIA4 und PDIA6, deren pharmakologische sowie genetische 

Inaktivierung eine cisplatininduzierte Apoptose über verschiedene zelluläre 

Signalwege zeigte. Die Inaktivierung von PDIA4 stellte die mitochondriale 

Apoptose wieder her, während die Inaktivierung von PDIA6 die nicht-kanonische 

Apoptose begünstigte [129]. Da PDIA6 auch CFDA-Cisplatin bindet, könnte es ein 

vielversprechendes Ziel für zukünftige Studien sein. Zudem lassen die Ergebnisse 

vermuten, dass die Proteindisulfid-Isomerasen Zelltyp-spezifisch wirken [101, 

129]. Wie bei PDIA3 zeigte ein Knockdown von GRP78, dass die Zytotoxizität von 

Cisplatin in der OC-Zelllinie A2780cis nicht beeinflusst wird [102]. Dagegen führte 

ein Knockdown von GRP78 beim Nasopharynxkarzinom zu einer Erhöhung der 

Zytotoxizität von Cisplatin [131]. Da Tumorzellen eher heterogen sind, können 

verschiedene Tumore vermutlich mit verschiedener Signal- und 

Abwehrmechanismen Resistenzen gegen Cisplatin erwerben.  

Die identifizierten CFDA-cisplatinhaltigen Proteine ENOA, GAPDH, und PKM sind 

am Glukosestoffwechsel beteiligt. Maligne, schnell wachsende Tumorzellen 

beziehen ihre Energie auch bei ausreichender Sauerstoffversorgung weitgehend 

aus der aeroben Glykolyse (Warburg-Effekt) [132, 133]. Die 

Stoffwechselumstellung in Tumorzellen kennzeichnet eine Überexpression von 

Genen des Glukosestoffwechsels, die mitochondriale Dysfunktionen 
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kompensieren sowie die Entstehung einer Resistenz gegenüber der Apoptose 

begünstigen [132, 134]. „ENOA spielt bei der Glykolyse, Hypoxietoleranz und 

Tumorinvasion eine Schlüsselrolle [135-137]. In der Glykolyse katalysiert ENOA 

die Umwandlung von 2-Phosphoglycerat zu Phosphoenolpyruvat, dem zweiten 

energiereichen Zwischenprodukt, welches Adenosintriphosphat (ATP) in der 

Glykolyse produziert [138]. ENOA ist auf der Oberfläche von Zellen exprimiert und 

bildet zusammen mit dem Urokinase-Rezeptor (uPAR), Integrinen und einigen 

Zytoskelettproteinen einen Multiprotein-Komplex, dem so genannten Metastasom, 

der für die Adhäsion, Migration und Proliferation von Ovarialtumorzellen 

verantwortlich ist [136]. Auf mRNA- und Proteinebene ist ENOA in mehreren 

Tumoren [78, 139-159] einschließlich dem OC [134, 160] hochreguliert. Die 

erhöhte Expression von ENOA kann den Therapieerfolg bei östrogenrezeptor-

positiven Brusttumoren negativ beeinflussen, da ENOA die Resistenz gegen das 

Antiöstrogen Tamoxifen induziert [158].“ 5  Zudem konnte ENOA in einigen 

Tumoren einschließlich Pankreas [161], Leukämie [162, 163], Melanom [155, 164], 

Kopf und Hals [157, 165, 166], Brust [167, 168] und Lunge [142, 148, 168-173] 

gezeigt werden, dass ENOA die Bildung von Autoantikörpern induziert und bei 

diesen Tumorentitäten ein attraktives therapeutisches Ziel darstellt [174]. Der 

Organogold(III)-Komplex Aubipyc konnte in Studien eine bemerkenswerte 

Zytotoxizität gegenüber der humanen OC-Zelllinie A2780 zeigen. Dabei induziert 

Aubipyc den apoptotischen Zelltod und ist in der Lage die Resistenz gegenüber 

Cisplatin zu überwinden [175]. Zudem konnte gezeigt werden, dass die Glykolyse 

beim zytotoxischen Wirkmechanismus von Aubipyc eine Rolle spielt, da es 

glykolytische Enzyme wie ENOA und GAPDH beeinflusst  [176, 177]. Innerhalb 

der Glykolyse katalysiert GAPDH die Umwandlung von Glycerinaldehyd-3-

phosphat zu 1,3-Bisphosphoglycerat. Bei dieser Reaktion wird eine energiereiche 

Phosphat-Bindung aufgebaut, die auf Adenosindiphosphat (ADP) übertragen wird 

und ATP in der Glykolyse produziert. Kürzlich zeigten jedoch Studien, dass 

GAPDH zusätzlich an der Apoptose, dem Transfer-RNA(tRNA)-Transport sowie 

anderen Prozessen beteiligt ist [178], die GAPDH als potentielles Ziel für eine 

antitumorale Therapie limitieren [179, 180]. Das Enzym PKM katalysiert im finalen 

