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ABSTRACT 18 

Prions are pathological isoforms of the cellular prion protein (PrPC) responsible for transmissible 19 

spongiform encephalopathies (TSE). PrPC interacts with copper through unique octarepeat and 20 

non-octarepeat (non-OR) binding sites. Previous works on human PrPC suggest that copper 21 

binding to the non-OR region may have a role during prion conversion. The molecular details of 22 

copper coordination within the non-OR region are not well characterized. By means of small 23 

angle X-ray scattering (SAXS) and extended X-ray absorption fine structure (EXAFS) 24 

spectroscopy, we have investigated the Cu(II) structural effects on the protein folding and its 25 

coordination geometries when bound to the non-OR region of recombinant PrPC (recPrP) from 26 

animal species considered high or less resistant to TSE. As TSE-resistant model, we used ovine 27 

PrPC carrying the protective polymorphism at residues A136, R154 and R171 (OvPrP ARR); 28 

while as highly TSE-susceptible PrPC models we employed OvPrP with polymorphism V136, 29 

R154 and Q171 (OvPrP VRQ) and Bank vole recPrP (BvPrP). Our results reveal that Cu(II) 30 

affects the structural plasticity of the non-OR region leading to a more compacted conformation 31 

of recPrP. We also identified two Cu(II) coordinations in the non-OR region of these animal 32 

species. In type-1 coordination present in OvPrP ARR, Cu(II) is coordinated by four residues 33 

(S95, Q98, M109 and H111). Conversely, the type-2 coordination is present in OvPrP VRQ and 34 

BvPrP, where Cu(II) is coordinated by three residues (Q98, M109 and H111) and by one water 35 

molecule, making the non-OR region more flexible and open to the solvent. These changes in 36 

copper coordination in prion resistant and susceptible species provide new insights into the 37 

molecular mechanisms governing the resistance or susceptibility of certain species to TSE. 38 
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INTRODUCTION 46 

Prion diseases or transmissible spongiform encephalopathies (TSE) are neurodegenerative 47 

disorders affecting humans and animals. TSE are caused by the misfolding of the α-helical form 48 

of the physiological cellular prion protein (PrPC) into a β-sheet rich isoform called prion or PrPSc 
49 

(1). TSE are rare disorders that can be sporadic, genetic or infectious. Animal TSE include 50 

scrapie in sheep and goats, chronic wasting disease (CWD) in cervids and bovine spongiform 51 

encephalopathy (BSE) in cattle (2). 52 

The PrPC structure consists in a C-terminal folded domain (from residues 128 to 231, hereafter in 53 

human numbering) mainly containing α-helical motifs and two short anti-parallel β-sheets (3). 54 

On the contrary, the N-terminal moiety (residues 23-127) is largely unstructured (4) and features 55 

an octapeptide-repeat region (OR) (residues 61-91) composed by four octapeptides, each 56 

carrying histidines able to coordinate prevalently one copper ion, Cu(II) (5). Cu(II) can also bind 57 

at two additional histidines -H96 and H111 with coordination from the imidazole rings and 58 

nearby backbone amides- located in a segment (residues 90-111) called “fifth” or non-OR copper 59 

binding site (6) (Figure 2 A). Adjacent to the non-OR region is the palindromic motif of 60 

sequence AGAAAAGA (residues 113-120) known to be able to initiate neurotoxic β-sheet 61 

formation (7-9). Although PrPC and PrPSc have identical primary sequence, they have distinct 62 

physicochemical properties. PrPC exists as a detergent-soluble monomer and is readily degraded 63 

by proteinase K (PK), whereas PrPSc forms detergent-insoluble aggregates and shows high 64 

resistance to PK digestion (10). Following treatment with PK, PrPSc typically generates a 65 

protease-resistant core, referred to as PrP27-30, which is N-terminally truncated at around 66 

residue 78 (11) and it is sufficient to support prion replication and disease progression (12). 67 

The functional implications of Cu(II)-binding to PrPC are not unequivocal. Compelling evidences 68 

propose a Cu(II)-mediated neuroprotective role for PrPC functions as modulator of synaptic 69 

plasticity and S-nitrosylation (13-14); some others point out the role of Cu(II) either as promoter 70 

or attenuator of β-sheet conversion and amyloidal aggregation (15-18). The proximity of the non-71 

OR region to the amyloid core suggests a possible link between Cu(II) binding and prion 72 

conversion (15, 19). We have recently reported that pathogenic PrPC genetic mutations affect 73 

Cu(II) coordination in the non-OR region and this altered coordination promotes prion 74 

conversion in vitro and in cellular models (20-21). The involvement of H96 and H111 in non-OR 75 

region shows that Cu(II) occupancy plays a role in determining the conformation of this section 76 

inducing novel long-range interactions between the N- and C-terminal PrPC region with possible 77 

physiological significance in prion conversion (16). Given the importance of the C-terminal 78 
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region for prion propagation and the controversial role of Cu(II) as attenuator or facilitator of 79 

TSE, further studies on the Cu(II)-PrPC interactions are of pivotal importance to clarify the 80 

conformational and functional consequences of Cu(II) binding to PrPC. 81 

Here, we set out to investigate the Cu(II) structural effects and its coordination geometries when 82 

bound to the non-OR region of recombinant PrPC (recPrP) from animal species considered 83 

susceptible or resistant to TSE by means of small angle X-ray scattering (SAXS) and extended 84 

X-ray adsorption fine structure (EXAFS) spectroscopy. As TSE-resistant model, we used the C-85 

terminal truncated form of ovine PrPC carrying the protective polymorphism A136, R154 and 86 

R171 (OvPrP ARR); while as highly TSE-susceptible PrPC models we employed truncated 87 

OvPrP with polymorphism V136, R154 and Q171 (OvPrP VRQ) and Bank vole recPrP (BvPrP) 88 

(22-23) (Figure 1). 89 

SAXS is an established method for structural characterization of biological macromolecules in 90 

solution and it is directly applicable to the study of flexible systems such as intrinsically 91 

disordered proteins and multi-domain proteins with unstructured regions like, for instance, PrPC 92 

