
 

Development of sensor proteins for intracellular imaging of
transition metals
Citation for published version (APA):
van Dongen, E. M. W. M. (2006). Development of sensor proteins for intracellular imaging of transition metals.
[Phd Thesis 1 (Research TU/e / Graduation TU/e), Biomedical Engineering]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR615018

DOI:
10.6100/IR615018

Document status and date:
Published: 01/01/2006

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR615018
https://doi.org/10.6100/IR615018
https://research.tue.nl/en/publications/11cde0e9-fbba-4031-b16b-088bf035b00b


  
 
 
 
 
 

DEVELOPMENT OF SENSOR PROTEINS FOR  
INTRACELLULAR IMAGING OF TRANSITION METALS 
 





  
 
 
 
 
 

DEVELOPMENT OF SENSOR PROTEINS FOR  
INTRACELLULAR IMAGING OF TRANSITION METALS 
 
 
 
 
 
 
 PROEFSCHRIFT  
 
 
 
 
 ter verkrijging van de graad van doctor aan de 
 Technische Universiteit Eindhoven, op gezag van de 
  Rector Magnificus, prof.dr.ir. C.J. van Duijn, voor een 
 commissie aangewezen door het College voor  
  Promoties in het openbaar te verdedigen 
 op dinsdag 28 november 2006 om 16.00 uur 
 
 
 
 
 
 door 
 
 
 
 Elisabeth Marianna Wilhelmina Maria van Dongen 
 
 
 
 
 geboren te Dongen 
 
 



Dit proefschrift is goedgekeurd door de promotor: 
 
prof.dr. E.W. Meijer 
 
Copromotor: 
dr. M. Merkx 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This research has been financially supported by the Bioinitiative of the Eindhoven 
University of Technology and by the Council for Chemical Sciences of the Netherlands 
Organization for Scientific Research (NWO-CW). 
 
 
Omslagontwerp:  E.M.W.M. van Dongen, C.P.M. van Dongen, K. Pieterse 
Druk:   PrintPartners Ipskamp te Enschede 
 
 
A catalogue record is available from the Library Eindhoven University of Technology 
 
ISBN-10: 90-386-2998-2 
ISBN-13: 978-90-386-2998-8 
 



 
Manuscript commissie: 
 
prof. dr. E.W. Meijer (Technische Universiteit Eindhoven) 
dr. M. Merkx (Technische Universiteit Eindhoven) 
dr. L.W.J. Klomp (Universitair Medisch Centrum Utrecht) 
prof. dr. G.W. Canters (Universiteit Leiden) 
prof. dr. K. Nicolaij  (Technische Universiteit Eindhoven) 





Contents 
 

 
Chapter 1 Intracellular imaging of transition metal homeostasis 1

  

 

Chapter 2 Copper-mediated protein-protein interactions studied by yeast  29 

   two-hybrid analysis 

   

Chapter 3 Ratiometric fluorescent sensor proteins with subnanomolar 41 

 affinity for Zn(II) based on copper chaperone domains 

  

Chapter 4 Tuning sensitivity and ratiometric change by varying linker   65 

 length in a single protein, FRET-based Zn(II) sensor 

  

Chapter 5 Optimizing metal selectivity of CFP-Atox1-linker-WD4-YFP   97 

 proteins through re-engineering of the metal binding motif 

 

Chapter 6 General discussion 113 

 

 

Color Figures  123 

 

 

Summary  126 

 

 

Nederlandse Samenvatting 129 

 

 

Dankwoord  132 

 
 
 
Curriculum Vitae  135 

 



 



1 

1 

Intracellular imaging of transition  

metal homeostasis 

 

Abstract 

Transition metals pose an interesting dilemma to all aerobic life forms, since they are both essential as 

cofactors in many important enzymes and potentially toxic, e.g. by catalyzing the formation of hydroxyl 

radicals in cytotoxic reactions. Genetic studies have revealed that metal ions are protected and guided 

through the cytoplasm, being ultimately transferred to the active sites of target enzymes.  This chapter 

gives an overview of transition metal homeostasis and its disorders with a focus on copper and zinc. The 

ability to image the concentration of copper and zinc in living cells is considered important for further 

understanding of their homeostasis and their involvement in diseases. Several examples of specific 

sensors for transition metals with their advantages and disadvantages are discussed. Finally the aim, the 

development of a FRET-based sensor for Cu(I) and/or Zn(II), and scope of the thesis are presented . 
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General introduction 

All aerobic organisms require transition metals for growth and development due to 

their fundamental role in a variety of oxidation-reduction reactions in the cellular metabolism 

and their role as Lewis acids in catalysis. Transition metals such as copper, iron and 

manganese, can cycle between different oxidation states. A change in electron configuration 

allows these metals to act as cofactor in catalytic centers of enzymes involved in a variety of 

biological reactions. For example, both copper and iron are essential elements in the 

mitochondrial transport chain necessary for cellular respiration. Despite their importance, 

transition metals, such as Cu+ and Fe2+ are highly toxic due to the production of reactive oxygen 

species (ROS), by Fenton and Haber-Weiss chemistry (Scheme 1.1) [1-5]. The Haber-Weiss type 

reaction is composed of two consecutive reactions. First a metal ion is reduced by the O2•- 

radical, after which the reduced transition metal subsequently reacts with H2O2 to generate an 
•OH radical and an oxidized metal ion in a Fenton-type reaction. The summation of the two 

reactions yields the overall net Haber-Weis reaction, in which H2O2 reacts with O2•- to form 

molecular oxygen, a hydroxyl radical and hydroxide. Free radicals are potentially dangerous 

for cells as they can initiate chain reactions resulting in DNA modification, protein damage or 

lipid peroxidation, which may ultimately lead to cell death [6]. To prevent cellular oxidative 

damage in cells, transition metal homeostasis of redox-active metals is a tightly regulated 

process, in which metals are bound to proteins. Although zinc is a considerably less toxic 

transition metal as it exists in a single redox state, cells exert also tight control over zinc 

homeostasis [7-9]. Zinc is used as a catalytic cofactor in many hydrolysis and group transfer 

reactions due to its pronounced Lewis acid characteristics [10].  Besides the catalytic role of 

transition metals, they may serve as a structural cofactor in many regulatory metalloproteins to 

provide stability to proteins [11, 12].  

 

O2
•- + Mn+  O2 + M(n-1)+ 

M(n-1)+ + H2O2   OH
-
 + OH• + Mn+   Fenton reaction  

Net:  O2
•-+ H2O2  O2 + OH

-
 + OH•        Haber-Weiss reaction 

Scheme 1.1 Reactive oxygen species generated by metals (M) in Fenton and Haber-Weiss like reactions: 

 

An important prerequisite for understanding metal homeostasis is the ability to 

measure the concentration of metals in real time in single living cells. In this thesis, we focus on 

the development of fluorescent imaging probes for copper(I) and zinc(II). The tightly regulated 
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homeostasis, the physiological role and the involvement in diseases of both transition metals 

are described in the next paragraphs.  

 

Biology of copper in health and disease 

Copper is an essential trace metal and is required as a co-factor for many fundamental 

biological processes. For instance, copper is essential in enzymes involved in electron transport 

(cytochrome-c-oxidase), in blood clotting (factors V and VIII), in catecholamine production 

(tyrosinase), in cross-linking of collagen and elastin (protein lysine-6-oxidase), and in 

neurotransmittor synthesis (dopamine β-hydroxylase) [13]. The average intake of copper by 

human adults varies from 0.6 to 1.6 mg per day and the main sources are seeds, grains, nuts, 

beans, shellfish and liver [14, 15]. Dietary copper is primarily absorbed across the mucosal 

membrane of the small intestine with the help of transmembrane copper transporter proteins. 

Once transported into the intestinal mucosal cells, copper is effluxed via the Golgi apparatus 

into the portal vein. The newly absorbed copper first enters the liver, which plays a central role 

in the body's copper homeostasis. In the liver, copper is supplied to endogenous enzymes or 

incorporated into ceruloplasmin, the predominant copper containing protein in blood plasma. 

Copper can then either be effluxed into the blood circulation for usage in the rest of the body, 

or an excess of copper can be excreted to the bile [13, 16] (Figure 1.1). 

 

 
Figure 1.1 Copper metabolism in humans. Dietary 

copper is absorbed from food into the intestinal mucosal 

cells that secrete the copper into the portal vein towards 

the liver. In the liver copper is incorporated into 

ceruloplasmin and secreted into the blood, or it is 

eliminated from the body via the bile. The routes that are 

blocks in Menkes and Wilson’s disease patients are 

indicated by the dark gray en light gray blocks, 

respectively (see text). Picture obtained with permission 

from [16] .  

 

 

The apparent paradox between the essential nature and the toxicity of copper is best 

illustrated by diseases related to a disturbed copper homeostasis. Tight regulation over the 

intracellular copper homeostasis is vitally important and disturbance of this balance is reflected 
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in two inherited disorders, Menkes disease (copper depletion) and Wilson’s disease (copper 

accumulation). These diseases are caused by mutations in the genes encoding for the Cu(I) 

specific ATPase proteins ATP7A and ATP7B, respectively, leading to a perturbed copper 

homeostasis. While their function is similar, ATP7A is more ubiquitously expressed 

throughout the body, whereas ATP7B is expressed primarily in the liver. 

Menkes disease is a X-linked disorder and is caused by mutations in the ATP7A gene 

[17]. The basic biochemical defect is impairment of the intestinal absorption of copper, due to a 

failure of copper efflux from intestinal cells to the blood [16] (Figure 1.1). Affected patients 

suffer from general copper deficiency and multiple abnormalities can be related to deficiencies 

in cuproenzymes such as growth failure, bony abnormalities, peculiar hair, loose skin and 

severe cerebellar neurodegeneration [18, 19]. Patients typically die from the disease before the 

age of three years. As Menkes disease generally results in severe prenatal brain damage, 

postnatal attempts for therapy are often not usefull [20]. Mutations that allow some function of 

ATP7A result in a milder clinical variants called mild Menkes Disease and the occipal hormone 

syndrome (OHS) [21].  

Wilson’s disease is an autosomal recessive disorder characterized by the accumulation 

of copper in the body due to mutations in the ATP7B gene [22]. Malfunctioning of ATP7B 

results in a defective biliary excretion from hepatocytes, causing progressive damage of the 

liver and release of copper in the body and eventually the brain [23] (Figure 1.1). The age of 

onset can range from 5 to 50 years  and the clinical features of Wilson’s disease are quite varied 

with hepatic, neurological and psychiatric disorders as well as renal abnormalities. With 

symptoms that are largely unspecific it is difficult to diagnose this disease [24]. Therapy of 

Wilson’s disease focuses on prevention of copper absorption from the intestine by 

administration of zinc or tetrathiomolybdate [25-27]. 

 Copper has also been implicated in a variety of more common neurological disorders [3, 

28], including Alzheimer’s disease [29], Parkinson’s disease [30], Creutzfeldt-Jacob disease [31], 

and familial amyothrophic lateral sclerosis (ALS) [32]. Two peptides that play a central role in 

Alzheimer’s disease, the amyloid precursor protein and a proteolytic breakdown product 

called Aβ, are able to bind and reduce copper [33-35]. Moreover, copper forms a high affinity 

complex with Aβ and promotes its aggregation, and is found to be accumulated in the amyloid 

deposits of affected patients [36]. In 10-15% of ALS patients, the disease is caused by mutations 

in the gene encoding Cu/Zn superoxide dismutase [37]. Finally, lowering copper levels has 

been reported to have a strong anti-angiogenesis effect, suggesting that copper chelation may 

be a potent anti-cancer treatment [38].  



Intracellular imaging of transition metal homeostasis 

 5

Intracellular copper trafficking 

Copper homeostasis is a tightly regulated process, in which several proteins deliver 

copper to its target proteins without the release of free copper ions to the cytoplasm. In fact, the 

calculated free copper concentration in yeast is many folds lower than one molecule per cell 

[39]. Some of the proteins involved in copper homeostasis have been identified through genetic 

studies in yeast, which serves as a model organism for human copper homeostasis.  

After Cu(II) is reduced to Cu(I), it is transported over the cellular membrane via a 

copper transporter protein (Ctr) [40]. Once inside the cell, small cytosolic proteins called copper 

chaperones have been identified that protect and guide copper ions through the cytoplasm, 

ultimately transferring copper to target organelles or copper requiring enzymes [41, 42]. 

Genetic studies have revealed the existence of at least three independent copper delivery 

pathways in yeast. In one pathway, copper is transported to the mitochondria by Cox17 

(Cytochrome oxidase) to serve as a cofactor in the enzyme cytochrome c oxidase [43-46]. In a 

second pathway, the copper chaperone for superoxide dismutase (CCS) distributes and directly 

inserts copper to Cu/Zn superoxide dismutase (SOD1), which is located in the cytosol and in 

the mitochondrial intermembrane space [47, 48]. Thirdly, copper ions are delivered via copper 

chaperone Atx1 (Anti-oxidant) and Ccc2 to the Golgi apparatus [49-51] (Figure 1.2). Ccc2 is a 

copper transporting P-type ATPase that contains two cytosolic copper binding domains. The 

ATPase function of Ccc2 actively transports copper over the Golgi membrane, where it is 

incorporated into the multicopper oxidase Fet3, which is critical for high affinity iron uptake 

[52]. Metallothioneins are low molecular weight proteins involved in metal detoxification and 

homeostasis of essential metals. These proteins are important in maintaining the cytosolic 

concentration of free copper at low levels by aspecific binding to cysteine residues [53]. 

Furthermore, transcription regulation plays an important role in maintaining copper levels in 

the correct range in yeast. Mac1 initiates transcription of copper transporters at low copper 

levels [54]. Exposure to toxic levels of copper induces the metalloregulatory transcription factor 

Ace1 that activates genes involved in the oxidative stress response and copper sequestration 

[55]. Once the homeostatic balance is restored, these regulators are inhibited in a copper 

dependent manner. 

The three copper transport pathways identified in yeast are completely conserved in 

humans. Copper is transported into the cell via hCTR, after which hCOX17, Atox1 and CCS 

distribute copper to the mitochondria, Golgi apparatus and Cu/Zn SOD, respectively. Atox1 

(previously named human Atx1 protein HAH1) transports copper to the P-type copper 

transporters located in the trans-Golgi network membranes [56, 57] (Figure 1.2). Humans 

express two types of this transporter, known as ATP7A and ATP7B, in which ATP7A is 
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expressed throughout the body and ATP7B is predominantly expressed in the liver [58-60]. 

ATP7A or ATP7B both contain six copper binding domains at their N-termini. Both ATPases 

actively pump copper into vesicles in the trans-Golgi network for eventual incorporation in 

enzymes destined for the cell surface or extracellular environment [61]. Upon elevation of 

cellular copper levels, these P-type ATPases are rapidly translocated to the membrane of a 

vesicular compartment and to the plasma membrane [19, 62, 63]. It is believed that this re-

localization is necessary for efficient cellular copper excretion. 
 

Figure 1.2 Homologous copper trafficking systems in yeast and humans to the Golgi apparatus. Copper is 

transported from the extracellular environment to the cytosol via the copper transporter protein Ctr1 in yeast or 

hCTR1 in humans. A small cytoplasmic copper chaperone protein, Atx1 or Atox1, delivers copper(I) to one of the 

cytosolic copper-binding domains of a P-type copper transporter named Ccc2 (two domains) or ATP7B (six 

domains). These copper transporters pump copper(I) into a trans-Golgi compartment where copper(I) is utilized by 

the multicopper oxidase Fet3 or ceruloplasmin (Cp). Please note that the coordination chemistry of Cu(I) is a 

simplified representation. Binding of Cu(I) to two cysteines gives the complex an overall charge of –1, whereas 

coordination of Cu(I) to 3 or 4 cysteine residues gives the complex an overall charge of –2 or  –3, respectively. In the 

protein, this charge will be balanced by amino acids in the vicinity of the metal binding site. 
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Copper chaperone domains: structure and function and their mechanisms 

Copper binding proteins should bind copper tightly enough to prevent adventitious 

reactions due to copper release, yet this coordination environment must also allow fast transfer 

of copper to its cellular target. Atx1, a protein originally isolated as an antioxidant protein in S. 

cerevisiae [64], is probably the best characterized protein of all copper chaperones. With the 

discovery in 1997 of Atx1’s coordination chemistry and its interaction with a homologues 

domain of a partner protein, the antioxidant function was ruled out and the copper chaperone 

function was established [49, 50]. The X-ray structure of the Hg(II) complex of Atx1 and the 

Hg(II) EXAFS revealed that Hg(II) is linearly coordinated by two cysteine sulphurs and that the 

Atx1 protein was arranged in a βαββαβ fold, in which two α-helices are superimposed on a 4-

stranded-β-sheet with a solvent exposed metal-binding site [65] (Figure 1.3A). Shortly after this 

discovery, the human homologue Atox1 was identified [56] and the crystal structure of Atox1 

in the presence of Cu(I) revealed that Atox1 has a similar βαββαβ fold as Atx1 [66] (Figure 

1.3B). In this structure, Atox1 forms a homodimer and interaction between the monomers 

involves a three or four coordinate metal-bridged complex that involves two cysteines from 

each Atox1. Similar βαββαβ folds have been identified in the crystal and NMR structures in 

copper chaperone CCS [67], bacterial CopZ [68, 69] and single domains of copper transporters 

Ccc2  [70] and ATP7A [71]. Sequence alignment of copper chaperones showed a conserved 

amino acid sequence with a methionine and two cysteines in a MXCXXC motif that exists in all 

aerobic organisms, from bacteria, nematodes to mammals.  

Figure 1.3 Crystal structures of the copper chaperones Hg(II)-Atx1 (A) and Cu(I)-Atox1 (B). A: the Hg(II) ion is 
linearly coordinated to two cysteines. B: Atox1 coordinates one Cu(I) ion as a homodimer and involves 3-4 
coordinate binding of the cysteines. Pictures reproduced with permission from [65, 66]. 

 A B A B 
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Coordination of copper to two cysteines results in very tight binding, but also allows 

the entrance of a third ligand from a second protein as a first step in copper transfer. These 

copper dependent protein-protein interactions have been identified in in vivo experiments [72, 

73] as well as in the crystal structure of Atox1 [66]. The latter one is believed to represent the 

transient complexes involved in copper transport from one protein (e.g. Atox1) to its target (e.g. 

ATP7B) (Figure 1.4). Walker et al. showed that ATOX1 transfers copper(I) to the N-terminal 

domain of ATP7B in vitro stimulating the catalytic activity of ATP7B [74]. More recently, an 

NMR structure revealed the presence of a three coordinated Cu(I) complex between Atx1 and 

the first cytosolic copper binding domains of Ccc2. It was shown by single cysteine to alanine 

substitutions of the copper binding sites of both proteins that certain cysteine residues were 

essential for a copper induced complex (Cys 15 of Atx1 and Cys13 of Ccc2 domain1) [75, 76]. A 

copper binding motif is not sufficient for dimerization as was revealed in detailed analysis of 

X-ray and NMR structures [77]. Copper chaperones and ATPases recognize each other via a 

combination of electrostatics, hydrogen bonding and hydrophobic interactions. The importance 

of these copper-induced interactions is illustrated by the discovery that some mutations in the 

ATP7B gene associated with the Wilson’s disease lead to an inability of the mutated protein to 

interact with Atox1. This mislocalization has major consequences on copper transport and 

provides a pathological mechanism by which these mutations cause Wilson’s disease [72]. 

 

 

 

Figure 1.4 Proposed mechanism of copper transfer via the formation of 2 and 3 coordinated complexes between 

Atx1 and a domain of ATPase Ccc2. Atx1 is shown in light grey and the target domain Ccc2 in dark grey. In this 

model, Cu(I) containing Atx1 docks with one of the apo metal-binding sites of Ccc2 through electrostatic 

interactions involving positively charged residues on Atx1 and negatively charged amino acids on Ccc2. Copper 

transfer then occurs through an associative exchange mechanism. Picture obtained with permission from [41]. 
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Biology of zinc in health and disease 

Zinc is the second most abundant transition metal in the human body.  The Lewis acid 

characteristics of the zinc ion are responsible for the utility as catalytic cofactor in numerous 

enzymes involved in hydrolysis and group transfer reactions [10]. Zinc also provides structural 

stability in proteins involved in immune function [78], transcription regulation [12, 79] and 

apoptosis [80]. Thirdly, zinc in an important signaling molecule in neurotransmission [81]. The 

neurological role of zinc has been subject of intense research in recent years [82, 83].  The brain 

has the highest zinc content of all organs in the human body (150 μmol/L) [84]. Transport 

occurs via the brain barrier system, i.e. the blood-brain and the blood-cerebrospinal fluid 

barrier [85] after binding of zinc to L-histidine [86]. Following its uptake in neuronal cells, zinc 

is selectively stored in, and released from, the presynaptic vesicles of neurons. In response to 

synaptic activity, these neurons co-release zinc with neurotransmittors, after which zinc can 

modulate the behavior of several menbrane receptors and channels. For instance, zinc inhibits 

NMDA (N-methyl-d-aspartate) receptors [87, 88], GABA (GABA type A) receptors [89, 90], 

blocks voltage gated calcium channels [91], and potentiates AMPA (α-amino-3-hydroxy-5-

methyl-4-isoxazoleproprionic acid) receptors [92].  

Although zinc is essential for proper brain function, high concentrations of zinc may 

cause neuronal death [93]. Furthermore, disruption of zinc homeostasis after prolonged seizure 

and ischemic insult has been shown to result in an increase in free Zn(II) leading to neuronal 

damage [94-100].  Considering that zinc plays an important role in a wide variety of biological 

functions, it is not surprising that zinc deficiency leads a broad range of pathologies. Human 

zinc deficiency caused by limited dietary zinc, results in impaired growth and affects 

numerous body functions including the immune, endocrine and gastro-enterological system 

[101]. Zinc deficiency resulting from defective zinc uptake in the gastric tract leads to 

acrodermatitis enteropathica [102, 103]. This syndrome is caused by mutations in a gene 

encoding an intestinal zinc transporter that is a member of the ZIP family [104, 105]. Clinical 

symptoms of this disease are diarrhea, growth retardation, hair loss, abnormal nails and skin 

inflammation evolving into crusted eroded lesions particularly in the face, hands and feet. In 

addition, a role of zinc has been implicated in Alzheimer’s disease, in which zinc was found to 

induce amyloid deposition [106]. Early phase clinical trials indeed indicated that zinc chelation 

inhibits Aβ-plaque deposition [107].  
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Intracellular zinc trafficking 

Despite numerous studies on the involvement of zinc in biological processes, little is 

known about the processes of distribution of this metal in the body or the incorporation of zinc 

into a variety of metalloproteins. Based on the femtomolar affinity of zinc sensitive 

transcription factors Zur and ZntR, the concentration of free zinc in E.coli has been estimated to 

be six orders of magnitude lower than one zinc ion per cell [7]. The total zinc content of E. coli is 

millimolar, however, implicating a tight control of the zinc homeostasis, comparable to that of 

copper homeostasis. In mammalian cells, measurements with radioactive 65Zn yielded a 

concentration of 24 pM in human red blood cells [108], whereas 19F-NMR spectroscopy with a 

fluorinated zinc probe gave a concentration of 0.5 nM in neuroblastoma cells [109]. These 

findings suggest that mammalian cells exert a similar tight control over zinc concentrations as 

in bacteria. However, little is known about the mechanism how metallochaperones allocate 

zinc to the correct zinc containing enzymes in such a zinc-depleted intracellular environment.  

In contrast to the copper chaperones identified in copper trafficking, no zinc-specific 

metallochaperones have been identified. 

In recent years, research on zinc homeostasis in mammalian cells has revealed four 

distinct pools of zinc [110] (Figure 1.5). The first pool is all zinc that is tightly bound to 

metalloproteins as cofactor or structural component [111]. Secondly, metallothioneins are 

capable of binding zinc with a picomolar affinity that may provide an aspecific labile pool of 

zinc [53]. Third, zinc can be compartementalized in intracellular organelles such as lysosomes, 

endosomes, endoplasmatic reticulum, mitochondria and the Golgi apparatus or in specialized 

organelles like synaptic vesicles and secretory granules [83].  Fourth, the low concentration of 

free zinc inside cells, that is estimated to be below a nanomolar level [83].  

Two zinc transporter families, the ZIP and the CDF family, regulate the transport of 

zinc into or out of the cytoplasm [110, 112, 113] (Figure 1.5). The ZIP (Zrt-, Irt-like proteins) 

family transporters function in zinc influx into the cytosol, either from outside the cell or from 

intracellular compartments. They are predicted to have eight transmembrane domains, in 

which domain IV and V contain highly conserved histidine residues, which may be important 

for zinc binding. Mutation of histidine residues in domain IV and V of the ZIP-family member 

IRT1 indeed abolished zinc transport [114].  The CDF (cation diffusion facilitator) family of 

proteins function in zinc efflux from the cytosol to the outside of the cell or to intracellular 

compartments. These proteins are predicted to have six transmembrane domains and a 

histidine-rich intracellular loop between helices of domain IV and V. To data, 10 homologues 

members of this family, named ZnT-1 to -10, have been identified [115]. ZnT-1 is localized in 

the plasma membrane and functions to efflux zinc from cells [116]. ZnT-2 is located in 
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endosomes/lysosomes and also confers zinc resistance by accumulating zinc in vesicles inside 

the cells [117]. Znt-2 is similar to ZnT-3, which is responsible for sequestering zinc in synaptic 

vesicles in the brain [118]. ZnT-4 is highly expressed in the mammary gland and ZnT-4 

mutations in mouse mothers result in severe zinc deficiency in the pups [119]. ZnT-5, -6 and -7 

are expressed in various tissues, but all are described as Golgi apparatus proteins involved in 

accumulation of zinc [120-122]. ZnT-8 is closely related to Znt-2, -3 and –4 and transports zinc 

to insulin vesicles in insulin-secreting pancreatic beta cells [123]. Little information is available 

about ZnT-9, which displays nuclear translocation in a cell cycle dependent manner [124] and 

ZnT-10 [115].  

Figure 1.5 Zinc in mammalian cells exists in four different pools. The zinc transporters of the ZIP family transport 

zinc into the cytoplasm. Zinc transporters of the CDF/ZnT family mediate export of zinc from the cell to the 

extracellular environment. In the cell, zinc is bound to metalloproteins as a structural component or as a cofactor 

(A) or is loosely bound by metallothionein to serve as a zinc buffering pool (B). Zinc is sequestered in intracellular 

organelles (C). The free zinc concentration is estimated to be well below a nanomolar level (D). Picture obtained 

from [110]. 

 

Transcription of ZnT-1 proteins can be activated by the Zn-sensitive metal response 

element-binding transcription factor 1 (MTF-1). MTF-1 is a zinc-finger transcription factor of 

the Cys2His2 family with six highly conserved zinc-finger domains [125, 126]. These zinc fingers 

have been shown to differ in their affinity for zinc and it is believed that some of them (ZF1, 

ZF5, ZF6) only become occupied when zinc levels are high [127, 128]. After complexing zinc, 

MTF-1 is translocated from the cytoplasm to the nucleus [129], where it binds to metal-
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responsive elements of promoters of both metallothionein and ZnT-1 and initiates transcription 

of these proteins [130, 131]. In addition to zinc, MTF-1 can respond to other metal ions such as 

copper or cadmium by overexpression of the metallothioneins, which have the ability to bind 

and thereby sequester heavy metals. In mice, MTF-1 is an essential gene as is illustrated by 

knockouts of MTF-1 that result in embryonic lethality due to liver degeneration [132]. Unlike 

the situation in mice, knockout of MTF-1 is not lethal in D. melanogaster. Mutant flies survive 

but are extremely sensitive to elevated levels of metals including zinc and cadmium and are 

most responsive to copper [133]. It was recently shown that MTF-1 plays a direct role in both 

copper detoxification and acquisition by transcriptional activation of copper importer Ctr1 

upon copper starvation and by inducing metallothioneins upon copper overload [134]. 

 

Chemosensors and biomimetic sensor systems for copper and zinc 

An important prerequisite for further elucidation of the complex physiological and 

pathological roles of transition metal homeostasis is the ability to image the concentration of 

transition metals inside living cells. The quantification of free or loosely bound metals has 

proven to be difficult using ICP-MS or atomic absorption spectroscopy (AAS) as fractionation 

can lead to cross contamination. Other disadvantages of these techniques include measurement 

of the total metal content of multiple cells and the destruction of the sample in the process [135, 

136]. Alternatively, copper loading can be assessed by metabolic labeling with radioactive 

copper isotopes (64Cu) and analysis by gel electrophoresis. To study intracellular processes, it is 

necessary to have a detection system that allows sensitive, non-invasive, real-time imaging of 

metal ions in single living cells with high spatial resolution. Fluorescence microscopy is ideally 

suited for this purpose. Several fluorescent sensor systems have been developed by other 

groups. Here, we shortly review the recent progress on copper and zinc sensor systems. First, 

small molecule chemosensors and the biomimetic sensor systems are discussed, after which the 

genetically encoded sensor systems are highlighted in the next parapgraph. 

 

Chemosensors  

Cell-permeable fluorescent chemosensors have been the subject of intense research [137-140]. A 

variety of Zn(II)-specific fluorescent dyes have been developed based on quinoline, rhodamine, 

fluorescein, dansyl or anthracene [141-158]. Several of the chemosensors for zinc have also been 

applied for intracellular imaging [159]. In hippocampal slices, synaptic release of Zn(II) in 

response to high-potassium-induced depolarization can be measured using ZnAF-2 (Kd = 2.7 

nM). Binding of zinc to ZnAF- 2 resulted in a two-fold increase of fluorescence in hippocampul 
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slices (Figure 1.6) [150]. In addition, ZnAFs have been used in elucidating the role of synaptical 

released zinc in inhibiting glutamate receptors [160]. 

 

Figure 1.6. ZnAF-2 reveals synaptic release of zinc in hippocampal slices of mice. Left: Structure of ZnAF-2. 
Right: Fluorescence response of ZnAF-2 detecting extracellularly released zinc in hippocampal slices after 
stimulation using potassium. Picture reprinted with permission from [150]. 

 

Recently, the first two examples of Cu(I)-specific fluorescent chemosensors were 

reported, named CTAP-1 and CS-1 [161, 162]. Although CS-1 has been applied in living cells, 

the results are highly dependent on the added concentration of chemosensor, making CS-1 less 

suitable as an intracellular imaging probe. Binding of 1 equivalent of copper to CTAP-1 results 

in an increase of fluorescence intensity. A labile copper pool in the Golgi apparatus and 

mitochondria was visualized using CTAP-1 in fixated cells. Both CS-1 and CTAP1 sensors are 

limited as no ratiometric imaging is possible (Figure 1.7). 

 
Figure 1.7 Copper(I)-dependent fluorescence response of CTAP-1. A: Fluorescence emission spectra ( ex 365 nm) 

of CTAP-1 as a function of added Cu(I). B: Structure of CTAP-1. C: Fluorescence micrographs showing the 

influence of the extracellular copper concentration on the intracellular staining pattern of fixed cells incubated with 

CTAP-1. Before fixation, cells were grown in basal medium (Upper) or in medium supplemented with 150 μM 

CuCl2 for 8 h (Lower). (DIC, differential interference contrast image). Picture reprinted with permission from 

[161].  
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Peptide and protein-based biomimetic sensor systems 

To improve the affinity and selectivity of metal binding, several groups have developed 

fluorescent probes making use of the high selectivity and affinity of existing natural binding 

peptides or proteins. Protein-based fluorescent Zn(II) sensors include fluorescently labeled 

peptides based on Zn-finger domains [163-165] and carbonic anhydrase in combination with a 

Zn(II)-specific fluorescent substrate analogue [12, 166, 167]. The Imperiali group designed 

peptide-based zinc sensors using the zinc-finger consensus sequence [163]. They introduced a 

fluorescent artificial amino acid (abbreviated Sox) to a series of synthetic peptides that were 

designed to bind zinc. By altering additional zinc ligands and the ligand arrangement around 

the fluorescent amino acid, they were able to tune the affinity for zinc over a usefull range from 

10 nM to nearly 1 μM, which makes it among the best of the de novo sensor systems. The shifts 

upon zinc binding were too small to be usefull for ratiometric detection, however.  

One example of a protein-based Cu(I) sensor has been reported by Chen et al. 

Distortion of a fluorescently labeled oligonucleotide exerted by Cu(I)-induced binding of the 

copper transcription activator CueR was used to detect nanomolar levels of Cu(I) (Figure 1.8). 

In the absence of Cu(I), the intensity of a fluorescent  base analogue of cytosine, pyrollo-C, is 

quenched as it is base-paired with a guanidine in the duplex DNA. Binding of Cu(I) to CueR 

induces base-unpairing of pyrollo-C in the promoter sequence, resulting in an fluorescence 

emission at 445 nm. The requirement of a fluorescently labelled duplex DNA and the absence 

of a ratiometric signal makes this sensor less suitable for intracellular imaging, however [168].  
 