Schritt der Glykolyse die Umwandlung von Phosphoenolpyruvat und ADP zu 
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Pyruvat und ATP. Die M2-Isoform der Pyruvatkinase (PKM2) wird in 

verschiedenen Tumorzellen exprimiert [181, 182] und trägt maßgeblich zum 

Warburg-Effekt, Tumorwachstum, Angiogenese, Zellteilung, Metastasierung und 

Apoptose bei [182-185]. Da PKM2 zum malignen Phänotyp vieler Krebsarten 

beiträgt, könnte der Regulator des Tumormetabolismus ein potentielles Ziel zur 

Bekämpfung des Ovarialkarzinoms sein [186]. 

„PHGDH, ein weiterer identifizierter intrazellulärer Bindungspartner vom CFDA-

Cisplatin, fungiert als Schlüsselenzym bei der de novo Biosynthese von Serin. 

Zusammen wandeln PHGDH, Phosphoserin-Aminotransferase und Phosphoserin-

Phosphatase das glykolytische Intermediat 3-Phosphoglycerat in L-Serin um [187]. 

L-Serin ist eine essentielle Aminosäure in der Proteinsynthese sowie in der 

Synthese von Sphingo- und Phospholipiden, die wichtige Komponenten der 

Zellmembranen sind [188, 189]. Zudem kann L-Serin durch die Serin-Hydroxy-

Methyltransferase in Glycin umgewandelt werden, das zur de novo Synthese von 

Nucleinbasen benötigt wird [190]. Ein Knockdown von PHGDH in 

Mammakarzinom- und Melanomzelllinien führte zu einem Abbau der 

Serinsynthese sowie zur Beeinträchtigung der Proliferation [191-193], wobei 

zusätzliches Serin nicht immer die Funktion des PHGDHs ersetzen konnte [193]. 

Des Weiteren zeigte ein Knockdown von PHGDH in HeLa Zellen eine signifikante 

Hemmung der Proliferation sowie eine erhöhte Zytotoxizität gegenüber Cisplatin 

[194].“6 In OC-Zelllinien (Caov-3, SKOV-3) konnte bisher gezeigt werden, dass 

PHGDH signifikant hochreguliert ist [195]. Für die Verwendung von PHGDH als 

potentielles Ziel für eine antitumorale Therapie muss ein signifikanter Unterschied 

zwischen der Aktivität des Enzyms in Tumorzellen zu normal proliferierenden 

Zellen gefunden werden, da die PHGDH-abhängige Biosynthese von Serin in allen 

Zellen wirksam ist [196]. Angeborene Mutationen in PHGDH können zu schweren 

neurologischen Symptomen führen. Neuronen sowie Gliazellen sind 

ausschließlich auf die de novo Biosynthese von Serin angewiesen, da Serin die 

Blut-Hirn-Schranke nicht passieren kann [197]. Dennoch bleibt die Hemmung des 

PHGDHs eine potentielle antitumorale Therapie, wenn der PHGDH-Inhibitor die 

Blut-Hirn-Schranke nicht passieren kann und Mangel an Serin durch exogenes 
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Serin ergänzt wird, vorausgesetzt die Abhängigkeit der Tumore von PHGDH ist 

nicht mit dem Serin assoziiert [133, 197, 198].  