(24-25). Flexible particles are difficult objects to study and often little is known about their 93 

structural organization in native conditions. Consequently, standard high-resolution structural 94 

biology approaches -such as X-ray crystallography, NMR and cryo-electron microscopy- are 95 

limited in their ability to characterize disordered systems. Without the requirement for crystals 96 

and without effective size limitations, SAXS in near-native solutions is becoming more and more 97 

popular for the characterization of such systems, providing relevant information in terms of 98 

molecular shape and structural flexibility. In this study, SAXS provided new insights into the 99 

conformational aspects governing the interaction between Cu(II) and the non-OR region. The 100 

metal promotes a significant global compaction in all the different recPrP molecules. The 101 

reduction of SAXS dimensional parameters (Rg and Dmax) of Cu(II)-bound recPrP indicates a 102 

decrease of local flexibility in the non-OR region possibly due to transient interactions with the 103 

C-terminal region. 104 

Subsequently, we used EXAFS spectroscopy as sensitive technique to study the coordination 105 

geometry of Cu(II) bound to OvPrP (ARR and VRQ) and BvPrP. X-ray absorption spectroscopy 106 

is exquisitely sensitive to the coordination geometry of an absorbing atom and therefore allows 107 

the determination of bond distances and angles of the surrounding atomic cluster to be measured 108 

with near-atomic resolution (26). We identified two Cu(II) coordination geometries, namely 109 

type-1 and type-2. In type-1, Cu(II) is bound to the side chains of four amino acids (S95, Q98, 110 

M109 and H111); this coordination is present in OvPrP ARR and in WT HuPrP. Conversely, 111 
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type-2 is present in TSE-susceptible species: bank vole, sheep with VRQ polymorphism and 112 

human with pathogenic mutations (20-21), where Cu(II) is coordinated by three amino acids 113 

(Q98, M109 and H111) and by one water molecule. 114 

Our results reveal that Cu(II) affects the structural plasticity of the non-OR region leading to a 115 

more compacted conformation of recPrP. We also observe that the non-OR Cu(II) coordinations 116 

changes in the recPrP of TSE-resistant and susceptible species. These data support the hypothesis 117 

that amino acid variations observed in mammalian PrPC sequences may have structural effects on 118 

both the globular domain and the N-terminal moiety, particularly in the non-OR region with 119 

consequences on Cu(II) coordination. These changes in copper coordination in prion resistant 120 

and susceptible species have important physiological implications, providing new insights into 121 

the molecular mechanisms governing the resistance or susceptibility of certain species to TSE. 122 

 123 

MATERIALS AND METHODS 124 

Plasmids construction, protein expression and purification 125 

The pET-11a plasmid (Novagen) encoding for the truncated BvPrP (residues 90-231), OvPrP 126 

VRQ (residues 94-234, carrying the TSE-susceptible polymorphism V136, R154 and Q171) and 127 

OvPrP ARR (residues 94-234, carrying the TSE-resistant polymorphism A136, R154 and R171) 128 

were purchased from Genewiz (Germany, GmbH). All the recombinant proteins were expressed, 129 

purified and in vitro refolded according to our previous protocols (20-21). 130 

 131 

SEC-SAXS measurements, data analysis and modelling 132 

All the experiments were performed at the ESRF BioSAXS beamline BM29, Grenoble, France 133 

(27). Given the sensitivity for batch SAXS mode for even small amounts of large soluble 134 

aggregates we used SEC-SAXS approaches to measure SAXS data only on monodisperse 135 

samples. A volume of 250 μL of protein per each BvPrP sample (apo and copper-loaded) at 12 136 

mg/mL was loaded on a GE Superdex 75 10/300 GL column, and a volume of 50 μL protein per 137 

each OvPrP ARR and OvPrP VRQ (apo and copper-loaded) samples at 7 mg/mL was loaded on 138 

a GE Superdex 200 5/150 GL column via a high performance liquid chromatography (HPLC) 139 

system (DGU-20A5R, Shimadzu, France) attached directly to the sample-inlet valve of the 140 

BM29 sample changer (28). All the apo samples were measured in buffer 25 mM Sodium 141 

Acetate, 250 mM NaCl, pH 5.5 at 20 °C. Cu(II) loading on recPrP samples were achieved by 142 

dialysis (Spectra/Por 3.5 kDa MWCO membrane) against buffer 25 mM Sodium Acetate, 250 143 
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mM NaCl, pH 5.5 containing CuSO4 at 1:1 (Cu(II):recPrP) molar ratio at 4 °C for 12 hours, and 144 

then against buffer 25 mM Sodium Acetate, 250 mM NaCl, 1 µM of CuSO4, pH 5.5 to remove 145 

the excess of metal at 4 °C for 4 hours. After centrifugation (30 minutes, 16,000 g at 4 °C), 146 

Cu(II)-samples were then measured in buffer 25 mM Sodium Acetate, 250 mM NaCl, 1 µM of 147 

CuSO4, pH 5.5 at 20 °C. The columns were equilibrated with 3 column volumes to obtain a 148 

stable background signal that was confirmed before measurement. All the SAXS data were 149 

collected at a wavelength of 0.99 Å using a sample-to-detector (PILATUS 1 M, DECTRIS) 150 

distance of 2.81 m. The scattering of pure water was used to calibrate the intensity to absolute 151 

units (29). Data reduction was performed automatically using the EDNA pipeline (30). Frames in 152 

regions of stable Rg were selected and averaged using PRIMUS (31) to yield a single averaged 153 

frame corresponding to the scattering of individual SEC species. All parameters for SAXS 154 

analysis, sample details and results are described in Table S1 according to recent recommended 155 

guidelines (32). Briefly, analysis of the overall parameters was carried out by PRIMUS from 156 

ATSAS 2.8.4 package (33) and by ScÅtter 3.0 software. The pair distance distribution function, 157 

P(r), and maximum diameter of the particle (Dmax) were calculated in GNOM using indirect 158 

Fourier transform method (34). Protein molecular masses were estimated using both Porod 159 

volume (34) and scattering mass contrast (32) methods. For low-resolution structural models, 160 