 

Figure 1.8 A fluorescent sensor for copper(I) based on the protein CueR (A) Pyrrolo-C can form a stable base pair 

with G. (B) The fluorescence intensity of pyrrolo-C is quenched in the duplex DNA. The promoter sequence that 

CueR binds is shown; the dyad symmetrical sequence is marked with arrows. Binding of the analyte Cu(I) to CueR 

induces base-unpairing of pyrrolo-C, which results in strong fluorescence at 445 nm. Picture reprinted with 

permission from [168]. 

Cu+
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Genetically encoded sensor systems 

A disadvantage of the chemosensors or peptides/proteins containing synthetic dyes is 

the difficulty of inserting them in cells. A key advantage of genetically encoded sensor proteins 

is that these sensors consist entirely of amino acids and can be produced inside cells after 

transfection of their corresponding genes. In addition, attachment of signal sequences and 

regulation of transcription allows control over their subcellular localization and over the 

intracellular sensor concentration. Finally, proteins can be optimized for their selectivity and 

affinity. 

Fluorescent proteins have been applied successfully as non-invasive labels to study 

protein localization, dynamics and interactions in living cells [169]. The most important 

member of this class is the Green Fluorescent Protein (GFP) that was originally isolated from 

the hydroid jellyfish Aequorea victoria [170]. The fluorophore of GFP resides within an 11-

stranded β-barrel and is formed autocatalytically by spontaneous cyclization of three amino 

acids; serine, tyrosine and glycine [171]. Mutagenesis of GFP has generated a variety of 

fluorescent proteins with shifted wavelengths of excitation and emission, ranging from blue to 

greenish-yellow [171-174]. Besides mutations that affect the spectral properties, numerous 

modifications have been described that improve the photophysical properties, environmental 

stabilities and protein folding properties [175, 176]. Great effort is being made to find or create 

fluorescent protein with far red shifted excitation and emission profiles as this will reduce the 

problem of autofluorescence and make them more suitable for imaging in whole tissues or 

organisms [177].  

Single fluorescent proteins can be reengineered such that the chromophore senses the 

binding of ions such as H+  [178], Cl- [179] or Ca2+ [180, 181]. A green fluorescent protein (GFP) 

variant with engineered metal binding sites was reported by Barondeau et al [182]. Binding of 

Zn(II) to the mutated chromophore resulted in a 2-fold enhancement in fluorescence intensity, 

whereas Cu(II) binding quenched the fluorescence. This GFP-based sensor showed only 

moderate affinity for Zn(II)  (Kd = 50 μM) or Cu(II) (Kd = 24 μM). Since optimization of the 

affinity is likely to be difficult, this approach is only useful for small molecules that have 

relatively high physiological concentration. 

A more interesting approach for imaging small molecules is based on the change in the 

efficiency of fluorescence resonance energy transfer (FRET) between a donor and acceptor 

fluorescent protein [183]. In the last decade, several genetically encoded fluorescent sensors 

have been developed based on variants of Green Fluorescent Protein (GFP) and fluorescence 

resonance energy transfer (FRET), a concept that was pioneered by Roger Tsien [184]. These 
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sensors have been applied in imaging a variety of small molecules and cell signalling events 

including calcium [185], cAMP [186], maltose [187], nitric oxide [188], glucose [189] and kinase 

activity [190, 191]. In these sensors, fluorescent proteins are fused to proteins that naturally 

bind the target, combining the advantages of being genetically-encoded with a high affinity for 

target of interest. Before highlighting examples of FRET-based metal sensors, the principle of 

FRET will be discussed.  

FRET is a quantum mechanical phenomenon that can take place between a fluorescence 

donor and a fluorescence acceptor. In order for FRET to occur, the donor-acceptor distance 

must be less than ~100 Å and the emission spectrum of the donor has to overlap sufficiently 

with the excitation spectrum of acceptor. When the donor is excited, part of the donor’s excited 

state energy is not emitted, but instead is transferred non-radiatively to the acceptor, leading to 

a reduction of the donor’s emission intensity and excited lifetime and an increase of acceptor’s 

emission intensity [192, 193]. The FRET efficiency (E) of a donor-acceptor pair is strongly 

dependent on the distance (r) between donor and acceptor chromophores and on the Förster 

distance (R0) [192]:  

66
0

6
0

rR
R

E
+

=  

The Förster distance is defined as the distance in which 50% energy transfer takes place 

and is dependent on the extent of spectral overlap between the donor and acceptor, the 

quantum yield of the donor and the relative orientation of the donor and acceptor [192]. The 

Förster distance is characteristic for a pair of chromophores. Early applications of genetically 

encoded sensors used Blue Fluorescent Protein (BFP) as the donor and GFP as the acceptor, but 

the low quantum yield and photostability of BFP [173, 194] soon let to its replacement by Cyan 

and Yellow Fluorescent Proteins (CFP and YFP, respectively) that are now widely used as 

donor and acceptor proteins in FRET-based sensors. For CFP and YFP an R0 of 48 Å has been 

determined [195]. Since FRET efficiency depends on the distance and orientation of the 

fluorophores, it is an effective way to detect conformational changes on the scale of individual 

proteins. An important advantage of FRET-based sensors is the generation of a ratiometric 

signal. Ratiometric detection provides a measure of the binding state that is independent of the 

absolute concentration of the sensor, which is important to obtain reliable and quantitative 

results in biological samples. An alternative method to probe FRET is fluorescence lifetime 

imaging microscopy (FLIM), in which the characteristic lifetime of either the donor or acceptor 

protein is measured, both of which are sensitive to energy transfer [196, 197]. Lifetime imaging 

is less sensitive to interference by background fluorescence that always occurs in biological 

samples.  
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Genetically encoded FRET-based metal sensors 

 

Calcium sensor 

The first example of a FRET-based sensor was introduced by Roger Tsien and co-

workers. In 1997, this group developed a sensor for calcium, referred to as  “Cameleon” [184, 

201, 202]. Cameleon is a fusion of two fluorescent proteins, CFP and YFP, connected by a 

calmodulin and calmodulin-binding peptide M13. Calcium binding induces a large 

conformational change of the cameleon protein that leads to an increase in fluorescence 

resonance energy transfer (FRET) from CFP to YFP. Thus, a transient rise in intracellular 

calcium leads to an increased ratio between the emission intensity values of YFP and CFP in a 

cell expressing cameleon. This calcium sensor has been optimized further by the creation of 

split cameleon, in which CFP and YFP get much farther apart from one another in the absence 

of FRET (Figure 1.9). Recent studies have demonstrated that Cameleon can be used for imaging 

calcium transients resulting from neuronal or muscle cell activity in nematode worm 

Caenorhabditis elegans [203], in the fruitfly Drosophila melanogaster [204] and in transgenic mouse 

[205, 206]. 
 

 
 

Figure 1.9 The calcium sensor split Cameleon. The split Cameleon sensor consists of two fluorescent proteins 

ECFP and EYFP, two split parts of calmodulin (CaM), and calmodulin binding peptide CKKp.  Binding of calcium 

to the split calmodulin domains  (N-CaM and C-CaM) brings the fluorescent protein domains close together 

resulting in an enhanced FRET. Picture obtained from [207]. 
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Engineering metal binding sites on the surface 

Jensen and co-workers engineered a zinc-binding sites directly at the surface of CFP 

and YFP [208]. The basic metal ion site was composed of Y39H and S208C mutations in both 

CFP and YFP. Because the metal binding site was constructed directly on the surface of the 

fluorescent protein, this sensor displayed a large ratiometric change upon zinc binding (~5 

fold). The engineered CFP-YFP proteins displayed an affinity for zinc of 700 μM. The 

sensitivity of the sensor is not considered high enough to be useful in cellular applications.  

 

Zinc sensing using zinc-finger domains  

In analogy to the calcium sensor, a protein-based sensor for zinc has been developed by 

Qiao et al. based on zinc-finger domains, fused to fluorescent proteins [209]. These zinc-finger 

domains display an affinity for Zn(II) in the nanomolar range and binding of two zinc ions to 

these domains results in the folding in a more compact zinc-finger structure (Figure 1.10). This 

conformational change brings the two fluorescent domains in close proximity and results in an 

increase in energy transfer. Two types of sensors were constructed using zinc-finger domains 

located in either the regulatory DNA binding domain or in the structural activation domain of 

Zap1, a Zn(II) regulated transcriptional factor of S. cerivisiae.  Application of this sensor in yeast 

revealed that zinc binding sites involved in regulatory zinc sensing domains could probe labile 

pools of zinc, whereas the structural zinc finger domains only responded to zinc in steady state 

conditions.  

Figure 1.10 Design of a FRET-based sensor for zinc based on zinc finger domains. In the absence of zinc, both 

zinc-finger domains from yeast transcriptional activator Zap1 are unfolded and excitation of CFP at 440 nm 

results in emission at 480 nm. Binding of two zinc ions to the zinc-finger domains results in the folding in a more 

compact zinc-finger structure. This brings the two fluorescent domains in close proximity, resulting in an increase 

in energy transfer. Picture reprinted with permission from [209]. 
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Zinc sensing using carbonic anhydrase 

Recently Bozym et al reported a ratiometric sensor based on carbonic anhydrase [9]. 

The principle of this sensor is shown in Figure 1.11. In the presence of zinc, the fluorescent aryl 

sulfonamide binds tightly to the fluorescent labeled carbonic anhydrase. This binding is 

detected by measuring the energy transfer from the zinc-bound aryl sulphonamide to a 

covalently attached fluorescent label, Alexa Fluor 594, on the protein. To use the sensor for 

intracellular imaging, a transactivator of transcription (TAT) peptide was fused to the sensor 

for easy intracellular introduction. Addition of the probe to resting PC-12 cells indicated an 

intracellular zinc concentration of ~5 pM. This value is questionable, however, since the 

dynamic range of the sensor was shown to be in the nanomolar range. A crucial experiment 

that proves a true reflection of the intracellular zinc concentration with this sensor system is to 

show that it responds to the addition or depletion of zinc, but unfortunately, this experiment 

was not reported. 

 

 
Figure 1.11 Carbonic anhydrase as a sensor system for zinc. In the absence of zinc, Dapoxyl sulfonamide does not 

bind to carbonic anhydrase (CA). Therefore no FRET occurs to the fluorescent label Alexa Fluor (AF) that is 

attached to the protein. In the presence of zinc, Dapoxyl sulfonamide binds to zinc and energy transfer occurs from 

Dapoxyl to the Alexa Fluor and light is emitted at 617 nm. Picture reprinted with permission from [9]. 
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Aim and outline of this thesis 

Despite the development of a variety of FRET-based sensor systems, a genetically 

encoded sensor for copper has not been reported. Tool that would allow monitoring the 

cellular copper status in real time in single cells at a high resolution would facilitate research on 

copper homeostasis. Moreover, this work will lay the foundation for development of sensor 

systems for other relevant transition metals such as iron, zinc or manganese. The aim of the 

work described in this thesis was the development of such a FRET-based sensor for copper. 

Our approach to design a Cu(I) specific sensor was based on the ability of MXCXXC containing 

copper binding domains to bind copper with high affinity and specificity as well as by using 

the mechanism of copper-dependent protein-protein interactions that occur during copper 

transport (Figure 1.12). The copper sensor consists of two copper binding domains linked by a 

flexible peptide linker. Fluorescent donor (CFP) and acceptor protein (YFP) were fused to the 

C- and N-termini of the copper binding domains, respectively. Copper(I) binding by the 

cysteines from each of the copper binding domain induces a conformational change, bringing 

the fluorescent domains in close proximity, which results in an increase of energy transfer.  

 

 
Figure 1.12 Design of a ratiometric, fluorescent sensor based on the Cu(I)-induced complex formation between of  

two copper binding domains. In the presence of the metal copper(I), a metal-bridged dimer of copper binding 

domains is formed, which can be detected through FRET between donor (CFP: Cyan Fluorescent Protein) and 

acceptor (YFP: Yellow Fluorescent Protein) domains linked to the N- and C-termini of the copper binding domains. 

 

An important step in the development of the proposed sensor is the identification of a 

pair of copper binding domains that interact in the presence of copper(I) and dissociates in the 

absence of the target. In chapter 2, a yeast two-hybrid approach is presented in which all 

possible interactions between single copper binding domains of P-type ATPases ATP7B (six 

domains) and Ccc2 (two domains), and of copper chaperones Atox1 and Atx1 are 
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systematically screened and analyzed for a copper-induced dimerization. The two copper 

binding domains identified by Y2H screening were subsequently fused to fluorescent proteins 

as is described in chapter 3. The Cu(I) binding properties of the sensor system are reported, but 

also its surprisingly high affinity for Zn(II). In chapter 4, a single protein sensor was 

constructed by linking CFP-Atox1 and WD4-YFP. The effect of linker length on the ratiometric 

change as well as its influence on zinc binding affinity is reported. Also initial studies on the 

application of these sensors inside living cells are presented. Chapter 5 describes efforts to 

improve the selectivity of the sensor protein for either Cu(I) or Zn(II) by reengineering of the 

metal binding domains. Chapter 6 contains a general discussion of the results of chapter 2 to 5 

and describes suggestions for further improvement of the current sensor design.  
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2 

Copper-mediated protein-protein interactions 

studied by yeast two-hybrid analysis 

Abstract 

Copper delivery in cells involves the formation of transient complexes in which one copper ion is 

coordinated by cysteines from two conserved MTCXXC motifs present in each copper binding domain.  

Yeast two-hybrid screening was applied to identify the ideal combination of copper binding domains for 

the design of a FRET-based copper(I) sensor. This pair of copper binding domains should dimerize in the 

presence of copper and dissociate in the absence of copper. All individual copper binding domains of the 

copper transporting P-type ATPases ATP7B (six domains) and Ccc2 (two domains) and of copper 

chaperones Atox1 and Atx1 were screened systematically and analyzed for a possible interaction between 

single copper binding domains. Atox1 and Atx1 preferentially interact with domains 2 and 4 of ATP7B 

and Atx1 interacts with both Ccc2 domains, whereas no homodimer interactions were detected. All 

combinations show a remarkable bell-shaped dependency on copper concentration that is maximal just 

below normal copper levels. The combination between Atox1 and ATP7B domain 4 displayed the 

strongest copper dependent interaction making them ideally suited for the construction of a FRET-based 

Cu(I) sensor. 

 

 

 

 

This work has been published: van Dongen, E. M., Klomp, L. W. and Merkx, M. (2004) 

Biochem. Biophys. Res. Commun. 323, 789-795. 
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INTRODUCTION 
 

All aerobic organisms require transition metals such as copper, iron and manganese for 

growth and development due to their fundamental role in oxidation-reduction reactions of 

cellular metabolism [1, 2]. The potent catalytic properties of redox-active metal ions such as 

copper also present a danger to the cell, as free ions are known to catalyse Fenton and Haber-

Weiss type chemistry resulting in free radical production and oxidative damage [3]. Therefore, 

transition metal ion homeostasis is tightly regulated. Two related inherited diseases in copper 

homeostasis illustrate both the essential nature and the toxicity of copper.  Menkes disease is 

caused by mutations in the ATP7A gene leading to defective trans-placental transport and 

intestinal uptake of copper. The copper depletion results in several neurological defects and 

death in childhood [4]. Wilson’s disease is caused by mutations in a homologous copper 

transporter gene (ATP7B), resulting in toxic copper accumulation in the liver and eventually 

the brain [5].  

  Analysis of the molecular defects resulting in Menkes and Wilson’s disease combined 

with genetic studies in yeast have revealed several pathways involved in copper import, 

intracellular distribution and excretion [6, 7]. Copper enters the cell via copper-specific 

transporters (CTR). In the cytoplasm, copper is bound to specific copper binding proteins 

called copper chaperones that distribute copper to different cellular targets. In one pathway, 

copper is delivered to a specific copper transporting P-type ATPase in the Golgi apparatus 

(Ccc2 in yeast, ATP7A and ATP7B in humans) by a small, 7-kDa copper chaperone protein 

(Atx1 in yeast, Atox1 in humans). This delivery pathway is essential for copper excretion and 

for biosynthetic incorporation into extracellular copper enzymes [8, 9]. Atx1 and Atox1 contain 

one conserved MXCXXC copper-binding motif and homologous motifs are also present at the 

intracellular N-terminus of Ccc2 (two motifs) and ATP7A/B (six motifs). The MXCXXC motif is 

arranged in a βαββαβ fold in which two cysteines coordinate Cu(I) in a near linear fashion [10].  

The X-ray structure of Atox1 in the presence of Cu(I) revealed a second binding mode in which 

one copper ion is coordinated by cysteines from two Atox1 proteins in a 3 or 4 coordinate 

complex. The latter structure is believed to represent the transient complexes formed when 

copper is transferred from one chaperone (e.g. Atox1) to its target (one of the copper binding 

domains of ATP7B) [7, 9-11]. Several in vivo studies have shown that the interaction between 

copper chaperones and their cellular targets are inhibited in the presence of the copper(I) 

specific chelator bathocuproine disulfonic acid (BCS) [9, 12-14], illustrating the importance of 

the Cu(I)-(MXCXXC)2 complex for protein-protein interactions.  
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It is currently unknown how the individual copper binding domains in copper 

transporting P-type ATPases contribute to copper transport. Each of these domains is probably 

able to bind copper [15, 16], but several studies suggested that the domains are not functionally 

equivalent. The yeast two-hybrid approach provides an elegant technique to study copper-

dependent protein-protein interactions [13, 17]. In contrast to earlier work which often focused 

on the interaction of copper chaperones with parts of the N-terminal domain of the P-type 

copper ATPases that contained multiple putative copper binding domains, in this study we 

cloned all copper binding domains of ATP7B, Ccc2, Atox1 and Atx1 independently and 

analyzed all possible interactions between single copper binding domains. The identification of 

several pairs of interacting copper binding domains allowed us to study carefully the copper 

dependency of the interaction. Our results suggest that yeast two-hybrid analysis of this copper 

dependency may be a valuable tool to probe the intracellular store of readily available copper. 

Most important, the copper-dependent protein-protein interactions identified in this study are 

ideal Cu(I) binding domains for the construction of a genetically encoded FRET-based sensor. 

 

RESULTS  

 

Systematic yeast two-hybrid screening of interactions between copper binding domains  

Previous work using yeast two-hybrid analysis and in vitro studies revealed some of the 

protein-protein interactions involved in the transport of copper to the Golgi compartment. The 

transient complexes formed in this pathway are thought to be stabilized by the interaction of a 

bridging copper ion with the cysteine residues in the MXCXXC motif present in both proteins. 

Therefore, in principle any combination of protein domains with an MXCXXC motif could 

form a complex in the presence of copper. To address this hypothesis we individually cloned 

all the copper binding domains involved in this pathway from both yeast and human, and 

used yeast two-hybrid analysis to test which of the domains show an interaction in vivo. All 

possible combinations (10x10=100) of the ten different copper binding proteins/domains (Atx1, 

Atox1, 2 domains from Ccc2, and 6 domains from ATP7B) were analysed for their in vivo 

interaction.  The individual copper binding domains were fused to either the activation domain 

(plasmid pGADGH) or DNA-binding domain (plasmid pGBT9) of GAL4. An interaction 

between the two fusion proteins was detected by analyzing the activation of the HIS3 and LacZ 

reporter genes. Five combinations of copper binding domains resulted in yeast able to grow on 

plates lacking histidine in both combinations of prey and bait vector: Atox1 with domains 2 

and 4 of ATP7B, Atx1 with domain 2 of Ccc2, and Atx1 with domains 2 and 4 of ATP7B (Figure 

2.1). Three combinations of copper binding proteins showed an interaction in only one 
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combination of prey and bait vector: ATP7B domain 1 with Atox1 and Atx1, and domain 1 of 

Ccc2 with Atx1.  All transformants were able to grow on plates lacking leucine and tryptophan, 

showing that the yeast strain contained both introduced plasmids (data not shown). 
 

Figure 2.1 Results of yeast two-hybrid screening of interactions between copper binding domains. Copper binding 

domains were fused to the GAL4 activation domain (pGADGH) or GAL4 DNA binding domain (pGBT9). The 

symbol + indicates growth on plates lacking histidine and the symbol - indicates no growth on plates lacking 

histidines. All combinations were tested in at least 2 independent experiments. Pairs of copper binding domains 

that showed colonies in both combinations of prey and bait vector are shaded in grey. WD1: first copper binding 

domain in ATP7B, etc; Ccc2-1: the first copper binding domain of Ccc2 etc. Empty vector encodes either single a 

GAL4 activation domain (pGADGH) or a single GAL4 DNA binding domain (pGBT9), not fused to a copper 

binding domain. 

 

The LacZ gene encodes for the enzyme β-galactosidase and measuring its activity gives 

more insight into the relative strengths of the interactions detected in our initial yeast two-

hybrid screening. We measured β-galactosidase activities for the five combinations of copper 

binding domains that showed an interaction in both combinations of prey and bait vector, as 

well as the interactions between Atox1 and Atx1 with ATP7B domain 1 (Figure 2.2). We also 

measured the β-galactosidase activity for the interaction between Atox1 and a fragment 

containing copper binding domains 1-4 of ATP7B, as this interaction was previously shown to 

be strong and copper dependent [13]. The activity of β-galactosidase can be measured using o-

nitrophenyl-beta-D-galactopyranoside (ONPG) that is cleaved by β-galactosidase into o-

nitrophenol and β-D-galactose. The formation of o-nitrophenol can be measured at 420 nm. All 

the interactions between single copper binding domains are weaker than the interaction 

between Atox1 and the first four copper binding domains of ATP7B. Since our results show 

that Atox1 binds to several of the copper binding domains present in ATP7B, the increased 

affinity of Atox1 to domain 1-4 can be explained by an increase in kon that is caused by the 

availability of multiple binding sites for Atox1 in domain 1-4. The highest β-galactosidase 

pGBT9
pGADGH WD1 WD2 WD3 WD4 WD5 WD6 ATOX1 Ccc2-1 Ccc2-2 Atx1 empty
WD1 - - - - - - + - - + -
WD2 - - - - - - + - - + -
WD3 - - - - - - - - - - -
WD4 - - - - - - + - - + -
WD5 - - - - - - - - - - -
WD6 - - - - - - - - - - -
ATOX1 - + - + - - - - - - -
Ccc2-1 - - - - - - - - - - -
Ccc2-2 - - - - - - - - - + -
Atx1 - + - + - - - + + - -
empty - - - - - - - - - - -
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activity for single copper binding domains is measured for the interaction between Atox1 and 

domain 4 of ATP7B, followed by the combination of Atx1 with domain 4 of ATP7B. Although 

the β-galactosidase activity is also dependent on the particular combination of prey and bait 

vector (not shown), it is clear that the interaction between Atox1 and domain 4 of ATP7B is 

significantly stronger than the interaction with ATP7B domains 1 and 2.  

 

 
Figure 2.2 Yeast two-hybrid assay of various pairs of copper binding domains. Yeast strain YGH1 was 

transformed with copper binding domains fused with GAL4 DNA-binding domain and with GAL4 activation 

domain. Except for the combination empty/empty, all cells were grown in selective medium lacking histidine after 

which β-galactosidase activity was measured using ONPG as substrate. The activity is shown as an average of four 

independent transformants ± S.D.  WD2: the second copper binding domain of ATP7B (Wilson’s disease protein) 

etc, WD1-4: the first four domains of ATP7B, Ccc2-2: the second copper binding domain of Ccc2. 

 

Copper dependence of protein-protein interactions 
 

Several previous studies have reported that interactions between copper binding 

domains with an MXCXXC motif can be inhibited by the addition of bathocuproine disulfonic 

acid (BCS), a copper(I) specific chelator. The identification of 5 pairs of interacting copper 

binding domains allowed us to study the copper dependency of these interactions in detail and 

establish how general this copper dependency is. The copper concentration was varied by 

growing yeast in the presence of different concentrations of BCS or in the presence of different 

concentrations of CuSO4 for 24 hours. The β-galactosidase activities were shown to be strongly 

copper dependent for all combinations of copper chaperones that were tested (Figure 2.3). 

Addition of low concentrations of BCS results in a slight increase in activity, but further 
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 Figure 2.3 Copper dependency of the interaction between copper binding domains. Yeast strain YGH1 was 

cotransformed with the indicated copper binding domains and cells were grown in selective medium lacking 

histidine for 24 h in the presence of the indicated concentrations of either CuSO4 or BCS. The first domain 

indicated is fused to the GAL4 activation domain and the second to the GAL4 DNA binding domain (A-F). β-

galactosidase activity was measured using ONPG as a substrate and is shown as an average of three assays from 

one transformant ± S.D. The interaction between hCTR1 itself (F) was measured as a negative control as this 

interaction is known to be copper independent [18]. 
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addition of BCS up to 3 mM inhibits the interaction. Surprisingly, addition of extra copper to 

the medium also inhibits the interaction. As a control we also determined the effects of BCS 

and CuSO4 addition on the copper independent interaction between the subunits of the 

homodimeric copper transporter hCTR1, which does not contain the MXCXXC motif [18]. No 

effect of copper concentration was observed for this interaction, suggesting that the effects 

observed for the copper binding domain interactions are directly related to the intracellular 

copper concentration and not due to a non-specific, general effect on β-galactosidase activities. 

Although the general trend in copper dependency is the same for all combinations, the profiles 

are not identical. The interaction between Atox1 and domain 4 of ATP7B in particular is less 

sensitive to copper concentrations. The difference is most pronounced at high copper  

concentrations, addition of 300 μM CuSO4 results in only a ~ 2-fold decrease in activity for  the 

Atox1/ATP7B-domain 4 combination, whereas the same copper concentration results in ~10-

fold activity decrease for all the other combinations. 

To establish if the copper content of yeast cells was affected by the addition of BCS or 

CuSO4 in the growth medium during Y2H experiments, atomic absorption spectroscopy was 

used to determine the total copper concentration. Addition of 3 mM BCS results in a ~30% 

decrease in the total copper content (Table 2.1). No significant reduction of total copper 

concentrations was detected when cells were grown in the presence of 3 μM BCS and 30 μM 

BCS. Addition of copper sulfate to the medium results in a dramatic increase in the copper 

content, but copper precipitation or copper bound to the outside of cell membranes probably 

also contribute to this large increase. 
 

Table 2.1 Copper content of yeast measured by atomic absorption spectroscopya 

concentration of CuSO4 or BCS in medium Cu (ng/ml) ± S.D. b

300 μM CuSO4 25008 ± 446 
30 μM CuSO4 9925 ± 465 
3 μM CuSO4 1212 ± 26 
300 nM CuSO4 224 ± 4 
no additions 95 ± 18 
3 μM BCS 98 ± 5 
30 μM BCS 88 ± 9 
3 mM BCS 70 ± 6 

aYGH1 cells were grown for 24 h in the presence of various concentrations of CuSO4 or BCS. Cells 
corresponding to OD600 * (ml culture) = 50 were harvested and washed with Z buffer (60 mM Na2HPO4, 
60 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4), after which 1 ml of 10% w/v tetramethylammonium 
hydroxide (TMAH) was added and incubated for 48 h at room temperature. Samples were diluted 10 
times, of which 500 μl was measured using a Varian SpectrAA 220-fast sequential Atomic Absorption 
Spectrophotometer at wavelength 324.8 nm (slit 0.5 nm). Copper concentrations were calibrated to 
standard solutions in 1% TMAH. bData are based on the average of three copper determinations ± S.D. 
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DISCUSSION 

 

We applied Y2H screening to identify combinations of copper binding domains that 

displays a copper dependent interaction. It was demonstrated that Atox1 and Atx1 

preferentially interact with domains 2 and 4 of ATP7B and that Atx1 interacts with both Ccc2 

domains. Previous mutagenesis and NMR studies on the interaction between Atx1 and Ccc2 

domain 1 showed that electrostatic interactions are important in complex formation [11, 19]. 

Atx1 contains a positive surface formed by Lys and Arg residues in helices α1 and α2 that 

interacts with a negative surface area on Ccc2 domain 1 formed by 5 Asp and Glu residues. 

Our finding that Atx1 can substitute for its human homologue Atox1 in the interaction with 

domains 1, 2 and 4 of ATP7B suggests that both metallochaperones possess a very similar 

binding interface. Indeed all basic residues involved in the Atx1-Ccc2 interaction are also 

present in Atox1. Our results are also in agreement with homology modeling studies of the 

copper binding domains in ATP7B which indicate that domains 2 and 4 have the most 

negatively charged surface (3 out of the 5 acidic positions identified in Ccc2 [20]). Larin and co-

workers previously reported interactions of Atox1 with domains 1, 2, and 3 of ATP7B, but they 

did not test the interaction of Atox1 with domain 4 [13]. Walker et al. also identified domain 2 

as playing an important role in docking of ATP7B with Atox1 [21], which is consistent with our 

observations. Because the identification of domain 2 was based on detection of differences in 

fluorescence intensities for proteolytic fragments of ATP7B in PAGE gels, protection of other 

domains (e.g. domain 4) cannot be excluded, however [21]. More recently, NMR titrations with 

Cu(I)Atox1 and WD2 or WD4 revealed the formation of WD4/Cu(I)/Atox1 and 

WD2/Cu(I)/Atox1 complexes [22]. In agreement with our results, this study also reported a 

weaker interaction between WD2 and Atox1 than between WD4 and Atox1. 

An important observation from our study is that only a limited number of MXCXXC-

containing domains show an interaction in yeast two-hybrid analysis. It is clear that the 

presence of an MXCXXC motif is not sufficient for the formation of a strong copper-mediated 

protein-protein complex, and other additional interactions are needed for the complex to be 

detected by yeast two-hybrid analysis. All interactions that are detected are between a copper 

chaperone and a copper binding domain from a P-type ATPase. No interactions were detected 

between individual copper binding domains present within ATP7B or Ccc2 itself and 

formation of homodimers (e.g. Atox1-Atox1) was also not observed. Yeast two hybrid analysis 

will only show relatively strong interactions (Kd < 1 μM) [14, 23], however, so we cannot 

exclude the possibility of weak interactions between for example some of the domains present 
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in ATP7B. In fact, because these interactions would normally occur intramolecularly, high 

binding constants may not be required for efficient copper transport between these domains.  

All combinations show a remarkable bell-shaped dependency on copper concentration 

that is maximal just below normal copper levels. Figure 2.4 shows a model that explains our 

finding that the protein-protein interaction is copper dependent, but is disrupted at high 

copper concentrations. At low copper concentrations, dimerization occurs as coordination of 

one copper ion by two copper chaperone domains is thermodynamically more favorable than 

coordination of this copper by only one of the two copper binding domains. Upon addition of 

excess copper, both MXCXXC motifs will bind copper resulting in disruption of the protein 

dimer. The fact that the copper dependency profiles are similar for different combinations of 

copper binding domains suggests that the equilibria depicted in Figure 2.4 are dominated by 

copper-cysteine bonds. This model also explains why the strongest interaction, between Atox1 

and domain 4 of ATP7B, also is the least sensitive to high copper concentrations. Disruption of 

this interaction is thermodynamically less favorable and therefore requires higher copper 

concentration. 

 

 
 

Figure 2.4 Model for the copper dependent interaction between two copper binding domains. Copper binding 

domains do not interact in the absence of copper. At low copper concentration, two copper binding domains 

coordinate one copper ion in bridging fashion. Upon addition of extra copper both copper binding motifs will bind 

copper, resulting in disruption of the protein-protein interaction. Please note that the coordination chemistry of 

Cu(I) is a simplified representation. Binding of Cu(I) to two cysteines gives the complex an overall charge of –1, 

whereas coordination of Cu(I) to 3 or 4 cysteine residues gives the complex an overall charge of –2 or  –3, 

respectively. In the protein, this charge will be balanced by amino acids in the vicinity of the metal binding site. 

 

It is interesting to note that addition of 3 mM BCS almost completely abolishes the 

interactions for all 5 combinations of copper binding domains, whereas the total cellular copper 

content as determined by AAS is only decreased by 30%. This suggests that most of this copper 

is tightly bound, e.g. as cofactor in enzymes, whereas the yeast two-hybrid assay is probing the 
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pool of copper that is readily available. Yeast two-hybrid analysis of these copper dependent 

interactions may therefore provide a new sensitive tool to monitor the intracellular copper 

status of a cell. Consistent with this concept, significant decreases in cell associated copper as a 

result of low concentrations of BCS could not be measured by AAS, whereas they were 

detected by quantitative yeast two-hybrid analysis, indicating that the latter method is more 

sensitive. In principle, comparison of the copper dependency profiles of normal cell lines with 

those of cell lines with mutations in proteins that are suspected to play a role in copper 

homeostasis could be used to study the effect of mutations. In case of intracellular copper 

depletion, the copper dependency profile is expected to shift towards higher copper 

concentrations (in the media), whereas intracellular copper accumulation should be 

characterized by an activity profile that is maximal at low extracellular copper concentrations 

(Figure 2.5).  

