
Abstract 

 

The concentration of copper ions in biological systems is tightly regulated by special 

proteins called copperchaperones, which are responsible for Cu(I) delivery to 

designated locations in the cell. These proteins contain a unique motif (MXCXXC) 

that binds Cu(I) very tightly and specifically. At the same time copperchaperones 

allow efficient metal transfer to target proteins that often contain a similar copper 

binding motif. It was found that binding to Cu(I) is achieved through the two 

conserved cysteine residues in a low coordination number of two or three, the latter 

due to possible binding of a third external ligand. Understanding copper transport 

requires better understanding of copper coordination. Here we therefore establish a 

computational method that can help studying the coordination number of copper in 

copperchaperones and use it to shed light on the special coordination environment of 

copper within Atox1, one of the human copperchaperones.  

We first study the coordination number of various experimentally known Cu(I) 

compounds using density functional theory (DFT). Various basis sets are tested, 

aiming to establish a reliable level to predict the coordination number of these and 

other Cu(I) complexes. It is found that most computational levels exhibit correct 

trends, namely, the bulkier ligands demonstrate larger preference for coordination of 

two. It is concluded that the fairly small modified m6-31+G* basis set due to Pulay 

represents a good compromise between accuracy and efficiency. Proper absolute 

values are obtained when dispersion corrections are also included in the calculations.   

The overall energy is decomposed into various components whose relative 

contribution to the overall tendency of forming a complex with a particular 

coordination is examined. Complexes with different coordination number are shown 

to be stabilized by different energy components.   

We then employ the successful method while utilizing Quantum 

Mechanics/Molecular Mechanics (QM/MM) calculations in order to study the 

coordination number of Cu(I) ions in the human copperchaperone Atox1. Linear 

response approximation (LRA) approach combined with various thermodynamic 

cycles are used to study the preferred coordination number of Cu(I) within the protein.  



The solution structure of Atox1 includes an ensemble of thirty structures. Calculations 

of the preferred coordination for different structures from the ensemble, suggests that 

the ensemble can be divided into two sub groups which are typified by different 

calculated energetics for the coordination preference. Analysis of the structures of the 

two subgroups reveals two distinctive conformations that differ from each other by a 

notable movement of one of the conserved cysteines. One conformer, which we refer 

to as "out", has this cysteine exposed to the solvent and the copper is, therefore, more 

buried. The other conformer, which we refer to as "in", has this cysteine buried, 

resulting therefore in an exposed copper.     

Based on the results, a unique protection and delivery mechanism is proposed. The 

protein is suggested to use a special conformation shielding strategy, employing the 

"out" and "in" conformers, preventing the ligation of external thiols while still 

enabling copper transfer to target proteins. 

Moreover, in order to evaluate structural properties of metallochaperones, researches 

often use peptide models with a sequence which is similar to that of the metal binding 

site. One such study focused on the MTCSGCSRPG cyclic peptide which was 

synthesized and used to shed light on copper binding in copperchaperones. It was 

shown that in acidic and neutral pH conditions, copper is bound to the conserved 

methionine and one cysteine instead of the two cysteines as would be expected based 

on the available data regarding the protein. In basic pH conditions, on the other hand 

the binding mode was ambiguous. It was suggested that pH may have an important 

role in copper transfer. In order to examine this proposal, we first confirm the 

surprising experimental findings, and elucidate the binding mode in basic pH 

conditions, which could not be determined experimentally. We then study the pH 

dependence of Cu(I) binding in the Atox1 copperchaperone.  Surprisingly, the same 

pH dependence is detected in the biological system as well if proper initial conditions 

are used. That is, methionine is part of the hydrophobic core in the protein, which 

prevents its approach to the metal center. Yet, initial geometries which allowed such 

approach, resulted with Met binding at acidic pH conditions. In order to examine 

whether these results may have any biological significance, we also study the energy 

profile of substitution of cysteine with methionine for Cu(I) binding Atox1. This 

study shows the feasibility of the substitution under certain pH conditions.     



Finally, in order to experimentally study copper homeostasis in the cell, development 

of sophisticated biosensors that allow detection of the intracellular location, 

concentration and behavior of Cu ions and the related proteins is essential. This can 

be done for example, by coupling fluorescent probes to the molecule of interest (e.g., 

Cu(I) or the copperchaperones), thus producing Fluorescence Resonance Energy 

Transfer (FRET) based sensors. Although FRET largely depends on the orientation of 

the transition dipole moments (TDMs) of the donor and acceptor fluorophores, this 

orientation factor (depicted by κ
2
) is currently not considered in FRET sensor design. 

Furthermore, studies that use FRET to derive structural constrains, typically assume 

the average value of 2/3 for κ
2
 or use the orientation of the TDM of green fluorescent 

protein (GFP), which is the only FP for which the TDM has been determined 

experimentally. Here we use time-dependent density functional theory (TD-DFT) 

methods to calculate the TDM for a comprehensive list of commonly used fluorescent 

proteins. Validation with model compounds and the experimentally determined TDM 

of GFP shows that the TDM is mostly determined by the structure of the π-conjugated 

fluorophore and is rather insensitive to non-conjugated side chains or the protein 

surrounding. Moreover, our calculations not only provide TDMs for most of the 

currently used FPs, but also suggest an empirical rule that can be used to obtain the 

TDMs for newly developed fluorescent proteins in the future, aiming at the design of 

more efficient Cu(I) sensors.  

 


