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Abstract

The cellular prion protein (PrPC) is comprised of two domains – a globular C-terminal domain and 

an unstructured N-terminal domain. Recently, copper has been observed to drive tertiary contact in 

PrPC, inducing a neuroprotective cis interaction that structurally links the protein’s two domains. 

The location of this interaction on the C-terminus overlaps with the sites of human pathogenic 

mutations and toxic antibody docking. Combined with recent evidence that the N-terminus is a 

toxic effector regulated by the C-terminus, there is an emerging consensus that this cis interaction 

serves a protective role, and that the disruption of this interaction by misfolded PrP oligomers may 

be a cause of toxicity in prion disease. We demonstrate here that two highly conserved histidines 

in the C-terminal domain of PrPC are essential for the protein’s cis interaction, which helps to 

protect against neurotoxicity carried out by its N-terminus. We show that simultaneous mutation of 

these histidines drastically weakens the cis interaction and enhances spontaneous cationic currents 

in cultured cells - the first C-terminal mutant to do so. Whereas previous studies suggested that 

Cu2+ coordination was localized solely to the protein’s N-terminal domain, we find that both 

domains contribute equatorially coordinated histidine residue side chains, resulting in a novel 
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bridging interaction. We also find that extra N-terminal histidines in pathological familial 

mutations involving octarepeat expansions inhibit this interaction by sequestering copper from the 

C-terminus. Our findings further establish a structural basis for PrPC’s C-terminal regulation of its 

otherwise toxic N-terminus.

Keywords

PrP; PrPC; Aβ42; NMR; EPR

Introduction

Prion diseases, or Transmissible Spongiform Encephalopathies (TSEs), are a class of 

contagious, fatal neurodegenerative illnesses brought on by the misfolding of the 

endogenous prion protein (PrP)[1,2]. These diseases, which are part of a larger group of 

protein aggregation disorders including Alzheimer’s and Parkinson’s diseases, are an 

ongoing threat to human health, as well as to agricultural and wildlife animals.

Prion diseases are initiated by the misfolding of the prion protein (PrP) from its cellular form 

(PrPC) into a beta sheet rich form (PrPSc)[1,2]. Misfolded PrPSc aggregates deposit as 

fibrillar structures in brain tissue. The self-propagating nature of these aggregates has been 

extensively studied[2–4], but the mechanism of their neuronal toxicity is still unknown. PrP 

null mice do not exhibit symptoms of prion disease, suggesting that the disease is due to the 

gain of a toxic function, rather than the loss of essential activity[5]. PrP null mice injected 

with PrPSc do not show symptoms of prion disease, demonstrating the requirement of PrPC 

as an essential precursor to PrPSc. In addition, PrPC has been implicated as a signal 

transducer that transmits the toxicity initiated by PrPSc[6–9].

Several kinds of experiments suggest that alterations in PrPC structure or conformation may 

mediate neurotoxic activities. For example, expression in transgenic mice of PrP molecules 

harboring deletions within the central domain of PrP, such as Δ105–125, causes a 

spontaneous neurodegenerative phenotype. In addition, monoclonal antibodies that bind the 

C-terminal domain of PrPC are profoundly neurotoxic in vivo and in cultured cells[10–12]. 

It is thought that these manipulations eliminate the necessity for PrP aggregation, and 

directly induce PrPC-mediated neurodegeneration. The effects of PrP deletions and anti-PrP 

antibodies can be measured in cell culture using patch-clamp recording, which detects the 

spontaneous, cationic currents that are induced[13].

In electrophysiological assays and in vivo, it has been observed that the flexible N-terminal 

domain, and in particular the first nine residues (23–31), are essential for neurotoxic 

activity[11,14]. Deletion of these residues, or treatment with antibodies and other ligands 

that bind this region, prevents the spontaneous currents and other neurotoxic 

activities[12,14]. In addition, cells expressing the N-terminal domain of PrP attached to 

another protein, EGFP, and entirely devoid of the C-terminal domain of PrP, exhibit 

spontaneous currents[11]. These results suggest that the N-terminal domain of PrP harbors a 

latent, toxic effector action, which is normally inhibited by interaction with the C-terminal 

domain.
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The specific region on the C-terminus of PrPC where toxic antibodies bind is near the sites 

of pathogenic, familial mutations[15,16]. Recently, our lab and others have shown that there 

is a cis interaction between the N-terminal and C-terminal domains of PrPC, and that 

disruption of this interaction leads to neurotoxicity[15,17,18]. Taken together, these results 

suggest that an unregulated N-terminal domain of PrPC is responsible for neurotoxicity, and 

that toxic PrP oligomers (ranging in size from ~5–10 PrP units[19,20]) may interfere with a 

natural protective regulation of the N-terminal domain by the C-terminal domain[11,18]. 

Despite the importance of PrPC’s self-regulation, only limited information is known about 

the essential regulatory interface between the two domains, although important insights have 

recently come from a study using a combination of cross-linking mass spectrometry and 

NMR[21].

In order to understand the molecular details of PrPC’s self-regulation, we consider the role 

of the protein’s cognate metal ions. PrP physiology is highly dependent on the 

concentrations of divalent metal ions, particularly Cu2+. PrP has been shown to concentrate 

copper in brain tissue, and its expression is upregulated in response to increasing copper 

levels[22–24]. PrP is also known to regulate ion channels in a copper dependent 

manner[6,25]. Due to the strong link between copper and PrP function, the metal binding 

properties of the protein have been extensively studied[15,18,26–32]. In the N-terminus of 

the protein, there is an eight amino acid sequence repeated four times (octarepeat, OR; 

Figure 1). Each repeat contains one histidine, capable of coordinating the divalent metal ions 

Cu2+ and Zn2+. Cu2+ is found to bind the four histidine residues in the N-terminal domain’s 

octarepeat region with sub-nanomolar affinity[29].

Recently, N-terminal copper binding has been observed to drive tertiary structure in PrPC, 

inducing the aforementioned cis interaction between the N- and C-terminal domains of the 

protein[15,17,18,21]. The location of this interaction on the C-terminus overlaps with the 

sites of pathogenic mutations and toxic antibody docking. Copper delivered to cells has been 

shown to partially rescue toxicity resulting from deletion of a hydrophobic segment between 

the PrPC N- and C-terminal domains[11]. Together, these results suggest that PrPC’s 

neuroprotective self-regulation is in fact driven by copper, which directly promotes the cis 
interaction between its toxic N-terminal and regulatory C-terminal domains.

