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Introduction

Prions are the causative agents of neurodegenerative diseases in mammals such as bovine spongiform encephalopathy (BSE) in cattle, scrapie in goats and sheep, and kuru and Creutzfeldt-Jakob disease (CJD) in humans (Prusiner, 1998). In contrast to other known infectious diseases caused by bacteria or viruses, they are composed largely, if not entirely, of a pathogenic β-sheet rich isoform PrP Sc of the cellular prion protein PrP C . The propagation of PrP Sc and accumulation of the pathogenic isoform in the central nervous system (CNS) is considered to be the basic common factor in transmissible spongiform encephalopathies (TSE). The membrane protein PrP C can be found in a wide range of tissues [START_REF] Herms | Evidence of presynaptic location and function of the prion protein[END_REF][START_REF] Kretzschmar | Scrapie prion proteins are synthesized in neurons[END_REF][START_REF] Moser | Developmental expression of the prion protein gene in glial cells[END_REF] and is localized through a glycosylphosphatidylinositol (GPI) anchor to the cell surface [START_REF] Stahl | Scrapie prion protein conatinas a phosphatidylinositol glycolipid[END_REF]. Growing evidence [START_REF] Brown | The cellular prion protein binds copper in vivo[END_REF][START_REF] Kramer | Prion protein binds copper within the physiological concentration range[END_REF] links PrP C function to its ability to bind copper, as it participates in the copper uptake from extracellular environments to endosomes and the inverse release process [START_REF] Brown | The cellular prion protein binds copper in vivo[END_REF][START_REF] Pauly | Copper stimulates endocytosis of the prion protein[END_REF]. Several familial cases of CJD are connected to inherited mutant forms of PrP C with more than four octarepeat segments [START_REF] Nicholl | Inherited Creutzfeldt-Jakob disease in a British family associated with a novel 144 base pair insertion of the prion protein gene[END_REF][START_REF] Skworc | Familial Creutzfeldt-Jakob disease with a novel 120-bp insertion in the prion protein gene[END_REF][START_REF] Windl | Genetic basis of Creutzfeld-Jakob disease in the United Kingdom: a systematic analysis of predisposing mutations and allelic variation in the PRNP gene[END_REF].

The pathological importance of the copper binding part of the prion protein can be elucidated by the finding that although prion protein devoid of the octapeptide repeat region is susceptible to scrapie infection and prion replication in mice, this region modulates the pathogenesis and disease presentation [START_REF] Flechsig | Prion protein devoid of the octapeptide repeat region restores susceptibility to scrapie in PrP knockout mice[END_REF]. To identify the physiological function of PrP C and understand the pathological mechanisms of prion diseases it is important to determine the three-dimensional structure of the N-terminus of PrP C , and in particular that of the Cu 2+ -binding sites.

A great deal of effort was put into the investigation of the possible physiological roles for PrP C that defines the Cu 2+ coordination environment. The main Cu 2+ binding sites are found in the octarepeat region spanning the residues 60-91 in human PrP C , which is composed of four tandem repeats of the fundamental eight-residue sequence PHGGGWGQ [START_REF] Brown | The cellular prion protein binds copper in vivo[END_REF][START_REF] Kramer | Prion protein binds copper within the physiological concentration range[END_REF]. In the fully occupied octarepeat domain, each octarepeat segment can bind a single Cu 2+ ion. While detailed features of the single pentapeptide HGGGW have been revealed by X-ray crystallography [START_REF] Burns | Molecular features of the copper binding sites in the octarepeat domain of the prion protein[END_REF], there is only limited knowledge about the copper complexation motif or the structure of the N-terminal domain at intermediate copper occupancy in the full-length PrP C . One of our aims is to understand how the structure of the N-terminal part of PrP C is altered due to changes in Cu 2+ concentration close to membranes.

In this study we present a summary of our extended X-ray absorption fine spectroscopy (EXAFS), electron paramagnetic resonance (EPR) and electron nuclear double resonance (ENDOR) measurements together with molecular mechanics calculations. We investigated a number of synthetic PrP C -derived peptides containing amino acid sequences from the octarepeat domain and samples of the recombinant human prion protein, hPrP- , isolated from a bacterial expression system, with different copper occupancy. We compared our derived models with existing models of the Cu 2+ -binding site of the octarepeat domain. We were able to confirm the structure of the copper complex that was previously found in a pentapeptides crystal [START_REF] Burns | Molecular features of the copper binding sites in the octarepeat domain of the prion protein[END_REF], in aqueous solution [START_REF] Mentler | A new method to determine the structure of the metal environment in metalloproteins: investigation of the prion octapeptide repeat Cu 2+ -complex[END_REF] and propose a novel structural model for the entire octarepeat region of PrP C in the context of the full-length protein.