„Ein weiteres identifiziertes CFDA-cisplatinhaltiges Protein war EF1A1, eine 50 

kDa GTPase, die während der Proteintranslation die Bindung von Aminoacyl-

tRNAs am Ribosom katalysiert [199, 200]. Frühere Studien zeigten, dass EF1A1 

eine essentielle regulatorische Rolle beim Zellwachstum, der Tumorgenese und 

Apoptose spielt [200-204]. Zudem wurde EF1A1 als interagierendes Protein der 

Transkriptionsfaktoren p53 und p73 identifiziert, die eine wichtige Rolle bei der 

Tumorentstehung einschließlich Apoptose spielen [205]. Die Überexpression von 

EF1A1 hemmt die p53-, p73- und Chemotherapie-induzierte Apoptose, was zur 

Resistenz von Tumorzellen gegenüber der Chemotherapie führt. Blanch et al. 

konnten bei einem siRNA-induzierten Knockdown von EF1A1 zeigen, dass in 

Tumorzellen mit dem p53-Protein die Chemotherapie-induzierte Apoptose erhöht 

war, hingegen nicht in Tumorzellen ohne das p53-Protein [205]. Diese Ergebnisse 

legen nahe, dass EF1A1 als negativer Regulator auf das pro-apoptotisch wirkende 

p53 fungiert. Da EF1A1 anti-apoptotische Eigenschaften in der Signalgebung der 

p53-Familie hat, kann EF1A1 ein potentielles Ziel für eine antitumorale Therapie 

sein [205].“7 

Die anderen identifizierten CFDA-cisplatinhaltigen Proteine β-Actin, Vimentin, 

Serpin H1, Heterogenous nuclear ribonucleoprotein (hnRNP) A/B und hnRNP H3 

wurden bisher noch nicht im Zusammenhang mit der Chemoresistenz diskutiert.  

ZUSAMMENFASSUNG UND AUSBLICK  

Zur Identifizierung von intrazellulären cisplatinhaltigen Proteinen wurde eine 

analytische Methode, bestehend aus dem fluoreszierenden CFDA-Cisplatin, der 

2D-Gelelektrophorese und Massenspektrometrie, etabliert. Mit dieser Methode 

wurde bestätigt, dass CFDA-Cisplatin innerhalb einer Zelle spezifisch an Proteine 

bindet und dadurch wurden neue Einblicke in die zelluläre Prozessierung von 

Cisplatin sowie in die erworbenen Resistenzmechanismen gegenüber Cisplatin 

gewonnen.  

Zur Identifizierung CFDA-cisplatinhaltigen Proteine war die Optimierung einzelner 

Schritte der 2D-Gelelektrophorese notwendig, besonders für Proteine im 

alkalischen pH-Bereich (pH 6 - 10) [100]. Dies ermöglichte die Identifizierung von 
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EF1A1 mit einem theoretischen pI von 9,10 als ein CFDA-cisplatinhaltiges Protein 

[100].  

Die CFDA-cisplatinhaltigen Proteine PDIA1, PDIA3, PDIA6 und GRP78 sind 

molekulare Chaperone sowie zentrale Regulatoren der UPR und werden daher mit 

der erworbenen Cisplatinresistenz einiger Tumorarten in Verbindung gebracht. Wir 

zeigten, dass ein Knockdown von PDIA1 sowie die Koinkubation mit dem PDIA1-

Inhibitor PACMA 31 eine Resensibilisierung von resistenten Tumorzellen 

gegenüber Cisplatin bewirkte [101]. Zudem zeigte ein Knockdown von PDIA3 und 

GRP78, dass die Zytotoxizität von Cisplatin nicht beeinflusst wird [101, 102]. Die 

spezifische Inhibierung von PDIA1 durch PACMA 31 und PDIA6, deren 

pharmakologische sowie genetische Inaktivierung die nicht-kanonische Apoptose 

begünstigte [129], sind potentielle antitumorale Therapieansätze. Zur Bestätigung 

der Wirksamkeit sind weitere pharmakologische Studien in anderen Entitäten 

sowie beim Wirksamkeitsnachweis eine Überprüfung in Tiermodellen nötig.  

Ein Marker für eine schlechte Prognose sind die CFDA-cisplatinhaltigen Proteine 

GAPDH, ENOA, PKM und PHGDH und daher potentielle Ziele für eine 

antitumoralen Therapie [186, 206-208]. Maligne, schnell wachsende Tumorzellen 

stellen ihren Energiemetabolismus auf aerobe Glykolyse um, wodurch 

mitochondriale Dysfunktionen kompensiert und die Intermediate der Glykolyse 

verwendet werden können, um Nukleotide, Aminosäuren sowie Lipide zu 

synthetisieren. GAPDH, ENOA und PKM katalysieren in der Glykolyse 

Reaktionen, die ATP im Glykolyseweg produzieren. Dagegen wandelt PHGDH 

zusammen mit der Phosphoserin-Aminotransferase und Phosphoserin-

Phosphatase das glykolytische Intermediat 3-Phosphoglycerat in L-Serin um. 