 

[BCS][copper]
-

depletion accumulation

[BCS][copper]
-

depletion accumulation

 
 

 

The strongest copper dependent interaction was observed between copper binding 

domains Atox1 and the fourth domain of ATP7B. These two domains are therefore attractive 

Cu(I) binding domains to construct a FRET-based copper(I) sensor. The Atox1-WD4 

combination was also found to be the least sensitive to monomerization induced by higher 

copper concentrations. Other interactions were disrupted upon copper addition as well as 

copper depletion, making it very difficult to distinguish between these two different 

conditions.  

 

 

 

 

 

Figure 2.5 Insight in copper homeostasis

using copper dependency profiles of Y2H

screening. In case of intracellular copper

depletion, the copper dependency profile is

expected to shift towards higher extracellular

copper concentrations (dashed line), whereas

intracellular copper accumulation should be

characterized by an activity profile that is

maximal at low extracellular copper

concentrations (dotted line). 
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MATERIALS AND METHODS 
Plasmid constructs for yeast two-hybrid system 

The boundaries of the copper binding domains in Ccc2 and ATP7B were determined from sequence 

homology with Atx1 and Atox1 [20]. The coding regions of all six ATP7B domains were amplified 

separately from human liver cDNA by PCR using the primers listed in Table 2.2. The coding regions of 

Atx1 and Ccc2 domain 1 and Ccc2 domain 2 were amplified from yeast cDNA. Forward primers contain 

a SmaI site and a stop codon and reverse primers contain a SalI site. All PCR products were TA-cloned 

into pCR2.1 (Invitrogen, Breda, The Netherlands).  Digestion of the pCR2.1 vector with SmaI and SalI 

yielded fragments that could be ligated into pGBT9 and pGADGH plasmids, which were predigested 

with SmaI and SalI (BD biosciences Clontech, Palo Alto, CA, USA). Full length Atox1 and the coding 

region containing the first four metal-binding motifs of ATP7B (amino acids 45-440) were amplified and 

ligated in the pGBT9 and pGADGH vectors as described previously [18]. DNA sequencing confirmed 

the correct open reading frames for all constructs used in yeast two-hybrid analysis. 

 

Table 2.2: Primers used in this study for cloning 

Amplified region Primer  Nucleotide sequence 

ATP7B dom. 1 (aa 54-125) forward CCC GGG TTC TTC TCA GGT GGC CAC CA 
 reverse GTC GAC CTA AAT GCT GGC CTC GAA GCC CA  
ATP7B dom. 2 (aa 139-210) forward CCC GGG GCC TGC CCA GGA GGC TGT GG  
 reverse GTC GAC CTA GAT GGC AGC TTC AAA TCC CA  
ATP7B dom. 3 (aa 253-324) forward CCC GGG AGG AAG CCA TGT GGT CAC CC  
 reverse GTC GAC CTA TTT AAA ATT CCC AGG TGG AA  
ATP7B dom. 4 (aa 355-426) forward CCC GGG CCA GGG CAC ATG CAG TAC CA 
 reverse GTC GAC CTA GAC TGA AGC CTC AAA TCC CA 
ATP7B dom. 5 (aa 484-555) forward CCC GGG AGC AGT GGC ACC GCA GAA GT 
 reverse GTC GAC CTA GAC TGC TGC CTC AAA ACC CA 
ATP7B dom. 6 (aa 560-631) forward CCC GGG CGC AGG CTC CGA TGG CAA CA  
 reverse GTC GAC CTA CAG GGA AGC ATG AAA GCC AA  
Ccc2 dom.1 (aa 1-72) forward CCC GGG AAT GAG AGA AGT GAT ACT TG  
 reverse GTC GAC CTA AGA ATC TCT TAG TAT CTC AC  
Ccc2 dom. 2 (aa 78-150) forward CCC GGG AAG TAC GAA GGA AGG ACT AC  
 reverse GTC GAC CTA ATC CAT AAT AAT ATT TGA GTC  
Atx1 forward CCC GGG GAT GGC AGA GAT AAA ACA TT  
 reverse GTC GAC CTA CAA TTG TTT GCC AGA TCT AA  

Primers are depicted 5’  3’ and introduced restriction sites are underlined. 

 

Yeast two-hybrid assay 

Components for yeast culture media and solutions were purchased from BD Diagnostic systems (Sparks, 

MD, U.S.A.). Prey and bait vectors were transformed into the yeast strain YGH1 using polyethylene 

glycol [24]. Successful introduction of both plasmids was verified by growing yeast on plates without 

leucine and tryptophan. Strains showing protein-protein interactions were selected based on activation 
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of the HIS3 reporter gene on plates lacking leucine, tryptophan and histidine in two independent 

experiments. The activity of the reporter enzyme β-galactosidase was quantified in liquid culture by an 

assay using o-nitrophenyl-β-D-galactopyranoside (ONPG) as a substrate as previously described [25]. 

The copper dependence of the interactions was tested by growing yeast on triple dropout medium 

(without leucine, tryptophan and histidine) for 24 h in the presence of various concentrations of CuSO4 

or bathocuproine disulfonic acid (BCS), after which the interactions were quantified in four independent 

experiments. 
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3 
Ratiometric fluorescent sensor proteins with 

subnanomolar affinity for Zn(II) based on 

copper chaperone domains 

Abstract 

 

The ability to image the concentration of transition metals in living cells in real time is important for the 

further understanding of transition metal homeostasis and its involvement in diseases. The goal of this 

study was to develop a genetically-encoded FRET-based sensor for copper(I) based on the copper-induced 

dimerization of two copper binding domains involved in human copper homeostasis, Atox1 and the 

fourth domain of ATP7B (WD4). A sensor has been constructed by linking these copper binding 

domains to donor and acceptor fluorescent protein domains. Energy transfer is observed in the presence 

of Cu(I), but the Cu(I)-bridged complex is easily disrupted by low molecular weight thiols such as DTT 

and glutathione. To our surprise, energy transfer is also observed in the presence of very low 

concentrations of Zn(II) (10-10 M), even in the presence of DTT. Zn(II) is able to form a stable complex by 

binding to the cysteines present in the conserved MXCXXC motif of the two copper binding domains. 

Co(II), Cd(II) and Pb(II) also induce an increase in FRET, but other, physiologically relevant metals, are 

not able to mediate an interaction. The Zn(II) binding properties have been tuned by mutation of the 

copper-binding motif to the zinc-binding consensus sequence MDCXXC found in the zinc transporter 

ZntA. The present system allows the molecular mechanism of copper and zinc homeostasis to be studied 

under carefully controlled conditions in solution. It also provides an attractive platform for the further 

development of genetically-encoded FRET-based sensors for Zn(II) and other transition metal ions.  

 

 

This work has been published: van Dongen, E. M., Dekkers, L. M., Spijker, K., Meijer, E. W., 

Klomp, L. W. and Merkx, M. (2006) J. Am. Chem. Soc. 128, 10754-10762 
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INTRODUCTION 

 

Transition metals pose an interesting paradox to life since these metals are both 

essential as cofactor in many proteins and toxic in their free, aquated form. Research in the last 

decade, in particular on copper, has shown that transition metal homeostasis is a tightly 

regulated process in which the acquisition, distribution, and excretion of metals is controlled by 

specific proteins, resulting in very low free metal concentrations in cells [1]. The free copper 

concentration in the yeast cytoplasm has been estimated to be less than 10-18 M [2] and the 

transcriptional activator CueR from E. coli binds Cu(I) with an extremely low Kd of 2 · 10-21 M 

[3]. Under these conditions specific copper chaperone proteins are required to distribute this 

metal to different cellular targets [4, 5]. In humans, copper targeted for excretion and 

incorporation into extracellular copper proteins is delivered by the copper chaperone protein 

Atox1 to copper-transporting P-type ATPases (ATP7A and ATP7B) located in the Golgi 

membrane. Mutations in ATP7A and ATP7B result in copper depletion (Menkes Disease (MD)) 

or copper accumulation (Wilson’s Disease (WD)), respectively [6]. All copper chaperones 

contain a conserved MXCXXC copper-binding motif and homologous domains are also present 

at the intracellular N-terminus of ATP7A/B (six domains). This MXCXXC motif is arranged in a 

βαββαβ fold in which the two cysteines coordinate Cu(I) in either a 2-coordinate, linear fashion 

[7, 8] or in a 3-coordinate complex with the third ligand being another amino acid or low 

molecular weight thiol [9-15]. This low coordination number is believed to favor Cu(I) and 

inhibit oxidation to Cu(II). The X-ray structure of Atox1 in the presence of Cu(I) revealed a 

second binding mode in which one copper ion is coordinated by cysteines from two Atox1 

proteins in a 3- or 4-coordinate complex [7]. The latter structure is believed to represent the 

complex formed when copper is transferred from Atox1 to one of the copper binding domains 

of ATP7B [12, 16].  

Zinc is well-known as a cofactor in numerous enzymes involved in hydrolysis and 

group transfer reactions [17], but zinc also provides structural stability to proteins (e.g. in 

transcription factors) [18, 19], and it has been implicated as a signalling molecule in 

neurotransmission [20]. Although its redox stability makes zinc less toxic than copper, free 

Zn(II) is known to interfere with many biological processes and is therefore probably 

maintained at low free concentrations as well [21-23]. Disruption of zinc homeostasis after 

ischemia, seizures, and following head injury has been shown to result in an increase in free 

Zn(II) leading to neuronal damage [24-30], whereas zinc deficiency resulting from defective 

zinc uptake leads to acrodermatitis enteropathica [31]. Although less is known about the 

molecular mechanism of cellular zinc homeostasis, some of the proteins involved may be 
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homologous to proteins involved in copper homeostasis [32]. The cysteine-rich 

metallothioneins are known to bind both copper and zinc, for example [33, 34]. Moreover, the 

Zn(II)-specific transporter ZntA from E. coli contains an MDCXXC motif in which Zn(II) is 

coordinated by both cysteines, the aspartic acid and a solvent molecule [35, 36]. This raises the 

interesting question of how these similar metal binding sites distinguish between various 

transition metals ions. 

An important prerequisite for further understanding of the mechanism of transition 

metal homeostasis and its involvement in diseases is the ability to image the concentration of 

transition metals in living cells in real time. Fluorescence microscopy is ideally suited for this 

purpose and the development of fluorescent probes that bind transition metal ions with high 

affinity and selectivity has recently become an area of active research [37-40]. A variety of 

Zn(II)-specific fluorescent dyes have been developed [41-59] and recently the first two 

examples of Cu(I)-specific fluorescent chemosensors were reported [60, 61]. Although several 

of these chemosensors have already been applied for intracellular imaging [62-64], it has 

proven challenging to develop small molecule sensors with physiologically relevant binding 

constants. To improve the affinity and selectivity of metal binding, several groups have 

developed fluorescent sensors based on natural metal binding proteins. The Cu(I)-induced 

binding of the copper transcription activator CueR to a fluorescently labeled oligonucleotide 

has been used to detect nanomolar levels of Cu(I), but this sensor is unsuitable for intracellular 

imaging [65]. Protein-based fluorescent Zn(II) sensors include fluorescently labeled peptides 

based on Zn-finger domains [54, 66, 67], carbonic anhydrase in combination with a Zn(II)-

specific fluorescent substrate analogue [19, 68, 69] and green fluorescent protein (GFP) variants 

with Zn(II) binding sites introduced by protein engineering [70, 71]. The latter have the 

important advantage of being genetically- encoded (i.e. no synthetic fluorescent groups are 

used), but the present GFP-based Zn(II) sensors show only weak to moderate affinity for Zn(II) 

(Kd = 50-700 μM). 

Fluorescence resonance energy transfer (FRET) between donor and acceptor fluorescent 

protein domains is an effective way to translate conformational changes in a sensor domain 

into a ratiometric fluorescent signal. Tsien and coworkers pioneered this concept by 

constructing the calcium sensor Cameleon in which the calcium binding protein calmodulin 

was fused to two spectral variants of GFP [72]. Calcium binding to calmodulin induces a 

conformational change in these fusion proteins that brings the donor and acceptor domains 

closer together which results in increased FRET. Unlike synthetic fluorescent probes which 

need to be introduced inside the cell via microinjection or passive diffusion, genetically-

encoded sensors such as Cameleon consist entirely of amino acids and can be produced inside 
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cells after transfection of their corresponding genes. Attachment of signal sequences and 

regulation of transcription also allow control over their subcellular localization and 

concentration. Using yeast two-hybrid analysis, we and others previously observed copper-

dependent interactions between copper chaperone proteins and copper binding domains 

present in their physiological target proteins [73-75]. The strongest interaction was observed 

between Atox1 and the fourth copper binding domain of Wilson’s disease protein, WD4 [75] 

(chapter 2). The goal of the work presented here was to develop a genetically-encoded FRET-

based sensor for Cu(I) using the Cu(I)-induced complex formation between these two protein 

domains (Figure 3.1). The Cu(I) binding properties of the system are reported, but also its 

surprisingly high affinity for Zn(II). The implications of our findings for the understanding of 

the coordination chemistry of metallochaperones and the development of genetically encoded 

sensors for zinc imaging are discussed. 
 

 
Figure 3.1 Design of a ratiometric, fluorescent sensor based on the copper binding proteins Atox1 and WD4. In the 

presence of the metal, a metal-bridged Atox1-WD4 dimer is formed, which can be detected through FRET between 

donor (CFP: Cyan Fluorescent Protein) and acceptor (YFP: Yellow Fluorescent Protein) domains linked to Atox1 

and WD4, respectively. 

 

RESULTS 
 

Four fusion proteins were constructed in which Atox1 and WD4 were linked to either 

Cyan Fluorescent Protein (CFP) or Yellow Fluourescent Protein (YFP). The fusion proteins were 

cloned with an N-terminal His-tag in pET28 and overexpressed in E. coli. Purification using Ni-

affinity chromatography and subsequent proteolytic removal of the His-tag resulted in the 

isolation of CFP-Atox1, CFP-WD4, Atox1-YFP, and WD4-YFP in good yields (~50-100 mg/L). 

All four fusion proteins showed the optical properties (absorption and emission spectra) 
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characteristic of CFP and YFP, respectively, indicating proper folding of the fluorescent protein 

domain. Metal analysis showed less than 0.05 Cu/protein. To obtain evidence for Cu(I) induced 

FRET, various 1:1 combinations of CFP- and YFP fusion proteins were studied using 

fluorescence spectroscopy. Figure 3.2A shows the emission spectra of CFP-Atox1 and WD4-

YFP when excited at 420 nm, both separately, and their summation. As expected at this 

excitation wavelength, a strong emission signal is observed for CFP-Atox1 and a weak signal 

for WD4-YFP. Unexpectedly, the spectrum for the 1:1 mixture is not a simple summation of the 

emission spectra obtained for the separate proteins. The emission peak at 475 nm is 

significantly decreased and the emission at 527 nm is increased with respect to the summation 

(Figure 3.2B), indicating that energy transfer between the two fusion proteins is taking place 

even in the absence of added Cu(I). Because the fusion proteins did not contain detectable 

amounts of copper and because the presence of trace amount of Cu(I) in our buffers is highly 

unlikely, the interaction must be Cu(I)-independent.  
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Figure 3.2 Emission spectra of CFP-Atox1 and WD4-YFP showing Zn(II)-dependent FRET. All spectra were 

measured in 50 mM Tris, 100 mM NaCl, 10% glycerol, 0.5 mM TCEP, pH 7.5 using protein concentrations of 2 

μM and 420 nm excitation. Panel A shows the emission spectra of CFP-Atox1 and YFP-WD4 when measured 

separately, and the summation of both spectra that is expected for a mixture of CFP-Atox1 and YFP-WD4 in the 

absence of FRET. Panel B shows the emission spectrum determined for a 1:1 mixture of CFP-Atox1 (CA) and 

WD4-YFP (WY) in normal buffer (black line), upon addition of 15 μM EDTA (blue line), and after subsequent 

addition of 17 μM Zn(II) (red triangle). The summation of the individually determined spectra of CFP-Atox1 and 

WD4-YFP is shown for comparison. A color version of this figure is available at the end of this thesis. 

 

A similar but slightly smaller change in donor and acceptor emissions was observed for 

the reciprocal pair, CFP-WD4 and Atox1-YFP (Figure 3.3A). FRET was not observed when 

CFP- and YFP fusion proteins with the same copper binding domains were used (e.g. CFP-
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Atox1/Atox1-YFP), as the emission spectra completely overlapped with the summation of the 

emission spectra of the individual domains (Figure 3.3B and 3.3C). This result is consistent with 

results from yeast two-hybrid analyses, in which the formation of homodimers was also not 

detected, and shows that the interaction between Atox1 and WD4 is specific. The observed 

decrease in donor emission corresponds to a donor-acceptor distance of ~75 Å in the complex 

[76]. This distance is reasonable, given that the distance between the terminal residues in the 

Atox1-dimer is ~50 Å and the distance between the chromophore and the terminal residues of 

CFP/YFP is at least 15 Å [7].  

The two cysteines present in the copper binding domains are strong metal binding 

ligands. To test whether the interaction observed between Atox1 and WD4 fusion proteins is 

mediated by other metal ions than copper, the effect of metal chelators was studied. Addition 

of 15 μM EDTA to CFP-Atox1/WD4-YFP resulted in an emission spectrum that was 

indistinguishable from the calculated spectrum in the absence of FRET (Figure 3.2B), 

suggesting that the interaction was indeed metal-dependent. Similar results were obtained 

using 1,10- phenanthrolin, another non-specific metal chelator for divalent metal ions (not 

shown). Since Zn(II) is normally present at ~1 μM in buffers when no special precautions are 
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Figure 3.3 Emission spectra of 1:1 mixtures of
CFP-WD4 and Atox1-YFP (A), CFP-Atox1 and
Atox1-YFP (B) and CFP-WD4 and WD4-YFP (C)
obtained in buffer (black line), upon addition of 15 μM
EDTA (A: blue line, B,C blue circles), and after
subsequent addition of 17 μM of Zn(II) (red triangle).
All spectra were measured in 50 mM Tris, 100 mM
NaCl, 10% glycerol pH 7.5 with 0.5 mM TCEP using
protein concentrations of 2 μM and 420 nm excitation.
The summation of the emission spectra of the separate
domains is shown for comparison (green squares). A
color version of this figure is available at the end of
this thesis.
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taken [77], we tested whether stepwise addition of low concentrations of Zn(II) could restore 

the interaction that was disrupted by 15 μM EDTA. No change in fluorescence emission was 

observed up to a concentration of 13 μM, but upon further addition of Zn(II) the YFP/CFP ratio 

increased to the same level as before EDTA addition at 17 μM Zn(II). Similar results were 

obtained for the reciprocal pair CFP-WD4/Atox1-YFP, but the spectra of CFP-WD4/WD4-YFP 

and CFP-Atox1/Atox1-YFP were not affected by addition of either EDTA or Zn(II) (Figure 3.3). 

 

The unexpected Zn(II)-induced complex formation prompted us to investigate the 

metal selectivity of the interaction. CFP-Atox1 and WD4-YFP were first treated with 15 μM 

EDTA to remove advantageous Zn(II), followed by an excess of a variety of divalent metal ions 

(Figure 3.4). Of all metals tested only Co(II), Cd(II) and Pb(II) showed a similar increase in 

FRET as observed with Zn(II). In the presence of 1 mM DTT (instead of TCEP), FRET was still 

observed for Zn(II), Co(II) and Cd(II), but not for Pb(II) (not shown). All of these metal ions are 

known to have a similar coordination chemistry as Zn(II). Co(II) and Cd(II) are often used as 

spectroscopic probes for Zn(II) binding sites  [77], whereas Pb(II) is known to bind to cysteine-

rich Zn(II) binding sites [78-80]. 
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Figure 3.4 Metal dependency of the interaction between CFP-Atox1 and WD4-YFP. The YFP:CFP emission ratio 

was determined using 2 μM CFP-Atox1, 2 μM WD4-YFP in 50 mM Tris, 100 mM NaCl, 0.5 mM TCEP, 10% 

glycerol, pH 7.5. White bars represent the ratio in the presence of 15 μM EDTA, the grey bars show the ratio after 

subsequent addition of 20 μM of the indicated metal. The error bars represent the standard deviation determined 

from 3 independent experiments. 
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Binding studies with Cu(I) are more complicated than with the divalent metal ions 

described above. Although Cu(I) titrations were done under carefully controlled anaerobic 

conditions using freshly prepared anaerobic stock solutions of Cu(I)(CH3CN)4-PF6 in CH3CN, 

we initially did not observe Cu(I)-induced FRET. We eventually did observe Cu(I)-induced 

FRET, but only after extensive dialysis of the proteins to completely remove DTT. Figure 3.5 

shows an experiment in which CFP-Atox1 and WD4-YFP were mixed at a 1:1 ratio and 

transferred to an anaerobic cuvet. First 15 μM EDTA was added to remove advantageous Zn(II) 

resulting in a decrease of the emission ratio from 0.60 to 0.54. Addition of 30 μM Cu(I) resulted 

in a clear increase in the YFP/CFP ratio, providing strong evidence for the formation of a Cu(I)-

bridged ternary complex. The interaction was readily disrupted upon addition of a low amount 

of DTT (50 μM), however. The same effect was observed in the presence of the same 

concentration of glutathione, showing that the interaction is highly sensitive to free thiols.  
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Figure 3.5 Cu(I) dependency of the interaction between CFP-Atox1 and WD4-YFP. The YFP:CFP emission ratios 

were determined using anaerobic samples of 2 μM CFP-Atox1, 2 μM WD4-YFP, 50 mM Tris, 100 mM NaCl, 

10% glycerol, pH 8, followed by the subsequent anaerobic addition of 15 μM EDTA, 30 μM Cu(I) and 50 μM 

DTT. The error bars represent the standard deviation determined from 3 independent experiments. 

 

To test whether the copper binding domains would still bind Cu(I) in the presence of 

DTT, competition experiments between Zn(II) and Cu(I) were performed. In the first 

experiment, an anaerobic mixture of 2 μM CFP-Atox1 and 2 μM WD4-YFP was treated with 15 

μM EDTA followed by 30 μM Cu(I) (Figure 3.6A). Addition of EDTA again resulted in 

disruption of the interaction, and no restoration of FRET was observed upon addition of Cu(I). 

Subsequent addition of 20 μM Zn(II) also did not lead to a change in YFP/CFP ratio, however, 

suggesting that copper binding to the metal binding sites prevented the Zn(II)-mediated 

dimerization. A titration experiment in which the apo proteins were pre-incubated with 
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different amounts of Cu(I) showed that Zn(II) binding is already completely blocked after 

addition of one equivalent (4 μM) of Cu(I) (Figure 3.6B), showing that Cu(I) binds significantly 

stronger than Zn(II).  In a second experiment, the Zn(II)-bridged complex was first formed by 

addition of 20 μM Zn(II) to CFP-Atox1 and WD4-YFP (Figure 3.6C). A clear decrease in 

YFP/CFP ratio was observed after anaerobic addition of Cu(I) (30 μM) to this sample, again 

showing that Cu(I) binds stronger than Zn(II). Based on these experiments we conclude that 

the copper binding domains present in CFP-Atox1 and WD4-YFP strongly bind Cu(I) also in 

the presence of DTT, but that the Cu(I)-bridged dimer is not formed under these conditions. 
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Figure 3.6 Experiments showing competition between Zn(II) and Cu(I) binding. All experiments were done using 

anaerobic samples containing 2 μM CFP-Atox1, 2 μM WD4-YFP, 50 mM Tris, 100 mM NaCl, 50 μM DTT, 

10% glycerol, pH 8. Panel A: YFP:CFP emission ratio after subsequent addition of 15 μM EDTA, 30 μM Cu(I), 

and finally 20 μM Zn(II). Panel B: Competition experiment between Cu(I) and Zn(II) binding as a function of 

Cu(I) concentration. Samples were pre-incubated for 5 minutes with 0, 2, 4, 6, 10 and 30 μM Cu(I), followed by 

addition of 20 μM Zn(II), after which the emission ratio between YFP and CFP was determined. Panel C: 

YFP:CFP emission ratio after subsequent addition of 15 μM EDTA, 20 μM Zn(II), and 30 μM Cu(I). 
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Although in principle a sensitive ratiometric fluorescent sensor for Cu(I) was obtained, 

the thiol sensitivity of the sensor presents a major problem for practical application of this 

sensor. In contrast, the CFP-Atox1/WD4-YFP combination does constitute an attractive 

ratiometric Zn(II) sensor with surprisingly high Zn(II) affinity even in the presence of DTT. 

Obviously, the sensor would not work in the presence of large amounts of Cu(I), but Figure 3.4 

shows that it is specific compared to most other physiologically relevant divalent metal ions. 

To establish its usefulness as a biological Zn(II) sensor, titration experiments were performed 

using metal buffers that allow control of free Zn(II) concentrations in the picomolar to 

nanomolar range. Two different metal buffer systems were used, EDTA/Ca(II)/Zn(II) and 

EGTA/Zn(II) to minimize the chance of making systematic errors in calculating free Zn(II) 

concentrations. Figure 3.7A shows that the increase of the YFP:CFP ratio is half-maximal at 

~350 pM free Zn(II) at pH 7.5. A non-linear fit of the EGTA/Zn(II) titration curve using the 

equation describing the formation of a ternary complex of CFP-Atox1-Zn(II)-WD4-YFP yields 

an apparent formation constant of 4.5·1015  mol-2 L2.  

 

 

 
 

Figure 3.7 Zn(II) titration experiments for ‘wild-type’ CFP-Atox1/WD4-YFP (panel A) and for variants with 

mutations in the metal binding site (panel B). All titrations were done using 2 μM of each protein in 50 mM Tris, 

100 mM NaCl, 0.5 mM TCEP, 10% glycerol, pH 7.5, using either the EDTA (1 mM EDTA, 2 mM CaCl2; 

triangles) or EGTA (1 mM EGTA; circles) metal buffering systems. Panel A: zinc titration to CFP-Atox1 and 

WD4-YFP. The solid line is a fit of the data obtained using the EGTA buffering system (3 independent 

experiments) using the equation for the formation of a ternary CFP-Atox1-Zn(II)-WD4-YFP complex (Ka = 

4.5·1015 mol-2 L2). Panel B: zinc titrations for the combination of CFP-Atox1-C253S/C256S and WD4-YFP-

C16S/C20S (open symbols) and for the combination of CFP-Atox1-T252D and WD4-YFP-T16D (closed symbols). 
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To obtain unambiguous evidence that Zn(II) is mediating complex formation by 

binding to the two cysteines of each copper-binding domain, mutant proteins were made of 

both CFP-Atox1 and WD4-YFP in which both of the cysteines in the MXCXXC motif were 

replaced by serines. As expected, Zn(II) titration to these Cys-to-Ser mutant proteins did not 

show any evidence for complex formation, as the emission ratio was unaffected (Figure 3.7B). 

In an attempt to increase the Zn(II) affinity of the sensor even further, mutants of CFP-Atox1 

and WD4-YFP were constructed in which the threonine (T) present in the MTCXXC motif was 

replaced by an aspartic acid (D). The rationale behind this mutation was that an MDCXXC 

motif is found in the Zn(II)-specific metal transport ATPase ZntA. The presence of the 

negatively charged aspartic acid is thought to increase the affinity of these metal sites for 

divalent metal ions over monovalent metal ions such as Cu(I). Interestingly, titration of Zn(II) 

to a 1:1 mixture of Thr-to-Asp mutants of CFP-Atox1 and WD4-YFP results in a rapid increase 

in FRET at low concentrations of Zn(II), followed by a decrease in FRET at higher Zn(II) 

concentrations (Figure 3.7B). Compared to the titration curve of the ‘wild-type’ proteins, 

complex formation was reached at substantially lower Zn(II) concentrations. The disruption of 

the complex at higher Zn(II) concentrations is probably due to binding of a Zn(II) ion to each of 

the copper binding domains, which is enabled by the presence of an additional metal binding 

carboxylate group. 

 

To investigate whether a copper dependent interaction in vivo is still possible when 

fluorescent proteins are fused to the copper binding domains, we decided to perform a yeast 

two-hybrid assay with fusion constructs that contained cyan fluorescent protein (CFP) and 

yellow fluorescent protein (YFP) fused to the N- or C- terminus of the copper binding domains 

Atox1 and WD4 (figure 3.8A). Unfortunately, attempts to clone the construct CFP-Atox1 to the 

DNA binding domain failed. Interactions between the various fusion proteins were analyzed 

by growing yeast on plates lacking histidine. Figure 3.8A shows that, consistent with our 

previous findings, Atox1 interacted with WD4 both in the presence and absence of a 

fluorescent protein domain, while no homodimerization of the copper binding domains was 

observed. We also tested the copper(I) dependence of one of these combinations, Atox1-YFP 

and WD4-YFP, and established that this interaction was almost completely abolished by the 

presence of 3 mM of copper chelator BCS in the growth medium (Figure 3.8B). The strength of 

the interaction as indicated by the β-galactosidase activity was reduced compared to the 

interaction of WD4 and Atox1 individually. Compared to the small single copper binding 

domains (~ 7 kDa), the fluorescent proteins are relatively large (~ 27 kDa). The presence of large 
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protein domains may cause some steric hindrance in the interaction between the activation and 

DNA-binding domain of GAL4, thus influencing the transcription of reporter gene LacZ.  
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Figure 3.8 Results of yeast two-hybrid screening of interactions between copper binding domains fused to 

fluorescent protein domains. Panel A: copper binding domains Atox1 or WD4 linked to cyan (CFP) or yellow 

fluoresent protein (YFP) were fused to the GAL4 activation domain (pGADGH) or GAL4 DNA binding domain 

(pGBT9). Symbol + indicates growth on plates lacking histidine and symbol - indicates no growth on plates lacking 

histidines. Panel B: copper dependency of the interaction between Atox1-YFP and WD4-YFP. Yeast was grown in 

selective medium lacking histidine for 24 h with or without 3 mM BCS. β-galactosidase activity is shown as an 

average of three assays ± standard deviation. 

 

Our observation that Zn(II) and some other divalent metal ions can mediate an 

interaction of Atox1 and WD4 by increasing the energy transfer, prompted us to investigate the 

metal dependency in vivo using Y2H analysis. Figure 3.9A shows that addition of 300 μM of 

calcium, magnesium or iron to the growth medium had no significant effect on the strength of 

the interaction. In contrast, a 2-fold higher β-galactosidase activity was measured after addition 

of 300 μM Zn(II) to the medium compared to the highest activity obtained for copper (Figure 

3.9B). As a control the effect of zinc was determined on the metal independent interaction 

between the subunits of homodimeric copper transporter hCTR1, which does not contain a 

MXCXXC motif [81]. The Y2H results suggest that the interaction between CFP-Atox1 and 

WD4-YFP is indeed zinc-dependent and confirm the results obtained in the FRET experiments.  
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Figure 3.9 Metal specificity of the Atox1-WD4 interaction studied by Y2H analysis. A+B: The metal specificity of 

the interaction between Atox1 and WD4 was tested by growing yeast on triple dropout medium for 24 h in the 

presence or absence (minus symbol) of 300 μM of the indicated metal, after which the interactions were quantified 

in three independent experiments. Data are shown as an average of three independent experiments ± standard 

deviation. B: As a control we also determined the effect of Zn(II) addition on the metal independent interaction 

between the subunits of the homodimeric copper transporter hCTR1, which does not contain the MXCXXC motif.  