How does copper cause the two domains to co-localize? Upon examination of the region on 

the C-terminus of PrPC in which the copper-bound N-terminus docks, we were struck by the 

presence of two highly conserved histidine residues (Figure 1). The goal of this study is to 

determine if these C-terminal histidines facilitate the interdomain cis interaction, perhaps by 

acting as a tether to hold the two domains together. If so, a paradox is presented: if the 

copper ion is already coordinatively saturated by four N-terminal histidines, how could it 

bind additional C-terminal histidines?

To investigate a potential role of C-terminal histidines in the prion protein’s cis interaction, 

we employed 1H-15N HSQC NMR analysis of the murine protein. We show that mutation of 

histidines 139 and 176 (equivalent to human residues 140 and 177) results in a drastic 

weakening of the cis interaction. Furthermore, when His176 is deleted and a new histidine is 

added one turn up or down on the same helix, the location of the cis interaction tracks the 
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position of the histidine. We propose a model for this interaction in which copper acts as a 

tether – being simultaneously bound by both N and C-terminal histidine residues, analogous 

to the Cu(II) macro-chelate that occurs between His50 and Asp2 of α-Synuclein[33]. Using 

EPR spectroscopy, we find that the mechanism of this tether involves a histidine swap – one 

N-terminal histidine is removed from the copper ion and replaced with a C-terminal 

histidine. We show this model to be energetically plausible using molecular dynamics 

simulations and supporting density functional structure calculations. Together, these findings 

overturn the conventional view that Cu2+ is bound solely to the PrPC N-terminal domain. 

Instead, both domains participate in metal ion coordination.

We find that, in addition to its structural effects, disruption of the cis interaction by mutation 

of both C-terminal histidines H139 and H176 enhances spontaneous ionic currents in 

cultured cells – the first C-terminal mutant to do this. Lastly, we find that the insertional 

mutations of extra, histidine containing octarepeat segments, which are linked to familial 

prion diseases, inhibit the protein’s cis interaction by chelating copper away from the C-

terminus. These findings advance our understanding of the toxicity caused by prion 

oligomers, toxic antibodies, and pathological mutations, and suggest that strengthening the 

cis interaction may be an effective therapeutic strategy for prion disease.

Results

Mutation of histidines 139 and 176 drastically weakens the prion protein’s cis interaction

To examine whether C-terminal histidines contribute to the cis interaction, we mutated 

histidines 139, 176, and 186 of the murine prion protein to tyrosine, each in separate 

mutants. Because His186 is on the opposite face of the protein from the site of the cis 
interaction, we included it as a control. We chose tyrosine as a replacement amino acid 

because it is structurally similar to histidine, but cannot bind metals with similar affinity. At 

pH 7.4, the N-terminus of PrPC binds copper in three coordination modes[26,27,29]. At low 

copper : PrPC ratios, one copper ion is bound simultaneously by four histidines from the 

octarepeat region of PrPC. At higher copper levels, multiple copper ions bind to the protein. 

In order to simplify interpretation of the data, we performed our experiments at pH 6.0, 

which locks the coordination into the first mode. Using 1H-15N HSQC NMR at 37 °C and 

pH 6.0, we measured the peak intensities of C-terminal residues with no copper, and with 

one equivalent CuCl2. Dividing the intensity of each peak in the copper sample by its 

corresponding intensity in the apo sample, we calculated the intensity ratios (i/i0) associated 

with the addition of one equivalence of copper to the protein, and repeated this process for 

each mutant. We then scaled the i/i0 values to eliminate the effects of differential unspecific 

peak intensity reduction across mutants, and mapped the results onto the surface of the 

three-dimensional structure of the protein’s helical C-terminus.

The wild type protein showed peak intensity reduction due in part to the paramagnetic 

relaxation effect (PRE), and also to exchange, in three areas as reported previously[17,18]. 

We refer to these areas of the helical C-terminal domain as “patch 1”, which is centered 

around His139, “patch 2”, which is centered around His176, and “patch 3”, which is located 

on helix three, between patch 1 and patch 2 (Figure 2). The peak intensity reduction in 

patches 1 and 2 is stronger than in patch 3, suggesting that they are closer to the bound 
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copper center of the OR. The H139Y mutation resulted in a much weaker peak intensity 

reduction at patch 1 than wild type, as did the H176Y mutation but at patch 2, while the 

H186Y mutation did not result in a difference to peak intensity reduction. The mutation of 

H186, which is the location of the pathogenic mutation H186R, appeared to affect C-

terminal conformation of the protein and was therefore not further investigated. We varied 

protein and copper concentrations to test for the possibility of intermolecular interactions. 

We found that the peak linewidths were invariant as a function of protein concentration. In 

addition, the i/i0 profiles were not affected as would be expected if two PrPC molecules were 

forming a complex at higher concentrations. Together, these results suggest that there is only 

one PrPC molecule involved per copper, and that the interaction is strictly between its N and 

C termini.

With the mutation of only one C-terminal histidine at a time, the cis interaction persisted, 

centered around the remaining histidine. We then made the double mutant (H139Y,H176Y), 

to test the theory that either histidine was capable of driving the interaction. In this mutant 

we observed that both patches 1 and 2 exhibited significantly decreased peak intensity 

reduction compared to wild type, abolishing the primary contacts of the established cis 
interaction (Figure 2). Peak intensity in patch 3 was also slightly more reduced than in wild 

type, suggesting a backup, albeit weak, mode of cis interaction. The strength of this backup 

interaction is best visualized using the bar plot of peak intensity ratios in Figure 2. We note 

that residues N-terminal to residue 120 are largely unstructured, resulting in peak overlap 

that confounds extraction of peak intensities, and have not been included in this analysis.

In order to be sure that these effects were due to the removal of histidines, and not due to 

addition of tyrosines which could sterically hinder the cis interaction, we performed these 

same experiments with the mutants (H139N,H176N) and (H139A,H176A), and observed the 

same results (data not shown).