Ensemble Optimization Method (EOM) modeling was conducted using models of the BvPrP 161 

(amino acids 170-231, PDB id 2K56) and OvPrP (amino acids 170-231, PDB id 1Y2S) 162 

previously solved by NMR (35-36), and the rest of the protein was represented as beads 163 

corresponding to individual residues (37). EOM employs a genetic algorithm to select subsets of 164 

conformations from the random pool that best fits the experimental data. The selected ensembles 165 

represent a low-resolution sample space used to generate distributions of structural parameters 166 

(37-38). An initial random pool of 10,000 models was generated in RanCh (version 2.1) (38). 167 

Final ensembles were selected from the starting pool using a genetic algorithm implemented in 168 

GAJOE (version 2.1) (38). All SAXS data were deposited into SASBDB data bank (ID: 169 

SASDEW7, SASDEX7, SASDEY7, SASDEZ7, SASDE28, SASDE38, see Table S1). 170 

 171 

XAS spectra measurements and data analysis 172 

Samples with 1:1 (Cu(II):recPrP) molar ratio were prepared in 25 mM NaOAc, pH 5.5, with a 173 

protein concentration of ~1 mM. Briefly, recPrP were first dialyzed (Spectra/Por 3.5 kDa 174 

MWCO membrane) against buffer containing 25 mM NaOAc, 1 mM of CuSO4, pH 5.5 and then 175 
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against the same buffer containing 1 µM of CuSO4 to remove the excess of unbound metal. 176 

Sample monodispersity after Cu(II) loading was assessed by SEC using a GE Superdex 200 177 

Increase 10/300 GL column. X-ray absorption spectra were recorded at ESRF on BM30B FAME 178 

beamline (39). The spectra were collected at the Cu K-edge in fluorescence mode using a solid 179 

state 30-element Ge detector, with sample orientation at 45° to incident beam. The X-ray photon 180 

beam was vertically focused by a Ni−Pt mirror, and dynamically, sagittally focused in the 181 

horizontal size. The monochromator was equipped with a Si(111) double crystal, in which the 182 

second crystal was elastically bent to a cylindrical cross section. The energy resolution at the Cu 183 

K-edge is 0.5 eV. The spectra were calibrated by assigning the first inflection point of the Cu foil 184 

spectrum to 8981 eV. All the spectra were collected at 10 K. For Cu(II) samples, photo reduction 185 

is usually observed and thus the beam was moved to different spots of the sample at each scan. 186 

During collection, data were continuously monitored in order to insure sample homogeneity 187 

across the multiple spots collected from different sample-holder’s cells. The following samples 188 

were measured: Cu(II)-OvPrP ARR, Cu(II)-OvPrP VRQ and Cu(II) BvPrP. For each sample, 12 189 

spectra were recorded with a 7 s/point collection statistic and averaged. The collection time was 190 

25 min for each spectrum. 191 

The analysis of the EXAFS data was carried out using the GNXAS code (40-41) which is based 192 

on a theoretical calculation of the X-ray absorption fine structure signal and a subsequent 193 

refinement of the structural parameters. In the GNXAS approach the interpretation of the 194 

experimental data is based on the decomposition of the EXAFS χ(k) signal into a summation 195 

over n-body distribution functions γ(n), calculated by means of the multiple scattering (MS) 196 

theory. Each signal has been calculated in the muffin-tin approximation using the Hedin-197 

Lundqvist energy dependent exchange and correlation potential model, which includes inelastic 198 

loss effects. The analysis of the EXAFS spectra was carried out starting from the coordination 199 

models reported in the literature for the WT HuPrP and HuPrP Q212P proteins (6, 20-21), and 200 

considering the amino acid sequences of the species. In particular, the analysis of the OvPrP 201 

ARR resistant specie has been carried out considering the coordination with a nitrogen atom of 202 

H111, with two oxygen atoms of S95 that chelates the Cu(II) ion forming a ring in the equatorial 203 

pane (in this case two carbon atoms of the serine give rise to a single scattering contribution at 204 

about 2.86 Å), with an oxygen atom of Q98 and a sulfur atom of M109. The EXAFS spectra of 205 

the more susceptible OvPrP VRQ and BvPrP species have been analysed using the same model 206 

as HuPrP Q212P where the Cu(II) ion is coordinated by H111, Q98, M109 and a water molecule. 207 

Based on these two models theoretical EXAFS spectra were calculated to include contributions 208 
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from first shell two-body signals and many body configurations. Previous investigations on 209 

model compounds have shown that a quantitative EXAFS analysis of systems containing 210 

histidine rings or having amino acid residues that are chelated to the Cu(II) ion, requires a proper 211 

treatment of MS contributions (6, 20-21, 42). In particular, the EXAFS analysis of systems 212 

containing histidine rings requires a proper treatment of MS four-body terms associated with the 213 

Cu-N-C-C(N) configurations, while coordination with S95 gives rise to three-body terms 214 

associated with the Cu-O-C configuration having a multiplicity of two. The structural parameters 215 

used in the fits are the bond distance (R) and bond variance (σ2
R) for a two-body signal, the two 216 

shorter bond distances, the intervening angle (θ) and the six covariance matrix elements for a 217 

three-body signal. The four-body configurations are described by six geometrical parameters, 218 

namely, the three bond distances, two intervening angles (θ and φ), and the dihedral angle (ψ) 219 

defining the spatial orientation of the three bonds. These parameters were allowed to float within 220 

a preset range, typically ± 0.05 Å and ± 5° for distances and angles respectively. During the 221 

minimization procedures, the magnitudes of the Debye−Waller terms were assumed to increase 222 

with distance, and atoms at similar distances from the copper ion were assigned the same value. 223 