 

DISCUSSION 

 

Our sensor design was based on several observations that suggested that Cu(I)-bridged 

complexes can be formed between copper binding domains involved in cellular copper 

homeostasis. Yeast two-hybrid studies showed that interactions between copper binding 

domains can be disrupted by addition of the copper(I)-specific chelator bathocuproine 

disulfonic acid (BCS) [74, 82]. In fact, our choice for Atox1 and WD4 was based on a recent 

yeast two-hybrid study that showed a copper-specific interaction between these domains that 

could be interrupted by addition of BCS or by addition of extra copper to the medium (chapter 

2) [75]. Fusion of fluorescent protein domains to Atox1 or WD4 still yielded a copper-

dependent interaction, increasing our confidence to use Atox1 and WD4 for our final sensor 

design. The crystal structure of Atox1 in the presence of Cu(I) shows a copper-bridged dimer in 

which the Cu(I) is bound to 3 or 4 cysteines from the copper binding motifs present in each 

monomer [7]. Other studies suggesting the presence of Cu(I)-mediated interactions between 

copper binding domains include Surface Plasmon Resonance [83], NMR [15, 84], gel filtration 

chromatography [85], and intracellular detection of FRET between CFP- and YFP fusion 

proteins of Atox1 [83, 86]. The generation of CFP/YFP fusion proteins reported here allows one 
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to study the metal-mediated interaction under carefully controlled conditions in solution using 

FRET, and thus provides an attractive alternative method to study the mechanism and metal 

selectivity of proteins involved in copper homeostasis. Although our results confirm the 

presence of a Cu(I)-bridged protein interaction between Atox1 and WD4, energy transfer was 

readily disrupted by the addition of relatively low concentrations of free thiols such as DTT 

and glutathione. The participation of an additional thiol group provides an extra coordinating 

group for Cu(I) besides the two cysteines of the copper-binding motif, resulting in a three-

coordinated Cu(I) complex. Stabilization of the monomeric form by DTT and other exogenous 

ligands has been observed before in EXAFS and NMR studies [11, 85, 87]. Since intracellular 

protein concentrations are probably close to the protein concentrations used in our FRET 

experiments and because the intracellular glutathione concentration is ~ 5 mM, our findings 

suggest that in vivo the Cu(I)-bridged complex between Atox1 and ATP7B is only formed 

transiently.  

The thiol sensitivity of CFP-Atox1 and WD4-YFP limits the applicability and reliability 

of the Cu(I) sensor as the formation of a Cu(I)-bound monomer stabilized by glutathione will 

probably be favoured over a Cu(I)-bridged dimer (Figure 3.10A). Zn(II) was shown to form a 

stable complex between CFP-Atox1 and WD4-YFP even in the presence of thiols, however 

(Figure 3.10B). Mutagenesis studies showed that the cysteines present in the MXCXXC motifs 

of the copper-binding domain are essential for this interaction. Complementary protein-protein 

interactions are also important, however, since Zn(II)-induced dimerization was not observed 

for CFP-Atox1/Atox1-YFP or CFP-WD4/WD4-YFP pairs. The most likely coordination mode of 

Zn(II) is a tetrahedral complex of four cysteines residues, which is well documented for 

structural zinc sites that are found in certain zinc finger domains present in hormone receptors 

and GATA proteins [88, 89]. Zn(II) generally prefers a tetrahedral ligand geometry, although 5 

and 6 coordination are also possible [88]. Low coordination numbers are not stable, however, 

which explains why Zn(II) prefers to form complexes with two MXCXXC sites. This preference 

of Zn(II) for coordination by at least 4 ligands also explains our results for the MTCXXC-to-

MDCXXC mutants. At low concentrations of Zn(II), the Zn(II)-bridged dimer is the most stable 

form, but addition of more Zn(II) results in the disruption of the dimer by binding of Zn(II) to 

each of the metal binding domains (Figure 3.10C). The NMR structure of ZntA, which binds 

Zn(II) in a single MDCXXC motif, shows a 4-coordinated complex with Zn bound via the 2 

cysteines, one of the carboxylate oxygens and water [35]. Interestingly, a dissociation constant 

of 20 nM has been determined for Zn(II) binding to ZntA, which is similar to the apparent 

dissociation constant for binding of the 2nd Zn(II) in our system  [90]. 
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Figure 3.10 Mechanism explaining the different coordination modes observed for metal binding to CFP-Atox1 and 

WD4-YFP. A: addition of Cu(I) results in a Cu(I)-bridged dimer, but in the presence of free thiols a 3-coordinate 

monomeric Cu(I) complex is more stable. B: addition of Zn(II) results in a metal-bridged dimer, with Zn(II) 

coordinated by 4 cysteines in a tetrahedral configuration. C: introduction of an extra Zn(II)-coordinating aspartate 

also allows the formation of a stable monomeric Zn(II) complex at higher Zn(II) concentrations. Please note that the 

coordination chemistry of Cu(I) is a simplified representation. Binding of Cu(I) to two cysteines gives the complex 

an overall charge of –1, whereas coordination of Cu(I) to 3 or 4 cysteine residues gives the complex an overall 

charge of –2 or –3, respectively. In the protein, this charge will be balanced by amino acids in the vicinity of the 

metal binding site. 

 

The finding that Co(II) and Cd(II) also induce FRET is not surprising, since both metal 

ions are known to have similar coordination properties as Zn(II) and are often used as 

spectroscopic substitutes of the spectroscopically silent zinc [77]. Interestingly, Pb(II) also 

prefers to form a bridging complex. Many of the toxic effects of Pb(II) have been ascribed to its 

tendency to bind to Zn(II) sites in enzymes and transcription factors, in particular cysteine-rich 

sites [79, 89]. Our finding that the Pb(II)-mediated interaction is readily disrupted by DTT 



Chapter 3 

 56

indicates that Pb(II) is coordinated by only 3 cysteines, which confirms recent work that 

suggested that Pb(II) generally prefers coordination by 3 cysteines, whereas Zn(II) prefers 4-

coordination [78]. These hypotheses could be tested by studying the effect of single cysteine-to-

serine mutations on the metal selectivity of the interaction (chapter 5).  

Circular dichroism and X-ray absorption spectroscopy have previously been used to 

study the binding of Zn(II) to the N-terminal domain of ATP7B. This study reported a 

stoichiometry of 6 Zn(II) per domain and ligation dominated by nitrogen ligands [91]. In this 

study we provide strong evidence for direct competition between Zn(II) and Cu(I) binding, 

however, since addition of Cu(I) in the presence of DTT disrupts the Zn(II)-mediated 

interaction. Moreover, mutation of the Cu(I)-binding cysteines to serines completely disrupts 

the Zn(II)-mediated Atox1-WD4 interaction. Our finding raises the interesting question 

whether Zn(II) binding to copper chaperone domains is physiologically relevant. Interestingly, 

yeast two-hybrid studies showed that the Atox1-WD4 interaction is indeed Zn(II) dependent. A 

2-fold higher β-galactosidase activity was measured after addition of 300 μM zinc to the 

medium compared to the highest activity obtained for copper, whereas no effect was observed 

in the Atox1-WD4 interaction upon addition of physiologically relevant metals such as calcium 

and magnesium. Other examples of linked copper and zinc homeostasis are that both metals 

bind to metallothioneins [33, 34] and the fact that Zn(II) supplementation is an effective 

treatment for patients with Wilson’s disease, because it suppresses the accumulation of copper 

in the liver of these patients [92] .  

The CFP-Atox1 and WD4-YFP pair has several properties that makes it an attractive 

platform for the development of a genetically encoded Zn(II) sensor. Important qualities for 

such a sensor include physiologically relevant affinity and selectivity, a concentration-

independent fluorescent signal (ratiometric, anisotropy, lifetime), and control over intracellular 

localization and concentration. The intracellular Zn(II) concentration is actually not well 

established, but may vary dramatically between organisms, cell types and subcellular 

localization. The cytosolic concentration of Zn(II) in most mammalian cells has been estimated 

to be less than 1 nM [20, 23, 24, 93], but mM concentrations have been determined in synaptic 

vesicles in neuronal cells [94]. The zinc-specific transcriptional activator ZntR from E. coli binds 

Zn(II) with a Kd of 1.6 10-15 M, suggesting that the normal concentration of free Zn(II) in E. coli is 

6 orders of magnitude lower than one ion per cell [21, 22]. The Zn(II) affinity of CFP-

Atox1/WD4-YFP is similar to that of the most sensitive zinc-specific dyes [45, 48, 55, 59], 

fluorescently labeled Zn-finger peptides [54, 66, 67] and the carbonic anhydrase-based sensor 

developed by Thompson and coworkers [23, 68]. Although this sensor and the Zn-finger 

peptides are protein/peptide based, they still contain synthetic fluorescent dyes. Genetically-
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encoded, GFP-based zinc sensors have also been reported previously, but these showed only 

weak to moderate affinity for Zn(II) [70]. The current CFP-Atox1/WD4-YFP system has two 

important drawbacks that limit its applicability for intracellular imaging.  The ratio change 

observed upon Zn(II) binding is relatively small. Work on other FRET-based sensor systems 

has shown that similar ratio changes can be detected intracellularly, but these studies were 

done on a sensor in which donor and acceptor were part of a single protein chain [95]. 

Application of the current system would require co-expression of two proteins at a 1:1 ratio, 

which is difficult to achieve in practice. To make the present sensor suitable for cellular zinc 

imaging, the two protein domains should be fused into a single protein via a flexible peptide 

linker, which is described in chapter 4. Such a single protein sensor would be easier to 

introduce into cells. In addition, linking the two domains could enhance the Zn(II) affinity and 

more importantly, would make it independent of the protein concentration. Finally, the affinity 

and selectivity of metal binding could be further tuned using site-directed mutagenesis of the 

metal binding site, which is described in chapter 5.  

 

CONCLUSION 

 

Fusion of cyan and yellow fluorescent protein domains to the copper binding domains 

Atox1 and WD4 yielded a ratiometric fluorescent sensor for Cu(I) and Zn(II). Whereas the 

suitability as a Cu(I) sensor is limited due to its thiol sensitivity, this protein pair unexpectedly 

yielded a sensor with subnanomolar affinity for Zn(II). The metal binding properties of this 

system can be readily understood on the basis of the known coordination chemistries of Zn(II) 

and Cu(I). This study provided new insights into the mechanism of transition metal 

homeostasis, in particular on metal selectivity and the role of protein-protein interactions. The 

present system represents an attractive platform for the further development of genetically-

encoded FRET-based sensors for Zn(II). 
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MATERIALS AND METHODS 
General 

All restriction enzymes were obtained from New England Biolabs. Oligonucleotides were purchased 

from MWG Biotech and DNA sequencing was performed by BaseClear (Leiden, the Netherlands). 

 

Plasmid constructs 

The plasmids encoding for His-tagged CFP-WD4 and CFP-Atox1 fusion proteins were constructed in 

two steps. First, the copper binding domains Atox1 or WD4 (the fourth domain of ATP7B, aa 355-426) 

were amplified by PCR from human liver cDNA using specific oligonucleotides containing either a BspE 

I (5'-GCA TCC GGA ATG CCG AAG CAC GAG TTC-3' for Atox1 and 5'-GCA TCC GGA CAG GGC 

ACA TGC AGT ACC-3' for WD4) or a Xho I restriction site (underlined) (5'-GCT CTC GAG CTC AAG 

GCC AAG GTA G-3' for Atox1 and 5'-CGT CTC GAG GAC TGA AGC CTC AAA TCC C-3' for WD4) 

added to their 5’ ends. The PCR fragments were TA cloned in pCR2.1 (Invitrogen), digested with BspE I 

and Xho I and ligated into pECFP-C1 (Clontech), which was predigested with BspE I and Xho I. In the 

second step, the CFP-Atox1 and CFP-WD4 fragments were amplified by PCR using primers that add a 

Nde I restriction site (5'-GCT AGC ATA TGG TGA GCA AGG GCG AG-3' for both constructs) and a Not 

I restriction site and a stop codon (5'-CTA AAG CGG CCG CTC ACT CAA GGC CAA GGT AG-3' for 

CFP-Atox1 and 5'-CTA AAG CGG CCG CTC AGA CTG AAG CCT CAA ATC C-3' for CFP-WD4). After 

digestion with Nde I and Not I, the PCR fragments were ligated into the Nde I and Not I sites of pET28-a 

(Novagen), yielding pET28-CFP-Atox1 and pET28-CFP-WD4.  

The plasmids encoding Atox1-YFP and WD4-YFP were constructed in a similar manner. The copper 

binding domains Atox1 or WD4 were amplified by PCR from human liver cDNA using specific 

oligonucleotides containing either a Sac II (5'-GCA CCG CGG ATG CCG AAG CAC GAG TTC TC-3' for 

Atox1 and 5'-GCA CCG CGG ATG CAG GGC ACA TGC AGT ACC-3' for WD4) or a BamH I restriction 

site (5'-CGT GGA TCC GAC TCA AGG CCA AGG TAG G-3' for Atox1 and 5'-CGT GGA TCC GAG 

ACT GAA GCC TCA AAT CCC-3' for WD4) added to their 5’ ends. The PCR fragments were TA cloned 

in pCR2.1 (Invitrogen), digested with Sac II and BamH I and ligated into pEYFP-N1 (Clontech), which 

was predigested with Sac II and BamH I. In the second step, the Atox1-YFP and WD4-YFP fragments 

were amplified by PCR using primers that add a Nde I restriction site (5'-GCT AGC ATA TGC CGA AGC 

ACG AGT TCT C-3' for Atox1-YFP and 5'-GCT AGC ATA TGC AGG GCA CAT GCA GTA CC-3' for 

WD4-YFP) and a Not I restriction site and a stop codon (5'-GGT ATG GCT GAT TAT GAT CTA GAG 

TCG-3’ for both constructs). After digestion with Nde I and Not I, the PCR fragments were ligated into 

the Nde I and Not I sites of pET28-a (Novagen), yielding pET28-Atox1-YFP and pET28-WD4-YFP.  

Site-directed mutagenesis was done using the Stratagene QuikChange kit according to the instructions of 

the manufacturer. The following primers were used: CFP-Atox1-T252D: 5'-CGA GTT CTC TGT GGA 

CAT GGA CTG TGG AGG CTG TGC TGA AGC-3'; WD4-YFP-T16D: 5'-GCC ATT GCC GGC ATG GAC 

TGT GCA TCC TGT GTC C-3'; CFP-ATOX-C253S/C126S: 5'-CTC TGT GGA CAT GAC CAG TGG AGG 
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CAG TGC TGA AGC TGT CTC-3'; WD4-YFP- C17S/C20S: 5'-CCA TTG CCG GCA TGA CCA GTG CAT 

CCA GTG TCC ATT CCA TTG-3'. DNA sequencing confirmed the correct sequences of these mutants.  

 

Protein production 

The pET28 expression plasmids encoding wildtype or mutant CFP-WD4, CFP-Atox1, WD4-YFP and 

Atox1-YFP were transformed into chemically competent E. coli BL21(DE3) according the manufacturer’s 

instructions (Novagen). LB medium used for culturing cells was supplemented with 30 μg/mL 

kanamycin to select for cells containing pET28. All expression conditions were similar for wild-type and 

mutated proteins and expression was performed on a 0.5 L scale. Single colonies were used to inoculate 5 

mL LB medium and were grown overnight at 37 °C/250 rpm. Overnight cultures were diluted 1:100 in 

LB medium and bacteria were grown in LB medium at 225 rpm and 37 °C to an optical density between 

0.6 and 1 at 600 nm. Expression was induced with 0.1 mM IPTG and bacteria were grown for another 

four hours at 37 °C. After centrifugation at 10,000 g at 4 °C for 20 minutes, the cell pellet was 

resuspended according to the BugBuster protocol (Novagen) and incubated on a shaking platform for 20 

minutes at room temperature. The soluble fraction was separated from the insoluble fraction by 

centrifugation at 40,000 g for 20 minutes at 4 °C. The fusion proteins were purified from the soluble 

protein fraction using HisBind nickel affinity chromatography according to the manufacturer’s 

instructions (Novagen). The His-tag was removed by digestion with thrombin (Novagen) (0.2 U/mL; 

protein concentration of 0.2 mg/ml) for 8-24 hours at 4 °C. The fusion proteins were separated from the 

His-tag by Size Exclusion Chromatography (SEC) using an S200 Sephacryl column. The purification 

resulted in the isolation of wild-type and mutated CFP-Atox1, CFP-WD4, Atox1-YFP, and WD4-YFP in 

good yields (Table 3.1). The purified proteins were characterized further by LC-MS with reversed phase 

HPLC on a C4 column with 0.1 % formic acid in acetonitrile/ dH2O running buffer (Table 3.1) and 

confirmed the correct molecular masses of the proteins. The copper content was determined using a BCA 

assay [96] that was calibrated using a copper ICP standard (Merck). 

 

Table 3.1 LC-MS analyses and yields for copper binding domains fused to fluorescent proteins.  

Protein  Calculated 
mass (Da)a 

experimental 
mass (Da)b 

Difference Yield (mg/L)c 

CFP-Atox1 34692 34691 -1 51 
CFP-WD4 34694 34692 -2 62  
Atox1-YFP 35304 35299 -5 110  
WD4-YFP 35436 35433 -3 111  
T252D CFP-Atox1  34708 34706 -2 45  
C253S/C256S CFP-Atox1  34662 34663 1 42  
T16D WD4-YFP 35450 35448 -2 33  
C17S/C20S WD4-YFP 35404 35401 -3 61  

aExpected mass calculated by the compute pI/MW tool from the Expert Protein Analysis System [97]. 
bDeconvoluted masses were obtained from MagTran. cYields were calculated using A435 and a molar 
extinction coefficient of 32500 M-1 cm-1 for CFP fusion proteins [98] and using A515 and a molar extinction 
coefficient of 84000 M-1 cm-1 for YFP fusion proteins [99]. 
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Fluorescence experiments 

Fluorescence spectra were recorded on a Perkin Elmer LS 50B luminescence spectrometer. Unless stated 

otherwise, spectra were measured using 2 μM of each fusion protein in 50 mM Tris, 100 mM NaCl, 10% 

glycerol pH 7.5 using an excitation wavelength of 420 nm. The concentration of fusion proteins was 

quantified using A435 and a molar extinction coefficient of 32500 M-1 cm-1 for CFP fusion proteins [98] and 

using A515 and a molar extinction coefficient of 84000 M-1 cm-1 for YFP fusion proteins [99]. DTT (1 mM) 

or TCEP (0.5 mM) were used as reducing agents to prevent oxidation of the cysteines in the metal 

binding motif under aerobic conditions. The YFP:CFP ratio is defined as the fluorescence intensity of the 

YFP fusion protein at 527 nm divided by the fluorescence intensity of the CFP fusion protein at 475 nm.  

 

Determination of metal selectivity 

To complex adventitious metals that are already present in the buffer, 15 μM EDTA was first added to 

CFP-Atox1 and WD4-YFP (2 μM each) in 50 mM Tris, 100 mM NaCl, 0.5 mM TCEP or 1 mM DTT, 10% 

glycerol pH 7.5. The indicated metals were added from 10 mM stock solutions to a final concentration of 

20 μM. Prior to and after metal addition, the fluorescence emission spectrum was recorded and the 

YFP/CFP ratio was calculated. Stock solutions were made in water from ZnCl2, CoSO4, (NH4)2Fe(SO4)2, 

MgSO4, NiSO4, CaCl2, CuSO4 and Cd(OAc)2. Pb(II) was diluted from a 1000 μg/ml lead atomic standard 

solution (Sigma). 

 

Copper titrations 

All titrations using Cu(I) were done under carefully controlled anaerobic conditions. CFP-Atox1 and 

WD4-YFP in 50 mM Tris, 100 mM NaCl, pH 8 buffer were transferred into a Coy anaerobic chamber, 

incubated overnight with 2 mM DTT to completely reduce the metal-binding cysteines, and treated with 

5 mM sodium dithionite (Sigma) for 5 minutes to remove traces of O2. Slide-a-lyzer mini dialysis units 

(Pierce) were used to dialyze the protein three times for at least 1 h against anaerobic buffer (50 mM Tris, 

100 mM NaCl, pH 8) to remove DDT and sodium dithionite. The fusion proteins (2 μM each) in 50 mM 

Tris, 100 mM NaCl, 10% glycerol pH 8 were transferred into a fluorescence cuvet sealed with a rubber 

septum and transferred out of the anaerobic chamber. A 25 mM Cu(I) stock solution was prepared by 

dissolving Cu(I)(CH3CN)4PF6 (Sigma) in degassed 100% acetonitrile under anaerobic conditions. EDTA, 

Zn(II) and Cu(I) were added to the cuvet from anaerobic stock solutions using Hamilton gas-tight 

syringes.  

 

Zinc titrations 

Zn(II) was titrated in a buffering system consisting of either 1 mM EGTA and 0.1-0.9 mM Zn(II) or a 

system consisting of 1 mM EDTA, 2 mM Ca(II) and 0.1-0.9 mM Zn(II). All titrations were done using 2 

μM CFP-Atox1 and 2 μM WD4-YFP in 50 mM Tris, 100 mM NaCl, 10% glycerol pH 7.5 in a total volume 

of 500 μL. For the EGTA buffering system, free Zn(II) concentrations were calculated using the 

MaxChelator program [100]. For the calcium-EDTA buffering system, free Zn(II) concentrations were 
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calculated using the method described by Walkup [56]. After each Zn(II) addition, the fluorescence 

emission spectrum of the mixture was measured (excitation: 420 nm) and the percentage of YFP:CFP 

ratio increase (indicating FRET) was calculated. The formation constant of the equilibrium between CFP-

Atox1, WD4-YFP, and Zn(II) was determined using equation 1 and the nonlinear least-squares fit 

procedure of Origin 6.0, in which [protein]total = [CFP-Atox1]total = [WD4-YFP]total = 2 × 10-6 M. (the 

concentration of each of the two protein components was kept the same). 
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Yeast two hybrid analysis  

Components for yeast culture media and solutions were purchased from BD Diagnostic systems (Sparks, 

MD, U.S.A.). Yeast strain YGH1 was cotransformed with Atox1 or Atox1-YFP fused to the GAL4 

activation domain and WD4 or WD4-YFP fused to the GAL4 DNA binding domain using polyethylene 

glycol [101]. Successful introduction of both plasmids was verified by growing yeast on plates without 

leucine and tryptophan. Strains showing protein-protein interactions were selected based on activation 

of the HIS3 reporter gene on plates lacking leucine, tryptophan and histidine in two independent 

experiments. The activity of the reporter enzyme β-galactosidase was quantified in liquid culture by an 

assay using o-nitrophenyl-β-D-galactopyranoside (ONPG) as a substrate as previously described [102]. 

The metal dependence of the interactions was tested by growing yeast on triple dropout medium 

(without leucine, tryptophan and histidine) for 24 h in the presence 3 mM BCS, 300 μM MgSO4, 300 μM 

CaCl2, 300 μM FeSO4 or 300 μM ZnCl2 after which the interactions were quantified in four independent 

experiments. 
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4 

Tuning sensitivity and ratiometric change by 

varying linker length in a single protein,   

FRET-based Zn(II) sensor 

Abstract 

The development of imaging tools to monitor the intracellular transition metal status in real time would 

provide an important breakthrough in the study of transition metal homeostasis and its related diseases. 

Fusion of cyan and yellow fluorescent protein domains to the copper binding domains Atox1 and WD4 

was previously reported to yield a ratiometric fluorescent sensor for Cu(I) and Zn(II) (chapter 3). 

Whereas the suitability as a Cu(I) sensor was limited due to its thiol sensitivity, this protein pair 

unexpectedly yielded a sensor with subnanomolar affinity for Zn(II). Here we report the construction of 

a single protein sensor in which CFP-Atox1 and WD4-YFP were fused via a flexible peptide linker. The 

Zn(II) affinity of the single protein sensor was found to depend on the linker length, ranging from 1.5 

pM for a short linker to 170 fM for a long linker. In addition, the change in energy transfer upon zinc 

binding correlated with the linker length. Both properties could be quantitatively understood by using a 

random coil model describing the conformational behavior of the peptide linker. Initial experiments were 

performed to explore the applicability of these CFP-Atox1-linker-WD4-YFP proteins for imaging 

intracellular Zn(II) homeostasis. In addition to providing sensor proteins covering a range of 

physiological relevant zinc concentrations, this study provides also important lessons for the rational 

design of FRET-based sensor in general.  
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INTRODUCTION 
 

Although transition metal ions are crucial for many biological functions such as enzyme 

regulation, gene expression and signal transduction, they become extremely toxic to the cell at 

high concentrations [1, 2].  The acquirement, distribution, delivery and excretion of metals is a 

tightly regulated process, which results in very low free metal concentrations in cells [3]. The 

cytoplasmic free copper concentration in yeast was estimated to be less than 10-18 M and also 

the free concentration of the non-redox active metal zinc has been postulated to be in the 

femtomolar range in E. coli [4, 5]. The free concentrations of copper(I) and zinc(II) are probably 

also kept at low levels in mammalian cells, but the exact concentration of these metals remains 

an unresolved issue. To improve the understanding of metal homeostasis, a variety of 

fluorescent imaging probes have been developed in the past few years, with most of the 

research focussing on imaging zinc [6].  

Zinc is the second most abundant transition metal in the human body, where it is 

essential as a structural or catalytic component in numerous metalloproteins involved in 

hydrolysis reactions [7], immune function [8], transcription regulation [9, 10], apoptosis [11], 

and neurotransmission modulation [12]. A role for zinc has also been implicated in several 

disease processes including a variety of neurodegenerative disorders such as Parkinson’s 

disease, Alzheimer, familial amyothrophic lateral sclerosis (ALS) and Creutzfeldt-Jakob [13]. 

Zinc has been reported to induce formation of beta amyloid in the onset of Alzheimer disease 

[14] and to contribute to neuronal injury after an ischemic insult [15].  Although zinc(II) is a 

redox stable metal and is therefore considered to be less toxic to cells than for instance 

copper(I) [1], the free zinc concentration is maintained at low levels in cells [5, 16]. Despite the 

low free concentration of zinc, chelatable zinc has been imaged in living cells. Most of the 

probes for the spectroscopic silent zinc are based on fluorescence and include small molecule, 

intensity-based or ratiometric dyes [17-35]. To improve the specificity and affinity of zinc 

binding, probes have also been developed that are based on zinc binding peptides or proteins. 

Peptide- or protein-based Zn(II) sensors have been reported based on Zn-finger domains fused 

to fluorescent labels [30, 36, 37], or based on a carbonic anhydrase in combination with a 

synthetic, Zn(II)-specific fluorescent substrate analogue [10, 38, 39]. Green fluorescent protein 

(GFP) variants have been engineered that bind Zn(II) , but their affinity is too low to be usefull 

in cellular applications (Kd = 50-700 μM) [40, 41]. More recently, Bozym et al. reported that the 

free zinc concentration of mammalian cells is ~5 pM using an carbonic anhydrase based sensor 

fused to a TAT peptide (for easy intracellular introduction) [42]. An elegant protein-based 

sensor with nanomolar affinity for zinc was very recently reported based on zinc-finger 
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domains that were fused to fluorescent proteins [43]. It was shown that zinc fingers domains 

involved in regulatory zinc sensing domains could probe labile pools of zinc in populations of 

yeast. Despite the recent progress in the development of zinc sensors, there is room for 

improvement, both in the affinity for zinc and in the ratiometric change upon zinc binding. 

In chapter 3, a genetically-encoded FRET-based system was described that allowed 

measurement of subnanomolar concentrations of free zinc. This sensor was originally 

developed to sense copper(I) and was based on the Cu(I)-induced dimerization of two protein 

domains involved in copper homeostasis, Atox1 and the fourth domain of ATP7B (WD4). 

These two copper binding domains were fused to either Cyan Fluorescent Protein (CFP) or 

Yellow Fluorescent Protein (YFP). Surprisingly, Zn(II) was able to induce a stable zinc-bridged 

complex between Atox1 and WD4 that resulted in an increase in energy transfer between CFP 

(donor) and YFP (acceptor) that was insensitive for thiols, whereas copper-induced 

dimerization was readily disrupted in the presence to thiols. The coordination chemistry of this 

sensor protein for Zn(II) was investigated, showing that zinc was able to form a stable 

tetrahedral complex by binding four cysteines that were provided by the conserved copper-

binding MXCXXC motifs present in each of the two copper binding domains. The CFP-Atox1 

and WD4-YFP pair has some drawbacks that limit its applicability for intracellular imaging.  

The ratio change observed upon Zn(II) binding is relatively small, which makes intracellular 

detection of Zn(II) difficult. Secondly, application of CFP-Atox1 and WD4-YFP would require 

co-expression of two proteins at an exact 1:1 ratio, which is difficult to achieve in practice. 

Third, the affinity of the sensor may still be too low to detect the femto- or picomolar free zinc 

concentrations that have been postulated for E. coli or mammalian cells [5, 42]. To make the 

present sensor more suitable for cellular zinc imaging, the two protein domains were fused into 

a single protein (CFP-Atox1-linker-WD4-YFP, CA-L-WY) via a flexible peptide linker. The aim 

of this study was to systematically investigate the influence of linker length on the zinc affinity 

and on the ratiometric change that is observed upon binding of zinc or copper. The linker 

length dependence of both properties is discussed by describing the conformational behavior 

of these linkers using a random coil model.  
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RESULTS 
 

Creating fusion proteins with different linker lengths 

 

CFP-Atox1-linker-WD4-YFP proteins were constructed with a linker length containing 

2-9 GGSGGS repeats, yielding CA-L-WY in which L refers to the number of repeats. A new 

cloning strategy was used to generate expression plasmids for each of these fusion proteins 

without having to clone each linker separately in every vector. A linker containing 9 GGSGGS 

repeats with a BamH I restriction site after every repeat was cloned between CFP-Atox1 and 

WD4-YFP in a pET28 vector (Figure 4.1A). This linker was partially digested with BamH I, 

resulting in linearized DNA that was cleaved one or more times at different BamH I sites. This 

mixture of linearized plasmids with different linker lengths was subsequently religated and 

transformed into bacteria. Colony PCR allowed quick screening of the generated linker length 

(Figure 4.1B). Using this procedure, all linker lengths were formed ranging from a minimum 

length of 1 GGSGGS repeat and a maximum length 9 repeats and all lengths in between.  

 

 The proteins CA-2-WY, CA-3-WY, CA-4-WY, CA-5-WY, CA-6-WY and CA-9-WY were 

overexpressed in E. coli and purified using Ni-affinity chromatography. Subsequent proteolytic 

digestion of the His-tag resulted in the isolation of these proteins in reasonable yields (8-20 

mg/L culture). Mass spectrometry data confirmed the correct masses of the proteins (Table 4.1), 

but also showed a considerable degree of proteolytic cleavage in the peptide linker for both 

CA-3-WY and CA-4-WY (Figure 4.1C). The absorption, excitation and emission spectra were 

identical to those observed for CFP and YFP alone, indicating correct folding of the fluorescent 

protein domains.   

 
Table 4.1 LC-MS analyses for single protein sensors.  

Protein 
calculated 
mass (Da)a 

deconvoluted 
mass (Da)b 

Difference 
yield mg/L 

culture 
CA-2-WY 71259.8 71263 3 7.9 
CA-3-WY c 71662.2 71662 0 8.6 
CA-4-WY c 72064.5 72067 2 14.1 
CA-5-WY 72466.9 72474 7 13.9 
CA-6-WY 72869.2 72870 1 15.2 
CA-9-WY 74076.3 74075 1 19.1 

aExpected mass calculated by the compute pI/MW tool from the Expert Protein Analysis System [57]. 
bDeconvoluted masses were obtained by analysis with Magtran. cProtein mass of the uncleaved protein.  
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Figure 4.1 Construction of CFP-ATOX-linker-WD4-YFP (CA-L-WY) proteins. A: cloning strategy to obtain 

expression plasmids for CA-1-WY to CA-9-WY using partial digestion and religation. The linker consists of 9 

GGSGGS repeats with a BamH I site between each repeat. Partial digestion of the linker with BamH I and 

subsequent religation of the construct results in different linker lengths ranging from 1 to 9 GGSGGS repeats. B: 

transformation of the ligation mixture followed by colony PCR using primers adjacent to the linker allows 

identification of the linker length in each clone. C: SDS-PAGE analysis of CA-2-WY (L2) to CA-9-WY (L9) after 

expression and purification. 

Effects of linker length on Zn(II) affinity and ratiometric change 

Titration of Zn(II) to a 1:1 mixture of CFP-Atox1 and WD4-YFP was previously shown 

to result in an increase of FRET with a half-maximal response of ~ 350 pM. To establish the 

influence of the linker on the zinc binding properties, titration experiments were first 
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performed with CA-9-WY. Addition of metal chelator EGTA did not affect the YFP/CFP ratio, 

which could indicate that CA-9-WY displayed a higher affinity for zinc than EGTA (Kd = 8·10-10 

M). To control the free zinc concentration in the femto- to picomolar range, EDTA/Zn(II) and 

HEDTA/Zn(II) buffering systems were used. Figure 4.2 shows the YFP/CFP ratios of CA-9-WY 

as a function of the free zinc concentration. Linking the two proteins, strongly enhanced the 

affinity for Zn(II). A non-linear fit describing the formation of an intramolecular CFP-Atox1-

Zn(II)-WD4-YFP complex yielded a dissociation constant of ~ 170 fM. A second striking 

observation is that the YFP/CFP ratio decreases upon titration with zinc(II), while an increase in 

energy transfer was measured when CFP-Atox1 and WD4-YFP were not linked. The similar 

ratio for the zinc complex of CA-9-WY (~ 0.71) and the ternary CFP-Atox1/WD4-YFP-Zn(II) 

complex (~ 0.66) suggests that a similar zinc complex was formed in both cases.  
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Figure 4.2 Zn(II) titration experiments for the combination CFP-Atox1/WD4-YFP and CA-9-WY. Titration with 

CFP-Atox1 (CA) and WD4-YFP (WY) was performed with 2 μM of each protein in 50 mM Tris, 100 mM NaCl, 1 

mM DTT, 10% glycerol, pH 7.5 using the EGTA (1 mM EGTA; closed circles) metal buffering systems. Titrations 

for CA-9-WY were done using 1 μM of protein in the same buffer using either the EDTA (1 mM EDTA, 0-0.9 

mM Zn(II); open squares) or HEDTA buffering system (1 mM HEDTA, 0-0.9 mM Zn(II); open circles). The solid 

line is a fit of the data obtained using the EDTA (3 independent experiments) and HEDTA buffering system using 

the equation for the formation of an intramolecular CFP-Atox1-Zn(II)-WD4-YFP complex (Kd = 1.7·10-13 mol L-1). 
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The observed decrease in energy transfer in CA-9-WY upon zinc binding indicates that 

the interchromophore distance in the absence of zinc is shorter than in the zinc bound state. 