We also performed this experiment on 90–230 PrPC, which lacks the octarepeat histidines, to 

check that the observed C-terminal peak intensity reduction was due to a cis interaction 

rather than pure C-terminal copper binding. Although we observed slight intensity reduction 

around the C-terminal histidines in this mutant, the effect was much weaker than in the full-

length protein. This observation provides convincing evidence that the reduction in peak 

intensity observed in the wild type protein upon the addition of copper results from the cis-

interaction between its two domains, and not from transient copper binding solely to the C-

terminal domain. Specifically, the loss of the octarepeat domain has a major effect on copper 

binding in the C-terminal domain, especially at His176.

Previous research by us and others has demonstrated the involvement of the non-octarepeat 

histidines H95 and H110 in copper binding[27,30,34]. At pH 7.4, copper coordination at 

these sites involves both the His side chain, as well as backbone amide nitrogens. To 

eliminate interference from coordination at these sites, we performed experiments at pH 6.0, 

which suppresses deprotonation of amides, thus reducing localized non-octarepeat copper 

binding. As a further control aimed at probing the involvement of histidines H95 and H110 

in this interaction, we performed NMR on the construct (H95Y, H110Y). The strength and 

location of the cis interaction observed here is nearly identical to the wildtype protein 
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(Figure S1). We also performed continuous wave EPR on the wildtype protein at both pH 

6.0 and pH 7.4. In the pH 7.4 spectrum we observed a previously characterized signal that 

arises from copper coordination from His95 and His110 due to backbone protonation, but 

we do not see this coordination in the pH 6.0 spectrum (Figure S2). Based on this data, we 

can rule out the possibility that the C-terminus is interacting with copper bound solely to a 

central region histidine complex. However, we cannot rule out the possibility that the C-

terminus is interacting with copper bound to a complex formed of both the octarepeat and 

central region histidines.

Mutation of C-terminal residues in the region of the cis interaction surrounding histidines 
139 and 176 does not abolish the interdomain interaction

In order to show that the cis interaction was driven by histidine-copper interactions rather 

than by a specific interaction between the two domains of the protein, we mutated most of 

the other residues in patches 1 and 2 spatially adjacent to the histidines to alanine. 

Specifically, the mutants (137A,138A,140A) and (172A,173A,175A,179A,180A) were 

created, as these are the residues that are located most closely to His139 and H176, and 

examined by NMR. The mutant (137A,138A,140A) adopted a misfold, preventing the data 

from being analyzed. The mutant (172A,173A,175A,179A,180A), which mutates the 

majority of patch 2 but leaves its histidine intact, maintained its i/i0 profile consistent with 

the protein’s cis interaction (Figure S3). These results reaffirm the importance of this C-

terminal histidine in the copper driven cis interaction.

Deletion of histidine 176 and introduction of a new histidine one turn up or down its helix 
leads to a cis interaction localized to the new histidine

To show that the histidines were actively driving the cis interaction, rather than simply being 

positioned in the center of the involved areas, we deleted His176 and created two new 

mutants, one with a histidine one turn up and the other with a histidine one turn down its 

helix. As observed in Figure 3, the location of patch 2 follows the histidine. The ability of 

the histidine on helix 2 to control the location the cis interaction shows that it plays an active 

role in this docking event.

Electron paramagnetic resonance (EPR) experiments show no change in copper 
coordination environment, suggesting an equatorial histidine swap

Copper(II) in aqueous solutions exists in octahedral or square planer coordination 

geometries. With the knowledge that the four histidines of the PrPC N-terminal octarepeat 

domain bind copper equatorially, this leaves only the axial binding sites available for a fifth, 

C-terminal histidine ligand. To investigate the coordination environment of the copper 

center, we employed X-band continuous wave (CW) EPR, Q-band electron nuclear double 

resonance (ENDOR), and hyperfine sub-level correlation (HYSCORE) spectroscopy at pH 6 

(Figure 4).

As shown in Figure 4A, WT and the double mutant (H139Y, H176Y), which we refer to as 

“DM,” produces the same X-band CW EPR spectra, which are well simulated by employing 

four equatorial nitrogen nuclei (15N, I = 1/2) with a strong hyperfine coupling of aiso ca. 55 

MHz. This strong 15N hyperfine coupling arises from directly coordinated nitrogens (15Nδ) 
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of the equatorial His imidazole rings. The remote histidine nitrogens (15Nε), that are two 

bonds away from the 15Nδ, typically have a much smaller hyperfine coupling. This smaller 

coupling was probed by using Mims-ENDOR shown in Figure 4B. Both WT and the double 

mutant (H139Y, H176Y) show only one set of weakly coupled 15N, which is simulated using 

a hyperfine tensor A of [2.88, 2.88, 1.76] MHz, with aiso = 2.50 MHz. This hyperfine tensor 

is determined by the simulation of both X-band and Q-band 15N-HYSCORE spectra, as 

shown in Figure 4C and 4D (Note that both WT and DM show the same HYSCORE 

spectrum, see Figure 4D). The weak 15N hyperfine interactions are assigned to the remote 

nitrogens 15Nε of the equatorial imidazole rings,[35] as they are approximately 4.5% of that 

of the coordinated nitrogen, which is typical for imidazole-bound paramagnetic spin centers, 

such as imidazole-bound copper, vanadium and Rieske-type [2Fe-2S] clusters[35–37].

Besides the two sets of 15N hyperfine interactions arising from the 15Nδ and 15Nε of 

equatorially bound histidines, we did not observe other weak hyperfine interactions of 15N 

as might be expected from a possible axial histidine. This suggests that there is no axial 

histidine ligand in WT protein. Indeed, we were able to show that the axial ligand is an 

exchangeable water ligand for both WT and the double mutant, as is evident from 17O (I = 

5/2) hyperfine interaction ca. 1.82 MHz observed from both 17O HYSCORE (Figure 4D) 

and ENDOR (Figure 4E) experiment on the samples enriched with H2
17O. This 17O 

hyperfine interaction is consistent with that of an axial water ligand binding a Cu(II) center 

in the literature[38,39]. The axial water ligand is further confirmed by observing the 

exchangeable proton by Q-band Davies ENDOR (Figure 4F), which is simulated by using 

the 1H hyperfine tensor A [−2.9, −2.8, 6.0] MHz, with the dipolar hyperfine T 2.95 MHz, 

corresponding to the distance of Cu-H ~2.99 Å.[40].