In all cases two additional nonstructural parameters are minimized, namely E0 (core ionization 224 

threshold) and S0
2 (many body amplitude reduction factor). To establish error limits on the 225 

structural parameters, a number of selected parameters from the fit results are statistically 226 

analyzed using two-dimensional contour plots. This analysis examines correlations among fitting 227 

parameters and evaluates statistical errors in the determination of the copper coordination 228 

structure, as previously described (20). Briefly, parameters with highest correlation dominate in 229 

the error estimate. The quality of the fits is determined by the goodness-of-fit parameter, Ri (42), 230 

and by careful inspection of the EXAFS residuals. 231 

 232 

RESULTS 233 

Mammalian prion proteins undergo major compactness changes in presence of copper 234 

The structural consequences of Cu(II) on PrPC were previously investigated by SAXS on full-235 

length murine recPrP (MoPrP) reporting a global compaction of the protein due to inter-domain 236 

interactions upon metal binding to the eight tandem repeat region (16). Here, we investigated by 237 

SAXS the Cu(II) role on the solution structures of C-terminal truncated recPrP carrying only the 238 

non-OR region as metal binding site. Structural differences due to Cu(II) interaction with the 239 

flexible N-terminal moiety (residues 90-127) may provide new insights into the molecular 240 

determinants governing the different TSE susceptibility observed in OvPrP ARR (TSE resistant), 241 
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in OvPrP VRQ and BvPrP (TSE susceptible). The Rg, I(0) and UV traces as functions of frames 242 

show that recPrP were highly pure and well separated in individual peaks (Figure S1). RecPrP 243 

samples remained monodispersed after Cu(II) loading (Figure S2). All SAXS results are exposed 244 

in Table S1. Data frames under each of the main elution peaks -for which the Rg values were the 245 

same within error and statistically indistinguishable as assessed using CorMap (43)- were 246 

selected and averaged for further analysis. Primary data analysis from scattering curves showed 247 

that both apo and Cu(II)-recPrP are very similar with an elongated and flexible shape (Figure 2, 248 

B-D) as previously observed for the apo and Cu(II)-loaded full-length MoPrP (16). Similar 249 

conclusions regarding flexibility can be drawn from Kratky plots (Figure S3). The Rg of recPrP 250 

determined by Guinier analysis showed small differences between apo and Cu(II)-bound 251 

proteins (Figure 2, B-D insets). In particular, the calculated Rg of apo BvPrP (2.41 nm), OvPrP 252 

ARR (2.32 nm) and OvPrP VRQ (2.31 nm) were slightly larger than the Rg of the same Cu(II)-253 

bound recPrP (2.37 nm, 2.25 nm and 2.24 nm, respectively). For comparison, the Rg of 254 

BvPrP(119-231) and OvPrP(119-231) calculated from the solution NMR structures (35-36) were 255 

1.65 and 1.69 nm, respectively; however, these structures lack atomic coordinates for residues 90 256 

to 118. Overall, the molecular dimensions observed for the apo recPrP are in agreement with 257 

previous SEC-SAXS studies on MoPrP(89-230) (44). Distance distribution function, P(r) 258 

analysis, revealed reduction in the Dmax values from ~9.4 nm for apo recPrP to ~8.7 nm for 259 

Cu(II)-recPrP. For all the proteins, the Rg and I(0)-based mass values were in excellent 260 

agreement with the expected monomeric recPrP(90-231) molecular weight (i.e. ~16 kDa, see 261 

Table S1). 262 

The N-terminal region (residues 90-127) of C-terminal recPrP is largely flexible in solution (4). 263 

Hence, we analyzed the data using EOM, which gives useful information such as Rg and Dmax 264 

distributions in case of proteins with flexible domains. EOM analysis of recPrP yielded good 265 

quality fits for the apo and Cu(II)-proteins (Figure 3 insets and Table S1). Size distributions (Rg) 266 

of apo versus Cu(II)-recPrP provided qualitative assessment on the structural effect of metal to 267 

protein compactness through direct comparison of the distributions of the selected ensembles and 268 

the pool (Figure 3, A-C). The EOM size distributions showed multimodal distributions that 269 

converge into a major population with Rg and Dmax of ~2.2 nm and ~8.3 nm, respectively, for the 270 

apo proteins, and with Rg and Dmax of ~2.0 nm and ~7.8 nm, respectively, for Cu(II)-recPrP. 271 

Interestingly, the ensemble conformers of TSE-resistant OvPrP ARR loaded with Cu(II) display 272 

major reduction of structural parameters (i.e. Rg 1.93 nm and Dmax 6.57 nm) compared to TSE-273 

susceptible Cu(II)-OvPrP VRQ and Cu(II)-BvPrP. The results from the EOM analysis of the size 274 
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distribution are in agreement with values obtained from P(r) distribution function, where a 275 

reduction of ~0.6 nm has been observed for Dmax of Cu(II)-protein compared with the apo form. 276 

Our results indicate that a significant amount of compaction of the extended conformation of apo 277 

recPrP occurs upon Cu(II) binding (Figure 3, D). Previous studies interpreted the reduction in the 278 

Rg and Dmax, leading to the global compactness of full-length Cu(II)-MoPrP, as result of a 279 

decrease in the flexibility of the N-terminal region, which exhibits interaction with the C-280 

terminal globular domain upon metal binding (16). Here, we quantitatively measured the protein 281 

flexibility using two metrics, Rflex and Rσ, available in the EOM analysis, thus complementing the 282 

low-resolution structural descriptors (38). Using Rflex metric, the selected ensemble distributions 283 

can be numerically compared to that of the pool, the latter representing a reference for flexibility. 284 

For instance, the quantification of the flexibility of apo OvPrP ARR (ensemble Rflex = 82.62% 285 

versus pool Rflex = 84.37%) and Cu(II)-OvPrP ARR (ensemble Rflex = 80.73% versus pool Rflex = 286 

86.42%) confirm numerically the effect of copper on the flexibility of the protein. Both apo and 287 