Shortening the linker length is expected to induce more FRET, which would result in an 

increased ratiometric change upon zinc binding, because the zinc-bound conformation is 

expected to be the same for all linked proteins. To investigate the influence of linker length on 

the affinity for zinc and on the ratiometric change upon binding, zinc titration experiments 

were performed with CFP-Atox1-linker-WD4-YFP proteins with short and intermediate linker 

lengths with 2, 5 and 6 GGSGGS repeats (CA-2-WY, CA-5-WY and CA-6-WY) (Figure 4.3). A 

clear trend was observed, showing an enhancement of zinc affinity with increasing linker 

lengths and showing more energy transfer in the absence of zinc for proteins containing shorter 

linkers. The YFP/CFP ratios of the zinc unbound state ranged from 0.87 for CA-9-WY to 0.97 for 

CA-6-WY to 1.1 for CA-5-WY to 1.35 for CA-2-WY. Addition of zinc to CA-2-WY, CA-5-WY, 

CA-6-WY or CA-9-WY resulted in a decrease of the YFP/CFP ratio, indicating that all linkers 

were long enough to bridge the distance between the C-terminus of Atox1 and the N-terminus 

of WD4 in the zinc-induced complex. The YFP/CFP ratios in the zinc bound state were similar 

for all proteins, indicating that the zinc-bound conformations in all proteins were the same 

regardless of the linker length. The slightly higher ratio for CA-2-WY could be due to some 

protein degradation (more YFP than CFP fluorescence) or to a slightly different conformation 

that influences the energy transfer. A larger change in YPF/CFP ratio upon zinc binding is of 

course an attractive property, in particular for intracellular applications as differences in 

YPF/CFP ratio upon zinc addition can then be measured more easily.  

The linker length not only affected the amount of energy transfer in the absence of zinc, 

but also the affinity for zinc is strongly dependent on the length of the linker. By changing the 

linker length between the copper binding domains, a range in zinc binding affinities could be 

covered. A non-linear fit of the titration data yielded dissociation constants of 1.7·10-13 M for 

CA-9-WY, 2.9·10-13 M for CA-6-WY, 2.6·10-13 M for CA-5-WY and 1.4·10-12 M for CA-2-WY (Table 

4.2).   
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Figure 4.3 Zinc titration experiment with CA-2-WY, CA-5-WY, CA-6-WY and CA-9-WY. Experiments were 

performed using 1 μM of CA-2-WY, CA-5-WY, CA-6-WY and CA-9-WY protein in 50 mM Tris, 100 mM NaCl, 

1 mM DTT, 10% glycerol, pH 7.5, using either the EDTA (triangles pointing down), HEDTA (circles), EGTA 

(squares) or the EDTA/Ca (triangle pointing up) metal buffering system. The solid lines represent fits of the data 

obtained using these four buffering system using the equation for the formation of an intramolecular CFP-Atox1-

Zn(II)-WD4-YFP complex. Each data point represents at least three independent experiments with standard 

deviations. For comparison, the zinc titration of the 1:1 mixture of CFP-Atox1 (CA) and WD4-YFP (WY) is shown 

(chapter 3). 

 
Two additional CA-L-WY proteins were studied with 3 and 4 GGSGGS repeats to 

investigate the effect of linker length on Zn(II) affinity further.  SDS-PAGE analysis and mass 

spectrometry data showed a considerable degree of proteolytic cleavage in the peptide linker in 

CA-3-WY and CA-4-WY. Therefore no conclusions were drawn from the ratiometric changes, 

because single CFP-Atox1 and WD4-YFP proteins affect the YFP/CFP ratio dramatically and 

contribute to a decrease of the overall amount of energy transfer. Again a clear decrease in 

YFP/CFP ratio was observed upon addition of picomolar concentrations of free zinc (Figure 

4.4). The similarity between the YFP/CFP ratios in the presence of zinc for both proteins (that is 

independent from protein cleavage) confirmed the formation of a more rigid zinc mediated 

Atox1-WD4 complex. Dissociation constant of 8.3·10-13 M and 3.8·10-13 M were determined for 
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CA-3-WY and CA-4-WY, respectively. These results are in agreement with the consistent trend 

that is observed in which proteins with shorter linkers display a lower affinity for zinc than 

proteins with longer linkers (Table 4.2). 
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Figure 4.4 Zn(II) titration experiments for CA-3-WY and  CA-4-WY. Titrations with zinc were done using 1 μM 

of CA-3-WY (A) and  CA-4-WY (B) protein in 50 mM Tris, 100 mM NaCl, 1 mM DTT, 10% glycerol, pH 7.5, 

using either the EDTA (triangles), HEDTA (circles), EGTA (squares) or EDTA/Ca buffering system (data point at 

24 nm). The solid lines represent fits of the data obtained using these four buffering system using the equation for 

the formation of intramolecular CFP-Atox1-Zn(II)-WD4-YFP complex. Each data point represents at least three 

independent experiments with standard deviations. 

 
Table 4.2 Dissociation constants for Zn(II) in CFP-Atox1-linker-WD4-proteins  

Protein Kd (M)a 

CA-2-WY 1.4·10-12 ± 8·10-14 

CA-3-WY 8.3·10-13 ± 6·10-14 

CA-4-WY 3.8·10-13 ± 3·10-14 

CA-5-WY 2.6·10-13 ± 2·10-14 

CA-6-WY 2.9·10-13 ± 4·10-14 

CA-9-WY 1.7·10-13 ± 1·10-14 
aDissociation constants (Kd) were calculated using the non-linear fit procedure of GraphPad Prism 

(equation 1 in materials and methods). Data are represented as Kd ± standard deviation. 
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Copper binding properties of CA-2-WY andCA-5-WY  

 

In the 1:1 mixture of CFP-Atox1 and WD4-YFP, it was shown that copper(I) induced the 

formation of dimer. This dimer was easily disrupted in the presence of low molecular weight 

thiols such as glutathion or DTT. To test whether copper(I) is also able to form a copper-

bridged intramolecular Atox1-WD4 complex, we performed Cu(I) binding experiments in a 

carefully controlled anaerobic environment using freshly prepared stock solutions of 

Cu(I)(CH3CN)4-PF6 in CH3CN. The proteins CA-2-WY and CA-5-WY were dialyzed extensively 

against anaerobic buffer to prevent interference by thiols. Figure 4.5 shows an experiment in 

which copper(I) was added to CA-5-WY. First, 1 mM EDTA was added to remove 

advantageous Zn(II), resulting in an increase in  YFP/CFP ratio from 0.76 to 1.10. Subsequent 

addition of 30 μM copper(I) to CA-5-WY  restored the metal induced Atox1-WD4 interaction to 

almost the same level as was observed before incubation with EDTA. No interference by thiols 

was observed as the YFP/CFP emission ratio remained unchanged even in the presence of 2 

mM DTT. The increased stability towards free thiols again shows that the formation of an 

intramolecular Atox1-WD4 complex is stabilized by the linker.  
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Figure 4.5 Cu(I) sensitivity of CA-5-WY. The YFP:CFP ratios were determined using anaerobic samples of 1 μM 

CA-5-WY, 50 mM Tris, 100 mM NaCl, 10% glycerol, pH 8, followed by the subsequent anaerobic addition of  1 

mM EDTA, 30 μM Cu(I) and 2 mM DTT. The error bars represent the standard deviation determined from 4 

independent experiments. 
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The copper dependent behavior of CA-2-WY was found to be slightly different from 

that of CA-5-WY. Addition of EDTA disrupted the zinc-mediated interaction increasing the 

YFP/CFP emission ratio from 1 to 1.4. Copper(I) was able to restore the interaction between 

Atox1 and WD4, but the YFP/CFP emission ratio did not reach the same level as was observed 

in the presence of Zn(II) (Figure 4.6A and 4.6B). The YFP/CFP ratio decreased from 1.4 to 1.1 

upon copper addition, while zinc addition resulted in an YFP/CFP ratio of 0.8.  These results 

suggested a different orientation and/or distance between CFP and YFP for the copper-bridged 

complex, resulting in different YFP/CFP ratios for both metal-induced complexes. As observed 

for CA-5-WY, addition of thiols did not influence the copper-bridged complex as the YFP/CFP 

ratio remained unchanged in the presence of 2 mM DTT. 
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Figure 4.6 Cu(I) and Zn(II) sensitivity of CA-2-WY. Panel A; the YFP:CFP ratios were determined using 

anaerobic samples of 1 μM CA-2-WY  protein in  50 mM Tris, 100 mM NaCl, 10% glycerol, pH 8, followed by the 

subsequent anaerobic addition of  1 mM EDTA, 30 μM Cu(I) and 2 mM DTT. Panel B; 1 mM EDTA and 

subsequently 2 mM Ca(II) was added (resulting in a free zinc concentration of 24 nM) to 1 μM CA-2-WY protein 

in 50 mM Tris, 100 mM NaCl, 10% glycerol, pH 7.5 in an aerobic environment. The error bars in panel A and B 

represent the standard deviation determined from 6 independent experiments. 
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Cell experiments using CA-2-WY and CA-9-WY  

 

Having developed a series of single protein ratiometric sensors, we wanted to test these 

sensor proteins for measuring intracellular zinc in mammalian cells. CA-2-WY is attractive as 

this protein combines a relatively large ratiometric change with an affinity for zinc in the 

picomolar range. CA-9-WY was also included in the measurements. Although the ratiometric 

change of CA-9-WY was lower than for CA-2-WY, its affinity for Zn(II) is ~ 170 fM, which is 

close to the proposed free zinc concentration in E. coli [5]. 

Before fluorescence microscopy experiments were performed in mammalian cells, we 

first tested whether these fusion proteins were expressed in HeLa cells by Western blot 

analysis. DNA encoding CA-9-WY, CFP-Atox1, CFP-WD4 and WD4-YFP was cloned in 

mammalian expression vectors containing a CMV promotor for a constitutive, high expression 

of protein. Cells were transfected with this DNA and after cell lysis, blotting was performed 

with an antibody directed against GFP (which also probes CFP and YFP) (Figure 4.7). The blot 

shows a weak band at the correct protein mass of GFP (27 kDa) and clear bands were visible for 

CFP-Atox1, CFP-WD4 and WD4-YFP at the correct protein mass of 35 kDa. A clear band of the 

correct protein mass was also observed for CA-9-WY (~ 75 kDa) and no proteolytic cleavage of 

the linker was observed. From these results, it can be concluded that CA-9-WY, CFP-Atox1 and 

WD4-YFP expressed well in HeLa cells.  

 

 

Figure 4.7 Western blot analysis of the expression of CA-9-WY. HeLa cells were transfected with vectors to give a 

constitutive expression of WD4-YFP (WY), CFP-WD4 (CW), CFP-Atox1 (CA) or CA-9-WY. As a control also a 

vector yielding GFP expression was transfected (left lane). After cell lysis, proteins were separated by SDS-PAGE 

and transferred to nitrocellulose. Proteins were visualized with rabbit-anti-GFP, followed by goat anti-rabbit 

peroxidase conjugate and immunoreactive proteins were visualized by chemilumiscence. Molecular size marker is 

indicated in kDa. 
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Having established the correct expression of CA-9-WY, initial fluorescence microscopy 

experiments were performed on single living HeLa cells transfected with CA-9-WY. The CMV 

promoter yielded a constitutive expression of CA-9-WY in cells, but differences in expression 

levels were observed within the cell population. Energy transfer was measured in single living 

HeLa cells by generating three images: in the donor, acceptor and the FRET channel. The CFP 

domain (donor) of the intracellular expressed CA-9-WY protein was excited with a laser at a 

wavelength of 457 nm, after which the emission was measured of the donor at 470-500 nm 

(donor channel) and of the acceptor at 555-625 nm (FRET channel). In the acceptor channel, the 

YFP domain (acceptor) was excited with a laser at 514 nm and emission was measured at the 

acceptor wavelengths 555-625 nm. The YFP/CFP ratio was calculated by dividing the intensity 

of the FRET channel by the intensity of the donor channel. The measured ratio between YFP 

and CFP (in FRET setting) cannot be directly correlated to the ratio measured in the 

spectrophotometer as different filter settings and excitation wavelengths were used. The 

maximal ratiometric change of the sensor inside cells can be calibrated by chelation or addition 

of extra zinc. Measurements in time were performed on a single living cell. Three images were 

generated of the same cell to determine the fluorescence intensity parameters of CFP, YFP and 

FRET (Figure 4.9A). To increase the intracellular zinc concentration, 50 μM zinc and 20 μM of 

zinc ionophore pyrithione were added at time point 2 minutes. If binding of Zn(II) would 

induce the zinc bridged conformation, this would result in a YFP/CFP ratio decrease, but no 

significant change was observed (Figure 4.9B). One explanation is that the sensor was already 

saturated with Zn(II). The concentration of intracellular zinc was therefore decreased by 

addition of the strong zinc-specific chelator N,N,N',N'-tetrakis(2-pyridyl-methyl) 

ethylenediamine (TPEN) at a concentration of 67 μM at time point 12 minutes. Zinc depletion is 

expected to result in an YFP/CFP ratio increase, but unfortunately no significant increase could 

be distinguished. The differences in YFP/CFP ratio in the zinc bound and zinc unbound state 

could be too small to visualize accurately with fluorescence microscopy. Also the femtomolar 

affinity for Zn(II) might be too strong to be chelatable by TPEN. Longer incubation with TPEN 

might therefore be considered, although too long incubation times have been reported to 

induce apoptosis [44]. 
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Figure 4.9 Time dependent fluorescence microscopy experiment of HeLa cells expressing CA-9-WY upon addition 

or depletion of zinc. HeLa cells were transfected with a vector expressing constitutively CA-9-WY. Panel A: Every 

twenty seconds three images were generated of a single living cell; one image in the donor setting (excitation of 

donor, detection of donor; light gray line in middle), the second one in the acceptor setting (excitation of acceptor, 

detection of acceptor; upper dark gray line) and the third one in the FRET setting (excitation of donor, detection of 

acceptor; black line). Fluorescence intensities were measured in a single HeLa cell and were corrected for the donor 

and acceptor bleed-through. 50 μM zinc and 20 μM of zinc ionophore pyrithione were added at t=2 min, followed 

by 67 μM of zinc chelator TPEN at t=12 min. Panel B: The ratio between the fluorescence intensities of the FRET 

setting (YFP) and donor setting (CFP) depicted in panel A plotted against time.  

 

Compared to CA-9-WY, CA-2-WY exhibits two properties that make this protein more 

attractive for cellular imaging. First, the ratiometric change upon Zn(II) binding is larger in CA-

2-WY, which should allow easier detection. Secondly, CA-2-WY displays a lower affinity for 

zinc, which should make it more sensitive to depletion of the intracellular zinc concentration by 

TPEN addition. Again 50 μM zinc and 20 μM pyrithione were added after 3 minutes to 

increase the intracellular zinc concentration, but unfortunately no ratio decrease was observed 

(Figure 4.10). Depletion of intracellular zinc by incubation of 100 μM TPEN did not result in an 

increase of YFP/CFP ratio either. To test whether any energy transfer took place, the YFP 

domain was bleached with a high intensity laser at 514 nm as is shown in Figure 4.10. Using 

475 nm excitation, the CFP emission increased and the YFP intensity strongly decreased, and as 

a result the YFP/CFP ratio decreased from ~1.3 to ~0.5 providing strong evidence for FRET.  
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Figure 4.10 Time dependent fluorescence microscopy experiment of a HeLa cell expressing CA-2-WY upon 
addition or depletion of zinc. Panel A: Every twenty seconds three images were generated of a single living cell; one 
image in the donor setting (excitation of donor, detection of donor; black squares), the second one in the acceptor 
setting (excitation of acceptor, detection of acceptor; light gray) and the third one in the FRET setting (excitation of 
donor, detection of acceptor; dark gray triangles). At 2 minutes 50 μM zinc and 20 μM of zinc ionophore 
pyrithione was added and after 13 minutes 100 μM of zinc chelator TPEN was added. An acceptor bleach was 
performed by exposing YFP to a high intensity laser at time point 22 minutes. Panel B: The ratio between the 
fluorescence intensities of the FRET setting (YFP) and donor setting (CFP) of panel A were calculated plotted 
against time. Two HeLa cells were excited at 457 nm after which the emission was measured at 485/30 nm (Panel 
C).  Subsequently, these cells were excited at 514 nm after which emission was measured at 590/70 nm (Panel E). 
The top left cell was bleached with a high intensity laser at 514 nm (Panels D and F). After bleaching, cells were 
excited at 457 nm and emission was measured at 485/30 nm (Panel D). Subsequently the cells were excited at 514 
nm and measured at  590/70 nm (Panel F). A color version of this figure is available at the end of this thesis. 
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To test whether the confocal fluorescence microscope was sensitive enough to detect the 

ratiometric change of CA-2-WY, it was decided to perform a zinc titration experiment with a 

buffered solution of CA-2-WY in the absence of cells (Figure 4.11). These results were 

compared to the same zinc titration that was measured in a fluorescence spectrophotometer.  

Upon titration of zinc in the HEDTA metal buffering system, a clear decrease of the YFP/CFP 

ratio was measured, indicating that the ratiometric change was large enough to be detected 

using a confocal fluorescence microscope. Also the zinc-response curve was found to be in the 

same range as measured in the fluorescence spectrophotometer. The ratiometric change and the 

YFP/CFP ratio were not identical for both methods, however. The YFP/CFP ratio was much 

lower than the ratios obtained in the cell experiments. The ratios could not be compared 

directly as the set-ups in both measurements were not identical. The fluorescence signal of the 

proteins was much lower than in the cells experiments. A possible explanation is that the 

intracellular protein concentration is higher than 1 μM, the protein concentration used in this 

experiment.  
  

 
Figure 4.11 Zinc titration experiment for CA-2-WY measured using a fluorescence spectrophotometer or a 

confocal fluorescence microscope. Titrations in the spectrophotometer were performed as described earlier in Figure 

4.3. Titrations in the confocal fluorescence microscope were done using 1 μM of CA-2-WY in 50 mM Tris, 100 

mM NaCl, 1 mM DTT, 10% glycerol, pH 7.5 using the HEDTA buffering system. 
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DISCUSSION 
 

In the current study CFP-Atox1 and WD4-YFP were linked to obtain a single fluorescent 

protein sensor, which is a prerequisite for intracellular imaging. We have shown that linking 

CFP-Atox1 and WD4-YFP via a long flexible peptide linker improves important sensor 

properties. A novel method of partial digestion followed by religation was used to create a 

series of linker lengths between the termini of Atox1 and WD4. The linker length had a 

surprisingly strong effect on affinity for Zn(II) as well as on the ratiometric change upon Zn(II) 

binding. The zinc affinity was strongly enhanced in proteins containing longer linkers, whereas 

the ratiometric change was larger in proteins with shorter linkers. These effects can be 

understood by considering the conformational behavior of the peptide linker using a random 

coil model.  

 

Understanding sensor properties by random coil behavior of the peptide linker.  

Although it is intuitively assumed that a protein-protein interaction gives rise to an 

increase in energy transfer upon binding of the target, our analysis clearly shows a decrease in 

FRET upon titration of Zn(II) to CFP-Atox1-linker-WD4-YFP (CA-L-WY).  This apparent 

contradiction can be understood by considering the conformational behavior of the flexible 

peptide linker and its effect on energy transfer. Recently, the conformational behavior of the 

same peptide linker was studied by measuring FRET between CFP and YFP in CFP-linker-YFP 

model proteins [45].  It was shown that long linkers in CFP-linker-YFP proteins can still give 

rise to relatively high energy transfer efficiencies as the peptide linker adopts a random coil 

structure that reduces the end-to-end distance of the linker markedly compared to its extended 

conformation. Another important finding was that the energy transfer between fluorescent 

proteins separated by a flexible linker reflected a broad distribution of distances and not a 

single distance. This distribution includes conformations with a very short donor-acceptor 

distance that contribute relatively strongly to the overall amount of energy transfer of the 

ensemble of conformations. In other words, energy transfer can be higher than expected based 

on the average distance between donor and acceptor chromophore. 

 The same model that was used to describe the conformational behavior of the GGSGGS 

linker in these model proteins, was applied to calculate the distribution of end-to-end distances 

between the C-terminus of Atox1 and the N-terminus of WD4 (Table 4.3). The average end-to-

end distance ranges from 22 Å in CA-1-WY to 43 Å in CA-9-WY. The distance needed to bridge 

the N-terminus of Atox1 and the C-terminus of WD4 in the zinc induced conformation is ~50 Å. 
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This distance was estimated based on the crystal structure of the copper-bound Atox1 dimer 

(no crystal structure of WD4 exists) [46].  
 

Table 4.3 The length of the different linkers is dependent on the number of amino acids in the linker.  

# GGSGGS repeats in linker 1 2 3 4 5 6 7 8 9 

# amino acidsa 16 22 28 34 40 46 52 58 64 

Extended chain length (Å)b 61 84 106 129 152 175 198 220 243 

Average end-to-end distance of linker 

length in random conformation (Å)c 
22 25 29 32 34 37 39 41 43 

aThe linker between the C-terminus of Atox1 and the N-terminal end of the WD4 domain in CA-L-WY 

contains 1-9 repeats of GGSGGS. In addition, the linker contains 10 additional amino acids of residues 

that are not identified in the crystal structure of Atox1 [46] and of residues of WD4 that are not folded in 

a β sheet according to homology studies [47]. bThe maximal linker length was calculated by multiplying 

the number of amino acids with 3.8 Å (the maximal length of one amino acid in its extended form). cThe 

mean end-to-end distance of the linker in a random coil formation was calculated by using the worm-

like chain model assuming a persistence length of 4.5 Å.   

 

Figure 4.12 shows the distribution of end-to-end distances that is predicted by the 

worm-like chain model for linkers containing 2, 5, or 9 GGSGGS repeats. The most abundant 

end-to-end distance of the linker in CA-9-WY is only 43 Å, while the linker can span a distance 

of 228 Å in an extended conformation. The mean distance of 43 Å actually reflects a 

distribution of conformations. In some conformations, CFP and YFP are in close proximity, 

contributing to a high amount of FRET (Figure 4.13). Shortening of the linker from 9 to 5 or 2 

GGSGGS repeats further reduces the mean end-to-end distance of the linker from 43 Å in CA-

9-WY, to 34 Å in CA-5-WY, and to 25 Å in CA-2-WY (Table 4.3). With decreasing the linker 

length, the amount of energy transfer is increased as the distance between CFP and YFP is 

reduced and the chance of a conformation with a short interchromophore distance is increased. 

The higher amount of FRET in the absence of zinc for proteins with shorter linker lengths 

results in a larger ratiometric change upon zinc binding as the energy transfer efficiency after 

zinc binding is similar for all proteins regardless of their linker length. In principle, a dimer 

between two CA-L-WY proteins could be formed. The fact that the amount of energy transfer 

in the zinc-bridged Atox1-WD4 complex is identical for both linked and unlinked CFP-

Atox1/WD4-YFP proteins indicates that an intramolecular zinc-induced Atox1-WD4 dimer was 

formed, however. In addition, no homo FRET between YFPs of two CA-L-WY proteins was 

observed in fluorescence anisotropy measurements. 
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Figure 4.12 Modeling of the distribution of end-to-end distance of the linkers in CFP-Atox1-linker-WD4-YFP 

proteins using the worm-like chain model.  Distribution function shows the probability P(re) for each end-to-end 

distance of the peptide linker for CA-L-WY with 2, 5 or 9 GGSGGS repeats, calculated using the worm-like chain 

model assuming a persistence length of 4.5 Å. The distance between the termini of the copper binding domains that 

need to be bridged upon formation of an intramolecular CFP-Atox1-Zn(II)-WD4-YFP complex  is  estimated to be 

50  Å (dashed line). 
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Figure 4.13 Model explaining the FRET decrease that is observed upon Zn(II) binding. In the absence of Zn(II) a 

variety of conformations is possible including many with a short CFP-YFP distance. In the presence of Zn(II), CFP 

and YFP are ‘fixed’ at a relatively long distance, resulting in an overall decrease of energy transfer. 
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The worm-like chain model can also be used to understand the linker length 

dependence of the affinity for Zn(II). The fact that linking CFP-Atox1 and WD4-YFP resulted in 

an increase in zinc affinity compared to unlinked proteins can be explained by an increase of 

effective local concentration of the metal binding domains, an effect also referred to as the 

macromolecular chelate effect. The effective local concentration can be calculated using the 

distance distribution of the various linker lengths as predicted by the worm-like chain model 

and the distance that the linker needs to bridge in the complex form [48-50]. Figure 14.4 shows 

the dependence of effective concentration on the linker length for a variety of distances 

including 50 Å, which is the distance between the termini of Atox1 and WD4 in the Zn(II) 

bound complex. This model shows that increasing the linker length can result in either an 

increase or a decrease in effective concentration depending on the distance that the linker needs 

to bridge in the complex. Assuming a distance of 50 Å, the model predicts an approximately 7-

fold decrease in effective concentration when going from the longest linker (CA-9-WY) to the 

protein with the shortest linker (CA-2-WY). Using the previously determined formation 

constant of the ternary complex of CFP-Atox1, WD4-YFP and Zn(II) of 4.5·1015 M-2 (chapter 3) 

and the effective concentrations calculated by the WLC-model, theoretical Kd values can be 

calculated for CA-2-WY to CA-6-WY and CA-9-WY, as is shown in Table 4.4. All values are in 

good agreement to the experimentally determined Kd values, which shows the predictive power 

of this model for understanding intramolecular domain interactions. The success of our 

random coil model in predicting the trends in ratiometric changes and the Zn(II) affinity shows 

the power of using simple chemical models in the rational design of other genetically encoded 

FRET-based sensors and the engineering of multidomain proteins in general. 

 
Table 4.4 The calculated effective concentrations and affinities for zinc in CA-L-WY.  

Protein Ceff (M)a Ka(calc) (M-1)b Kd (calc) (M) Kd (measured) (M)c   
CA-2-WY 0.000142 6.4 ·1011 1.6·10-12 1.4·10-12 ± 8·10-14 
CA-3-WY 0.000734 1.7·1012 6.1·10-13 8.3·10-13 ± 6·10-14 
CA-4-WY 0.000989 2.6·1012 3.9·10-13 3.8·10-13 ± 3·10-14 
CA-5-WY 0.000367 3.3·1012 3.0·10-13 2.6·10-13 ± 2·10-14 
CA-6-WY 0.000574 3.8·1012 2.6·10-13 2.9·10-13 ± 4·10-14 
CA-9-WY 0.000847 4.5·1012 2.2·10-13 1.7·10-13 ± 1·10-14 

aThe effective concentration was calculated using the worm-like chain model assuming a distance of 50 Å 

as described in the materials and methods. bThe association constant was calculated by multiplying the 

effective concentration with the formation constant of the ternary complex of CFP-Atox1, WD4-YFP and 

Zn(II), which was determined at 4.5·1015 M-2 (see equation 4 in materials and  methods). cExperimentally 

determined dissociation constants. 
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Figure 4.14 Effective local concentration (Ceff = p(d0)) as a function of linker length (L) for different values of the 

end-to-end distance in the complex (d0) calculated using the WLC model using a persistence length of 4.5 Å. 

Squares indicate from left to right the effective concentration determined for CA-2-WY (L2), CA-3-WY, CA-4-WY, 

CA-5-WY (L5), CA-6-WY and CA-9-WY (L9). The effective concentration was calculated using the 

experimentally determined dissociation constants and equation 4 and 5 described in the materials and methods. 

 

Applicability of CFP-Atox1-linker-WD4-YFP proteins for use of as an intracellular zinc sensor.  

CFP-Atox1-linker-WD4-YFP proteins seem well suited to probe intracellular zinc 

concentrations. Important qualities include a ratiometric fluorescent signal, the possibility to 

control the intracellular sensor localization and concentration, and a physiological and tunable 

affinity. The exact concentration of free zinc in mammalian cells is not well established and is 

subject of intense discussion. In most studies, the cytosolic concentration is estimated to be less 

than 1 nM in mammalian cells [42, 51-53]. In E. coli, the zinc-sensing metalloregulatory proteins 

Zur and ZntR displayed a femtomolar sensitivity towards zinc, suggesting an even tighter 

control over the cytosolic zinc concentration [5]. Most of the sensors reported to date are based 

on zinc specific dyes [21, 24, 31, 35] or proteins or peptides labeled with synthetic dyes and are 

therefore less attractive for intracellular imaging [30, 36, 37]. Previous genetically encoded 

sensors for zinc have been reported, but until recently these showed only moderate affinity for 

zinc [40]. Bozym et al. developed a FRET-based sensor consisting of a carbonic anhydrase 

protein fused to a synthetic fluorescent label. A TAT-peptide was fused to this sensor protein 

sensor that allowed introduction of the sensor in living cells. They reported a free zinc 

concentration of 5 pM in mammalian cells by calibrating the fluorescent ratio in cells to the 
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ratio that was determined in a zinc titration without cells. These results are difficult to 

interpret, however, as the results of the zinc titration show an affinity in the nanomolar range, 

which is not considered accurate enough to determine a concentration of 5 pM. Determine the 

response of this sensor system via the addition or depletion of zinc would be a crucial 

experiment to prove that this sensor probes the intracellular zinc concentration, but 

unfortunately this experiment was not reported. Very recently, a protein-based FRET sensor 

was developed with a nanomolar affinity for zinc based on regulatory zinc-fingers of yeast 

transcription factor Zap1 fused to fluorescent proteins [43]. This sensor was used to study zinc 

homeostasis in populations of yeast and showed that zinc binding sites involved in regulatory 

zinc sensing domain could probe labile pools of zinc. Although the principle is similar to our 

system, the zinc fluxes were measured in populations of yeast and not in single mammalian 

cells. Since several studies suggest very low cytosolic free zinc concentrations well below the 

nanomolar range, an increased affinity for zinc is considered advantageous.  

The development of a broad range of high affinity CFP-Atox1-linker-WD4-YFP sensors 

with dissociation constants in the femtomolar to picomolar range is very useful as most 

reported sensors have Kd values in the nanomolar region. One major drawback of the CFP-

Atox1-linker-WD4-YFP protein in the application as a zinc sensor is its selectivity. The 

selectivity of metal-binding could be further optimized by site directed mutagenesis of the 

metal-binding site (see chapter 5). Although the unlinked protein showed excellent selectivity 

for zinc over divalent metal ions such as calcium and magnesium, which are present at much 

higher concentrations in cells [54], copper(I) was also shown to induce the formation of an 

intramolecular Atox1-WD4 complex. Competition experiments are necessary to determine 

whether these single protein sensors display the highest affinity for copper or for zinc. In FRET 

experiments, it is difficult to distinguish between Cu(I) and Zn(II) binding as binding of both 

metals results in a decrease of the energy transfer efficiency. To discriminate between both 

metals, direct measurements must be performed for instance by mass spectrometry or 

Isothermic Titration Calorimetry (ITC). It could be argued that the affinity for copper(I) is not 

enhanced by linking CFP-Atox1 and WD4-YFP as copper(I) can also be bound by a single 

copper binding domain. The affinity for Zn(II) was strongly increased by connecting CFP-

Atox1 and WD4-YFP as both copper binding domains are essential for coordination of zinc. 

Linking these protein domains is likely to result in an increase of the relative affinity for Zn(II) 

compared to copper(I), which is beneficial in developing a zinc sensor of CA-L-WY proteins. 