Taken together, these data show that there is no axial histidine binding in either the WT or 

the double mutant (H139Y, H176Y), and that copper coordination was unchanged by this 

mutation. This suggests that C-terminal histidines are in fact not acting as a fifth, axial 

ligand, but are instead displacing an equatorially bound N-terminal octarepeat histidine, 

giving equivalent coordination environments in both WT and DM proteins. We then 

produced the mutant (H84Y), which only has three octarepeat histidines. This mutant 

produced equivalent CW spectra to wild type, with four equatorial histidine ligands, and by 

NMR produced a slightly stronger cis interaction than in wild type, presumably because N-

terminal histidines could no longer fully coordinate copper on their own (Figure S4). 

Combined with NMR evidence that a C-terminal histidine is driving the cis interaction, these 

data suggest that an N-terminal histidine is swapped out for a C-terminal histidine during the 

protein’s cis interaction.

Pathogenic insertion and deletion mutation of histidine-containing octarepeat segments 
are explained by this model and supported by NMR experiments

An important class of pathogenic mutations in the prion protein involves the insertion of one 

or more extra copies of the histidine containing octarepeat segment. Mutations leading to 

extra octarepeats are associated with familial prion disease, and there is a drastic and sudden 

shift towards early onset disease when there are five or more extra octarepeat insertions[41]. 

To study these mutations, we employed the same NMR experiments listed above with one 
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equivalent of copper. As shown in Fig. 5, insertion of three extra histidine containing 

octarepeats did not inhibit the observed cis interaction, four extra histidines slightly 

weakened it, and five extra histidines almost completely inhibited the cis interaction. This 

suggests that insertion mutations sufficient to cause early onset prion disease may act by 

chelating copper away from C-terminal histidines and preventing the otherwise 

neuroprotective cis interaction. Alternatively, it is possible that the interaction is prevented 

by an increased entropic penalty due to the longer distance between the termini. In addition 

to insertional mutations, there are also deletion mutations in this region: deletion of one 

octarepeat segment does not cause prion disease, but deletion of two segments does[42–44]. 

This is consistent with the notion that three histidines from the octarepeat and one histidine 

from the C-terminus are involved in the cis interaction.

Mutation of C-terminal histidines enhances spontaneous currents

Certain mutations in the central region of PrP, such as Δ105–125 (referred to as ΔCR) have 

been observed to cause spontaneous cationic currents in a variety of cell lines and in primary 

neurons[13]. The currents caused by CR mutations are suppressed by coexpression of wild 

type PrP, which mirrors the ability of coexpressed WT PrP to suppress the neurotoxicity of 

these mutations in transgenic mice[10]. C-terminal antibodies that are neurotoxic when 

injected into the mouse brain also cause spontaneous currents. We attribute the spontaneous 

currents and neurotoxicity observed in these scenarios to a weakening of the N-C inter-

domain interactions within the PrP molecule[11,21]. We therefore tested whether the 

H139Y,H176Y mutations, by weakening the cis interaction, caused spontaneous currents in 

cultured cells.

Using whole-cell patch-clamping of N2a cells held at −90 mV, we observed spontaneous 

currents for (H139Y,H176Y), and not for a wild-type control (Figure 6). We used a −90 mV 

holding potential, which is more hyper-polarized than the normal resting potential of N2a 

cells (−70 mV), to enhance our ability to detect spontaneous currents; we have shown that 

these currents are voltage-dependent, being greater at more hyper-polarized membrane 

potential[11]. Consistent with studies of CR PrP mutants, the currents caused by 

H139Y,H176Y were suppressed by the addition of pentosan polysulfate (PPS), a polymer 

that sequesters the N-terminal domain of PrP[11].

Pyrenebutyrate (PB) is a polyaromatic, negatively charged small molecule that binds to 

positively charged groups such as the side chains of arginine and lysine. By shielding the 

positive charges, PB facilitates the ability of polybasic peptide regions, like those found at 

the N-terminus of PrP, to penetrate cell membranes[45–47]. We found (Figure 6b) that the 

presence of PB greatly enhanced the spontaneous currents caused the 105–125 mutation, 

even when recorded at −50 mV, a potential at which currents cannot normally be 

observed[11]. By using PB to enhance the detectability of spontaneous currents, we found 

that the (H139Y, H176Y) mutation caused currents at −70 mV, the normal resting of N2a 

cells, whereas no currents were detected at this potential for WT PrP (Figure 6b).
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Protein molecular dynamics (MD) simulations and density functional structure calculations 
of copper binding in PrPC

Histidines from both domains appear to be capable of cooperatively coordinating a copper 

ion, however, the specific His residues involved in this interaction and their location in the 

Cu2+ coordination sphere is not yet known. Starting from an initial coordination state where 

Cu2+ is bound by the four N-terminal His residues in a square planar coordination 

environment we identified eight additional possible configurations if one of the OR His 

residues is swapped for either His139 or His176. Using all-atom molecular dynamics 

simulations, we acquired a total of 675 ns of simulation time over all of the Cu-PrPC 

configurations considered. We performed an additional seven simulations where two of the 

OR His residues are exchanged for His139 and His176 simultaneously (for a total of 285 ns 

of simulation time). While the specific atoms that comprise the Cu2+ coordination 

environment are different between each simulation, the number of atoms and the type of 

coordinating atoms immediately surrounding the Cu2+ center remain unchanged. We used 

the Cu2+ center and the imidazole heavy atoms (non-H-atoms) of the His residues that are 

involved in Cu coordination in each simulation along with the protein backbone heavy atoms 

of helix 2 and helix 3 as a common reference for accessing conformational stability. A 

clustering analysis was performed (details in methods section). Although there were no 

explicitly-bound water molecules at the Cu2+ axial positions, water molecules tended to 

occupy these sites for the majority of the simulation time, typically with no exchange or 1–2 

waters exchanging during the course of the simulation. A persistent H-bond interaction was 

observed in several simulations between the interacting C-terminal Glu residues and one of 

these axially-retained waters. These results suggest that a His exchange between the N- and 

C-terminal domains holds the N-terminal OR region close to the C-terminal domain and that 

additional stabilization is afforded through electrostatic interactions between the cationic 

copper site and anionic residues in the C-terminus. Importantly, however, we also observe 

stable close-approach and these same stabilizing electrostatic interactions in the absence of 

His exchange, with the Cu2+ center bound by only the OR regions. This observation 

confirms that initial close approach of the Cu2+-bound OR region is already a favorable 

event and that His exchange then occurs as a further stabilizing consequence of the close 

association. An equilibrated, energy-minimized example of this interaction involving three 

OR His residues and C-terminal His176 simultaneously coordinating Cu2+ is shown in 

Figure 7.