Cu(II)-recPrP are flexible systems, with Rflex values of ~80%, but show less flexibility in the 288 

presence of copper as compared to the threshold of flexibility computed from the Cu(II)-recPrP 289 

pools, i.e. ~88% (Table S1 panel e). 290 

 291 

Copper coordination in the non-OR region of prion resistant species 292 

The Cu(II) coordination structure in the non-OR binding site of HuPrP WT was unambiguously 293 

assessed by EXAFS in previous investigations (6, 20). The Cu(II) was found to be coordinated 294 

by two histidines (H96 and H111) and by Q98 and M109. It was proposed that the non-OR 295 

region is stabilized when the Cu(II) ion is coordinated by H96 and H111, and this coordination 296 

prevents prion conversion (21). The EXAFS experimental spectrum of HuPrP WT extracted with 297 

a three-segmented cubic spline shows a typical feature around k = 5 Å-1 (Figure 4 A) while the 298 

Fourier Transform (FT) spectrum is characterized by a first-shell peak centered at 1.5 Å and 299 

additional high intensity outer shell peaks in the distance range between 2 and 4 Å (Figure 4 C) 300 

that are indicative of two histidines coordinated to the metal ion (6, 20-21). The H96 residue is 301 

present in the OvPrP ARR amino acid sequence but the EXAFS spectrum of this species is 302 

different from that of HuPrP WT showing markedly different features in the k range around 5 Å-
303 

1, that is sensitive to the His ligands (Figure 4 A, B). Additionally, the intensity of the second 304 

peak of the FT at 2.2 Å of OvPrP ARR is lower as compared to HuPrP WT (Figure 4 C, D) as 305 

only one histidine ligand coordinates the copper center, but the overall shape and intensity of the 306 

FT higher distances peaks indicate that an additional amino acid is chelated to Cu(II) ion (42). 307 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted December 28, 2018. ; https://doi.org/10.1101/507624doi: bioRxiv preprint 

https://doi.org/10.1101/507624


11 

 

By comparison of the amino acid sequences of HuPrP and OvPrP ARR (Figure 1) in the region 308 

between residues 92 and 96, two serine (S95 and S97) are present in these recPrP and both can 309 

chelate Cu(II) (42). Here, we assigned S95 as the ligand of Cu(II) ion. Starting from these 310 

observations a quantitative analysis of the EXAFS data of OvPrP ARR has been carried out 311 

using a coordination model around the Cu(II) ion comprising S95, H111 and Q98 in the 312 

equatorial plane. In particular, S95 is chelated to Cu(II) ion through two oxygen atoms forming a 313 

6-fold ring (42) and this gives rise to two Cu-O-C three-body configurations that have to be 314 

accounted for in the analysis of the EXAFS spectra. Moreover, two second shell Cu-C 315 

contributions are present at a distance of about 2.86 Å. Additional MS contributions are 316 

associated with the H111 ring and two Cu-N-C-C(N) four-body contributions have been 317 

considered. A theoretical χ(k) signal has been calculated including all the relevant two-body and 318 

MS contributions and a fitting procedure has been carried out in the k range between 2.4 and 319 

12.5 Å-1 in order to find the set of structural parameters that provides the best agreement with the 320 

experimental data. In the analysis the C-N and C-O of the amino acid residues are kept fixed to 321 

1.36 and 1.34 Å, respectively. The results of the minimization procedures are shown in Figure 6 322 

A for OvPrP ARR. From the top of Figure 6 A the following theoretical signals are shown: the 323 

two-body contribution associated with the two S95 and one Q98 Cu-O first shell distances, the 324 

two-body contribution associated with the H111 Cu-N first shell distance, the two-body 325 

contribution associated with the M109 Cu-S first shell distance, the two-body contribution 326 

associated with the two second shell Cu-C distances of S95 residue, the two-body contribution 327 

associated with the Cu-O water distance, the MS contributions associated with two Cu-O-C 328 

three-body configurations of the S95 residue, the MS contribution associated with two Cu-N-C-329 

C(N) four-body configurations of the H111 residue, and the total χ(k) signal compared with the 330 

experimental spectrum. The EXAFS theoretical signals match the experimental data quite well, 331 

thus confirming the validity of the Cu(II) coordination model proposed on the basis of the 332 

EXAFS, FT characteristic fingerprints as well as on the amino acid sequences. The structural 333 

parameters obtained from the EXAFS analysis are listed in Table 1. In OvPrP ARR S0
2 was 334 

found equal to 0.9, while E0 was found 3 eV above the first inflection point of the spectra. The 335 

results of the fitting procedure confirm that copper is coordinated with H111 (Cu-N distance is 336 

1.98(2) Å), with S95 through two oxygen atoms (Cu-O distance 2.00(2) Å, with an additional 337 

O/N atom at 2.00(2) Å that may belong to Q98, and one sulfur scatterer at longer distance 338 

(3.23(4)/3.27(4) Å). In the final fit one oxygen atom of the solvent at 2.28(5)/2.32(5) Å was 339 

included as suggested in previous investigations (6, 20, 45). The additional oxygen improves the 340 
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quality of the fit (Ri improved by 20%). Note that the inclusion of the MS signal associated with 341 

S95 is essential to reproduce the experimental spectrum (Ri improved by 30%) and this strongly 342 

supports the validity of the proposed coordination model. 343 

In conclusion for OvPrP ARR the EXAFS analysis reveals the existence of a distorted octahedral 344 

geometry of the copper center and we denoted this Cu(II) coordination geometry as type-1. 345 

 346 

Copper coordination in the non-OR region of prion susceptible species 347 

In previous works we highlighted that HuPrP point mutations associated with genetic forms of 348 

prion diseases induce a dramatic modification of the non-OR binding site (20-21). In HuPrP 349 