Furthermore, the availability for zinc in cells is higher than for copper. Not only is the total zinc 

content slightly higher (100-200 μM [2, 55]) than the total copper content (10-100 μM [3]), but 

also zinc homeostasis is probably less tightly regulated since it is not redox active and not such 
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a toxic metal in its free form like copper(I). This is illustrated by the much higher sensitivity of 

E. coli CueR for copper(I) (1·10-21 M [56]) than of E. coli Zn(II) sensor ZntR (1·10-15 M [5]).  

Preliminary experiments were performed to test the performance of CA-2-WY and CA-

9-WY as sensor for measuring the intracellular zinc concentration using confocal microscopy. 

Western blot analysis indicated that CA-9-WY was expressed correctly in cells. Bleaching of the 

YFP domain in CA-2-WY clearly showed that energy transfer occurred in cells. However, from 

this ratio it can not directly be concluded if the sensor is in its Zn(II) unbound or Zn(II) bound 

conformation as different settings are used in confocal fluorescence microscopy experiments 

compared to the measurements with the spectrophotometer. The YFP/CFP ratio in the Zn(II) 

unbound and Zn(II) bound state of the sensor was investigated via addition or depletion of 

zinc in cells, but unfortunately no effect on the ratio could be detected in cell experiments. For 

calibration, a zinc titration was performed with CA-2-WY and CA-9-WY in the absence of cells 

using the confocal fluorescence microscope. These measurements indicated that the ratiometric 

change of CA-2-WY was large enough to be detected. The YFP/CFP ratio in this experiment 

again could not be directly correlated to the cell experiments, as both experiments were 

measured in a slightly different experimental set-up. An independent control for the YFP/CFP 

ratio in the zinc-unbound state of CA-9-WY would be a protein in which zinc binding is 

abolished e.g. by mutating the four metal-binding cysteines to serines. Before CA-2-WY can be 

applied as a zinc sensor to measure intracellular zinc concentrations, more research is 

necessary to investigate for instance the YFP/CFP ratio’s of the Zn(II) (un)bound conformation, 

the ideal condition for zinc depletion or addition (incubation time, concentration) and the 

optimal expression level of the sensor.  

   

 In conclusion, we have shown that linking CFP-Atox1 and WD4-YFP yields a 

ratiometric fluorescent sensor for zinc with a femtomolar to picomolar affinity for Zn(II). Both 

the zinc affinity and the change in energy transfer efficiency were highly dependent on the 

linker length. Decreasing the linker length between Atox1 and WD4 enhanced the change in 

YFP/CFP ratio upon zinc binding from 20% in CA-9-WY to 60% in CA-2-WY, whereas 

increasing the linker length enhanced the sensitivity for zinc from 1.5 picomolar in CA-2-WY to 

170 femtomolar in CA-9-WY. This dependency could be quantitatively understood by using a 

random coil model describing the conformational behavior of the peptide linker.  Despite the 

limitations of the CFP-Atox1-linker-WD4-YFP protein concerning its copper(I)/zinc(II) 

selectivity, this protein still combines many attractive properties (genetically encoded, high and 

tunable Zn(II) affinity, ratiometric/lifetime detection) for the imaging of intracellular Zn(II). 
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MATERIALS AND METHODS 
General 

All primers were purchased from MWG-biotech AG. All restriction enzymes were obtained from New 

England Biolabs. DNA sequencing was performed by BaseClear (Leiden, the Netherlands). 

 

Cloning of CFP-Atox1-linker-WD4-YFP constructs  

The vectors pECFP-C1 and pEYFP-N1 (Clontech) were used as a source for CFP and YFP genes. The 

expression vectors for CFP-Atox1-linker-WD4-YFP proteins were cloned by combining the pECFP-C1-

Atox1 and pEYFP-N1-WD4 constructs. Atox1 was amplified by PCR using 5'-GCA TCC GGA ATG CCG 

AAG CAC GAG TTC-3' as a forward and 5'-GCT CTC GAG CTC AAG GCC AAG GTA G-3 as a reverse 

primer incorporating a BspE I site upstream and a Xho I restriction site downstream of the Atox1 gene. 

The amplified Atox1 was inserted in the BspE I and Xho I sites of the pECFP-C1 vector, generating 

pECFP-C1-Atox1. WD4 was amplified by PCR using 5'-GCA CCG CGG ATG CAG GGC ACA TGC AGT 

ACC-3' as a forward and 5'-CGT GGA TCC GAG ACT GAA GCC TCA AAT CCC-3' as a reverse primer 

incorporating a Sac II site upstream and a BamH I restriction site downstream of the WD4 gene. The 

WD4 amplicon was inserted in the Sac II and BamH I sites of the pEYFP-N1 vector, creating pEYFP-N1-

WD4. The pECFP-C1-Atox1 construct was digested with Nhe I and Xho I after which the CFP-Atox1 

fragment was inserted in the Nhe I and Xho I restriction sites of pEYFP-N1-WD4, resulting in a DNA 

construct encoding CFP-Atox1-WD4-YFP. The DNA encoding the 9 GGSGGS repeats (CTCGAGAGTG 

GTGGATCCGG TGGATCAGGT GGATCCGGTG GTAGTGGTGG ATCCGGAGGT TCTGGTGGAT 

CCGGTGGTTC AGGTGGATCC GGTGGATCTG GTGGATCCGG TGGTAGTGGT GGATCCGGTG 

GATCTGGTGG ATCCGGTGGT AGTGGTGGAT CCGGAGGTAG CGGACCGCGG) flanked by Xho I 

and Sac II restriction sites was purchased from Genscript Corp. The linker was inserted between Atox1 

and WD4 via the Xho I and Sac II restriction sites. The resulting DNA construct encoding CFP-Atox1-

linker-WD4-YFP (CA-9-WY), named pCMV CA-9-WY, contains a CMV promotor for constitutive 

expression and was used in cell experiments. The pCMV CA-2-WY construct was obtained, by cloning a 

L2-WY fragment of pET28-CA-2-WY in the Xho I and Not I sites of pCMV CA-9-WY. 

To construct vectors for E. coli expression, the gene encoding CFP-Atox1-WD4-YFP in the pCMV vector 

was amplified by PCR using 5’–CGC TAC CGG TCG CCC ATA TGG TGA GCA AGG-3'   as a forward 

and 5'-CTA GTT ATT GCT CAG CGG T-3' as a reverse primer, hereby introducing an Nde I site 

upstream of the gene while a Not I site was already available in the construct. Before the linker was 

inserted into the pET28 construct, the BamH I site located between WD4 and YFP was mutated to a Kpn I 

and the Xho I site, present in the pET28 vector was eliminated. Both mutations were introduced at the 

same time using the quickchange multi-site directed mutagenis kit (stratagene) with primers 5'-GAG 

GCT TCA GTC TCG GTA CCA CCG GTC GCC ACC-3' and 5'-GTA AAG CGG CCG CAC TTC GAG 

CAC CAC CAC C-3'. The digested amplicon encoding the linker was inserted in the Nde I and Not I sites 

of pET-28a(+) (Novagen), resulting in pET-28 CA-9-WY.  

 

 



Linker length dependence in single FRET-based sensor proteins for Zn(II) 

 89

Construction of CFP-Atox1-linker-WD4-YFP proteins with different linker lengths 

2 μg of vector pET-28 CA-9-WY or pCMV CA-9-WY was digested for 1 h at 37 °C with 0.25-8 units of 

BamH I endonuclease (New England Biolabs) in the supplied buffer in a total volume of 12 μl. Linear 

DNA was separated from non-digested DNA by separation on a 1% (w/v) agarose gel and extracted in 

30 μl MilliQ water using the QIAquick Gel Extraction kit (Qiagen). 50 ng of DNA was ligated overnight 

at 14 °C in an end-volume of 10 μl with 4 units of T4 DNA ligase (Invitrogen). Of the 10 μl, 1 μl of 

ligation mixture was transformed into E. coli Novablue cells (Novagen) and single colonies were 

screened for the length of the linker by PCR. Each colony was boiled for 10 min in 30 μl MilliQ water and 

centrifuged at 13000 rpm. The supernatant was used as a template for a PCR reaction using HotStart 

polymerase (Qiagen) and the following primers 5'-GGT CTG CAT TGA ATC TGA GC-3' and 5'-CAC 

CGA TAT TTG CTG CAC CCC-3'. The amplicons ranging from 240 to 384 bp were analyzed on a 3% 

(w/v) agarose. Plasmid DNA was obtained for colonies displaying different linker lengths and DNA 

sequencing confirmed the correct sequences for DNA encoding CFP-Atox1-linker-WD4-YFP with 2, 3, 4, 

5, 6 or 9 repeats, named CA-2-WY, CA-3-WY, CA-4-WY, CA-5-WY, CA-6-WY and CA-9-WY.   

 

Expression and purification of CFP-Atox1-linker-WD4-YFP proteins 

All fusion proteins were expressed using the same expression conditions. The pET28 constructs encoding 

CFP-ATOX-linker-WD4-YFP were transformed into chemically competent E. coli BL21(DE3) according to 

the manufacturers instructions (Novagen). Bacteria were grown in LB medium supplemented with 30 

μg/mL kanamycin. A single colony was picked and grown overnight in LB medium. The cell culture was 

diluted 1:100 in LB medium and was grown at 37 °C at 225 rpm to an optical density of 0.6-1 at 600 nm. 

Expression was induced by addition of 0.1 mM IPTG, after which bacteria were grown for four hours at 

15 ˚C. Cells were harvested by centrifugation at 10000g and 4 °C for 10 min. The cell pellet was disrupted 

using BugBuster (Novagen) according to the manufacturers instructions. A protease cocktail inhibitor 

mix (Novagen) was added directly after cell lysis to prevent proteolytic degradation. The soluble protein 

fraction was subsequently purified using nickel affinity chromatography on His-bind resin (Novagen) 

following the manufacturers instructions. The target protein was eluted from the column with 1 M 

imidazole, after which the His-tag was removed by digestion with thrombin (Novagen) (0.2 U/ml, 

protein concentration 0.2 mg/ml). Thrombin was inactivated by addition of 1 mM PMSF. The fusion 

proteins were separated from the cleaved His-tag by size exclusion chromatography (SEC) using an S200 

Sephracryl column (Pharmacia) in 50 mM Tris, 100 mM NaCl, 1 mM DTT pH 7.5. Fractions containing 

the target protein were collected and concentrated to a protein concentration of ~ 10 μM using Amicon 

UltraFree-4 centrifugal filter units (Millipore, 10 kDa cutoff). DTT was added in a concentration of 1 mM 

to prevent oxidation of the cysteines that are present in the copper binding domains. CA-2-WY, CA-5-

WY, CA-6-WY and CA-9-WY were purified to homogeneity at the correct protein mass of ~ 75 kDa, 

while some protein degradation was observed in CA-3-WY and CA-4-WY. The purified proteins were 

further characterized by LC-MS with reversed phase HPLC on a C4 column with 0.1 % formic acid in 

acetonitrile/ dH2O running buffer. The deconvoluted masses of proteins CA-2-WY, CA-3-WY, CA-4-WY, 

CA-5-WY and CA-6-WY were in good agreement with the calculated masses (Table 4.1). The total ion 
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current trace of CA-3-WY and CA-4-WY showed three peaks, in which one peak clearly corresponded to 

the expected mass after deconvolution with Magtran. The two other peaks could be assigned by a single 

cleavage of the linker just after the first SGG sequence, resulting in two proteins CFP-Atox1-SGG (35140 

Da for CA-3-WY and 35136 for CA-4-WY) and WD4-YFP connected to the rest of the linker with 3 (36544 

Da) or 4 GGSGGS repeats (36948 Da).  

 

Fluorescence spectroscopy 

Fluorescence spectra were recorded on a Perkin Elmer LS 50B luminescence spectrometer. Spectra were 

measured using 1 μM of fusion protein in 50 mM Tris, 100 mM NaCl, 10% glycerol pH 7.5 using an 

excitation wavelength of 420 nm. Protein concentrations were determined using the molar extinction 

coefficient of 84000 M-1 cm-1 at 515 nm for YFP [58]. DTT was used in a concentration of 1 mM as 

reducing agent to prevent oxidation of the cysteines in the metal binding motif. The YFP/CFP ratio is 

defined as the fluorescence intensity of the YFP fusion protein at 527 nm divided by the fluorescence 

intensity of the CFP fusion protein at 475 nm. 

 

Zinc titrations 

Zn(II) was titrated as ZnCl2 99.99% (Acros) in four different buffering systems consisting of 1 mM EGTA, 

1 mM HEDTA or 1 mM EDTA and 0.1-0.9 mM Zn(II), or a buffering system consisting of 1 mM EDTA, 2 

mM CaCl2 and 0.1-0.9 mM Zn(II). These buffering systems are referred to as the EGTA, the HEDTA, the 

EDTA or the EDTA/Ca buffering systems. Free zinc concentrations obtained in each system are listed in 

Table 4.5. The dissociation constants for Zn(II) binding were fitted using the non-linear fitting procedure 

of GraphPad Prism, using the equation:  

YFP/CFP ratio 2P
[Zn]

]Zn[*1P

d
+

+
−

=
K

     (1) 

In equation 1, P1 is defined as the ratiometric change upon zinc binding (YFP/CFP ratio after zinc 

binding minus the ratio before zinc binding), [Zn] as the concentration of zinc in M, Kd as the 

dissociation constant, and P2 as the YFP/CFP ratio in the absence of zinc. 

 

Table 4.5  Free zinc concentrations (M) in buffering systems. 

Buffering 

system 

0.1 mM 

Zn(II) 

0.2 mM 

Zn(II) 

0.3 mM 

Zn(II) 

0.4 mM 

Zn(II) 

0.5 mM 

Zn(II) 

0.6 mM 

Zn(II) 

0.7 mM 

Zn(II) 

0.8 mM 

Zn(II) 

0.9 mM 

Zn(II) 

EGTAa 9.0·10-11 2.0·10-10 3.4·10-10 5.4·10-10 8.0·10-10 1.2·10-9 1.9·10-9 3.2·10-9 7.3·10-9 

EDTA/Cab 1.7·10-10 4.2·10-10 7.9·10-10 1.3·10-9 2.1·10-9 3.3·10-9 5.6·10-9 1.0·10-8 2.4·10-8 

HEDTAa 7.9·10-14 1.8·10-13 3.1·10-13 4.8·10-13 7.1·10-13 1.1·10-12 1.7·10-12 2.9·10-12 6.5·10-12 

EDTAa 2.4·10-15 5.3·10-15 9.1·10-15 1.4·10-14 2.1·10-14 3.2·10-14 5.0·10-14 8.5·10-14 1.9·10-13 
aBuffering systems consist of 1 mM EGTA, 1 mM HEDTA or 1 mM EDTA and 0.1-0.9 mM Zn(II) and are 

referred to as EGTA, HEDTA and EDTA buffering system. Free zinc concentrations were calculated 

using the Maxchelator program (T= 20 °C; I= 0.1 M) [59, 60]. bThe EDTA/Ca system consists of 1 mM 
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EDTA, 2 mM CaCl2 and 0.1-0.9 mM Zn(II). Free zinc concentrations were calculated using the method 

described by Walkup [32].  

 

Copper binding experiments 

Addition of Cu(I) was done under carefully controlled anaerobic conditions. CFP-Atox1-linker-WD4-

YFP proteins in 50 mM Tris, 100 mM NaCl, pH 8 buffer were transferred into a Coy anaerobic chamber, 

and incubated overnight with 2 mM DTT to completely reduce the metal-binding cysteines. Slide-a-lyzer 

mini dialysis units (Pierce) were used to dialyze the protein three times for at least 1 h against anaerobic 

buffer (50 mM Tris, 100 mM NaCl, pH 8) to remove DDT. 1 μM of protein in 50 mM Tris, 100 mM NaCl, 

10% glycerol pH 8 was transferred into a fluorescence cuvet sealed with a rubber septum and transferred 

out of the anaerobic chamber. A 15 mM Cu(I) stock solution was prepared by dissolving 

Cu(I)(CH3CN)4PF6 (Sigma) in degassed 100% acetonitrile under anaerobic conditions. EDTA and Cu(I) 

were added to the cuvet from anaerobic stock solutions using Hamilton gas-tight syringes.  

 

Modelling 

The distribution of the end-to-end distances of the linker between CFP-Atox1 and WD4-YFP was 

calculated using a worm-like chain model with a persistence length (lp) of 4.5 Å [45]. In addition to 1-9 

GGSGGS repeats, the linker contains 10 additional amino acids. These residues were not identified in the 

crystal structure of Atox1 [46] or were absent as secondary structure element in WD4 according to 

homology studies [47]. The effective concentration for the formation of a complex is proportional to the 

probability density p(re) for the end-to-end distance re. For a linker with a total contour length of lc (equal 

to both b0n, where n is the number of peptide bonds in the linker and b0 is the average distance between 

adjacent Cα atoms, 3.8 Å), the probability density is given by [48-50]: 
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When re, lc and lp are given in dm, the effective concentration Ceff is obtained by dividing p(re) by 

Avogadro’s constant: 

AV

e)p(r
N

 
Ceff =                                                                                       (3)  

 

The association constant Ka was calculated by multiplying the effective concentration Ceff with KT, which 

is the formation constant of the ternary complex of CFP-Atox1, WD4-YFP and Zn(II) determined at 

4.5·1015 (chapter 3): 

Ka=Ceff*KT                                          (4) 

 

From the association constant Ka, the dissociation constant Kd was calculated by using equation 5: 
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a
1

d KK =                                                                                                (5) 

 

Cell culture and transient transfection 

HeLa cells were purchased from the American Type Culture Collection (Rockville). Culture media and 

solutions were purchased from Life Technologies. Cells were cultured at 37 °C under humidified air 

containing 5% CO2.  For transient transfection, cells were seeded in a 6 well plate one or two days prior to 

transfection in 500 μl so that they were 80-90% confluent on the day of transfection. Transient 

transfections were performed using P-PEI (linear polyethylenimine; Polysciences #237662) that was 

diluted in a concentration of 1 mg/ml in water and adjusted to pH 7.4 with HCl. At the day of 

transfection, for each transfection sample 2 μg of DNA was diluted in 250 μl serum free medium and 5 

μl of P-PEI was diluted in 250 μl serum free medium. After 5 minutes incubation at room temperature, 

the two solutions were combined and incubated 10-20 minutes at room temperature. The transfection 

solution was added (this amount equals 1/20 of total culture volume, i.e. 500 μl for 24-wells) drop wise to 

the cells. The cells were incubated at 37 °C in a CO2 incubator for at least 4 hours, after which the 

medium was refreshed and the cells again were incubated at 37 °C in a CO2 incubator for 24-48 hours 

until they are ready for transgene expression assays. 

 
Western blot analysis 

Transfected cells in a 6-well plate were lysed one day after transfection with 250 μl lysis buffer (25 mM 

Hepes, 100 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10% glycerol, 1 mM Na3VO4, 10 mM DTT, 1 mM 

PMSF, ¼ tablet complete proteinase inhibitor (Roche)) and subsquently incubated for 30 minutes on ice. 

Cells extracts were clarified by centrifugation at 14000 rpm for 15 minutes. The protein concentration 

was measured with Bradford assay (Bio-Rad) according to the manufacturer’s instructions, after which 

15 μg protein was analyzed on a 10% SDS-PAGE. The proteins were electrotransferred to a nitrocellulose 

membrane (Protran, Scheicher and Schuell, Dassel, Germany) in a BioRad transblot cell. Probing of the 

Western blot with anti-GFP was performed by incubation with 1/400 rabbit-anti-GFP (Clontech, 8367-1) 

and 1/10.000 of secondary horseradish peroxidase-conjugated antibody goat-anti-rabbit HRP (Pierce, 

1858415). Immunoreactive proteins were visualized by chemilumiscence (ECL, Pharmacia) according to 

the manufacturers instructions. 

 

Confocal fluorescence microscopy 

For confocal microscopy experiments, cells were seeded, transfected with DNA and grown on glass 

cover slips.  1 mL of Iscoves medium without indicator (Invitrogen) was used during measurements. 

Cells were maintained in a controlled environment of 37 °C with 5% CO2. Microscopy experiments were 

performed using a Bio-Rad 2100MP confocal and multiphoton microscope with a 100X oil objective. For 

the CFP channel, an emission wavelength of 457 nm was used with a laser power of 19%, a dichroic 

mirror was set as 100% DET1, blocking filter BGG22 was used and light was detected in PMT 1 with 

emission filter HQ485/30, an iris at 3.5, with the gain at 80, and the offset at 1.9.  For The YFP channel, an 
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emission wavelength of 514 nm was used with a laser power of 3.5%, a dichroic mirror was set as 100% 

DET2, blocking filter E525/150 was used and light was detected in PMT 2 with emission filter HQ590/70, 

an iris at 3.5, with the gain at 80, and the offset at 9.2.  For the FRET channel, an emission wavelength of 

457 nm was used with a laser power of 19%, a dichroic mirror was set as 100% DET2, blocking filter 

E525/150 was used and light was detected in PMT 2 with emission filter HQ590/70, an iris at 3.5, with the 

gain at 80, and the offset at 9.2.  The signal in the three channels was measured sequentially and 

measured twice for each timepoint (Kalman=2).  

To evaluate the amount of energy transfer, the spectral bleed-through parameters were determined for 

both the donor (CFP) and acceptor protein (YFP). The donor bleed-through was determined in cells 

expressing CFP-Atox1 by excitation of the donor at 457 nm and detection of both donor (470-500 nm) 

and acceptor (555-625 nm). The donor bleed-through was considered low as almost no signal was 

observed in the FRET setting, while a clear emission of donor was measured in the donor setting. No 

signal in the acceptor setting could be measured, as no YFP was present. The acceptor bleed-through was 

determined in cells expressing WD4-YFP by excitation of the donor at 457 nm or acceptor at 514 nm and 

detection of the acceptor at 555-625 nm. The acceptor bleed-through was considered quite high, as a clear 

signal of YFP emission was observed when the protein was excited at the wavelength of CFP. This is due 

to the spectral overlap between the excitation spectra of CFP and of YFP. Choosing a lower wavelength 

may reduce the donor bleed-through, but because of limitations in the available wavelengths on the 

fluorescence microscope, it was decided to correct for the acceptor bleed-through. 

Addition and depletion of zinc was performed by exchanging the Iscoves medium to medium that was 

preincubated at a temperature of 37 °C and saturated with 5% CO2 . The intracellular zinc concentration 

was increased by addition of 50 μM ZnCl2 and 20 μM zinc ionophore pyrithione (Sigma) in Iscoves 

medium to the cells. Zinc was depleted by addition (67 μM or 100 μM) of an excess of N,N,N',N'-

tetrakis(2-pyridyl-methyl) ethylenediamine (TPEN) (Sigma). Time dependent measurements were 

performed by measuring the CFP, YFP, and FRET channel every 15 to 20 seconds. The YFP/CFP ratio is 

defined as the intensities obtained in the FRET channel divided to the intensities obtained in the CFP 

channel. The intensities and ratios were calculated using ImageJ software [61]. YFP was bleached by 

increasing the laser power to 100% in the YFP channel with a Kalman of 10 (10 pulses of light). For the 

measurements without cells, the laser power was increased for CFP to 22%, for YFP to 14.1% and for 

FRET to 22%, the iris was maximally open (12) and the gain was 100% in the three channels, and the 

offset set at 1.9 for CFP, 9.7 for YFP and 1.9 for FRET. 
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5 

Optimizing metal selectivity of                     

CFP-Atox1-linker-WD4-YFP proteins through           

re-engineering of the metal binding motif 

Abstract 

CA-9-WY sensor proteins were shown to have a high affinity for both copper and zinc (chapter 4). This 

lack in selectivity presents a problem for the application of these proteins in the cellular imaging of either 

of these metals. The aim of this study was to optimize the selectivity for either Cu(I) or Zn(II) by site 

directed mutagenesis of residues in the metal binding sites. In an effort to develop a more copper specific 

sensor, single cysteine-to-serine mutants were made. It was shown that the affinity for zinc in all four 

mutant proteins was significantly decreased or even abolished, as Zn(II) needs at least four coordinating 

ligands for binding. The remaining three cysteines were expected to coordinate Cu(I) in a trigonal 

geometry, but no FRET was observed in the presence of DTT. More research is necessary to establish 

whether a copper induced interaction can be detected in the single cysteine-to-serine mutants. To 

enhance the specificity for zinc over copper, the zinc binding motif MDCXXC of the bacterial zinc 

transporter ZntA was introduced in both the Atox1 and WD4 domain of CA-9-WY. Introduction of a 

negatively charged aspartic acid was expected to promote zinc binding and inhibit copper binding. The 

affinity for zinc was indeed increased sixfold from ~170 fM in the wild-type CA-9-WY protein to ~30 fM 

in the mutant protein. The ZntA-like protein still displayed Cu(I) induced FRET, but the affinity for 

Cu(I) remains to be quantified.  
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INTRODUCTION 
 

About one third of all proteins contain metal ions, either as cofactor in the active site of 

metalloenzymes or to provide stability to folded proteins. Metalloproteins show a specific 

coordination chemistry that is needed to allocate the required metal [1-3]. Binding of the 

incorrect metal to metalloproteins leads to the malfunctioning of these proteins. In the worst 

case scenario, this leads to cell death, as has been reported for toxic metals such as lead and 

cadmium [4, 5].  

The question of metal specificity is even more important for proteins involved in metal 

homeostasis, as malfunctioning of these proteins might impair many downstream 

metalloproteins. Copper chaperones and copper binding domains in ATPases are highly 

conserved proteins containing a βαββαβ domain with a single MXCXXC sequence motif. The 

two cysteines in this motif can coordinate a single copper(I) ion in a linear fashion [6, 7] (Figure 

5.1A) or in a 3-coordinate complex with the third ligand being another amino acid or low 

molecular weight thiol [8-14]. This low coordination number is believed to favor Cu(I) and 

inhibit oxidation to Cu(II). Copper transport from copper chaperones (e.g. Atox1) to ATPases 

located in the Golgi apparatus (e.g. ATP7B) is believed to proceed via ligand exchange 

reactions involving three and four coordinate binding of copper(I) by cysteines of the MXCXXC 

motifs [1, 8, 15].  The crystal structure of the homodimer of Atox1 revealed a copper ion 

coordinated by the cysteine residues of two monomers involving a three- or four-coordinate 

metal bridge [16]. A recent NMR study of the copper-bridged complex between Atx1 and the 

first copper binding domain of Ccc2 revealed one dominant Cu(I) binding mode, in which 

Cu(I) was tricoordinated by the two solvent accessible cysteines of Atx1 (Cys 15) and Ccc2 (Cys 

13), and Cys 16 of Ccc2a (Figure 5.1B) [17]. 

   Unlike the tricoordinate geometry for Cu(I), Zn(II) generally prefers a coordination 

geometry of at least four coordinating ligands, but 5 and 6 coordination modes are also 

possible [18]. Several tetrahedral zinc binding sites have been identified, of which the Cys2His2 

geometry in zinc finger domains constitutes one of the most common DNA binding motifs 

found in eukaryotes (Figure 5.1C). A single zinc-finger domain is 25-30 residues long and is 

described by the consensus sequence (F/Y)-X-C-X2-4-C-X3-F-X5-L-X2-H-X3-5-H-X2-6 [19]. Other 

binding modes of Zn(II) in zinc finger domains are tetrahedral complexes consisting of three 

cysteines and one histidine or of four cysteine residues. Cys3His sites have been reported in 

protein kinase C [20], whereas Cys4 sites are well documented in certain zinc finger domains 

present in steroid receptors and GATA proteins [21, 22]. Subtle differences in coordination 

geometry can have major effects on metal specificity, which is illustrated by proteins that 
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structurally resemble copper binding domains, but bind other metals in a different fashion. 

Related βαββαβ structural folds have been identified in the nickel chaperone UreE [23] and in 

P1-type ATPase transporter proteins such as E. coli Zn(II) transporter ZntA [24] or of L. 

monocytogenes Cd(II) transporter CadA [25]. Sequence and structural analysis of the metal 

binding sites in ATPases, which are either specific for monovalent or divalent metals, indicate 

that acidic residues close to the metal binding site are necessary for discriminating between 

monovalent and divalent metal ions [25]. In ZntA, Zn(II) is bound in a tetrahedral geometry by 

the two cysteines and an additional aspartic acid present in a MDCXXC motif and a potential 

oxygen or nitrogen ligand from solvent or buffer [26] (Figure 5.1D).  

We recently reported the development of a fluorescent sensor protein based on copper 

chaperones. This sensor was based on the copper dependent dimerization of copper binding 

proteins Atox1 and the fourth domain of ATP7B (WD4) [27]. Both domains were connected via 

a long flexible peptide linker to obtain a single sensor protein named CA-9-WY. Unexpectedly, 

this sensor not only bound to Cu(I) but also displayed an affinity for Zn(II) in the subpicomolar 

range (chapter 4). Both Cu(I) and Zn(II) were able to induce an Atox1-metal-WD4 complex by 

binding the cysteines of the conserved MXCXXC motif present of each copper binding domain 

(chapter 4). The applicability of the present sensor for intracellular imaging of Cu(I) or Zn(II) is 

limited as binding of CA-9-WY to either of these metals leads to a decrease in energy transfer 

efficiency. 

The aim of the mutational studies described in this chapter was to increase the 

selectivity of CA-9-WY proteins for either Cu(I) or Zn(II). In an effort to increase the selectivity 

for Cu(I) over Zn(II), each of the four cysteines present in the Atox1 and WD4 domains was 

mutated separately to a serine. The remaining three cysteines were expected to bind Cu(I), 

whereas zinc binding was expected to be disrupted because Zn(II) prefers coordination by at 

least four coordinating ligands [21]. To improve the selectivity for zinc over copper, the 

threonine of the MTCXXC motif in both copper binding domains was mutated to an aspartic 

acid. The introduction of a negatively charged aspartic acid in both metal binding motifs might 

improve zinc binding and reduce copper binding. The effects of these mutations on both 

copper and zinc binding properties were studied. The implications of our results for 

understanding the coordination chemistry of copper chaperone domains is discussed, as well 

as suggestions for further improvements of the metal selectivity. 
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Figure 5.1 Structural comparison between Cu(I) and Zn(II) binding sites in proteins. Helices are shown in red and 

β-strands are shown in blue. A: The Hg(II) form of Atx1 (PDB code 1CC8). The (non-native metal) Hg(II) is 

coordinated by Cys 15 and Cys 18 from the conserved MXCXXC motif. B: NMR solution structure of the Atx1-

Cu(I)-Ccc2 complex (PDB code 2GGP). Cu(I) is tricoordinated by Cys 15 of Atx1, and Cys 13 and Cys 16 of Ccc2 

domain 1. C: Crystal structure of zinc-finger consensus sequence (PDB code 1MEY). Zn(II) is coordinated in a 

tetrahedral geometry by two cysteines and two histidines. D: NMR structure of ZntA (PDB code 1MWY). Zn(II) 

is coordinated in a tetrahedral geometry by Asp 58, Cys 59, Cys 62  and a solvent ligand (not shown). ViewerLite 

5.0 software was used to generate graphics. 
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RESULTS 

 

Mutations favouring copper binding    

 

To improve the selectivity of CA-9-WY for Cu (I) over Zn(II), we decided to make use of 

the known differences in coordination preferences for Cu(I) and Zn(II). Since it was not clear in 

advance which three cysteines are essential for copper(I) coordination in complex formation, it 

was decided to create four individual Cys-to-Ser mutant proteins. Copper(I) was expected to 

mediate an intramolecular Atox1-Cu(I)-WD4 interaction via trigonal coordination of Cu(I) by 

the three remaining cysteines, similarly as was recently established in Atx1 and Ccc2 [17]. 

All four single Cys-to-Ser mutants were expressed and purified in reasonable yields 

(~10 mg/L) using the same procedure as described for wild-type CA-9-WY. Figure 5.2 shows 

Zn(II) titration experiments for the each of the four mutant proteins. For comparison the fit of 

the zinc titration curve of wild-type CA9-WY is also shown. Titration of Zn(II) up to 

concentrations in the μM range resulted in no or very little change in FRET for either C253S or 

C386S mutant. Titration of Zn(II) to the C256S and C389S mutants resulted in a decrease of the 

YFP/CFP ratio. The fits describing the formation of an intramolecular complex yielded 

dissociation constants of 1.1·10-10 M for C389S CA-9-WY and 6.7·10-11 M for C256S CA-9-WY. 

The zinc affinity was thus significantly reduced from 170 fM in wild-type CA-9-WY to ~100 pM 

in both of these mutants. Compared to the wild-type protein, the ratiometric change upon 

Zn(II) binding was smaller in the C256S mutant, whereas a similar  change was observed in the 

C389S mutant. For the C386S mutant protein, a higher YFP/CFP ratio was observed compared 

to the Zn(II) unbound conformation of wild-type CA-9-WY protein. This could not be ascribed 

to protein degradation of CFP as no differences were detected in the UV-vis measurements of 

both proteins (data not shown). Protein aggregation is a possible explanation for the higher 

energy transfer that is observed. 
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Figure 5.2 Zinc titration experiment with single Cys-to-Ser mutants of CA-9-WY. Experiments were performed 

using 1 μM of mutant protein in 50 mM Tris, 100 mM NaCl, 1 mM DTT, 10% glycerol, pH 7.5, using either the 

EDTA, HEDTA, EGTA or the EDTA/Ca metal buffering system. The solid lines represent fits of the data obtained 

using these four buffering system using the equation for the formation of an intramolecular CFP-Atox1-Zn(II)-

WD4-YFP complex. Each data point represents at least three independent experiments with standard deviations. 