To further characterize the His exchange event within the Cu2+ coordination environment we 

employed density functional structure calculations to assess the free energy differences 

between several potential exchange mechanisms. The His residues were modeled as 4-

methylimidazole, representing the side chain, with the Nε-position protonated and the Nδ-

position available for metal coordination. Axial waters were excluded from the [Cu2+ (4-

methylimidazole)4]2+ structure as these are only weakly bound and tend to form H-bonds 

instead of coordinate covalent interactions. We assessed two potential exchange 

mechanisms: i) an associative route, whereby the Cu2+ center coordinates a 5th imidazole 

moiety in an axial position, which we hypothesize would then displace an equatorial 

imidazole in a subsequent step, or ii) a dissociative route where one of the four imidazole 

moieties is first exchanged for a water molecule and then this water is subsequently 
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exchanged for another imidazole moiety (representing coordination of a C-terminal His 

residue). Comparing the relative free energies ( G(aq)) for the associative vs dissociative 

route, we find that both are relatively low, at +30.5 and +24.2 kJ/mol, respectively, 

suggesting that both mechanisms could contribute to ligand exchange. These estimates are 

from model coordination environments, however, and we anticipate that within the protein, 

the protein is likely to contribute significantly. While electrostatic interaction tends to draw 

the Cu2+-bound N-terminal OR region toward the C-terminal domain, the steric bulk of the 

protein is likely to preclude formation of a crowded 5-His intermediate.

Discussion

Recent evidence shows that the flexible N-terminus of the prion protein acts as a toxic 

effector, and that this toxicity is down-regulated by interaction with the globular C-

terminus[11,14]. Consistent with this model, deletions within the central region linking the 

two domains, as well as antibodies recognizing the region in the C-terminal domain that 

docks with the N-terminus, produce toxic effects in cultured neurons and in brain tissue. We 

hypothesize that these effects are caused by a disruption of the protein’s self-regulation, 

which allows its N-terminus to extend away from the C-terminal domain, allowing aberrant 

interactions with the plasma membrane or membrane-bound receptors. NMR, EPR, and 

chemical cross-linking/MS studies strongly support a physical interaction between the N- 

and C-terminal domains of PrP[11,15,18,21].

Copper ions have been suggested to play a key role in mediating the interaction between the 

two domains of PrP, although the molecular details are not fully characterized. It is known 

that Cu2+ binds histidines in the octarepeat region of the protein’s N-terminus, and that Cu2+ 

drives the cis interaction, but how does Cu2+ interact with individual amino acids to carry 

out this function? In this work, we show that two highly conserved histidines in the C-

terminal domain of PrP are essential for the protein’s cis interaction, and that their 

substitution with residues that do not bind copper diminishes the interaction, and also 

induces spontaneous ionic currents associated with an unregulated N-terminal domain. N- 

and C-terminal histidines work in synchrony to stabilize the cis interaction, suggesting that 

together they co-bind a copper ion, which serves as an inter-domain tether. Because the 

coordination environment of the copper is unchanged by this event, our data suggest that an 

N-terminal histidine is swapped with a C-terminal histidine, thereby stabilizing the cis 
interaction. An energy minimized example of this interaction is shown in Figure 7. Whereas 

previous PrPC structural models suggested that Cu2+ coordination was limited to the 

protein’s N-terminal domain, we find instead that both domains participate in binding the 

metal ion.

Similar, but rare, intra- and inter-domain copper-sharing mechanisms are observed in other 

protein systems. In blue copper proteins, copper links two domains, using three ligands from 

one domain and one ligand from another[48]. The copper chaperone Atx1 transfers copper 

to the Ccc2 ATPase through a transient intermediate in which the copper is co-bound by 

cysteines from both proteins[49]. A similar copper handoff occurs in the CusCBAF export 

pump in E.coli, and is mediated by methionine ligands[50]. Despite the existence of these 

interdomain and interprotein copper bridges in other protein systems, PrPC has not 
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previously been known to display these structures. It is established that the N-terminus of 

PrPC binds copper[26,27,29,30,51,52], and there is evidence in the literature that the C-

terminus can as well[53–56]. However, this work is the first to demonstrate a non-local 

interaction, with a copper ion bridging N- and C-terminal histidine ligands and thereby 

stabilizing an inter-domain interaction. In this model, the affinity of Cu2+ for histidine 

residues in the N-terminal octarepeat region (Kd=0.1 nM), although high, is nevertheless 

weak enough to allow for exchange with histidine residues in the C-terminus.

The details of the cis interaction observed here provide a new explanation for a specific set 

of genetic prion diseases involving octarepeat variations. Individuals with at least five extra 

inserts of the octarepeat segment (nine total repeats) develop early onset prion disease. 

Based on the exceptionally high binding affinity between copper and this expanded OR 

segment (Kd < 0.01 nM), early onset disease was previously hypothesized to be due to either 

a loss of a copper dependent function of PrPC, or a loss of copper mediated protection 

against misfolding[41]. In light of the new findings presented here, we suggest an alternative 

interpretation: the toxicity of these mutations may be due to the extra octarepeat histidines 

chelating copper away from C-terminal histidines, thereby disrupting the regulatory cis 
interaction. In addition, deletion of one octarepeat segment is nontoxic in humans, but 

deletion of two or more results in prion disease[42–44]. This is consistent with the notion 

that three histidines from the octarepeat and one histidine from the C-terminus are necessary 

for the cis interaction. Lastly, specific C-terminal point mutations that reduce negative 

charge and increase positive charge, such as D177N and E199K in mice (D178N and E200K 

in humans), are located close to H176, and therefore likely to reduce or prevent C-terminal 

copper binding, which would also impair the cis interaction.