Material and Methods

The pentapeptide, octapeptide and tetraoctapeptide equivalent to the sequences 61-65, 60-67 and 60-91 of hPrP C were acetylated at the N-terminus and amidated at the C-terminus to avoid end-group effects (Renner et al., 2004). Recombinant human was produced and purified as described previously [START_REF] Giese | Effect of metal ions on de novo aggregation of full-length prion protein[END_REF]. The isotope 63 Cu was used in order to obtain a clear EPR hyperfine signal. It was added as 63 CuCl 2 [START_REF] Mentler | A new method to determine the structure of the metal environment in metalloproteins: investigation of the prion octapeptide repeat Cu 2+ -complex[END_REF]. Samples of 1 mM octapeptide and pentapeptide, both with 1 Cu 2+ equivalent, were diluted in a solution containing 25mM N-ethyl-morpholine (NEM), 150mM KCl and 20 % glycerol, yielding sample A and B respectively. Dialysed PrP solutions of 50-100 µM PrP at pH 6.0 were supplemented with 63 CuCl 2 to yield a molar ratio of 5:1 of 63 Cu 2+ to PrP. For the precipitation of PrP/Cu 2+ complexes under varying pH conditions, the supernatants were either directly precipitated by the addition of solid ammonium sulphate at pH 6.0 to a saturation of 90 % (sample C) or supplemented with 100 mM 3-morpholin-4-ylpropane-1sulfonic acid (MOPS) at pH 7.0 directly before the addition of ammonium sulphate (sample D). Precipitates of the recombinant human were resuspended in minimal volumes of either 10 mM MES (pH 6.0, buffer sample C) or 10 mM MOPS (pH 7.0, sample D), and the suspensions were subsequently transferred into EPR or EXAFS sample holders.

Sample E of 0.80 mM tetraoctapeptide with Cu 2+ /peptide ratio of 1 was prepared in 100 mM ammonium acetate buffer containing DPC-d 38 (Eurisotop, Saint-Aubin, France) at a peptide/detergent ratio of 1:100. The pH of the solution was adjusted to the desired value using concentrated NaOH or HCl solution, and the solutions were equilibrated for 24 h.

Determination of copper concentrations

Inductively coupled plasma mass spectroscopy (ICP-MS) on diluted samples of the PrP-[23-231]/Cu 2+ complexes was carried out using an Elan 6100 mass spectrometer (Perkin-Elmer, Sciex, Toronto, Canada) with external calibration by multi-element standards (Merck, Darmstadt, FRG) and an internal 103 Rh standard (final concentration 10 µg/l).

EPR and ENDOR

EPR spectra allow differentiations between different Cu 2+ environments.

Measurements of the five samples were performed with a Bruker ELEXSYS 580 X-band spectrometer. By continuous wave EPR measurements, spectra were taken at 77 K with modulation amplitude of 3 Gauss and a microwave power of 0.6346 mW in a T 102 Bruker cavity. The program package Xemr was used to simulate EPR spectra (see: http://www.epr.chem.jyu.fi/xemr/).

ENDOR spectra can give information on the positions of these atoms at distances between 2 and 5 Å from the copper centre. Spectra were recorded at 17 K on samples A, B, D and E. ENDOR data were recorded at nine magnetic fields and hence different orientations of the molecules were selected. The spectra were evaluated with an own programme [START_REF] Mentler | A new method to determine the structure of the metal environment in metalloproteins: investigation of the prion octapeptide repeat Cu 2+ -complex[END_REF].

EXAFS measurements

EXAFS data were collected at 35 K on the beam line D2 of the European Molecular Biology Laboratory (EMBL) at the German Electron Synchrotron (DESY). The storage ring Canberra 13-element fluorescence detector was used to collect the copper K α -fluorescence.

The total measuring time was divided into several scans taking between 30 and 45 min.

Standard EMBL procedures were used for the data reduction (Nolting and Hermes, 1992).

The k 3 -weighted Cu 2+ EXAFS spectra ) k ( χ
were refined with software package EXCURV 9.262 (Binsted et al., 1992). Phase shifts and scattering amplitudes were computed according to Rehr and Albers, 1990. Due to available measuring time limits only sample A, C and D were investigated using EXAFS.