For comparison, the fit describing the zinc titration for wild-type CA-9-WY is added (gray line).   

 

After establishing that the zinc affinity of the Cys-to-Ser mutants was effectively 

reduced or even abolished, the next step was to investigate whether the mutant proteins were 

still able to bind Cu(I). Copper binding experiments were carried out in an anaerobic 

environment to prevent oxidation of copper and the formation of disulfide bridges (Figure 5.2). 

Despite these precautions, we observed low YFP/CFP ratios in initial copper binding 

experiments. These ratios corresponded to the ratios measured in the ‘closed’ conformation of 

wild-type protein, indicating the formation a disulfide bridge between Atox1 and WD4 in the 

single Cys-to-Ser mutants. To prevent formation of disulfide bridges, the mutant proteins were 

dialyzed against an anaerobic buffer containing 1 mM DTT. As expected, incubation with 1 

mM EDTA did not affect the C253S and C386S mutants, as both proteins could not bind zinc 

(Figure 5.2). Subsequent addition of 30 μM copper(I) to  the C253S and C386S mutants did not 
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result in a decrease of YFP/CFP ratio. For the C256S and C389S mutants that retained a weak 

Zn(II) binding affinity, no increase of YFP/CFP ratio was observed upon addition of EDTA, 

suggesting that no zinc was bound. Unexpectedly, addition of Cu(I) did not lead to a ratio 

decrease. Comparison of the YFP/CFP ratios of these copper-binding experiments to the ratios 

obtained in the zinc titrations (Figure 5.2) shows that the YFP/CFP ratios of the mutants C253S 

and C386S were similar in both experiments. This suggests that the conformation was in its 

“open” conformation and indicates that addition of 1 mM DTT did disrupt the disulfide bridge 

between Atox1 and WD4. For C256S and C389S it is difficult to compare the absolute ratios in 

this experiment with the zinc titration experiment. Unexpectedly, the YFP/CFP ratio of C256S 

in the presence of EDTA suggests that the protein is in its “closed” conformation. For the 

mutant C389S, it remains unclear whether the complex is in its open or closed conformation 

after addition of EDTA, as the measured ratio lies in between the ratios of the free (0.92, Figure 

5.2) and Zn(II) bound complex (0.77, Figure 5.2). 
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Figure 5.3 Cu(I) dependency of single Cys-to-Ser mutants of CA-9-WY. The YFP:CFP ratios were determined 

using an anaerobic sample of 1 μM mutant CA-9-WY  protein in 50 mM Tris, 100 mM NaCl, 10% glycerol, pH 8, 

containing 1 mM DTT,  followed by the subsequent anaerobic addition of  1 mM EDTA and 30 μM Cu(I). Single 

experiments are shown for mutants C253S and C386S. The error bars in C256S and C389S CA-9-WY represent 

the standard deviation determined from 3 independent experiments. 
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Table 5.1 summarizes the copper and zinc binding properties of the four single Cys-to-Ser 

mutants. The conventional residue numbering of the residues of Atox1 and of WD4 is also 

included. 

 
Table 5.1 Zinc and copper binding properties of single Cys-to-Ser mutants of CA-9-WY  

Protein 
Conventional residue 

numbering 
Zinc binding Kd (M)b Copper binding 

C253S CA-9-WY C12S (Atox1) low affinity  No 

C256S CA-9-WY C15S (Atox1) 7·10-11 ± 2·10-11 No 

C386S CA-9-WY C13S (WD4)a no affinity No 

C389S CA-9-WY C16S (WD4)a 1.1·10-10 ± 0.2·10-11 No 

aSequence aligment with other copper binding domains was used to establish the conventional residue 

numbering in WD4 [28]. bDissociation constants (Kd) were calculated using the non-linear fit procedure 

of GraphPad Prism. Data are represented as Kd ± standard deviation. 

 

Mutations favouring Zn(II) binding  

 

In an effort to increase the Zn(II) selectivity of the sensor, mutants of CA-9-WY were 

constructed in which the threonine (T) present in the MTCXXC motif was replaced by an 

aspartic acid (D). The rationale behind this mutation was the identification of an MDCXXC 

motif in bacterial Zn(II) transporter ZntA that is structurally homologous to the copper binding 

domains. Introduction of this aspartic acid residue in Thr-to-Asp mutants T252D CFP-Atox1 

and T16D WD4-YFP slightly enhanced the Zn(II) affinity (chapter 3). Higher zinc 

concentrations disrupted the Zn(II) mediated complex, however, as both single copper binding 

domains were able to bind Zn(II) due to the introduction of an extra coordinating carboxylate 

group. Linking the two protein domains was expected to enhance the Zn(II) binding affinity by 

stabilization of the dimer. The selectivity for Zn(II) over Cu(I) was expected to be enhanced by 

mutating the threonine residues in both copper binding domains of CA-9-WY to the negatively 

charged aspartic acids.  

T252D/T385D CA-9-WY was expressed in reasonable yields (20 mg/ L) using the same 

procedure as described earlier for wild-type CA-9-WY. Mass spectrometry data confirmed the 

correct mass of the protein. The affinity for Zn(II) was established by titrating Zn(II) in the 

EDTA buffering system, which allows control of the free Zn(II) concentration in the 

femtomolar range (Figure 5.4). A clear decrease in FRET is observed upon addition of 
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femtomolar concentrations of Zn(II), indicating the formation of an intramolecular Atox1-

Zn(II)-WD4 complex. Introduction of the aspartic acids indeed resulted in a significant increase 

in affinity for Zn(II) with a sixfold enhancement in the displayed affinity. A non-linear fit 

describing the formation of an intramolecular complex of CFP-ATOX1-Zn(II)-WD4-YFP 

yielded a dissociation constant for the mutated protein of 34 ± 3 fM compared to 170 ± 10 fM  

for the wild-type CA-9-WY. As expected, the ratiometric change observed upon zinc binding   

is similar for both proteins as they contained the same linker length. In the 1:1 mixture of Thr-

to-Asp mutated CFP-Atox1 and WD4-YFP, addition of high concentrations of Zn(II) disrupted 

the Atox1-Zn(II)-WD4 complex by binding of Zn(II) to each of the metal binding domains 

(chapter 3). This disruption at higher Zn(II) concentration was not observed in the Thr-to-Asp 

mutant of CA-9-WY, suggesting a stabilization of the Atox1-Zn(II)-WD4 complex by the linker.  
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Figure 5.4 Zn(II) titration experiments for wild-type CA-9-WY (black) and T252D/T385D CA-9-WY (gray). 

Titrations with Zn(II) were done using 1 μM of protein in 50 mM Tris, 100 mM NaCl, 1 mM DTT, 10% glycerol, 

pH 7.5, using either the EDTA or the HEDTA buffering system. The highest free zinc concentration (24 nM) was 

obtained by addition of 2 mM Ca(II) to 1 mM EDTA and 0.9 mM Zn(II). The solid lines represent fits of the data 

obtained using the equation for the formation of CFP-ATOX1-Zn(II)-WD4-YFP complex. The dashed lines 

represent the half-maximal responses of the indicated protein. Each data point represents at least three independent 

experiments with standard deviations. 

 

After establishing that the affinity for Zn(II) in ZntA-like mutants was significantly 

increased, its selectivity was studied further by a copper binding experiment. Although the 

exact affinity for copper(I) is difficult to determine accurately, it was investigated qualitatively 

whether the mutant protein was still able to bind copper(I). Copper(I) was added as 
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Cu(I)(CH3CN)4-PF6 in CH3CN in a controlled anaerobic environment. First EDTA was added to 

disrupt the intramolecular Atox1-Zn(II)-WD4 complex, leading to an increase of the YFP/CFP 

ratio (Figure 5.5). Addition of 30 μM copper(I) resulted in a decrease of the YFP/CFP ratio to 

the same level as before EDTA incubation, indicating that copper(I) was able to restore an 

intramolecular Atox1-Cu(I)-WD4 complex. As observed for wild type CA-5-WY, incubation 

with 2 mM of DTT did not influence the ratio, suggesting the formation of a stable complex. 
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Figure 5.5 Cu(I) binding of  T252D/T385D CA-9-WY. The YFP:CFP ratios were determined using an anaerobic 

sample of 1 μM T252D/T385D CA-9-WY protein in 50 mM Tris, 100 mM NaCl, 10% glycerol, pH 8, followed by 

the subsequent anaerobic addition of 1 mM EDTA, 30 μM Cu(I) and 2 mM DTT. The error bars represent the 

standard deviation determined from 5 independent experiments. 

 

DISCUSSION 

 

The CA-9-WY protein has many properties that are advantageous for intracellular 

imaging of Zn(II). These properties include a ratiometric signal, being genetically-encoded, and 

an affinity for Zn(II) in the subpicomolar range. Binding of both Zn(II) and Cu(I) to CA-9-WY 

were shown to result in a decrease in energy transfer, however (chapter 4). The aim of the 

current study was to improve the selectivity of CA-9-WY for either Zn(II) or Cu(I) by 

reengineering of the metal binding site. The attempt to significantly reduce or abolish Zn(II) 

binding in the single Cys-to-Ser mutants was successful. C386S CA-9-WY could not bind Zn(II), 

whereas C253S CA-9-WY displayed a relatively low affinity for zinc with a small ratiometric 

change compared to the wild type protein. Mutants C389S and to lesser extent C256S CA-9-WY 

were able to bind Zn(II) but with a strongly reduced affinity of ~ 100 pM compared to the wild-

type protein (170 fM). The fact that the largest ratiometric change and the relative strongest 

affinity for Zn(II) was observed for the C256S and C389S mutants, suggests that the two solvent 

exposed cysteines (C253 and C386) are necessary to preserve at least some of the Zn(II) binding 
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capacity. In these mutants, the fourth coordinating ligand could be the oxygen of the 

introduced serine, a coordinating molecule of the buffer or an amino acid side chain located in 

the vicinity of the zinc binding pocket. Since no high resolution structure is available for the 

Atox1-WD4 complex, we used the crystal structure of the Atox1 dimer to identify possible 

ligands. In these mutants the fourth ligand could be Thr 11, Gly 13 or 14 or Glu 17 of Atox1 or 

Gly 10, Thr 12 or His 18 of WD4. Unexpectedly, no formation of an intramolecular Atox1-Cu(I)-

WD4  complex was observed for any of the four single Cys-to-Ser mutants. A possible 

explanation could be that complex formation might be inhibited due to the presence of DTT. 

Reducing agents such as DTT stabilize the copper-bound monomer as was previously observed 

for CFP-Atox1 and WD4-YFP (chapter 3) and by others in EXAFS and NMR studies [10, 29, 30]. 

Experiments in the absence of reducing agents were not possible as single cysteine mutant 

proteins were found to be more vulnerable to form a disulfide bridge between Atox1 and WD4, 

leading to the closed conformation. This formation is probably due to the disability of the 

mutants to bind zinc, which may play a protective role in the formation of a disulfide bridge. 

Copper binding experiments are not as straightforward as zinc titration experiments as a 

controlled anaerobic environment is required. The vulnerability to form disulfide bridges in the 

single Cys-to-Ser mutants makes these experiments even more complicated. Even if copper 

would bind in the absence of thiols, a sensitivity to thiols would limit application of single Cys-

to-Ser mutants in intracellular experiments anyway, because the intracellular glutathione 

concentration is ~ 5 mM. Recently, an NMR structure was reported of a copper bridged dimer 

between single Cys-to-Ala mutants of Atx1 and Ccc2a, the yeast homologues of Atox1 and 

WD4, respectively. The predominant Cu(I) bridged species Cu(I) was tricoordinated by the two 

solvent accessible cysteines of Atx1 (Cys 15) and Ccc2 (Cys 13), and Cys 16 of Ccc2a [17]. If 

these results are translated to ours, it would be expected that mutant CA-9-WY-C256S 

containing the two solvent exposed cysteines C253 and C368 and the cysteine C389 of WD4 

might bind copper(I). Compared to our study, these researchers studied the formation of an 

intermolecular Atx1-Ccc2 dimer instead of an intramolecular Atox1-WD4 complex. In addition, 

different protein concentrations were used in both studies, although it is hard to compare the 

relatively high proteins concentrations in NMR experiments with the effective concentrations 

of the metal binding domains in Atox1-WD4 fusion proteins.  

Like copper(I), Pb(II) has also been reported to prefer coordination by three cysteines 

[31]. Pb(II) is therefore an interesting alternative metal to test the formation of an 

intramolecular Atox1-Pb(II)-WD4 complex in Cys-to-Ser mutants. Furthermore, experiments 

with Pb(II) are easier to perform than with copper(I), as titrations can be performed in aerobic 

environment using similar buffering systems as were used for Zn(II) titrations.  
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To improve the selectivity of Zn(II) over Cu(I)  in CA-9-WY, an aspartic acid was 

introduced in the conserved metal binding site MTCXXC of both Atox1 and WD4, creating two 

MDCXXC motifs. A similar MDCXXC motif was reported in bacterial zinc transporter ZntA 

and was postulated to play an important role in distinguishing between divalent and 

monovalent metal. In ZntA, a single domain binds zinc by the two cysteine residues, either one 

or both oxygens of the aspartic acid, and a potential oxygen or nitogen ligand (from solvent or 

buffer). Detection of zinc in our sensor requires the formation of a zinc mediated 

intramolecular complex of two MDCXXC motifs, however. It may be therefore be naïve to 

propose that introduction of this MDCXXC motif in our sensor design enhances the zinc 

specificity. A clear increase in Zn(II) affinity was observed in the mutant protein compared to 

the wild-type protein, however. The introduction of the negatively charged aspartic acid 

residues most probably contributes to the enhanced affinity for zinc. To our knowledge, ~ 30 

fM is the highest affinity for Zn(II) reported to date for a fluorescent sensor. In contrast to the 

observed monomerization at higher Zn(II) concentrations in the 1:1 mixture of T252D CFP-

Atox1 and T16D WD4-YFP, a stable intramolecular Atox1-Zn(II)-WD4 complex was formed in 

T252D/T385D CA-9-WY due to the chelate effect. Copper binding experiments demonstrated 

that the Thr-to-Asp mutant was still able to mediate an intramolecular Atox1-Cu(I)-WD4 

complex, thereby decreasing the energy transfer. It is well possible that the introduction of 

negatively charged residues might favour divalent over monovalent metal ions and reduce the 

affinity for copper. Distinction between Zn(II) and Cu(I) binding remains a difficult issue as 

binding of these metals to the sensor result in a decrease of energy transfer in both cases. Mass 

spectrometry analysis might allow discrimination between both metals. The affinity for 

copper(I) could be determined accurately by Isothermic Titration Calorimetry (ITC) 

experiments. Copper(I) binding could then be monitored by titrating low concentrations Cu(I) 

in a buffering system containing cyanide [32].  

 

In conclusion, the goal of increasing the copper selectivity in single Cys-to-Ser mutants 

was partly achieved. Although tricoordinated complex formation was not detected upon 

addition of Cu(I) in the presence of mM concentrations of DTT, zinc binding was shown to be 

abolished or reduced in these mutants. Increasing the Zn(II) specificity by introduction of a 

ZntA-like motif enhanced the Zn(II) binding affinity significantly, but did not abolish copper(I) 

binding. Additional experiments are necessary to accurately determine the affinity for Cu(I) in 

both wild-type and in mutant proteins.  
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METHODS AND MATERIALS 
General 

All primers were purchased from MWG-biotech AG and DNA sequencing was performed by BaseClear. 

 

Mutagenesis of CFP-ATOX1-linker-WD4-YFP constructs 

To create the T252D/T385D mutant of CA-9-WY, both threonine residues were mutated at the same time 

using the Quickchange multi-site directed mutagenis kit (Stratagene) according to the manufacturers 

instructions with 5'-CGA GTT CTC TGT GGA CAT GGA CTG TGG AGG CTG TGC TGA AGC-3' 

(T252D) and 5'-GCC ATT GCC GGC ATG GAC TGT GCA TCC TGT GTC C-3' (T385D) as forward 

primers and pET28 CA-9-WY as a template. The single cysteine-to-serine mutants were created using the 

Quickchange multi-site directed mutagenis kit (Stratagene) or the Quickchange site directed mutagenesis 

kit (Stratagene) using the following primers: 5’-CAT GAC CTG TGG AGG CAG TGC TGA AGC TGT C-

3’ (C253S CA-9-WY); 5’-CTC TGT GGA CAT GAC CAG TGG AGG CTG TGC TG -3’ (C256S CA-9-WY); 

5’-GGC ATG ACC TGT GCA TCC AGT GTC CAT TCC ATT G -3’ (C386S CA-9-WY); 5’-GCC GGC ATG 

ACC AGT GCA TCC TGT GTC C-3’ (C389S CA-9-WY).  

 
Expression and purification of CA-9-WY mutants 
All mutant proteins were expressed and purified using the same conditions as described in chapter 4 for 

wild-type CA-9-WY. In short, expression plasmids were transformed into E. coli BL21(DE3). Protein 

expression was induced in 0.5 L culture by addition of 0.1 mM IPTG at OD600 = 0.6-1, after which cells 

were grown at 15 °C and 220 rpm for four hours. Proteins were extracted using Bugbuster (Novagen) 

supplemented with protease inhibitors (complete EDTA-free protease inhibitor cocktail tablets, Roche), 

after which proteins were purified using nickel column chromatography. The His-tag was removed by 

thrombin cleavage and separated from the target protein by size exclusion chromatography.   

 

Fluorescence experiments 

Fluorescence spectra were recorded on a Perkin Elmer LS 50B luminescence spectrometer. Spectra were 

measured using 1 μM of protein in 50 mM Tris, 100 mM NaCl, 10% glycerol pH 7.5 using an excitation 

wavelength of 420 nm. Protein concentrations were determined using the molar extinction coefficient of 

84000 M-1 cm-1 at 515 nm for YFP [33]. DTT (1 mM) was used as reducing agent to prevent oxidation of 

the cysteines in the metal binding motif. The YFP/CFP ratio is defined as the fluorescence intensity of the 

YFP fusion protein at 527 nm divided by the fluorescence intensity of the CFP fusion protein at 475 nm. 

 

Zinc titrations 

Zn(II) was titrated as ZnCl2 99.99% (Acros) in four different buffering systems consisting of 1 mM EGTA, 

1 mM HEDTA or 1 mM EDTA and 0.1-0.9 mM Zn(II), or a system consisting of 1 mM EDTA, 2 mM 

Ca(II) and 0.1-0.9 mM Zn(II). These buffering systems are referred to as the EGTA, the HEDTA, the 

EDTA or the EDTA/Ca buffering systems. For the EGTA, the HEDTA and the EDTA buffering system, 
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free Zn(II) concentrations were calculated using the MaxChelator program [34]. For the calcium-EDTA 

buffering system, free Zn(II) concentrations were calculated using the method described by Walkup [35]. 

The dissociation constants for Zn(II) binding were fitted using the non-linear fitting procedure of 

GraphPad Prism, using the equation: YFP/CFP ratio=-P1*[Zn]/(Kd-[Zn]) + P2, in which P1 is defined as 

the ratiometric change upon zinc binding (YFP/CFP ratio after zinc binding minus the ratio before zinc 

binding), [Zn] as the concentration of free zinc, Kd as the dissociation constant, and P2 as the YFP/CFP 

ratio in the absence of zinc. 

 

Copper binding experiments 

All titrations using Cu(I) were done under carefully controlled anaerobic conditions. Mutant CFP-Atox1-

linker-WD4-YFP proteins in 50 mM Tris, 100 mM NaCl, pH 8 buffer were transferred into a Coy 

anaerobic chamber and incubated overnight with 2 mM DTT to completely reduce the metal-binding 

cysteines. Slide-a-lyzer mini dialysis units (Pierce) were used to dialyze the protein three times for at 

least 1 h against anaerobic buffer (50 mM Tris, 100 mM NaCl, 1 mM DTT, pH 8). 1 μM of protein in 50 

mM Tris, 100 mM NaCl, 10% glycerol, 1 mM DTT, pH 8 was transferred into a fluorescence cuvet sealed 

with a rubber septum and transferred out of the anaerobic chamber. A 15 mM Cu(I) stock solution was 

prepared by dissolving Cu(I)(CH3CN)4PF6 (Sigma) in degassed 100% acetonitrile under anaerobic 

conditions. EDTA and Cu(I) were added to the cuvet from anaerobic stock solutions using Hamilton gas-

tight syringes.  
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GENERAL DISCUSSION 

 

This chapter gives an overview of the most important results described in this thesis. As 

discussed below, important steps were taken in the development of genetically-encoded 

sensors for Zn(II) and Cu(I). In addition, this research yielded important new insights into the 

mechanism of metal homeostasis and metal specificity, which will be elaborated in the next 

paragraphs. Finally, suggestions for further improvements of the current sensor system will be 

discussed as well as possible new sensor designs.  

 

Fluorescent probes for imaging transition metal homeostasis would present a major 

technical breakthrough in biomedical research and related diseases. The original aim of this 

thesis was to develop a fluorescent FRET-based sensor protein for copper(I). Thus far, no 

examples of other ratiometric sensor proteins for copper(I) have been reported that can be 

applied in live-cell imaging, which stresses the difficulty in engineering such a sensor. The 

genetically encoded FRET sensors described in this thesis were based on the copper-induced 

dimerization of two copper binding domains involved in human copper homeostasis, Atox1 

and WD4. This combination was identified via yeast two-hybrid screening. A fluorescent 

sensor was constructed by linking these copper binding domains to donor (CFP) and acceptor 

(YFP) fluorescent protein domains. In a 1:1 mixture of CFP-Atox1 and WD4-YFP, energy 

transfer was observed in the presence of Cu(I), but the Cu(I)-bridged complex was easily 

disrupted by low molecular weight thiols such as DTT and glutathione. To our surprise, energy 

transfer was also observed in the presence of very low concentrations of Zn(II) (10-10 M), even in 

the presence of DTT. To obtain a single protein sensor, CFP-Atox1 and WD4-YFP were fused 

via a flexible peptide linker. The Zn(II) affinity of the single protein sensor was found to 

depend on the linker length, ranging from 1.5 pM for a short linker to 170 fM for a long flexible 

linker. Copper binding resulted in the formation of a stable intramolecular Atox1-Cu(I)-WD4 

complex that was insensitive to thiol interference. Reengineering of the metal binding sites was 

attempted to increase the selectivity for either Cu(I) or Zn(II) in the single protein sensors. 

Although zinc binding was shown to be abolished or reduced for the single Cys-to-Ser 

mutants, complex formation was not observed upon addition of Cu(I), at least not in the 

presence of mM concentrations of DTT. Because an anaerobic environment is required for Cu(I) 

binding studies, these experiments are less straightforward then for Zn(II). ZntA-like mutants 

displayed a sixfold increase in affinity for zinc with a dissociation constant of ~ 30 fM in the 

mutant proteins compared to ~ 170 fM in the wild-type proteins. The ZntA-like mutants were 

still able to bind copper(I), although it remains to be established whether copper(I) affinity was 
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affected. Preliminary cell imaging experiments with CA-2-WY and CA-9-WY showed that the 

sensor is well expressed in mammalian cells. In addition, energy transfer was clearly observed, 

but unfortunately no response was detected upon addition or depletion of zinc. The cell 

experiments need to be improved further, e.g. by optimization of protocols for supplying 

excess zinc or depletion of zinc. 

 

Physiological significance of zinc binding by copper chaperone domains 

The fact that zinc is able to form a stable zinc-bridged complex with CFP-Atox1 and 

WD4-YFP with an association constant of 4.5·1015 M-2 raises interesting physiological questions. 

WD4 is the fourth copper binding domain out of six of ATP7B, a trans-membrane Cu(I) specific 

ATPase in the membrane of the Golgi-apparatus. Atox1 is a free cytosolic copper chaperone 

molecule [1]. Equation (1) describing the formation of the ternary complex between Atox1, 

WD4 and Zn(II) can be used to estimate the likelihood of finding Zn(II) mediated complexes in 

the cell. 

[Zn]*[WY]*[CA]
[complex]

=aK       (1) 

In this equation Ka is defined as the association constant, [CA] as the concentration of CFP-

Atox1, [WY] as the concentration of WD4-YFP, [Zn] as the concentration zinc, and [complex] as 

the concentration of the Atox1-Zn(II)-WD4 complex. The EC50 is the value when 50% complex 

formation is observed. Whether the Atox1-Zn(II)-WD4 interaction occurs not only depends on 

the Zn(II) concentration, but also on the protein concentration. The protein concentration of 

Atox1 inside cells is not known, but is probably in the same range as the concentration of yeast 

copper chaperone CCS, which was established at 2 μM [2]. At a cytosolic protein concentration 

of 2 μM and an association constant of 4.5·1015 M-2 (determined in chapter 3), the EC50 value is 

then determined at a free zinc concentration of ~ 220 pM. Increasing the protein concentration 

to 10 μM, results in an EC50 of  ~45 pM. These protein concentrations and free zinc 

concentrations are not unrealistic in mammalian cells, suggesting that Atox1-Zn(II)-WD4 

complexes could be formed in mammalian cells. A second important indication that this 

complex can be formed in vivo came from Y2H screening, in which we observed a two-fold 

increase in binding strength upon addition of Zn(II) in the growth medium of yeast. This 

strongly suggested that the formation of Atox1-Zn(II)-WD4 complexes is possible in vivo. 

Although speculative, it could even be argued that the described copper-dependent interaction 

between Atox1 and WD4 in yeast is actually zinc dependent. Copper and zinc homeostasis are 

linked processes, which is most pronounced at the level of metallothionein regulation [3]. 

Decrease of the intracellular copper concentration by addition of BCS may increase the zinc 
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buffering capacity of metallothionein; less copper will be bound to metallothioneins, increasing 

the binding capacity for zinc. This subsequently results in a decrease of the intracellular zinc 

concentration and could explain the disruption of the Atox1- WD4 interaction upon addition of 

BCS. Addition of excess copper to the growth medium can also result in a decrease of the 

intracellular zinc concentration in yeast. Copper is known to activate transcription of 

metallothionein via MTF-1, thereby lowering the intracellular zinc concentration [4, 5]. 

Another interaction where Zn(II) binding might effectively compete with Cu(I) binding 

is at the Cu(I) binding domain of ATP7B. Y2H screening indicated that the association constant 

of complex formation between domains of ATP7B is much lower than for Atox1 and WD4 as 

no interaction was detected between any of the individual ATP7B domains (in the presence of 

normal zinc-containing growth medium). In chapter 4 of this thesis, it was shown that linking 

of copper binding domains can result in substantial enhancement of Zn(II) affinity, however. 

ATP7B contains six of these copper-binding domains at its cytosolic N-terminus that are linked 

to each other. The effective protein concentration of domains is much higher than for 

intermolecular interactions, which promotes the formation of an intramolecular complex. It is 

difficult to predict the presence of intramolecular Zn(II) mediated complexes between different 

domains within ATP7B as no values of association constants have been determined. Of course, 

the linker length between the domains should be long enough to bridge the distance in the 

Zn(II) bound conformation. One way to test the possible formation of intramolecular Zn(II) 

bridged complexes would be to fuse two adjacent ATP7B domains to fluorescent proteins. The 

association constants of these constructs can then be measured by detection of FRET upon 

titration of Zn(II). Zinc binding to copper binding domains of ATP7B has been reported before, 

although the exact position of zinc binding remains elusive. Radioactive Zn(II) blotting 

experiments suggested that zinc is bound via the cysteine residues of the copper binding 

domain [6], whereas circular dichroism and X-ray absorption spectroscopy suggested that 6 

zinc ions can be coordinated by ATP7B, but in a different metal binding site than copper [7].  

Determination of the intracellular concentration of free Cu(I) or Zn(II) inside living cells 

would be a major step forward as the exact concentration of these metals in mammalian cells 

remains an unsolved issue. These concentrations are proposed to be very low based on the 

estimated femtomolar free zinc concentration in E. coli [8] and based on the free cytosolic 

copper concentration in yeast that is reported to be less than one free copper ion per cell [2]. 

Previously reported FRET-based sensors were able to probe molecules e.g. calcium in cells, but 

these were present at much higher concentrations (μM range) [9]. An important question at the 

end of this thesis is whether CA-L-WY can be applied for imaging very low concentrations of 

copper or zinc inside living cells. The Zn(II) affinities of the single protein constructs ranged 
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from 1.5 pM to 170 fM, which is well suited to probe free Zn(II) concentration in the femto- to 

picomolar range in cells. An intracellular expressed sensor that is present in the μM range can 

probe these low concentrations, because cells act as an efficient buffering system for metals 

such as Zn(II) [8]. The free Zn(II) concentration could therefore be very low, but at the same 

time the total zinc concentration inside cells is much higher (100 μM), which is more than 

sufficient to saturate the sensor. A fundamental question that remains, is if the kinetics of zinc 

equilibration are fast enough to allow true imaging of free zinc. In particular for CA-9-WY, zinc 

binding kinetics are relatively slow as it typically required 20 minutes in zinc titration 

experiments to reach equilibrium. Recently, Bozym et al. tested two types of carbonic 

anhydrase-based zinc sensor systems in cells, one with a quite slow association rate of 104 to 105 

M-1 s-1 and one with a 800-fold faster association rate constant [10]. They found that in 

mammalian cells the equilibrium is reached in minutes for both sensor systems. The rapid 

equilibrium suggested catalysis of the zinc binding process, probably by zinc chaperones or by 

more aspecific small molecules such as glutathione. If this is true, the slow association kinetics 

observed for CA-9-WY may not be problematic either for intracellular applications. 

 

Suggestions to improve sensor design 

The CA-L-WY sensors described in this thesis have many attractive features for 

application as intracellular imaging tools for Cu(I) or Zn(II). However, high levels of expression 

of CA-9-WY sensor might be necessary for reliable visualization of cells, which may interfere 

with normal functions of the cells. Additional work is needed to optimize expression levels of 

the sensor. Optimization of the brightness and photostability of fluorescent sensors will 

provide better visualization at lower expression levels. Furthermore, the current sensor system 

can be optimized by improving the relatively small difference in energy transfer that is 

observed upon binding of the metal and by improving the metal selectivity for either copper or 

zinc. Alternative sensor designs employing different metal binding domains could also be 

envisioned. 

  

Improving the ratiometric change 

One approach to improve the current sensors is to choose new GFP variants. New GFP 

variants with altered excitation and emission spectra, enhanced brightness, and improved pH 

resistance are constantly being developed [11]. Recently, two bright versions of YFP, “Citrine” 

[12] and “Venus” [13], have been reported as improved YFP variants and “Cerulean” [14] as an 

improved CFP protein. The enhanced brightness of these proteins is determined by several 

factors, including the faster maturation speed and efficiency, higher extinction coefficients, and 
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improved quantum yields and photostability.  Furthermore, in contrast to ECFP, Cerulean only 

displays a single lifetime, which would allow easier interpretation of lifetime-FRET 

measurements. Replacement of the fluorescent proteins with these new variants in CA-L-WY 

proteins allows more effective quantitative FRET imaging due to the close spectral overlap of 

the donor emission and acceptor absorption, resulting in a larger Förster distance.  

The single protein sensor T252D/T385D CA-9-WY was reported to have a dissociation 

constant of 30 fM, but with a relatively small change in ratio of ~ 20% upon zinc binding. 

Reducing the linker length of wild-type CA-9-WY was shown to increase the ratiometric 

change to ~ 60%, but also affected the affinity for zinc by decreasing the affinity to 1.5 pM. One 

way to improve the ratiometric change upon metal binding is to promote association of the 

fluorescent proteins in the absence of zinc (Figure 6.1). This would result in a large difference in 

energy transfer efficiency between the free form of the sensor and the Zn(II) bound form 

(chapter 4), in which CFP and YFP are fixed at a larger distance (~ 75 Å).  

Figure 6.1 Proposal to improve the ratiometric change of CA-L-WY.  In the absence of Zn(II), CFP and YFP are 

associated, resulting in very efficient energy transfer as indicated by the red arrow. In the presence of Zn(II), CFP 

and YFP are “fixed” at a relatively large distance, resulting in a decrease of energy transfer. 