The experiments described in this study have utilized a 1:1 Cu2+ : PrPC stoichiometry. This 

stoichiometry is probably physiologically relevant, given the subnanomolar affinity of PrPC 

for Cu2+ and the Cu2+ concentrations thought to be present at the synapse. However, we 

have shown previously that coordination of Cu2+ by PrPC changes with concentration[29]. 

Studies into the nature of this interaction as a function of Cu2+ concentration may provide 

further insight into the cis interaction, PrPC function and familial disease. Additionally, 

future investigations will consider zinc, another metal known to bind to PrPC.

In summary, we have shown that two histidine residues in the C-terminal domain of PrPC 

drive a protective cis interaction between the N- and C-terminal domains. We have designed 

a novel mutation, involving simultaneous deletion of these two histidines, that impairs N-C 

interaction and enhances spontaneous currents associated with neurotoxicity. Thus, our work 

furthers the body of evidence for a neuroprotective cis interaction in the protein. These 

findings suggest a novel PrPC-mediated neurodegenerative mechanism whereby toxic prion 

oligomers, antibodies, and mutations elicit their effects through disruption of this interaction. 

Therefore, small molecule drugs or antibodies that stabilize and reinforce the cis interaction 

are potential therapeutic avenues to protect against toxicity in prion disease.
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Materials and Methods
15N Labeled Protein Expression

Starting with the full length wild type mouse prion protein in the pJ414 vector backbone 

(DNA 2.0), we used QuickChange site-directed mutagenesis PCR to construct mutants, with 

primers generated manually and by www.primerdesigner.com. DNA was transformed into E. 
coli BL21Star (DE3) cells (Invitrogen) and expressed in M9 minimal media supplemented 

with 1 g/L 15N ammonium chloride (Cambridge Isotope Labs). Cells were grown at 37 °C 

until they reached an OD600 of 1.0, at which point the temperature was dropped to 30 C and 

protein expression induced with 1 mM isopropyl-1-thio-D-galactopyranoside (IPTG). Cells 

were allowed to express for 20 hours. Inclusion bodies were washed, then treated with 8 M 

guanidine HCl in pH 8 tris-acetate buffer to extract proteins. The extracted proteins were 

purified by immobilized metal affinity chromatography, allowed to fold overnight at pH 8, 

then transferred into pH 4.5 sodium acetate buffer by size exclusion chromatography. The 

proteins were then dialyzed into Milli-Q ultrapure water and purified further by reverse 

phase HPLC using C4 silica resin. Identity and purity were checked using a Sciex X500b 

mass spectrometer. The proteins were lyophilized, and quantified by UV-Vis 

spectrophotometry before use.

Nuclear Magnetic Resonance Spectroscopy

All samples were made to pH 6.0 in 10mM 2-(N-morpholino)ethanesulfonic acid (MES) 

buffer (Sigma), using potassium as a counterion and containing 10% D2O. For all samples, 

the protein was added to a concentration of 300 μM. For samples with copper, CuCl2 was 

used at 300 μM. 1H-15N HSQC spectra were recorded at 37 °C on a Varian INOVA 600 

MHz spectrometer (Varian, Santa Clara, CA) at UCSC NMR facility (Santa Cruz, CA), and 

on a Bruker 800 MHz spectrometer also at UCSC. NMR spectra were analyzed with NMR 

Pipe and Sparky using assignments transferred from previous experiments by visual 

inspection, and figures were made using Chimera and R. To determine a cutoff i/i0 value to 

separate the residues involved in the cis interaction from the rest of the protein, we 

performed a kernel density estimation on the data using a Gaussian smoothing kernel. To 

eliminate the effects of differential unspecific peak intensity reduction across mutants, the 

data were scaled so that the center values of each mutant’s group of unaffected peaks were 

aligned. We divided the residues into three categories based on their i/i0 values: strongly 

affected (dark blue), weakly affected (light blue) and unaffected (grey). These divisions were 

created by using the local minimum separating the affected from unaffected residues in the 

wild type protein (i/i0 = 0.35), and dividing the affected peaks into two groups (i/i0 = 0 to 

0.175, and i/i0 = 0.175 to 0.35).

Electron Paramagnetic Resonance Spectroscopy

The X-band (9.38 GHz) continuous-wave (CW) EPR spectra were recorded on a Bruker 

(Billerica, MA) EleXsys E500 spectrometer equipped with a super-high Q resonator 

(ER4122SHQE). Cryogenic temperatures were achieved and controlled using an ESR900 

liquid helium cryostat in conjunction with a temperature controller (Oxford Instruments 

ITC503) and gas flow controller. CW EPR data were collected under slow-passage, non-

saturating conditions. The spectrometer settings were as follows: temperature = 15 K, 
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conversion time = 40 ms, modulation amplitude = 0.8 mT, and modulation frequency = 100 

kHz; other settings are given in corresponding figure captions. Simulations of the CW 

spectra and the following pulsed EPR spectra were performed using EasySpin 5.1.10 

toolbox[57,58] within the Matlab 2014a software suite (The Mathworks Inc., Natick, MA).

Q-band (~34.0 GHz) pulse ENDOR experiments were performed on a Bruker Biospin 

EleXsys 580 spectrometer equipped with a 10 W amplifier and a R.A. Isaacson cylindrical 

TE011 resonator in an Oxford CF935 cryostat. ENDOR measurements were performed at 20 

K by employing the Mims pulse sequence (π/2-τ-π/2-RF-π/2-τ-echo) for small hyperfine 

couplings[59] or Davies pulse sequence (π-RF-π/2-τ-π-τ-echo) for larger hyperfine 

couplings[60]. ENDOR spectra were collected stochastically by randomly hopping the RF 

excitation frequency[61]. Pulse sequences were programmed with the PulseSPEL 

programmer via the Xepr interface.