2.4.Molecular mechanics and simulated annealing

The parameters of the classical molecular mechanics force field CHARMM22 [START_REF] Mackerell | All-atom empirical potential for molecular modeling and dynamics studies of proteins[END_REF] were used for model building. Since the parameters provided by CHARMM22 only cover standard peptides and not copper complexes, additional MM parameters had to be derived [START_REF] Mentler | A new method to determine the structure of the metal environment in metalloproteins: investigation of the prion octapeptide repeat Cu 2+ -complex[END_REF]. The programme XPLOR 3.1 [START_REF] Brünger | X-PLOR Version 3.1. The Howard Hughes[END_REF] was used for molecular dynamics simulations. For more technical details please see [START_REF] Mentler | A new method to determine the structure of the metal environment in metalloproteins: investigation of the prion octapeptide repeat Cu 2+ -complex[END_REF][START_REF] Del Pino | The configuration of the Cu 2+ binding region in full-length human prion protein[END_REF].

Results

Figure 

Discussion

In a previous publication [START_REF] Mentler | A new method to determine the structure of the metal environment in metalloproteins: investigation of the prion octapeptide repeat Cu 2+ -complex[END_REF] we presented a new approach to structure determination, where we combined the information obtained from different spectroscopic experiments with simulated annealing simulations using a molecular mechanics force field for copper complexes. As a result of this investigation the structure of species I complexes is well known and is shown in Figures 5 and6. The nitrogen atoms (including N δ of the histidine) and one oxygen atom are ligands in a planar Cu 2+ complex and a further oxygen atom from a water molecule is an axially bound fifth partner. The structure corresponds with that published by Burns [START_REF] Burns | Molecular features of the copper binding sites in the octarepeat domain of the prion protein[END_REF]. To obtain the structure of species II we have looked more closely at the superhyperfine interaction (SHF) as shown in At this point we need to identify the 4 th nitrogen ligand. Strong support for a Cu 2+ complex with two histidyl imidazoles is evident in the EXAFS data (Figure 4). The enlarged amplitudes of the peaks in Figure 4b at 3 and 4 Å for species II samples C and D can be explained by the multiple scattering contributions of two histidine ligands (Arnesano et al., 2003a;Arnesano et al., 2003b;[START_REF] Hasnain | XAFS study of the high-affinity copper-binding site of human PrP 91-231 and its low-resolution structure in solution[END_REF]. The nitrogens of the deprotonated amides Gly70, Gly71 and the N δ of the imidazole of His69 are ligands in species II as well as in species I. In species II, the oxygen of Gly71 is replaced by the N δ of His61. The penta coordination is completed by an axial water molecule. The second Cu 2+ ion is bound identically by the third and fourth histidine imidazoles and the corresponding glycines. The different ligation of the Cu 2+ in species I and II is shown in Figure 5.

As already stated above, all ENDOR spectra indicate a similar 1 H-environment in species I and species II samples. The different intensities for the two species can be understood assuming two imidazole nitrogen ligands for species II. This assumption is supported by the fact that the main intensity differences of the ENDOR spectra are found at resonances expected to stem from imidazole hydrogens (see arrows in Figure 3). Moreover, this assumption is in accordance with the EPR and EXAFS results. By comparing the ENDOR spectra of a deuterated species I sample [START_REF] Mentler | A new method to determine the structure of the metal environment in metalloproteins: investigation of the prion octapeptide repeat Cu 2+ -complex[END_REF], we were able to identify the 1 H-resonances of an axial water close to the Cu 2+ . Because these resonances are found in ENDOR spectra of the PrP-[60-91]/Cu 2+ and the hPrP-[23-231]/2.7 Cu 2+ complexes (see arrows in Figure 3) we also assume an axial water molecule in our model for species II.

We used molecular modelling to determine a 3-dimensional structure. The amount of information and boundary conditions derived by comparing our new data on the full-length hPrP-[23-231] with the results obtained from the octapeptide allowed us to simplify the protocol for deriving a model for species II. An extended random coil structure of the sequence with the copper ions covalently attached to the N δ of His69 and His85 was generated. We used the newly developed simulated annealing protocol described in [START_REF] Mentler | A new method to determine the structure of the metal environment in metalloproteins: investigation of the prion octapeptide repeat Cu 2+ -complex[END_REF] to generate prototypes of our model. During these MD simulations, the Cu 2+ force field is switched slowly from a solely ionic Cu 2+ interaction to a covalently bound Cu 2+

ion. These prototypes were used to generate 5000 conformations using the complete MM force field for such copper complexes [START_REF] Mentler | A new method to determine the structure of the metal environment in metalloproteins: investigation of the prion octapeptide repeat Cu 2+ -complex[END_REF], standard simulated annealing procedures and energy minimization within the programme XPLOR [START_REF] Brünger | X-PLOR Version 3.1. The Howard Hughes[END_REF].