 

Nguyen et al. recently applied an evolutionary strategy using FACS to optimize a CFP-YFP pair 

for FRET measurements. They reported that introduction of several amino acids, including two 

hydrophobic residues located at the dimer interface (S208F and V224L), resulted in a large 

increase in energy transfer [15]. Since the photophysical properties of the fluorescent proteins 

were not significantly altered, we hypothesized that the observed change in energy transfer 

was caused by intramolecular complex formation of the fluorescent proteins. Preliminary 

experiments in our group indeed showed that introduction of S208F and V224L mutations in 

CFP and YFP of CFP-linker-YFP model proteins induced complex formation between CFP and 
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YFP (Vinkenborg et al., 2006, manuscript in preparation). Cleavage of the linker disrupted the 

association, indicating that the complex is relatively weak. Introduction of these mutations in 

CA-L-WY proteins could increase the ratiometric change from ~ 1.2-1.7 fold to ~4-5 fold. 

Although these mutations are expected to lower the apparent affinity for zinc, the obtained 

benefit is probably larger.  

 

Improving selectivity 

Despite efforts to improve the selectivity of the sensor for zinc over copper by 

reengineering the metal binding sites, the ZntA-like CA-9-WY mutant was still able to bind 

copper (chapter 5). Another way to improve the selectivity for zinc is to change the 

coordination to a Cys2His2 geometry, as this is the predominant form of metal binding in zinc-

finger domains [16]. It remains to be established whether the solvent exposed or the solvent 

inaccessible residues should be mutated. The remaining two cysteines are not expected to bind 

copper(I) very effectively. Mutating two residues of the same copper chaperone is not attractive 

as the other copper chaperone can then still bind copper via its two cysteines.  

Another approach to create a selective zinc sensor is to prevent intracellular docking to 

other copper binding domains. In this manner, the sensor cannot get access to copper and can 

only probe zinc.  Similar mechanisms are exploited by nature itself, e.g. by the cyanobacterium 

zinc-exporting protein ZiaA. Even though ZiaA has a higher affinity for copper than zinc, 

failure to interact with the copper chaperone Atx1 prevents access to copper(I) in vivo [17]. A 

structural model for the interaction between Atx1 and Ccc2 domain and a recent NMR 

structure showed that electrostatic interactions are important in complex formation [18-21]. 

Atx1 contains a positive surface formed by four lysine residues that interacts with a negatively 

charged surface area on Ccc2 domain 1 formed by two Asp and one Glu residues. All positively 

charged amino acids in Atox1, namely Arg 21, Lys 25, Lys 56 and Lys 57, and the three 

negatively charged amino acids in WD4 are conserved [20, 22]. Mutating one or more of these 

residues in Atox1 or WD4 may create a specific zinc sensor by preventing access to copper. 

However, disruption of the electrostatic interaction between Atox1 and WD4 might also impair 

zinc binding. Therefore it would be more elegant when acquisition of copper is suppressed by 

inhibition of the interaction between Atox1 and copper transporter Ctr1. Although the C-

terminus of yeast Ctr1 was shown to be involved in protein-protein interactions with the 

copper chaperone Atx1 [23], it is not well established whether copper chaperone Atox1 accepts 

copper directly from Ctr1.  

Single Cys-to-Ser CA-9-WY proteins are believed to be the best choice to apply in the 

construction of a copper(I) sensor. Recently, an NMR structure revealed that one copper ion 
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was coordinated in a trigonal geometry by a single Cys-to-Ala mutant of Atx1 (C18A) and Ccc2 

domain 1 [21]. One alternative approach to create a copper selective sensor is to replace Atox1 

and WD4 by their yeast homologues Atx1 and Ccc2 domain 1 in FRET measurements. In 

addition to the reported NMR structure, the Atx1-Ccc2 interaction was identified to be metal-

dependent in Y2H screening (chapter 2).  

 

Alternative sensor designs 

 An attractive example of a specific copper binding protein is MerR-family member 

CueR [24-26]. This protein actually serves as an intracellular sensor protein for copper in E. coli 

and functions by activating transcription of copper efflux genes. A simple approach to develop 

a sensor is by detecting the transcriptional activation of CueR, for instance by incorporation of 

a CueR specific promoter region in a fluorescent reporter construct. This approach does not 

allow real time imaging of copper, however. A more elegant approach would be to convert the 

conformational change induced by CueR directly to a fluorescent signal. CueR is a dimer with 

three distinct functional domains: a dimerization domain flanked by a DNA-binding domain 

and a metal-binding domain (Figure 6.2). In each monomer of the CueR dimer, Cu(I) is bound 

by two coordinating cysteine ligands  in a solvent inaccessible loop at the dimer interface [27, 

28]. Upon copper binding, CueR undergoes a conformational change to allow transcriptional 

activation, which involves base pair distortion, DNA untwisting and compression of the DNA 

[24]. It is difficult to determine the conformational change upon transcription initiation, as only 

the crystal structure of the activated form of CueR has been determined (Figure 6.2). A related 

structure of MtaN showed a relatively small conformational change by flexing a hinge region 

that was found to be important in DNA binding [29]. It remains to be established whether this 

conformational change is large enough to be usefull in a FRET-based sensor protein. 

 
Figure 6.2 Crystal structure of 

the CueR dimer (accession code 

1Q05). CueR is a dimer with 

three distinct functional domains: 

a dimerization domain flanked by 

a DNA-binding domain and a 

metal-binding domain. Copper(I) 

is coordinated by Cys 112 and 

Cys 120 of CueR in a solvent 

inaccessible loop. 
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An alternative protein to test as copper sensing domain is yeast transcription factor 

Mac1. In the absence of copper, Mac1 is in its active state with phosphorylated activation 

domains [30]. Copper binding yields a multicopper center that consists of four Cu(I) ions, 

which plays an important role in copper dependent regulation [31]. Copper binding results in 

an intramolecular interaction between the N-terminal DNA binding and the C-terminal 

activation domain of this protein, thereby reducing DNA binding affinity [32]. This 

conformational change is probably large enough to be converted into a fluorescent signal. An 

important drawback of Mac1 is that less is known about its structure. Other disadvantages are 

that is binds four copper ions and that it also can bind zinc as it contains N-terminal zinc finger 

domains. 

  

Outlook 
Directed-evolution methods can be applied to optimize both fluorescent and copper 

binding domain properties. Furthermore, it would allow high throughput screening of a library 

of gene knockouts in yeast via FACS analysis to identify novel genes involved in copper or zinc 

homeostasis. An alternative approach would be to screen a cDNA library for genes that rescue 

Mac1, Ctr1 or MTF1 deficient yeast by FACS analysis. This method is fundamentally different 

from microarray analysis and can provide unique information about novel genes or proteins in 

transition metal homeostasis. 
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Figure 3.2. Page 47. Chapter 3. Emission spectra of CFP-Atox1 and WD4-YFP showing Zn(II)-dependent 
FRET. All spectra were measured in 50 mM Tris, 100 mM NaCl, 10% glycerol, 0.5 mM TCEP, pH 7.5 using 
protein concentrations of 2 μM and 420 nm excitation. Panel A shows the emission spectra of CFP-Atox1 and 
YFP-WD4 when measured separately, and the summation of both spectra that is expected for a mixture of CFP-
Atox1 and YFP-WD4 in the absence of FRET. Panel B shows the emission spectrum determined for a 1:1 mixture 
of CFP-Atox1 (CA) and WD4-YFP (WY) in normal buffer (black line), upon addition of 15 μM EDTA (blue line), 
and after subsequent addition of 17 μM Zn(II) (red triangle). The summation of the individually determined 
spectra of CFP-Atox1 and WD4-YFP is shown for comparison. A color version of this figure is available at the end 
of this thesis. 
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Figure 4.10. Page 81. Chapter 4. Time dependent fluorescence microscopy experiment of a HeLa cell expressing 
CA-2-WY upon addition or depletion of zinc. Panel A: Every twenty seconds three images were generated of a 
single living cell; one image in the donor setting (excitation of donor, detection of donor; black squares), the second 
one in the acceptor setting (excitation of acceptor, detection of acceptor; light gray) and the third one in the FRET 
setting (excitation of donor, detection of acceptor; dark gray triangles). At 2 minutes 50 μM zinc and 20 μM of 
zinc ionophore pyrithione was added and after 13 minutes 100 μM of zinc chelator TPEN was added. An acceptor 
bleach was performed by exposing YFP to a high intensity laser at time point 22 minutes. Panel B: The ratio 
between the fluorescence intensities of the FRET setting (YFP) and donor setting (CFP) of panel A were calculated 
plotted against time. Two HeLa cells were excited at 457 nm after which the emission was measured at 485/30 nm 
(Panel C).  Subsequently, these cells were excited at 514 nm after which emission was measured at 590/70 nm 
(Panel E). The top left cell was bleached with a high intensity laser at 514 nm (Panels D and F). After bleaching, 
cells were excited at 457 nm and emission was measured at 485/30 nm (Panel D). Subsequently the cells were 
excited at 514 nm and measured at 590/70 nm (Panel F).  
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Summary 
Transition metals pose an interesting dilemma to all aerobic life forms, since they are 

both essential as cofactors in many important enzymes and potentially toxic, e.g. by catalyzing 

the formation of hydroxyl radicals in cytotoxic reactions. Genetic studies have revealed copper 

transport pathways for the import and transport of metal ions through the cytoplasm, being 

ultimately transferred to the active sites of target enzymes. The ability to image the 

concentration of transition metals in living cells in real time at a high resolution is considered 

important for further understanding of metal homeostasis and their involvement in diseases. 

The original aim of this thesis was to develop a genetically-encoded fluorescent FRET-based 

sensor protein for copper.  

The sensors described in this thesis were based on the copper-induced dimerization of 

two copper binding domains involved in copper homeostasis. Copper delivery in cells involves 

the formation of transient complexes in which one copper ion is coordinated by cysteines from 

two conserved MXCXXC motifs present in each copper binding domain. Yeast two-hybrid 

screening was applied to identify combinations of copper binding domains that interact in the 

presence of copper(I) and dissociate in the absence of the target (chapter 2). All individual 

copper binding domains of the copper transporting P-type ATPases ATP7B (six domains) and 

Ccc2 (two domains) and of copper chaperones Atox1 and Atx1 were screened systematically 

and analyzed for a possible interaction between single copper binding domains. Atox1 and 

Atx1 preferentially interacted with domains 2 and 4 of ATP7B and Atx1 interacted with both 

Ccc2 domains, whereas no homodimer interactions were detected. All combinations showed a 

remarkable bell-shaped dependency on copper concentration that is maximal just below 

normal copper levels. The combination of Atox1 and ATP7B domain 4 (WD4) displayed the 

strongest copper dependent interaction making it ideally suited for the construction of a FRET-

based Cu(I) sensor.  

A fluorescent sensor protein was constructed by linking copper binding domains Atox1 

and WD4 to donor (CFP) and acceptor (YFP) fluorescent protein domains (Figure 1). Metal 

binding by the cysteines from each of the copper binding domains was expected to induce 

intermolecular complex formation, bringing the fluorescent domains in close proximity. The 

increase in energy transfer upon complex formation can then be detected by various 

fluorescence microscopy techniques.  
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Figure 1 Design of a ratiometric, fluorescent sensor based on copper binding domains. In the presence of a metal, a 

metal-bridged dimer is formed, which can be detected through FRET between donor (CFP: Cyan Fluorescent 

Protein) and acceptor (YFP: Yellow Fluorescent Protein) domains linked to the N- and C-termini of the copper 

binding domains. 

 

Energy transfer was indeed observed after addition of Cu(I) to a 1:1 mixture of CFP-Atox1 and 

WD4-YFP but the Cu(I)-bridged complex was easily disrupted by low molecular weight thiols 

such as DTT and glutathione. To our surprise, energy transfer was also observed in the 

presence of very low concentrations of Zn(II) (10-10 M), even in the presence of DTT. Zn(II) is 

able to form a stable complex by binding to the cysteines present in the conserved MXCXXC 

motif of the two copper binding domains. Mutagenesis studies showed that the cysteines 

present in the MXCXXC motif are essential for this interaction. Co(II), Cd(II) and Pb(II) also 

induce an increase in FRET, but other, physiologically relevant metals were not able to mediate 

an interaction. The Zn(II) binding properties were tuned by mutation of the copper-binding 

motif to the zinc-binding consensus sequence MDCXXC found in the zinc transporter ZntA.  

To obtain a single protein sensor, CFP-Atox1 and WD4-YFP were fused via a flexible 

peptide linker (chapter 4). Both the Zn(II) affinity and the ratiometric change of the single 

protein sensor were found to depend on the linker length, ranging from 1.5 pM and a relatively 

large ratiometric change for a short linker to 170 fM and a small ratiometric change for a long 

flexible linker. Both properties could be quantitatively understood by using a random coil 

model describing the conformational behavior of the peptide linker. Copper binding also 

resulted in the formation of a stable intramolecular Atox1-Cu(I)-WD4 complex leading to a 

decrease in energy transfer. In contrast to the 1:1 mixture of CFP-Atox1 and WD4-YFP, the 

copper-induced complex of CFP-Atox1-linker-WD4-YFP proteins was insensitive to thiol 

interference. Preliminary cell imaging experiments with CA-2-WY and CA-9-WY showed that 

the sensor is well expressed in mammalian cells. In addition, energy transfer was clearly 

observed, but unfortunately no response was detected upon addition or depletion of zinc.  
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Chapter 5 describes efforts to improve the selectivity of the sensor protein for either 

Cu(I) or Zn(II) by reengineering the metal binding domains. Single cysteine-to-serine mutants 

were made to develop a more copper specific sensor. It was shown that the affinity for zinc in 

all four mutant proteins was significantly decreased or even abolished, as Zn(II) needs at least 

four coordinating ligands for binding. The remaining three cysteines were expected to 

coordinate Cu(I) in a trigonal geometry, but no complex formation was observed upon 

addition of Cu(I), at least not in the presence of mM concentrations of DTT. To enhance the 

selectivity for zinc over copper, the zinc binding motif MDCXXC of the bacterial zinc 

transporter ZntA was introduced in both the Atox1 and WD4 domain of CA-9-WY. The ZntA-

like mutants displayed a sixfold increase in affinity for zinc with a dissociation constant of 30 

fM compared to 170 fM that was determined in the wild-type proteins. The mutant proteins 

were still able to bind copper(I), although it remains to be established whether copper(I) 

affinity was affected.  

Important steps have been made in the development of genetically-encoded FRET 

sensors for the transition metals Cu(I) and Zn(II). The research described in this thesis yielded 

new insights into the mechanism of metal homeostasis and metal specificity. Furthermore this 

work provides important lessons for the rational design of FRET-based sensors in general. The 

current sensor design can be optimized by enhancement of the ratiometric change and by 

improving the metal selectivity (chapter 6).  
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Nederlandse samenvatting 
Overgangsmetalen vormen een interessant dilemma voor al het aerobe leven. Deze 

metalen zijn niet alleen essentieel als cofactoren in een aantal belangrijke enzymen, maar in 

hoge concentraties zijn ze ook zeer toxisch voor de cel door bijvoorbeeld de vorming van 

radicalen te katalyseren. Alle organismen beschikken daarom over speciale systemen om de 

metaalconcentratie in de cel op het gewenste nivo te houden, een proces dat men 

metaalhomeostase noemt. Genetische studies in gist hebben laten zien dat koper import en 

transport in de cel wordt uitgevoerd door verschillende eiwitten, zodat het koper ion 

uiteindelijk wordt geïncorporeerd in de juiste enzymen. Het meten van de concentratie van 

overgangsmetalen met een hoge resolutie in levende cellen is erg belangrijk voor het begrijpen 

van metaalhomeostase in cellen, maar ook voor het begrijpen van de rol van deze metalen in 

het veroorzaken van ziektes. Helaas zijn er voor dit doeleinde nog onvoldoende methoden 

ontwikkeld. Het doel van dit proefschrift was om een gevoelige genetisch gecodeerde sensor 

voor koper te ontwikkelen.   

De sensoren die worden beschreven in dit proefschrift zijn gebaseerd op een koper 

geïnduceerde dimerizatie van twee koper bindende eiwitten, die beide een rol spelen in het 

transport van koper in de cel. Bij dit transport van koper in cellen worden complexen gevormd 

waarin één koper ion wordt gecoördineerd door cysteines van een geconserveerd MXCXXC 

motief, die in elk van de twee eiwitten aanwezig zijn. In gist werden combinaties van koper 

bindende domeinen gevonden die een interactie hebben in aanwezigheid van koper(I), maar 

die dissociëren in afwezigheid van dit metaal (hoofstuk 2). Elk van de individuele domeinen 

van de koper transporter ATP7B (6 domeinen), van Ccc2 (twee domeinen) en van de 

kopertransport eiwitten Atox1 en Atx1 (ieder 1 domein) werden systematisch geanalyseerd om 

een eventuele interactie tussen twee domeinen te detecteren. Na deze screening bleek dat 

zowel Atox1 als Atx1 een interactie aangaan met domein 2 en 4 van ATP7B en dat Atx1 kan 

dimerizeren met beide domeinen van Ccc2. Er werden geen interacties gevonden tussen twee 

dezelfde domeinen. De koperbindende eiwitten Atox1 en ATP7B domein 4 (afgekort WD4) 

laten de sterkste koperafhankelijke interactie zien. Dit maakt deze combinatie zeer geschikt  

voor de ontwikkeling van een FRET-gebaseerde sensor voor koper. 

Het fluorescente deel van de sensor werd gemaakt door een cyaankleurig en een 

geelkleurig fluorescent eiwit, respectievelijk genaamd CFP en YFP, te fuseren met Atox1 en 

WD4. De sensor werd zodanig ontworpen dat in aanwezigheid van koper de fluorescente 

eigenschappen (ofwel de kleur) veranderen (Figuur 1). Hierbij wordt bij metaalbinding door de 

cysteines van elk van de koperbindende domeinen  een intermoleculair complex gevormd, 

waarbij de fluorescente eiwitten dicht bij elkaar komen. De daarbij behorende verandering in 
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energieoverdracht kan vervolgens worden gedetecteerd met behulp van verschillende 

technieken zoals een fluorescentie spectrofotometer of een fluorescentie microscoop.  

 
Figure 1 Principe van een ratiometrische fluorescente sensor, gebaseerd op koperbindende domeinen. In 

aanwezigheid van een metaal wordt een complex gevormd. Het metaal wordt gedetecteerd door een verandering in 

energieoverdracht te meten tussen donor (CFP) en acceptor (YFP) eiwitten die elk gefuseerd zijn aan de 

koperbindende domeinen. 

 

Zoals verwacht werd er een toename in energie overdracht gemeten tussen CFP-Atox1 en 

WD4-YFP na toevoeging van koper(I). Helaas werd het koper gemedieerde complex 

gemakkelijk verbroken door de aanwezigheid van thiolen, zoals DTT of glutathion. Tot onze 

verrassing zagen we dat niet alleen koper maar ook zink(II) in zeer lage concentraties (10-10 M) 

een complex kon induceren tussen twee koper bindende domeinen, zelfs in de aanwezigheid 

van DTT. Zink kon een stabiel complex vormen door aan de vier cysteines van de 

koperbindende domeinen te binden. Mutagenese studies bewezen dat deze vier cysteines 

essentieel waren voor de binding van zink. Ook cobalt, cadmium en lood lieten een toename in 

energieoverdracht zien, maar andere meer fysiologisch relevante metalen zoals calcium lieten 

geen effect zien.  De zinkbindende eigenschappen konden worden geoptimaliseerd door een 

zinkbindend motief uit de bacteriële zink transporter ZntA te introduceren in de 

koperbindende eiwitten.  

De volgende stap was om CFP-Atox1 en WD4-YFP aan elkaar te verbinden met een 

flexibele linker, zodat er één eiwit ontstond, genaamd CFP-Atox1-linker-WD4-YFP (hoofdstuk 

4). De lengte van de linker bleek van invloed te zijn op de affiniteit voor zink en de 

ratiometrische signaalverandering. De dissociateconstante voor zink varieerde hierbij van 170 

fM voor het eiwit met de langste linker tot 1.5 pM voor de kortste linker, terwijl de 

ratiometrische verandering juist het grootst was in het eiwit met de kortste linker en het kleinst 

in het eiwit met de langste linker. Beide eigenschappen konden worden verklaard door een 

model toe te passen dat de conformatie van de linker op een simpele wijze beschrijft. Niet 
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alleen zink, maar ook kopertoevoeging leidde tot de vorming van een stabiel intramoleculair 

Atox1-koper-WD4 complex, dat gedetecteerd kon worden door de daling in energieoverdracht 

te meten. In tegenstelling tot de twee aparte eiwitten CFP-Atox1 en WD4-YFP, was het koper 

gemedieerde complex in het enkele fusie-eiwit nu niet gevoelig voor thiolen. In de eerste 

cellulaire experimenten met de CFP-Atox1-linker-WD4-YFP eiwitten bleek dat de eiwitten 

goed tot expressie kwamen in cellen. Ook werd er energieoverdracht gemeten, maar deze kon 

helaas nog niet worden gecorreleerd aan de intracellulaire zink concentratie.  

Hoofdstuk 5 beschrijft onderzoek waarin werd geprobeerd om de selectiviteit van de 

sensor te verhogen voor ofwel koper ofwel zink door mutaties te introduceren in het 

metaalbindende deel van het eiwit. In een poging een meer specifieke kopersensor te 

ontwikkelen werd een van de vier cysteines gemuteerd naar een serine. De affiniteit voor zink 

was inderdaad sterk gereduceerd of zelfs verdwenen. Er werd echter ook geen 

complexvorming gedetecteerd na toevoeging van koper. Om de selectiviteit voor zink te 

verhogen werd een zinkbindend motief uit de bacteriele zink transporter ZntA (dat sterk lijkt 

op het koperbindend motief) geïntroduceerd in zowel Atox1 als WD4.  Deze ZntA gelijkende 

mutanten vertoonde een zesvoudige toename in zink affiniteit, met een dissociatieconstante 

van 30 femtomolair in vergelijking met 170 femtomolair in het wild-type eiwit. De ZntA-

achtige mutanten konden nog wel koper binden, maar de verwachte afname in affiniteit voor 

koper moet nog nader worden bekeken.  

Geconcludeerd kan worden dat er belangrijke vooruitgang geboekt is in de 

ontwikkeling van sensoren voor de overgangsmetalen koper en zink. Het onderzoek dat 

beschreven wordt in dit proefschrift geeft nieuwe inzichten in het mechanisme van 

metaalhomeostase en metaalspecificiteit. In meer algemeen opzicht geeft dit werk ook 

belangrijke inzichten voor de ontwikkeling van andere FRET gebaseerde sensoren. Om het 

huidige sensor ontwerp verder te optimalizeren zou bijvoorbeeld de ratioverandering of de 

metaalselectviteit verhoogd kunnen worden (hoofdstuk 6).  

 

 



Dankwoord 
 

132 

Dankwoord 
Er is een tijd van komen en gaan, zegt men wel eens. En voor mij is nu het einde van 

mijn promotie in zicht, dus het wordt tijd om te gaan. Onderzoek doe je niet alleen en dus voor 

mij nu de taak om een aantal mensen te bedanken. Aangezien dit waarschijnlijk het meest 

gelezen deel van het proefschrift wordt, zal ik proberen er een leuk stukje van te maken.... 

Allereerst wil ik mijn promotor Bert bedanken. Het was zo’n vier jaar geleden nog niet 

zo gemakkelijk om in een opstartende groep als AIO te beginnen. Toch had ik me geen betere 

omgeving kunnen voorstellen om mezelf te ontwikkelen. Ik denk dat we nu kunnen 

terugkijken op een geslaagde start van de protein engineering groep. Daarbij wil ik ook bij deze 

Maarten bedanken. Ik heb veel van je geleerd en je bent iemand met ontzettend veel ideeën 

(soms misschien teveel). Ik vind het dan ook een eer om de eerste promoverende AIO bij je te 

zijn. Het onderzoek liep niet altijd zoals we wilden, maar ik denk dat het uiteindelijk toch 

helemaal goed is gekomen (zie Hst 1-6). Je moet daarbij wel enigszins flexibel zijn in de 

metaalkeuze van onze sensor. Toch kan ik het niet laten om je nog één tip te geven: “Werk aan 

je handschrift!” en dan weet je vast wel wat ik bedoel. 

Ik wil de leden van de leescommissie, prof. dr. K. Nicolaij en prof. dr. G.W. Canters, 

bedanken voor het kritisch doorlezen van mijn proefschrift. Dr L.W.J. Klomp, Leo, ik wil je in 

het bijzonder bedanken. De wijze waarop ik op je lab in Utrecht werd ontvangen was erg fijn 

en ik heb de tijd die ik daar gewerkt heb erg plezierig gevonden. Je bleef onverminderd 

aanstekelijk enthousiast, ondanks dat onze kopersensor steeds meer op een zinksensor begon 

te lijken. Het is ook goed om te horen dat er plannen zijn om nieuwe sensoren te maken en om 

de samenwerking tussen Eindhoven en Utrecht voort te zetten. 

En dan kom ik nu toe om de mensen te bedanken die me de afgelopen jaren het meest 

gezien (en gehoord) hebben: mijn kamergenoten op STO 3.28 en labgenoten in STO 3.01. Ik zal, 

zoals het hoort, beginnen met de stamoudste op onze kamer: Peggy (jajaja, ik plaag je alleen 

maar). Peggy, een fijnere kamergenoot kon ik me niet wensen de afgelopen vier jaar. Niet 

alleen was je heel gezellig (de thee momenten op woensdagochtend half acht, de vele 

halfslachtige (?) opmerkingen waarom we vreselijk moesten lachen), je gaf altijd goede 

suggesties voor het onderzoek (vooral in de “controle” vraag ben je gespecialiseerd) en je was 

bovenal ook nog eens de Mona van onze kamer (geestelijke bijstand en echt geen enkele vraag 

was te gek...). Toon, mijn kamergenoot van de afgelopen vier jaar, wil ik ook van harte 

bedanken. Vooral mijn computer-crisis-momenten wist je altijd wel op koele wijze op te lossen 

en ik ben nog steeds heel blij met GraphPad Prism (met mijn lievelingsfunctie “undo”). Ellen 

heeft het meest tegen me aangekeken, aangezien ze recht tegenover me zat. Bedankt voor je 

gezellige aanwezigheid (soms ietwat slaperig of juist vreselijk hyper), het gekke bekken 
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trekken, je pepermuntjes, je plantje (ik zal hem niet verwaarlozen) en het veranderen van je 

ringtone. Marieke, ook jou wil ik bedankt voor je gezelligheid op onze kamer en voor het delen 

van al je duikavonturen. De laatste nieuwkomer in de kamer, onze enige echte pupil Jan, wil ik 

bedanken en succes wensen met zijn eigen promotie. Ik heb er alle vertrouwen in dat je de 

prestaties van de eerste generatie AIO’s in protein engineering toch wel minimaal gaat 

evenaren (dit waren niet mijn woorden). De kamer heeft in het verleden zo nu en dan een 

andere samenstelling gekend en daarbij wil ik bij deze Qianyao, Daniela en Mark Boerakker 

bedanken voor hun interesse in mij(n onderzoek) en de goede sfeer. Mijn ex-kamergenoot 

Matthijn behoeft wat extra uitleg. Ik heb volgens mij nog nooit iemand ontmoet die zoveel 

roddels vertelt (en genereert (?)) en met wie je ook ontzettend kan lachen (als je tenminste van 

jouw –laten we zeggen aparte- gevoel van humor houdt....). Het organiseren van de SMO trip, 

samen met Peggy, Toon en Joke, was dan ook een waar avontuur en die lakei-outfit stond je erg 

goed (vooral de pruik dan). Sanne wil ik bedanken voor het altijd gezellige en informatieve 8-

uur-’s-morgens-klets-momentje, het altijd geven van nuttige adviezen, het mij meeslepen naar 

aerobics en het voorzichtig naast mijn auto parkeren (ik had geen deuken meer sinds jij naast 

me stond). Kennelijk lijken we op elkaar (beiden erg charmant), maar na mijn promotie zullen 

ze ons toch niet meer met elkaar verwarren (?).  

Verder wil ik alle (voormalig) leden van protein engineering bedanken: Rico, Ingrid, 

Angela en Sebastiaan en alle afstudeer- en MDP studenten (en dat zijn er nogal wat). In het 

bijzonder wil ik nog de afstudeerstudenten en spinozastudenten bedanken die bij mijn project 

betrokken waren voor al het gedane werk: Marijn (succes met je promotie bij het NKI), Kristie 

(succes met je verdere loopbaan bij Octoplus), Alex (jammer dat je werk uiteindelijk geen 

hoofdstuk is geworden en ook jij succes met je promotie bij het NKI), Linda Dekkers (bedankt 

voor alle zinktitraties en veel succes in de toekomst) en Mattijs en Irene (voor alle β-

galactosidase assays). Verder waren er nog een aantal mensen bij de koffietafel met wie het 

toch altijd gezellig was: Tonny (je ziet er erg strak uit in je stepsoutfit), Michel F. (hou jij ook 

van ander fruitsoorten dan bananen?), Maarten S. (altijd erg inspirerende gesprekken) en Rene 

S. (misschien dat ik je nog eens kom opzoeken in San Diego).  

 Buiten de leden van SMO zijn er nog andere mensen die ik graag wil bedanken. Koen, 

bedankt voor het mede ontwerpen van de voorkant van dit proefschrift. Zonder jou was hij 

toch lang zo mooi niet geworden! Raymond, bedankt voor je gezelligheid op het VMT lab en 

tijdens onze cursus.  

 Dit proefschrift was niet tot stand gekomen zonder de goede samenwerking met het 

laboratorium van endocriene en metabole ziekten van het UMC Utrecht. Hierbij ben ik een 

aantal weken werkzaam geweest in hun lab en wil ik bij deze alle (ex)-groepsleden bedanken: 
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Jenneke, Diana, Saskia en Sjaac (oftewel de andere Saskia). Eric, bedankt voor de AAS 

metingen. Patricia, bedankt voor de gezellige copper.04 meeting (vooral de wijn was erg 

lekker...). Peter wil ik nog in het bijzonder bedanken. Vooral voor het kweken van cellen, de 

goede suggesties voor het onderzoek en de hulp bij de confocale fluorescentie miscroscoop. 

Succes met je eigen promotie!   

 Zonder goede ondersteuning is het doen van onderzoek stukken moeilijker. Daarom 

ben ik dankbaar voor de hulp van de secretaresses Joke, Hanneke, Carine en Ingrid. Hans, 

bedankt voor alle gedane bestellingen, waarbij je nooit te beroerd was om te bellen waar onze 

bestellingen nou weer eens bleven. Henk ben ik dankbaar voor het zetten van de lekkere koffie 

(al waren daarover de meningen verdeeld). Ik vergeef je dat je me vroeg wanneer ik nou eens 

eindelijk afstudeerde (ik zie er jong uit, denk ik dan maar). Ruud wil ik nog even extra 

bedanken. Niet alleen voor de zak drop en gezelligheid die je op onze kamer bracht, maar 

vooral de spectaculaire wijze waarop je een snoepje durfde te vragen (buiten in het bakje met 

de glazenwasser) maakte veel indruk. Marcella wil ik bedanken voor de gezellige 

ochtendpraatjes en haar belangstelling.  

 Mijn vriendinnen Linda Terlouw, Saskia en Hezder wil ik ook graag bedanken. Linda, 

ik was blij om te horen dat je niks begreep van mijn artikel, aangezien ik ook niks begrijp van 

jouw informaticawerk! Saskia en Hezder, bedankt voor de steun en interesse die jullie hebben 

en hadden in mij en mijn onderzoek. Saskia, jij gaat heel binnenkort een geheel andere nieuwe 

uitdaging aan. Veel succes met de bevalling (ik hoef echt niet alle details te horen). Hezder, 

succes met een heel andere bevalling, namelijk je promotie. Ik weet zeker dat het helemaal 

goed komt met je dendritische cellen.  

 Als laatste wil ik dan mijn eigen familie bedanken. Pap en mam, bedankt voor de 

manier waarop jullie me altijd gestimuleerd hebben om iets te worden in het leven. Ik denk dat 

ik daar tot nu toe wel aardig in geslaagd ben. Ook al begrepen jullie niet altijd waar ik nou 

precies mee bezig was, altijd was daar jullie belangstelling hoe het ging met mijn onderzoek. 

Ook wil ik mijn broer Sander en schoonzus Barbara hiervoor bedanken. Louis, Yvonne en Cor, 

ook jullie bedankt voor de getoonde belangstelling. En als laatste wil ik Jos bedanken. Ik kan 

gemakkelijk een pagina volkletsen waar ik je allemaal wel voor wil bedanken, maar ik vind 

drie pagina’s dankwoord wel genoeg. Dus het wordt gewoon heel nuchter en simpel: Jos 

bedankt en de rest leg ik je thuis wel uit.  
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