For Mims-ENDOR experiments,[59] the ENDOR intensities are modulated by the response 

factor (R) which is a function of the hyperfine coupling A and the time interval (τ) between 

the first and the second π/2 microwave pulse in the three-pulse sequence: R ~ [1-

cos(2πAτ)]. When Aτ = n (n = 0, 1, 2, 3 …), this factor will be zero, corresponding to a 

minima in the ENDOR response, i.e., the hyperfine “suppression holes” in Mims-ENDOR 

spectra. This Mims-hole effect can be avoided by adjusting the τ value, as shown in Figure 

4B.

X-band and Q-band HYSCORE spectra were recorded on the Bruker Biospin EleXsys 580 

spectrometer with a split-ring (MS5) resonator at 20 K using the pulse sequence π/2-τ-π/2-

t1-π-t2-π/2-τ-echo. The pulse length for inversion pulse (tπ) and the π/2 pulse (tπ/2) was 32 

ns and 16 ns, respectively. Eight-step phase cycling was used. Time-domain spectra were 

baseline-corrected (third-order polynomial), apodized with a hamming window, zero-filled 

to eight-fold points, and fast Fourier-transformed to yield the frequency-domain spectra.

Whole-Cell Patch Clamp Experiments

Recordings were made from N2a cells 24–48 hr. after transfection. Transfected cells were 

recognized by green fluorescence resulting from co-transfection with pEGFP-N1. Whole-

cell patch clamp recordings were collected using standard techniques. Pipettes were pulled 

from borosilicate glass and polished to an open resistance of 2–5 megaohms. Experiments 

were conducted at room temperature with the following solutions: internal, 140 mM Cs-

glucuronate, 5 mM CsCl, 4 mM MgATP, 1 mM Na2GTP, 10 mM EGTA, and 10 mM 

HEPES (pH 7.4 with CsOH); external, 150 mM NaCl, 4 mM KCl, 2 mM CaCl2, 2 mM 

MgCl2, 10 mM glucose, and 10 mM HEPES (pH 7.4 with NaOH). Current signals were 

collected from a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA), digitized 

with a Digidata 1440 interface (Molecular Devices), and saved to disc for analysis with 

PClamp 10 software.

Molecular dynamics simulations

The model of the Cu2+-bound mouse PrPC protein was constructed from a representative 

structure from the NMR-derived dataset for 1XYX[62] (mouse PrPC fragment 121–231). 

Residues 23–120 were added, with the ϕ and ψ angles for residues 57–91, the OR region, 
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were taken from Pushie and Vogel[63]. Both Cys residues were maintained in a disulfide 

cross linkage, and all His side chains were singly protonated at the Nδ ring position, leaving 

Nε available to potentially serve as a donor atom for copper. An initial simulation 

maintained Cu2+ coordination to each of the 4 OR His residues (Nε bound), in a square 

planar geometry, parameterized based on extended X-ray absorption fine structure (EXAFS) 

spectroscopy and DFT calculations[63,64]. MD simulations were performed with 

GROMACS 2016.3[65] using the OPLS-AA force field[66] modified to include 

parameterization of the square planar Cu2+ center[63]. The initial structure was subjected to 

steepest-decent energy minimization in the presence of explicit solvent, using 32360 TIP4P 

waters, without constraints. The starting Cu-MoPrPC (23–231) structure was simulated for 

100 ns to allow the N-terminal region to equilibrate. While the N-terminal domain remained 

disordered is was observed to collapse and remain relatively compact. During this initial 

equilibration the N-terminally-bound Cu2+ site was observed to approach the face of the C-

terminal domain identified in experiments (vide infra), similar to the interactions described 

previously in Evans et al.[18]. At the end of the equilibration phase the Cu2+ site was 

modified to allow each of the OR His residues to exchange with either H139 or H176. After 

the coordinating His parameters were swapped the steepest descent minimization was re-run 

to obtain a new starting structure for each of the His-exchanged models. Trajectories in the 

simulations were recalculated every 2 fs and structures were saved every 10 ps. Each 

simulation, including a simulation were no C-terminal exchange was performed (only 

coordination by the OR His residues), was run for 80 ns with an NPT ensemble, at 300 K 

and 1 atm, with each preceded by a 5 ns equilibration phase which was not included in 

analysis.

Conformational stability of the interacting Cu2+-binding environment and the C-terminal 

domain of the protein was analyzed by grouping the Cu2+ center and the heavy atoms from 

each coordinating His imidazole ring with the backbone heavy atoms from Helix 2 and 

Helix 3. This allowed each of the exchange models to be compared using the same number 

and type of atoms: Helix 2, Helix 3, and Cu(imidazole)4. The RMSD of these atoms were 

used in cluster analysis (with a 0.045 nm cutoff using gmx cluster) to quantify the variability 

in conformational stability. We hypothesize that if a given Cu/His configuration has a low 

number of clusters and if the dominant cluster represents a stable close association between 

the OR region and the C-terminal domain then these were likely to be more favorable 

configurations of the system as opposed to configurations that gave rise to broad ranges of 

low-population conformational states. We found that all of the configurations with clusters 

that represented more than 50% of the sampled structures during the simulation also had 

stabilizing electrostatic interactions between the Cu2+ coordination environment and anionic 

residues in the C-terminal domain. Importantly, of all the configurations that included two 

His exchanges only the simulation where His61 and His69 (the first two OR His residues) 

were swapped for His176 and His139 respectively resulted in a stable conformation, all 

other two-His exchange configurations resulted in disordered interactions between the Cu2+ 

coordination environment and the C-terminal domain. Of the single His exchange 

simulations those that involved exchange of the first or last OR His residue (His61 or His85) 

tended to be dominated by a single stable conformation that represented 80% or more of the 

sampled conformations, while the simulation with the 4th OR His exchanged for His176 had 
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two dominant and closely-related conformations that represented 72% of all structures 

sampled. Close inspection of the dominant clusters revealed that most simulations formed 

stabilizing electrostatic interactions between the Cu2+ coordination site and Glu207 and 

Glu211 in the C-terminal domain.