Q212P, the non-OR binding site becomes less structured because H111, Q98, M109 and a water 350 

molecule bind to the metal. Both EXAFS and FT spectra of HuPrP Q212P are different from 351 

those of OvPrP ARR here analyzed (Figure 5 A, D). In particular, the HuPrP Q212P FT is 352 

characterized by outer shell peaks in the range between 2 and 4 Å with lower amplitude and this 353 

shows that only one histidine coordinates the Cu(II) ion. In the present work the copper 354 

coordination of two susceptible mammalian species, namely OvPrP VRQ and BvPrP, has been 355 

investigated by means of XAS. The EXAFS and FT experimental spectra of these systems are 356 

similar to those of HuPrP Q212P (Figure 5) and the low intensity of the second peak of the FT 357 

suggests that only one histidine coordinates the Cu(II) ion. Notably, in the case of TSE-358 

susceptible mammalian species here investigated the intensity of the FT peak at 2.2 Å is lower 359 

than that of the TSE-resistant species, thus indicating that no other amino acid residues are 360 

chelated to the Cu(II) ion and the only MS contributions are those associated with H111 as in the 361 

case of HuPrP Q212P. The EXAFS data analyses of OvPrP VRQ and BvPrP have been carried 362 

out using the coordination geometry previously determined for HuPrP Q212P (20). In particular, 363 

the EXAFS data have been analyzed considering a fourfold coordination around the Cu(II) ion 364 

with His111 and three O/N scatterers in the equatorial plane. Also in this case the copper center 365 

interacts with the sulfur atom of M109 at longer distance. Starting from this model a theoretical 366 

χ(k) signal has been calculated and a fitting procedure has been carried out in the k range 367 

between 2.4 and 12.5 Å-1. The results of the fitting procedures are shown in Figure 6 B-C: from 368 

the top, the following theoretical signals are shown: the two-body contribution associated with 369 

three O/N atoms, the two-body contribution associated with the H111 Cu-N first shell distance, 370 

the two-body contribution associated with the M109 Cu-S first shell distance, the two-body 371 

contribution associated with the water Cu-O distance, the MS contribution associated with two 372 

Cu-N-C-C(N) four-body configurations of the H111 residue, and the total χ(k) signal compared 373 
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with the experimental spectrum. The EXAFS theoretical and experimental curve show a very 374 

good agreement both for OvPrP VRQ and BvPrP, thus confirming the close similarity of the 375 

Cu(II) geometry between the susceptible mammalian species and HuPrP Q212P. The structural 376 

parameters obtained from the EXAFS analysis are listed in Table 1 and they are almost identical 377 

for OvPrP VRQ and BvPrP, and also in this case S0
2 was found equal to 0.9, while E0 was found 378 

3 eV above the first inflection point of the spectra. The results of the fitting procedure show that 379 

copper is coordinated with H111 (Cu-N distance is 2.00(2) Å), with three O/N atoms at 1.99(3) 380 

Å, and one sulfur scatterer at longer distance (3.26(4)/3.23(4) Å). In the final fit one oxygen 381 

atom of the solvent at 2.41(3)/2.43(3) Å was included as suggested in previous investigations 382 

(20-21), and its inclusion improves Ri by 20%. This coordination geometry is denoted as type-2. 383 

 384 

DISCUSSION 385 

PrPC interacts with copper through the OR and non-OR binding sites. Different findings suggest 386 

a protective role for copper when bound to the OR region since the metal inhibits the in vitro 387 

amplification of PrPSc-induced recPrP aggregation and fibrillization (46-47). The OR region 388 

exhibits high reduction potential for the Cu(II)/Cu(I) couple and can initiate reactive oxygen 389 

species-mediated β-cleavage of PrPC at residue G90 (48-49). This may generate the N-terminally 390 

truncated form of PrPC that takes part in the amyloid core during prion conversion (50). Given 391 

the known importance of the region from residues 90 to 231 for prion formation and the 392 

proximity of the non-OR region to the palindromic amyloidogenic motif, different studies have 393 

addressed the question whether Cu(II)-bound non-OR region has a role in prion generation and 394 

disease onset. A recent report showed that transgenic mice, TgPrP(H95G), with an amino acid 395 

replacement at residue H96 had shorter disease progression than WT control mice and classical 396 

clinical signs of TSE (51). We observed that alteration of Cu(II) coordination due to H96Y 397 

mutation causes spontaneous PrPSc-like formation in neuronal cultured cells and accumulation in 398 

the acid compartments (21). At that time, we proposed a model whereby HuPrP coordinating 399 

copper with two histidines (H96 and H111) in the non-OR region is more resistant to prion 400 

conversion compared to the protein coordinating Cu(II) with one histidine. However, little in the 401 

way of structural information exists regarding the Cu(II)-mediated non-OR stabilization and 402 

inter-domain contacts due to the intrinsic flexible nature of the non-OR segment. Here, we 403 

provide new insights into the Cu(II) structural consequences when the metal is bound to the non-404 

OR region, particularly with regard to recPrP from well-known animal species considered to be 405 

highly TSE-resistant (sheep expressing PrPC with ARR polymorphism) or TSE-susceptible 406 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted December 28, 2018. ; https://doi.org/10.1101/507624doi: bioRxiv preprint 

https://doi.org/10.1101/507624


14 

 

(sheep with Prnp gene carrying the VRQ polymorphism and the bank vole animal model) (22-407 

23). 408 

Using combined SAXS and EXFAS approaches we found that Cu(II) promotes significant 409 

structural compactness of recPrP upon metal binding and displays different coordination 410 

geometries when bound to TSE-resistant or TSE-susceptible recPrP. All SAXS and EXAFS 411 

measurements were carried out at pH 5.5 where the non-OR region can still coordinate one 412 

Cu(II) ion (17, 20). The capability for Cu(II) binding at acidic pH indicates that the metal could 413 

be maintained during the cycling of the protein in the acidic endosomal compartments, where 414 

PrPC accumulations and prion conversion mainly occur (21, 52). Additionally, our previous 415 

experience with EXAFS spectroscopy leads us to the conclusion that remarkable differences in 416 

the Cu(II) coordination geometries are present only at acidic conditions and not at physiological 417 

pH (20-21). These data have been compared with previous measurements on Cu(II) 418 

coordinations in the non-OR region of HuPrP WT and of HuPrP mutants (Q212P and P102L) 419 

(21). 420 

We applied the SEC-SAXS method that allowed us to collect and interpret SAXS data on 421 

experimentally difficult aggregation-prone protein system, such as truncated recPrP, and to 422 

minimize radiation damage thanks to the continuous flow (28). To dissect the different 423 

conformational recPrP states we used EOM approaches (37-38) that provided a semi-quantitative 424 

assessment on the structural effect of Cu(II) to protein compactness through direct comparison of 425 

the size distributions of the apo versus Cu(II)-conformers. To the best of our knowledge, this is 426 

the first SEC-SAXS investigation on recPrP with Cu(II) bound only to the non-OR region 427 

showing novel conformational aspects of Cu(II)-recPrP, such as the decrease in dimensional 428 

parameters (Rg and Dmax) indicative of protein compaction. Then, we expanded our 429 

understanding on Cu(II) coordination in the non-OR region of different mammalian recPrP. The 430 