Bisher konnten wir noch nicht festzustellen, ob CFDA-Cisplatin durch direkte 

Hemmung der identifizierten glykolytischen Enzyme wirkt oder ob über die 

Verlangsamung der Glykolyse hinaus andere molekulare Mechanismen wirksam 

sind. Ein weiteres potentielles Ziel für eine antitumorale Therapie ist EF1A1. 

EF1A1 ist an der negativen Regulation des Tumorsuppressors p53 beteiligt und 

unterstützt somit die anhaltende Proliferation der Tumorzellen.  

Für die Relevanz von PDIA6, EF1A1, PHGDH, ENOA und GAPDH hinsichtlich der 

erworbenen Resistenz von Ovarialtumorzellen gegenüber Cisplatin sind 

pharmakologische Studien nötig, wie sie für PDIA1, PDIA3 und GRP78 bereits 

durchgeführt wurden. Hierzu kann Bacitracin [129, 209] für die spezifische 
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Inhibierung von PDIA6 und Nannocystin A [210, 211], Didemnin B [212], Ternatin 

[213] und/oder Ansatrienin B [213] für die spezifische Inhibierung von EF1A1 

verwendet werden. Der niedermolekulare Inhibitor von PHGDH CBR-5884 hemmt 

die de novo Biosynthese von Serin und wirkt selektiv in Tumorzellen mit erhöhter 

Biosyntheseaktivität von Serin. Daher ist CBR-5884 ein vielversprechender 

Ausgangspunkt für die Entwicklung von weiteren Wirkstoffmolekülen [214]. Zudem 

zeigte die Entwicklung von alpha-Enolase-Inhibitoren bisher vielversprechende 

Anhaltspunkte, den Tumor metabolisch zu bekämpfen [215]. Die Struktur sowie 

Regulation der Glykolyse legen nahe, dass dieser Mechanismus ein 

vielversprechender Ansatz für die Entwicklung neuer Strategien und antitumorale 

Wirkstoffe gegen glykolytische Enzyme ist. Kürzlich zeigte eine Studie, dass 

Koningic acid sowohl die Wirksamkeit als auch die Selektivität zur spezifischen 

Inhibierung von GAPDH in Tumorzellen besitzt [216]. Zur spezifischen Inhibierung 

von PKM kann Shikonin verwendet werden [186, 217]. Abschließend lassen die 

Ergebnisse der pharmakologischen Studien zu PDIA1, PDIA3 sowie GRP78 [101, 

102] und die dazu detektierten Fluoreszenzsignale [99, 100] vermuten, dass die 

CFDA-Cisplatin-bindenden Proteine EF1A1 und PHGDH die aussichtsreichsten 

Kandidaten für weiterführende Studien sind. 

Darüber hinaus sind Analysen erforderlich, die die Bindungsstellen von Cisplatin 

an den Proteinen identifizieren, um das Verständnis der Bindungsstabilität zu 

verbessern. „Cisplatin zeigt im Massenspektrum ein charakteristisches 

Isotopenmuster und modifiziert das Isotopenmuster eines Pt-haltigen Peptids. Die 

Bindungsstelle von Cisplatin erzeugt bei einem Peptid ein charakteristisch 

verändertes Isotopenmuster und ist mit der Massenspektrometrie nachweisbar 

[87]. Aufgrund der geringen Häufigkeit von platinierten Peptiden im Vergleich zu 

unplatinierten Peptiden ist der Nachweis von Cisplatin-Bindungsstellen innerhalb 

eines Peptids durch ESI(Elektrosprayionisation)-MS/MS(Tandem-

Massenspektrometrie) jedoch schwierig. Daher kann eine Aufkonzentrierung von 

identifizierten CFDA-cisplatinhaltigen Proteinen hilfreich sein.“8 

Zudem gehen durch die Verwendung der 2D-Gelelektrophorese in der 

analytischen Methode die nicht-kovalenten Wechselwirkungen zwischen CFDA-

Cisplatin und Proteinen verloren. Die Verwendung einer blue native PAGE, die zur 
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Isolierung und nativen Auftrennung von Membranproteinen entwickelt wurde, ist 

auch zur Analyse löslicher Proteine sowie Proteinkomplexe geeignet und könnte 

weitere Einblicke in die zelluläre Prozessierung von Cisplatin sowie in die 

Resistenzmechanismen gegenüber Cisplatin liefern.  
.  
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