Density functional structure calculations

Density functional calculations employed Gaussian 16, revision A.03[67], with the B3LYP 

functional method[68] employing the 6–311+G(d,p) basis set on all atoms, and included the 

Grimme-D3 dispersion correction[69] for geometry optimizations and subsequent harmonic 

frequency calculations. The long-range stabilizing influence of solvation was calculated 

from the gas-phase optimized geometries using a self-consistent reaction field dielectric 

continuum (IEFPCM)[70] with ε = 78.36 (for water) and employing the united atom 

topological model radii (UAHF). Relative free energies between calculated structures 

followed previously-published methods[64].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The two domains of the cellular prion protein are tethered together by a 

copper ion

• This tethering is the basis of the protein’s neuroprotective cis interaction

• Disruption of this interaction explains the toxicity of prion diseases

• Disruption may explain prion protein mediated toxicity in Alzheimer’s 

disease
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Figure 1: 
a) Our current understanding of the prion protein. b) The potential new mechanism of self-

regulation investigated in this paper: C-terminal histidines coordinating an N-terminally 

bound copper ion. c) Conservation of the histidines hypothesized to be involved. Residues 

with sequence variation are noted in red.
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Figure 2. 
a) Bar plots showing the magnitude of the peak intensity reduction derived from the 

paramagnetic relaxation effect (PRE) on specific residues of the protein’s C-terminal 

domain, with 1 equivalent of CuCl2 at pH 6.0 in 10 mM MES buffer for all five protein 

samples. Patches 1 and 2, which are located around histidines 139 and 176 respectively, are 

much more strongly affected in the wild type protein than in (H139Y,H176Y) and in 90–230 

PrPC. Unassigned residues are light grey and are drawn with no intensity reduction. b) 
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Surface representations showing areas engaged in the cis interaction, as measured by the 

intensity reduction of NMR cross peaks, plotted on PDB: 1XYX.
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Figure 3: 
a) Surface representations showing areas engaged in the cis interaction, as measured by the 

intensity reduction of NMR cross peaks, plotted on PDB: 1XYX. This figure shows that the 

cis interaction follows histidine b) Bar plots showing the magnitude of the peak intensity 

reduction derived from the paramagnetic relaxation effect (PRE) on specific residues of the 

protein’s C-terminal domain, with 1 equivalent of CuCl2 at pH 6.0 in 10 mM MES buffer for 

all protein samples.
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Figure 4: 
a) Representation of the copper site. b) X-band continuous wave EPR spectra of WT PrPC in 

agreement with simulation based on four equatorial nitrogen ligands and comparison of WT 

PrPC to (H139Y, H176Y) PrPC (labelled DM, for double mutant). c) Q-band 15N-Mims 

ENDOR showing weakly hyperfine interaction for both WT and DM. Varying tau values 

were used for confirming the Mims-hole effect. d) Q-band HYSCORE EPR spectra showing 

weakly coupled remote 15N from histidine and axial 17O from water. e) Q-band 17O Mims 
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ENDOR, confirming axial water coordination. f) 1H-Davies ENDOR showing the 

disappearance of an exchangeable proton from water in when D2O is used as solvent.
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Figure 5. 
a) Surface representations showing areas engaged in the cis interaction, as measured by the 

intensity reduction of NMR cross peaks, plotted on PDB: 1XYX. Five additional octarepeat 

regions results in a strong decrease in the cis interaction. b) Bar plots showing the magnitude 

of the peak intensity reduction derived from the paramagnetic relaxation effect (PRE) on 

specific residues of the protein’s C-terminal domain, with 1 equivalent of CuCl2 at pH 6.0 in 

10 mM MES buffer for all protein samples.
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Figure 6. 
a) Comparison of cells transfected with empty vector (N=10), wild-type PrP (N=5), 

(H139Y,H176Y) PrP (N=20), and ΔCR PrP (N=10) showing that the H139Y,H176Y 

mutations significantly enhance spontaneous currents at a hyperpolarized holding potential 

(−90 mv) (*p=0.045, α=0.05, one tailed two sample t-test), and these currents are 

suppressed by the addition of pentosan polysulfate (PPS). b) Comparison of cells expressing 

wild-type PrP (N=10), (H139Y,H176Y) PrP (N=10), and ΔCR PrP (N=9) showing that the 

H139Y,H176Y mutations significantly enhance spontaneous currents at −70 mV in the 

presence of pyrenebutyrate (**p<0.00001) , and these currents are suppressed by pentosan 

polysulfate. The ΔCR mutation enhances currents in the presence of pyrenebutyrate, even at 

−50 mV (**p=<0.00001). Error bars show the standard error of the mean.
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Figure 7: 
A structural explanation for the results of this paper. An N-terminal histidine (blue) swaps 

out for C-terminal His176 histidine (green) during the protein’s cis interaction, creating a 

copper tether between the two domains.
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Table 1:

Summary of couplings from EPR experiments and their meanings.

Hyperfine Coupling Origin Conclusion

aiso: 55 MHz in CW Coordinated nitrogen on equatorial histidine

aiso: 2.50 MHz in Mims ENDOR and HYSCORE Remote nitrogen on equatorial histidine -

T: 2.95 MHZ in Davies ENDOR Exchangeable proton of axial water -

A: 1.82 MHz in HYSCORE and Mims ENDOR Oxygen from H2
17O Presence of axial water

Absence of weak coupling of 15N in Mims ENDOR Axial histidine ligand No axial histidine
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Table 2:

Constructs tested by NMR in this paper

Construct Cis Interaction

Wild type Mouse PrPC Cis Interaction, four his ligands

H139Y Interaction shifted towards H176

H176Y Interaction shifted towards H139

H186Y Interaction maintained

H186R Interaction maintained

H139Y,H176Y Strongly reduced interaction

H139N,H176N Strongly reduced interaction

H139A,H176A Strongly reduced interaction

M139A,I138A,F140A Misfold / no data on interaction

N172A,N173A,V175A,V179A,N180A Interaction maintained

Segment 90–230 No interaction

H176N,N172H Interaction moved down helix

H176N,N180H Interaction moved up helix

3XORI Very weakly reduced interaction

4XORI Weakly reduced interaction

5XORI Strongly reduced interaction

H84Y Slightly stronger cis interaction than WT

H95Y, H110Y No difference in cis interaction from WT
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