EXAFS results showed that in Cu(II)-OvPrP ARR the non-OR region is structured with the 431 

metal interacting with four amino acid residues (S95, Q98, M109 and H111). Conversely, 432 

Cu(II)-OvPrP VRQ and Cu(II)-BvPrP are characterized by a more flexible non-OR binding site 433 

where solvent molecules can enter and the metal has interactions with Q98, M109 and H111. 434 

The same Cu(II) coordination was previously found in HuPrP Q212P and HuPrP P102L 435 

pathological mutants (21). 436 

Based on our results and considering the amino acid sequences of the non-OR region we 437 

proposed two models of Cu(II) coordinations (Figure 7). The type-1 coordination displays a 438 

closed non-OR region conformation, which can be associated with TSE-resistant species likely 439 
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because of higher stability of the non-OR region. In support, our EOM results on Cu(II)-OvPrP 440 

ARR indicate that this recPrP has a tendency to adopt a more compact folding than the TSE-441 

susceptible VRQ variant and BvPrP. Instead, in type-2 coordination a water molecule enters the 442 

coordination shell, thus leading to a less structured and solvent exposed non-OR region. We 443 

believe that this more opened conformation of the non-OR region in the type-2 renders the 444 

overall PrPC structure more flexible and prone to structural rearrangements leading to prion 445 

conversion. 446 

Several amino acid substitutions are present in the mammalian PrPC here investigated (Figure 1). 447 

They typically affect the rigidity of some loops, through stabilizing H-bonds, and the 448 

electrostatic surface potential without affecting global folding of the structured domain. In 449 

BvPrP, the presence of N170 determines the rigidity of the β2-α2 loop (53), which is correlated 450 

with a higher susceptibility to horizontal TSE transmission and lower prion transmission barrier 451 

to interspecies transmission (54-56). In sheep, the different prion susceptibility is dictated by 452 

amino acid variations in the C-terminal globular domain. The X-ray crystal and NMR structures 453 

of the OvPrP ARR and VRQ variants reveal minor differences in the short-range H-bonding but 454 

major changes in the surface charge distribution, with ARR variant displaying surface charge 455 

variations in the α1-β2-α2 region (residues 154-171) (57-58). 456 

Despite numerous endeavors in the prion field, the molecular mechanisms of the conversion 457 

remain still elusive. Structural studies on pathological point mutations have provided new clues 458 

on the early structural rearrangements occurring in some epitopes in the structured domain (45), 459 

but also revealed that amino acid variations have structural effects on the N-terminal part, 460 

affecting both Cu(II) coordination in the non-OR region (20) and long-range interactions 461 

between the Cu(II)-OR segment and the structured domain (59). Tertiary interactions between 462 

this flexible segment and the globular C-terminal domain occur when PrPC binds to Cu(II), or 463 

Zn(II), through the OR region (16, 59). A recent study identified by both NMR and double 464 

electron-electron resonance EPR approaches an interacting surface made by the Cu(II)-465 

octarepeats and a negatively charged pocket in the C-terminal domain. The Cu(II)-binding only 466 

to the OR region (authors used a full-length MoPrP H95Y/H110Y construct) perturbs globular 467 

domain residues located nearby the β1-α1 loop and the α2-α3 loop region (60). Similarly, the 468 

addition of Cu(II) to truncated MoPrP, carrying only the non-OR region, caused significant 469 

broadening of peaks corresponding in the 15N-HSQC NMR spectrum to residues close to the β1-470 

α1 loop and helix α1 regions (16). These observations suggest that both the Cu(II)-loaded OR and 471 

Cu(II)-non-OR regions likely bind to the same non-contiguous epitope.  472 
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Our SAXS and EXAFS observation led to the conclusion that Cu(II) in type-1 coordination 473 

stabilizes the non-OR region and increases the protein compactness; this may favor more stable 474 

long-range interaction contacts between the 90–127 segment and the C-terminal aforementioned 475 

negatively charged pocket. Conversely, Cu(II) in type-2 coordination renders the non-OR region 476 

more flexible and the N-terminal moiety more extended possibly due to less frequent inter-477 

domain contacts. In the apo form, the N-terminal moiety adopts a largely disordered 478 

conformation without stabilizing interactions with the C-terminal domain. Alterations of this 479 

inter-domain contacts may have relevant physiological implications for TSE progression since 480 

this Cu(II)-promoted non-OR cis interaction renders PrPC more stable to PrPSc conversion. This 481 

is consistent with observations showing that an antibody, POM1, able to abolish the N- to C-482 

terminus interaction upon binding to the negatively charged pocket causes acute neurotoxicity in 483 

mice and cultured cerebellar brain slices (61). 484 

 485 

CONCLUSIONS 486 

In this work we showed that Cu(II) bound to the non-OR mediates physiologically relevant 487 

structural changes in the N-terminal moiety possibly with stabilizing interactions with the 488 

globular domain. We described two novel Cu(II) coordination geometries in the non-OR binding 489 

site of animal species considered resistant or susceptible to TSE. Changes in the non-OR 490 

conformation may dictate the lower or higher susceptibility to TSE observed in different animals. 491 

Considering the role of the non-OR and palindromic regions in supporting prion generation and 492 

propagation, this study proposes a novel structural mechanism responsible for prion 493 

susceptibility in different mammalian species.  494 

  495 
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TABLE AND FIGURE LEGENDS 515 

 516 

Table 1. Structural parameters derived from the EXAFS analysis. Structural parameters 517 

determined from the fit of the EXAFS data at the Cu K-edge of Cu(II)-OvPrP ARR, Cu(II)-518 