Distance restraints retained a water molecule as a weak axial ligand. The number of structures was reduced to 100 by ruling out all structures incompatible with the experimental data (e.g. distances of ligands obtained from EXAFS) or with the force field. Due to the significant influence of multiple scattering, the calculated EXAFS spectra heavily depend on There is a long list of publications dealing with different models for the Cu environment (compare for example [START_REF] Burns | Molecular features of the copper binding sites in the octarepeat domain of the prion protein[END_REF][START_REF] Burns | Copper coordination in the full-length, recombinant prion protein[END_REF][START_REF] Chattopadhyay | The octarepeat domain of the prion proteins binds Cu(II) with three distinct coordination modes at pH 7.4[END_REF][START_REF] Morante | Inter-and intra-octarepeat Cu(II) site geometries in the prion protein: implications in Cu(II) binding cooperativity and Cu(II)-mediated assemblies[END_REF][START_REF] Redecke | Comparative analysis of the human and chicken prion protein copper binding regions at pH 6.5[END_REF][START_REF] Viles | Copper binding to the prion protein: Structural implications of four identical cooperative binding sites[END_REF]. None of the published models is compatible with all of our spectroscopic data. The investigations presented here show the importance of the application of different experimental methods to resolve ambiguity in the individual results. Moreover, the extensive use of MD simulations enables the obtaining of structures with low energies and correct covalent geometry avoiding, e.g., improper bond lengths and angles. The simulated spectra of the calculated structures fully agree with the experimental data obtained by EPR, ENDOR and EXAFS resulting in a reliable model for the Cu 2+ complex of the octarepeat region in full-length hPrP C . Our complex model differs significantly from those previously obtained for shorter peptides.

Sequence context, buffer conditions and stoichiometry of copper show marked influence on the configuration of copper binding to PrP C . It is generally accepted that, in order to reach an understanding of a protein's function, knowledge of its structure is of the greatest value.

Unfortunately, current knowledge is still not enough to understand the functional meaning of different conformations. Moreover, we did not discover any information on a possible 5 th binding place. With our chemical conditions no sign of another bound copper was obtained. 
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  c c e p t e d M a n u s c r i p t 10 the positions of atoms within the second and third coordination spheres around the copper-ion and were used to rule out incompatible conformations. ENDOR spectra were calculated using a group of 50 conformations with the best fit in terms of EXAFS spectra. The obtained conformation is shown in Figure6together with the species I conformation. The model is in best accordance with the spectroscopic data and is consistent with standard bond lengths or angles given by the MM force field. In Figure7the copper centres of the octapeptide (blue) and the recombinant hPrP-[23-231] (red) are shown one above the other. They share virtually the same geometry but have of course a different fourth ligand. A distinction can be made in the orientation of the first imidazole ring.

Figure 1 :

 1 Figure 1: (a) X-band spectra of PrP C -derived peptides and the human full-length PrP C in complex with Cu 2+ . A) octapeptide at pH 7.5 with 1 Cu 2+ equivalent, B) pentapeptide at pH 7.5 with 1 Cu 2+ equivalent, C) hPrP-[23-231] at pH 6.0 with 1.7 Cu 2+ equivalents; D) hPrP-[23-231] at pH 7.0 with 2.7 Cu 2+ equivalents; E) hPrP-[60-91] in ammonium acetate buffer plus DPC micelles at pH 7.5 with 1 Cu 2+ equivalent. (b) X-band spectra of samples A and D
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 2 Figure 2: EPR second derivatives of the high field area of spectra shown in Figure 1. A)

Figure 3 :

 3 Figure 3: ENDOR spectra at B = 334 mT of Cu 2+ loaded octapeptide (A) and pentapeptide (B), hPrP-[23-231] at pH 7.0 loaded with 2.7 Cu 2+ equivalents (D) and tetraoctapeptide with one Cu 2+ equivalent at pH 7.5 in ammonium acetate buffer containing DPC (E). The dotted

Figure 4 :

 4 Figure 4: EXAFS spectra recorded for the octapeptide-Cu 2+ complex (A), hPrP-[23-231] at pH 6.0 precipitated with 1.7 Cu 2+ equivalents (C) and at pH 7.0, precipitated with 2.7 Cu 2+

Figure 5 :

 5 Figure 5: Simplified drawing of the Cu 2+ coordination of species I (a) and II (b).

Figure 6 :

 6 Figure 6: Representation of the final models of the octapeptide-Cu 2+ (a) and the octapeptide

Figure 7 :

 7 Figure 7: Superposition of the Cu 2+ binding sites from the final models of the octapeptide-Cu 2+ complex and the octapeptide repeat region of PrP C with two copper centres.
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