OvPrP VRQ, and Cu(II)-BvPrP. N is the coordination number, R is the distance between the 519 

copper ion and the ligand, σ2 is the Debye-Waller factor. Statistical errors are reported in 520 

parentheses. 521 

 522 

Figure 1. Amino acid sequences and secondary prion protein structure of HuPrP WT, 523 

OvPrP ARR, OvPrP VRQ, HuPrP Q212P and BvPrP. Comparison of amino acid sequences 524 

and secondary prion protein structure of human (HuPrP; Homo sapiens sapiens, GenBank 525 

accession number AAH22532), ovine with the polymorphic residue position (Q/R) (OvPrP; Ovis 526 

aries, AFM91142) and bank vole (BvPrP; Myodes glareolus, AAL57231). On the top, the 527 

secondary structure elements are shown. The yellow box highlights the non-OR copper binding 528 

site (residues 90-111) and the green box the β2-α2 loop (residues 163-172). 529 

 530 

Figure 2. SAXS measurements on apo and Cu(II)-recPrP. (A) Cartoon representation of the 531 

C-terminal HuPrP with the non-OR copper binding site. The structure of the non-OR copper 532 

binding site from residue 90 to 126 is shown in blue; in ball and stick the residues coordinating a 533 

copper ion (S95, H96, Q98, H111, M109, in human numbering), the copper ion is shown as a 534 

dark green sphere. The palindromic region is shown with an enlarged ribbon. (B-D) SAXS 535 

curves of BvPrP, OvPrP ARR and OvPrP VRQ, respectively. Black and light blue dots represent 536 

the apo and Cu(II)-recPrP SAXS curves, respectively, with in red the GNOM fitting. Insets show 537 

the Guinier fits (yellow dots). 538 

 539 

Figure 3. Characterization of the flexibility of apo and Cu(II)-bound recPrP using EOM. 540 

(A-C) Size distributions (Rg) of BvPrP, OvPrP ARR and OvPrP VRQ, respectively, providing 541 

qualitative assessment through direct comparison of the distributions of the selected ensembles 542 

(black and light blue lines for apo and Cu(II)-recPrP) and the pool (dotted black and light blue 543 

lines for apo and Cu(II)-recPrP). In the insets, I(q) versus q experimental SAXS profiles (black 544 

dots for apo proteins and light-blue dots for copper-loaded proteins) with the EOM fit models 545 

(continuum red lines for apo proteins and dotted lines for copper-loaded proteins with the 546 

corresponding χ2 values) of the recPrP. The curves are shifted by an arbitrary offset for better 547 
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comparison. (D) Representation of models of apo and Cu(II)-BvPrP obtained with EOM with the 548 

most representative structural parameters (Rg and Dmax) from the ensembles. 549 

 550 

Figure 4. Cu K-edge EXAFS experimental spectra extracted with a three-segmented cubic spline 551 

of (A) Cu(II)-HuPrP WT [data from reference (20)], (B) Cu(II)-OvPrP ARR. Non phase shift-552 

corrected Fourier transforms of the EXAFS experimental spectrum calculated in the interval k = 553 

2.1-10.0 Å-1 of (C) Cu(II)-HuPrP WT, and (D) Cu(II)-OvPrP ARR. 554 

 555 

Figure 5. Cu K-edge EXAFS experimental spectra extracted with a three-segmented cubic spline 556 

of (A) Cu(II)-HuPrP Q212P [data from reference (20)], (B) Cu(II)-OvPrP VRQ and (C) Cu(II)-557 

BvPrP. Non phase shift-corrected Fourier transforms of the EXAFS experimental spectrum 558 

calculated in the interval k = 2.1-10.0 Å-1 of (D) Cu(II)-HuPrP Q212P, (E) Cu(II)-OvPrP VRQ 559 

and (F) Cu(II)-BvPrP. 560 

 561 

Figure 6. Fit of the Cu K-edge EXAFS spectrum of Cu(II)-OvPrP ARR (A) carried out in the 562 

interval k= 2.4-12.5 Å-1. From the top to the bottom the following curves are reported: the Cu-O 563 

two-body theoretical signal associated with the two S95 and one Q98 oxygen atoms, the Cu-N 564 

two-body theoretical signal associated with the H111 nitrogen atom, the Cu-S two-body 565 

theoretical signal associated with the M109 sulfur atom, the Cu-C two-body theoretical signal 566 

associated with the S95 second shell carbon atoms, the Cu-O two-body theoretical signal 567 

associated with the water molecule, the Cu-O-C three-body theoretical signal associated with the 568 

S95 residue, the Cu-N-C-C(N) four-body theoretical signal associated with the H111 residue, 569 

and the total theoretical χ(k) signal (red dotted line) compared with the experimental spectrum 570 

(blue line). In panels B and C the fitting of the Cu K-edge EXAFS spectrum of Cu(II)-OvPrP 571 

VRQ and Cu(II)-BvPrP, respectively. 572 

 573 

Figure 7. Type-1 and type-2 coordination models of Cu(II) in the non-OR region of TSE-574 

resistant and TSE-susceptible species. Blue spheres identify nitrogen atoms, red spheres are 575 

oxygen atoms and yellow spheres encode for sulfur atoms. Gray and white spheres represent 576 

carbon and hydrogen atoms, respectively. 577 

  578 
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Table 1 579 

OvPrP ARR OvPrP VRQ BvPrP 
N R (Å) σ

2 (Å2) N R (Å) σ
2 (Å2) N R (Å) σ

2 (Å2) 

1 NHis 1.98(2) 0.008(3) 1 NHis 2.00(2) 0.008(3) 1 NHis 2.00(2) 0.008(3) 

3 O/N 2.00(2) 0.006(3) 3 O/N 1.99(3) 0.009(3) 3 O/N 1.99(3) 0.009(3) 

1 O 2.32(5) 0.014(4) 1 O 2.41(3) 0.010(4) 1 O 2.43(3) 0.009(4) 

1 S 3.27(4) 0.009(4) 1 S 3.26(4) 0.015(4) 1 S 3.23(4) 0.013(4) 

2 C 2.87(4) 0.006(4)       

  580 
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